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Abstract

This thesis presents the construction of a spin resolved quantum gas microscope for
ultracold molecules of 8"Rb!*3Cs. Ultracold polar molecules in a lattice, with their
long-range dipolar interactions, are a promising platform for quantum simulation
of many-body systems quantum simulation. The ability to resolve single sites of
the lattice, and measure the molecules rotational states opens up many interesting
research possibilities. Such systems could be used to simulate a variety of many-
body systems, investigating anisotropic spin models like the XXZ model, simulating
the t-J model and realising exotic phases such as spin glasses and spin liquids. This
work demonstrates the imaging of ultracold molecules in an optical lattice with
single-molecule resolution, and spin-state resolution.

We prepare our molecules by associating high phase-space density (PSD) clouds
of Rb and Cs. The clouds are prepared using a sequential loading scheme, where
each species is loaded, cooled and evaporated separately, before the atom clouds are
merged for association. In this thesis, we present and characterise the scheme used,
whereby we can achieve the required high PSD mixture. This involves the use of
a moving dimple trap and an evaporation sequence, which allows us to achieve a
dual-species BEC. We then detail the association a cloud of weakly-bound Feshbach
molecules and their transfer to the ground state using Stimulated Raman Adiabatic
Passage (STIRAP). We discuss the characterisation of the Feshbach association
process and the setup and optimisation of the STIRAP setup, including the laser
system that locks to a high-finesse cavity, including the use optical feedforward to
reduce the high frequency phase noise. This allows us to improve the STIRAP
efficiency to 98.7 + 0.1%, a record for RbCs.

We then introduce the microscopy setup used in the experiment, with the optical
lattice and light sheet used to trap the atoms and molecules and the optical molasses
used to image atoms of Rb and Cs while they are confined to a lattice site. We
optimise and characterise the performance of this setup, for both Rb and Cs atoms,
presenting a dual-species quantum gas microscope. We also discuss the methods
used to identify single atoms in the lattice, and reconstruct the lattice using a
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neural-network to deconvolve the images. We finally load our molecular cloud into
the optical lattice and dissociate the molecules into atoms, which act as a marker for
each molecule, and are able to image the cloud with single-molecule resolution. We
further leverage our ability to perform microscopy on both Rb and Cs to implement a
sequence that maps the molecular rotational state to a specific species to be imaged,
and realise a spin-resolved molecular microscope, where N = 0 state is mapped to
Rb, and the N = 1 state to Cs.
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CHAPTER 1

Introduction

1.1 Ultracold atoms

Ultracold quantum gases of atoms are currently one of the most exciting areas in
modern AMO physics, having progressed tremendously in the past 40 years. There
have been constant advances from the initial experiments involved in laser cooling
and trapping atoms [1-3] to the production of Bose-Einstein Condensates [4-6] and
degenerate Fermi gases |7,8], and to their current implementation in the construction
of quantum computers [9,10] and quantum simulators [11,12]. The use of atoms for
quantum simulation is of particular interest for this thesis, as we discuss the design

of a molecular quantum gas microscope.

1.1.1 Quantum gas microscopes

An important advance in recent years in quantum simulation with ultracold atoms
has been the development of quantum gas microscopes (QGMs) [13]. QGM experi-
ments load ultracold atoms into single planes of optical lattices, and then image the
atoms in the lattice with single-site resolution, allowing an investigation of the mi-

croscopic properties of the system. In the years since the development of the initial

1



quantum gas microscopes [14,15] with Rb, multiple groups around the world have
succeeded in realising QGMs with other alkali species [16-22] as well as Yb [23,24],
Er [25] and Sr [26].

These experiments have observed various interesting phenomena such as Mott
insulators [15,27, 28], antiferromagnetic correlations [29,30] and Pauli blocking [19].
The single-site-resolved imaging has allowed one to probe phenomena that would be
otherwise undetectable such as hidden correlations [31], entanglement entropy [32]
and magnetic polarons [33]. A more thorough overview of QGMs can be found in

review articles like [13,34].

1.2 Ultracold molecules

While much work has gone into controlling atoms, the interaction between atoms
is usually limited to short ranged contact interactions. An extension of these ex-
periments has been to investigate systems with long-range dipole interactions. The
strength of the dipole-dipole interaction (Vg ;) between two identical molecules (or
particles in general) with parallel dipole moments is given by.

d2

4degrs

Vaa(r,0) = (1 —3cos’6), (1.1)

where d is the electric dipole moment of the particles, r is the spacing between the
two particles and 6 the angle between the orientation of the dipole moments and
the spacing of the particles. For an experiment such as ours, with molecules in
a lattice, this leads to interaction strengths Vy;/h on the order of 1 kHz between
nearest neighbours.

A many-body system, with long range dipolar interactions has been realised in
various ways. This includes using magnetic atomic species [35] such as Erbium [36],
Chromium [37] or Dysprosium [38], exciting atoms to their Rydberg states (as in
much of the research into quantum computers and simulators [9-12]), or using polar
molecules instead of atoms. FEach of these systems has its own advantages and
drawbacks. Magnetic atoms are long lived, and the formation of a Bose-Einstein

Condensate (BEC) is relatively simple. However, the strength of their magnetic
2



dipole moments is relatively small (= 10 up) when compared to that of the electric
dipole moments of Rydberg atoms and polar molecules. So, due to the weaker
interaction (=~ 10 Hz in a typical system), these experiments are often limited by
the lifetime of the atoms in the system. Rydberg atoms on the other hand have
large dipole moments (100 to 1000 D), which allow for quick interactions (~ 1 MHz)
between atoms in the system. However, these experiments are also limited by the
short lifetime of these atoms in the excited states (usually around 10 to 100 us ) [39].
Molecules offer a middle ground between the two, with long lifetimes (experiments
are often limited by trap lifetimes of order 10 s) and dipole moments of the order 1 D.

The dipole-dipole interaction has made ultracold molecules an attractive medium
to work with. Control of the rotational state of the molecule allows for the engi-
neering of the dipolar interaction strength between two molecules. There have been
proposals to utilise the interaction to realise quantum gates for building a quantum
computer [40,41], conduct quantum simulation of many body systems and realise
new phases [42-49]. Ultracold molecules also offer a fascinating way to probe the
intricacies of chemical reactions by offering the ability to control the interaction
dynamics of the interacting molecules [50].

Ultracold molecules experiments face some challenges. The experiments tend to
be more complicated than atomic experiments. The creation of ultracold molecules
requires either direct laser cooling of a molecular species, or the association of a
molecule from a mixture of two merged ultracold atomic gases'.A significant obstacle
has been the loss of molecules to scattering with the trapping light due to the
formation of short lived complexes through inelastic ‘sticky’ collisions with other
molecules [51,52]. Another challenge has been the short rotational coherence times
of the molecules due to differential light shifts from the trapping light [53]. To
successfully simulate a many-body quantum system, we require rotational coherence
times significantly larger than the dipolar interaction time scale.

Some of these problems have seen solutions emerge recently, with the advent

of collisional shielding, both using electric fields [54-56] and microwaves [57-61].

IThis is discussed more in the next section.



Collision shielding prevents the loss due to inelastic collisions, by engineering a
repulsive potential between the molecules, preventing them from enduring ‘sticky ’
collisions. This has allowed molecules to be evaporatively cooled to degeneracy, both
in the fermionic [59] and in the bosonic cases [62]. Previously, degenerate molecular
clouds were only produced by associating degenerate atomic species [63, 64].

The rotational state coherence has been extended using a repeated spin-echo
pulse sequence and magic polarisation [65,66], and most recently using magic wave-
length traps [67,68]. This has enabled the realisation of entanglement and two-qubit
gates between molecules [68-71].

