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\Let us �ght for a new world - a decent world that will give men a chance

to work - that will give youth a future and old age a security.

By the promise of these things, brutes have risen to power.

But they lie!

They do not ful�l that promise.

They never will!

Dictators free themselves but they enslave the people!

Now let us �ght to ful�l that promise!

Let us �ght to free the world - to do away with national barriers - to do

away with greed, with hate and intolerance.

Let us �ght for a world of reason, a world where science and progress will

lead to all men’s happiness"

Charlie Chaplin, The Great Dictator
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Abstract

Quantum-gas microscopy has proven to be a valuable tool for the field of quantum

simulation. It provides single-atom and single-site resolution for atoms contained within

an optical lattice. This has enabled the study of Hubbard models for both bosons and

fermions, the observation of quantum walks and the probing of complex dynamical

systems out of equilibrium.

This thesis presents the construction of a quantum-gas microscope for 87Rb that

achieves single-atom and single-site imaging resolution. I start with presenting the

theoretical models which describe the physics of an ultra-cold cloud of atoms cooled

to form a Bose-Einstein condensate. I present the creation of an all-optically cooled

condensate of 3� 105 atoms in a time of less than 4 s which is initially cooled through

the use of grey molasses cooling on the D2 line. Following this, I present the experi-

mental procedure for creating a 2D system of ultracold atoms, at quantum degeneracy,

contained within a 3D optical lattice. The 2D system is then imaged using a large NA

objective and single-site resolved images are obtained.

During the conclusion of this thesis, preliminary results are presented showing the

creation of a Mott insulator and a discussion on the future of the experiment, including

the introduction of a second bosonic species, 85Rb.
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Chapter 1

Introduction

Can the description of a single particle be easily scaled to describe a large ensemble of

particles? Although systems containing single particles are well described by the single-

particle Schr•odinger equation [4], as soon as the system size increases to even a few

atoms, the complexity grows substantially. An issue that quickly arises when simulating

large, complex, quantum systems, is the exponential growth of the Hilbert space. A

single-particle, two-level quantum system with states j0i and j1i , has a wavefunction

which can be described through

j	 i = c1j0i + c2j1i ; (1.1)

where c1 and c2 are complex amplitudes, with jc1j2 + jc2j2 = 1 [5]. If the particle

number, N , is increased, the total number of unique coe�cients required to describe a

multi-particle quantum state scales as 2N � 1, rather than N . This exponential increase

of required storage capacity rules out classical computers for simulating large quantum

systems. Even if every complex coe�cient only required a single bit of storage space,

for just 55 two-level atoms, the total storage space required becomes 72 PB. The fastest

supercomputer in the world (Fugaku, Japan), has a total physical memory of 4:85 PB,

which would mean, if it could run the calculation, it would have nowhere to store the

data. If the number of particles was raised to just 300, the total number of required
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Chapter 1. Introduction

coe�cients outweighs the overall number of particles in the universe (> 1088) [6]. John

Preskill described the impossibility of achieving enough data storage by stating, \it will

never be possible, even in principle, to write that description down" [7].

Quantum computing replaces the classical bits (1 and 0) with quantum bits (equa-

tion 1.1), known as qubits. A quantum system of N two-level atoms representsN

qubits. A quantum computer with such a number of qubits would result in an overall

reduction in the required resources [5,8] for a calculation. The ultimate, most suitable

platform for a universal quantum computer is still unknown but work is being devel-

oped on a number of technologies, such as: superconducting circuits [9{11], trapped

ions [12{14], photonic circuits [15{18], neutral Rydberg atoms [19{21], cavity-QED

systems [22], silicone chips [23] and quantum-gas microscopes [24].

Richard Feynman, remarking on the possibility of simulating quantum systems with

such a new type of computer, stated that, \with a suitable class of quantum machines

you could imitate any quantum system, including the physical world" [25]. Feynman

was describing a quantum simulator, one quantum system which could imitate another.

Quantum simulation can be considered a sub-discipline of quantum computing: whereas

a quantum computer aims to simulate complex problems by running calculations on the

platform with the aid of quantum algorithms, analog quantum simulators are instead

built in such a manner that they can imitate another complex quantum system with a

high degree of controllability. A quantum-gas microscope (QGM) is a speci�c type of

analog quantum simulator using ultra-cold neutral atoms, which are contained within

a 3D optical lattice and imaged with single-atom resolution [24,26]. The experimental

techniques required for creating such a system have been developed over the course

of the last three decades. The advancement of laser technologies has been primarily

driven by the telecommunications industry but has bene�ted the scienti�c community

just as much. Laser cooling [27,28] and trapping [29,30], which was the focus of many

experimental cold-atom groups in the late 1980s and 1990s, eventually combined with

evaporative-cooling methods [31, 32], and resulted in the creation of a Bose-Einstein

condensate (BEC) in 1995 [33, 34]. However, it took a further six years for the all-

3



Chapter 1. Introduction

optical creation of a BEC to be achieved [35].

The idea of using a BEC in an optical lattice for the realisation of a controllable

Bose-Hubbard model was �rst theorised in 1998 [36] and has since been described as

fundamental work that \shaped the research in the new �eld of quantum science" [37].

Cold atoms had already been studied within optical lattices [38]; however, cold thermal

atoms would not all occupy the ground state of the system [39,40]. Adiabatically load-

ing a BEC into an optical lattice provided the solution to this problem. A number of

experiments were undertaken by combing the BEC with optical lattices [41, 42]; how-

ever, it was not until 2002 when the quantum phase transition between the super
uid

and Mott-insulating regime was experimentally shown [43]. This achievement was seen

as a breakthrough for the �eld of quantum simulation with ultra-cold atoms and opened

up in particular the possibility of simulating condensed-matter physics [24,44{47].

Experimentally showing the quantum phase transition between the super
uid and

Mott-insulating regime was a huge achievement, although, the images presented in [43]

are that of an ensemble of atoms observed in momentum space it does not provide

information on the position of individual atoms in the optical lattice. It was not

until 2009 and 2010 when optical lattice experiments were paired with high-resolution

objectives to allow for single-site-resolved images of ultra-cold bosonic atoms [24, 26].

This achievement opened up a range of research directions, not limited to the study

of correlation functions [48, 49], spin propagation [50], many-body localisation [51],

entanglement entropy [47] and the observation of quantum walks [52]. However, it took

almost �ve years for single-site-resolved images of fermionic species to be reported [53{

55], which was followed by the �rst reported cold-atom Fermi{Hubbard antiferromagnet

[56{58].

Quantum-gas microscope experiments have the option to realise single-site address-

ing. A basic implementation of this technique involves a single, di�raction-limited

beam, focused on an individual lattice site that can be utilised to address any single

atom in a 2D system [45, 59]. In order to create more complex scenarios, light can be

projected onto the atoms by a spatial light modulator, which can create di�raction-

4



Chapter 1. Introduction

limited arti�cial potentials [60] of almost arbitrary 2D [61] and 3D [62] arrangements

of atoms.

