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ABSTRACT

In this thesis I present my work on the manipulation of atomic Bose-Einstein con-
densates using optical dipole potentials that are shaped and controlled with a digital
micromirror device. I provide an overview of the experimental apparatus used, high-
lighting the components that I have added during my thesis work. In particular, I
concentrate on the implementation of a superluminescent diode as a source to create
optical potentials. I show that, in comparison to lasers, this kind of diodes deliver
higher fidelity and higher quality optical patterns when used in combination with a
digital micromirror device. I also demonstrate, for the first time, that the resulting
optical potentials can be used to shape and dynamically manipulate ultracold atomic
gases. Further exploiting the capabilities of the digital micromirror device, I report on
the successful implementation of a long synthetic dimension along harmonic trapped
states. I show that by suitably manipulating the atomic cloud with well-controlled
spatial and temporal optical potential patterns, it is possible to drive Bloch oscilla-
tions along this synthetic dimension. I provide an extensive characterisation of the
Bloch oscillations for a range of parameters, including laser power and detuning, and

I compare the experimental results with the theoretical predictions.
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Chapter 1

Introduction

Cold atoms have been used for many applications over the decades [1], developing
from the first magneto optically trapped (MOT) atoms [2|, to the ultra cold Bose-
Einstein condensate (BEC) |3|. The methods of controlling and trapping ultra cold
atoms have also changed and developed over time. They have moved on from basic
harmonic traps seen in the first experiments to more fluid shape-able traps [4, 5, |6} 7,
8,19 110] and even more recently dynamic potentials |11, 12]. In the work carried out
for the achievement of the results in this thesis, we use an all optical BEC experiment
that is equipped to dynamically manipulate the ultra cold atoms for the purpose of
atomic manipulation and quantum simulations using optical potentials. The physics
studied encompasses the analysis and comparison of the Superluminescent diode as
an alternate light source to the laser to be effectively used for the creation of optical
potentials for use in atomic manipulation. Separately the study and implementation
of long synthetic dimensions using our ultra cold atom sample was carried out. With
further analysis on the properties of Bloch oscillations within this synthetic dimension,

confirming the creation of long and controllable synthetic dimension.



2 CHAPTER 1. INTRODUCTION
Thesis overview

The goal of this thesis is to deliver the results achieved within my research, and to give
an overview of the experimental apparatus used the achieve the results. Describing
both the pre-existing experimental apparatus, the modifications and additions that
have been made. The original goal of the project was to create study the dynamics
of solitons within an elongated BEC by using the Digital Micro Mirror Device and a
laser light source to imprint a phase shift onto part of the atom cloud. With the goal
of moving onto imprinting and studying the dynamics of vortices. It was decided after
many attempts that with the current set up, this phase imprinting would not work.
So the decision was made to make modifications to the system, by changing the light
source used for the phase imprinting from a laser, to a more temporally incoherent light
source, as it was suspected that the aberrations in our imprinting image were the cause
of the imprinting not creating solitons as expected within the theory and simulations,
and a less coherent light source would naturally help with reducing aberrations caused
by interference effects. Firstly a LED was tested, however whilst this produced images
with no visible optical monochromatic aberrations due to the lights broadband nature,
the lack of spatial coherence caused high losses of power in our optical system. This
meant that we either needed a much higher power LED to compensate, or an alternate
light source that was still temporally incoherent but more spatially coherent. This
eventually led us to the ‘discovery’ of the superluminescent diode, a light source that is
spatially coherent but temporally incoherent. In getting this light source and using it
within the system, we found that it did produce much clearer patterns imprinted onto
the position of that atoms than the laser did, with significantly reduced aberrations.
This led to our first technical piece of research that was the comparison of the image
quality of these light sources, that finalised with a demonstration of the ability of the

SLD to manipulate and hold the atoms within an optical potential.



In addition to this, we carried out a collaboration project in which we implemented
the experimental component of the creation of long controllable synthetic dimensions
within an ultracold atom system. This is a project working directly with the authors
of "Synthetic Dimensions for Cold Atoms from Shaking a Harmonic Trap" [13] in their
theoretical work in this paper. The first goal of this project was simply to find an
experimental system that worked practically and could create the Bloch oscillations
as predicted. After modifications to the original theoretical design, Bloch oscillations
were achieved. This was naturally followed by confirming the initial Bloch oscillations,
with analysing the system dynamics under different parameters, including laser power

and detuning, confirming that the results matched the theory as expected.

Chapter 1 introduces the three fundamental concepts of what is used within the
experiment. Describing basic principles of optical potentials and dipole forces, how
dynamic potentials are implemented and the options of light source and spatial light
modulation techniques. Finally the chapter covers what synthetic dimensions are and

how they can be useful, providing motivation for the work.

Chapter 2 gives a complete description of the physical apparatus used within the
experiment, starting with the core components, including the Vacuum and laser sys-
tems, with a more detailed description on how the laser system is implemented. After
this the more specific key components and tools of the experiment are described, in-

cluding the imaging system, the Digital Micro Mirror device and flat optical dipole trap.

Chapter 3 covers the first experiment carried out, "SLD Generated Optical Po-

tentials", which compares the potentials created by light from a super luminescent
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diode and a laser. It starts with a specific overview of the experimental parameters,
apparatus and equipment used, in addition to the technical details that were used to
carry out the study of the light potentials created. This leads onto the analysis and
results achieved in the comparison, including image characterisation techniques used
to compare images created by different the light sources. Finishing with the results of
using the Superluminescent Diode light to produce static and dynamic optical poten-

tials for use in cold atoms.

Chapter 4 covers the second experiment, "Bloch Oscillations in Synthetic Dimen-
sions Within Ultracold Atoms", which creates Bloch oscillations between the harmonic
oscillator states of our atoms sample in an optical trap. the section starts with a theo-
retical overview of the physics, followed by a brief overview of the experimental setup.
After this, the main body of the experimental real space results and analysis is given,
followed by real-space and numerical data analysis and finally the results, with the

addition of an overview of the creation of highly excited harmonic oscillator states.

Chapter 5 contains the conclusion of both works that were carried out. Summaris-
ing what was achieved in both areas of research carried out and where this work can
have an impact. Finalising with the directions the experiment is planning to take in

the future.

1.0.1 Attractive and repulsive optical potentials: Dipole trap

and imprinting

The concept of creating optical potentials is key to many cold atoms experiments, for

example, attractive optical potentials are often used to trap atoms in optical tweezers



[14, |15 [16], or to hold and cool atoms at a focused point in a dipole trap [17] [18].
Alternatively, repulsive potentials can be used to create a flat atomic sample by com-
pressing atoms between two repulsive sheets of light [19], or to make a dipole trap, but
one where atoms are pushed to an intensity minimum [20], as a couple of examples.
The experiment used for the results in this thesis is heavily focused on using both
attractive and repulsive light sources to manipulate and cool the atom sample, which
will be covered in detail in this thesis. Firstly the physical principles behind the optical
dipole force, which is the effect used, will be introduced, followed by how it is used to

cool our atoms, and finally how we use it to manipulate them.

The key concept of the optical dipole force is that it’s an interaction between an
induced dipole moment in an atom and the intensity gradient of a light field. The
electric field component from laser light induces an oscillating atomic dipole moment
in atoms that are within the light field. The oscillating dipole moment interacts with
the electric field causing the atom to experience a change in potential energy. Optical
dipole potentials have two main components that we must consider, the interaction
potential and the scattering rate. "Optical dipole traps for neutral atoms" 21| has an
excellent complete description of these components, however we will focus on the main
results from this review paper. We see that the induced dipole moment p in a driving
electric field F is given by

Uiy = —%(pE> — L Re(a)r (1.1)

2€pC

where (pE) is the time average, I is the field intensity given by I = 2eyc|E|?, and
« is the atomic polarizability. The interesting point of note here, that is of impor-

tance in experimental implementation, is that the potential energy is proportional to
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the intensity of the light field. Naturally the dipole force is given by the gradient
of this potential Fy;,(r) = —VUgp(r), from this a second important point can be de-

termined that the dipole force is proportional to the intensity gradient of the light field.

To understand the scattering rate we can begin by thinking about it in terms of
photon emission and re-emission cycles. Again [21] goes into more detail on page 3,

however taking the result of the scattering rate is given by

Pabs - 1
fw  2hegc

Lee(r) = Im(a)I(r) (1.2)

where P, is the power absorbed by our oscillating dipole and w is our driving fre-
quency. This important result shows that the scattering rate is proportional to the
intensity of the light. Looking at both of these effects, we see that whilst higher in-
tensity of light increases the dipole force and potential depth, it also increases the rate
that the atoms absorb a photon from the trapping beam, which in the case of cold
atoms is enough to destroy the atomic sample due to the energy transferred to the
atom. This is not the complete picture though as it doesn’t take into account the
quantum mechanical effect of saturation of the excited state of the atom. However this
can be ignored as in our experiment, as in most other cold atoms experiments when
using the dipole force, lasers that are far detuned from resonance are typically used,
leading to low saturation, and in our case more physically, low scattering rates. So
whilst the increase in intensity of the laser increases the scattering rate, this is offset
and controlled by using a laser that is far detuned such that the scattering rate is

negligible.

The above expressions provide an initial representation to the main parts of the



optical trapping system. In real experimental systems like ours, multi level atoms are
used. In our case, we use alkali atoms of Rubidium 87, because alkali atoms have
closed transitions and this species has transitions at a useful optical range near the
readily available 780nm wavelength laser. Thus the derivation of the expressions of the
dipole potential and scattering rate becomes more complicated once all factors have
been taken into account; however, taking the results from [21] we see that for alkali

atoms that are used we have

Uiy = — ! gEmI ) T 1.3
o=~y (R T ) 1) (13)
for the dipole potential and
7?2 2 1
LCee(r) = + I(r) (1.4)
i (A A%,F>

for the scattering rate. Where P = 0 or £1 for linearly or circularly polarised light
respectively, gr is the Lande factor. Where each term has taken into account the de-
tunigs for both the D1 and D2 transition lines of 8Rb in A; r and A, r respectively.
Here we see more clearly the above point, that whilst both the dipole potential and

scattering rate are proportional to the intensity of the light, the potential scales as %

whereas the scattering rate scales as é. Thus the counter play between the detun-
ing and the intensity can be seen, and that if a sufficiently detuned laser is used the
scattering rate can be kept low and the trapping potential high. In addition to this,
the sign of the detuning plays an important role. The detuning can be either positive
or negative, if the detuning is positive the potential becomes repulsive. This reverses

the effect the light has on the atoms, however this does have uses and is in fact used

through the experiment, so is a key feature that is taken advantage of.
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Uses of potentials in the experiment

The final stage of cooling that takes the 3D MOT and cools it to a Bose-Einstein con-
densate uses a dipole trap to carry out forced evaporative cooling using an attractive
optical potential created from the 1070nm laser (IPG YLR-20W) and the 1550nm laser
(IPG ELR-20W). These are both far red detuned from the transitions of 8Rb, thus
photons from this light source cannot be absorbed by the atoms. We have an attractive
dipole force acting on the atoms that ‘pulls’ the atoms towards the highest intensity

(deepest potential) part of the laser beam.

All of the above also applies to the atom manipulation applied using our DMD. We
use both blue and red detuned sources, depending on what experiment we are running.
We can either make repulsive ‘barriers’ to block the atoms from a certain region using
blue detuned light, or we can make attractive ‘wells’ that the atoms reside in. As an
example of each, if stirring the BEC or cutting it half, a blue detuned source would
be used to create a stirring beam or a barrier, respectively. However if containing the
atoms in a localised region or inside of a moving potential was the goal, or channel
them through a specific region, typically used in our experiment is a red detuned laser
to contain them in shaped potentials, however in both cases red and blue potentials

can be interchanged with a bit of thought on how to apply them.

When using high quality sources of lasers, the wavelength is often very controllable
to within a narrow range (<0.1nm), with a linewidth of the order of 10kHz. Thus, the
detuning of the laser can be precisely chosen. When using our SLD source however,
we have to deal with a 3dB bandwidth of 20nm. This can cause problems if any parts
of this spectrum overlap with transitions, especially if a small frequency detuning to

a transition is desired to increase the potential depth. However this does not hinder
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the SLDs ability to produce red or blue detuned potentials significantly, making them

a viable source for the production of potentials.

1.1 Dynamic potentials for use in atomic manipula-
tions and quantum simulations

The introductory material in this section includes parts that have been published in
the paper: A. Smith, T. Easton, V. Guarrera, and G. Barontini. "Generation of optical
potentials for ultracold atoms using a superluminescent diode", which was published
in Physical Review Research. Some of this material remains largely unchanged, others

has been made more appropriate for the thesis.

Spatial light modulation is widely used in photonics as it allows for precise ma-
nipulation of light to form static or dynamic patterns [22, 23, 24, 25, 26| 27, 28| [29].
Whilst the work in this thesis uses a Digital Micro Mirror device (DMD), other light
shaping technologies exist, such as liquid crystal spatial light modulators (LC-SLMs),
ferroelectric liquid crystal modulators and deformable mirrors. All of these may have
pros and cons over the others in the creation in various applications. In [30] we see a
comparison of the fidelity of potentials created by a DMD and LC-SLM, which are two
common configurable light modulators. This highlights a desire in the community to
achieve high fidelity in the patterns/potentials created for applications in photonics.
In our case, a DMD is chosen because of the high modulation rate that is achievable
by this tool. This is desirable for creating fast dynamic potentials for use in quan-
tum simulations. In [30] it is also highlighted that the DMD can create higher fidelity
shaping of light than a LC-SLM. The biggest drawback for the use of the LC-SLMs

for our use and one of its main overall drawbacks is the low modulations speed, which
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is typically in the range of 10-200Hz. Whereas the DMD used in our experiment has
a modulation rate of 10KHz, which is more appropriate for the creation of dynamic

potentials for use in atomic physics and quantum simulations.

Quantum simulations with cold atoms is one of the most productive areas in quan-
tum technology, and has provided us with important insight in condensed matter
physics [31], [32], the physics of disordered systems including the observation of An-
derson localisation [33| 34|, low dimensional systems [35|, the use of synthetic fields
[36] and dimensions [37], high energy physics including Higgs modes [38] and black
holes 39|, topological effects |[40] and many more. The main feature of quantum simu-
lators based on cold atoms is the exquisite control that is nowadays possible to achieve
on these systems, either by engineering the atomic internal states or by producing
potentials to alter the shape, position, temperature and momentum of the samples
[41]. This has been largely enabled by the rapid development of laser technology, that
provides light with the ideal combination of high spatial and temporal coherence, high
intensity and narrow line width. Such a combination allows one to precisely address
atomic transitions with one or more photons, implement atoms traps with a large vari-
ety of shapes, produce optical lattices and dynamical potentials, and even address and

manipulate single atoms [42, |43].