The rich internal structure of the molecules, with rovibrational energy levels
offers interesting prospects. These states can be readily accessed using microwave
fields. In addition to controlling the dipolar interaction strength, there have been
proposals to use this complicated internal structure to realise qudits [72,73]. There
have also been some proposals to use this ladder of states as synthetic dimensions
to simulate additional spatial dimensions in a many-body system [74].

Molecules also offer an exciting opportunity to probe fundamental physics. The
strong coupling of the molecules to external electric fields, along with their large
internal fields make molecules able to measure properties such as the electron Electric
Dipole Moment (eEDM). This has been investigated by the ACME collaboration
using ThO [75], at Imperial College London using YbF [76] and JILA using HfF ™"
molecules [77]. The latter has measured the most accurate bound of the eEDM to

date, applying a limit of |d.| < 4.1 X 107%% with 90% confidence.

1.3 A molecular quantum gas microscope

Molecules in a lattice are able to realise many physical systems of interest [42,43].
The use of a QGM to probe these systems allows for the observation and investigation
of the microscopic properties and correlations of such systems. The dipole-dipole
interactions could be used to simulate anisotropic Hamiltonians such as XX7 Hub-
bard models [44, 45| with long range interactions. The introduction of tunnelling

allows the simulation of quantum magnetism, with potential for realisation of the



t-J-V-W model [46] and exotic phases of matter [78] including spin liquids [48] and
spin glasses [49].

Some of these phenomena have already been observed in molecules loaded into
a lattice, particularly at JILA, with recent work highlighting the tuneability of
the dipole-dipole interaction with an electric field [79], Floquet-engineered XYZ
Hamiltonians with two-axis twisting [80], and the realisation of a t-J spin model [81]

A molecular QGM has previously been realised only in the Bakr group at Prince-
ton. Here, single-molecule-resolved imaging in an optical lattice was demonstrated
for NaRb, with the observation of the Hanbury Brown-Twiss effect [82]. A subse-
quent publication showed the observation of spin correlations and a demonstration
of the anisotropic dipole-dipole interaction. In addition they utilised Floquet engi-
neering to realise the XXZ Hamiltonian in their system [83].

The goal of the experiment described in this thesis is to realise a quantum gas
microscope of 8"Rb!33Cs molecules, with the view of investigating such systems in
the future. A particular advantage of "Rb¥3Cs is that both species are can be easily
imaged via optical molasses cooling in the lattice, so microscopy can be performed
on both species?, allowing for readout of multiple spin states by mapping spin states

to species as first detailed in [84] and implemented in this work.

1.3.1 Creation of ground state ultracold molecular gases

There are two main methods used to realise an ultracold molecular gas - the direct
method and the indirect method. The direct method involves first producing the
molecules, and then cooling and trapping them with lasers. The indirect method
operates by first cooling the constituent atomic species, and then associating them
into a molecule.

Directly cooling has been successfully implemented on a variety of diatomic
molecules and polyatomic molecules [85-90]. Direct cooling is restricted to those

molecules with highly diagonal Franck-Condon factors, where a suitable cycling tran-

2 At the time of writing, quantum gas microscopes have not yet been realised for Na, likely due
to the difficulty of both trapping it (it has a low polarisability at wavelength like 1064 nm) and
cooling it with optical molasses



sition for the laser cooling and imaging is available. Even so, the excited states often
have multiple decay pathways, so multiple repump beams (or one beam addressing
multiple transitions) are required to effectively cool and image the molecules [85].

Association of diatomic hetero-nuclear molecules with the indirect method in-
volves laser cooling both atomic species and then associating them. This association
can be done using a photon: termed as photo-association [91], which associates col-
liding atoms into an excited bound state, from which they may decay into the
molecular ground state. While conceptually simple, photo-association suffers from a
large number of decay pathways available from the excited state, making it difficult
to associate ground state molecules efficiently.

Magneto-association, first demonstrated in [92] is the the preferred method to as-
sociate atoms to molecules. The magnetic field is swept across a Feshbach resonance
to transfer the unbound atomic state to a weakly-bound molecular state (termed
the Feshbach state). The weakly-bound molecules are then transferred to their rovi-
brational ground state using a two-photon process - Stimulated Raman Adiabatic
Passage (STIRAP). Using this method, diatomic bi-alkali hetero-nuclear ground
state polar molecules of KRb [93-95], RbCs [96,97], NaK [98-101], NaCs [102,103],
NaRb [82,104], NaLi [105] and LiK [106] have been created. There are ongoing
efforts to produce molecules with other species [107-110]. In general, these asso-
ciated molecules are not imaged directly, and are instead dissociated into atoms
by reversing the STIRAP and magneto-association before being imaged. While
we magneto-associate RbCs molecules, we note that the first ground state RbCs

molecules were photo-associated [111].

1.3.2 Ultracold 8"Rb**3Cs

In this thesis, we describe our work to associate and investigate ultracold 8’ Rb*3Cs
molecules (which is simply referred to as RbCs). RbCs molecules have been the focus
of research both in the group at Innsbruck [112-115] and at Durham [97,116-118].

RbCs was historically chosen due to its chemical stability®, the dipole moment, and

30f currently associated molecules, KRb, NaLi, and LiRb are not chemically stable.
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the relative ease of cooling Rb and Cs atomic species. While the ease of working
with Rb and Cs atoms is still a benefit, the chemical stability is in fact a moot point,
as molecules trapped in optical traps see fast loss due to ‘sticky collisions’ where
they form complexes with other molecules and are lost to the trapping light [51].

RbCs has proved a fruitful molecule to work with, and currently the pathway to
the production of molecules is relatively established. The experiments at Innsbruck
succeeded in associating ground state molecules in a dipole trap [119] and then
Feshbach molecules in the ground band of an optical lattice [113]. At Durham,
there are currently three experiments working with RbCs. The initial experiment
has succeeded in associating Feshbach molecules [116] and then transferring them
to the ground state via STIRAP and measuring the dipole moment of 1.225 D
[97]. The experiment has since investigated and manipulated the internal state of
the molecules [120, 121] and observed dipole-dipole interactions [67]. Recently two
more experiments have been constructed. The first is an experiment that utilises
optical tweezers to trap and manipulate individual RbCs molecules. This experiment
has successfully produced and imaged single ground state molecules in tweezers
[117] and recently observed long-lived entanglement of the molecules [68], as well as
investigating the interaction between the molecules and Rydberg atoms [122]. The
final experiment, which we describe in this thesis, aims to realise a quantum gas
microscope for RbCs molecules.

When compared to other ultracold molecules, RbCs has some benefits and some
disadvantages. Rb and Cs are both relatively easy atomic species to work with (even
compared to other alkalis), so the initial stages of laser cooling are fairly straight-
forward. The association process is complicated by the immiscibility of the atomic
BECs, so the molecules must be magneto-associated either at phase-space densities
of ~ 0.1 [112,116], or associated in a lattice [113]. The N = 0 to N = 1 rota-
tional state energy difference corresponds to a frequency of 980 MHz (or 30.6 cm
wavelength). The low splitting of the levels (most other molecules have splitting
of 2-5 GHz) means that we are able to access many of the high rotational levels
with reasonable microwave frequencies. However, it complicates microwave shield-

ing (which requires some polarisation control of the microwaves) [58]. With the large
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wavelength, it is difficult to experimentally control the polarisation to be circular?,
as has been done in other molecules where the microwave shielding has been im-
plemented [59-63]. However, the electric fields required to implement electric field
shielding (= 2 kV/cm) are relatively low [123], making RbCs an interesting candi-
date for electric field shielding. The highest rotational coherences to date have been
observed in RbCs with the use of a magic wavelength lattice and tweezers, allowing
for rotational coherences >10 s [67,68], moving to the regime where this has ceased
to be the limiting factor for most experiments. For comparison, in other species,
the use of spin-echo pulse sequences, magic wavelength traps and magic polarisation

has improved the coherence times to ~100 ms [65, 66]°.

