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Abstract

The process of atomic interferometry relies heavily on the underlying
atomic manipulation methods that have been developed over the past few
decades. The ability to manipulate the internal state dynamics of atoms,
and precisely control their time-space co-ordinates both lend themselves
to the improvement of the sensitivities of these devices, allowing for more
precise measurements, and more in-depth exploration of the physical world.

In this thesis the design of a state-dependent fully trapped interferomet-
ric transport is presented, wherein atoms are fully magnetically trapped for
the entire duration of an interferometric sequence. Through use of Radio-
Frequency dressed potentials, we are able to create a trapping system that
is both robust, and able to create state-dependent trap that can be dynam-
ically moved to create the mechanical basis for an interferometer.

We also investigate the coherence time of a superposition of hyperfine
states loaded into the interferometer, necessary for a Ramsey-Borde se-
quence, and find it is significantly lower than what would be required to
perform interferometry. We then present how this lack in coherence time
is due to a mismatch in trapping potentials that arises due to a slight dis-
crepancy between gyromagnetic ratios in the two superpositional states.
This mismatch broadens the transition linewidth, leading to a reduction in
superposition coherence time.

Finally, we lay out the theoretical groundwork, and experimental progress,
in realising Microwave-Dressed potentials, which utilise the AC-Stark shift
to adiabatically shift the trapping potentials of the atoms, reducing the

mismatch and thus increasing the coherence time of the superposition.
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Chapter 1
Introduction

The purpose of this thesis is to provide an in-depth description of both
experimental and theoretical efforts towards the creation of a fully trapped
87Rb Sagnac interferometer. The Sagnac interferometer operates as a ro-
tational sensor, not too dissimilar in principle to the famous atomic clock
measurements performed by Hafele and Keating[44] in 1971, wherein pre-
cise measurements of atomic clock phase were used to confirm results pre-
dicted by the theory of special relativity. The ability to precisely measure
one’s own rotation is highly sought after, mainly due to its applications
in navigation [31, 90, |94]. Not only can such measurements be used to
figure out the bearing of a vessel with no other reference points (provided
calibration was performed with respect to some known reference, a port for
example), but the ability to measure ones rotational rate due to the Earth’s
axial spin means that precise measurements of latitude can be made, with-
out the need for external satellite GPS systems, which could form the basis
of entirely local GPS systems. Such applications require very precise mea-
surements of rotational rates, which atomic interferometers theoretically
excel at [43, 42|, making them an ideal candidate for the future of the
field. The only issue is that experimentally, atomic interferometers are
far outperformed by conventional optical interferometers, with microwave
interferometers being able to make nanometer-scale measurements on a
commercial scale [87], an effect that is mostly derived from the flux dif-
ference between atomic interferometers, and light based interferometers.

Combine this with the historically bulky and expensive setups used to op-
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1.1. LIGHT AND MEASUREMENTS

erate atomic interferometers, it is unsurprising that optical interferometers
are commercially preferred.

Recent developments in the field [8], however, may look to change that,
with advancements in the field of atomtronics [9, |75, 51, 4] allowing for
smaller and less power consuming components, and advances in methods
of measurement [80, 49|, make the atomic interferometer a more attractive
candidate than ever. The subject of this thesis, the fully trapped " Rb
Sagnac interferometer seeks to take advantage of these advances. An inno-
vative atom-chip design allows for precise control of atoms while minimis-
ing component size and power usage. A novel state-dependent transport
method, which allows atoms to undertake an interferometric path, whilst
remaining fully magnetically trapped is also used, which avoids wave-packet
expansion due to free space propagation, and allows the interferometer to
operate freely under tilt. Finally, novel coherence control methods allow for
an increase in coherence time, allowing for longer interferometric sequences,
opening the way for multiple loop sequences.

This introductory chapter will provide a groundwork in both concepts,
and justifications, necessary to understand the drive to create such an inter-
ferometer. This will focus on the history of light, matter and measurements,
concluding with the creation of the interferometer. Also included will be an
overview of the objectives set out when I began work on this project, back

in September 2020, as well as a brief description of the following chapters.

1.1 Light and Measurements

Scientific theory has long been reliant on the ability to make empirical mea-
surements of the world around us, a precedent set by the French philoso-
pher René Descartes [79]. In this pursuit of empiricism, we are limited by
our ability to only measure three things : Position, Time, and Number of
occasions. Its is then the ability to convert other physical properties of
the world, from voltages to frequencies, into one of those three measurable
quantities, that governs our ability to measure the world around us. In
almost all experiments, we use the interactions between light and matter
to make such conversions, from Newton’s splitting of light via prisms to

modern experiments, such as the measurement of quantum teleportation.
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1.1. LIGHT AND MEASUREMENTS

This section will take a dive into the history of measurements, as well as
our understanding of light and matter, before arriving at the creation of the
interferometer, all in an effort to understand the motivation for continuing

the trend of making better and better measurements.

1.1.1 The Theory of Light

" Where Lights is declared to be not Similar or Homogeneal, but consisting
of difform rays, some of which are more refrangible than others: And Col-
ors are affirm’d to be not qualifications of Light, deriv’d from Refractions
of natural Bodies, (as tis generally believed;) but Original and Connate
properties,which in divers rays are divers: Where several Observations and
FEzperiments are alledged to prove the said Theory”. - Isaac Newton (Febru-
ary 19, 1672) [66]

This quote, and the letter that followed, would grant Isaac Newton
the fame that he is still afforded today, and lay out his ray theory of
light. Newtons main revelation, demonstrated by his well known exper-
iment in which he split white light it its constituent colours through use
of a triangular prism, was that colour was a inherent property of the light
itself. Such a claim is in direct opposition to the prevailing theory of René
Descartes(1637 [79]), in which the colour of light is a direct result of the
"plenum’ in which light propagates. Newtons theory that light was made up
of rays of particles, that contained the information about said light, led the-
ories around optics for the rest of the 17th and 18th centuries, despite work
done by Robert Hooke[22]|, who likened light to mechanical water waves,
and Christiaan Huygens who theorised that light was composed of vibra-
tions perpendicular to the direction of travel [47]. This changed in 1802,
when Thomas Young demonstrated that when light was shone through two
close and narrow slits [48]; the light transmitted through each slit would
interfere with the other and form a diffraction pattern on any far surface
that it was imaged on. Such a result was not possible if light were com-
posed of ‘rays of particles” and instead meant that light must behave as a
wave. The wave theory of Light was further strengthened by James Clark
Maxwell who, in 1865, showed could be described as a direct consequence

of the laws of electromagnetism, and through these laws described light as
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1.1. LIGHT AND MEASUREMENTS

a self-propagating electromagnetic wave, wherein the colour of light was
tied to the frequency of electromagnetic oscillations, a theory that is still
widely accepted to this day [57].

Whilst disproving Newton’s theory of light was a step forwards, the new
understanding of wave-light light brought forwards a new problem, if light
was a wave, what would it travel through? Both other known waves, air and
water, had clear media in which to propagate. Once again, René Decartes
theory of light was relevant, and his "plenum’ which when absorbed by the
concepts proposed by both Huygens and Bernoulli, became known as the
luminiferous aether. In an effort to measure the speed at which the aether
travelled relative to earth, also known as the aether wind, two American
physicists : Albert A. Michelson, and Edward W. Morley developed the first
interferometer |62, in which the interference between two beams of light,
propagating along two separate, orthogonal paths could be measured. The
interferometer was placed on a liquid mercury table such that it could be
rotated to measure the aether winds speed in multiple directions. It was
found that there was no aether wind, a result that fundamentally changed
our understanding of physics. Later renditions of the michelson-morley
interferometer would result in LIGO, which led to the first detection of
gravitational waves [1].

One other method that attempted to measure this luminiferous aether
of particular importance was the Sagnac interferometer [76]. Created by
French physicist Georges Sagnac the interferometer measures the phase
difference between two waves propagating in opposite directions around a
circular path. Measuring a phase difference between the two arms indi-
cates that the device has been rotating in the rings plane, changing the
dynamics of each arm with respect to one another (the exact nature of
this change, whether it be a difference in path length or wave propagation
speed, is dependent on which reference frame you work in). Much akin to
the Michelson-Morley interferometer, the Sagnac Interferometer failed to
measure the effects of any luminiferous aether, strongly suggesting its lack

of existence.
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1.1.2 Atomic Interferometers

In 1905, Albert Einstein wrote his Nobel prize winning paper on the photo-
electric effect [29], the implications of which would define twentieth century
physics. The quantisation of light gave birth to the field of quantum me-
chanics, and with it Louis de Broigle’s description of matter waves [16].
The description of matter waves opened up the possibility of using these
waves for interferometry, becoming an experimental possibility with the
diffraction of electrons in 1927 by Davisson and Germer [24], and later an
experimental certainty in 1930 when Estermann and Stern were able to
produce diffraction patterns with sodium atoms [30]. By the 70s matter
wave interference experiments [91] had reached the point in which they
were able to be used in the measurements of physical quantities [55], in-
cluding, but not limited to : Gravimetry(a feat not directly possible in
optical interferometers, thanks to the massive nature of atoms) [85] (18|
21|, Measurements of the earths rotation [67], and Magnetic field sensing
[92]. These results were all produced via diffraction grating interferometers
[73], but the field expanded, and new types of interferometer were able
to be realised. The experimental realisation of Bragg pulse interferometry
allowed for the realisation of two interferometric schemes in the atomic
regime|[13]. Mach-Zender interferometers [11, |58|, a type of common path
interferometry, and Ramsey-Borde interferometers, making use of Simul-
taneous Conjugate Atom Interferometry (SCI) to produce interferometric
signals [59, [2], the results of which have been used to measure the fine
structure constant down to a precision of 2 parts-per billion [20]. The mas-
sive nature of the atom, as mentioned before, opened up access to testing
of the equivalence principle, as well, with recent results able to confirm
the weak equivalence principle down to a level of 1078 [96], a factor of 100
below previous measurements, precision measurements of the Newtonian
gravitational constant [74], and the sensing of gravitational waves [26], 46,
40]. Other notable advances include the ability to generate Bose-Einstein
condensates [5, 65], and the ability to produce larger interferometers via
multi-photon kick operation [64, [19]. Atomic interferometers have recently
expanded in regime to encompass interferometry on the ISS [93, 93, [53],

testing microgravity, and into the regime of antimatter, where interferom-
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etry has been preformed on positrons [77].

1.2 Justification

From seeing the potential power held within the atomic interferometer, and
from seeing its flaws can we understand the desire for this projects Chip-
based fully-trapped atomic Sagnac interferometer. The chip-based element
solves many of the scale and weight issues that have plagued the atomic
interferometers reputation, by placing all conductive components on a chip,
and combined with recent advancements in on chip optics|70}, 2, 75, [36],
such as the ability to produce MOTs on a very small, and fast scale, chip-
based atomic interferometers become a very attractive prospect. Combine
this with the fully-trapped aspect, which removes many of the pitfalls of
typically used Bragg based atomic interferometers, such as the expansion of
atomic wave packets due to free space expansion, the ability to operate at
a tilt without any change required to the setup, and the ability to perform
many loops of the interferometer, increasing sensitivity. Future expansion
to the project even include the ability to perform multiple interferometric
sequences in succession[38],making progress towards bridging the flux gap
between the atomic interferometer and optical interferometers.

The technology being developed here has the potential to be used in
both commercial and research settings, over wide range of applications,
from inertial sensing, to geolocation, and equivalence principle . It is hoped
that the work performed during this project, and laid out in this thesis,
can serve as the foundation for the creation of an interferometer that is the
first of its kind, and as a reference for those wishing to foray into this field

in the future.

1.3 Objectives

When I began my PhD, the project that this work is centered around had
already been in production for nearly a decade, and was the labour of love of
multiple other PhD students, the efforts of Fabio Gentile [37], Tom Bishop

[12], and Jamie Johnson [50] are detailed in their respective theses. Despite
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the groundwork made, the realization of the atomic Sagnac interferometer
remained elusive, and the ability to load atoms into the ringtrap remained
an un-achieved goal. With the overall stretch goal of the entire project
being the completion and operation of the fully-trapped atomic Sagnac
interferometer. This section will detail the objectives and tasks that made

up the bulk of the work I performed on the project.

State Dependent transport

The first, and most crucial task to achieve was demonstrating the princi-
ple of Radio-Frequency (RF) Dressed potentials, and their ability to create
state dependent traps that could be moved independently. The realisation
of such a scheme requires a furthering of the ability to manipulate cold
atom systems, such as long lifetime traps, efficient cooling techniques, and
minimising atomic losses during loading and transport sequences. These
requirements require tight control of magnetic fields, both static and dy-
namic, along with frequency control of AC fields, and noise reduction for all
sources. Combined with the need for precise phase control in RF-frequency
magnetic fields required for creating the interference effects that drive the
state dependent transport. A more in depth look at the mechanics can be
found in Vilius Atkocius’ thesis [6].

Microwave Dressed Potentials

The second objective, and a crucial obstacle in the path of realising the
interferometer was dealing with the limited coherence time of an atomic
superposition in the state dependent traps. The problem arises due to a
broadening of the natural linewidth of the clock transition due to slight
changes in gyromagnetic ratio magnitudes between two trappable states.
Such a problem is addressable through the use of microwave-frequency
magnetic fields, that utilise the AC stark effect to adiabatically shift energy
levels in a non-symmetric way, allowing us fine control over the linewidth

of the clock transition.
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1.3.1 Progress Milestones

The following table provides a brief summary of the objectives of this
project, from initial setup of the experiment, to the realisation of the in-
terferometer. It will be referenced later in the conclusion to measure the

overall progress made on the project.

| Progress Milestone | Completion |

Demonstrate RF-Dressed Potentials

Table 1.1: Table of experimental milestone completion, as of September
2020

1.4 Description of this Work

This section will provide a brief overview of the following chapters of the
thesis, for ease of use and reading. The descriptions are by no means in-
depth or comprehensive, and only serve as a reference and guide to the

chapters.