The �eld of quantum-gas microscopy has grown dramatically over the last decade

with over a dozen machines currently in service, spread across numerous research groups

[24,26,53,54,63,64]. The methodology behind the construction of such a machine is now

well understood. Our group is building our second machine - which is rather di�erent

from the original one built in 2009. We are implementing additions to make the setup

smaller, easier to use, easier to recon�gure and more importantly, be able to introduce

a second species. A number of groups are now also building their next generation

quantum-gas microscopes [65]. One of the main driving forces behind this work is to

reduce the experimental repetition rate. Quantum-gas microscopes often have a slow

repetition rate of 20� 60 seconds [24,26,53,54] with the most competitive closing in on

sub 10 seconds [66]. A faster repetition rate would open up the possibility of a more

in-depth statistical study of complex many-body e�ects such as correlations and out-of-

equilibrium dynamics. A faster cycle time will also enable a quantum-gas microscope

to stay competitive with other quantum simulation platforms such as, superconducting

chips, Rydberg systems, photonic systems and trapped ions. [9,67{69].
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Chapter 1. Introduction

Thesis outline

The goal of this work is to describe the methods required to design, assemble, test

and run a bosonic quantum-gas microscope. Presented within this thesis are the steps

involved in reducing the cycle time of the experiment while still maintaining a large

atom number throughout. The work outlined here will act as the initial groundwork for

the creation of a dual-species quantum-gas microscope capable of simulating complex

out-of-equilibrium dynamics. This thesis is structured in the following manner:

ˆ Chapter 2 provides the theoretical background required to take a warm vapor

of 87Rb gas and cooling until a BEC is created.

ˆ Chapter 3 describes the experimental setup and the steps undertaken in cooling

a cloud of atoms to degeneracy. However, it only brie
y mentions the required

laser systems and a more detailed description can be found in the thesis of Andr�es

Ulibarrena D��az [70].

ˆ Chapter 4 provides an in-depth summary of the methods required to trap atoms

within a single antinode of an optical lattice and create a 2D system.

ˆ Chapter 5 describes imaging single atoms with single-site resolution and provides

a detailed analysis of the precise alignment of the microscope objective to ensure

the atoms are imaged correctly.

ˆ Chapter 6 examines several experimental additions to the apparatus which are

currently under development. It concludes with a brief overview of the work

presented in this thesis.
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Chapter 2

Foundations for the creation of a

Bose-Einstein condensate in an

optical lattice

W. Ketterle, commenting on the thoughts of his peers in the early 1990's towards

atomic gases and the creation of a BEC wrote, \Laser-cooled alkali atoms were not

regarded as a top contender" [71]. Looking at it now, it is impossible to imagine a world

where ultracold atomic gases of alkali atoms are not the workhorse of almost all BEC

experiments. Key to the creation of a BEC are the laser-cooling techniques which were

�rst developed for alkali atoms almost thirty years ago. Doppler cooling [72], magneto-

optical traps (MOTs) [73], sub-Doppler cooling [74,75] and forced evaporation [76] are

all techniques taken for granted by younger students now, but were major technical

milestones at the time.

Being able to understand each cooling method is vital for the creation of an ultracold

cloud of atoms. This chapter will discuss the basic concepts of each laser-cooling

method used in our experiment along with the key tools used to characterise a Bose-

Einstein Condensate. This chapter is structured in the same order as the experimental

procedure, starting from a room-temperature vapour of alkali atoms all the way to

bringing the atoms into a single ground state at quantum degeneracy. It concludes
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with a brief description of atoms in optical lattices and the Bose-Hubbard model. This

is by no means an explicit description of all the underlying physics involved in the

process of going from vapor to BEC but rather stresses more the core concepts. Please

see the following books and papers if further information is sought [77{79].

2.1 Laser cooling

2.1.1 Doppler cooling

In order to laser cool an atom, a well-de�ned optical transition is required. In the

atom's frame of reference an incident photon with frequency equal to this transition

frequency can be absorbed by the atom, while having the atom gain momentum in the

direction of propagation of that photon. The excited atom then emits a photon after

a time which is proportional to the inverse of the natural linewidth of the transition,

causing a momentum kick in a random direction. This produces a force due to the

momentum transfer of photons for both the absorption and emission processes. The

velocity of the atom causes a shift of the transition which can be larger than the natural

linewidth. This can be used to address particular velocity classes of a cloud of atoms.

The Doppler-shifted frequency as seen by the atom is

! 0 = ! � ~k � ~v; (2.1)

where ~v is the velocity of the atom and ~k is the wavevector of the light. If the atom

is moving in the direction of the resonant beam, then the frequency required for the

excitation will be positively o�set from resonance (blue shifted). However if the atom

is moving towards the laser, the frequency of the transition is reduced and is red

shifted [80]. This lead to the development of Doppler cooling for atoms [81], where

the cooling laser would purposely have its frequency red detuned from resonance such

that, when the atom is moving towards the beam, it would absorb more photons than
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when it was moving away. Having two counter-propagating beams in each axis, one

can cool the atom to a minimum temperature along three dimensions. The minimum

achievable temperature with Doppler cooling is called the Doppler temperature, and is

given by [82]:

TD =
~�
2kB

: (2.2)

The Doppler temperature is only dependent on the natural linewidth of the atomic

transition, �. For 87Rb excited on the 52S1=2 �! 52P3=2 transition, this corresponds to

TD = 145 µK [2]. This temperature is roughly the same for all the alkalis on the D1/D2

transitions and is still high compared to the temperatures required for the creation of

a Bose-Einstein condensate (� 100 nK). However, not all transitions have the same

linewidth, dipole-forbidden transitions can provide much smaller linewidths. 87Rb has

a natural linewidth of � = 2 � � 6 MHz, but dipole forbidden transitions in 40Ca have an

e�ective linewidth of � = 2 � � 5 kHz [83]: this would result in a Doppler temperature

of 120 nK and opens up the possibility of not needing further complicated cooling steps

to reach degeneracy [84], as demonstrated in 2013 for strontium [85].

It should be noted that Doppler cooling does not produce a con�ning force for the

atoms and can only be used to cool them. In 3D this leads to a \viscous type" velocity

reduction of the atoms, almost like a ball moving through thick honey. Therefore the

name \molasses" was coined early on. Doppler cooling can be utilised in conjunction

with an external magnetic-�eld gradient, which will con�ne the atoms spatially. This

con�guration is referred to as a magneto-optical trap (MOT), which both cools and

traps the atoms.

2.1.2 Magneto-optical trap

A magneto-optical trap builds on the velocity dependence of Doppler cooling by adding

a position-dependent restoring force that originates from the Zeeman e�ect. This tech-
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Figure 2.1: A magneto-optical trap in 1D with excited-state Zeeman sublevels shown.
a) A cloud of atoms in a quadrupole �eld at position 0. b) A quantisation axis in the
x-direction, sets the e�ective handedness of the two circularly polarised laser beams.
Atoms have their transitions Zeeman shifted by the external magnetic-�eld gradient.
This brings the lasers into resonance with the desired transition when the shift is large
enough that it becomes equal to �.

nique was �rst successfully implemented in 3D with sodium atoms in 1987 by the group

of D. Pritchard [29, 30] which advanced the previous 1982 work of W. Phillips [28] -

who was the �rst to analyse the position-dependent slowing force created as a result of

an external magnetic-�eld gradient in alkalis.

To better understand how a MOT works, let us �rst consider the 1D system shown

in �gure 2.1. A cloud of atoms is at the centre of a quadrupole �eld - created by a

pair of magnetic coils with current 
owing in opposite directions. A pair of counter-

propagating lasers beams is red detuned from the closed cooling transition ofF =

0 �! F = 1. The excited state possesses three Zeeman sublevels,mF = � 1; 0; 1. The

laser beams both have opposite circular polarisations which correspond to the atomic

transitions � + , � � and is dictated by a positive quantisation axis in the x direction.