1.4 OQOutline

In the remainder of this thesis, I describe work done to realise single molecule re-
solved imaging of RbCs in an optical lattice. Chapter 2 offers a brief introduction
to some theoretical concepts that motivate the experiment and are useful for un-
derstanding some of the results discussed later. Chapter 3 offers a general overview
of the experiment, including the experimental setup as well as common experimen-
tal techniques used. Chapter 4 described the production of a dual-species BEC in
the experiment, highlighting the challenges involved in doing so, and the sequential
loading scheme utilised. Chapter 5 then moves on the detailing the production of
Feshbach molecules, and then their transfer to the ground state via STIRAP. Here
we also present the implementation of the optical feedforward technique used to
significantly improve he STIRAP efficiency. Chapter 6 then moves on to describing
the microscopy of atomic Rb and Cs in the experiment, detailing the setup used
and the characterisation of the microscopy. Chapter 7 then presents the some of
our initial results on microscopy of molecules, including spin-resolved microscopy by
mapping spin to species. Finally, chapter 8 offers a taste of the future, discussing

the future of the lab and the machine.

4Both because the size of the antenna required is often similar to the wavelength, and the in
vacuum electrodes may act to linearly polarise the microwaves
®Magic wavelength traps have been attempted before with NaK, but with limited success [124]
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1.5 Contributions of the author

As with all ultracold matter experiments, our experiment is a team effort. The
microscope experiment has been overseen by Simon Cornish, with various PhD stu-
dents and postdocs involved the setup and operation of the lab. Over the course
of the labs history, there have been many postdocs and students involved in the
experiment. All these people have contributed to the experiment. Here I offer a
brief overview of the contributions of people to the experiment.

Significant work to set up the experiment had been completed before I arrived in
Durham. The vacuum setup and laser cooling setup were designed by Phil Gregory,
Sarah Bromley, Alex Alampounti, Elizabeth Bridge, Danielle Pizzey, Lewis McArd,
Mew Ratkata and Andrew Innes. Jonathan Mortlock (JM), Alex Matthies (AM),
Sarah and Mew had worked to implement some dipole traps in the main chamber,
and make a Cs BEC. The initial calculations and setup were also completed, led by
AM, working with JM and Sarah. I worked with JM to setup absorption imaging in
the science cell, which was used to further characterise the transport (led by AM).
The science cell coils and objective were moved into the experiment around this
time, mostly by Sarah, AM and JM°. I worked to implement and characterise the
fast rotation mount, based on a design idea from JM. Sarah and JM led the design
and implementation of the first version of the science cell dipole traps and the initial
optical lattice, with some help in optical alignment from AM and myself. JM then
led the work to observe the Mott insulator to superfluid transition, as is described
in his thesis.

I spent some time investigating options to realise a dual-species BEC in the
science cell”, before deciding on the moving dimple and sequential loading scheme
described in this thesis. I worked to setup and characterise the moving dimple with
Erkan Nurdurn, a summer student. Around this time, I also worked to re-optimise
the experimental sequence. Working with Jonathan, I led the implementation of

the moving dimple into the experiment and the characterisation of the sequences.

6With contributions of thematic music from myself whenever the lab flooded
7As with all science, there were many dead ends here, which are not presented in this work



We both worked together on the overall design and setup of the dipole traps in the
science cell. Working with JM and Ben Maddox (BM), I led the effort to STIRAP
molecules to the ground state and characterise the same.

Andrew and Albert Tao worked on designing the setup of the STIRAP cavity
before I locked the STIRAP lasers to the cavity, and characterised the lock. I worked
with BM and JM to implement the optical feedforward on the STIRAP lasers,
before the experiments with the same were conducted by BM and Tom Hepworth
in a neighbouring lab. Jonathan designed the new bow-tie lattice (and light-sheet)
setup, and led the implementation into the experiment, with help in alignment from
BM and I. Following this, we all (JM, BM and I) worked to realise a dual species
quantum gas microscope. | performed the molasses characterisation described in
this thesis, adapting code written by JM (who also wrote the code for the NN
deconvolution).

JM, BM and I then worked to image molecules in the lattice, with all of us work-
ing together on the initial signals and microwave spectroscopy, and the initial signals
of single molecules in the lattice, including Rabi flops without the spin to species
mapping and simultaneous dual species microscopy. This has been improved in the
last few months as I have started writing this. JM and BM have implemented the
blast beam and developed the final sequence for spin to species mapping described
in Chapter 7. We have also all worked towards investigating collisions in a molecular

gas, which is not discussed in this thesis other than a brief section in the outlook.

1.6 List of publications

The following publications were completed during the course of this work
Enhanced quantum state transfer via feedforward cancellation of op-

tical phase noise

Benjamin P Maddox®, Jonathan M Mortlock*, Tom R Hepworth, Adarsh P Raghu-

ram, Philip D Gregory, Alexander Guttridge, Simon L. Cornish

Phys. Rev. Lett. 133, 253202 (2024)

Long-distance optical-conveyor-belt transport of ultracold '**Cs and
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8"Rb atoms
Alex J Matthies, Jonathan M Mortlock, Lewis A McArd, Adarsh P Raghuram,
Andrew D Innes, Philip D Gregory, Sarah L. Bromley, Simon L Cornish
Phys. Rev. A 109, 023321 (2024)

A motorized rotation mount for the switching of an optical beam path
in under 20 ms using polarization control
Adarsh P Raghuram, Jonathan M Mortlock, Sarah L. Bromley, Simon L. Cornish
Rev. Sci. Instrum. 94, 063201 (2023)

Multi-state detection and spatial addressing in a microscope for ultra-
cold molecules
Jonathan M Mortlock, Adarsh P Raghuram, Benjamin P Maddox, Philip D Gregory,
Simon L Cornish
arXiv:2506.12329

*These authors contributed equally to this work
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CHAPTER 2

Theory

In this chapter we provide a brief overview of the theory relevant to our experiment.
First, we offer a short overview on the trapping of atoms and evaporative cooling,
and detail the magnetic field parameters used to control and levitate our atoms.
Next, we discuss the collisions of Rb and Cs - both inter and intra-species and com-
ment on the significant implications this has on the formation of ultracold molecules.
The atoms are associated to molecules in a weakly-bound Feshbach state, referred
to as Feshbach molecules, which are transferred to the ground state using Stimu-
lated Raman Adiabatic Passage (STIRAP). We discuss this process, and the factors
effecting the efficiency of the STIRAP. Finally some of the background theory to our
single atom (and later molecule) resolved imaging in an optical lattice is presented,
describing the physics of atoms and molecules in a lattice and the molasses imaging.

In this thesis, familiarity of the operation of laser cooling of atomic species and
optical trapping of atoms is assumed, and optical trapping is only discussed in brief,
to introduce relevant terms and equations that will be used often throughout the

thesis. We direct the reader to [125-127] for more details of the same.
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2.1 Atoms in optical traps

An atom exposed to a laser beam has an intensity dependant potential, which can
be used to exert an attractive or repulsive force on an atom. The magnitude of the
interaction potential (Uy) is set by the intensity of the beam (/) and the real part
of the atomic polarisability at the specific laser wavelength (cvy) used [127], and is
given by,

Up = — L (2.1)

2€pC

In this thesis, trap depths are quoted often. They are calculated using Eq. 2.1,
and are quoted in units of temperature (usually uK to allow for easy comparison
with the temperature of the atomic clouds), converted using the Boltzmann constant
kp.