Chapter 2 : Theoretical Background

Chapter 2 outlines the necessary theory to understand the work performed
throughout this project. It discusses the mechanics behind sagnac, and
matter wave interferometry, The hyperfine structure of the atom, and how
the associated magnetic dipoles of those levels interact with magnetic fields,
both static and time-dependent. We also introduce the groundwork for the
Floquet approach to dressed atomic states. Finally, we discuss Ramsey-

Borde interferometry sequences, and their relations to the atomic states of
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the atom, completing an overview of how an atomic interferometer would

function.

Chapter 3 : Cold Atom Manipulation

Chapter 3 describes the techniques and processes that are instrumental in
the manipulation of cold atom systems. The chapter is split into two halves,
the first of which describes, in detail the different techniques that range in
commonality form industry standard, like the Magneto-Optical Trap, to
more niche methods, such as optically plugged quadrupole traps. The
second section then details the experimental procedure used in the project
itself, in getting atoms from a Rubidium dispenser at room temperature,

to sub milli-kelvin, and loaded into a Radio-Frequency dressed ringtrap.

Chapter 4 : Experimental Setup

Chapter 4 provides an exploration into the physical setup present in the
lab, from vacuum chambers and large MO'T coils, to the precise generation
of high-frequency currents, which require tight phase control, and very low
noise. The chapter then goes on to describe the optical setup, in which
laser light is used to provide a range of optical fields, and the methods by
which the frequency, power and polarisation of such fields are controlled.
Finally, a look at the state-of-the-art atom chip that is central to the setup

is provided.

Chapter 5 : RF-Dressed Microwave transitions

Chapter 5 begins to explore the principles that are central to the creation
of the Matter-Wave interferometer, namely the creation of quantum super-
positions of atomic states, and the realisation of state-dependent transport
sequences. The chapter will explore how the existence of an RF-Dressing
field allows for a greater selection of allowed transitions, and how such a
scheme can be utilised, and characterised. It then builds upon the founda-
tion laid in earlier chapters to detail how the RF-Dressed ringtrap can be
used to provide state-dependent transport, and outlines the steps required

to achieve such a process.
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Chapter 6 : Microwave-Dressed Potentials

Chapter 6 investigates further the issue of decoherence with the prepared
quantum superposition, linking its existence to fundamental properties of
the atomic states. It then provides a potential solution to the issue, Mi-
crowave Dressing of the potentials, providing a theoretical model, and ex-
perimental results. Some discrepancies between the results will then at-
tempt to be explained via a different theoretical model that utilises floquet

theory to explain the microwave-dressed potentials.

Chapter 7 : Conclusion

Chapter 7, the conclusion, ties all of the previous chapters together, show-
ing what aims and objectives had been achieved, and what still needs to
be realised. It also takes a look into some potential future possibilities for

the project.
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Chapter 2
Theoretical Background

This chapter exists to provide a detailed overview of the theoretical back-
ground required to both justify and understand this thesis. With the ulti-
mate aim of the project being to create a fully trapped atomic interferome-
ter, a background understanding of the operations of both interferometers
and atomic manipulation is required. The first section of this chapter will
give an understanding as to how atomic interferometers function, whilst
justifying the decision to create a fully trapped interferometer. The second
section of this chapter will provide a detailed overview of the internal me-
chanics of the Rubidium-87 (¥’Rb) atom. This will lay the foundations is

explaining the vast multitude of techniques referenced in this thesis.

2.1 The Atomic Sagnac

This section will provide an overview into the mechanisms required to un-
derstand and create an atomic interferometer. From understanding how
phase accumulation works for matter waves, to describing the operation of
an atomic interferometer, a comprehensive overview will be given. More

information on this topic can be found in [3].

2.1.1 Matter Wave Interferometry

The principle of matter-wave interferometry relies on the quantum me-
chanical wave-like nature of matter. Quantum mechanics tells us that all

particles have a Compton wavelength,
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h

Ae = . (2.1)
which is a measure of equivalent photon wavelength for a particle with rest
mass m. Such waves have the ability to interfere in the same way that
classical electromagnetic waves can. This can be used to make measure-
ments through interferometric sequences, wherein the difference between
two arms of an interferometer can be measured via a difference in phase in-
duced between two waves. We can calculate the Compton wavelength of a
8TRb atom to be 1.51 x 10~'"m, significantly shorter than even Gamma ray
light. Such a wave picks up additional phase according to its own motion
and changes in potential energy, the shift in phase, A¢ can be calculated
by considering the classical path action of the particle, obtained by inte-
grating over the particles Lagrangian with respect to a specific time frame

[83]:

A¢ = /t?c dt (2.2)

Where,
1
L=T-V= §m112 —V(x) (2.3)

for a 1-dimensional path. From this we can see immediately why atomic
interferometry is such a powerful tool, not only can it be used to measure
very small changes in distance, but also as a measure of local potential
changes. This allows atomic interferometers specifically to use the mass of
the atom to probe into area that standard light interferometers struggle to
do, or simply cannot, such as : Gravitational wave detection, Equivalence
principle testing, and Charge-Parity violation testing. A example inter-
ferometric sequence can be seen in Figure [2.1] where a superposition of
two states, |red) and |blue), is created, separated, and then recombined, to
obtain an interference signal, gaining information about the two separate
paths.

It might seem, from Equation [2.3] that such an interferometric sequence
could be utilised to gain absolute information about the velocity of a given
reference frame, as in the absence of any potential landscape, the phase

gain is only dependent on velocity (and mass, which we assume to be in-
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Figure 2.1: An interferometry sequence with two states |red) and |blue),
light acts as a beam splitter, and as mirrors, for the purpose of matter-
based interferometry.

variable), which is a violation of the Galilean principle. To measure this
absolute velocity, however, one would have to measure the absolute phase
of a given particle, which is neither possible experimentally, or a meaning-
ful idea theoretically. Instead, interferometry makes differential measure-
ments, meaning that only the difference in phase between two interfering
particles is able to be measures, and as a result, only the difference in contri-
butions to phase from velocity are able to be measured. The measurement
of interference must also be local, meaning that the particles must be in
the same location to make the measurement, resulting in a situation where
the differential measurement requires one, or both of the particles, to en-
ter into accelerating (non-inertial) reference frames, losing information on

their absolute velocities, and maintaining the Galilean principle.

2.1.2 Sagnac Interferometry

Whilst the Lagrangian method gives rise to a broad explanation of matter-
wave interferometry in general, the specific case of Sagnac interferometry
can be better explained through observing the relativistic effects that oc-
cur within a rotating interferometer. We begin by considering the Sagnac
interferometer to be a circular ring-like device, with radius R. In the lab
frame, the ring rotates at an angular rate of (), we define rotational direc-
tions in this lab frame in a +, — basis, referring to counter clockwise, and
clockwise rotations respectively. To transform from the static lab frame

into the rotating ring frame we must consider the relativistic Lorentzian
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2.1. THE ATOMIC SAGNAC

transformations for time:

t=r (t - QRx) (2.4)

and position:
' =~ (x — QRt) (2.5)

Here we introduce the lorentz factor:

= —— (26)

_ 2

c2

Where v is the phase velocity of a wave travelling around the interferometer.
The phase velocities of waves, vy, travelling in two counter propagating

directions around the rotating ring are given as:

', v+ RQ
T 2.7)

The path lengths of the two waves travelling in the rotating ring frame is:
'\ =2TR+TOt, (2.8)

Where T' is the average time taken for a wave to propagate around the
interferometer. This difference in path length, and phase velocity between
the two arms of the Sagnac interferometer, manifests in a different effective
evolution time t/, = % To calculate the phase difference between the two

rings we consider the difference in this evolution time:

41 R%Q)

& (1-ZF)

At=t —t |= (2.9)

This is the Sagnac effect for a circular interferometer. To generalise it,
we can substitute in the area A = 7R?, and see that the time evolution
difference induced is directly proportional to the space-time area enclosed
by the interferometer path, and to the rotation rate of the interferometer.

The geometric setup of the Sagnac interferometer can be seen in Figure

22
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Atomic-Sagnac Effect

The effect can be further specified for the matter-wave case for atoms by
considering the time difference as a function of Compton wave evolution.

The Compton frequency v of an atom of mass m is given by:

mc?

The resulting induced Sagnac phase then becomes:

mc? 4AQ
h e (- 22

® = 2ruc At = (2.11)

Whilst the ring is rotating at non-relativistic velocities (i.e. R < ¢). The

atomic Sagnac phase approximates to:

o= @ (2.12)

2.1.3 Ramsey-Borde Interferometry

In order to measure the difference in phase accumulated by two atomic
species travelling around a ring, we require a method that converts a phase
difference into a measurable quantity. For this purpose, we employ the
Ramsey sequence [72], a method that turns phase differences between two
atomic states into a state population difference, which is a measurable
quantity. To understand this process, suppose that we have a cloud of
atoms, all in a ground state |—), that can be driven via single-photon tran-
sitions to an excited state |+). A Ramsey sequence involves first creating
an equal super position of the two states by driving the cloud for a quarter
of a rabi cycle. This pulse can be represented as a rotation on the Bloch
sphere about the x-axis by an angle of 7 radians, the Bloch sphere represen-
tations and the sequence are shown in Figure [2.3] The two states are then
physically separated, so that they can independently evolve their respective
phases. Halfway through this process, a second pulse, which corresponds
to a 7 rotation about the x axis on the Bloch sphere, inverts the states.

This serves the purpose of eliminating any state-dependent phase gains(i.e.
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Figure 2.2: Simple Diagram showing the principle of atomic Sagnac inter-
ferometry. A superposition between the states |red) and |blue) is created
in a, allowed to freely propagate around a circular path, with a lab frame
rotation of {)(where the atoms co-rotating with {2 have a velocity of v,
and counter rotation has a velocity of v_). The superposition is inverted
in ¢, allowed to freely propagate back to the origin, before recombination
maps the phase difference onto a population imbalance between the two

states.
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the |4) interacts more strongly with stray magnetic fields, causing it to
evolve phase faster). Once the interferometric sequence is done, the two
states are recombined with another 7 pulse (finishing the sequence, as the
sum of all pulses adds to 2m). If there was no phase difference between
the two clouds of atoms, then the final recombination pulse transfers all
atoms back into the initial |—) state. However, if there were a difference in
phase accumulation, not all atoms are transferred back into the |—) state, a
population imbalance that can be directly measured through spectroscopic
techniques. The representation of this sequence as expressed on the Bloch

sphere can be seen in Figure [2.3]

a) I+ ) I+ e) 14+

b) I+ d) £ f) TN

Figure 2.3: A Ramsey sequence. The centre graph shows the required field
pulses (Highlighted in grey). The Bloch spheres show the expected state
of the atoms over the sequence. a) Atoms are in a pure quantum state of
|+). b) A 7 pulse drives the atoms into a superposition of [+) and |-).
c¢) Free evolution occurs between the two superpositional states. d) The
superposition is inverted with a 7 pulse. e) Another free evolution stage
where the two states evolve if there is no path difference they remap onto
each other. f) A final 7 pulse drives the superposition back towards the
|+) pure state.

Driving the atomic clouds between the |—) and |+) states requires an

energy coupling between the two levels. For the purposes of this project
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2.2. THE RUBIDIUM ATOM : A DETAILED VIEW

we will consider single-photon transitions between energy levels, meaning
that they can be directly coupled with optical or magnetic fields. The next
section will describe the details of these energy levels, and how 8”Rb can be

coupled to magnetic fields to be driven between its different internal states.

2.2 The Rubidium Atom : A detailed view

When choosing an atomic species for cold atoms experiments, it is com-
mon to settle on alkali metals, as their hydrogen-like electronic structure
(only having one outer shell electron) makes them easy to theoretically and
manipulate. Whilst there are several alkali metals to choose from, the ex-
periment uses Rubidium-87 (87Rb), a heavier isotope of atomic Rubidium,
it is found in an abundance of about 20% along with the other isotope -
Rubidium-85. This is a common choice amongst cold atoms experiments,
mostly due to 8’Rb 780nm transition line, which falls within the infrared
range, at a frequency commonly used for laser-disk applications. As a
result, laser technology for interacting with that 8"Rb transition is com-
paratively cheap and stable, owing to years of commercial progress. The
section will describe the inner workings of the 8"Rb atom, starting with its
electronic and nuclear structure, and how the interactions between them
give rise to the internal energy levels. After this, methods of coupling to
and between these energy levels are discussed; this includes both static DC
magnetic field coupling, and AC coupling between internal energy states.
The information in this section commonplace amongst textbooks such as

[32, 34]. Further reading about associated effects can be found in [60].

2.2.1 Atomic Structure of 5Rb

The section aims to provide an overview for the internal mechanics of the
8Rb atoms. The internal energy states of which arise from the inter-

coupling of angular momenta within the atom itself.

Electron Shells

The defining feature of 8'Rb is its position amongst the alkali metals on the

periodic table, meaning that it only has 1 electron in its outermost shell.
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2.2. THE RUBIDIUM ATOM : A DETAILED VIEW

As all other electron shells are full, and thus have zero impact on the net
angular momentum of the atom, they can be largely ignored. This leaves
8TRb appearing as an atom with a single electron in its n = 5 shell. The

angular momentum of the electron in the outermost shell is

L=+Il+1D)r  (=0,1,....,n—1) (2.13)

The values for angular momentum L are integer multiples of i, however
it is helpful for readability to just refer to them as the L = 0, L. = 1... states,
naturalising them to their quantum number [ values. The energy of the
atomic state can be computed using the Bohr formula for a charged particle

in an inverse squared potential:

Ep = —hc% (2.14)

Where R. is the Rydberg constant, and n* is the principle quantum
number (electron shell number) modified slightly to take into account the
slight effect of the nucleus charge on the outer electron, due to imperfect
charge screening. The value of n* = n? — §; depends on the angular
momentum of the electron, which alters the quantum defect ;. The states
L = 0, and L = 1 are nominally referred to as the & and P orbitals,
respectively. These are the only two orbital states to which this thesis will
refer. For 8Rb the quantum defects for these two orbitals are ds = 3.19

and dp = 2.64. For data on 8"Rb see [82)].