Lately, laser light combined with spatial light modulators is also emerging as a
new avenue for the production of arbitrary and even time varying potentials |44} |45
46, 47|, including non-trivial phase engineering of Bose-Einstein condensates [48] and
applications in atomtronics [49, [50]. While the coherence of laser light is a key fea-
ture for the vast majority of the applications discussed, it could represent a hindrance

in the generation of complex patterns using digital micromirror devices (DMDs). In
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these kinds of systems, the pattern produced on the DMD is imaged on the atoms
and interference effects caused by the large temporal coherence can cause aberrations
in the image. To mitigate this, one could use very complex and expensive optical
systems or implement a feedback loop [51], modifying the pattern in real time on the

DMD so as to minimise the difference between the projected image and the desired one.

The methods described above attempt to mitigate the detrimental effects of tem-
poral coherence. An alternative approach is to eradicate the problem by using light
sources with reduced coherence properties. Since high spectral specifications are not
required to produce optical potentials, as long as the whole spectrum of the source is
far detuned, one could choose to use incoherent light sources such as LEDs to obtain
pristine patterns. The main issue in this case is that the absence of spatial coherence
makes it very difficult to reach intensities that allow one to produce sufficiently high
optical potentials to manipulate the atomic samples. In section 3 of this thesis, this
problem is addressed by using super luminescent diodes (SLDs) in combination with a
DMD to produce optical potentials with significantly reduced aberrations. A SLD is
similar to a standard laser diode, except that it strongly suppresses feedback through
a combination of a tilted waveguide and anti-reflection coatings applied to the facets.
This lack of feedback means that lasing is not achieved and instead the diode performs
amplified spontaneous emission, with a spectrum that is not narrowed by the effects
of a cavity. SLDs are therefore temporally incoherent [52, [53| but feature high spatial
coherence |54]. It is later shown that the low temporal coherence of SLDs allows us
to produce images with significantly reduced interference effects compared to a laser.
At the same time, due to its high spatial coherence, the device is capable of producing
sufficiently high intensities in a well behaved Gaussian beam shape, allowing us to

manipulate ultra cold atomic clouds with arbitrary patterns.
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1.2 Synthetic dimensions

The introductory material in this section includes parts that have been published in
the paper: C. Oliver, A. Smith, T. Easton, G. Salerno, V. Guarrera, N. Goldman, G.
Barontini and H. M. Price "Bloch Oscillations Along a Synthetic Dimension of Atomic
Trap States". This has been submitted for publication in physical review X. Some of
this material remains largely unchanged, others has been made more appropriate for

the thesis.

In physics it is common practice to use systems of higher dimensionality to simulate
systems of lower dimensionality. For example even with simulations in BEC systems
it is common to create an effective 1D or 2D sample of atoms to simulate dynamics of
1D or 2D in a 3D system [48, 55]. However it can be harder to visualise simulating a
higher dimensional system within a lower dimensional system, as the extra dimension
would not be a real spatial dimension. This is where synthetic dimensions come in.
Synthetic dimensions are in essence a method of studying a higher dimensional system
by using a lower dimensional set-up, in effect enabling a lower dimensional set-up to
effectively simulate the behaviour of a higher dimensional system. The first step in this
is to identify a set of uncoupled degrees of freedom in within the system and reinterpret
these as lattice sites along an extra spatial dimension. We then add in effects from an
external coupling between these uncoupled degrees of freedom that for example allows
the particle being looked at to hop along the lattice sites in this extra dimension. This
is often applied to atomic systems, exploiting internal degrees of freedom of an atom

as the extra spatial dimension.
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Firstly, I will explain what is meant by a synthetic dimension in our case. Simply
put, we have reinterpreted an external degree of freedom of our atomic ensemble as
an extra dimension. In this case we use discrete states of the atoms within the har-
monic trap potential, these are re-labelled as lattice sites along the synthetic dimension.
The states are externally manipulated and coupled, causing the atoms to hop between
states and move along this extra dimension. In more physical terms, the atoms occupy
a different harmonic oscillator state. In the work within this thesis we control the mo-
tion of these states by applying an intensity modulated potential that varies in time.
In this approach, the standard 1D harmonic oscillator states serve as lattice sites in
the synthetic dimension, with a weakly anisotropic ‘hopping’. This could provide the
framework to create very long synthetic dimension, limited only by the anharmonicity

of the trap.

One important thing to note is difference between real and synthetic dimensions
in the context of condensed matter physics, is the difference in inter-particle interac-
tions. In materials, atoms that are spatially-close to one another interact stronger than
those that are far apart, which means the inter-particle interaction has some degree of
locality. Conversely, in many implementations of synthetic dimensions, particles that
are far apart in the synthetic dimension interact as strongly as those that are close
together. This is because particles that are far apart in synthetic space are still nearby

in real space, and so can still strongly interact.
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1.2.1 Motivation for the use of Synthetic dimensions

Synthetic dimensions are opening up many new avenues for simulating and exploring
exotic physics, including quantum Hall ladders [56], [57], [58], non-Hermitian topolog-
ical bands [59], topological Anderson insulators [60], and even lattice physics in four
dimensions or higher [61, 62, 63]. A key reason that the framework of synthetic dimen-
sions is so powerful is that it is very general, and can be applied and used in a wide
range of very different physical systems. For example, synthetic dimensions have so far
been realised experimentally in cold atoms with hyperfine [62, 56, [57], magnetic [64],
Rydberg |65, 66|, and clock states [67, [68], as well as with momentum [58] 61], or-
bital [69] and superradiant states [70]. However, in these experiments, the size of the
synthetic dimension has been so far limited by the number of states that can feasibly

be coupled.

Notably, it has been recently realised that such limitations can be lifted if external
degrees of freedom associated with trapping potentials are used to generate the syn-
thetic dimensions [13, 71, [72]. Indeed, trapping potentials typically allow for tens or
hundreds of trapped states in each direction, and by suitably coupling them one could
implement very ’long’ synthetic dimensions that access these high numbers of trapped
states, unleashing the full potential of this technique. Additionally, this kind of syn-
thetic dimension is extremely appealing because it provides an intuitive framework for
how to manipulate and control trap states. A range of applications including quantum
simulations in optical lattices |73, 74, 75|, trapped and guided atom interferometry |76,
77, (78] and quantum thermodynamics |79, [80, 81] require the use of highly excited
trapped states, which are generally difficult to realise with a good degree of precision

and control.
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In the work shown in chapter 4, we experimentally engineer a very long synthetic
dimension of many tens of atomic trap states by dynamically modulating the harmonic
trap of an ultracold atomic sample using a DMD [13] [71], seen in figure [[.Il By
controlling the driving frequency we generate a force along the synthetic dimension that
induces Bloch oscillations. Such oscillations were first famously predicted for electrons
moving in a crystal under an electric field, and have since been observed in various
setups, including optical lattices for cold atoms [82], as well as synthetic dimensions of
photonic frequency modes [83] and of room-temperate molecular angular momentum
states [84]. However, Bloch oscillations in our experiment are physically very different
from previous realizations, as they correspond to atoms periodically oscillating between
low and high energy states of the harmonic trap. As we show, the synthetic dimension
Bloch oscillations implemented here allow us to explore highly excited harmonic states,
and thus can lead towards a novel approach for quantum engineering of external atomic
states. This work paves the way for the exploration of higher dimensional quantum
Hall physics with artificial magnetic fields, and opens new opportunities in quantum

simulations and quantum control.
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Figure 1.1: Modulated harmonic potential. Representation of the harmonic po-
tential that undergoes potential depth modulation where we have also indicated the
idea between the quantised harmonic oscillator states (lambda states, A), where A =0
is the ground state, A = 1 is the first excited state, etc. Jy denotes the hopping ampli-
tude between excited states, J, denotes the hopping amplitude between lattice sites, j
denotes the ’lattice’ site location, and x and y the horizontal plane.



Chapter 2

Experimental apparatus

In this chapter the experimental setup on and off the table will be described, starting
with a basic overview of what the experiment does. Next the core components of the
experiment, starting with the vacuum system and how the lasers work in conjunction
with this vacuum system to achieve cold atoms are covered. This encompasses describ-
ing the physical components used in the creation of a 2D MOT, 3D MOT and the BEC
we finally produce in our dipole traps, as well as how the lasers are locked to set fre-
quencies so they are at/near the correct transitions. Following this, the optics around
the science cell and components that control and manipulate the atoms is described.
This includes the optics for the main dipole trap used for the creation of our BEC,
the optics for the imaging system, the DMD light projection system and the flat trap.
Following this, the system that controls the timings and powers of all equipment in
the experiment will be briefly covered, along with the sequence that is used day to day
to produce our BEC samples. Finally this chapter ends with a technical comparison
of the difference sources of light used for atomic manipulation. Covering Lasers, SLDs

and LEDs, and how they are incorporated into our experiment and effect the atoms.
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2.1 Overview of the Basic System and Components

This section will give brief description of the apparatus used in the experiment. Rang-
ing from the control software and hardware used to run the experiment, to the physical
system on the optical bench. The experiment used in the work throughout this thesis
is an all optical Cold atoms experiment which produces a BEC of 87Rb atoms. Key
components of this experiment, as in any all optical BEC apparatus are the 2D and 3D
magneto optical traps and an optical dipole trap. These are seen and described in the
following sections of this chapter. The features that makes this experiment more unique
compared to many other cold atoms experiments are the digital micro-mirror device,
which allows us to interact with the BEC using dynamic or static optical potentials,
and the microscope objectives used to focus imaging light and optical potentials onto
the Rubidium Bose-Einstein condensate. Both of these components are key to the re-
search, allowing precise, high resolution manipulation of atomic samples. In figure 2.1}
we see a schematic diagram of the main components of the experiment and how they
interact with one another. Within the vacuum system are the Rb atoms and the laser
light for the cooling and trapping of the atoms (the optics are outside of the vacuum
system). The control system interacts with and controls all parts of the experiment
that receive the sequence of electric signals while cold atoms are being produced. Also
shown is how the imaging and DMD systems directly interact with the atoms, cooling

and trapping lasers.

2.2  Vacuum system

Since the energy scale of cold atoms is at a very low level, the experiment requires
the use of a vacuum system. The experiment produces an atom sample as low as

20nK, whereas the temperature of air is about 300K, which means that any interac-
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Figure 2.1: Outline of the main components of the experiment and how and
where they interact. In red we have the control system which controls the atom
cooling and trapping (in light green) and the atom probing and manipulation (in green).
We also have the vacuum system (orange) which is passively kept at a stable vacuum,
within this is where the atom sample (blue) is formed from the cooling and trapping
systems.
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tion between an air particle and one of the cold atoms in the system would destroy
the system by transferring unwanted energy through collisions to the rubidium atoms
causing the cold atoms to stop being produced. To achieve this low energy regime with
a low chance of these destructive collisions, an ultra high vacuum of approximately
10~'%mbar in the science chamber is used. The 2D MOT chamber has a vapour pres-
sure of approximately 10~ “mbar, which is higher than in the science chamber due to
the presence of the rubidium vapour that is needed to achieve sufficiently good load-
ing into the 2D MOT. The chamber is separated from the science cell by a differential
pumping stage, which consists of a hole that is 1.1mm in diameter and 2.1mm in length.
This differential pumping stage allows the 2D MOT chamber and the science cell to
keep a difference in pressure of three orders of magnitude with the use of the ion pump,

whilst allowing us to transfer the atoms from one chamber to another with a push beam.

The 2D MOT chamber is composed of titanium and is rectangular. It has 4.8cm x
2.5e¢m ovular windows on the sides to allow the wide 2D MOT beam to pass through
and then to retro reflect back from a mirror with a quarter waveplate on the face of it.
The horizontal and vertical axis in the 2D MOT both have a beam and mirror pair.
There is a window on the back end of the chamber to allow optical access of the push
beam that pushes the atoms down the length of the vacuum system from the 2D MOT
to the 3D MOT and through the differential pumping stage which is at the opposite end

of the titanium chamber to the back window. A picture of this can be seen in figure [2.2]

The titanium chamber is connected to a 30cm long glass tube with a rectangular
science cell at the end, that has external dimensions 10cm x 2.5¢m X 2.5¢m. The center
of the science cell is where the 3D MOT beams and dipole trap beams intersect, thus

the cell is coated in anti reflection coatings to minimise reflections of the 780nm and
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Figure 2.2: Image of the Vacuum system with surrounding components. 1)
Window at the back of the chamber that is used for access of the push beam. 2)
Windows in the Vacuum system that allows access of the 2D MOT beams, one of which
can be seen to have its output fibre above the top window. 3) The connection between
the glass cell and the titanium chamber, also where the ion pump and differential
pumping stage is. 4) Glass cell that connects the 2D MOT chamber to the science cell.
5) Science cell, surrounded by optics for the 3D MOT, imaging system, and dipole
traps.
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1550nm light, the cell is not coated for 1070nm light however losses are minimal and
power here is not an issue. As mentioned before, this is where the BEC is formed, so

the pressure in this part of the vacuum system is approximately 10~ °mbar.

2.3 Laser systems: The stages of cooling, trapping,
shaping and laser locking

After all stages of cooling, the experiment produces a BEC in which we maximise con-
densate fraction and atom number whilst shaping to the desired shape. To produce
the BEC, different cooling stages are needed. The first stages of cooling we have are
the 2D then the 3D MOTs, from which atoms are transferred from the 3D MOT into
the optical dipole trap, upon which evaporative cooling takes place. This process can
be seen and is summarised in [85], the thesis of the original builder of the experiment.
The research we undertake relies upon the shape of the properties of the BEC. Each
project we undertake generally requires a different shape, size and condensate frac-
tion/temperature of the BEC. These parameters can be controlled in different ways.
The temperature/condensate fraction is dominantly controlled by the final potential
given by the dipole trap. The trap depth and temperature of the atoms can be raised by
ending the evaporation ramp at higher powers, subsequently evaporating fewer atoms.
The shape of the trap can be altered by changing the end ratio of the powers of the
dipole trap beams. An elongated BEC can be created by having one beam contribute
much more dominantly to the potential depth than the other, or a more circular con-
densate by having each beam give more equal contribution to the trap potential depth.
The shape of our trap is also controlled by the focal width of the lasers, with narrower
laser widths causing tighter trapping and deeper potentials with the same laser power.

In our system we use a 1550nm laser with a focal width of 50um and a 1070nm laser
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with a focal width of 35um. All of these systems will be described in the following
sections. Starting with first two stages of cooling, the 2D and 3D cooling, followed
by the dipole trap system that is used to create ultra cold atom from the 3D MOT

sample.