Whether a laser is attractive or repulsive to an atomic species depends on a.
In general, laser beams red detuned (higher wavelengths) from the nearest atomic
transitions are attractive and beams that are blue detuned (lower wavelengths) are
repulsive. Most of the optical trapping presented in this thesis is done with light near
1064 nm. Here, the Cs polarisability (quoted in atomic units) a§® is 1162 4+ 2 a.u
and the Rb polarisability a4 is 687 & 1 a.u [128]. So, for the same light intensity,
Cs is trapped at almost twice the depth as Rb. 1064 nm is far-detuned for both
species (the Dj lines for Rb and Cs are at 795 nm and 894 nm respectively), so we do
not suffer significant loss from scattering of the trapping light for the atoms. When
trapping molecules, the loss due to scattering from the trapping light can be more
of a significant issue, due to the complicated internal structure of the molecules, and
the possibility of inelastic ‘sticky’ collisions [51].

In general, we use Gaussian beams with waists of order 100 pym to trap the
atoms. A single Gaussian beam only confines atoms well radially, while being weakly
confining and often allowing expansion in the axial direction. So, to effectively
trap atoms in a bulk gas, we often trap them in the intersection of two different

Gaussian beams approaching at different angles, known as a crossed optical dipole
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trap (xODT).!

2.1.1 Evaporative cooling of atoms

Evaporative cooling is often used to cool trapped atomic gases further, and realise
low entropy samples [129, 130]. This was instrumental in the first realisation of a
BEC [4,5]. With atoms of a given temperature trapped in a dipole trap, the atoms
(while not condensed to a BEC) have a Boltzmann energy distribution. If the trap
depth is lowered slightly, we truncate this distribution by allowing the atoms with
the highest energy to escape. The remaining atoms in the trap can then thermalise
with each other and re-establish a thermal equilibrium at a now lower temperature.
Elastic collisions are key to this thermalisation process, as they allow the atoms to
redistribute the energy amongst themselves.

Inelastic collisions and three-body loss serve as detriments to evaporation. Prac-
tically, atoms are loaded into a dipole trap, and the power in the trap (and hence
the depth) is slowly ramped down. While a significant fraction of the atoms are
lost, if the ramp is done in conditions to allow for proper thermalisation and low
enough loss, the atoms remaining in the trap can be cooled to orders of magnitude
below the initial temperature. The metric we most commonly use to characterise
the evaporation ramps and also describe the atoms at very low temperatures is the

phase space density (PSD), given by,

psp () o

where n is the atomic density, m is the atomic mass and 7T is the temperature.
We work with bosonic species, so the atoms eventually reach degeneracy, forming a
Bose-Einstein Condensate, the threshold of which is often taken as occurring at a

PSD of 1 (experimentally observable by a bimodal distribution in momentum space).

! Atoms and molecules can be trapped effectively in a single beam if it is focused to very small
sizes, where the divergence of the beam axially is strong enough to trap. An example is optical
tweezers, used in many experiments.
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2.1.2 Magnetic levitation of atoms

The magnetic moment of the atoms and molecules allows us to exert a force on them
using a magnetic-field gradient. This is an extremely useful tool as it allows us to
negate the effect of gravity on the atoms by exerting an equal an opposite force to
"levitate" the atoms. In particular, magnetic levitation is useful as it allows us to
counteract the effects of gravity on atoms in an optical trap, and allows us to image
the atoms after a larger time-of-flight (TOF) in the absorption imaging (Sec. 3.2.6)%.
We are also able to separate a mixture of atoms and molecules in different states
by applying a field gradient and have them separate vertically as a different force is
exerted on the different states, a technique known as Stern-Gerlach separation.

To levitate the atoms, we must cancel the gravitational force (mg) with the

magnetic force (Finae). This can be written as,

dB
mqg = Fmag = ILLE, (23)

where p is the magnetic moment of the atom or molecule (assumed to be a constant
for a given state while it is being levitated), and the field gradient in the vertical
direction is given by %. For atoms, the magnetic moment depends on which state
the atom is in, as u = gempup. For molecules, the magnetic moment is different for
the different states as presented in Table 2.1. The magnetic moments and levitation
gradients of Rb and Cs in their ground states, as well as various molecular states
of interest is presented in Table 2.1. We call the magnetic field gradient required to
levitate the atoms or molecules the levitation gradient. We are fortunate that the
levitation gradient for Rb and for Cs in their atomic ground states is very similar,

so both species can be levitated at the same time and at the same location®.

2Without levitation, we are limited to TOF times of around 15 ms.
3The difference in their gradients corresponds to an acceleration of ~ 0.2 m/s? for one species
when the other is perfectly levitated.
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Species and State Mass (amu) | g (ug) | 22 (G/cm)

Cs 6251/2]F =3,mp =3) 133 -0.75 31.1
Rb 5251/2|F =1,mp=1) 87 -0.50 30.5
RbCs*| — 1(1, 3)s(1, 3)) 220 133 201
RbCs*| — 2(1,3)s(0, 3)) 220 1.50 -46.0
RbCs*| — 6(2,4)s(2,4)) 220 -0.84 25.8
RbCs Ground State 220 0.005 7700

Table 2.1: The magnetic moments and the levitation gradient of atoms and molecules
in different states relevant to the experiment

2.2 Scattering rates of atoms and atomic mixtures

In a mixture of ultracold atoms, an important parameter used to describe the in-
teractions between atoms is the scattering length a. The scattering length describes
the strength of interactions between atoms. The overall scattering properties of an
atom or atomic mixture depend on the contributions of each of the partial wave
scattering lengths. In the case of our experiment, with the evaporative cooling and
merging of species being performed at typical temperatures < 5uK | we find that we
only need to consider the s-wave scattering lengths for the interspecies scattering.
The next lowest partial wave contributions for Rb-Cs collisions are p-wave colli-
sions, and d-wave collisions for Rb-Rb and Cs-Cs. The barrier heights for these are
54 pK , 413 pK ) and 180 uK | so we do not have to consider these effects in our
experiment [115,116,131].

The inter- and intra-species scattering lengths for Rb and Cs are shown in Fig.
2.1. Positive scattering lengths signify a repulsive interaction, and a negative scatter-
ing length an attractive interaction. Larger scattering lengths lead to more frequent
interactions.

During evaporation, it is generally desirable to have a positive scattering rate
(near the BEC regime), which allows the energy to be efficiently redistributed. How-
ever, particularly as the PSD of the sample increases, three body physics and loss
due to three-body recombination becomes significant. In general, the three-body loss
rate increases with an increase in the scattering rate (R, o< a') [132] as the chance
of a three-body interaction increases with an increase in the scattering length. So,

evaporation is often done at low positive scattering rates, where the energy can be
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Figure 2.1: Calculated scattering lengths of Rb, Cs and Rb + Cs in the relevant
states that they are present in our experiment. Calculations were performed in
Jeremy Hutson’s group

redistributed between atoms, but three-body loss isn’'t too large. Cs loss is often
large, but we are aided by Efimov physics [133], which leads to Cs having a three-
body loss minima where a ~ 220a, seen at a magnetic field of B ~ 21 G . While, the
loss rate coefficient here is still significant (~ 3 x 10727 cm?/s) [134], approximately
two orders of magnitude more than that of Rb (= 2 x 1072 ¢cm?/s) [135], it is low
enough for us to evaporatively cool a cloud of Cs to a BEC.