Spin-Orbit Coupling

As with all electrons, the electron in the outer shell of 3 Rb has an intrinsic
spin of %, this spin vector S couples to the orbital angular momentum

vector L. The interaction Hamiltonian is:

N . .1 - - .
HiyyxL-S= §(J2—L2—S2) (2.15)
We introduce J = L+ as the total angular momentum vector for the elec-
tron. From it can be inferred that the total energy of this interaction

1s:
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E=jG+1)—1(1+1)—s(s+1) (2.16)

It can be seen for the S orbital, which has angular momentum [ =
0, that the spin orbit interaction is non-existent, as there is no orbital
angular momentum for the electrons spin to couple to. However, for the
‘P orbital, the total angular momentum takes two possible values, as the
orbital angular momentum L and spin S can either align or anti align,
leading to a situation where j. = |l — s|, 1+ s.This causes a splitting of the
initial energy level into two sub energy levels, referred to as the fine states.
The singular S orbital fine state is called the 528% state, whereas the two
P orbital fine states are the 5273% and the 5273% for the anti-aligned and

aligned coupling, respectively.

Nuclear Angular Momentum

The third and final angular momentum to consider in intra-atomic coupling
is that of the atomic nucleus. The nuclear angular momentum I couples to

the net electron angular momentum J with the interaction Hamiltonian

Hyps ~ Apps(i-3) = %(}f? B e, ) (2.17)
Where we have once again introduced a new angular momentum vector
F=1I+1] , which is the net sum of all angular momenta withing the
atom, we also introduce the magnetic dipole constant Ajss. It should be
noted that this approximation ignores the effect of higher order terms that
arise due to the electric quadrupole interaction, and the magnetic octupole
interaction, which depend on (I-J)? and (I - J)3 respectively. The higher
order terms mean that this approximation is only valid for fine states in
which [ = % (i.e. only the 5251 and the 5P, states will be considered).

2
The energy associated with this Hamiltonian is:

ExApps(f(f+1)—i(i+1) =40+ 1)) (2.18)

This energy shift causes each fine state with [ = % to split into two new
hyperfine sub-levels, with a frequency splitting of 2 % = 6.8347 GHz for
the 528 1 level. An illustration of the full Hyperfine splitting for the 8TRb
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52P3/2 / F =3
Fr=2
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Figure 2.4: Diagram showing the coarse, fine, and hyperfine energy levels
for the L = 0 and L = 1 orbitals of 8"Rb. This Diagram is adapted from
[82] where a more detailed diagram is availible.

atom can be seen in Figure [2.4]

2.2.2 Coupling to Static Magnetic Fields

The energy levels of 8"Rb shown above are of little use if the atom cannot
be manipulated via external means. This subsection will detail how 8"Rb
couples to external magnetic fields, both in the DC (static field) and AC
(time-dependent field) regimes. The angular momenta from last chapter
form a magnetic dipole of the atom, which couples to external magnetic

fields with the interaction Hamiltonian :

~ A

Hp = —fip-B=—(ij + frs + 1) - B (2.19)
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2.2. THE RUBIDIUM ATOM : A DETAILED VIEW

We can define an arbitrary magnetic dipole moment fig;, that is created by

an angular momentum operator N as:

Py = MBQNN (2.20)

Where pp is the Bohr magneton, and gy is the gyromagnetic ratio, or
landé g-factor, of the associated magnetic dipole. For a weak magnetic
field, we can consider the total magnetic dipole f1, as the total sum of all
angular momenta, in other words, all angular momenta components within
the atom couple collectively to the magnetic field, such that fi, = fip. As

such, the interaction Hamiltonian becomes:

A

HB = —[,LF . B = —,uBgFF . ]:3) (221)

The field couples to the projection of the angular momentum along the
quantisation axis defined by the field direction, for ease of use we define this
as the z-axis. As the total angular momentum F takes quantised values
according to [2.13] the projection of this spin must also take quantised

values:

my=—f—f+1,..,0,.,f—1,f (2.22)

Where f is the quantum number associated with angular momentum F.
These quantised projections, my, simplify the Hamiltonian down such that
we can simply extract the energy shift due to an atomic dipole coupling to

a magnetic field as:
AEg = up (Fymp| grF - B|F,mp) = —upgrm;|B| (2.23)

The existence of these magnetic sub-levels gives rise to an energy depen-
dence that depends on which state the atomic dipole is in. Different mag-
netic substates can leave the energy shift positive or negative, depending
on the alignment (sign) of the magnetic sub-level my, and the sign of the
gyromagnetic ratio of the corresponding hyperfine manifold. This is the
origin of Zeeman splitting [95], where any given hyperfine level with angu-
lar momentum F = n splits into 2n + 1 sub-levels, according to 2.22] A
graphical representation of the Zeeman splitting of the FF =1 and F' = 2
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Figure 2.5: Left : Zeeman splitting of the ' = 1 (lower) and F' = 2 (upper)
hyperfine manifolds, in the presence of a weak magnetic field. Right : Spin
cone projection of the mp levels of the F' = 2 manifold.

states is given in Figure |2.5

This thesis is mostly interested in the 528% state, which has 2 hyperfine
levels, F' =1 and F' = 2. These hyperfine levels have 3 and 5 magnetic sub-
levels, respectively. These sub-levels will be denoted in a |F, my) basis, for
ease of reading. The gyromagnetic ratios of the two hyperfine manifolds
in the 528% state are gp; = —0.50182671 and gry = 0.49983642 (often
simplified to -0.5 and 0.5 respectively) as calculated by:

FUADHIGHD =i+ Y | fEED =G+ D i+ D)

e 2/(F+1) . 20(f+1)
(2.24)
We may also define the larmor precession frequency:
AFE
wp = 7 B (225)

Which, in a semi-classical approach to the coupling, defines the rate at
which the magnetic dipole precesses about the magnetic fields quantisation
axis.

The linear scaling of the Zeeman splitting with magnetic field magnitude

does propose one small problem on its own, which is that there is some
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magnetic field value at which the |1, 1) state becomes degenerate with the
|2, —2) state. At these larger field values, it is no longer appropriate to
consider the magnetic field as coupling with the F manifold, and instead we
see that the large magnetic field disrupts the coupling between the nucleus
and outer-shell electron. Because of this we must consider the static field

coupling to the J manifold instead, and its associated m; states:

H=—ppg;J-B (2.26)

This is the Paschen-Beck effect, which denotes the interruption of nuclear-
electron coupling, in favour of individual couplings to the static magnetic
field. In a similar fashion to solving the weak field problem, we obtain

similar results obtaining an energy shift of:
AEB = UpB (J,mJ\gij|J,mJ> = —,LLBgJTTLJ|B| (227)

Where the associated gyromagnetic ratio for the fine state 528 1 is 2.00233113.
As one would expect, there is an intermediate region in which the mp states
transform into the m; states. We calculate the energy levels of this state

transformation with the Breit-Rabi formula [14]:

_ hAups

AE = — [LHES
2(2i + 1)

hAp s 2mpx
+ ppgrmpB £ ——7 \/ 1+ 2422 (2.)
2 1+ 3

Where x is the field strength parameter, that describes the transitory fields
between the weak and strong field regime:
B(upgs — 1BYr)

_ 2.29
v I Angs (2.29)

Interestingly, despite F no longer being a well defined manifold, its spin
projection mp remains a good quantum number and can be used to calcu-
late the resulting magnetic field couplings. This more complete view of the

Zeeman sub-levels is shown in Figure [2.6
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Figure 2.6: Energy splitting of the 528% state of the 8"Rb atom that occurs
in the weak field and strong field regimes due to a static magnetic field.

Going even further, one would expect there to be further degeneracy
in the my, as the static field increases further still, such that the Zee-
man splitting becomes greater than the fine splitting. In this scenario all
components of internal angular momentum of the atom couple to the mag-
netic field separately, making the energy splitting very difficult to calculate.
Thankfully, the Paschen beck effect is considerably beyond consideration

for this experiment.

2.2.3 Coupling to Time-Dependent Fields

The coupling of atoms to static magnetic fields gives rise to the semi-
classical concept of the larmor precession, a time-dependent property of a
magnetic dipole. In this section we will examine how the resonant driving
of this larmor precession via time-dependent magnetic fields operates. Such
theory is set up mostly in academic papers, such as [45].

To begin, we consider a magnetic field By,; that has a static component
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Bpe, and a time-dependent component B¢
Brot = Bpe + Bac(wt) (2.30)
Substituting this in to equation [2.21] gives us:
Hror = Hpe + Hac (2.31)

To solve the effects of an AC magnetic field on the atomic dipole, it is
helpful to move to a different co-ordinate system. We move to the circular
co-ordinate system, defined as:
. 1
0, =—
+ \/§
NS NS (2.32)
V2
T=2
We can write the AC magnetic field in the co-ordinate system as:

Bac = (Byi64 + B,_6_ + By7t) exp(—iwact) + c.c. (2.33)

Here we choose the z-direction to be the direction of the static magnetic
field. We can substitute equation [2.33| into equation to see that the
energy shift induced by the AC field will be the eigenvalues of the Hamil-

tonian:

. 1 - A A

Hror =

+ h.c.
(2.34)

Where we have introduced the ladder operators F, and F_, that are defined
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as.
A= (B4 i)
= — T VA

+ \/§ Yy

~ 1 ~ ~

= —(F, —iF. (2.35)
\/5( + )

E =F,

The eigenenergies of the total Hamiltonian can be numerically obtained
directly for a field of arbitrary polarisation. It is easier, however to consider
the coupling of a circularly polarised field in the xy plane (o, or o_), which
will be that norm for the rest of this thesis. The direction can be defined by
the sign of wac, as o4 (wt) = o_(—wt). We introduce a rotation operator
to transform us into a frame of reference co-rotating with this circularly

polarised field.
UL = exp (z(<p + wACt)ﬁ’z) (2.36)

where the direction of rotation is defined by the sign of wt. The operator Uy

transforms the wavefunction 1 into its rotated form ¢, such that ¢ = U1).
. . v 1 . A 2 D

Starting from the time-dependent schrodinger equation (Hiy = zha—f) we

can obtain the time-evolved form of the wavefunction:

oU. -

> Ul +U.HULs (2.37)

oy ol
’LFLE = Zhw

v+ ULHY =il

We can use the commutation relation [Fz, U.l =0to simplify zhaaltif]lgb =
—thCFZ and a substitution into equation [2.34] to obtain the full hamilto-

nian in the rotating frame:

N h ~
Hrot = HEIE ((BDC - wac ) Fz
2 p1elgr|

+ (Brexp(i £ wact) + B exp(i F wact)) Fir (2.38)

A 1 - A A
+ Ui <E(F+B+ + F_B_) exp(—iwAct)) Ul + h.c.

The first term, that couples to Fz, includes the resonant field term:

h
By = AC (2.39)

B MB|9F\
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The resonant field term becomes equal to Bpo when wac = Wigrmor. Choos-
ing the AC field to be in the xy plane simplifies equation [2.38] as B, = 0.

To simplify the U, terms, we invoke the Baker-Hausdorf-Campbell Lemma:
exp(aﬁ’z)ﬁ’i exp (aﬁ’z> — exp(+a)FL (2.40)
Applying these simplifications to equation [2.38| gives the new Hamiltonian:

I:Irot = HBIE

((BDC - Bres) ZA?z

1 ~
+— (eX 10)F. B, (1 4+ exp(2iwact
/2 p(Fiw)F By ( p(2iwact))

+ exp iigp)F_B_ (1 + exp(—2iwact)) (2.41)

(
+ exp(ip) Fy B* (1 + exp(—2iwact))
(Fi)F_B: (1+ eXp(inACt)))>

We can invoke the rotating wave approximation to see that terms with a
frequency much higher than the rotational frequency wac should average
out over 1 cycle, having a net zero effect. As a result we can discard all
the terms oscillating at 2wac. Due to the two hyperfine manifolds having
opposite larmor precession axes, given by the sign of their gyromagnetic
ratio gr, the rotating terms couple in opposite senses, we can split the
Hamiltonian into two, depending on the manifold it couples, and discard

counter rotating terms. Doing this leaves us with the Hamiltonian:

rot —

Hi = /JJBng ((BDC - Bres) Fz
1 . . (2.42)
+E (exp (iigpFiBi + exp(:Figp)FjFBi))
In which 7,
and H,

rot

describes the coupling of atoms in the F' = I + J manifold,
describes the coupling of atoms in the F' = [ — J manifold. We

can define the effective Hamiltonian as:

HE = F-B% (2.43)
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Where the effective field in the rotating frame, Bjcf is defined as:

—_

Bé; = (Bpc — Byes) 2 + (exp(:l:igo)Bi + exp(:l:z'ap)Bi) o (2.44)

O |

The rabi frequency, or coupling strength, induced by this field is:
hQi = /JJBgF|Beg|. (245)

In the rotated frame, the eigenstates of H.z take the same form as the
eigenstates of the DC case, but we must consider the rotated transformation
of the |F, mp) states : |F,m). The eigenenergies of the rotated hamiltonian

are:

By
,uBgFm\/’ BDC - Bres)2 (246)

Which are shown in Figure [2.7]

Energy Splitting in the rotating frame

x10°

1.0

0.0

AE (Hz)

0.0

AE (Hz)

70_5 m

71-0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Static Field (G)

Figure 2.7: Energy Splitting of Hyperfine |F,m) states in the rotating
frame. The resonance is at 0.5 Gauss, where the rotating frame energy
levels are separated by an energy of h{},;.
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Figure 2.8: Left : Zeeman splitting of the F' = 1 and F' = 2 manifolds, in
the RF-Dressed rotating frame. Right : Zeeman splitting of the /' = 1 and
F' = 2 states in the RF-Dressed static lab frame.