An atom starting at zero and moving along x undergoes a linear Zeeman shift. The

energy shift of the atom'smF states is provided by � E = mF gF � B
@B
@xx which includes

the Land�e g factor, gF , the Bohr magneton, � B , and the magnetic-�eld gradient @B
@x,

along x. At some point the shift becomes large enough that the� � transition to the
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mF = � 1 state becomes resonant with the circularly polarised laser beam. Due to

selection rules [77] the atom absorbs� � light. The imbalance in forces that arise due

to the directional dependence of the Doppler shift provides a restoring scattering force1

FMOT = � �v; (2.3)

which moves the atom back towards the trap centre. The same happens at the opposite

side for � + , mF = 1. The atoms are cooled by the velocity-selective Doppler cooling and

then trapped in the cooling region by a restoring force arising from a position-dependent

Zeeman shift. This back-and-forth motion is akin to a 1D damped harmonic oscillator,

with equation 2.3 leading to a method of modeling the MOT dynamics [86].

2.1.3 Sub-Doppler cooling

Sub-Doppler cooling is any laser cooling method that can reduce the temperature below

the Doppler limit. In our experiment we use a combination of Sisyphus cooling and

grey-molasses cooling. Sisyphus cooling (sometimes referred to as red-molasses cooling)

is a well-established method for cooling clouds of atoms. It has been studied extensively

both theoretically [87,88] and experimentally for a number of alkalis [89{91], molecules

[92{94], and various other elements [95,96].

The working principle behind Sisyphus cooling is as follows: a pair of counter-

propagating laser beams in the Lin? Lin con�guration create a polarisation gradient.

This gradient changes periodically between linear polarisation and left/right hand cir-

cular polarisation on a �= 4 length scale, as seen in �gure 2.2b). The whole system

is in a zero magnetic �eld, such that if there was no incident light, all of the Zee-

man sublevels would be degenerate. As such the working basis now transforms from

1This assumes a low atom velocity, kv � 
 , while only providing a damping force for red detuned
beams, � = ! � ! 0 < 0.
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Figure 2.2: a) Relative transition strengths for all possibleJ = 1
2 �! J 0 = 3

2 transitions.
b) Sisyphus cooling in the Lin ? Lin con�guration. Counter-propagating lasers create
a polarisation gradient which varies periodically over a length scale of�= 4. Atoms
are excited to the upper level and then decay back to the ground state. This process
reduces the energy of the atoms due to the energy di�erence between the light shifted
ground states.

hyper�ne structure to �ne structure ( M J ). Looking at the structure for an atomic

species with ground stateJ = 1=2 and excited state hasJ 0 = 3=2, this leads to two

magnetic sublevels (mJ = � 1=2) in the ground state and four in the excited state

(mJ = � 1=2; � 3=2). The energy of the two ground states varies as the atom prop-

agates in the polarisation gradient [�gure 2.2b)]. The Clebsch-Gordan coe�cients,

which dictate the strength of a transition and are proportional to the AC Stark shift,

are largest for the transition between stretched states. This leads to a larger light shift

of the mJ = � 1=2(1=2) state when the light is � � (� + ) polarised compared to the other

ground state [97]. For the situation in �gure 2.2, where an atom starts in mJ = 1=2

and reaches a region of circularly polarised light that drives a� � transition, the atoms

are excited to m0
J = � 1=2. From here they primarily decay to the mJ = � 1=2 state.

The light shift is di�erent for each ground state, therefore when the atom moves up the

potential hill, it transforms kinetic energy into potential energy and causes the atom

to lose energy, before transitioning back to the lower energy state. The AC Stark shift

is also proportional to the intensity and detuning of cooling light used, � ! / 
 2=(4� )

where 
 2 / I [77]. Therefore in order to have the dipole force dominate over the

scattering force, the atoms need to be moving through the spatially oscillating dipole
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potential and not slowed due to scattering events. This leads to cooling beams either

being low intensity with small detunings, or high intensities with large detunings.

Sisyphus-cooled atoms are constantly cycling up the potential hill caused by the

light shift and then decaying back down. Sisyphus cooling allows for sub-Doppler

temperatures to be achieved but is limited by the absorption and emission of a single

photon. This adds and removes one recoil of energy every cycle [98]. The recoil energy

in terms of temperature is given as

Trecoil =
~2k2

mkB
; (2.4)

with a value of 368 nK for 87Rb. Experimental work has shown that the lower limit

to the achievable temperatures with Sisyphus cooling are the order of 1� 3 µK for

alkalis [99{102].

It should also be noted that Sisyphus cooling does have an upper limit of starting

temperatures that it will e�ciently cool at. As the atoms are moving through the

polarisation gradient they do require some time in order for their internal states to

follow the gradient adiabatically [27]. If the atoms are moving too fast, then the cooling

method does not work e�ciently as the polarisation has changed before an absorption

and emission cycle has occurred.

2.1.4 Grey-molasses cooling

Grey-molasses cooling is another form of sub-Doppler cooling which can reach temper-

atures close to the recoil limit [103]. Grey-molasses is essentially a Sisyphus-enhanced

velocity-selective coherent population trapping process2. It can be seen as an \upgrade"

to Sisyphus cooling as the Sisyphus cooling process is still present but is now combined

with population trapping within dark states of the system. Atoms cooled into a dark

2This statement is only true for a Lambda con�guration of beams with an incident repumper.
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state which still have a large kinetic energy motionally couple to a bright state, where

they can participate in the scattering cycle. This quickly cools the atoms to the dark

state and the process is repeated until the atoms become cold enough to remain in the

dark state. As a result, the average temperature of the cloud is decreased.

A dark state is comprised of linear superpositions of Zeeman sublevels and the

excitation of an atom out of such superposition state is dependent upon selection rules

due to the local polarisation of light. It is well known that superposition Zeeman dark

states can be created in anF �! F 0 = F; F � 1 transition for particular polarisations

of light, such there are no possible transitions available to the atoms due to selection

rules. Even in a more complex system where three pairs of counter-propagating beams

are used, these dark states are still created [104]. The polarisation gradient created by

counter propagating cooling beams results in atoms within the lowest velocity class to

remaining adiabatically dark. This dark state is maintained as the linear superposition

state has su�cient time to adjust to the changing polarisation due to the low velocity

of the atoms. If an atom is moving at such a velocity that it can not adjust to the

polarisation gradient, then it is motionally coupled to a bright state where it undergoes

a Sisyphus cooling process [105] and provides the loss mechanism for the energy of the

atoms.

To better describe grey-molasses cooling we will start with a 1D Lin? Lin con�g-

uration of counter propagating beams in zero magnetic �eld as seen in �gure 2.3. The

level systemF �! F 0 = F is of interest here. A particular requirement for grey-molasses

cooling is that the cooling beams have to be blue detuned from resonance. Atoms which

are absorb blue detuned light have a higher probability of losing more energy as they

now have to �rst climb the \potential hill", before being pumped back into the dark

state [106]. This puts the energy of the bright states above that of the dark states and

ensures the temperature achieved with grey-molasses are lower than that obtainable

with Sisyphus cooling alone [107].

Assuming all atoms start in the dark state and they are within a particular pure

polarisation (� + =� � ) of the cooling beam, they have a dark-state lifetime which varies
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Figure 2.3: A simple grey-molasses cooling diagram where atoms start in the ground
state and are then motionally coupled to a bright state where they can undergo Sisyphus
cooling. After cooling atoms are pumped back into the dark state. Only one bright
state is shown for convenience. Adapted from [107].

as the square of the atom's velocity [108]. They are removed from the dark state due to

motional coupling to a bright state - which happens in the region of purely circularly

polarised light [109], when the energy di�erence between the dark and bright states

are closest. Motional coupling happens as the atom is moving too fast to adiabatically

follow the changing polarisation �eld and therefore drifts into a region where the po-

larisation of the light can now couple to the atom. Once in this bright state they can

undergo Sisyphus cooling to return them to the dark state [110]. This slows the atoms

down and dissipates the energy of the cloud. If the velocity of the atom is small enough,

it can adiabatically remain in the dark state and stays there almost unperturbed [104]

until reaching another region of circularly polarised light. The colder the atom is, the

more time it spends in the dark state with the energy of the dark state always remaining

constant. The dark state is kept almost fully populated throughout the propagation

over a distance of�= 4 (see �gure 1 of [104]), except for when the energy di�erences

between the dark and ground state are close. Grey-molasses cooling is experimentally

investigated in section 3.1.9.