The scattering lengths can be tuned by varying the magnetic field on the atoms,
particularly around Feshbach resonances. Feshbach resonances occur at fields where
the unbound atomic state is degenerate with a bound molecular state. This happens
because the atomic and the molecular states have different magnetic moments, so
experience different Zeeman shifts on application of a magnetic field. For a given
combination of atoms, various molecular bound states are shifted to the same energy
with the unbound atomic state at particular magnetic fields, generating avoided
crossings. At the Feshbach resonance, we see poles in the scattering length. With a
precise enough control of the magnetic field, the scattering length can be controlled.
We make use of the Feshbach resonances to associate our molecules, as by ramping
the field adiabatically over the avoided crossing, we are able to associate atoms into

molecules (see Sec. 2.3).
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Scattering lengths in an Rb and Cs mixture

Here, we discuss the scattering lengths of Rb and Cs in the context of associating
RbCs Feshbach molecules and our experiment. For most experiments, the ideal
starting point for the production of Feshbach molecules is a cloud containing a mis-
cible mixture of degenerate atomic species to be associated. However, the scattering
lengths in an Rb - Cs mixture complicate this.

The first challenge is the evaporation of Rb and Cs together to produce dual-
species BEC (or even a mixture with a PSD of close to 0.1). As mentioned earlier,
the evaporative cooling of an atomic species is often limited (particularly for Cs) by
the three-body loss as the PSD of the gas increases. The three-body loss is related
to the scattering length, with higher scattering lengths leading to greater loss. For
Rb alone, this is not an issue, as the scattering length is relatively low and positive
( arprp =~ 100aq) across a wide range of magnetic fields. For Cs, the scattering
rate is in general larger, as is the corresponding three-body loss from Cs-Cs-Cs
interactions. As mentioned earlier, there is a three-body loss minima at ~ 21 G,
with the scattering length acs.cs &~ 220ag, and it is possible to evaporate Cs to a
BEC with the field set to the Efimov minima.

In a mixture of Rb and Cs, the inter-species three-body losses start to become a
larger issue. The inter-species scattering length of acq.ry, ~ 645a¢ leads to significant
three-body losses from Rb-Rb-Cs and Rb-Cs-Cs interactions. Other groups working
with RbCs molecules have dealt with this in different ways. The group in Innsbruck
separates the species into spatially separate optical traps to evaporatively cool both
species simultaneously [112,113]. The original RbCs experiment in Durham utilises
a deep magnetic trap to sympathetically cool Cs with Rb in the same trap [136].
This relies on having a large number of Rb atoms to endure the three-body loss?.
We utilise a sequential loading scheme, where the atoms are separated temporally
and spatially before they are finally overlapped to form molecules. This is discussed

further in Chapter 4.

4Rb atoms are preferentially lost due to three-body collisions involving Cs due to their lower
polarisability at 1064 nm. So, in a 1064 nm trap with both species, Rb sees a lower trap depth
and is preferentially lost.

18



The next challenge is the miscibility of Rb and Cs BECs. The miscibility of two
BECs can be inferred from their scattering length. BECs are deemed miscible if
the geometric mean of the two intra-species scattering lengths is less than the inter-
species scattering length (so acsr, < \/Gmrb-RbGCs-Cs). However the background
inter-species scattering length acg gy, is large in an Rb Cs mixture as shown in Fig.
2.1. At the Efimov minimum of ~ 21 GG where we conduct the evaporative cooling of
Cs, acs.cs = 220ag, agp.r, ~ 100ag, and acsrp ~ 645ag. So, a mixture of BECs here
is not miscible. We refer the reader to [114] for images of a Rb and Cs BEC trapped
together undergoing oscillations through each other, highlighting this immiscibility.
To render the BECs miscible, we must either increase acs.cs to = 4200aq or reduce
agp-cs- The Cs scattering length can be increased by tuning the field to one of many
Feshbach resonances. However, at these scattering lengths, the Cs three-body loss
would be catastrophic for the Cs cloud. The Feshbach resonances which allow us
to tune the Rb-Cs scattering length are all at high fields, above 180 G. Here, acs.cs
is also large, and we would suffer from the Cs three body losses®. We follow the
approach used initially in Innsbruck [112| and in the older Durham experiment [97],
where we utilise a mixture that is not degenerate but still a high PSD (x~ 0.1)
to associate our molecules. The drawback of this approach is that the association
efficiency is lower (5%) and the associated molecules are at hotter temperatures
than if we were to associate from a dual BEC. In the future, we plan to adopt a
method similar to that used in [113], where the Cs three-body loss is suppressed by
creating a Mott insulator state and overlapping a Rb superfluid (see Sec. 8.3 for
more details). They then form a dual-species Mott insulator and associate molecules

at the 352 G Feshbach resonance.

5The broad Feshbach resonance around 352 G in particular the most promising region for
producing a miscible mixture (as has been done in [113]).
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2.3 Associating molecules

2.3.1 Feshbach association

As mentioned earlier, we see Feshbach resonances at points where the energies of the
unbound atomic states and bound molecular states coincide. We can use the avoided
crossings here to associate the atoms into molecules. As shown in Fig. 2.2, at higher
magnetic fields, the unbound state lies at a lower energy, whereas at lower fields,
the bound state is at lower energy. So, we can associate molecules by sweeping the
magnetic field over the Feshbach resonance, starting at a high field and adiabatically
ramping down the field over the resonance. The efficiency of association depends on
the PSD of the atomic mixture (if it is well overlapped) and the adiabaticity of the
ramp (so the rate of the field ramp) [137].
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Figure 2.2: A cartoon showing how molecules are associated (dissociated) from (into)
atoms pairs by ramping the magnetic field across the Feshbach resonance

In our experiment, we follow the molecule association pathway used previously
in the older experiment in Durham [97,116] and in Innsbruck [116,119] to associate
atoms into Feshbach molecules and transfer them to the ground state. We employ
two Feshbach resonances - one at 197.1 G (and 90 mG wide) and another at 181.6 G
(and 270 mG wide) [115] to associate and transfer the molecules into a desirable
bound state. The Feshbach resonances and the energies of the relevant bound states
are shown in Fig. 2.3. We note that the format used here and in the rest of the

thesis for denoting Feshbach molecular states of |n(frp, fos)L(mp,, mf.)). Here,
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n denotes the vibrational quantum number for the particular (frp, fcs) manifold,
counting down from the least bound state (n = —1). L denotes the quantum number
corresponding to the rotational angular momentum of the atoms about their centre

of mass (denoted by s, p,d, f.... in the usual fashion).
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Figure 2.3: Calculated s-wave scattering lengths of Rb + Cs around the Feshbach
association fields in the relevant states that they are present in our experiment
(above). The binding energies of the Feshbach molecules in different states (below).
The red line shows the path we take in associating molecules. Calculations done by
Jeremy Hutson’s group [115].

We use the Feshbach resonance at 197.1 G to initially associate our molecules.
Ramping over the resonance here, we produce molecules in the weakly bound molec-
ular state | —1(1,3)s(1,3)). Atoms in |—1(1,3)s(1, 3)) are very weakly bound, with
a binding energy of 110+£2 kHz. We are able to transfer Feshbach molecules to
different states by sweeping the magnetic field over avoided crossings with other
states [116]. We transfer molecules into these fields by ramping the magnetic field
over these crossings to transfer the molecules to a specific state. After associating

into | — 1(1,3)s(1, 3)), we ramp down the field to transfer out of this state using
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the Feshbach resonance at 181.6 G. We can transfer to the | — 6(2,4)s(2,4)) and
then the | —2(1,3)s(0,3)) states (both shown in Fig. 2.3), which are more strongly
bound (with binding energies of a few MHz). We use both of these states in our

experiment, as is discussed in Chapter 5.

2.3.2 STIRAP

From the Feshbach state, we want to transfer the molecule to the ground state
via STIRAP [138]. Molecules are transferred from the Feshbach state |F) to the
molecular ground state |G) via an intermediate excited state |E) (see Fig. 2.4). We
cannot directly populate |E) since the excited states available have short lifetimes
(decay rate v = 35 kHz estimated previously [139]), and can decay to many other
states. So molecules transferred to |E) are rapidly lost from the experiment. This
is why we use STIRAP, where we use a two-photon Raman process to transfer from
|F') to |G), without directly populating |E). We employ two laser beams to engineer
couplings between the three states. The first beam, which we refer to as the ‘pump’
beam couples |F') to |E) and is at the frequency of that transition - around 1557 nm.
The other beam is the ‘Stokes beam’ which couples the |F) to |G), and is at 977 nm.