The eigenenergies in the rotating frame are closest to zero when B,.; =
Bpe. With a splitting between the levels (at resonance) of:
1

AEF,ﬁz—>F,m+1 = ﬁuBgF|Bi| = hQy (2,47)

When at resonance, B.g appears to be a static field, in the rotating
frame, that is perpendicular to the original quantisation axis in the Z di-
rection. This field drives the atomic dipole precession around itself at the
rabi frequency. In the non-rotating lab frame, this precession about Bg
manifests as the magnetic dipole being driven through different m states.
The apparent difference between the two reference frames, rotating, and
not, is shown in figure

2.2.4 The Floquet Approach

If we return to the rotating frame transformation, where we introduced the
operator U. we can note the periodic nature of the operator, we rewrite

the operator as:

U= A exp (:I:iontFZ> (2.48)
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2
A wac”
a non-rotating frame, Uy has the effect of time-evolving that Hamiltonian

Observing that U is a strictly periodic operator with period T' = In
Hror forwards by a time ¢ [88]. Taking this operator as evolving our

Hamiltonian from a given state at t = 75 to t = 7, we can observe that

A A~

Us(1,10) =Us (T4 T, 70) (2.49)

due to the oscillatory nature of Upm. From this we can define a fast action

operator that allows us to explore the time-dependent potential landscape.

exp <—iKF(t)> = Uy (1,70) exp (i%p@) (2.50)
Here we introduce two operators: Hp is a time-dependent Hermitian op-
erator that transforms the Hamiltonian over a single period, and K F(t) is
a fast-action operator, named the ’stroboscopic kick” operator. This oper-
ator is arithmetically identical to the rotating frame transformation in the
previous section, but provides a more robust description of the time depen-
dent mechanics. As Hp is unitary, its eigenvalues ¢, take complex values
with a magnitude of 1. From this we can define the Floquet multipliers
as exp(—ien%). As the values of Hp remain invariant on periodic trans-
formations, the eigenvalues are not uniquely defined, and take values of ¢,
mod hwac. These higher eigenvalues are the quasienergies of the system.

Defining the periodic eigenstates |n[r]) we may write:
Hr |n[1o]) = €, [n]70]) (2.51)
Considering the atoms initial state |¢)(79)) we can find the time evolution:
[(7)) = Us(r.70) [9(70)) (2.52)
The initial state can be expanded as:
[ (o)) = Y In) (nl(70))
~ S auln)

(2.53)
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We can then write the evolved state [i(7) as:

exp(‘”ZFT)\n>

(1) = > anexp(—ike

()
()

: (2.54)
~ —i€,T
- Z an exp(—zKF exp ( h ) In)
Here we introduce the Floquet modes |u,(7), which are defined as:
() = exp(—z'KF(T)) In) (2.55)
Where they inherit the periodic nature of the Hamiltonian:
[un(T) = |up (T +T) (2.56)

Equation defines the Floquet states |¢(7), and reveals their periodic
nature. Due to the periodicity of the eigenvalues(e, mod hwac), we reveal
the existence of phantom energy levels that exist at energy values that are
integer multiples of hwac. This effect can be understood as arising due
to the absorption or stimulated emission of photons from the driving field.
This is shown by the Band structure of the energy levels shown in Figure
2.9
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Dressed Flogeut Energy Levels ——Photon Absorption
—Base

——Photon Emission

Static Magnetic Field Magnitude (arb. units)

Figure 2.9: Floquet dressed energy levels containing the +2,+1,0, —1, and
—2 groups. Red energy levels correspond to those in which the atom has
absorbed RF photons to reach, whereas blue corresponds to energy levels
that the atom must emit a photon to reach.

CHAPTER 2. THEORETICAL BACKGROUND 41



Chapter 3
Ultracold atom manipulation

The process of creating a fully-trapped, atomic interferometer requires a
high degree of control over both an atom clouds internal energy levels, such
that a coherent superposition is able to be generated, and the trapping
scheme itself. Maximising the number of atoms present through these
processes is of importance, as the signal to noise ratio scales based on the
square root of the atom number. This chapter will provide a comprehensive
guide through the various methods and equipment required to realise the
interferometer, as outlined in Figure 3.1} The chapter will be split into 3
parts: The first will describe the theory behind many of the experimental
techniques used in this project, the second will provide a detailed view
into the equipment and setup required to bring this project to life, and
the third will tie it all together, taking us through the procedure, from
room temperature atoms deposited into a vacuum chamber, to loading sub
milikelvin atoms in a ringtrap, and driving them adiabatically around the

ring.
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Start

Time crar
Cruration = 28 ms MOT
Duration = 11 =
Ao Mumber = 107

Qptical Pumping Ternperstue = 100 pik

Dwration = 6 ms

Recapture
Dwiration = 24 ms

Chip Transpart +
OPQT Evaparation

Transport o laffe Duratign = & 5

Duration = 50 ms Atorn Mumber = 10*

Termperatue &= 30 pk

Ramp [offe Fields

Duration = 15 ms [offa Evaporation
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Atom Mumber = 107

Ramp RF Dressing Tamperatue = 1 pk

Duration = 13 ms

Experirment + Imaging
Duration = 1.5 %
Abarm Humber = 10°
Tempgerabue = 1 uk

Transport to Ringtrap
Duration = 15 ms

Finish

Figure 3.1: Diagram showing the steps, and their respective durations, for
the experimental procedure. The major stages, on the right, are accompa-
nied by rough estimates of atom numbers, and atomic cloud temperatures.

3.1 Techniques in Atomic Manipulation

This section aims to provide an overview of the techniques used throughout
this experiment. It will provide both justification for the methods used,
as well as a theoretical overview as to why the methods work, and how
an experiment must be tuned to make the most out of the techniques.
Many of the techniques listed here are commonplace amongst cold atoms

experiments, and as such can be found in textbooks such as

3.1.1 Magnetic Trapping of Atoms

Proper manipulation of atoms has the main requirement that atoms are
able to be trapped, as untrapped atomic clouds quickly disperse and are
lost. To do this we only have to refer back to the energy shift due to Zeeman

splitting that occurs for an atom in the presence of a static magnetic field.
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Taking the F=2 state, the magnetic sublevels can be split into three groups
based on their behaviours. The |2,2) and |2, 1) states increase in potential
as magnetic field strength increases, and as such are weak-field seeking.
The |2,0) state is magnetically insensitive and as such can be ignored.
The |2,—2) and |2,—1) have a negative energy shift in the presence of a
magnetic field and as such are high-field seeking. High field seeking states
are fundamentally untrappable as, due to a selective case of Earnshaws
theorem, there is no static configuration of currents that can produce a local
field maxima outside of the current source [10]. Weak-field seeking states
however are trappable, and all that has to be done to do so is to produce
a local field minimum. For use in the experiment, magnetic trapping fields

have a number of criteria that must be met:

Confinement The field must be able to confine atoms, meaning atoms
must stay trapped. This includes creating a deep enough potential
such that the thermal energy of atoms does not allow them to escape,

and having a high enough gradient to levitate atoms against gravity.

Robustness The trap must be robust enough to outside noise as to not

interfere with the internal states of the trapped atoms.

Lifetime Loss channels in the trap should be minimal in a way to maximise

atom number over time.

The Magnetic Quadrupole

The magnetic quadrupole trap is one of the foundations of cold atom ex-
periments due to its simplicity and functionality. All that is required to
form a basic quadrupole trap is a pair of current-loops propagating in op-
posite directions. Generally this takes the form of two coils of wire in an
anti-helmholtz configuration, in which the two coils share a central axis but
are wound in opposite handed ways. The field geometry produced by such

an arrangement, at the centre of the trap, can be generalised as:

B = a + ay + 2az (3.1)
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Where « is the gradient of the magnetic field, which for a quadrupole field

created via anti-Helmholtz coils is given by:
o= —§N [———— (3.2)

Where NI is the number of turns in the coil N, multiplied by the current
through the coil, I, which will be referred to as the current-turns of the
coil henceforth, r is the radius of the coils, and d is the displacement of the
coils from their centre point (or half the distance between the coils). It can
be seen from equation that the maximum gradient for the quadrupole
is given when r = d, or in words, when the radius of coils is equal to half

the distance between them.

X-Z Field Strength X-Z Field Vectors
=T Bmax

NN
7

XY Field Strength X-Y Field Vectors

\
2

/

/// \&
i 7 /1 1\ \
Figure 3.2: Simulated fields of a quadrupole field generated by an anti-
Helmholtz coil pair, where r = d. The left side depicts the magnetic field
strength (in arbitrary units), the right side depicts the direction of the

magnetic fields. The top and bottom rows correspond to bisections of the
central X-Z and X-Y planes respectively.

NN

The gradient in the z-direction provides the levitating force to resist
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gravity, in this quadrupole trap, the z gradient is double the trap gradient
in other directions, making levitation easier, as a result we obtain a lower
bound for the gradient [33]:

Mag

1
o> ——
2 upgrmp

(3.3)

Where m, is the mass of the atom, and g is the acceleration due to gravity.
For 87 Rb the gradient needed to levitate is 32 Gem™! for states with |mp| =

1, and 16 Gem™! for states with |mp| = 2

3.1.2 The Ringtrap Quadrupole

A variant of the standard 3D Helmholtz quadrupole trap, the ringtrap
quadrupole utilises a set of 4 concentric, in plane currents, each propagat-
ing in a circular path in alternating directions. This setup allows for the
creation of a quadrupole trap that takes the form of a 2d slice through the
X-Y plane, extended in a ring shape above the centre of the current loops.
The field at a point (x,y, z), close to the quadrupole zero is assumed to be

given by the equation:

B-a (\/W—R)2+(z—zo)2, (3.4)

where R is the distance between the centre of the current loops and the
centre of the ring. The field geometry is shown in Figure [3.3 The height of
the ringtrap zo is given by [12]:

1
2 = 5\/4dR +4R2 — w2, (3.5)

where w is the width of the wire loops, and d is the distance between an

outer wire, and its nearest inner neighbour. The field gradient, « is given
by:

_2”0] Zod
7 R(d+R)(d+2R—w)(d+ 2R+ w)

(3.6)
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Buax
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Figure 3.3: Simulated field magnitudes of the a Ringtrap Quadrupole. Left
:X-Y plane view. Top-Right : Iso-surface of low field value, with current
loops showing, green rings are clockwise, and blue are counter-clockwise.
Bottom Left : X-Z plane view.

3.1.3 Magneto-Optical Trapping

Beginning the experiment, atoms are dispensed into a vacuum chamber
through a Rubidium getter dispenser, which dispenses Rubidium atoms,
in their natural abundance (20/80 between % Rb and 3" Rb). To begin the
experiment, we need a way of selecting the 8" Rb isotope, driving its inter-
nal states into magnetically trappable ones, and to cool the atomic cloud
down such that the average atom does not have enough kinetic energy to
simply escape a magnetic trap. Thankfully all three of these criteria can
be achieved through a Magneto-Optical Trap (MOT for short), and its
following stages. The MOT, as the name suggests, makes use of both mag-
netic, and optical fields to both confine, and cool atomic clouds. Atoms
are exposed to both a quadrupole field, and 6 orthogonal light fields, each
with a o, polarisation with respect to the quadrupole field, which are
red-detuned from the 528 1= 5273% transition. This detuning allows the
optical field to provide both an additional confining force, in conjunction
with a quadrupole magnetic field, and also selectively reduce the kinetic
energies of atoms within the cloud. These optically induced forces come
from the fact that when an atom absorbs a photon from a laser beam, it
gains a momentum of Ak in the direction of the laser, and is excited to
a higher energy level. The spontaneous emission of the photon when the
atoms decays back to its ground state, however, is omni-directional, and

as such has no average direction of momentum change for the atoms. This
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Figure 3.4: Left : False colour image of the MOT fluorescence. Right
: Hlustration demonstrating the principle of positionally dependent MOT
forces along a single principle axis.

is exploited in two ways, firstly through the use of the Zeeman shift in-
duced by the quadrupole field, as the untrappable states in the 5273% have
a lowered potential in higher field values, meaning atoms further from the
quadrupole centre see a smaller transition frequency, and are thus their res-
onance is closer to the optical fields frequency. Secondly, atoms with high
velocities away from the quadrupole centre see the optical field that they
are travelling into blue detuned, due to the Doppler effect, which brings
the optical field closer to transition resonance in the atoms moving frame
of reference. In both cases the optical field being closer to the transition
resonance causes an increased probability of the atoms absorbing a photon
from the optical field, and feeling a net force towards the centre of the trap.
For these effects to occur, we aim to drive a transition between specific mpg
states, this is selected for by controlling the polarisation of the incoming
light to be o, with respect to the magnetic field (as shown in Figure .
We expect the force on an atom in the MOT, then, to be dependent on
both velocity ,v, and position , z [81].

Fyor = —av — abx (3.7)

where a is a constant related to the likelihood of photon absorption by an

atom, and b is related to the Zeeman splitting of the excited state.

16RE2Q2A _ lgsupa
Tra? "% h

a =

(3.8)
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where (2 is the rabi frequency of the optical transition, A is the detuning of
the optical field from the |J,0) — |J', —1) transition, and I" is the damping
coefficient.

This force gives rise to the optical molasses, wherein atoms are pushed
towards the centre of the quadrupole, and cooled. The recoil effect that
occurs due to spontaneous emission, whilst having not net force on the
atom, does give it a small velocity in a random direction. This limits the
minimum momentum of an atoms cooled via Doppler cooling to ik, setting
a lower limit for the temperature of the cloud. The minimum temperature
of the cloud is also limited bythe natural linewidth of the driven transition,

shown in the Doppler limit [54] :

Iy

Where kg is the Boltzmann constant. The natural linewidth of the
528% — 5273% transition is v = 27 x 6.065 MHz, leading to a minimum
temperature via Doppler cooling of T},;, = 145uk

The spontaneous emission of photons from atoms allows for the direct
viewing of the MOT, as it fluoresces at the 528% — 5277% frequency, which
is &~ 780nm. Sadly this is just outside of the human eyes visble range, but
means that the MOT is directly observable through use of a camera with

no Infra-red filter!