2.3.1 Principles of a magneto optical trap

Magneto optical traps use the principle of laser cooling to cool down atoms to the
order of 100s of microkelvin. Laser cooling uses specifically selected internal atomic
transitions as a means to allow for the absorption of a photon. For this we will say that
the transition is between the ground state of an atom and an excited state. However
this only works when the light is tuned to be slightly off resonance with this transition
to allow for the doppler shift that the atoms see in the frequency of the light they are
traveling towards. An incoming photon can only be absorbed when its energy matches
that of the transition and interacts with the atom, raising the atoms from ground state
to this excited state. Photons carry energy hw and momentum hk, thus when the
photon is absorbed by an atom, that momentum is transferred to the atom. The light
is red detuned in such a way that only atoms that are travelling towards the light
source absorb the light. When an atom is in its excited state, there is a probability it
will decay back into its ground state within a certain time. Decay causes a photon that
matches the energy of the incoming photon to be emitted, but in a random direction.
This imparts momentum back to the atoms but again, in a random direction (opposite
to that of the re-emitted photon). Over many absorption and re-emission events this
randomness cancels out and we have a net slowing force. If this system is implemented,
but with 3 pairs of counter propagating beams, covering all 3 spatial dimensions then
atoms will be slowed (cooled) in all directions. This is only part of whats needed, the

atoms also need to be trapped at the crossing point of these beams. To trap the atoms
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at the intersection, coils are used in the anti-helmholtz configuration. This produces
a position dependent shift in the zeeman energy levels of the atoms due to the linear
zeeman effect that in combination with the chosen polarisation of light, creates an
effective force that acts towards the centre of the trap due to radiation pressure. The
force/radiation pressure is stronger for the atoms furthest from the centre of the trap
(the faster the atoms), due to an increased probability of absorption of a photon at

larger radial distances from the centre of the trap.

2.3.2 2D and 3D Cooling

The first stage of cooling is the 2D MOT. The primary function of the 2D MOT is to
increase the loading speed and the number of atoms that are loaded into the 3D MOT
by providing the 3D MOT with an increased rate of cooler atoms to be trapped. In the
2D MOT system we have one MOT laser in the horizontal axis and one in the vertical
axis, which are both similarly circularly polarised directly out of the fibre. The laser
passes through the chamber and retro reflects off of a mirror that has a quarter wave-
plate in front of it, back through the glass windows and through the 2D MOT vacuum
chamber again. These horizontal and vertical beams are a mixture of two lasers. One
is set to the cooling transition and one to the repumper transition. The repumper uses
20mW of power and the cooling uses 40mW of power, in each axis. This chamber has a
set of anti-helmholtz coils, with one coil around the top and one around the bottom of
the chamber that creates a quadrupole field centered at the center of the chamber and
along the symmetry axis (length) of the chamber. This field has a gradient of 10G/cm
at the centre of the chamber whilst running 5A of current. The mixture of the light,
fields and rubidium vapour leads to the creation of a 2D MOT from which there is
minimal confinement in the third axis (down the length of the chamber). This allows

cooled/cold atoms to be pushed by our push beam into the next science cell. The push
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beam is a 350uW beam that is linearly polarised. It is taken from the output beam of
the cooling tapered amplifier (TA), shifted by 160MHz using an AOM in double pass
configuration, taking the first order beam, and fibre coupled such that the output is
at the back window of the vacuum chamber. The beam is split before this coupling
and is used for the absorption imaging. Using this 2D MOT in combination with the
push beam, the 3D MOT reaches saturation in our system in approximately 5s, with

an atom transfer rate from the 2D MOT to the 3D MOT of ~10%atoms s~!.

These atoms are then recaptured by the 3D MOT which operates under the same
principles as the 2D MOT except in 3 spatial dimensions achieving complete confine-
ment in all axis; therefore, creating a MOT confined in all directions. This allows for
complete cooling achieving the creation of the 3D MOT, which is achieved by using 3
pairs of 1 inch wide collimated counter propagating beams of circularly polarised light,
the polarisation of the beams along the direction of the magnetic coil axis is opposite
compared to the polarisation of the beams in the orthogonal plane, it will be sigma +
in magnetic coil axis, and sigma — in the orthogonal axis. The horizontal beam pair
used 3mW of cooling power and 2mW of repumper power and the vertical beams are
both 7TmW cooling beam. Each pair is at right angles to one another: two pairs are 45
degrees off the horizontal plane, and the other is in the horizontal plane. These MOT
beams are in combination with another anti-Helmholtz coil, which is 50 turns of copper
wire, wound to have two 6.5cm diameter coils, 5em apart from one another, creating a
field of 10G/cm whilst running at 2.3A of current. In this case with the coils oriented
vertically round the sides of the chamber, but rotated about the symmetry axis, same
as the 2D MOT coils. In addition to these vertically oriented coils, we have a second
pair of coils, in Helmholtz configuration in order to compensate for vertical background

magnetic fields (earths magnetic field). This field has a strength of 3.83G/A at the
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Figure 2.3: Image of the 3D MOT system and coils around the science cell.
Marked as 1 and 2 are the vertical MOT beams, and Marked as 3 are the horizontal
MOT beams. All 3 pairs are pointing to the center of the glass cell which is in between
the anti-helmholtz coils.

centre of the cell. The final product of this stage of cooling is a MOT of temperature
~350uK, ~107? atoms and a phase space density of 7 x 1078, A picture of this set up

can bee seen in figure [2.3

One major intentional difference between the 2D MOT and the 3D MOT systems is
the construction of the vacuum system in each. It is seen that the 2D MOT is formed
using a large titanium chamber with glass windows for the beams to pass through, and
the 3D MOT is in a glass cell. This allows easier access to the atom sample in the 3D
MOT, allowing us to probe the atoms from a closer distance and allowing more free
positioning of beams, such as the imaging microscope objectives and the dipole trap

beams.
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2.3.3 Dipole trap

The third main cooling component is the crossed dipole trap. The dipole trap consists
of two lasers far detuned from resonance. Both lasers use different wavelengths to avoid
interference between them. To not cause any heating effects in the atom sample, the
lasers are far detuned from the atomic transitions of 8"Rb. One laser is at 1550nm and
the other is at 1070nm. These two lasers are focused and crossed at the center position
of the MOT, which is roughly in the center of the cell. There is a 35 degree angle be-
tween the dipole lasers making the trap is only symmetric about two axis. The lasers
follow the optical path as shown in figure Here we see that both lasers are focused
by a 15cm lens that cross at the center point of the MOT. Each laser has a final beam

waist of 35um for the 1070nm laser and 50um for the 1550nm laser at the crossing point.

The atoms are loaded into this dipole trap stage from the 3D MOT by first un-
dergoing a dark MOT stage that transfers ~ 108 atoms into the ground state. This
increases the number of atoms loaded into the trap due to an increase in phase space
density (PSD) from 7 x 107® to 3 x 107%, and a decrease in temperature from 350K
to 50uK. Once loaded, the atoms undergo forced evaporation in the dipole trap, from
a potential depth of 556K to a potential depth of 404nK, by exponentially ramping
down the power of the dipole trap beams over a period of 8s. The atoms are first loaded
into the 1070nm beam which has a power of 12.4W. Evaporation begins after atoms are
loaded into the dipole beam. The 1550nm beam is turned on after the 1070nm beam
has been ramped down in power and the max potential depth created by the 1550
is approximately equivalent to that of the 1070 ( approximately 5s before the end of
evaporation) to help continue the cooling and shape the trap, this can be seen in more
detail section 2.9. The final product is a BEC of Thomas-Fermi radi R, = 9.9x10™°m

Ripy = 84 x107%m Ry, = 35 x 107°m. The final tapping beam powers are 45mW
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in the 1550nm laser and 100mW in the 1070nm laser, with trap frequencies of 115Hz,
135Hz, 33Hz and 2 x 10° atoms. A picture of our final condensate can be seen in figure

[2.4] from both the horizontal and vertical axis.

Figure 2.4: Images of our BEC. A) Image from the vertical axis with a magnification
of 20x. B) Image from the horizontal axis with a magnification of 2.7x.

2.3.4 Evaporative cooling

In the experiment, to reach the BEC we use our crossed dipole trap to evaporatively
cool the atoms that are transferred into the dipole potential from the 3D MOT. As
part of the loading of the dipole trap, the 3D MOT first undergoes a dark MOT stage
where the repumper beam is turned off, meaning the atoms stop being pumped back to
the excited state and naturally fall to the ground state. This is done quickly, shrinking
and cooling the cloud for more efficient loading of the dipole trap. Evaporative cooling
is conceptually simple as it is something we see in everyday life. For example a cup

of tea cooling whilst being left alone. It’s the process of the hottest atoms leaving the
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1550nm
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Figure 2.5: Main cooling dipole trap beam paths. For the 1550 at positions 1-4
we have beam waists respectively of 4mm, 2mm, 3mm and 50um at the focus. For the
1070 we have waists of 2.58mm, 0.86mm, 1.95mm and a focal waist of 35um, again
respectively. Where the dashed boxes show the ratios of the telescopes used to control
the beam waist

object that is cooling, leaving the remaining substance cooler over all. In this case this
is forced with the dipole trap. The atoms are in an attractive red detuned dipole trap
potential and the hot tail of atoms is removed from the sample by slowly lowering the
power of our laser (and thus the potential depth). As the potential depth reduces the
hotter atoms can escape. This process has to be done slow enough so the remaining
atoms can re thermalise, repopulating the higher energy tail, thus maintaining the
equilibrium of the sample. If the sample is not allowed to re equilibrate, the high
energy tail of atoms wont continuously be produced, which consists of a comparatively
small number of atoms, minimizing losses during evaporation. If it evaporates too
quickly, a larger portion off the distribution of energies we will be evaporated as the
sequence progresses, leaving us with no atoms by the end of the evaporation sequence.

The evaporation sequence used in our experiment is described in section 2.9 and can

be seen in fig
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2.3.5 Locking

The locking system that is currently implemented is a two laser dither lock that modu-
lates the voltage to a piezo-transducer in the external cavity diode lasers, thus allowing
the frequency to be scanned. This two laser lock replaced the three laser dither locking
system in the original experimental setup [85]. The new system has the benefit of
being more simple in design in comparison to the the old one, however it is also more
restricted in terms of tunability. The system is comprised of 2 frequency scanning cav-
ity lasers. One that provides laser light for the rempumer transition and one laser for
the cooling transition, both of these lasers are seen in figure 2.6 The repumper laser
has a small amount of its power directed into the spectroscopy setup for use in the
absorption spectrum of our rubidium 85 and 87 sample. The expected spectroscopy
and actual spectroscopy from the experiment are shown in figure 2.7/4& B respectively.
The system allows us to see the absorption spectrum created by the D2 line of Rubid-
ium 87 which corresponds to the 1st and 4th major peaks in the frequency scanned
absorption spectroscopy signal of our sample. For the repumper we look at the 4th
peak within which we choose the hyperfine peak that corresponds to the remumper

transition of F=1 — F’=2, which is also shown in figure 2.7, circled at the peak.

The locking system fixes the frequency of this laser at this transition by providing
feedback to the laser controller. To get the lock for the cooling the system uses the
repumper laser that’s now fixed at the repumper transition and mixes it with a second
frequency scanning cavity laser to create a beat note. This is detected by a photodiode
that picks up the frequencies of the beat note that correspond to both the difference
and the sum of the frequencies between the two lasers. It is known that the cooling
transition is 6.8GHz away from the repumper transition, so the aim of the lock is to set

the frequency difference between the two lasers to be such that the overall difference,
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Figure 2.6: Diagram showing the optical layout of the box housing the re-
pumper and cooling lasers, plus the laser locking and amplifying systems.
This box houses 2 lasers and 2 tapered amplifiers, one for the cooling light, and 1 for
the repumper light. The amplified light from each of the amplifiers is passed through
AOMS before being injected into fibres that take light to other parts of the experiment.
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Figure 2.7: Rubidium spectroscopy signals. A) Expected signal, showing which
transition is which within the spectrum. [86] B) Experimental absorption spectrum c)
Position we lock the repumper laser to in the 4th peak

taking into account shifts in frequency caused by subsequent AOMs in the system, is
6.8GHz. The locking works by taking the signal of the beat note from the photo-diode
and mixes it with a second signal with a set frequency. The combined signal then passes
through a low pass filter, to allow only the signal that is the difference between the
beat note difference an the second signal to pass through. This combined and filtered
signal then goes into our error signal circuit board which splits it into two branches,
a fixed attenuation in one branch that converts to a DC signal and high pass filter
that creates a frequency dependent attenuation that is again DC and of opposite sign.
The combined signal is fed into the lock box and shows a signal with a trace shown
in ﬁgur (changing amplitude of voltage as a function of frequency). This locking
system has been chosen such that when the lock is locked on the slope at the zero

crossing point (the point where the board outputs no voltage cause both arms cancel



2.3. LASER SYSTEMS 33

Trd o iy

Invert

Oiff

Probe

0=5emy | R eST " EDGE  FDC
2 == Sl ) < 20Hz (301

Figure 2.8: Cooling lock signal. Error signal used for the locking of the cooling laser
frequency, where the lock point is shown by the red ring.

out) the frequency of the locked laser is at the cooling transition, taking into account

all other components.

This system gives us lasers at two different frequencies: One that is locked to the
repumper at a fixed non-tuneable frequency, and one laser that is locked to the cooling
frequency but can be tuned by altering the mixed frequency supplied by the synthe-
sizer. This tunability is needed in the experimental sequence where we need change the
frequency of the cooling laser from and back to resonance during the cooling process,

dark MOT and imaging stages. A diagram of the locking electronics setup is given in

figure

After the lasers have been locked to the correct frequencies they need to be amplified

to an appropriately useful power because the lasers used are not of sufficient power for
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Figure 2.9: Picture of the electronic circuit that produces the signals to lock
to. It is made from Minicircuits components (1 and 3-7) with a synthesizer (2) and
a PCB (8). The components are as follows, from signal input to output. Two signals
are input: the Beat signal from the photodiode input into amplifier 1, and the signal
from the the synthesizer (2) input into amplifier 3. These two signals combine at the
mixer (4) then pass through the low pass filter (5) then through two amplifiers (6 and
7) and into the error signal PCB (8) which the error signal passed out of and into the
lock box.
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the production of a decent sized MOT. For this task we use three tapered amplifiers,
two in house customised Newport tapered amplifiers and self built Tapered amplifiers
using eagleyard tapered amplifier chips. For the laser locked to the cooling transition,
we use a modified Newport TA (TA-7613) with the amplifier chip (EYP-TPA-0780-
01000) inside. This provides an output power of 600mW, which provides laser light for
the imaging, push beam, 3D cooling and the input to a second customised Newport
TA that has an output power of 400mW, which powers both the horizontal and vertical
cooling lasers of the 2D MOT. All of these are at the same frequency and are all equally
effected by tuning of the frequency by changing the synthesizer frequency. The third
in house built TA that has an output power of 600mW and is used for the repumper
laser and provides sufficient amplification to feed the repumper into both the 2D and

3D MOTs.