If the system is modelled as a three state system, with |F),|E)and |G), then one
of the eigenstates [138] (which is relevant for STIRAP) is

|W) = cosf|F) —sinf|G). (2.4)

Here, 6 is the mixing angle, which is defined as tan 6 = Qpump/Qstokes; Where Qpump
and Qgiores are the Rabi frequencies at which the pump and the Stokes transitions
are driven. It can be seen that in this description, | V) describes a dark state with no
component of the state |E). The other two eigenstates of the system are described

by,

|W+) = sinfsin ¢ |F) + cos ¢|E) + cos 0 sin ¢|G) (25)
2.5
|U—) = sinf cos ¢|F) — sin ¢|E) + cos 6 cos ¢|G),

. \/ um 2 < . .
where ¢ is defined by tan 2¢ = M, where A is the detuning of the beams
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from resonance.

The pulse sequence used along with and illustration of the scheme is shown in
Fig. 2.4. The pulse sequence to transfer from |F) to |G) involves ramping down the
Stokes beam and simultaneously ramping up the pump beam. This is done so that
with maximum Stokes power (and no pump power), the system is initialised in the
dark state |U), with cos @ = 1 and the two other states having no |F) component. We
then transfer to |G) by adiabatically reducing the Stokes intensity while increasing
the pump intensity. When the Stokes laser is off and the pump laser is at maximum
intensity, # = 7/2, and the system is completely transferred to |G). Theoretically,
this process is 100% efficient, however in practice, it is limited by non-adiabaticity

of the transfer and laser phase noise [140-142].

1.0
—ee | E> 0.81
1557 nm
0.6
—_—F> G
0.4
0.2
|G>
0.0

Time

Figure 2.4: The pulse sequence used to transfer molecules from the |F') state to the
state |G) and back using STIRAP. We use a cos* pulse shape to optimise efficient
transfer [138].

STIRAP efficiency

The efficiency of STIRAP is limited by two factors. The first is the non-adiabaticity
of the transfer - which leads to molecules populating states other than the dark state
and being lost to decays from |E). The second is the phase noise on the lasers when
they are locked [141,142]. The laser phase noise induces a coupling between the
dark state and the bright states from which the molecules can be lost [142]. With
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the laser phase noise, we can model the STIRAP efficiency (n) as,

n(t) = exp (—Ta‘“— ! ) (2.6)

t Tdeph

where (T,qi = 727/Q?) is the timescale of adiabaticity defined in terms of the loss
rate from |E) () and 2 = \/m related to the Rabi frequencies. Tgepn is
the dephasing timescale, which includes the effect of laser phase noise, the linewidth
of the lasers, and any other noise source that causes detuning between the two lasers,
changing the two-photon detuning. The maximum efficiency achievable is equal to
n(t) = exp (—2 Tadi/ Tdeph> at a pulse time ¢ = \/Tadi X Taepn. The peak efficiency
approaches unity as 7,qi — 0 oI Tqepn — 00. So, it is desirable to maximise the Rabi
frequency - or practically, maximise the intensity of the pump and the Stokes beam
on the atoms and to reduce any causes of dephasing.

We find that the main contribution to 7qepn is from the high frequency laser phase
noise. This phase noise is an unavoidable consequence of the locking of the lasers
using a feedback loop. While the locking suppresses low frequency drifts and low
frequency phase noise, a characteristic of any PID locking scheme is the servo bump,
which introduces some high frequency phase noise into the system. We lock both the
pump and the Stokes laser to the same cavity, so we expect any drifts in frequency
from drifts in cavity length to be suppressed in the two-photon detuning. If the finite
linewidth (I") of the lasers was the sole cause of the loss, the dephasing time would be
Taeph = 2/T", which for our measured linewidths of ~ 500 Hz corresponds to ~ 4 ms.
Experiments which have attempted RbCs STIRAP have seen dephasing times an
order of magnitude lower than would be expected from the Rabi frequencies and
linewidths of the beams [97,143|. This has been attributed to additional dephasing
from the high-frequency phase noise of the laser®. We model the efficiency and show
that this is indeed the case [144] and the STIRAP efficiencies can be improved by

reducing the phase noise. This is discussed further in Sec. 5.9.

61t was even found that the optimal STIRAP efficiency was at powers lower than the maximum
available power, since increasing the laser power increased the magnitude of the phase noise
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2.4 Optical lattices

We find it useful to offer a brief overview of the physics of optical lattices, and
introduce terms and concepts used later in the thesis. A more thorough overview
of lattice physics and its relation to ultracold matter can be found in [145-149] -
particularly for discussions on the band structure and the Hubbard Model, which
are left out of this thesis since we do not present any experimental work requiring a
detailed knowledge of them”.

The energy of particles in a lattice potential can be described by a band struc-
ture, whereas the interactions can be described with the Fermi-Hubbard, or the
Bose-Hubbard (as in this case) model. Ultracold atoms in optical lattices are an
exciting platform for the simulation of Hubbard models [150], and molecules offer
some exciting avenues to be investigated [43].

An optical lattice is can created by applying a periodic intensity mask, or by a
combination of two or more interfering laser beams, which create a periodic potential.
We opt for the latter approach. Previous work in our experiment [148] has presented
a 3D lattice potential created by three laser beams retro-reflected. This creates a
potential of the form,

V = Vjcos®(kiae ), (2.7)

where ki, is the wavevector of the lattice given by 27/, and a nearest neighbour
lattice spacing aagtice Of A/2. Since then, we have replaced it with a bow-tie lattice
configuration, where the same beam is reflected on itself for four passes. In this
geometry, the lattice spacing is @agtice = A/ \/5, though the trap depth from the
same power is 4 times larger.

The lattice depth Vj is usually quoted in terms of recoil energy (Eie.), given by,

 hk, h

Eree = (2.8)

= 5 .
2m 8malattice

For a lattice spaced by 752 nm, the recoil energy for Cs is £ = 31.8 nK, ERP —

rec rec

48.6 nK, and ERPC—19.2 nK. As the recoil energy is inversely proportional to the

rec

7Although the near future of the experiment will do so
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mass, loading into the lowest energy bands is more difficult for particles with higher
masses. We currently associate molecules from atoms at ~ 200 nK, so the molecules
populate multiple lattice bands when loaded into the lattice from a cloud. In the
future, we plan to load atoms into the lattice from a BEC, and perform Feshbach
association in the lattice itself, which should leave us with molecules in the ground
band of the lattice. Currently, the lattice is used at high depths of >3000 E,..to pin

the atoms to their sites throughout the imaging process.

2.4.1 Layer selection

Quantum gas microscope experiments typically require the preparation of a single
plane of atoms. The imaging systems used to image atoms on their lattice sites
typically have depths of field sufficient to image multiple lattice layers. In our case,
the depth of field for imaging at 852 nm is given by z; = A/NA? ~ 3um. So,
if we have multiple layers within this spacing, they are all imaged. It is difficult
to distinguish between atoms from different layers, and the atoms stacking makes
reconstruction of the lattice very difficult

There are two main strategies used to prepare a single layer of atoms for imaging
in microscope experiments. The first method of layer selection involves loading a
3D lattice and then utilising some technique (such as a magnetic field gradient) to
tune the available microwave transitions of adjacent layers away from each other
[151-153]. With a sufficient field gradient, only a single plane of the lattice can
be transferred to a different hyperfine state. The other planes can then be blasted
away before returning the selected plane to the ground state. This method relies on
highly stable magnetic fields, an extremely mechanically stable setup and a low level
of background magnetic field fluctuation (or some active compensation thereof). For
the Cs atoms spaced 532 nm apart®, if we were to employ a magnetic field gradient
of 50 G/cm and a bias field of 20 G, we would require a total field stability of
2 mG (from the coils and the background field combined), a current stability of

about 70 ppm, and high mechanical stability of the experiment are required - all of

8The vertical lattice would be retro-reflected, and not a bow-tie lattice, so the spacing is 532 nm
rather than 752 nm.
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which are experimentally challenging. We find instabilities in the magnetic field of
~ 5 to 10 mG, which enough to make the scheme infeasible for us (without improving
the noise)”.