Compressed-MOT stage

Before loading atoms into a purely magnetic trap, it would be ideal to cool
below the Doppler limit. Achieving this is possible through the use of the
Compressed-MOT (or CMOT for short) stage [69]. This method works
by first ramping down the quadrupole trapping fields, allowing the atomic
cloud to ballistically expand, whilst also beginning to fall under the effects
of gravity. The cooler beam is then rapidly ramped away from resonance,
such that the scattering rate amongst slower atoms decreases, this causes
a collapse in the clouds spatial distribution, compressing it and lowering
the overall temperature of the cloud. It is also likely, though not taken
into account, that we see further atomic cooling as a result of polarisation

gradient cooling in the Z-direction, in which a standing wave produced by
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the superposition of o, and o_ components of the Z beam cause atoms
with some velocity component in the z direction to absorb more photons
in the direction countering their velocities. The CMOT stage lasts for only
a few milliseconds, as any longer would cause the free-falling motion of the

atoms to become a concern for future trapping.

Optical Pumping

Crucial to the magnetic trapping of atoms is that all of the atoms in a
given ensemble reside in trappable Zeeman sub-states. This is not true of
atoms just after a MOT stage, as the photon decay from Doppler cooling
leaves atoms populating a wide range of states. To fix this we make use
of the polarisation of an optical field, along with selection rules for pho-
ton decay, to drive atoms into magnetically sensitive states. Atoms driven
between the F' = 2 and F’ = 2 manifolds via a o, polarised optical field
will see the respective mp sublevels increase by +1. This, combined with
the spontaneous emission being able to return the atom to a substate with
mp = £1,0 then the atoms trend towards higher mp states. This process
is illustrated in Figure 3.5 The opposite is also true, where a o_ polarised
optical field would trend atoms towards their lowest mp states. Performing
this experimentally requires a local magnetic field, with which the optical
field can be polarised with respect to. We achieve this by applying a bias
field in the X direction whilst atoms are in free-fall immediately after the
CMOT stage, they typical optical pumping stage takes only a few millisec-

onds before reaching saturation.

Transfer to fully magnetic trapping

With atoms cooled below the Doppler limit, and optically pumped into
trappable Zeeman states, we can begin trapping them without the need
for optical fields. The first step in this process is catching the atoms,
which are in gravitational free-fall after the optical pumping stage. This
is done by ramping up a quadrupole field in such a way that it slows, and
then traps the atoms as smoothly as possible. This process is incredibly
sensitive to even small changes in quadrupole positioning, as positioning

it too far away from the atoms will mean they simply fall straight past
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Figure 3.5: Illustration showing the process of optical pumping . Left : A
o laser beam always transfers atoms to a state with m’, = mp+1, leaving
the maximal mp state transparent to the beam. Right : Atoms decay from
the excited state to m’, = mp %+ (1,0), meaning that over time, all atoms
will occupy the maximal mp state.

it and are not trapped, but position it too close and the jerking motion
from quickly stopping the atoms causes them to heat up. With atoms now
confined into a purely magnetic quadrupole trap, we can use bias fields to
move the quadrupole field to above the atom chip, where the majority of

experimental procedure takes place.

3.1.4 Atom Measurement Techniques

Being able to accurately measure multiple properties of the atom cloud is
of vital importance, little can be done to optimise the atom number and
temperature if they cannot be measured. The method through which this
experiment can see the atom cloud is via Absorption Imaging. Atoms ab-
sorb light resonant to their transitions and scatter it, making them opaque
to light of the correct frequency. By backlighting atoms with light reso-
nant to an atomic transition, and measuring the resultant on a CCD camera
sensitive the frequency, we can see the 'shadow’ of the atomic cloud. This
image of the atoms can be combined with two other images, one of the
same frame with the light on, to measure the background features of the
image (experimental features like atom chips or antennae, camera marks,
etc.) and one image with no light to measure dark currents in the CCD
pixels, These images, and the resulting analysed image can be seen in Fig-

ure [3.6] By taking the intensity of these three images across every pixel in
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the camera, the optical density (O.D.) can be calculated.

I, —1Id

.D. =1
O nIa—Id

(3.10)

Where I,, I;, and I; are the intensities of the pixels for the atom, light,
and dark images respectively. Knowing the optical density of an image, the
magnification M, and pixel width x of our camera allows for the calculation
of an atom number by summing the optical densities across the 2D plane

of the image.

2
xr
N, = e Zy 0.D..y (3.11)

Where o is the resonant cross section of the atom. Absorption imaging
is a powerful tool that allows for the measurement of the location and
number of atoms at any point in the sequence, with the limitation that
it is a destructive measurement, meaning it ends any given experimental
sequence. Absorption imaging becomes even more powerful when combined
with other techniques that can convert properties of the atomic cloud into

a change in atom number, or atom cloud size/location.

RF Spectroscopy

Section 2.2.3 described how RF magnetic fields could resonantly drive the
spin of atoms that had a larmor precession frequency equal to the RF
frequency. This effect can be utilised to perform spectroscopy, as a pulse
of RF power, at a given frequency can be used to resonantly drive atoms
from their trapped |F,mp) state, to an untrapped one. For atoms in a
magnetic trap, the Zeeman shift of atoms at higher field value increases
the resonance frequency of the RF probe, meaning that RF spectroscopy
directly probes the thermal distribution of atoms about a magnetic trap.
The probability of finding an atoms at a field value of B, provided the

cloud has a definite temperature T is:

1 B
P(B,T) = — exp (—%) (3.12)

where Z is the partition function that serves as a normalisation constant.

By using the relationship between a probes frequency, wp, and it energy
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Figure 3.6: Principle of Absorptive imaging : The atoms, light, and dark
image are combined to produce the optical density image, shown with false
colours. this image can be analysed to calculate the amount of atoms

present for a given shot.
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we can relate the magnetic field magnitude to a transition frequency:

B
wp = HBMEIED (3.13)
h
Which allows us to convert Equation into frequency space:
1 th
P T) = —_— 3.14
. ) = e (17 (3.14)

This result (by no means being unexpected or groundbreaking) allows us to
infer that the maxwell-Boltzmann distribution of atoms energies is directly
observable via RF spectroscopy. This allows us to use RF spectroscopy as
thermometry, as provided we are able to express the Partition function,
we can fit a maxwell Boltzmann distribution to the spectroscopy measure-
ments.

Figure is an example of how such a spectrum is laid out, we probe
the atom cloud with differing frequencies of RF, when that RF is resonant
with an atoms local larmor precession frequency, it is ejected from the trap,
and we see a reduction in atom number. By graphing the atom number as
a function of probe frequency we can observe the thermal distribution of

atoms in a trap.
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0 RF Spectrum of Atoms in a Quadrupole Trap

Atoms Removed, Normalized
[a=] (=] o o [a=]
O O T O
o t o (&3 (e}
&

*
*
.
&
*
L 3
*
*
L 2
*
*

=
[an]
ot
-

. Quadrupole fit T = 150.5p K +74.1 K

-
0-00 0 1 2 3 4 5 6 7

Probe Frequency, MHz

Figure 3.7: RF spectroscopic measurement of quadrupole trapped atoms
shortly after optical pumping. We can use the removal distribution to
estimate the cloud temperature at ~ 150uk - Just above the Doppler limit.

All data points for such spectra are processed using absorption spec-
troscopy that is analysed via Python script. To avoid background noise in
such images that arises due to mechanical oscillations, and laser fluctuation
noise, the analysis is aided by Principal component analysis (Appendix A
provides more details on this methodology). A thermal distribution is fit
onto the data points, and plotted alongside it, though sometimes it is in-
stead more useful to plot straight lines between points as a sort of linear
interpolation of the data, to better see spectroscopic features. Due to the
inclusion of Principal component analysis, error bars are not shown, though
the precision of any given measurement is dependent on some function of

total atom number.

3.1.5 Evaporative Cooling

The Doppler limit discussed earlier places a lower bound on the temperature
of atomic clouds created in a MOT, if we wish to go any further, we must
make use of another method to cool atom clouds further: Evaporative
cooling. This method makes use of the fact that RF frequencies can be

used to selectively remove atoms of a specific energy from the trap. We
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a) b) (9]

s sessy X

Figure 3.8: Illustration of the principle of RF evaporative cooling. a) The
atomic cloud in the trap is distributed thermally about the magnetic field.
b) An AC field is frequency ramped through the atomic distribution, trans-
ferring atoms it crosses into untrappable states, and expelling them from
the trap. c) With the highest energy atoms expelled, the cloud rether-
malises, and is now colder.

can use this to selectively remove atoms with a higher energy from the
distribution, lowering the average energy of the entire atoms cloud. We can
make use of this process experimentally by ramping an RF field’s frequency
down, from being blue detuned to just passing through the tail end of the
thermal distribution. This RF field is referred to as an RF knife, as it
‘cuts’ into the atomic distribution, as can be seen from Figure 3.8, Any
atoms that the RF knife cuts through are adiabatically transferred into an
untrappable mp states. The rate at which the RF knife can be ramped
down into the distribution and thus the cooling rate is primarily limited
by the rethermalization rate of the atomic cloud. We assume that the
rethermalization of the cloud is dependent on elastic collisions between
atoms. The rate at which elastic collisions occur in an atomic cloud is
given as [23]:

Leor = (0)(n)o (3.15)

Here we introduce (v) as the mean squared velocity of atoms within the
thermal ensemble, o as the cross sectional area for elastic collisions, for a

given atom in a given state, and (n) as the number density of atoms in
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the trap. For 8Rb in the |2,2) state, the cross sectional area can be found
from [82]
o = 4m(109a9)? (3.16)

where ag is the Bohr radius. We also note that the average velocity of an

atom with mass M is :
RkgT

M

In most cases (depending on the geometry of the trapping potential) a

(3.17)

V=

reduction in cloud temperature results in an overall increase in collision
rate, this process can compound upon itself, culminating in a runaway
effect in which there is little to not limit on the rate at which the Rf knife
frequency can be ramped down. From this we can expect to require a
cooling profile in which the speed of Rf knife ramping begins slow, and
speeds up as the cloud gets cooler. Despite this, in both the (see Figure
3.9, and other experiments found in literature [17], we find the opposite

cooling profile to be better in achieving colder atom clouds.
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Figure 3.9: RF spectra in an (almost) Quadrupole trap before and after
RF evaporative cooling, along with the RF knife frequency profile used to
achieve such cooling.

It should also be noted that evaporative cooling is by definition, a lossy
process, and the trade-off for cooling down clouds to very low temperatures
is losing imaging contrast due to ending up with very low atom numbers.
Cooling sequences typically last from 100’s of milliseconds, to multiple
seconds, meaning that they can only really be performed in long-lifetime

traps.

3.1.6 Majorana spin flip losses

Obtaining longer lifetime atom traps means eliminating channels by which
atoms are lost. One major channel for atomic losses in this experiment is
due to Majorana spin-flip losses. When atoms transverse the region around
the field zero, provided that they are slow enough, they adiabatically follow
the field. When crossing over the field zero, however, the field direction

instantly flips, in the atomic dipoles reference frame, leading to a situation
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where the atomic dipole is now anti-parallel to the magnetic field, effectively
driving it into an untrappable mp state. This non-adiabatic mechanism
serves as a loss channel for atoms confined in quadrupole traps that mainly
affects ultra cold atoms in high gradient trapping potentials. For spin 1/2

particles, the loss rate due to majorana spin flips can be shown to be [15]:

; k20?
Wy = w;u exp{—h} (3.18)

Where w; is the trap oscillation frequency, b; is the length of such oscilla-

tions, and ky is the momentum of the atom as it passes through the trap
zero. For a relatively hot cloud of atoms, in a low-gradient trap, the expo-
nential decay dominates, and losses are low. However,for lower temperature
clouds, or cloud confined in trapping potentials with greater gradients, the
close proximity of atomic trap oscillations to the field zero greatly increases
the rate of majorana losses. Avoiding majorana losses in magnetic trap-
ping potentials is only possible by introducing methods that deny atoms
the ability to reach a field zero point, to this end we employ two different

methods : Optically-plugged Quadrupole traps, and loffe-Pritchard traps.

Optically-Plugged Quadrupole trap

The quadrupole can also be modified in a more static manner to avoid spin
flip losses via use of an optical plug. An optical plug makes use of the AC
stark shift induced via blue detuned light, to produce a repulsive potential
barrier to prevent atoms from reaching the field zero. For an arbitrary two
level system, with ground and excited states |g) and |e) respectively, the
shift in energy induced by an off-resonance beam of light is shown to be
[41]:

3nc? T

-1 1
2wi A (3.19)

2
AE = i%@ﬁ -+

Here we see that the energy shift induced is inversely proportional to the
beam detuning. A = wy — w, but directly proportional to the intensity of
light, I. We also introduce the decay rate from the excited state to the
ground state, I'. Using this, we can obtain the potential shift induced by

this interaction on a %" Rb atom, with a laser beam intensity profile I(r),
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which couples the ground 5281/2 state to the 52771/2 and 52773/2 states.

U(r) =

X" /24P 1—P
e ( trgrmr gFmF) I(r) (3.20)

2(4}8’ Az A1

Where A; and A, are the transition energies between the 525, /2 state, and
the 5*P; ;2 and 5*Ps o states respectively, and P defines the laser polarisa-
tion (P = 0 for linearly polarised light, and P = +1 for o4 polarised light,
respectively. Taking the assumption that |Aq| &= |Ag| > |Ay — Ay|we can
simplify Equation to:

v = 2L (3.21)

2wiA

This potential change forms a repulsive barrier for atoms attempting to
enter the region illuminated by the light field. This works even if very few
atoms are transferred to the excited state by that laser, i.e. I' > I'g¢. The

scattering rate, I'sc can be shown to be:

3T

FSC(T):W (r)

(3.22)
As we wish to maximise the potential barrier, but reduce scattering rates to
an absolute minimum, it is favourable to focus on maximising the detuning
of the beam, rather than maximising the intensity (though maximising
intensity is still desirable), to take advantage of the inverse square scaling on
the scattering rate. Experimentally, we make use of a beam, blue detuned
by 20nm from the D2 transition line (which is the greatest detuning we
can achieve), with round 2W of laser power transmitted into the chamber.
This beam is focused onto the quadrupole centre, repulsing atoms from
the field zero. Experimentally, this technique allows us to create a trap
with a lifetime of 11 seconds (see Figure , long enough to perform the

evaporative cooling sequences.
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Lifetime in the Optically-Plugged Quadrupole Trap

Lifetime fit: 7 = 11.083+3.328s * L X J
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Figure 3.10: Left : Absorption imaging of ~ 10° atoms in the OPQT, the
red hole in the centre is the focus of thee plug beam. Right : Lifetime plot
of atoms in the OPQT, post evaporative cooling.