There are two main limitations to grey-molasses cooling. The �rst is due to the
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experimental control over the stray magnetic �elds within the lab. Molasses cooling

in general works best in a zero magnetic �eld due to the degeneracy of the Zeeman

sublevels. Experimentally, the zero-�eld region is often small compared to the size of

the cloud and not very symmetrical, which can lead to an increase in temperature in

one section of the cloud: as not all of the atoms undergo the same e�cient cooling

process. The second is the polarisation of each cooling beam. In the 1D picture,

described in the last few pages, we assume they are identical, but this is never the

case in 2D/3D systems, as the polarisation gradients created are not uniform. One

advantage to using grey molasses over red molasses, is that the cooling process is less

density dependent [111]. This has lead to temperatures of 1µK for 109 atoms of 87Rb

in our experiment. Separate experiments have managed to measure 800 nK [91] and

1.1 µK in Cs [110] and 4 µK in Rb [109]. In our experiment, we use a repumper and

cooling laser both blue detuned from the excited state and phase-coherent with each

other. The phase coherence has been shown to greatly decrease the temperature of the

atoms and increase their phase-space density when compered to non phase-coherent

beams [109]. This phase coherence is crucial for maintaining the superposition (dark

states) between the hyper�ne ground states of87Rb.

2.2 Bose-Einstein condensation

Under the exchange of two particles, identical bosonic particles maintain a symmetry

between their wavefunctions. As a consequence, bosons have a unique property that

below a critical temperature Tc, they can occupy the same quantum state, typically

the ground state. As all atoms in the ground state have identical wavefunctions, such

systems experience coherent e�ects [112] and become a new state of matter, known as

a Bose-Einstein condensate. Reviews of the history of Bose-Einstein condensation and

the works leading to the creation of a BEC can be found in [113{117]. A brief summary

shall be given below.

Bose condensation was �rst theorised by Bose in 1924 [118] in which he analysed

the quantum statistics of photons. This idea was later elaborated to matter particles
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by Einstein in 1924/1925 [119]. However the �rst creation of a BEC was not until 1995

when the group of Wieman and Cornell performed a series of beautiful experiments

with dilute rubidium vapours [33]. Parallel to this work, Ketterle et al. also created a

BEC of sodium atoms [34], the combined works earned the three researchers the Nobel

prize in 2001.

To fully describe the creation of a BEC and the properties that it possesses, we will

start by considering how a cloud of non-interacting bosons is distributed at a non-zero

temperature in a harmonic trap. The harmonic trapping potential is given by:

Vext =
m
2

�
! 2

xx2 + ! 2
yy2 + ! 2

zz2
�

; (2.5)

where m is the mass of the atom and! x;y;z are the trap frequencies in the three

spatial dimensions. At thermal equilibrium, a Bose-distribution function can be used to

calculate the average particle number,N , of a BEC from the grand-canonical ensemble

and be derived to [120]:

N (v) =
1

e(Ev � � )=kT � 1
; (2.6)

with the temperature of the cloud T, the chemical potential � and Ev being the energy

of the single-particle statev, which can be calculated from the external harmonic trap.

By knowing the state distribution and recalling that the cloud is in a harmonic potential,

one can calculate the critical temperature and in turn the critical atom number, for

which a BEC is created at [121]:

Tc =
0:94~�!N 1=3

kB
: (2.7)

Here, �! is the geometrical mean of trap frequencies i.e �! = 3
p ! x ! y ! z. Below this
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Figure 2.4: Ideal condensation fractionN0=N as a function of T=Tc, resulting from
equation 2.8.

critical temperature, a cloud of atom number N will condense. Condensation can

also be achieved by increasing the density of atoms within a �xed volume as long as

the temperature remains constant. This would then correspond to a critical density

rather than temperature. One can derive scaling conditions between atom number and

critical temperature. The elegant equation 2.8 is the result for atoms con�ned within

a harmonic trapping potential. It relates the ratio between the temperature T of the

cloud and the critical temperature Tc, to the ratio of atom number in the BEC N0 and

total atom number N , of the system (see �gure 2.4),

N0

N
= 1 �

�
T
Tc

� 3

: (2.8)

2.2.1 Phase-space density

The phase-space density (PSD) is a useful quantity to characterise a cloud during

evaporative cooling and can provide information on the e�ciency of the evaporation.

In order to calculate the PSD, we �rst need to look at the useful length scales in
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the system - the deBroglie wavelength and the interatomic spacing. The deBroglie

wavelength,

� dB (T) =

s
2� ~2

mkB T
; (2.9)

can become comparable to the interatomic spacing,d = �n� 1=3 [77] where �n is the mean

particle density. Once this happens, atoms can begin to condense into a single state.

One can interpret the deBroglie wavelength as the length scale over which the wave-

function of an atom extends. It is then natural to quantify the overlap of wavefunctions

between atoms within a particular volume as:

PSD = �n� 3
dB : (2.10)

The phase-space density, given in equation 2.10, utilises the three-dimensional vol-

ume that an atomic wavefunction occupies and the peak density of atoms in a cloud,

to calculate an e�ective overlap between their wavefunctions. More rigorously, it can

be described as the number of occupied quantum states per volume [120]. Due to the

length scales at play, the phase-space density is required to be of unitary order for the

creation of a BEC. From statistical mechanics in 3D, it has been evaluated that, at

the transition point to a Bose-condensation in an harmonic potential, the phase-space

density of a sample is 2.6 [122].

2.2.2 Atoms in a single ground state

In the situation where atoms are con�ned within a harmonic potential, the harmonic

oscillator length becomes a relevant length scale for working with. It is given by
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aho =

r
~

m�!
: (2.11)

For atoms in a cloud at T < T c with relevant length scales described above, interactions

between particles in this ground state become important. To better describe the e�ect

of these interactions, we will look at the physics of interacting atoms in the ground

state of a harmonic oscillator.

Up to this point I have described the thermodynamics of bosonic atoms being cooled

until they undergo a phase transition and condense. To evaluate a complete description

of the system in this ground state, we will account for the interactions between the

atoms. The Hamiltonian for a system of interacting particles in a harmonic potential

Vext(r ) is given by:

H =
NX

i =1

�
�

~2

2m
r 2

i + Vext (r i )
�

+
1
2

NX

i =1

NX

j 6= i

V(r i � r j ) (2.12)

At T = 0, we assume all the atoms occupy the same quantum state with wavefunction

	( r; t ) =
p

N
NY

n=1

 (r i ; t). By variational calculation it is possible to derive the time-

dependent Gross-Pitaveskii equation [123]:

i~
@
@t

	( r; t ) =
�
�

~2

2m2
r 2 + Vext (r; t ) + gj	( r; t )j2

�
	( r; t ) (2.13)

which describes the time evolution of the total wavefunction within an external po-

tential Vext with an interaction coe�cient g = 4� ~2a
m . The wavefunction 	( r; t ) can be

normalised to the total atom number N, such that:

Z
j	( r; t )j2dr = N: (2.14)
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Independently, both Gross and Pitaevskii derived equation 2.13 in 1961 [124, 125].