2.4 New optical setup at the science cell

This section gives a description of the optical setup close to the science cell, as this
was implemented and developed recently. As previously stated the MOT system is
comprised of two pairs of counter propagating beams in the vertical axis and one pair
in the horizontal axis marked 1, 2 and 3 respectively in figure 2.3l This setup was
implemented in this orientation to allow for optical access of the vertical imaging and
imprinting systems that use high NA microscope objectives of 20x zoom for the top
objective and 20x or 50x for the bottom objective. These can be seen in figure [2.10
marked as 1(top) and 2(bottom) respectively. Also implemented is a new imaging sys-
tem in the horizontal axis. This system uses a dichroic mirror to combine imaging light
in the same plane as the 1550 trapping beam to allow us to view the horizontal axis

from that plane and to implement a system that is more magnified and cleaner than
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the previous system, using larger optical components where able. This can also been
seen in figure labeled as 3) dichroic mirror and 4) new larger imaging lens. The
newest part of this set up is the implementation of the flat trap, which is comprised
of an optical setup that takes the zero order beam from the AOM that controls the
main 1070 dipole trap beam. We are able to use this beam because when the flat trap
is turned on, the 1070 beam power in the first order is already near minimum as the
power has already been ramped down during evaporation, meaning that the zero order
at near max power. The beam is injected into a fibre after passing through the AOM,
cleaning up the mode and increasing the stability of the system. The beam then passes
though the optical system, shown in figure 2.11} This system is comprised of of optics
that flatten and widen the beam in the horizontal axis. Lens 1 expands the collimated
output, lens 2 re-collimates the beam after expanding to, lens 3 focuses one axis of
the beam, and lens 4 is responsible for the final width of the flat trap beam, which
re-collimates the output beam. The final mirror pair is for directing the position of the

flat trap and the final lens is a 10cm lens that focuses to the position of the dipole trap.

The final part of the system that was implemented is the imprinting system, which
includes the DMD and the focusing optics. A picture of this system is seen in figure
2.12] The imprinting system uses light output from a fibre, either from the SLD or
the laser. This is expanded and collimated by lens 1 to approximately 3cm wide, so
the entire beam covers the DMD active area. The DMD (marked by 3) is rotated
at approximately 24 degrees from the horizontal to maximise reflection, as this is the
working angle of the DMD. The desired reflected part of the DMD image is passed
through a telescope (marked my lenses 4 and 5) to reduce the size of the image, in
most cases a 0.25x telescope was used. The image subsequently passes through a dove

prism (marked by 6) which rotates the image produced. Rotating the the prism allows
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Figure 2.10: Image of our science cell. This includes the surrounding optics, here
we are looking at: 1) The top 20X microscope objective that sends light onto the CCD.
2) The bottom microscope objective, which is either 50x or 20X, this focuses vertical
imaging and imprint light onto the position of the atoms. 3) The dichroic mirror that
combined the paths of the 1550nm laser and the horizontal imaging beam. 4) The new
larger imaging beam lens for the horizontal imaging system.
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Figure 2.11: Image of the flat trap optics. The red arrows originate from the
the fibre output and mark the beam path. 1 and 2) is a telescope that expands the
beam waist by a factor of 3. 3 and 4) Telescope in the horizontal axis that reduces the
horizontal beam waist by a factor of 5. 5) 10cm lens used to focus onto the atoms.



2.4. NEW OPTICAL SETUP AT THE SCIENCE CELL 39

Figure 2.12: Imprinting beam path. Starting from fibre output (1), passing through
the collimation lens (2), reflecting off the DMD (3), through the telescope (4 and 5),
through the dove prism and finally combines with the imaging beam in the 90:10 beam
splitter.

the image to be rotated the full 360 degrees range. The ability to rotate the image
allows alignment of the DMD image to the desired axis, usually aligning the length of
the image along the direction of the 1070 trapping beam. After passing through the
dove prism, the imprinting beam combines with the imaging beam in a 90:10 splitter
(marked at 7) that reflects 90 of the imprinting light into the system and dumps 90%
of the imaging beam. The splitter allows us to create the deepest potentials possible
and maximize the imprinting power that reaches the atoms since we have excess image
power. The beam passes through bottom microscope objective, as seen previously in
fig labeled number 2, the objective focuses both the imprint and the imaging
light onto the position of the atoms, creating an overall demagnification of 80x as
standard, though we can sometimes change the system to use a 50x objective and a

0.5x telescope to reach 100x demagnification.



40 CHAPTER 2. EXPERIMENTAL APPARATUS

2.5 Optical imaging system

We use absorption imaging as our imaging technique. An in depth description can be
seen here [87], however as a summary of what we use, absorption imaging is a destruc-
tive process where light resonant to the cooling transition is absorbed by the atoms
increasing their energy state, destroying the BEC that is residing in a minimum energy
state, having been initially repumped into the closed cycle. This absorption of light
leaves behind a shadow that is picked up by the CCD (Mako G-125B) and analysed
by our software to produce a colourised scale image of the cloud. In the experiment
there are two such systems. One for each the horizontal and vertical axis. Both of
these systems serve different purposes and are very different from one another. The
imaging in the horizontal axis has a magnification of only 2.7, which is not effective
for seeing fine dynamics within the cloud due to low resolution, therefore is mainly
used for quantitatively probing the parameters of the whole cloud and not internal dy-
namics. The cloud is usually probed only after allowing for expansion once the cloud
of atoms has been dropped from the trap and allowed to expand for 25ms, reducing
the density of the atom cloud in the process. From this imaging we take measurements

of position, condensate fraction, atom number, temperature, shape, and optical density.

The vertical imaging system is more complex. It is comprised of a 20x mitutoyo
microscope objective, seen in figure which focuses onto the position of the cloud
of atoms and sends the collected light to the CCD (Manta G-235B). This gives us a
high resolution imaging system that probes the atoms in trap, with small amounts
of expansion allowed due to the long working distance of this microscope objective
and the translation stage it is mounted on. This is the system used to study spe-

cific dynamics within the cloud for our projects. Using this imaging system, we also
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can image potential applied to the position of the atoms from the DMD, this is use-

ful to check the potentials that are applied to the position of the atoms are well focused.

As a pair to this microscope objective we also use a partner mitutoyo objective
of 50x or 20x magnification on the opposite side of the atoms, which serves two
purposes, firstly to send imaging light onto the atom cloud and secondly, to send our
shaped potentials onto the atoms. These potentials are magnified from the DMD size,

either by a factor of 80x or 100x depending on the combination of optics chosen.

2.6 Digital micromirror device

The DMD is the most distinctive part of the experiment. It allows us to create arbitrary,
dynamic and static potentials with which we use to manipulate our atom sample. The
DMD is an array of 1080 x 1920 micro mirrors, each being 10.8um x 10.8um, giving
a total size of 1.1em x 2.1cm. The pixels can flip between two positions, ‘on’ which
allows light to pass along the beam path aligned to the optical system, or ‘off” which
flips the mirrors so the light hitting those mirrors no longer follow the correct beam
path and is dumped elsewhere. Images loaded onto the DMD are Bitmap(bmp) format
images, where each pixel corresponds to one mirror. A black pixel means the mirror
flips to the ‘off’ position, and a white pixel means the mirror flips to the ‘on’ position.
Figure [2.13] shows a close up image of a DMD mirror flipped into either the off or on
state, from the neutral state (neutral isn’t experimentally used). Using this, images
can be built to create our patterns of light that we send to the BEC. This can also
be extended to grey scale images, using the method of dithering. Dithering takes an
image and sets the local spatial densities of black or white pixels so we can create

images that produce intensity gradients in the reflected light. When in use, the entire
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Figure 2.13: DMD Mirror. Close up image of a DMD mirror flipped from the neutral
state.[S8]

DMD is illuminated by a expanded and collimated beam of light, which is shaped by
the DMD and reflected into the optical system, demagnifying the image and causing
it to focus onto the atoms (this is described in section 2.1.6 above). The DMD has a
max refresh rate of 10kHz which means we can chance images on the DMD once every
100ps. This limits us to being able to apply dynamic potentials on the order of > 1ms

accurately.

2.7 Flattened Optical Dipole Trap

Here we discuss in extra detail the trap system we use and how we have expanded upon
the traditional dipole trap system that is normally used in our experiment. As a recap,
we have our 1550nm laser crossed with the 1070nm laser at their focal points creating a

trap with trap frequencies of approximately 115Hz, 135Hz, 33Hz and a cloud of dimen-
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sions Thomas-Fermi radii R, = 9.9 X 10~ %m Ry =84 x 10~%m Ryp. = 35 x 10~ %m.
This can be tuned by changing the ratio of potential depth provided in the final trap
by each laser, simply by adjusting the power of each laser to keep the same potential
depth but different shape. Clouds of this elongated cylindrical shape are typically ones
we use for our experiments, as it allows for looking at dynamics along its long axis,
however being roughly cylindrical in shape, it is naturally three dimensional, thus not
thin in the axis that is visualised and has the DMD potential applied to. The cloud
being 3D can cause a few problems when we are applying potentials and carrying out
the experiment. Depending on the experimental goal, projects can either look at dy-
namics in 1, 2 or 3D. If we want to try to look at 2D dynamics, we would require a
more 2D shape in the axis of the applied potential and imaging. Flattening the trap
has benefits including: The narrowing of the cloud perpendicular to the direction the
applied potential means that the atoms remain in the ‘focused’ part of the potential,
also the atom cloud becomes a more equally distributed and less dense, meaning some

dynamics are easier to visualise and analyse.

To enable this flattening of the trap we installed a new 1070nm dipole trap beam.
This beam has waists of approximately 11um and 390um at the focal point, with a
wide shape in the horizontal and narrow in the vertical. A simplified beam diagram is
shown in figure which shows how both axis of the beams are treated to create a
flatter beam. This allows us to look down at the 2D plane that has been created from
the vertical camera. The beam crosses with the 1550nm laser at the corresponding focal
points creating a wider and ‘flatter’ atom cloud with trap frequencies of approximately
20Hz and 300Hz. The 1550nm laser is still used as we want to keep confinement down
the length of the flat 1070 beam so the atoms don’t flow away from the center of

the trap down the flat beam. When implementing the flat trap in the experimental
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Figure 2.14: Flat trap lenses. The same lens system that is pictured in figure [2.11]
where each axis can be seen, purple splits into red (vertical axis) and blue (horizontal
axis).

sequence, the normal 1070 beam is ramped down to an off state whilst the 1070nm flat

beam is ramped up, allowing a smooth transfer of atoms from one trap to another.

Whilst this flat trap system was implemented and parameterised during my time.
It was not used in any published work, however it was used in some of our initial results
in other projects that are not discussed in detail in this thesis. However the trap is
intended to be used for furthering these projects and for future projects. One such
project is the study of the superfluid fountain effect in a BEC and another is studying
turbulence in a BEC with phase imprinted vortices. The goals of both of these are
discussed on more detail in the conclusion, however they are both projects that would
benefit from using a 2D BEC. The vortices that we wish to study are simulated in a 2D
plane, thus a BEC that can be more 2D than our standards BEC is needed for achieving
and comparing any results achieved. The superfluid fountain effect experiment needs
a narrow channel between the atomic samples, so we need confinement in the vertical
plane that our DMD cannot achieve. By comparing the trapping frequencies of the final
flat trap and the normal, it can be seen that we achieve a trap that is approximately 2-3
times higher frequency in the vertical plane and 0.66 times the max frequency and is
circular in the horizontal. This leads to a cloud of atoms that has Thomas-Fermi radii
of Ripr = 1.5 X 107%m Ry, = 22 x 107%m R, = 22 x 107%m and total atom number

of Npiar = 50 x 1073, Figure shows the condensate from our imaging beams. In
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Figure 2.15: Images of the Condensate produced by the flat trap. A) Image
of the condensate produced taken from the vertical axis in trap. B) Image of the
condensate in 25ms time of flight from the horizontal axis.

fig ) the condensate is seen from above, as a flat 'disk’ shape. Figure [2.15B) is
where we note the flatness, it can be seen that the aspect ratio has inverted in time
of flight, this is a signature of an asymmetric trap occurs due to increased repulsive
forces in compressed axis of a BEC in trap expand faster once released, this effect can

be seen in more detail in |89

2.8 Control system

The system we use to control experimental parameters, such as laser power and timings,
outputs both digital and analogue signals. These signals are timed in an experimental
sequence that is run to create a BEC in our science chamber. We use a program called
Cicero as the control software for this task. It interacts with the control system which

outputs fixed 3.5V digital signals and analogue signals that vary between —10V > 10V.
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These signals are used to control shutters that can close or open to allow laser light
through, controlling AOMs to finely control the power of a laser going to the desired
location and to trigger items, such as the DMD and the camera, at times given in the

sequence.

2.9 Sequence

The sequence to control the experiment has many components. Here the most simple
sequence for creating a BEC will be discussed. The key components of the sequence
are shown in figure 2.16] The sequence can be summarised in the following stages.
The mot loading stage, where the atoms are loaded into the Magneto optical trap from
the 2D MOT in the first 5 seconds of the sequence, making a MOT at the location of
the dipole trap crossing point. The next stage is the Dark MOT, where the repumper
power is reduced to allow the atoms to drop into the ground state. This again is at the
location of the dipole trap which is turned on after the atoms are in the ground state,
so hold the atoms with dipole forces in these laser beams. The final stage of cooling is
done with evaporative cooling, where the dipole trap lasers have their power ramped
down, following an exponential reduction of reduction of laser power causing a reduc-
tion of intensity and therefore reduction in potential depth, creating a BEC that is held
within a trap. In addition can be manipulated by our optical potentials and is also
imaged by triggering the camera three times to acquire three separate images that are
combined to make one. The manipulation is provided by triggering on our imprinting
light source, in combination with triggering the DMD at the end of evaporation after
the cloud has thermalised and then probed/imaged with our imaging system, in trap
or with expansion time added for increased clarity of features or internal structure of

the BEC.
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In the situations where we use the DMD with a dynamic pattern we need use a
function generator to provide triggering to the DMD at a chosen frequency so the
DMD cycles through the ‘images’ at the correct rate that produces the sequence that

manipulates the atoms in the desired fashion, the same as making a video.

2.10 Sources of light for atomic manipulation

Due to the unique properties of the light produced by super luminescent diodes (SLD)
it has become an active, intriguing and novel part of our experiment, used as an
alternative light source to create optical potentials. To understand its properties more,
analysis was carried out that focused on the quality the potentials created by this light
source and that of the Laser, which is more commonly used. Before looking at the
analysis between these sources it is important to understand how the light sources
discussed work, thus the following section will describe the physical properties of these
sources and compare them, highlighting how the SLD bridges the gap between the
LED and the laser.