Ioffe-Pritchard Traps

A generalised term for any magnetic trapping scheme that does not form a
field zero at its minima, but instead some arbitrary minimum field value,
loffe-Pritchard traps come in many shapes and sizes , , . Of par-
ticular interest to this experiment, however, is the Z-trap, as we are able
to create an ad hoc Z-type trap using pre-existing conductor structures.
Z trap is formed of a Z-shaped current-carrying conductor structure com-
bined with a static bias field parallel to the plane of the Z shape. The
result is a magnetic trap located above the central wire of the 'Z’, with a
trap field minimum that is adjustable in magnitude by simply changing the
ratio between the field generated by the Z wire, and the planar field. We
are able to create such a trap by utilising the lead wire of the conductor
structure responsible for the ringtrap quadrupole. The slight hook shape
where the curved conductor meets its lead wire forms a pseudo-z shape,
and a bias field is applied. This Ioffe trap serves as the ideal location for
the later stages of manipulation and cooling of atoms. The trap bottom
is adjustable by simply changing the magnitude of the Bias field, allowing
for dynamic control of the trap energetics in-sequence. The raised trap
bottom also brings the atoms out of range of low frequency noise to the

point at which we see a &~ 10s lifetime in the trap. Because of this long life-
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time, we are able to perform a very efficient RF-evaporation procedure on
the atoms, allowing us to bring the atomic cloud down to sub-microkelvin

temperatures.

Lifetime in the EM-Chip Z-Type loffe Trap
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Figure 3.11: Left : Absorption imaging of ~ 10* atoms in the Z type Ioffe
trap. In the top left of the image, the tracks to the ringtrap-generating
coil-structure can be seen, as this loffe trap is created near to the ringtrap.
Right : Lifetime plot of atoms in the Z type loffe trap, post evaporative
cooling.

3.2 Radio-Frequency Dressed Potentials

Whilst static trapping methods allow for the creation and manipulation of
Ultra-cold atomic cloud, and are able to produce stable trapping potentials
close to a conductive surface, with multiple second lifetimes, it is the Radio-
Frequency Dressed potential that lies at the heart of this interferometer.
Through the use of AC magnetic fields applied to the trapping methods
mentioned in the previous chapter, we are able to create traps for atoms
that are resilient to noise, have interesting geometries, and are able to be
dynamically manipulated. This section will provide a detailed description
into the methods by which we make use of RF-Dressed potentials in the

path towards the trapped atomic Sagnac interferometer.

3.2.1 RF Dressed Traps

In Chapter 2, we discussed how an AC magnetic field coupled to the atomic

magnetic moment allowed for the creation of local potential minima at
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resonant field values. We can expand upon this idea by considering the
field geometry about a quadrupole, as seen in Section 3.1.1. The radial
nature of the field strength means that the resonance condition will be
fulfilled on the surface of an oblate spheroid, with a radius of r, = r, = %,
we refer to this trap surface as the RF-dressed shell trap. The potential
minima of the trap is directly proportional to the coupling strength of the
RF-dressing field to the atoms, which in turn is governed by the magnitude
of the RF-dressing field, and the relative orientation of the dressing field to
the static magnetic field. We can see how this manifests by considering the
application of a linear dressing field to a static Quadrupole trap; Regardless
of the orientation of the dressing field, there will be some point on the
surface of the dressed shell in which the dressing field is parallel to the
static field, resulting in a region of zero coupling, and a point at which
the dressing field and static field are perpendicular, leading to maximum
coupling. We can see this directly by looking at atoms trapped in an RF-
dressed quadrupole trap, such as in Figure [3.12] atoms seek out the region
of minimum coupling and move to the point on the shell surface in which
they see no coupling from the RF field. However, with no RF coupling, the
atoms become undressed and thus untrapped, either falling to the centre
of the quadrupole, or expelled from the trap entirely, depending on their
state. This creates a major channel for atomic losses; to avoid this we
can utilise RF fields polarised along more than 1 axis (such as circular

polarisations) such that there is always some component of the dressing

field perpendicular to the static field.

Figure 3.12: Left : Atoms confined in a bare quadrupole trap. Right :
Atoms confined to an RF shell trap, we assume a linear polarisation in the
z-direction, as such atoms are drawn to the bottom of the trap where the
coupling tends to zero, and some have fallen through the hole in the shell
into the bare quadrupole in the centre.
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Frequency Heirarchy

One major benefit to using RF-Dressed potentials is that the process of
trapping the atoms on a resonant shell raises the noise floor for the atoms
to the dressing frequency. What this means in practice is that low fre-
quency noise, especially the type that originates from nearby electronics
(mains, lights, etc.) and mechanical oscillations, become far detuned from
the atoms. This works in the same manner as confining the atoms in an
Ioffe-Pritchard type trap, but without the need to create elaborate wire
geometries. With this in mind, the first assumption is that one would want
to dress the atoms at a very high frequency, but here we are limited by the
curvature of the static trapping potentials, as higher dressing frequencies
couple to atoms when they are located further from the trap centre (at a
higher static field value). This creates the issue that further from the trap
centre, trap gradients are typically lower, meaning that atoms are less well
confined, and as such have a lower phase space density. As a result, we
choose to dress at 1 MHz, as it is well clear of most noise effects, that could
lower atom numbers, but only causes a shell radius in the gm range, mean-
ing trapping gradients do not significantly change. We are also limited by
the magnitude of the dressing field somewhat, as the rotating wave approxi-
mation requires the the Rabi frequency of the dressing remains smaller than
the dressing frequency. As such we dress with a Rabi frequency of a few
hundred kHz, which does not significantly distort the trapping potentials.
There is also some consideration for the so-called trap frequency, that is
unrelated to our RF-dressing scheme, but instead measures the oscillation
frequency of atoms about the trap bottom (assuming the trap is harmonic,
which is the case for a quadrupole trap, and very nearly the case for ioffe,
and RF-dressed traps). These frequencies fall into the 100’s of Hz to 10’s
of kHz range typically, so are not driven by the RF fields, making them of

little concern.

3.2.2 Spectrum of an RF Dressed trap

Proper characterisation of atoms trapped within RF Dressed potentials
remains similar to those used for static trapping methods, with absorption

imaging remaining a valid method of probing the atomic cloud. The main
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tool of investigation, RF spectra, also remains a viable method, albeit with
a few changes to our expected results. As a result of the mixing products
between an RF probe, and the RF dressing field, we no longer expect to
see a single spectral peak, instead we observe three separate peaks, each
belonging to a separate polarisation component of the RF probe. The
first peak, which corresponds to the Z polarisation, is seen at the dressing
Rabi frequency, which effectively acts as a trap bottom measurement. The
second and third peaks, which correspond to the 6, and 6_ polarisations,
are seen at the RF dressing frequency, plus or minus the dressing Rabi
frequency, respectively [28]. An experimental spectrum taken of atoms in

an RF-dressed loffe trap is shown in figure |3.13

RF Spectrum in the RF-Dressed loffe Trap
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Figure 3.13: RF Spectrum of the RF-dressed loffe trap. We see three peaks,
and can use them to measure the Rabi frequency at Qrp ~ 250 kHz and
the dressing frequency at wrp ~ 2.2 MHz

3.3 State-Dependent Transport

This chapter, up until now, has only described preparatory techniques,

which only serve to enable an interferometric sequence, but do not perform
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it. In this final section, one of the main achievements, a novel method of

driving atomic clouds around a ring, in a state-dependent, fully-trapped

manner, will be presented.

The physics presented in this section relies on the interactions between

many different polarisation and frequency components, of multiple different

RF, and DC, magnetic fields. To aid in readability, whilst also reducing

wordiness, a lookup table for the different components, their notation, and

a brief description of function have been provided below.

’ Field component \ Notation Description ‘
Ringtrap Quadrupole B Static field that forms the base
Field bo field geometry of the ringtrap

- RF-Field used as the radial com-

RF-Chip Field Brroni ponent of the smoke-ring dressing

RF-Field used as the vertical

RF-C4 Field Brrca component of the smoke ring
dressing

Planar RF-field used to interfere

RPx Field Brps with the radial components of

the smoke-ring dressing, to create
state-dependent potentials

Table 3.1: Magnetic Fields used in the creation of state-dependent poten-
tials in a ringtrap. All of the RF fields are linearly polarised along the

direction indicated in the description.
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’ Frequency ‘ Notation ‘ Description ‘
RF  Dressing Fre- Base frequency .of all dressing
WRFE fields, set experimentally to 1

quency My
Rabi frequency induced by the
RF Rabi Frequency Qrr RF dressing field at the point of

lowest coupling strength

Rate at which state-dependent
traps are rotated around the ring.
Equal to the difference between
the Dressing frequency of the
Smoke ring, and RFx dressing fre-
quency

Trap Rotation Rate Qp

Table 3.2: Frequencies that are used in, and result from, the creation of
state-dependent potentials in a ringtrap.

3.3.1 Creating an RF-Dressed Ringtrap

The state-dependent transport scheme relies on the difference in the the
coupling of o, and o_ RF polarisations to the F' =1 and F' = 2 hyperfine
manifolds. To be able to exploit this we require an initial dressing geometry
that satisfies two conditions: Firstly, all atoms in the ringtrap must remain
dressed at all times, meaning that there must be some component of the
RF-dressing field perpendicular to the static ringtrap quadrupole field at all
points. Secondly, all atoms should experience the same static magnetic field
direction, meaning that they should be confined to a single strip around the
ringtrap corresponding to a single poloidal angle. This is achieved through
the introduction of an RF-field that is polarised elliptically with respect to
the ringtrap cross-section. This RF field has a vertical component Brp.
and a radial component Bgp,. For a dressing field where Brp, > Bgrp,
atoms located at the top of the ringtrap (which experience a vertical static
magnetic field and thus only couple to Bgrp,) experience a smaller potential
shift from the RF than atoms located at the sides (which experience a
horizontal static magnetic field and thus only couple to Bgg,). This creates
a trapping geometry in which atoms are confined top and bottom of a
hollow toroidal shell. Atoms in this trap all experience the same vertical

static magnetic field, and experience a trap bottom potential of hQlrp, -
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Figure 3.14: Tllustration of Trapping potentials in the RF-dressed ringtrap,
and absorption imaging of atoms loaded into the dressed ringtrap

the rabi frequency induced by the radial component of the RF field. Due
to this geometry created, we nominally refer to this trap, and the dressing
field that creates it, as the smoke ring, and smoke ring field, respectively.
Figure shows the field polarisations, and a map of the potentials across
the torus surface, along with an absorption image of atoms loaded into this
trap.

Creating this trap experimentally begins with atoms cooled to around
1pK in the Z-type loffe trap. The smoke ring dressing field is created
through the use of two coils of different width underneath the ringtrap,
namely the RF-Chip coil, and the C5 coil on the atom chip (descriptions
of these coils are given in Chapter 4), where we use the RF chip coil to
produce the vertical component of the field, and the C5 coil to produce the
horizontal field component. This field is initially some 500 kHz red-detuned
from the trap bottom in the ioffe trap, and then the frequency is ramped up
to 1 MHz to dress the atoms. Whilst doing this causes a very slight amount
of non-adiabaticity in the introduction of the dressing, it is preferable, as
starting from a higher detuning causes the second harmonic of the RF field
to ramp through the atoms, expelling them all from the trap. With the
dressing field applied, the bias field that forms the loffe trap is lowered, and
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the atoms move into the dressed ringtrap. Despite traps forming on the
top and bottom of the torus, we only see atoms on the top, which is likely
due to two reasons: Firstly, the loffe trap formed is slightly higher than the
ringtrap, meaning that the natural path of atoms tends towards the top
trap. Secondly, the bottom trap is located closer to the conductive chip
surface, meaning that noise effects (induced currents, etc.) cause atoms in
that trap to have a shorter lifetime. The trap minima in this scheme is set
by the Rabi frequency at the top of the ring, which is determined by the
magnitude of the radial component of the smoke-ring dressing field. It is
desirable to have this trap minima as high as possible for later stages of
the experiment, but we are limited by the fact that the RF-Chip, which we
describe as producing a radial field, actually produces a field that points
at 17° to the vertical, meaning that it contributes only around 30% of its
total field magnitude to the radial dressing component. This limits the
trap floor to 200 kHz at maximum power, as more amplification would
make the dressing field too noisy. The depth of this trap is determined by
the difference in Rabi frequencies of the top and sides of the ring, as the
vertical component of the dressing field is responsible for the Rabi frequency
on the side, and thus trap depth. A diagram showing the geometric origin

of this limitation can be seen in Figure [3.15]

3.3.2 State-Dependent Potentials

With atoms confined to a single ring-shaped plane, the next step in reach-
ing the interferometer geometry is to be able to localise atoms in a state-
dependent manner. The symmetry breaking derives from the polarisation
dependent coupling strength of the RF-dressing field. Recall from Equa-
tion that the coupling strength of the RF is dependent on B., which
is the component of the RF field in the direction of the local larmor preces-
sion. By breaking the geometric symmetry of the RF-field polarisation we
can create a state-dependence for the potentials. In other words, control
of local RF-polarisations around the ring allow for the creation of local-
state-dependent polarisation around the ring, allowing us to trap atoms,
that have different internal hyperfine states, in different locations around

the ring.
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Figure 3.15: Diagram detailing the geometry of the dressed ringtrap, and its
limitations. A: The left shows a slice through the ringtrap, the pink circle
is the resonant shell, and the green oval shows where the atoms sit. The
right shows the angle between the two dressing fields Brpca, and Brpcnip,
and how the shallow angle of 17° between them leads to a small resultant
radial dressing field, which limits the coupling strength of the dressing. B:
Geometry of the ringtrap after localisation, the interference of Bgrp,, and
Bp leads to a potential minima where the green oval is located, but the
maxima at the same point is limited by the magnitude of Bp.
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To understand how this polarisation symmetry break is formed, and how
it gives rise to local potential maxima. We consider that there are two phase
components present when discussing the smoke-ring dressing field, the first
is the temporal phase, ¢, which is the phase resultant from the evolution
of the RF field over time. The second phase is the Geometric phase, that
results from the symmetry of the dressing field radially, as the field direction
in the lab frames turns with the toroidal angle, 67, of the ringtrap in that
the field points in opposite directions at opposite times (or has a phase
difference of 7 radians). Whilst not technically a phase in the traditional
sense, it is useful to discuss as one when we introduce the planar field Bgp,.
This field interferes with the smoke-ring field differently, depending on the
local geometric phase of the smoke-ring field. When the planar field and
some-ring field point along the same axis, the resulting interference field can
only be linearly polarised, with a magnitude depending on the difference
in temporal phase between the two fields. Importantly, when the side of
the ring at 67 = 0 is maximally constructively interfering, the opposite
side of the ring at f7 = 7 will be maximally destructively interfering. At
the sides of the ring, where 67 = 0 or %, the field polarisation resulting
from interference is not necessarily linear, but instead, depending on the
temporal phase difference, can be circularly polarised, in either the o, or
o_ directions. When one side of the ring is producing a o, polarisation, the
m radian shift in f7 on the other side of the ring results in a o_ polarisation.
A diagram showing the differing interference results for different 67, and ¢
values is shown in Figure [3.3.2]
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Figure 3.16: Diagram showing the dressing fields that result from the in-
terference between the smoke ring field, and the planar field, for different
temporal phase differences.