The other approach relies on compressing a larger cloud into only a single layer
- often using optical methods. Some groups [21,154] employ a shallow angle lattice
which can produce lattice spacings of &~ 10 um. These lattices are often employed
in a configuration where the lattice spacing can be changed (an accordion lattice)
[18,24,155]. The method we have implemented uses a beam that is tightly focused
in only one axis - often referred to as a light sheet [19,82, 156 - which compresses

all the atoms into a single plane.

2.5 Fluorescence imaging

To image atoms trapped in the optical lattice, we must induce some emission of light
from the atoms while they are in the lattices. The atoms must remain trapped in
the lattice for many imaging cycles in order to emit enough light so that they can
be reliably imaged. So, it is desirable that the light used for imaging also cools the
atoms. In microscopes with alkali metals, the molecules are made to fluoresce either
using a molasses cooling scheme [14, 15,20, 21,83, 157], EIT cooling [16, 22, 26|, or
with a Raman sideband cooling scheme [17-19, 155, 158, 159]. We use Dy molasses
cooling to cool and image both Rb and Cs in the optical lattice. As shown by its
efficacy in the other setups (which include Rb and Cs atomic microscopes), molasses
cooling is a good choice as it is relatively simple to setup, and is able to maintain the
atoms at temperatures (=~ 10 pK ) where they can reliably be trapped and pinned
by the lattice (=~ 200 uK ).

The fluorescence light is collected by a high numerical aperture (NA) objective
lens, and then focused onto a camera to generate the image of atoms in the lattice.
The number of photons scattered is given by the scattering rate, which is described

in terms of the molasses beam detuning A, saturation parameter sy = I/l and

9 Air conditioning cycles, rogue power supplies, AC noise from the mains, and being in a building
with other experiments all have an effect.
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linewidth of the transition I' by,

(2.9)

T
Fscat = 5 %0
2

1+50+(%>2‘

With a brief overview of the relevant theory provided, we shall now proceed to

describe the overall experimental setup.
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CHAPTER 3

Experimental setup

In this chapter, we provide an account of the experimental setup. We provide a
brief description of the vacuum setup used, and the dual-chamber design of the
experiment. We present the optical setup used for the laser cooling of both species,
and briefly discuss the optical setup of beams throughout the experiment. We
highlight the optical transport scheme used in our lab to transfer atoms from our
Main Chamber to the Science Cell. Much of the laser cooling and transport was
set up before my PhD and details can be found in [148,160, 161]. The setup of the
dipole traps in the Science Cell, the STIRAP beams, and the microscopy setup are
only briefly mentioned in this chapter as they are discussed in detail throughout the
remainder of this thesis.

We also present some of the methods used to control the optical beams, magnetic
fields and microwaves critical to our experiment, including detail of the fast rotation
mount developed [162]. We finally offer an overview of some of the commonly used
routines performed to characterise the setup, which are referred to throughout the

rest of the thesis.
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3.1 Overview of the experiment

The apparatus was designed to perform quantum gas microscopy of RbCs molecules
- or single molecule resolved imaging of molecules in an optical lattice. This ex-
perimental apparatus (along with an experiment using optical tweezers) were envi-
sioned as the next generation setup following the older RbCs molecule experiment
in Durham [116, 120, 163].

The older experimental apparatus consists of a single chamber with a deep mag-
netic trap used to trap both atomic species and then create molecules. In our
experiment, we utilise a dual-chamber design, with the MOT loads and laser cool-
ing of the species performed in the ‘Main Chamber’, and the association of molecules
and microscopy performed in the ‘Science Cell” - a glass cell 37.2 cm away.

The use of the dual-chamber design offers many advantages, and is particularly
common in quantum gas microscope experiments [14-17,19,22, 24, 158] where the
need for a high NA objective lens placed close to the cell makes a dual-chamber
design preferable. We are further motivated towards a dual-chamber design as to
make ultracold associated molecules, our experiment requires the laser cooling of two
different species. This adds to the complexity and the laser cooling beams take up
a significant portion of the optical access available in the Main Chamber. With the
use of our dual-chamber design, we gain the optical and mechanical access required
for the microscope objective lens and the lattice beams. We are also able to maintain
a better vacuum in the Science Cell, with the further separation from the dispensers
used to load the MOT. The Science Cell was designed with four in-vacuum tungsten
electrodes, to be used to apply and control the electric field on the molecules. The
use of a dual-chamber design poses one obvious additional challenge - transporting
the atoms from one chamber to another efficiently. To offset some of the loss in
number and phase space density caused by transport, we perform Degenerate Raman
Sideband Cooling (DRSC) of both species before transport. We are able to leverage
the dual-chamber design and the optical transport to our advantage by employing a
sequential loading sequence, where the atoms of Rb and Cs are sequentially loaded
and transported to the Science Cell - where they are associated. We discuss the

motivation behind the dual-species sequence, and the sequence itself, in detail in
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Chapter 4.

3.2 Optical and vacuum setup

3.2.1 Vacuum setup

A rendering of the entire vacuum system is presented in Fig. 3.1. The atoms of
Cs and Rb are loaded into a 3D MOT in the Main Chamber from two 2D™ MOTs
arranged on either side of the Main Chamber. The 2Dt MOTs provide cold atom
beams to the Main Chamber. Dispensers of Rb and Cs' are installed in the relevant
2D MOT vapour cells, and are used to keep a reasonable vapour pressure in the
cell. The 2D MOT cells can be maintained at much higher vapour pressures than
the main experiment, due to a differential pumping section of 1 mm diameter and

13.25 mm length, and are pumped by a Agilent Vaclon 10 ion pump.

Cs 2D MOT

Main chamber

Rb + K 2D MOT

Figure 3.1: A rendering of the experiment showing the vacuum setup.

The Main Chamber consists of 12 sides, each fitted with anti-reflective (AR)

'We also have K dispensers fit into the experiment, in the same cell as Rb - a harkening to
ambitions of producing KCs molecules. This is not discussed in this thesis

31



coated viewports (AR at the relevant wavelengths of 780 nm, 852 nm and 1064 nm).
This is connected to the Science Cell - a Cold Quanta custom manufactured glass
cell. The cell was specifically designed to have flat AR windows to reduce aberrations
in imaging. We maintain an ultra-high vacuum in the Main Chamber and Science

Cell using a non-evaporable getter (NEG) and a NEXTorr ion pump.

3.2.2 Laser cooling setup

We require a complex laser system to produce light at the right frequencies and
powers required for laser cooling Rb and Cs atoms in the MOT and the DRSC. We
utilise the Dy line as shown in 3.2 for both species to perform the laser cooling.
We use saturated absorption spectroscopy to lock lasers to the cooling and repump
transitions for both species. The lasers used for this are on a dedicated table,
separate from the main experimental table. We use Toptica DL Pro lasers to provide
light close to the Cs and Rb repump transitions, and a Toptica TA to provide
light tuned to the cooling transitions. The 2Dt MOT, 3D MOT, and imaging all
require beams of different powers and frequencies. This is attained by splitting the
beam out of the laser using a set of Polarising Beam Splitters (PBSs) and half-
wave plates (HWPs). The different components of the beam are double-passed
through dedicated Acousto-Optical Modulators (AOMs), which allows us to control
the power and frequency of the beams individually. The light for the Cs DRSC
is from the same TA used for the MOT and imaging cooling beams, but for Rb,
we have a separate Toptica TA used for this. The beams are then coupled into
fibres and sent to the main experimental table. A detailed account of the setup
of these lasers and the frequencies and powers of all the beams used can be found

in [148,160].