They also both described the transformation to a static, time-independent potential in

a mean-�eld approach. This is given by:

� (r ) =
�
�

~2

2m
r 2 + Vext (r ) + gj (r )j2

�
 (r ): (2.15)

Equation 2.15 can be solved numerically and even in some simple cases analytically.

An analytical solution can be derived by looking at the ratio between kinetic energy per

particle and the interaction energy. For a large number of atoms in the same state, an

approximation can be made between atom numberN , scattering length a and harmonic

oscillator length aho. If Na=aho � 1, then the kinetic energy term in equation 2.15 can

be neglected. This is known as the Thomas-Fermi approximation. This approximation

provides an analytical solution for equation 2.15. From this exact solution one can

evaluate the parameters for which the particle densityj (r )j2 = 0 with Vext = � . This

is the Thomas-Fermi radius and is given as:

RT F = aho

�
15Na
aho

� 1=5 ! ho

! i
(2.16)

where ! i denotes the trapping frequency inx, y and z and provides a peak density

�n = �=g . This is valid as long as the Thomas-Fermi approximation remains true. As

soon as the kinetic energy starts to become relevant again, other methods are required

to account for this in the equation. In our situation we assume that this is never the

case and therefore can utilise the Thomas-Fermi radius as another useful length scale

for our system. In our experiment we have interacting bosonic atoms in the ground

state of a harmonic oscillator which we transfer into optical lattices. To further our

understanding of the system we now need to look at the physics of atoms in optical

lattices.
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2.3 Atoms in optical lattices

2.3.1 Optical lattices

The optical lattice is a particular con�guration of an optical dipole trap. An optical

dipole trap provides a conservative trapping potential through the AC Stark shift and

is dependent upon the intensity of the incident light �eld. These traps are far detuned

from resonance, and depending on the detuning, atoms can be attracted (red detuned)

or repelled (blue detuned) from regions of maximum intensity.

A standing wave can be created in 1D by two counter-propagating beams of the

same wavelength� overlapped, such that a varying intensity pro�le along x is created,

with spacing al = �= 2. An optical-lattice potential Vl (z), can be derived for alkali

atoms inclusive of their hyper�ne transitions, but for simplicity to have a simpler level

scheme we only consider the D1 and D2 transitions here

Vl (z) = �
�c 2

2! 3
D2 � D2

�
2

� D2
+

1
� D1

�
I (z); (2.17)

where I (z) is the varying intensity pro�le. � D2 is the linewidth of the excited state

on the D2 line with the detuning on this line being � D2 . The detuning on the D1

line is given by � D1 , with ! D1 = 2�c
� D1

for the D1 line and ! D2 = 2�c
� D2

for the D2

line of 87Rb. The atoms in this experiment are held in a lattice of red detuned light

which con�nes them to the antinodes of the standing wave, where they experience a

conservative potential Vl (z), which can be expressed as [126],

Vl (z) = V0 cos2(kz): (2.18)

The depth of the potential is given by V0, where the wavenumber of the lattice is
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k = 2�
� [127]. A natural unit of energy when working with ultracold atoms in optical

lattices is recoil energy,ER = ~k2=2m. For our system with 1064 nm lattice beams,

ER � h 2 kHz. The axial lattice trapping frequency can be calculated from the trap

depth and the lattice spacing through [128]

! l =
�
al

r
2V0

m
(2.19)

where m is the mass of the trapped atom. For 87Rb atoms trapped in a 1064 nm

beam of � 100 µm waist and � 5 W of power, trapping frequencies on the order of

kHz within each antinode of the optical lattice are achieved. This trapping frequency

can be orders of magnitude larger than the axial and radial frequencies achievable in

single-beam dipole traps.

2.3.2 Bose-Hubbard model

We now look at what happens when multiple, interacting ultracold bosons are trapped

in an optical lattice. This con�guration can be described by a many-body Hamiltonian

[36].

Ĥ =
Z

d3r
�
 ̂ y(r )

�
�

~2

2m
r 2 + V(r )

�
 ̂ (r ) +

g
2

( ̂ y(r ))2( ̂ (r ))2

�
(2.20)

where  ̂ (r ) and  ̂ y(r ) are the bosonic �eld operators which obey the canonical com-

mutation relations. The interaction term Vint = g
2( ̂ y(r ))2( ̂ (r ))2 accounts for the

atomic interactions and the scattering length. This Hamiltonian can be expanded for

atoms that are in a deep optical lattice such that ~! = 2
p

ERV and the Bose-Hubbard

Hamiltonian is reached as per the simpli�ed derivation in [129], with a more in-depth
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derivation being found in [130, 131]. In a deep lattice (> 5ER ), with all the atoms in

the ground state, one can restrict the system to consider just the lowest energy band

and ignore the rest.

The eigenstates of the periodic lattice potential have a generic form of a Bloch

wave, which incorporates a Bloch wavefunction, with periodal . By restricting them

to the �rst Brillouin zone, this produces Bloch waves with quasimomentum between

� 2�=a l . Bloch wavefunctions are energy eigenstates and describe an atom that is fully

delocalised across the whole lattice. A complementary and equivalent description of the

state of the atoms can be given in terms of a localised wavefunction on an individual

lattice site, i. Such wavefunctions are named Wannier functionswi (x) [45]. Wannier

functions provides useful information regarding how an atom interacts with others on

the same site.

The Hamiltonian in equation 2.20 can be simpli�ed with the previously mentioned

approximations to what is known as the Bose-Hubbard model

Ĥ = � J
X

hi;j i

b̂y
j b̂i +

U
2

X

i

n̂i (n̂i � 1) � (� � � i )
X

i

n̂i : (2.21)

The tunneling matrix element for atoms tunneling from site j to site i is given by

J , and the annihilation and creation operators areb̂i and b̂y
j , respectively. The onsite

number operator is given byn̂i , and U is the on-site interaction energy. The last term

introduces the on site chemical potential,� � � i , which is due to the external trapping

potential of the lattice beams.

Both J and U are normally calculated numerically. The onsite interaction energyU is

calculated based on the fact that two atoms on the same site are in the same state,

U =
4� ~2a

m

Z
jwi (x)j2jwi (x)j2dx: (2.22)
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The scattering length of atoms with massm, is given by a, where the integral of this

equation accounts for the overlap of the density of both identical atoms on the same

site - with jwi (x)j2 being the density of Wannier states [131]. The tunneling matrix

elementJ looks at the energy cost for one atom tunneling between adjacent sites,i and

j , with tunneling time � = h=J,

J (i; j ) =
Z

dxw�
i (x)

�
�

~2

2m
@2

@x2
+ V0cos2(kx)

�
wj (x): (2.23)

2.3.3 Super
uid-to-Mott-insulator transition

There are two fundamental ground states that occur in a Bose-Hubbard system. A

super
uid exists when J � U, such that we can neglect the interaction term of 2.21.

In this non-interacting limit, the atoms are delocalised across the full lattice, with

the probability of �nding n atoms on one lattice site being described by a poissonian

distribution. This results in large on-site number 
uctuations [132], with all atoms

being phase-coherent with each other. This phase coherence was originally used to

con�rm super
uidity in an optical lattice and the existence of a Mott insulator by

interference (or lack of) of ultracold atoms after releasing from a 3D lattice [43].

In �gure 2.5 at zero temperature, the ratio between on-site interaction energy and

the tunneling matrix element can be varied to force the atoms to undergo a quantum

phase transition. As we start to increase the on-site interactions such thatJ � U, the


uctuations in on-site atom number start to decrease. The system passes through the

quantum-critical point and the atoms undergo a quantum phase transition.