2.10.1 Laser

Lasers are the most commonly used light source in the field of atomic physics as the
can address specific atomic transitions. They operate by stimulated emission in an
optical cavity. Inside of the optical cavity is a gain medium that is put into an excited
state by an external source of energy. A pump beam is injected into the cavity where
the gain medium is. This pump beam interacts with atoms by either causing atoms
in a lower energy/ground state to excite, or by causing atoms in a higher energy state

to emit a photon and de-excite. In the example case of a solid state laser, when the
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Figure 2.16: Experimental sequence to create a BEC. The timing of each analogue
and digital channel in the sequence to create a Bose Einstein condensate, where the
blue lines show the voltages between 0V-10V, and the green segments indicate on/open,
each segment is a separate step in the sequence. Each VVA used effectively controls
the power passing into the system from the respective AOM, where higher voltage
leads to increased power transmission. The cooling VCO adjusts the frequency of the
cooling light between the MOT loading, dark ramp and imaging steps. The Bias coils
require a fixed voltage and the push beam shutter just needs switching off after the
MOT loading stage. The digital channels shown underneath the analogue channels
show more specific on/off timings. It can be seen that segments such as the 1550 laser
which has both analogue and digital channels, that the AOM is only switched on in
stage 9, even though the VVA is on at max power much earlier, this is due to a lag in
response time from the VVA. Some AOMs are also kept on in stages 9-12 to keep the
temperature stable throughout the course of multiple sequence runs.
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gain medium has a population inversion (more atoms in the excited state than in the
ground state) caused by optical pumping of the gain medium by a pump beam that is
injected into the cavity, the result is a rate of stimulated emission which is greater than
the rate of absorption of photons, which causes amplification of the pump beam in the
cavity, producing photons of the same properties as the input beam (which matches
the absorption lines of the gain medium). In lasers the cavity length is tuned to fit in
an exact number of wavelengths into the cavity, selecting and amplifying the output
wavelength within the cavity, filtering out undesired wavelengths of light. As a result,

this creates light that is both temporally coherent and spatially coherent with a narrow

bandwidth.

2.10.2 Super-luminescent Diode

SLDs are similar in construction to laser diodes, in that they contain a forward biased
P-N junction and an optical waveguide. The light produced by a SLD is also similar
to that produced by a standard laser diode, except that in the SLD it intentionally
has a strong suppression of feedback through a combination of a tilted waveguide and
anti-reflection coatings applied to the facets. This suppression of feedback means that
the formation of resonator modes or spectral narrowing in the optical spectrum of the
SLD does not happen, like it does in the laser. The lack of feedback means that lasing
is not achieved and instead the diode performs amplified spontaneous emission, with
a spectrum that is not narrowed by the effects of a cavity. SLDs therefore produce
light that is temporally incoherent but features high spatial coherence. The broadband
nature and peak wavelength of SLDs is designed and chosen from the construction pf
the semiconductor material in the P-N junction. it is chosen to have holes and electrons
have a large number of possible energy states/bands. Therefore when we get electron

hole recombination within the device a broad range of optical frequencies is produced.
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2.10.3 LED

LEDs are perhaps the simplest of the three systems. They are a P-N junction that
when forward biased the electrons move from the N doped region to the P doped region
where they combine with the holes. The recombination process causes emission of a
photon in a random direction. The light created is incoherent spontaneous emission
that is emitted over a large solid angle and has a wide range of optical frequencies.

Unlike the SLD and the laser, there is no gain medium in an LED.

2.10.4 Comparison

In the previous section the construction of each device was covered. Within those de-
vices the important properties of the light produced are the phase/temporal coherence,
spatial coherence, bandwidth and intensity. These are properties that atomic physics
and imaging techniques rely heavily upon. Figure displays a simple depiction of
each source, the laser with its gain cavity gain medium, producing a narrow high in-
tensity spectrum. The SLD with its single pass amplification producing a less intense
but broader spectrum. Finally the LED where we have no amplification producing a
broad and relatively low intensity spectrum. Atomic physics often requires address-
ing specific atomic transitions that absorb specific wavelengths of light, meaning that
due to the narrow bandwidth of the light produced, the laser is the chosen source for
manipulating internal states of an atom. On the other hand due to the broader band-
width of the light produced by the SLD and especially the LED, addressing specific
atomic transitions in most common systems like ours would be impossible as multiple
transitions would be excited, destroying the system. However the spectral properties
of all three of these sources have minimal effect in the creation of far detuned optical

potentials. Therefore all three of these sources, in the far detuned case can in theory
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achieve an optical potential to trap atoms. The laser benefits over the SLD and LED
in that you can more precisely choose the desired wavelength, giving more freedom
to choose the value of the detuning from any desired optical transition, giving the
ability to create a deeper potential with minimal heating effects that are caused by
any overlap in the spectrum of the laser light with the atomic transition. Following
from this, the SLD is the mid ground between the laser and LED, its produces a less
broadband spectrum of light than the LED, thus its peak wavelength can get closer
than the LED to a desired transition without causing heating effects. Considering the
spatial coherence of the three sources, the laser and SLD light is formed in cavities
or waveguides respectively and as a result, the light is produced with a high spatial
coherence. Conversely, the LED light forms from a surface and is emitted in a large
solid angle, meaning that spatially incoherent light is produced. This becomes impor-
tant when the sources are integrated into an optical setup, as spatially coherent light
is controllable with conventional optical systems. Whereas spatially incoherent light
is very difficult to manipulate with conventional optics and losses in power are to be

expected.

Another property of the three sources to consider is the temporal coherence. This
feature is related to bandwidth of the light produced, it is essentially a measure of
how monochromatic a light source is, thus how much the light will interfere with its
self. Looking at the three light sources again, the laser which produces light with a
very low bandwidth has a very high temporal coherence, in optical systems that can
lead to monochromatic aberrations in images produced with this light. However the
SLD has a larger bandwidth, thus a lower temporal coherence, and the LED an even
lower temporal coherence. This means that images produced with these light sources

should have fewer monochromatic aberrations than their laser counterpart due to fewer
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Figure 2.17: Graphic depicting the differences between the laser, SLD and
LED. Here we see that the laser produces a narrow spectrum of light, from a cavity
with amplification, the LED produces a broadband spectrum of light with no gain
medium or amplification, and the SLD produces a spectrum between the two and it
amplified one way by a gain medium.

interference effects.



Chapter 3

SLD Generated Optical Potentials
Applied in Cold Atoms

The material in this chapter includes text, images and data that have been published in
the paper: A. Smith, T. Easton, V. Guarrera, and G. Barontini. "Generation of optical
potentials for ultracold atoms using a superluminescent diode". Which was published
in Physical Review Research. Some of this material remains largely unchanged, others

has been made more appropriate for the thesis.

This chapter reports on the realization and characterisation of optical potentials
for ultracold atoms using a superluminescent diode. The light emitted by this class of
diodes is characterised by high spatial coherence but low temporal coherence. On the
one hand, this implies that it follows Gaussian propagation similar to lasers, allowing for
high intensities and well collimated beams. On the other, it significantly reduces those
interference effects that lead to severe distortions in imaging. By using a high-resolution
optical setup, we produce patterned optical potentials with a digital micromirror device

and demonstrate that the quality of the patterns produced by our superluminescent

53
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diode is consistently and substantially higher than those produced by our laser. We
show that the resulting optical potentials can be used to arrange the atoms in arbitrary
structures and manipulate them dynamically. Our results can open new opportunities

in the fields of quantum simulations and atomtronics.

3.1 The System

Details about our experimental sequence and methods can be found above, but also
in [48, 90]. For this experiment the experimental parameters and sequence in brief
are, loading 8" Rb atoms from a 3D MOT into a crossed dipole trap and then perform
evaporative cooling for 6 seconds to produce a Bose-Einstein condensate (BEC). For
this work the final trapping frequencies are f, = 150Hz and f, = 10 Hz, resulting in

an elongated BEC with N = 2 x 10* atoms at ~20nK.

To manipulate the atomic sample, we use the optical setup shown in figure [3.Th.
Our SLD light source is a Thorlabs SLLD830s-A20, emitting 23mW over a spectrum that
has a full-width at half maximum of AX =20.3nm, which is centred at A\, =836nm, as
shown in fig [3.1Ip. From the spectrum it is estimated that the coherence length of the
SLD is [ = 2In2X\?/nwAX ~ 15 ym. The light produced by the SLD is amplified to
300mW using a tapered amplifier that has a gain centered at 840nm (Eagleyard EYP-
TPA-0830). The spectrum of the amplified light is a convolution between the gain
curve of the TA and the SLD spectrum. This is also shown in fig [3.Ip, where it can be
appreciated that after the amplification, the spectrum is centered at A, =840nm and
its full-width at half maximum is A\ =9.4nm. Therefore the effect of the amplifier as
well as increasing power output, also shifts the peak and centre of the spectrum and

the full-width at half maximum is smaller than that of the bare SLD. This results in a
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Figure 3.1: Schematic representation of our optical system, TA gain spec-
trum and laser /SLD light comparison. a) Schematic representation of our optical
system. The SLD light is first amplified by a TA and then injected into an optical
fibre to clean the mode. An AOM is used to control the power injected in the fibre.
The output of the fibre is reflected by a DMD that imprints arbitrary patterns on the
intensity profile. The patterned intensity profile is then imaged on the atoms using
a 100x demagnification system that includes a 50x objective. The plane where the
image is produced, that corresponds to the plane where the atoms are trapped, is then
imaged on a CCD camera using a 20x magnification system. We can use the same
path for the laser source by activating a flip mirror. b) Emission spectrum of the SLD
(blue) and spectrum after the SLD emission has been amplified by a TA (black). The
spectra are normalised to have the same area. ¢) Image produced by the laser at the
position of the atoms with the DMD fully on. d) Same as c¢) but with a 2x zoom on a
pattern containing an irregular mesh, a star and an arrow. Both the bars in ¢) and d)
correspond to 50 pum. e) and f), same as ¢) and d) but using the SLD as light source.



56 CHAPTER 3. SLD GENERATED OPTICAL POTENTIALS

y (jam)
y (jam)

0 40 BO 120 160 200
X (pm)

50 c)! ‘ b ||-

£ | l

s I *1 J \I '
1

| _
|
b | | |
i: i | 101 | | ‘ IME
LBl E7) L 0| . | 05

0 10 20 30 40 50 60 YO 8O 90
X (pm)

B i TR R

ol |
0 10 20 30 40 60 60 VO 8O 90
X (pm)

=
=

Intensity f H.éax Intensity
n

Intensity f Max Intensity
o=
o

1n

0 - — ™ — - T T o -

0 10 20 30 40 60 60 7O 80 90 0 10 20 30 40 5650 60 VO 80 90
X (pm) ¥ (pm)

e)

Figure 3.2: SLD and Laser Residuals. a) Image produced on the plane of the
atoms using the laser source and a square-wave pattern on the DMD with period 1512
pm, corresponding to a period of 15.12 um in the imaging plane. b) The same as a)
but using the amplified SLD as the source. ¢) And d) are the residuals obtained by
fitting with a square-wave grating the regions within the red rectangles in a) and b)
respectively, which correspond to the beams peak intensity regions. The colour bar
indicates the values of the residuals. The green curves in e) and f) correspond to 1D
cuts along the green lines in a) and b) respectively. The magenta curves are the fits to
the data using eq. (3.1).
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doubly longer coherence length of I’ ~ 33um. Care must be taken to provide 30 dB of
optical isolation between the TA and the SLD to prevent damage to the latter caused
by the TA spontaneous back emission. The amplified light passes through an acousto-
optic modulator which allows us to control the power of the light that is then injected
into a single mode optical fibre. A flip mirror allows us to use the same acousto-optic
modulator and fibre system with a laser tuned at 800nm, simply by flipping the mir-
ror and aligning the fibre. This simple system enables a direct and easy comparison
between the two light sources. We do not observe any difference in the acousto-optic
modulator efficiency between the two light sources. The light coming out from the
optical fibre is reflected by a DMD and eventually directed onto the atoms, hitting the
atoms in the vertical axis. The light passes through an optical system that demagni-
fies by a factor 100 and includes a 50x high-resolution optical microscope objective
as the final lens focusing onto the atoms. The DMD has 1920 x 1080 micromirrors of
size 10.8um. Each micromirror can be individually set on or off every 100us. After
reflection by the DMD and transmission through the optics, we typically obtain 1mW
of power at the position of the atoms. We note that the reflection from our DMD is
only ~10%, although we expected ~50 % reflectivity according to the specifications of

the device.

The images produced by our system are focused on the position of the atoms and
imaged on a CCD mounted in the vertical direction, using a 20x magnifying objective,
resulting in a resolution of ~ 2um. The same imaging system is used to perform
high-resolution absorption imaging of the atoms. In Fig lc-f four examples images are
shown, ¢ & d being laser, and e & f being SLD. it can be qualitatively seen that the
SLD-generated images present sensibly reduced interference fringes, are overall more

uniform and feature finer details than those of its laser counterpart.



o8 CHAPTER 3. SLD GENERATED OPTICAL POTENTIALS

1.0

- 0.9

0.8

0.8 O—0— - 0.8 —

/1" —~
- Cd - - / =
L + o , 4 @]
0.7 . - 0.7
/

| /
AR

\+/ X i
0.5 —o——H—laser| | - + —&—Laser |
a) —O0——0O—SLD b) —O—SLD
6 8 10 12 14 16 18 6 8 10 12 14 16 18
L (um) L (um)

Figure 3.3: Fidelity and Contrast of square wave. a) Fidelity (circles) and contrast
(squares) of the SLD images (open symbols) and laser images (filled symbols) as a
function of the semi-periodicity of the square wave L. b) Quality of the image as a
function of L for the SLD images (open symbols) and the laser images (filled symbols).
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3.2 Image Characterisation

In this section we quantitatively compare the images produced using the SLD and the
laser. For simplicity and clarity, we constrain the analysis to only one-dimensional
structures, as our findings can be easily extended to two dimensions, for example
by using grid of squares and analysing in both the x and y axis. In particular, we
investigate the ability of the two sources to produce square-wave gratings with our
optical system, as in the examples in figure & b. In order to quantitatively compare
the images produced by the two sources, we use two parameters: the fidelity and the
contrast. We have chosen to separately evaluate these two parameters to highlight
the superior quality of the square-wave patterns produced by SLDs, regardless of their
amplitude or residual background. To compute the fidelity, we perform two-dimensional

fits of the images, I, captured by the CCD with the “target image",
Io(i,j) = A+ BO[cos(mid/L + ¢)] (3.1)

i.e., a perfect square-wave grating, with {i, 7} the pixel coordinates in the horizontal
and the vertical of the image, d the pixel size, 0 is the heavyside step function and
L the semi-period of the square-wave. A, B and ¢ are free fitting parameters. The

fidelity is then defined as:

F=1— o [S20GL) = 1 ) (3.2)

where N is the number of CCD pixels in the region of interest. As an example, figures
¢ & d are the residuals (i, ) — Iy(4,j) obtained by fitting the outlined regions in
figure & b with the same square-wave function. We consistently observe that for

SLD-generated images the values of the residuals are lower all across the images, and
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also that the images have fewer aberrations. This is also evident in Fig. and f,
where we show the 1D cuts across the green lines in Fig. and b together with the
fits done using eq. (3.1). To evaluate the contrast, the images have been integrated

along the y direction obtaining one-dimensional arrays I which are then computed by

O max([) — I}lln(j) (3.3)
max(/)

3.2.1 Fidelity and Contrast Analysis

The fidelity quantitatively estimates how close the image produced is to the target im-
age, while the contrast accounts for the ability of a certain source to effectively produce
dark regions, indeed it varies linearly with min(I). For the implementation of accu-
rate optical potentials for cold atoms we require both these quantities to be as close
to 1 as possible. Indeed, low values of F' indicate aberrations in the optical potential
and therefore a limited capacity to accurately manipulate the atoms. Low values of
C imply instead that higher intensities need to be used to reach the desired potential
depth, causing an increase in the scattering rate that makes the potential increasingly
less conservative. To account for both these effects we use the quality of the image

Q = F x C as our figure of merit. An image with @@ = 1 would perfectly produce the

desired optical potential.