Thus, depending on the temporal phase difference between the planar
field, it is possible to create a situation where the coupling strength is at a
minimum for both the F' = 1, and F' = 2 states, and then by evolving the
temporal phase difference move into a situation where the coupling strength
minima are in two different locations around the ring for the two different
hyperfine states. The potential landscape for these state-dependent traps
can be seen in figure

3.3.3 State-Dependent Transport

Rather than viewing the state-dependent potentials as simply a conse-
quence of the interference of the planar and smoke-ring fields, we can in-
stead view it as two different polarisations of the dressing field propagating
around the ring as o1 evolves. This can be exploited to create a transport

scheme, where by evolving ¢, we can move the two trapping potentials
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Figure 3.17: Tllustration of state-dependent potentials evolving with phase.
As the phase pr is evolved, the potential minima for the two different
hyperfine manifolds move in opposite directions around the ring

opposite directions around the ring. Experimentally, this is achieved by
slightly increasing the field dressing frequency of the planar field by an
amount (). This has the effect of causing pr to evolve at at a rate deter-
mined by Qp (i.e. if Qr is 1 Hz then ¢ will evolve from 0 to 27 once every
second). This causes the traps to rotate about the ring at this frequency,
and sets the interrogation time for the interferometer (2Hz rotation speed
means the traps complete a full loop in 500 ms). We observe, in Figurem
that setting the rotation frequency to 5Hz causes atoms to move around
the ringtrap, completing one full loop. More importantly, for the same
change in rotation frequency, atoms in the two different hyperfine states,
|1, —1) and |2, 1), travel around the ring in opposite directions, meaning we
have achieved state dependent transport. We are limited in the speed of
this transport by the non-adiabaticity of the trap movement. Essentially,
the traps formed by the interference are shallow enough that the energy
imparted by their sudden movement is enough for atoms to overcome the
potential barrier, and simply not move about the ring. There are two pos-
sible solutions to this issue, one is gradually ramping the planar dressing
fields, such that the traps ’accelerate’ around the ring, this would solve for
some of the non-adiabatic components, but slows down the actual rotation
(as accelerating from OHz to 5Hz in a full sequence is the same as travelling

at a constant 2.5Hz for that entire sequence). As discussed in Chapter 5,
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we are limited by coherence time, so slowing down the rotation rate is not
preferable. The other option would be to increase trap depth, but this
is hard-limited by the geometry of coils used to generate the smoke-ring

dressing field.

Figure 3.18: Absorption Imaging for atoms in both the F =1 and F' = 2
being driven around the ringtrap via RF dressed potentials at a rate of
2 Hz. Due to lack of atoms in the trap, and how thin the cloud spread
absorption imaging is poor here, but the blue clouds of atoms can clearly
be seen travelling clockwise for the F' = 2 manifold, and anti-clockwise for
the F' = 1 manifold.
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Chapter 4
Experimental apparatus

The previous chapter delved into the methods of controlling and manipulat-
ing atoms, all in the aim of creating the RF-dressed, fully-trapped, atomic
sagnac interferometer. But all of those techniques are of little use without
the proper equipment to realise them. Experimental cold atom setups suf-
fer from noise issues, stray fields, and a host of other issues that impede
the ability to manipulate atoms effectively. This chapter will provide a
detailed overview of the experimental setup used to realise the RF-dressed
transport, and microwave based manipulation in later chapters. The exper-
imental apparatus, and thus this chapter, are split into four parts. The first
is the vacuum chamber superstructure and the surrounding components.
The second is the Atom Chip stack, a cutting edge conductive structure
that incorporates micrometer scale electronics to create tight and stable
magnetic potentials. The third is the optical setup, responsible for all laser
light used in the experiment. The final is the generation of AC signals,
which is used to generate clean AC magnetic fields in both the RF and
microwave range.

All of the constituent parts that make up the experimental apparatus
are connected, and controlled through the use of a network system that
runs on National Instruments Labview software. The program runs on a
PXI system connected to an internal network, and is accesible through PC
desktop in the control room. The PXI converts the Labview script into
commands for an FPGA board, which then executes the script, producing

analogue and digital outputs. Analogue outputs range from —10 to 10 volts
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and are used for controlling other components in the setup (current supply
output, AOM frequencies, Voltage controlled attenuators, etc). The digital
outputs act as Transistor-Transistor Logic (TTL) signals, used for turning

on and off components in the setup.

4.1 Vacuum Chamber and Surrounding Su-

perstructure

At the heart of the experiment is the vacuum chamber, an enclosed space
with an internal background gas pressure of p < 107!Y mbar. The vacuum
chamber is fundamentally necessary for the experiment due to the negative
effect that collisions with room temperature air molecules, namely heating
of the atoms, and nonadiabatic spin flips, leading to losses. The vacuum is
kept at this low pressure via an always-on ion pump. The vacuum chamber
serves as the initial building block for which the rest of the experiment is
built on, it and its surrounding superstructure contain coils for DC field
generation, view ports to allow both laser input and optical output from the
chamber, and precision connector inputs that connect external AC current
sources to antennae inside the chamber. Diagrams illustrating a simplified
layout of the vacuum chamber can be seen in Figures and [4.2] which

show views from the side and top, respectively.

4.1.1 DC field coils

Flanking the vacuum chamber on all sides are three pairs of conductive
coils. Each pair of coils is positioned along a Cartesian axis perpendicular
to the others, and as such are named the x, y, and z coils. Due to the
high inductances and resitivities these coils have (due to their large sizes
and high number of turns), the current sent to them first passes through a
relay controlled via TTL signal. This allows for fast switching of the coil
currents, as a lingering current within the coil could have adverse effects for
stages of the experimental sequence not requiring the use of the external

coils.
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Z coils

The z coils are an anti-Helmholtz pair designed to produce a large quadrupole
trap mainly for the purpose of initial MOT trapping, each coil containing
120 (12x10) turns. The two coils are connected to separate current sources,
allowing for dynamic -positioning of the quadrupole centre by changing an
offset current between the two coils. The large amount of turns these coils
have, and large currents being driven through them creates the need for
cooling mechanisms. To achieve this each of the two z-coils is sandwiched
between two water cooled metal plates. Temperature stability of these
coils is particularly important, as the high inductance of the coils mean
that small changes in resistivity can cause large changes in the turn on or
turn off time of the coils, reducing the consistency of the experiment over

longer timescales.

X and Y Bias Coils

The X and Y coils are both set up in Helmholtz arrangements such that
they produce static bias fields in the x and y directions, respectively. Each
pair of coils is driven by a single power supply that can provide both positive

and negative currents, allowing for full bias control in the X-Y plane.
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X Bias Coils

Z Mot

Coils Cooling

Plates

Figure 4.1: Schematic Diagram of the Vacuum chamber from the side.
Optical components and the PCB hat stripped away for better viewing of
the external coils.

4.1.2 On Chamber Optics

In addition to magnetic fields, the MOT stages also require optical fields
in the chamber. These optical fields are generated on an optical bench,
that will be discussed in a later section, but are sent via optical fibre to
optical rigging attached to the chamber. The laser beams that form the
basis of the 3D MOT are coupled into three optical axes, labelled X-MO'T,
Y-MOT, and Z-MOT (the X and Y MOT axes are 45 degrees offset from
the X and Y magnetic field axes). The X and Y beams pass through the
chamber and are retro-reflected by mirrors back along their path, and the
Z beam enters from underneath the chamber, and is retro reflected off the

gold conductive surfaces of the atom chips.
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Imaging

XMOT

Optical Pumping

Plug Beam +
Imaging Camera

Figure 4.2: Schematic Diagram of a top-down view of the vacuum chamber.
Optical components are enclosed in black tubes. Not shown is the Z-MOT
axis, which is underneath the chamber.

4.1.3 Rotation Table

The vacuum chamber sits on a motorised spinning platform intended to
simulate rotation effects on the vacuum chamber to allow for testing of
the interferometer. The rotation table is driven by an electrical motor
connected via USB to the laboratory computer, which can remotely set a
rotation command during an experimental sequence. The table and thus
the entire chamber sit on an air bearing to allow for smooth rotation of the
table, having the added effect of filtering out high-frequency vibrational

noise from the vacuum chamber.

4.2 The Atom Chip Stack

The magnetic fields required to produce the ringtrap, and the quadrupole
traps tight enough to load it, are all produced on an atom chip stack that
is suspended upside down from the top flange of the vacuum chamber. The

stack consists of 3 specially produced micrometre-scale electronics: The
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Atom Chip, the EM Ring Chip, and the RF Chip. The Atom chip was
produced by an external PCB manufacturer and the EM and RF chips
were produced at Ben Gurion University. The chips are stacked on-top of
one another, connected via ultra-high vacuum compatible glue. The Chip
stack was then connected to the top flange of the vacuum chamber, and
connections were wire-bonded onto pads that connect to the conductive
elements of the chips. These wires connect to a PCB hat that sits on the
external side of the vacuum flange, shown in Figure 4.2| as the pale disc
between the bias coils. This PCB hat allows external current sources to be
connected directly to the chips via screw plug terminals, these terminals
also allow for monitoring of the voltages and resistances of the coils via the

Electronic watchdog unit.

4.2.1 The Atom Chip PCB

The bottom layer of the chip stack, and the largest of the chips is the
atom chip, a multi-layer PCB. It consists of 7 multilayered concentric coils,
labelled C7 through to C1 in order of descending size. The coils are gold,
and layered in ultra-high vacuum compatible PCB substrate. The gold
conductive layers forming the concentric coils can be seen in the photograph
of the PCB in Figure [4.3 The primary purpose of this chip is to provide the
magnetic fields required to transfer atoms from a quadrupole generated via
external coils. This is done by creating a quadrupole with the outer coils,
and gradually switching to the innermost coils. To do this coils must be
configured in an anti-Helmholtz manner, and as the current sources that
drives them are not bi-directional, must have their polarity manually set,
by reversing the wire layout on the PCB hat. The C4 coil is connected to
both a DC current source, and the RF current source through a home-made
Bias-Tee network. This allows the coil to produce both a DC field for atom

trapping, and an RF field for dressing and cooling, simultaneously.
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Figure 4.3: Photograph of the atom chip PCB, without other chips at-
tached, mounted on the vacuum flange. The turquoise disc in the centre is
a wave-plate for the purpose of retro-reflecting the Z-MOT beam

4.2.2 The EM Ring Chip

The top chip of the stack is responsible for generating the quadrupole
ringtrap field. The chip consists of two gold layers evaporated onto a UHV-
compatible silicon substrate. These gold conductive layers are in such a
shape as to produce a quadrupole ringtrap when DC current is passed
through them, the rings are rotated 180 degrees with respect to one another
to allow for swapping between the two coils to avoid the discontinuity in
the ringtrap caused by the lead wires. Due to the 2um silicon layer that
separates the two coils, the lower one is slightly larger in radius such that
the two quadrupole ringtraps match better in terms of position and gradient
where we want to be trapping atoms. The four wires forming the EM chips

current carrying structure can be seen in Figure 4.4
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Figure 4.4: Above : Photograph of the EM-Chip, with enhanced close up
of the coils. Below : Schematic cut-through of the EM-Chip

4.2.3 The RF Chip

Between the EM and Atom chips is the RF-Chip, a silicon chip designed
to produce a the radial component of the ringtrap dressing field. The chip
features a two-layer coil, with layers on either side of a 280 um silicon
substrate, and connected through a copper via wire. Each layer is formed
of ten tightly would, 40pum X 40um copper coils, formed through etching
of the silicon, then copper electroplating. Figure shows the RF chip
placed on top of the Atom chip PCB, and its tightly wound coil. The Chip
is connected to an external matching network, that includes a step down
transformer to maximise current through the coil, and impedance matching

elements to such that the coil has an impedance of 50€2 at 1 MHz
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Figure 4.5: Photograph of the RF Chip mounted atop the PCB, with an
enhanced close up of the RF coil tracks.