As the interactions are increased even more to a point whereU > J , atoms become

localised onto single lattice sites. The system can be characterised by looking at the

relative strengths of � and J which leads to the production of the quantum phase

diagram seen in �gure 2.6. Optical lattice beams with a 
at intensity pro�le would
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Figure 2.5: Quantum phase diagram inspired by [133]. The diagram presents two re-
gions for ultracold atoms in optical lattices: a Mott insulator regime and a super
uid
regime, with a quantum-critical point between the two. At a critical point for a partic-
ular value of J

U at zero temperature, a quantum phase transition occurs. At this point
atoms can be thought of as in neither a Mott insulator nor super
uid state. Atoms
within the quantum-critical regime are tricky to describe properly.

allow for the system to be represented by a single point on the graph. Beams that have

a Gaussian intensity pro�le can be represented by a straight, vertical line on �gure 2.6

- as is the case in our experiment - with the top of the line representing the center

of the trap and moving downwards represents a move towards the edge of the trap.

This results in the cloud not being fully localised across the whole lattice: leading to

a portion of the cloud which is super
uid and a portion which is experiencing Mott

insulation, with the regions being separated spatially due to the intensity gradient of

the lattice beams.

As U � J and all the atoms become localised onto single lattice sites, the system

is said to be Mott insulating and in the atomic limit. Here lattice sites have integer

�lling with the tunneling rate between sites being negligible. Unlike the super
uid

state, there is no phase coherence between atoms which populate di�erent lattice sites.

The compressiblity of the gas is given by� ĥn i i
�� and when equal to zero is described as

incompressible [1,134]. This is one of the de�ning features of a Mott insulator [135].

Atoms in a Mott-insulating state are excellent for initialising quantum simulation
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Figure 2.6: A phase diagram showing the variation in onsite atom number due to the
positional dependence of chemical potential� , inspired by [1] for a homogeneous system
at commensurate density. For dense clouds� is highest in the centre and decreases
towards the edge. Thus moving outwards from the center results in moving down the
y axis. Each region of Mott insulator has a particular � due to the Gaussian pro�le of
the lattice beams. This results in increasing integer on site occupation.

experiments, as preparing a sample within the lowest lobe of chemical potential pro-

vides close to unitary �lling of the lattice within a deterministic state. From here any

arbitrary atom number distribution of a 2D system can be realised, with the help of

single-atom addressing (see chapter 6) or a spatial light modulator (SLM) [45].
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Experimental techniques for the

creation of a Bose-Einstein

condensate

The following section will describe the apparatus involved in the experiment. The

chapter will begin with a description of the vacuum chamber and laser systems. The

latter section of this chapter will cover the creation of a large, fast, all-optical Bose-

Einstein condensate within the section of vacuum chamber that houses our 3D magneto-

optical trap 1. This chapter will provide a detailed overview of the capabilities of the

current apparatus and some maximum experimental parameters, such as the speed of

cooling and the cooling e�ciencies.

1However, when single atoms are imaged, this condensate creation process is not performed in this
section of the chamber. Therefore results seen at the end of this chapter will look di�erent from the
ones presented in chapter 4 and 5.
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3.1 Experimental apparatus

3.1.1 Vacuum chamber

In order to work with ultra-cold atoms and observe them within a trap for long times

(> 1 s), heating through background collisions needs to be minimised and a vac-

uum chamber is utilised to achieve this. Our chamber consists of two sections: a

high-vacuum and an ultra-high vacuum section. Pressures of 10� 11mbar are routinely

achieved within the ultra-high vacuum section, and the high-vacuum section reaches a

pressure of 10� 8mbar. The high-vacuum section is normally used to house an atomic

source, as the residual pressure from the source will dominate. Trapping atoms within

a chamber of ultra-low pressure dramatically increases the lifetime of the atoms within

the trap to > 1 min, as collisions with other atoms and molecules are reduced [136].

The rate of collisions between background atoms and atoms in the trap can be given

by

N=� = ( N� )(nb�v); (3.1)

where the atom number in trap is N , the collisional cross section� , the density of

background atoms nb and the mean relative velocity of the background atoms �v -

which is given by the temperature of the vacuum chamber [86].

The chamber is constructed from 316LN stainless steel and a full rendered 3D

drawing is shown in �gure 3.1. 316LN steel has low nitrogen content and has been

specially vacuum annealed to 1000� C to remove as much residual embedded impurities

as possible - most notably, hydrogen. As well as having a very low outgassing rate,

this material also has low magnetic permeability [137]. This is crucial for quantum-

gas experiments, as they need to be able to control the magnetic �elds within the

chamber very accurately and if the chamber was magnetically permeable, this would

29



Chapter 3. Experimental techniques for the creation of a Bose-Einstein condensate

Figure 3.1: A rendered drawing of only the vacuum chamber components of the system.

create residual magnetic �elds. The inner surface of the vacuum components have

been electro-polished to provide a smooth surface free of defects where virtual leaks

could originate. A virtual leak is a slow release of trapped gas within a vacuum chamber

which can cause a persistent increase in vacuum pressure. The only part of the chamber

which is not primarily made from stainless steel, is the glass cell required for the 2D

magneto-optical trap.

The atomic source is a 1 g ampule of rubidium (Sigma-Aldrich 276332-1G) which

is held within a small bellow attached to an all-metal valve, such that the amount

of rubidium released into the chamber can be controlled. A heating tape is wrapped

around the bellow holding the ampule. This tape can change the temperature of the

bellow and allows for adjustments of the rubidium pressure.

In order to keep the low pressure within the high-vacuum regime for the 2D-MOT

chamber, an ion pump (Agilent Technologies 8 l/s VacIon), encased in mu-metal, is

connected to the chamber through a cubic section and a butter
y valve (o-ring re-

moved), such that we can restrict the 
ow of Rb to the pump. The cubic section acts

as an interconnect for all the elements of the high-vacuum section, including a pressure
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gauge (Agilent Technologies 9715007). When operating the 2D MOT, we commonly

use a pressure of 7� 10� 8 mbar.

The high-vacuum section is connected to the ultra-high vacuum section through

a di�erential pumping tube. This tube is a solid round of 316LN steel, with length

211:5 mm, outer radius of 14 mm and an internal 4 mm hole for the atoms to be move

through. The di�erential pumping tube has a conductance of 3:6 � 10� 2 l/s and is

compression �t into the 2D-MOT side 
ange, of an all-metal gate valve (mid-point

valve), which acts as a separator of the two pressure sections. The di�erential pumping

tube allows us to hold a three orders of magnitude di�erence in pressures between each

section of the vacuum chamber, which is quite remarkable when considering that the

tube is just compression �t into the top of the valve.

The ultra-high vacuum chamber is held at pressures of 10� 11 mbar. To reach

such low pressures two types of pumps are utilised. An active ion pump (Agilent

Technologies Valcon 75 l/s), encased in mu-metal, is used to bring the pressure down

to 10� 9 � 10� 10 mbar. To get even lower pressures, a titanium sublimation pump

(Gamma Vacuum 360819) is used. A titanium sublimation pump works by passing

high current (50A) through a piece of pure titanium to sublimate it into the vacuum

chamber. The titanium then sticks to the walls of the chamber and acts as a pump

for residual gases such as nitrogen, helium and hydrogen. The pumping e�ciency is

proportional to the surface area coated by the titanium. To maximise the surface

area, we installed an ambient sputter shield (Gamma Vacuum G360190), which has an

e�ective surface area of 167� 10� 3 m2, which is 2.6 times larger than a conventional

DN 100 tube with length 100 mm. Unlike the ion pump, which is permanently on, the

titanium sublimation pump is only activated as required. This has only been performed

once in four years and the pump was active for 30 minutes with a duty cycle of 1:9

minutes, at a current of 50 A. A pressure of 10� 11 � 10� 12 mbar is obtained. The

pressure in this chamber is measured with a gauge (Leybold IONIVAC-Sensor IE 514)

which is capable of measuring pressures as low as 2� 10� 12 mbar.