In figure [3.3] we show the results of analysis for the behaviour of F', C' and @ as a
function of L. With L we indicate the semi-periodicity in the imaging plane, therefore

L is a factor 100 smaller than the semi-periodicity of the pattern on the DMD. The SLD



3.2. IMAGE CHARACTERISATION 61

images are characterised by a slightly lower contrast than the laser images, especially
for low values of L. Our measurements therefore confirm that temporal coherence plays
a minor role in the contrast of an image [91], but also suggest that as the size of the
features is reduced, such role becomes increasingly important. Notably, SLD images
consistently feature a significantly higher fidelity, as the reduced temporal coherence
of the SLD almost completely eliminates interference effects. The main source of loss
of fidelity for the SLD images is the underlying Gaussian distribution of the intensity,
as can be seen for example in figures le and 2b&d. The overall effect is that the SLD
generates images with values of () higher by at least 0.1 than those generated by the
laser over the whole range explored. Our imaging system does not allow us to perform
quantitative measurements for L < 5 um. To provide a qualitative estimate below the
limits of our imaging system, we fit C' and F' with second order polynomial functions.
By doing this we infer that the SLD images should feature a higher () down to sub-um

structures.

Another important feature stemming from the partial incoherence of SLD-generated
light is that it is free from the Talbot effect, that alters the periodicity of regular
structures as the beam propagates. This can be observed in Fig. [3.4] where we report
the quality of the image () as a function of the distance from the focal plane D for
L = 7.56pum. We observe that for SLD-generated images () is a smooth function of
D, while for laser-generated images () presents some local maxima and minima. The
minima are due to the Talbot effect, that at integer fractions of the Talbot length
A = 2(2L)%*/)\ causes the appearance of images with L/2 semi-periodicity. This in
turn causes a degradation both in F' and C. SLD-generated images feature also higher
values of () over a broad range of D. The fact that the images produced by the SLD

are free from the Talbot effect can be relevant for the implementation of high-quality
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Figure 3.4: Talbot effect. Quality of the image generated by the SLD (open symbols)
and the laser (filled symbols) for L=7.56um a function of the distance from the focal
plane D. For SLD-generated images () is a smooth function of D, while for laser-
generated images () is modulated by the Talbot effect, that every ~80um generates
images with semi-periodicity L/2, as shown in the inset.
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3d-patterns, lattices and holograms using two perpendicular beams that carry periodic

or near-periodic structures.

3.3 SLD-generated Optical Potentials for Cold Atoms

Besides the low temporal coherence that enables the generation of optical potentials
with higher quality than lasers, SLDs feature high spatial coherence, that in turn im-
plies Gaussian propagation. On the one hand this represents a problem in reaching
very high values of (), as demonstrated in the previous section. On the other, this is a
crucial feature to reach sufficiently high intensities and generate optical potentials that

can be used to manipulate ultracold atoms.

Using the SLD, with our setup we can achieve 1mW of power over an area of
207x117pm at the position where the atoms are trapped. To evaluate the correspond-
ing optical potential, we fit the amplified spectrum of Fig. 1b with a double-Gaussian

obtaining the power spectrum G(\), with A the wavelength, and then we calculate

e 2 1
-7 I R 4
U(z,y) 5 /(A2w§’ + AM%) J(z,y, A)dX (3.4)

with I' the linewidth and w; o the frequencies of the D1 and D2 lines of 8Rb, Ao =

wy 2 — 2me/ A the corresponding detunings, and

J(‘T’y7>\):WfG(>\)d)\e ;

where P is the total power at the position of the atoms and w is the waist of the beam

obtained with a Gaussian fit of the intensity profile of Fig. le. Similarly, we calculate
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the heating rate as

7c’T? [ E 2 1
r = et J A)dA 3.6
h($7y) 2% /kB (A%wg + A%W%) (.Cl],y, ) ) ( )
with E, = 272h%/mM? the recoil energy, where m is the mass of the atoms, and

kg the Boltzmann constant. With our setup we can obtain a maximum intensity of
2P/(mw?) =14.3W /cm?, corresponding to a maximum potential depth U/kp ~ 90nK.
This red-detuned potential is therefore sufficiently strong to efficiently manipulate our
ultracold sample. The associated maximum heating rate is instead ~1nK/s. For com-
parison, the heating rate for a laser at 840nm with the same intensity is ~ 0.5nK/s.
Indeed, we could not observe any measurable heating in the typical time scale of our
experiments (hundreds of ms) even when illuminating the atomic cloud with the DMD

fully on.

3.3.1 Static Potentials

We demonstrate that the combination of the good quality of the images produced by the
SLD and the arbitrary patterns produced with a DMD can be used to arrange ultracold
atoms in non-periodic structures. We have implemented two arbitrary ‘disordered’ 1D
potentials seen in figure by setting unequally spaced gratings on the DMD, as
displayed in the back panels. The white vertical lines, corresponding to regions of high
intensity, cross with the dipole trap potential creating a series of neatly-separated,
sharp squared dimples of different sizes and with different spacing. The dimples are
sufficiently deep to trap the atoms, indeed their density profile in absorption nicely
retraces the patterns imprinted on the DMD, including the sharp edges. Evaluating
the fidelity and contrast directly on the the atomic sample can therefore also be used

to characterise the potential.
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Figure 3.5: Disordered SLD Potentials. In-situ absorption imaging of our ultracold
atoms under the action of two distinct ‘disordered’ potentials. The temperature of the
atoms is 20nK. The patterns imprinted on the DMD are reported in the back panels,
and we indicate with black (white) the regions of the DMD where the micromirrors
are set to off (on). Regions where the micromirrors are on correspond to regions with
full intensity on the atoms, and therefore to attractive potentials. The depth of the
potential is 90nK. The atoms re-arrange in such ‘disordered’ potentials, nicely retracing
the patterns set on the DMD.
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Figure 3.6: Dynamic potential with the SLD. a) Evolution of the atomic column
density, integrated along the y direction, as a function of time under the action of
the dynamical potential (also integrated along the y direction) displayed in panel b).
The time frames are taken every 8 ms. The black (white) regions in b) correspond to
micromirrors set off (on) on the DMD.

3.3.2 Dynamic Potentials

We finally demonstrate the implementation of dynamical potentials with SLDs. The
possibility to rapidly reconfigure the pattern on the DMD is particularly appealing as
it allows us to dynamically and arbitrarily modify the potential on the atoms a fast
as one frame every 100us. For dynamical potentials, good image quality is especially
desirable as it ensures a good uniformity of the potential across the whole illuminated
area, potentially reducing losses of atoms, spurious excitations and heating. In Fig.
3.6a we report the evolution of the density profile of our ultracold atomic sample under
the action of the dynamically varying ‘disordered’ potential of Fig. 3.6b. For every
frame we have integrated the density profiles along the y direction. In this case, the
pattern on the DMD was modified every 500us. We observe that the atomic density is
dynamically modified following the trajectory of the optical potential. After 200ms of

evolution, we retain ~75% of the atoms.



Chapter 4

Bloch Oscillations in Synthetic

Dimensions Within Ultracold Atoms

The material in this chapter includes text, images and data that have been submitted
for publication in the paper: C. Oliver, A. Smith, T. Easton, G. Salerno, V. Guarrera,
N. Goldman, G. Barontini and H. M. Price "Bloch Oscillations Along a Synthetic Di-
mension of Atomic Trap States". This has been submitted for publication in physical
review X. Some of this material remains largely unchanged, others has been made more
appropriate for the thesis. The experimental work and data analysis was carried out
by T. Easton and I, and the numerical data was produced by C. Oliver, with a lot of
the theoretical work carried out by C. Oliver, a lot has been excluded from this thesis,

but some material included for relevance.

This chapter will cover the theory, experimental and theoretical results of the ex-
periment carried out, and the methods and analysis used to reach such results. As a
recap, the goal of this experiment was to experimentally engineer a very long synthetic

dimension of many tens of atomic trap states by dynamically modulating the harmonic

67
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trap of an ultracold atomic sample. This is experimentally confirmed by showing that
by controlling the driving frequency a force can be generated along the synthetic di-

mension that induces Bloch oscillations.

In addition to the brief motivation in the introduction we see that synthetic dimen-
sions can provide a powerful approach for simulating condensed matter physics in cold
atoms as seen in |62, 93| |56} (57}, |67, 68, 64, 65, 66, [58} |61}, |70, 92, 69] and photonics |72,
94, 95, 96|, whereby a set of discrete degrees of freedom are coupled together and
re-interpreted as lattice sites along an artificial spatial dimension. However, atomic ex-
perimental realisations have been limited so far by the number of artificial lattice sites
that can be feasibly coupled along the synthetic dimension. Here, we experimentally
realise for the first time a very long and controllable synthetic dimension of atomic
harmonic trap states [13, [71]. To create this, we couple trap states by dynamically
modulating the trapping potential of the atomic cloud with patterned light. By con-
trolling the detuning between the frequency of the driving potential and the trapping
frequency, we implement a controllable force in the synthetic dimension. This induces
Bloch oscillations in which atoms move periodically up and down tens of atomic trap
states. We experimentally observe the key characteristics of this behaviour in the real
space dynamics of the cloud, and verify our observations with numerical simulations
and semiclassical theory. This experiment provides an intuitive approach for the ma-
nipulation and control of highly-excited trap states, and sets the stage for the future

exploration of topological physics in higher dimensions.

4.0.1 Theoretical Overview

To introduce our scheme, let us consider an atomic cloud in a cigar-shaped harmonic

trap with trap frequencies w, = w, > w,. In order to realise the synthetic dimension,



69

we couple together the atomic trap states of the strong trapping potential along x with

the spatially and temporally varying driving potential given by:
Vp(x,t) = =VoO(x sin(wpt + ¢)) (4.1)

where V} is the driving amplitude, O(z) is the Heaviside step function, wp is the driving
frequency and ¢ is the initial driving phase. Physically, this corresponds to illuminat-
ing the upper half of the atomic cloud with constant power for the first half of the
period, Tp = 27w /wp, before illuminating the lower half with the same constant power

over the second half of the period (see Fig. 4.1{(a)).

Combining Eq. with the 1D harmonic oscillator Hamiltonian along = gives the

time-dependent Hamiltonian:
H(t) = hw, Y AA) (Al + V(= 1), (4.2)
A

written in the eigenstate basis of the “strong” trap along x, as indexed by A =0,1,2....

The stroboscopic dynamics of this system is captured by an effective time-independent

Floquet Hamiltonian, which we can approximate over a large number of trap-states by:
A hAY XA A+ [ie? A+ 1) (A + hec] (4.3)
A A

where A = w, — wp is the (small) drive detuning and J is a uniform hopping ampli-
tude, which itself depends on Vj and w, and is calculated using Floquet theory. Note
that this description is valid for near-resonant driving in a deep harmonic trap, i.e.

such that w, ~ wp > A, J/h. As depicted in figure [{.1[(a), equation describes a
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Figure 4.1: Schematic of the experiment and signatures of the synthetic-
dimension Bloch oscillations in real space. (a): Schematic of the DMD pattern
(red), which shakes the harmonic trap (blue/purple) and couples together nearest-
neighbour trap states by inducing Bloch oscillation in the trap states (green) (b):
Experimentally, the cloud is imaged after a short time-of-flight expansion, as demon-
strated here for a detuning of A = 9.84 x 2mrHz. The colour scale is the column density
in arbitrary units. The full dynamics includes micromotion within each driving period,
so the experimental data are averaged over several values of ¢. (c): The real-space
center-of-mass position, Z..,, of the atomic cloud is extracted, as shown here for the
same data as in (b).
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particle hopping between nearest-neighbour sites along a 1D tight-binding lattice with
unit spacing in a synthetic dimension. The detuning plays the role of a constant force,
F = —hA, which therefore can induce Bloch oscillations. Note that the shaking phase
 appears in the effective Hamiltonian as a hopping phase, which we will exploit below

to average over unwanted micromotion effects.

In the absence of a force along the synthetic dimension, i.e. when A = 0, the
effective model in Eq. is translationally invariant along the synthetic dimension
and has a single energy band in the Brillouin zone. Applying a nonzero force (i.e.
A # 0) accelerates a semiclassical wavepacket formed in the synthetic dimension bulk,
such that it undergoes Bloch oscillations across the Brillouin zone, with a center-of-

mass (COM) position along the synthetic dimension, Ao, that varies as [13]:

Aeom(t) = A0 + 2—2(1 — cos(2m fpt)), (4.4)

from the initial position Aeom(t=0)= A’ and where fp is the Bloch oscillation fre-
quency. As we can set the spacing between the fictitious synthetic lattice sites equal
to one, the periodic Brillouin zone covers [—m, 7]. The Bloch oscillation frequency is
then set by the magnitude of the applied force divided by the length of this Brillouin
zone, i.e. fp = |A|/2m, and so is entirely controlled by the detuning. Conversely,
the amplitude of the Bloch oscillations is proportional to the bandwidth divided by
the force, i.e. 4J/hA, and so depends on the detuning but also, through J, on the
trap frequency and shaking power. The Bloch oscillations therefore provide a way to

transport atoms between different trap states, with independent control over both the

timescale and number of trap states explored.
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4.0.2 Experimental Set Up

In our experimental sequence we load 8"Rb atoms from a 3D MOT into a crossed
optical dipole trap and then perform forced evaporative cooling [97]|.The final trapping
frequencies are f, = f. ~ 160Hz, and f, ~ 10Hz, where z is the vertical axis,
resulting in a cloud elongated along y, with N ~ 2 x 10* atoms at ~20nK. The optical
setup to realise the dynamical potential and high resolution imaging is described in
detail in [98]. In brief, the light produced by a 800nm laser is reflected by a DMD
and then sent onto the atoms along the vertical direction, using an optical setup that
produces a demagnification of a factor of 100. The DMD is a 2D array of 1920 x 1080
micromirrors, each with size 10.8um. Each micromirror can be individually tilted every
100ps, allowing us to produce dynamical optical potentials. The atoms are imaged on a
CCD mounted in the vertical direction using a 20 x magnifying system with a resolution

of ~ 2 um.