3.2.3 Main Chamber setup and sequence
General setup

The optical setup in the Main Chamber is illustrated in Fig. 3.3. We operate a

six-beam MOT setup for each species (three beams retro-reflected). In addition, the
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Figure 3.2: A schematic (not to scale) showing the relevant D, transitions used to
cool Rb and Cs in our experiment.

light for the DRSC lattice and cooling is coupled into the same fibre for both species,
and propagates down the same optical path. After DRSC, the beam is loaded into
a large waist crossed optical dipole trap that we call the Main Chamber reservoir.
From this trap, the atoms are transported to the Science Cell using an optical
conveyor-belt transport in a 1D lattice. This required two counter-propagating

beams as shown in Fig. 3.3. A more detailed schematic can be found in [164]

MOT load and cMOT

The sequence for both Rb and Cs starts with loading the 3D MOT. The 2D+ MOT
and 3D MOT both operate using light red-detuned from the cooling and repump
transitions. We require about 2 s of MOT load for Cs and 6 s for Rb to saturate
the number of atoms later trapped in the reservoir?. After the MOT load, we utilise
a 50 ms long compressed MOT (¢cMOT) stage where the magnetic field gradient is
ramped up to 28 G/cm to compress the MOT and improve mode-matching to the
DRSC lattice. We then apply 2 ms of optical molasses cooling [1,166] to reduce the
temperature of the atom clouds.

We have investigated the use of a temporal dark MOT [167] for both species to
improve the MOT load in the sequence. Here, the repump light is ramped down

2This is currently limited by the 2D MOT vapour pressures, and we have seen a significantly
quicker load using light-induced atomic desorption (LIAD) [165].
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Figure 3.3: The optical setup in and around the Main Chamber. The MOT and
DRSC beams originate from the laser cooling table, the setup of which is described
in [160]. The remainder of the setup on the main experimental table is shown in
Fig. 3.6

during the cMOT phase, so that the atoms spend more time in the lower hyperfine
state, reducing loss from the MOT beams. We ramp the power of the repump beam
down during the cMOT phase, and measure atom number in the reservoir trap

(described below) to optimise this as shown in Fig. 3.4.
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Figure 3.4: The temporal dark MOT for both Rb and Cs. The repump intensity
is ramped down from the maximum intensity over the course of the 50 ms long
cMOT stage. (a) and (b) show the atom number in the Main Chamber reservoir as
a function of the Repump power for Cs and Rb respectively at the end of the cMOT
stage for a saturated MOT load. The non ramped power that we initially start with
is 320 uW for Cs and 372 uW for Rb. Both plots share a Y-axis.

Degenerate Raman Sideband Cooling

To reduce the temperature of the cloud further, and increase the phase-space density,
we utilise Degenerate Raman Sideband Cooling (DRSC). DRSC is often utilised to
cool atomic clouds to low temperatures (below 1 K ) without suffering a large loss
in atom number. It was first demonstrated in Cs in [168] and Rb [167]. The DRSC
in our experiment is based on a Cs DRSC setup in another lab in Durham detailed
in [109], and details of our specific setup are presented in [148, 160].

A DRSC cooling scheme works by loading atoms into an optical lattice, and then
removing energy though cycles of Raman transitions and optical pumping, where
each cycle removes two quanta of the vibrational mode of the trapping lattice. We
offer a brief overview as to how the DRSC works for Cs, with a similar scheme for Rb.
We start with Cs atoms in the state |F' = 3, mr = 3). Once the lattice is turned on,
the atoms populate the vibrational levels of the lattice v. Before any cooling is done,
the atoms are in |F' = 3, mp = 3,v) where v > 1. The magnetic field is tuned to

induce a Zeeman shift where the separation of adjacent mp states is the same as the
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difference in energy of additional vibrational levels. So, the state |F' = 3, mp = 3,v)
is now degenerate with |F' =3, mp = 2,0 —1) and |F' = 3,mpr = 1,0 —2). We then
cycle atoms through these states using a two photon Raman transition (driven by
the lattice beams). The atoms in |F' = 3,mp = 1,v — 2) are then transferred to
the |F = 3,mp = 3,v — 2) by pumping to the 6Ps/|F' = 2,mp = 2) state with
the polariser beam. In this way, the atoms lose two quanta of vibrational energy
every cycle until they reach |F' = 3,mp = 3,0) or |F = 3, mp = 3,1). Atoms in
|F = 3,mp = 3,1) are able to go to |F = 3, mp = 2,0), but can not be transferred
to the mp = 1 levels. This is solved by having the polariser beam not be completely
circularly polarised, but having a small amount of linear polarisation to drive atoms
to the 6P5|F" = 2, mp = 2), from where they decay to |F' = 3,mp = 3,0). Rb
has a similar scheme but requires an additional beam combined onto the lattice
known as the depumping beam® (resonant with the F=2 to F’=2 transition), which
prevents accumulation of atoms in F=2 by driving them back into the DRSC cycle.

The initial optimisation of the DRSC was performed during the early stages
of the setup of the experiment [160]. Over the course of the work presented in
the thesis, we found that the performance of the DRSC was not as good as we
expected, particularly for Rb. At the time, we were planning on loading and Rb
and Cs simultaneously in the experiment, and the atom number we were able to load
into an optical trap (the MC reservoir trap) was limited by the mismatched times
required for the DRSC. Cs was optimal at 3 ms while Rb was optimal at 15 ms.
The extra hold time in the lattice when the two species were cooled together lead
to a significant loss in atom number. On performing a ‘tune-up’ of the laser cooling
and DRSC system, we found that we were able to reduce the Rb DRSC time to the
point where both Rb and Cs are optimal at 3 ms. We have ~ 2 X 10" atoms of both
species at 1.05 + 0.06 uK for Cs and at 2.1 £0.2 uK for Rb after 3 ms of DRSC
individually. While we do not currently cool the species together, it is reassuring to

note that the DRSC times are similar if we were to attempt this in the future.

3For Cs, the lattice beam is tuned to act as the depump
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Reservoir trap

After DRSC, the atoms are cold enough that they can be optically trapped as a
bulk gas in an optical-dipole trap with reasonable laser intensities. The atoms are
loaded into a crossed optical dipole trap (xODT) formed by a beam from a 50 W
fibre laser (IPG YLR-50-LP) in a bow-tie configuration called the Main Chamber
reservoir (MC reservoir) trap. The reservoir trap is formed from a 500 gm beam in
a bow-tie configuration, sized to mode-match the cloud after DRSC The coherence
length of this laser is short enough that we form an optical trap, and not a lattice.
We are able to load 2.1 X 107 atoms of Rb and 1.8 x 107 Cs atoms into the Main
Chamber reservoir, at a temperature of 3 uK for Cs and 6 K for Rb. The atoms
are levitated in the reservoir using a magnetic field gradient, as described in Sec.
3.3.2. The atom number in the experiment is measured using absorption imaging

as described in Sec. 3.2.6.

3.2.4 Optical transport

The next stage in our experiment is optical transport, where the atoms are trans-
ported 37.2 cm to the Science Cell. Transport of atoms in ultracold matter exper-
iments is not uncommon, with many experiments opting to perform some form of
transport given the advantage