We commonly refer to the two main sections of the UHV chamber as either the 3D
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MOT or the science chamber - as can be seen in �gure 3.1. The 3D-MOT chamber is

where the 3D magneto-optical trap is created but is also the location for the high-power

optical dipole traps. This requires the windows in this section be very large (DN 100)

to allow for excellent optical access. The science chamber is the smaller section which

is added on to the side of the 3D MOT chamber. Here there are eight di�erent access

ports of either DN40 or DN80 in size. This section is placed far enough away from the

other components of the system (mechanical translation stage, ion pumps) such that

they do not magnetically interfere with the atom cooling and imaging process.

3.1.2 Sequence

It is useful to describe the experimental sequence that is responsible for the creation of

a Bose-Einstein condensate. This is di�erent from the sequence used for the creation

of a 2D system of atoms but shall provide the reader with structure for the rest of the

experiment.

3D magneto-optical trap

Both the 2D MOT and 3D MOT are turned on and a red detuned push beam moves

atoms from the 2D to 3D MOT through the di�erential pumping tube. After loading

the 3D MOT, the 2D-MOT lasers and magnetic �elds are turned o�, inclusive of the

push-beam.

Magnetic compression

The quadrupole �eld responsible for the creation of the 3D MOT is increased while

the 3D MOT laser �elds are further red detuned.

Sub-Doppler cooling

The magnetic gradient is turned o� and the atoms undergo red-molasses cooling.

This is immediately followed by a grey-molasses cooling stage.

Crossed optical dipole trap loading

After cooling, two crossed dipole trap beams are incident on the cloud. After loading

atoms into the dipole trap, the 3D MOT lasers and quadrupole �eld are turned o�.
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Zeeman sub-level pumping

Atoms are transferred to the F = 1 ; mF = � 1 state through an optical pumping

pulse followed by a rapid adiabatic microwave transfer. Atoms in all other states are

removed using resonant laser pulsed between each transfer stage.

Dimple trap

A tightly focused optical dipole trap ( ! 0 = 47 µm) is incident on the center of the

cloud to act as a dimple trap and is solely to increase the trap frequency. After which,

time is allowed to the atoms for rethermalisation. Later in the experiment this beam

is also used to transport atoms to the science chamber and is referred to then as the

transport trap.

Pre-evaporation

The crossed optical dipole beams have their power exponentially ramped down in

preparation for further cooling the atoms in the combined trap. The dimple trap power

is unchanged during this process.

Main evaporation

A joint evaporation of crossed dipole trap and dimple trap is performed simultane-

ously and a Bose-Einstein condensate is created.

3.1.3 MOT cooling lasers

The lasers required for the creation of a magneto-optical trap (MOT) will be brie
y

described here and provide the reader with the level structure of87Rb. A more detailed

description of the optical setup can be found in the thesis of A. Ulibarrena [70].

For cooling atoms in a MOT, we require two lasers; one for cooling and one for

repumping. The cooling laser is red detuned from theF = 2 �! F 0 = 3 almost closed

cycling transition (red line in �gure 3.2). A cycling transition is one in which an

excitation is always followed by a decay back to the initial state [78]. The repumping

laser is resonant to theF = 1 �! F 0 = 2 transition and ensures that atoms which decay

to the F = 1 hyper�ne ground state are returned to the cycling transition.

33



Chapter 3. Experimental techniques for the creation of a Bose-Einstein condensate

Figure 3.2: Level structure of 87Rb showing the hyper�ne structure of the D2 line with
cooling (red) and repumper (green) both red detuned from resonance, adapted from [2].

3.1.4 2D magneto-optical trap

The 2D magneto-optical trap is placed vertically above the rest of the setup in order

to save space and increase optical access. The core of this is a 780 nm anti-re
ection

coated2 quartz cell (JapanCell), with outer dimensions of 50� 50 � 150 mm that is

connected to a cubic steel cell shown in �gure 3.1, where all of the supporting vacuum

equipment is mounted. The supporting optics are built onto a breadboard around the

glass cell and were pre-assembled and tested o�ine before being moved into place.

The 2D magneto optical trap is created by three counter-propagating beams in

two axis with a quadrupole �eld in both those axis. A 3D model of this can be seen

in �gure 3.3. The two vertical towers that house the optics are responsible for the

separation of the 1" beams into three paths. The single input beam has 220 mW

of power before separation within the tower and is then split equally into the three

beams. The beams are retro-re
ected using another tower consisting of three mirrors

and quarter waveplates. This setup was aligned o�ine with a 3D-printed mock chamber

2Only the external surface of the cell is coated.
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Figure 3.3: A 3D rendered drawing of a vertical cross section of the 2D MOT chamber.
The atomic source is attached through the base of the glass cell via the steel cube seen
in �gure 3.1.

for reference. This provided such good initial alignment that a cooled cloud of atoms

was obtained rapidly after mounting the optics to the chamber and optimising the

magnetic �elds. The quadrupole �eld is created through the use of four coils which

were pre-wound on 3D-printed mounts and then placed into a 3D-printed holder around

the glass cell. The material used for printing in this section was PLA, this softens at

60� C, which is hotter than the coils ever reach. The shim coils in the 2D MOT section

are also wound around 3D-printed mounts which are then attached to the larger holder

of the quadrupole coils. The magnetic gradient used in the 2D-MOT chamber was

empirically optimised to 15 G=cm.

The 2D MOT lasers and magnetic �elds are turned on for 1 s. The detuning of

the cooling laser is 2:6 � and the repumper is on resonance. During the cooling time,

there is also a vertical beam incident on the atoms that acts as a push beam. This

push beam is red detuned by 1:4 � from the F = 2 �! F 0 = 3 transition. The push

beam is aligned vertically downwards through the 2D MOT cell and pushes the atoms
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Figure 3.4: Cutout of the 3D MOT chamber with cooling beam paths shown. Note
that the dimple trap also doubles as the transport trap later in the experiment.

through the di�erential pumping tube into the larger 3D MOT chamber. This provides

an atomic beam to feed the 3D MOT.

3.1.5 3D magneto-optical trap

A 3D MOT is realised through three perpendicular pairs of counter-propagating beams

(red beams in �gure 3.4). These pairs of beams are referred to as the 3D-MOT beams

and originate from a single home-built tapered ampli�ed system, seeded by a commer-

cially available external cavity diode laser (see [70] for further information). Each of

these beams have a 1=e2 diameter of 1" and originate from a single �bre on the experi-

ment table which provides 220 mW of power. This single beam is split into six di�erent

paths using a combination of polarising beam splitters and�= 2 waveplates to allow for

36:6 mW of power in each beam. The last element before the chamber in each beam

is a �= 4 waveplate, to ensure the beams have a circular polarisation when incident on

the atoms. A 1" repumper beam of 5 mW is overlapped with the cooling laser before

it is separated into six beams.
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Figure 3.5: Atom number in the 3D MOT as a function of loading time.

All lasers responsible for the 3D MOT are incident for the same time as the 2D MOT

and have similar detunings. The magnetic quadrupole �eld is ramped to 15 G cm� 1 in

15 ms to provide the gradient responsible for the position-dependent restoring force.