4.1 Experimental Results and Real Space Analysis

Used in the experiment was a rapid evaporation ramp to prevent the sample of atoms
described in section 4.0.2 from condensing, thus reducing the effect of mean-field in-
teractions [13|, which may complicate the dynamics and will be of interest in future
investigations. To realise the driving potential of Eq. .1} a digital micromirror device
(DMD) that allows dynamic and spatial control the intensity profile of a laser beam
with wavelength 800nm (see section 4.3.1) is used. It was verified that the trapping and
driving potentials are aligned to within ~ 1pym. To image the atomic cloud absorption
imaging was used, this was done after a very short time-of-flight (TOF) expansion of
tiof = Dms, to increase the visibility of the dynamics. This is demonstrated in figure

(b) for a detuning of 9.84 H z, where the real space cloud density as a function of time
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for an example Bloch oscillation is plotted, showing the cloud COM being displaced
away from the origin. Note that the density is averaged over several values of ¢ in
order to reduce the effect of micromotion. As such, the cloud appears to widen along

x in time, although the cloud width is actually approximately constant. The initial

0

com ~ 2 for an initial Maxwell-Boltzmann

temperature of 7"~ 20nK, corresponds to A
distribution of atomic energies. This means that, initially, the atoms start near one
“edge" of the synthetic dimension (at A = 0), and so atoms must move up the synthetic
dimension, irrespective of the sign of the detuning, i.e. the direction of the force. The
cloud also does not have a Gaussian distribution with respect to the synthetic dimen-
sion as the above semiclassical theory implicitly assumes; nevertheless, in section 4.3.3

(analyitical results) it is shown that the prediction in Eq. works well once appro-

priate corrections are included.

Bloch oscillations in A-space naturally translate into atomic motion along x in real
space, as different harmonic oscillator eigenstates have different real-space profiles.
The resulting motion can be seen in figure (c), where the measured dynamics of
the real-space COM position under the action of the shaking potential, as a function
of time are displayed. It is important to notice that the full dynamics also includes
micromotion within each driving period [13]; for the real-space COM, as shown nu-
merically in the inset of Fig. [4.1)c), the micromotion corresponds to large and fast
oscillations as the atoms slosh backwards and forwards in the trap, while the stro-
boscopic Bloch oscillations translate into variations in the envelope of the dynamics.
To isolate the latter, we root-mean-square (RMS) average over different experimental
runs with suitably chosen different initial driving phases, ¢. The raw cloud images in
Fig. 4.1(b) have themselves been averaged in this way. This has the effect of making

the cloud appear to widen significantly over the oscillation, although in each single
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shot the width is approximately constant. Note that this averaging procedure slightly
lowers the apparent amplitude of the motion. However, by reducing the micromotion
effects, we can then clearly observe the real-space signatures of the synthetic-dimension
Bloch oscillations, seen in [4.1fc) for the same parameters as figure [4.1[b) , where the
experimental data is fitted by a function motivated by synthetic-dimension Bloch os-
cillations (see section 4.3.1, Real-space experimental data analysis). As can be seen,
this fit captures the behaviour of the data very well, with agreement between the ex-
periment and numerical simulations (blue curve) of a non-interacting 2D thermal cloud
(see section 4.3.2 Numerical simulations and data analysis ). To account for the fact
that the true position of the cloud is not measured due to the TOF expansion, a TOF

correction to the cloud centre-of-mass position in our numerical simulations is included.

To further characterise our experimental results, we plot in figure (a) the values
of the oscillation frequency obtained by fitting our data for different detunings. As
can be seen, for both experiment and numerics, the frequency increases linearly with
detuning, as expected from the analytical Bloch-oscillation frequency (green line) given
by fg = |A|/27 in both real and synthetic space [c.f. Eq.[4.4]. Note that to avoid
systematic errors in the experimental determination of the trapping frequency, this
is determined by shifting a linear fit to the measured oscillation frequencies to pass

through (|A[, f) = (0,0).

In figure (b) it is shown how the amplitude of the real-space motion depends
on the detuning by plotting the amplitude fitting parameters. As can be seen, the
experiment (orange/black) and numerics (blue) both clearly show the expected growth
in the real-space amplitude as the detuning decreases and higher-excited atomic trap

states are explored. To make a quantitative comparison with semi-classical Bloch oscil-
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Figure 4.2: Bloch oscillation frequency and real space amplitude as a func-
tion of detuning (a): Frequency of the Bloch oscillations for the experiment (orange
for A > 0 and black for A < 0) and for numerics (blue). The observed trend is in
agreement with the analytical prediction (green) of fp = |A|/27 for Bloch oscillations.
(b): Amplitude in real space of Bloch oscillations for the same data as plotted in
panel (a). The analytical prediction (green) shows the expected real-space amplitude
as calculated under appropriate approximations from the synthetic-dimension Bloch
oscillations, with the green error band calculated from the errors on J and other nu-
merical parameters. The numerical results are obtained by fitting the same function
as in experiment to the TOF-corrected, RMS-averaged results like in Fig. 4.1[c). Note
that the numerical fit parameters also include error bars, but these are smaller than
the data point size. We use the same parameters as Fig. [4.1} Experimental error bars
are lo statistical errors.

lations (Eq. , an analytical expression that converts the expected Bloch oscillation
amplitude from synthetic space to real space under appropriate assumptions has been
derived (seen in a later section), including a correction for the finite fraction of atoms
participating in the dynamics, as discussed further below. This analytical prediction is
plotted in figure [4.2)(b) (green), with errors calculated from our numerical parameters.
As can be seen, there is agreement between the experiment, numerics and the analyt-
ics, demonstrating that good control of the synthetic-dimension Bloch oscillations has

been achieved.
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Another method of investigation was to look at independently increasing the num-
ber of atomic trap states explored (i.e. the Bloch oscillation amplitude) while keeping
the oscillation frequency constant, this was done by increasing the shaking power, Vj,
and hence the hopping parameter J [c.f. Eq. . The dependence of the real-space
COM amplitude on V; is shown in figure [1.3(a) for a fixed detuning A = 8.3 x 27He,
while the inset shows the variation of the hopping J, as calculated with Floquet theory.
As can be seen, the amplitude in experiment, numerics and analytics all increase as
the hopping increases [c.f. Eq. . Note that the analytical result is only plotted for
Vo <4 nK, as at higher shaking powers, our simple analytical model (Eq. breaks
down. Despite this, we still observe clear Bloch oscillation dynamics at high power.
This is further demonstrated in figure (b), where we use a very strong potential
of Vo = 11.96nK, and still observe the same qualitative trends (i.e. the amplitude
decreasing with the detuning and the frequency being equal to the detuning) as in the

low power regime.

Finally, the Bloch oscillations can be visualised along the synthetic dimension more
directly, by translating our real-space experimental measurements [from figure [£.1(b)]
into A-space, under suitable approximations (see methods section 4.2). These experi-
mental results are plotted in figure [4.4a) (orange), along with numerical simulations
(blue curve). Note that the latter is not averaged over different initial driving phases;
however, in synthetic space, the micromotion is only a fraction of a “lattice spacing"

and becomes negligible as the trapping frequency w, increases [13].

Comparison of the experimental results with the semi-classical analytical predic-
tions is another source of interest. But can be done by directly comparing the semi-

classical analytical predictions [Eq. with (green curve) and without (red curve)
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(a): The

real-space amplitude [c.f figure |4.1(d)] for different shaking powers at a fixed detun-
ing of A = 8.3 x 27rHz, with w, = 162.6 x 2rHz. As can be seen, the experiment
(orange), numerics (blue) and analytics (green) increase with the shaking power; this
is because, as shown in the inset, the nearest-neighbour hopping amplitude, J, from
Floquet theory, increases with V5 and hence the Bloch-oscillation amplitude along the
synthetic dimension increases. Analytics are only shown up to V5 = 4 nK, as at higher
shaking potentials the simple nearest-neighbour tight-binding model in Eq. is
no longer a good description, although the numerics and experiment still appear to
exhibit Bloch-oscillation dynamics. This is shown further in (b), where we plot the
amplitude fit parameter (inset) and the frequency fit parameter, for V5 = 11.96nK,
with w, = 142.1 x 27Hz, A < 0, and other parameters as in figure [£.1l Despite the
large shaking power, we still observe similar trends to that at low power [c.f. figure
4.1], and still with agreement in panel (b) to the fp = |A|/27 analytical result from
the simple tight-binding model. Experimental error bars are 1o statistical errors. Note
that all numerical data points include error bars, but these are smaller than the data
points. The green error band on the analytics is calculated from the errors on J and
other numerical parameters.
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Figure 4.4: Example Bloch oscillation in synthetic space. (a): Evolution of
the COM, Acom, and the numerical density distribution heatmap along the synthetic
dimension (b) for the same data as Fig. [1.1b), for ¢ = 0. Both Bloch oscillations
and high-frequency micromotion are visible in the 2D numerics (blue line) for a non-
interacting thermal cloud. We also convert the corresponding real space experimental
data to synthetic space under suitable assumptions (see methods, section 4.2). The
observed Bloch oscillation frequency is in good agreement with the 1D analytical semi-
classics (Eq. , red line), albeit with a lower amplitude as only around half the atoms
from the thermal cloud oscillate along the synthetic dimension [c.f. density distribution
heatmap in (b)]. To correct for this, the analytical result is rescaled (green line) as
discussed in the text. The heatmap shows the numerical atomic density (integrated
along the y direction) with respect to A over the oscillation, showing the cloud-splitting.
Both panels use experimental parameters of w, = 166.5 x 27rHz, A = 27 x 9.84Hz,
W = 4.16nK, T" = 20nK, and w, = 10 x 27Hz. Experimental error bars are lo
statistical errors.
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multiplying by a constant numerical re-scaling factor to account for the fraction of
atoms contributing to the dynamics. This correction is used in Fig. and and
is necessary because the COM is skewed downwards by the thermal cloud splitting
into two distinct parts, with approximately half of the atoms remaining in low A-states

during the oscillation, as can be seen in the numerical density distribution heat map

in Fig. [1.4(b).

Importantly, we can extrapolate how far up A the oscillating part of the cloud is ac-
tually exploring by converting our experimental amplitude fit parameters (Fig. [£.2|b))
to synthetic space and divide by the constant numerical cloud splitting factor. This
is plotted in Fig. (orange/black), where we can see that the fraction of the cloud
involved in the Bloch oscillations is moving up several tens of Bloch states, demon-
strating that we are creating a very long synthetic dimension. This is supported by
our numerical (blue) and analytical results (green) (see Methods). Note that the num-
ber of sites along the synthetic dimension will eventually be limited experimentally by
anharmonicities in the trapping potential [13]; however, in this experiment, this does

not play an important role.

4.2 Experimental and Theoretical Methods

4.2.1 Real-space Experimental Data Analysis

To reduce micromotion effects, the experimental data for the real-space COM position

is RMS-averaged over initial driving phases drawn randomly from 27n/30, with n =
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Figure 4.5: Bloch oscillation amplitude in synthetic space. The extrapolated
maximum value of A reached by the oscillating part of the cloud as a function of
A, demonstrating that we have a long, controllable synthetic dimension. We convert
the experimental fit parameters in Fig. [£.2b) to synthetic space (orange/black), cor-
recting for cloud splitting. We also plot our numerical maximum A values (blue) for
@ = 0, again corrected for cloud splitting. Furthermore, we derive appropriate ana-
lytics (green) for comparison. Error bars on experimental points were calculated by
converting the real space errors to synthetic space, while the error bars on the ana-
lytics were found by propagating errors on J and other numerical parameters. We
use experimental parameters of w, = 166.5 x 2nrHz, V5 = 4.16nK, T' = 20nK, and
wy = 10 x 27Hz.

com
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0,1,...30. The resulting data are then fitted to the function:

z(t) = A\/1 — e=9t cos(2m ft + ), (4.5)

where A is the amplitude, f is the frequency, g is a damping factor and ¢ is a phase
offset which accounts for random variation in the state preparation. The functional
form of this fitting function is motivated by translating the semi-classical prediction
for synthetic-dimension Bloch oscillations (Eq. into real space. Under certain

approximations, this conversion can be achieved by taking:

1
Tecom = \/)\com - O'% + 57 (46)

where ., and o, are, respectively, the COM and width of the cloud (in harmonic
oscillator lengths) with respect to the real position coordinate, z. Note that in choosing
the form of the fitting function, it is assumed that the cloud width o, is approximately
constant as a function of time, as has also been verified numerically. The fitting pa-

rameters f and A are then plotted, for example, in figure .1fc) and (d) respectively.

4.2.2 Numerical Simulations and Data Analysis

We perform our simulations by time-evolving an appropriate initial state using the
time-dependent Hamiltonian in Eq. [4.2] where we also include weak-trap dynamics
(i.e. terms that depend on y). We simulate the dynamics of a non-interacting thermal
cloud by using an initial state of the form |1p) = AS N V/Di exp (10;) |b5)

where A is a normalisation factor, p; = exp (—SE;)/Z is the Boltzmann weight for the

ith eigenstate of the 2D harmonic trap |¢;) with energy Ej, § is the inverse temperature,
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Z is the partition function for the 2D harmonic trap and 6; is a random phase drawn
from a uniform distribution between 0 and 27. We choose the first NV states of the 2D
harmonic trap, and we check that the Boltzmann weight is small enough that this is
a good approximation. We sequentially generate N’ such states, each with a different
set of random phases, and then time-evolve each separately. The resulting densities

are then averaged together which, reproduces the density of a thermal cloud at ¢ = 0.

From numerical simulations that have been done, the cloud density in either syn-
thetic space p(\, y, t) or real-space p(z,y,t) is obtained. From these densities, calculate
the COM position is carried out as a function of time with respect to A and x respec-
tively. The former is plotted in figure [4.4[(a), whilst the latter requires additional pro-
cessing steps to be compared with experiment. Firstly, to account for the experimental
TOF expansion of the cloud, a correction of Zcom — Teom + Veomtior 18 applied, where the
COM velocity veon is calculated from the numerical momentum distribution. Secondly,

the micromotion is removed by RMS averaging the M different corrected centres-of-

mass together: (Zeom) = \/ = Zf\il(x&)mV For the numerics shown in the main text,
M = 2 is taken with ¢ = 0 and ¢ = 7/2 . Finally, the data is fit with the experimental
fitting function [Eq. [4.5], although now with ¢ = 0 as numerically there are no random
variations in the state preparation. The corresponding fitting parameters f and A for

the numerical data are then plotted, for example, in figure .1](c) and (d) respectively.

4.2.3 Analytical Results

The semiclassical prediction for synthetic-dimension Bloch oscillations is given by
Eq. . In order to plot this analytical result, the nearest-neighbour hopping J/h =

106 + 8Hz from Floquet theory has been independently calculated. When calculating
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this hopping, we observe that the hopping is independent of the detuning, and that
each hopping is nearly independent of A, except for small oscillations. There error
bar is therefore calculated by adding the standard deviations of the hopping for each
A in quadrature. Note that this value applies to our low-power data only; in the
high-power case, we have significant long-range hoppings so can no longer use this
nearest-neighbour tight binding model. Note also that, in practice, only a fraction of
atoms participate in the dynamics, which leads to a significant reduction in the appar-
ent COM position in both synthetic and real space, as shown in Fig. [4.4, To account
for this, Eq. is modified to Aeom (t) = A, + 725 (1 —cos(At)). Here, r = 0.52+0.03
is the average cloud fraction that undergoes the oscillation, as calculated from our

numerics for the low power data, where the error bar is the standard deviation of the

different r values for different detunings.

To translate the analytical result from synthetic space to real space, the conversion
formula [Eq. is used under the assumption that the real-space cloud width stays

constant as a function of time. This leads to the expression:

1 h 4J 1
max — ~ =U&rmsQto —— /N0 — — 02 —. 4.7

where included are corrections for the reduction in amplitude due to RMS averaging,

Qs = 1/ V2, and for the TOF expansion, oo = 5.25 £ 0.08, as calculated from our
low-power numerics with an error bar corresponding to the standard deviation across

multiple detunings. Note that the cloud width o, is here measured in harmonic oscil-

lator lengths \/A/mw,. This result is then plotted, for example, in figure (d)
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4.2.4 Synthetic-dimension Experimental Data Analysis and The-

oretical Results

To convert the real space experimental oscillation into synthetic space (figure [.4fa)),
the conversion formula Eq. is used, assuming that the real space width o, (measured
in harmonic oscillator lengths) remains constant in time and set by the trap frequency
and initial temperature. Obtained is:

) = (Lm0 g2 ] (45)

)
QrmsUiof 2

where Zeom(t) is the experimental real space COM measured in harmonic oscillator
lengths. The conversion for the data in figure is similar, but here the experimental

amplitude fitting parameters are converted, so we use the conversion:

2
x 1
/\com = o + 0'323 - = r, 4.9
((armsatof/\/?> 2) / ( )

This is then compared against the corresponding numerics, where the maximum value
of Aecom is extracted and then rescale by 1/r to account for the cloud splitting. com-
parison against an analytical expression, Aecom = Ao + 4.J/hA, is also done as shown in

figure 4.5|

4.3 Creation of Highly-excited Harmonic Oscillator

States

Bloch oscillations along the synthetic dimension offer a way to controllably populate

highly-excited atomic trap states. Indeed, by stopping the shaking at a certain given
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Figure 4.6: Time evolution of the integrated synthetic space density for a
thermal cloud under varying conditions. (a): Time evolution of the integrated
synthetic space density for a thermal cloud under our usual driving potential using
typical parameters, for a detuning of A =5 x 2rHz. We see significant cloud splitting
and a relatively wide oscillating component. We use identical parameters to our low-
power data elsewhere in this work, with ¢ = 0. (b): The result in (a) but with
increased trapping frequency and decreased temperature, showing that the oscillating
part of the cloud becomes much narrower in synthetic space. Note the different colour
scale to (a). We use the same parameters as (a) but with 7" = 5nK and w, = 27 X
500Hz. (c): Time evolution of the integrated synthetic space density of a thermal
cloud for a modified driving potential, showing that the entire cloud moves, with no
split component. Note that the linear driving potential together with parameters as in
(a) produces a wide oscillating cloud, so we also increase the trapping frequency and
decrease the temperature here to compensate for this. We use: kxq, = 1nK, with
Tgho = \/ B/Mmwy, wy, = 500 x 2rHz, A = 5 x 2rHz, T' = 10nK and w, = 10 x 27Hz.
The insets of each panel shows the corresponding A COM as a function of time. Note
that the results for (a) and (b) are not rescaled to take into account cloud splitting.

time it is possible to ‘freeze’ the dynamics. If this is done when the Bloch oscillation
is exploring high A states, the resulting state will have a considerable admixture of
highly-excited harmonic trap states. Figure [4.7] shows an example of states obtained
after a 5ms TOF expansion with such a technique with A /27 ~ 17Hz, Vi ~ 1.2nK and
stopping the Bloch evolution when the oscillation has reached the peak (40ms) and
half way (20ms). By averaging over several different phases of the shaking potential,
the whole set of states that can be obtained for a given Bloch evolution time can be
reconstructed, this is shown as shaded areas in figure (a) and the column density

profiles in figure [1.7) (b) and (c). It can be observed that the resulting density pro-
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Figure 4.7: Column density distribution. (a) Column density distribution inte-
grated along the y direction of our atomic samples after 5 ms of time of flight. The
shaded areas correspond to the average of 30 experimental runs where we vary the
shaking phase. The solid lines are examples of density distributions that are obtained
with fixed phase. The number of atoms is ~ 15 x 10%. (b) and (c) are the column
densities averaged over 30 runs with different phases in the shaking potential that we
observe after 5ms of time of flight and with 20 and 40ms of shaking time respectively.

files acquire the characteristic double-lobe structure typical of highly-excited harmonic
trap states. Additionally, as the Bloch dynamics evolve, it can be observed that the
distance between the two lobes increases, as expected when populating increasingly
higher states. Notably, by controlling the phase of the shaking potential, it is possible
to accurately control the shape and position of the final state. This is shown in Fig.
(a), where the two solid lines correspond to averages over several runs with the

same phase both for the 20ms and 40ms cases.

Additionally the lifetime of the states created has been measured by measuring the

number of atoms as a function of time after the Bloch evolution is stopped. A decay
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time can also be found, setting the lifetime of the state, by performing an exponen-
tial decay fit. Concerning the states shown in figure [4.7] in particular, measurements
for the lifetime of the states produced after 20ms of shaking potential give a value of
~1s, while for those produced after 40ms is ~600ms. Therefore the lifetime of these
highly-excited states is sufficiently long to allow one to practically use them. As an
example, they would provide a good overlap with a double-well potential enabling new

possibilities for trapped atom interferometry |7§].

The fidelity of the excited states could be further improved by decreasing the pro-
portion of the cloud that remains in the low-lying A states, and by decreasing the width
with respect to A of the portion that does oscillate. One approach to achieving this is by
a combination of using a stronger trap (i.e. increasing w,) and/or a lower temperature,
both of which reduce the width of the initial Maxwell-Boltzmann distribution. Figure
4.6(a) and (b) show the synthetic space density profile, with y-dependence integrated
out, for a numerical simulation of a thermal cloud with (a) the typical parameters used
elsewhere in our work, and (b) a larger trapping frequency and lower temperature, over
a single Bloch oscillation period. As can be seen, in panel (b) the part of the cloud
that oscillates is narrower with respect to A than with our more typical parameters in
panel (a). Note that, for a small enough temperature, a significant initial condensate
fraction may also affect the dynamics. However, we have verified numerically that an
initial state with the whole cloud in the A = 0 state (i.e. a non-interacting BEC) still

undergoes Bloch oscillations under the driving potential.

Also noted is that the width of the oscillating part of the cloud also depends upon
the detuning. In figure for the low-power parameters used in the previous sections

and a detuning of A/2r = 2Hz (panel (a)) and A/27 = 5Hz (panel (b)), the density
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with respect to A is shown close to the peak of the oscillation. The oscillating part
of the cloud can be seen to have a full-width at half-maximum (FWHM) of around 8
states in (a). This width depends upon the detuning, with larger detunings yielding

smaller widths. For example, in panel (b), the FWHM is around 5 states.

Another strategy for improving the fidelity is to optimize the driving potential. As
an example, figure [£.6|c) shows the effect of a different driving potential, V(z,t¢) =
kz cos(wpt), upon a lower-temperature thermal cloud (7' = 10nK), as calculated nu-
merically using the technique described in Section I. Note that this driving potential is
the same as that of [13| (see Eq. 2 therein). As can be seen, the entire cloud undergoes
the Bloch oscillation, with no split component. This difference is likely because for
the experimental driving potential, there are oscillations in the Floquet Hamiltonian
matrix elements at low A, which include, for example, an effective potential minimum
at A = 0 which may trap some atoms, leading to the cloud splitting. For the linear
driving potential, on the other hand, the Floquet Hamiltonian does not exhibit such
oscillations, although there is then a strong A-dependence in the hopping elements [13].
Going further, quantum control approaches could be used to further numerically op-

timize the driving potential, in order to improve the fidelity of desired state preparation.

Finally, another possible strategy for improving the fidelity of excited states would
be to employ a two-step protocol. Firstly, the cloud could be placed into an excited
trap state without using the driving potential [74]. Secondly, the driving potential

could be activated, causing Bloch oscillations in the synthetic dimension bulk.
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Figure 4.8: Cloud density with respect to A for the low power parameters used in
the Main Text and a detuning of A/27 = 2Hz (panel (a)) and A/27m = 5Hz (panel
(b)). The density is extracted from close to the peak of the oscillation. We clearly see
the oscillating part of the cloud, which has a full-width at half-maximum of around 8
states in (a) and around 5 states in (b).
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Chapter 5

Conclusion

This thesis starts by presenting introductory material and basic principles relevant to
the key work carried out and achieved. Starting with a summary of optical potentials,
as potentials are a core part of the experiment for the use in simulations and atom
manipulation. Following this, an introduction and motivation for both the work on
dynamic high quality optical potentials and synthetic dimensions is presented. Key
material included in the first part of this is a comparison of the three light sources,
laser, LED and SLD, and how the DMD operates. In the second part a description
of key concepts such as what a synthetic dimension is and how we have interpreted
it in our system and how this work fits into other work in the field. The following
chapter gives an overview of the core experiment, including what has been recently
developed. This includes a description of the vacuum and laser systems, in addition
to the more specific details including the imaging system, the flat trap, the DMD and
an overview of the differences between possible light sources used for the creation of
optical potentials. This is subsequently followed by the specific experimental setups
and results achieved for both published and pre-published pieces of research carried

out. "Generation of optical potentials for ultracold atoms using a superluminescent

91
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diode" and "Bloch Oscillations Along a Synthetic Dimension of Atomic Trap States",

the conclusions of which are copied and included in this conclusion.

In the research carried out for "Generation of optical potentials for ultracold atoms
using a superluminescent diode" we investigated the use of a SLD in combination with a
DMD to produce optical potentials for ultracold atoms. We have compared the ability
of a SLD and a laser to produce regular square-wave gratings with different periodicity.
We have shown that by using a SLD we consistently obtain images with higher fidelity
than and comparable contrast to a laser, resulting in an overall superior quality over
the whole range of parameters explored. We have used the patterns generated with
the SLD to produce arbitrary 1D disordered potential for our ultracold atoms. This
has resulted in patterned atomic densities that nicely retrace the optical potential. We
have further demonstrated the implementation of dynamical 1D potentials with our
system. Notably, the setup studied here is simple, robust, cost-effective, and as such,
can easily find application in many ultracold atoms experiments worldwide. Addition-
ally, SLDs are available in the near infrared and across most of the visible spectrum,

making them suitable for a wide range of possible applications in quantum technology.

In the research carried out for "Bloch Oscillations Along a Synthetic Dimension of
Atomic Trap States", we investigated the creation of long synthetic dimensions in ultra
cold atoms using a combination of laser light and DMD to create the moving poten-
tials. Our experimental results show that we have engineered a synthetic dimension of
atomic trap states by projecting a time-dependent shaking potential onto an atomic
cloud via a digital micro-mirror device. Through control of the shaking potential’s
detuning, we induced Bloch oscillations along the synthetic dimension, observing the

key characteristics of these dynamics in the real-space motion of the cloud. Our ex-
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periment demonstrates that a long and controllable synthetic dimension can be created.

The results in chapter 3 of this thesis can open new avenues in the study of 1D
disordered systems and transport phenomena in 1D. The extension to two-dimensional
patterns in combination with a flat trap could be relevant for applications in atom-
tronics, phase imprinting and quantum simulations experiments. The further extension
to three-dimensional patterns using two or more DMDs has the potential of enabling
more pristine control in quantum simulators. The results in chapter 4 open up the way
towards the exploration of topological physics using a synthetic dimension of harmonic
trap states [13, [71]. The spatio-temporal control of the shaking potential can also
allow for future investigations of phenomena such as magnetic barriers, as well as the

controlled population of excited atomic trap states.

The apparatus used creates a very versatile quantum simulation experiment, with
a large capacity to grow and change. The experiment for now has immediate goals and
long term goals. With regards to the synthetic dimensions project, we are now working
to control the number of states accessed with the implementation of a barrier around

the sample, with the aim of investigating the Quantum Hall effect.

With regards to the more traditional quantum simulations carried out on this ex-
periment, one active aim is looking into the superfluid fountain effect within a BEC.
Initial attempts were carried out to try and replicate the effects of the superfluid foun-
tain within the superfluid that is the BEC. The superfluid fountain effect is typically
demonstrated in superfluid helium where the superfluid component part of the fluid
flows towards a heat source. It is a unique property of superfluids that has not been

observed in a BEC to date, but theoretical works have predicted its existence [99]. Also
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a project is ongoing looking at turbulence in BEC with phase imprinted vortices, this
is in the simulation stages and should be experimentally realised in the future. Both
of these are low energy physics simulations, we also have high energy physics simula-
tions to carry out. Leading on from the implementation of the imprinting of vortices
the aim is to study the Andreev Bashkin effect in neutron stars. A key property of
superfluids is that they are frictionless, however there is friction/disipationless drag
between different types of superfluid. In neutron stars there is a layer of protons and
a layer of neutrons, both in superfluid state, this drag gives rise to some of the more
extreme properties of neutron stars, such as in pulsars [100]. This drag is very difficult
to experimentally measure, and our system could provide a method to do so. In the
spinor BEC that the experiment creates, the condensate consists of three states of su-
perfluid (-1, 0, 41 spin states), the components can be separated with a Stern-Gerlach
pulse, individually have a vortex imprinted onto at least two of them, and recombined.
This dissipationless drag will be observed and measurable by looking at the interaction
between the two vortices after recombination of the atom samples. The vortices only
interact with one another through this drag, otherwise they would be invisible to each
another |[101]. Another high energy physics simulation experiment that can be carried
out and is also starting to be looked at is studying analogue black holes [102|. This
would involve a simple adaption of the current setup, however stability would need to
be improved, as seen in [102|, as large volumes of data are needed. This experiment
involves studying density fluctuations within the BEC whilst moving a light potential
through the BEC at faster than the speed of sound. These active and future experi-
ments are some of many that this extremely versatile quantum simulations experiment

is potentially capable of investigating.
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