The 3D MOT is kept on for 100 ms longer than the 2D MOT. This is to allow any

atoms that remained in the push beam to fall down into the 3D MOT beam path and

to also ensure that the push beam is not distorting the shape of the 3D MOT before

magnetic compression begins. It provides enough time for the 2D gradient �eld to be

turned o�, while ensuring that there are no remaining eddy currents from these coils

a�ecting the system.

After 1:1 s of load time, an atom number of 1� 109 is measured using absorption

imaging. After a total load time of 1 :5 s the MOT saturates and there is no gain in

atom number for any increase in load time (see �gure 3.5). A temperature of� 200µK

can be inferred through time-of-
ight imaging [138].

3.1.6 Magnetic compression

The cloud of atoms after the MOT stage is just over 1 cm in diameter, which is relatively

large when considering the use of one inch cooling beams. This is too large for the

e�cient loading of the cloud into a crossed optical dipole trap and it needs to be
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compressed. This compression is realised through the use of a large quadrupole �eld.

The �eld is created by the same coils as those used for the 3D MOT. After loading of

the 3D MOT is complete, the gradient �eld is ramped from 15 G cm� 1 to 30 G cm� 1

in 100 µs. During this ramp the cooling beam is further red detuned until it is a total

of 50 MHz from resonance.

Once a magnetic �eld gradient of 30 G cm� 1 is reached, it is maintained for 20 ms.

During this compression stage there is negligible loss in atom number and-an order of

magnitude decrease in cloud diameter. However this compression does heat the atoms

to � 300 µK. The rate of change of the large magnetic �eld also induces eddy currents

in the vacuum chamber. These currents can interfere with sub-Doppler cooling - which

require a zero magnetic �eld to e�ciently work. The decay time for the eddy currents

was measured to be 30 ms [70]. After compression, the cooling frequencies are detuned

in 30 ms to provide enough time for the eddy currents to dissipate while not allowing

the cloud to expand greatly.

3.1.7 Sub-Doppler cooling

Sub-Doppler cooling is performed in a two-step process; a 30 ms red-molasses cooling

stage is followed by 1.5 ms of grey-molasses cooling. This two-stage process allows for

109 atoms to be cooled to 1:7(3) µK in 31:5 ms.

3.1.8 Red-molasses cooling

The beams required for molasses cooling are provided by the lasers which are responsible

for the repumper and cooling of the 3D MOT. Following 30 ms of frequency changing

and magnetic �eld decay, the cloud is allowed to undergo a further 30 ms of molasses

cooling in a zero B-�eld. After this time the atom number is measured and time-of-


ight imaging is performed to measure the temperature of the cloud. Figure 3.6 shows a

typical temperature measurement in two axes for a cloud that has just undertaken red-

molasses cooling. Thez-axis temperature is measured to be 13:2(9) µK with the x axis
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Figure 3.6: Temperature measurement in two axis after 30 ms of red-molasses cooling
for a cloud of 1:4 � 109 atoms. A cooling laser detuning of� 6� is applied and a mean
measured temperature in both axis of 12:5(8) µK.

being 11:8(6) µK. This is for an atom number of 1:4� 109. The temperature di�erence

between the two axis is due to a combination of a small di�erence in the calibration of

pixel size between the two axis and a small power di�erence in the horizontal cooling

beams (along the x axis).

Around 5 µK is a typical temperature achievable with red-molasses cooling in cold-

atom experiments. However, in our setup we aim to cool the cloud to lower tempera-

tures with larger densities, as a colder, more dense cloud will enable more atoms to be

loaded into a crossed optical dipole trap, which will bene�t the BEC creation process.

3.1.9 Grey-molasses cooling

Grey-molasses cooling is often used in situations where the hyper�ne splitting of an

atom is small or there is no cycling transition to bene�t from Sisyphus cooling. Grey-

molasses cooling only works when there is more than one state in the ground state

manifold [139] as there is a requirement to create dark states which the atoms can

populate. Spending more of the cycle time in a dark state can in turn increase the

phase-space density of the cloud by reducing the average temperature. This method
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Figure 3.7: Level structure of 87Rb showing the hyper�ne structure of the D2 line with
transitions for grey-molasses cooling, adapted from [2]. The energy splitting of the
hyper�ne ground state is given by Ehfs, with the two-photon detuning between the
cooling and repumper lasers being� R .

can achieve temperatures which are comparable to and even lower than red-molasses

cooling [109]. Grey-molasses cooling also provides faster cooling times, of the order 1-3

ms, while still being capable of cooling large clouds of atoms.

The two cooling beams required for grey-molasses cooling are sourced from the

same laser. A single beam is passed through a 6.8 GHz phase-modulating electo-

optical modulator (EOM, Laser Components NIR-MPX800-LN-10-P-P-FA-FA). The

input beam is blue detuned from theF = 2 �! F 0 = 2 transition (see �gure 3.2 for the

full level structure). Two frequency sidebands are created, each frequency shifted by

� 6:8 GHz from the carrier. This allows us to source both phase-coherent beams from

the same laser and have them in the same path. The phase coherence is important for

achieving lower temperatures and was experimentally investigated in 2018 by Rosi et

al. [109].

The grey-molasses cooling and repumper beams are in the �-con�guration seen in

�gure 3.7. The driving frequency for the EOM � RC , can be related to the two-photon
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Figure 3.8: Cloud temperature as a function of two-photon detuning for grey-molasses
cooling in a �-con�guration. Data adapted from [70].

detuning � R , through [109]

� R � � RC + Ehfs=h; (3.2)

where Ehfs is the ground state hyper�ne splitting. The two-photon detuning should

equal zero for the lowest achievable temperatures. However as can be seen from the

Fano-like pro�le measured in �gure 3.8, the lowest temperature is not reached at� R = 0

but instead at � R = � 40 kHz. A number of experiments have noted the same o�set

and stated that this was due to a non-perfect cancellation of the stray magnetic �elds

[109,140]. However our cancellation of stray magnetic �elds results in a residual 2 mG

still being present. For a Zeeman shift of 40 kHz, a residual magnetic �eld of� 60 mG

is expected. Therefore we suggest that this shift is instead caused by a light shift of

the states from the cooling and repumper beams.

Grey molasses relies on the ability to create dark states which the atoms can pop-

ulate. On the D2 line with cooler and repumper frequencies blue detuned from the

F = 2 �! F 0 = 2 and F = 1 �! F 0 = 2 transitions respectively, a dark superposition
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Figure 3.9: Cloud width as a function of time of 
ight for a cloud cooled by red-grey-
molasses cooling, with a two photon detuning of� R = � 40kHz, a red molasses cooling
time of 30 ms and a grey molasses cooling time of 1:5 ms. A temperature of 1:7(3) µK
is calculated.

state is created betweenF = 1 and F = 2. If the intensity of the cooling beam is

larger than the repumper, then the dark state primarily contains atoms which are in

the F = 1 ground state and is said to be dominated by theF = 1 state [109]. Atoms

cooled into this state do not experience the varying dipole potential which is respon-

sible for Sisyphus cooling. The atoms remain in the dark state until they motionally

couple [107] to a bright state which can then undergo Sisyphus cooling. The lifetime of

atoms within the dark state varies with the square of the atom velocity [108]. There-

fore, the longer the atoms stay in the dark state, the lower the overall temperature

of the cloud, which increases the phase space density. The blue detuning of the light

helps aid in the deceleration of the atoms when they are in the bright states. The

velocity-selective trapping of the atoms is said to be driven by the Sisyphus cooling

process combined with optical pumping to the dark state. In our experiment we have

managed to cool 1� 109 atoms to 1:7(3) µK (see �gure 3.9) by utilising an additional

1:5 ms of grey molasses cooling on top of the existing red molasses cooling sequence.
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