4.2.4 In-Chamber Antennae

Attached to the atom chip stack are free-standing, UHV compatible, Kapton-
clad copper antennae. Standing perpendicular to the chip are two RF coils,
named RFx and RFy, whose purpose is to produce high-magnitude, planar
RF fields along their respective axis. However, RFx is not along the x-axis,
but instead at 45 degrees between the x- and y-axes, as otherwise the coil
would obstruct absorption imaging of atoms close to the chip. Photographs
of these antennae individually, and their positions with respect to the atom
chip are shown in Figure [£.6] These two coils contain 5 turns each and are
pressed as close to the chip as they can to maximise field values. Also at-
tached to the vacuum flange that the PCB sits upon is an antenna designed
to produce microwave-frequency magnetic fields for the purposes of driving
atoms between the F' = 1 and F' = 2 manifolds. This antennae is designed
such that it is resonant at 6.835 GHz - the hyperfine splitting energy for
the hyperfine transition.
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Figure 4.6: Photographs of the In-Chamber AC antennae. Top left: The
MW Antennae. Top Right : A dummy version of an RF coil. Bottom: The
MW antennae, and two RF coils mounted on the vacuum ceiling flange,
next to the Atom chip PCB

4.3 Optical Setup

The experiment has five different requirements from optical fields, and
makes use of lasers for all of these, the five required optical fields and

their uses are listen below:

Cooling Provides the velocity dependent force required for the Doppler

cooling of atoms and forming the optical molasses.

Repumping Repopulates the MOT by driving atoms that fall into the

I =1 state back into states addressable by the cooler laser.
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Optical Pumping Drives atoms into the trappable |2,2) state after the
MOT

Imaging Tuned such that atoms in the trappable |2,2) state are opaque

to it, providing absorption imaging.

Optical Plugging High power beam providing a repulsive force at the
centre of a quadrupole trap, effectively 'plugging’ the field zero.

These five requirements necessitate the use of multiple lasers, each with
a stable frequency located around an atomic transition. This requires the
use of many optical techniques to tightly control the frequency, power,
stability and polarisations of lasers involved. This section will provide a
detailed summary of the lasers used, and the techniques applied to achieve

the requirements.

4.3.1 The Table Lasers

The first four requirements are all performed by a set of lasers, called
the table lasers, for their collective location on an optical bench in the
laboratory. These lasers share the need for fine control of their frequency,
whilst having a relatively low power requirement. As a result, these beams
are all produced by cavity-diode lasers. The cooling and repumper beams
are produced by a Toptica TA-Pro, the optical pumping is produced by a
Toptica DL-Pro, and the imaging beam is produced by a Diode cavity laser
custom produced at the University of Birmingham. These lasers are used
for their high stabilities, in both power and frequency domains, all whilst
being able to maintain clean, single-mode beams. A schematic of the beam

paths, with the components used to manipulate the laser light, is shown in

Figure

Frequency Locking

The laser sources are frequency locked to transitions on the D2 line (The
transition between the 528 1 and 5273% levels) via a Pound-Drever-Hall lock-

ing scheme. selection is shown in Figure [4.7]
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Figure 4.7: Diagram showing the transitions that lasers are locked to, solid
lines indicate frequencies locked to specific spectral features, whereas dotted
lines represent shifts induced via AOM.

The locking scheme uses Doppler-free saturated absorption spectroscopy
[71] referenced through 8" Rb vapor cell. The beam is passed through the
cell twice (with the first pass through being labelled the pump beam, and
the second the probe beam) to eliminate linewidth broadening that occurs
due to the thermal motion of atoms (hence, Doppler free). In order to see
the absorption spectra incident on a photodetector, we must modulate the
beam such that the frequency is scanned over time, we do this by applying
some fast time-dependent modulation, usually by applying a high frequency
sine modulation to the current supplying the diode laser, and then applying

a slow time-dependent modulation, usually either modulating the voltage
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of the piezoelectric crystal that controls the grating angle inside the diode
laser, or by using a solenoid wrapped around the Rubidium cell to induce
Zeeman shifts, causing a detuning from the transition). We then use elec-
tronics to create the time-derivative of this signal, which allows us to lock

the frequency to transition peaks via PID-locking electronics.
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Figure 4.8: Schematic Diagram of the Table Laser Setup

Acousto-Optical Modulators

The frequency of the beams can be fine tuned via the use of Acousto-
Optical modulators . These active optical components use an electronic
RF signal to drive Phonons of the same frequency through a crystal inside
the AOM. The propagation of the phonons through the crystal creates
an artificial period structure, through which light can diffract via Bragg
diffraction. Laser light entering the crystal at a slight incidence angle will
absorb a phonon, and be deflected by an angle 6, having its frequency
shifted by an amount equal to the RF electronic signals frequency. The

resultant beam is split into multiple beams, each having been deflected by
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an angle equal to an integer amount of 6. These deflected modes have their
frequencies shifted by an amount equal to the integer deflection number,
times the RF frequency. This process is shown in Figure 4.90 The angle
of incidence can be tuned to maximise the laser power in the mode with
the desired frequency shift. The AOMs used in this experiment have a
maximum single pass efficiency of 80%, meaning that we expect to see a
maximum efficiency of 64% for the double pass. The AOMs are especially
powerful tool as they convert and electronic RF signal, which is dynamically
tunable in frequency (via a VCA input signal) into a dynamic and tunable
shift in laser frequency. Care does have to be taken however, as a shift in
RF frequency also slightly changes the Bragg angle, 6, slightly changing
the beam path, and thus the coupling of optical components in the rest of
the optical table. This path deflection is not purely a negative, however,
as it can be used as a fast-acting shutter, by suddenly changing the RF
frequency by a large amount, the beam path can be misplaced, meaning
that it wont couple into the fibre and reach the atoms. A switch done this
way acts on the timescale of microseconds, rather than the milliseconds a

traditional, mechanical shutter takes to close and open.
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Figure 4.9: Schematic Diagram, showing the operation of an AOM device.
Incident laser light with frequency wyase; is incident to the AOM device,
which is modulated by an electronic signal of frequency wgrr. The laser
light is deflected into modes, at angles n 6 with a frequency shift of n wgrp

Polarisation control and Fibres

Both the MOT stage, and Optical Pumping require circularly polarised
light fields, meaning special apparatus has to be used to generate the correct

polarisation of beam. This is achieved through the use of both optical
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table and chamber mounted waveplates. A % and % waveplates in the
correct relative orientation can be used to create a linear polarisation, which
is coupled into a polarisation maintaining fibre. The beam then passes
through two more waveplates in the same configuration at a different angle,
to create a circularly polarised beam. The power provided through the
MOT beams drifts over long timespans, but is optimised to around 70 mW
in the X and Y beams, and 90 in the Z beam. The imaging and optical
pumping beams are significantly lower in power output, and each transmits

only a few milliwatts of power into the vacuum chamber.

4.3.2 The Optical Plug Laser

The optical field used to produce the optical plug is subject to vastly dif-
ferent requirements than the other optical fields. The optical plug trap
is far less dependent on precise frequency control than the other optical
processes. Instead, we desire the maximum power possible. To achieve this
we use a multiple device setup that utilises a Lighthouse Photonics pump
laser, that outputs 10 W of 532 nm laser power. This laser has its frequency
halved via a Solstis Titanium Sapphire laser, which produces ~ 3W of 760
nm of laser power. This is then coupled via fibre into the vacuum chamber,

where we see ~ 1.7 W of laser power reach the atomic cloud.

4.4 AC Signal Generation

Crucial to the experiment in both obtaining state-dependent transport and
state manipulation via microwaves, is the ability to produce highly control-
lable AC electronic signals. Signals generated must be controllable to high
precision in both frequency and power. The sensitivity of atoms to these
AC fields also presents a challenge, as sources of noise from the environ-
ment, or from current sources themselves. There are two frequency ranges
on which this experiment operates, the RF frequency, which ranges from
0-100 MHz, and the microwave range, which operates at 6.83468 GHz +
10 MHz
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4.4.1 Generation of RF signals

RF signals are initially generated via a Direct Digital Synthesis (DDS)
board, connected to the laboratory control FPGA. The board has eight
RF output channels that can output low-noise, low linewidth RF current
at a power of 7 dBm (5 mW), and has an unclipped frequency range of.
The frequency is referenced to an internal crystal oscillating clock on the
DDS board, which itself is synced to an external satellite-based GPS clock.
The connection from the DDS to the FPGA, and thus the PXI system al-
lows for dynamic control of RF signals during experimental runs, including

frequency ramping, and dynamic phase control.
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Figure 4.10: Schematic Diagram of the RF pre-amplification network.

The SMA output connectors are protected with passive DC blocking
components to protect against power surging due to the internal DC resis-

tance of the RF outputs being zero.

Power Amplification

The RF generation of the DDS board may have high stability and low

noise, but the power output is inefficient for use in RF probing, dressing
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Figure 4.11: Schematic Diagram of the Microwave frequency generation,
and amplification network

or evaporative cooling, and as such must be amplified through the use of
active circuits.

Figure |4.10|shows the exact setup of the RF amplification circuits. Due
to the addition of Voltage controlled attenuators, which allow for a re-
duction of power that scales with a VCA input (directly and dynamically
controlled through the Labview interface) the RF amplification lives by the
mantra : 'More power, more better’. In this, we mean that as long as the
signal integrity remains high and the carried noise remains low, there is no

upper limit to the power amplification that we desire.

4.4.2 Generation of Microwave signals

Microwave-frequency signals are more difficult to cleanly generate electron-
ically and therefore are not able to be produced on the DDS board. In-
stead, we make use of an SRS signal generator. The signal generator is
set to output a signal of 7 GHz at its maximum output power of 8 dBm,
this signal is then mixed with one of three different RF channels, chosen
by a switch. The mixing of microwave and RF signals produces two side-
band frequencies, 7 GHz—wgrr and 7 GHz4+wgp, referred to as the red and
blue sidebands, respectively. The resulting signal, carrier frequency and
red and blue sidebands, are further amplified electronically before the sig-
nal is passed through a cavity resonant at 6.831 GHz. This cavity only
allows signals close to the FF = 1 — F = 2 transition to pass through.

To not be filtered out, we require the mixing RF frequency, wgrp, to be
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169 + 10 MHz, which centres the red sideband on the hyperfine transi-
tion. This sideband filtering method allows the microwaves signal to be
frequency and phase controlled via use of the RF DDS board, allowing for
dynamic control of the Microwave frequency during the experiment, and
phase resetting of the microwave signal, both useful tools to have. Once fil-
tered the microwave signal is sent via SMA cable to the chamber mounted
microwave antennae. Much like the RF signals, the Microwave signals are
passed through a VCA, meaning that obtaining a high a power as possi-
ble (whilst maintaining signal integrity, and avoiding damaging fragile-high
frequency components) remained the main objective. Figure m shows

the setup created to achieve this.
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Chapter 5
Microwave Transitions

With atomic transport around the ringtrap achieved, the next requirement
for the experiment was the ability to create a coherent superposition of
trappable atom states with which to perform interferometry. The caveat
is that the two states of atoms within the superposition must couple to
opposite-handed RF polarisations, the F' = 1 and F = 2 states fulfill this
requirement, by coupling to o_ and o, respectively. The two states have an
energy separation of 6.834682 GHz, which is in the microwave range, and
accessible through electronic generation. This Chapter will focus first on
RF-Dressed microwave transitions, preparation of pure states. The second
section will focus on the path to maximising the efficiency of the transfer
from one state to another. The final section will the explore the creation of
a quantum superposition of atomic states, and the coherence time of such

states, and the implications of such coherence on an interferometer.

5.1 RF-Dressed Microwave Transitions

Single photon transfers between atomic states are governed by selection
rules that greatly restrict the transitions available. In the case of driving
between the F' =1 and F' = 2 manifold, we are governed by the fact that
the photon driving the transition must have a component in the o, /o_ di-
rections, meaning that the magnetic sub-level must increment by 1, or -1,
depending on the polarisation of light used. This restriction, Amy; = £1

would normally be a problem for the trapping and transport scheme, as
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it means that a direct transfer between the two closest trappable states in
each hyperfine manifold, |2,1) and |1, —1) would not be possible. However,
the presence of the RF-dressing field, coupling the magnetic sub-levels, to-
gether, allows for pseudo one-photon transitions through the absorption
and stimulated emission of RF photons. These pseudo one-photon tran-
sitions are subject to their own set of polarisation based transition rules,

shown in Figure [5.1
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Figure 5.1: Left : Allowed Single photon transitions from the F = 1 man-
ifold, colour coded based on energy separation, and with a linestyle that
denotes the polarisation of MW pulse required to drive the transition. Right
: The presence of RF dressing fields separates each allowed transition into
its own group of transitions, labelled n = 3,2.... — 3, colour coding and
polarisation linestyles match between the two figures.

The coupling between m; levels means that a single microwave photon
can effectively drive an atom into any other |F,my) state. Transitions can
be expected at frequencies [78]:

(5.1)

Y Fmg) | Frim)) T WHES + Nwrp + (Wi, — Wm'f)

Where wyrg is the hyperfine splitting frequency, Nwgrp indicates the num-
ber of RF photons absorbed or emitted (positive N means net absorp-
tion, negative N means net emission), and (wy,, — Wiy, ) is the energy offset
of both the initial and target state from the ground states, respectively.

For the RF-dressed case, the energy offset is given by the Rabi splitting
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Wm, = Mgp. From figure we can see that the amount of RF absorp-
tion or emission transitions is limited to a maximum of +3. This, along

with the Rabi splitting term leads to the spectrum as seen in figure [5.2 in
which the RF-photon absorption-emission leads to 7 (The bare group +3)
groups of transition peaks, all containing a complete set of transition peaks
to the opposite hyperfine manifold (i.e. atoms in the F' = 2 manifold see

3 transition peaks, as that is the amount of F' = 1 states to be transferred

to).
Full MW probe spectrum
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Figure 5.2: Microwave Spectrum encompassing the frequency range to see
all 7 groups of transitions (wgr = 1MHz), Qr ~ 150kHz. We see diminish-

ing coupling for negative groups, and are unable to see group n = —3 at

all.

The existence of the multiple RF-transition groups, which have splitting
VR, are limited by the microwave polarisations that can drive atoms along
them. We consider the microwave polarisation in the m,04 basis, photons of
microwaves in these polarisations provide an angular momentum change of
0,21 respectively, meaning they drive different transition groups depending

on the sum of angular momenta changes for a given transition group.
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5.1.1 Coupling Strengths

The spectrum in Figure [5.1] was taken using short microwave pulses, such
that the transfer of atoms does not exhibit any oscillatory behaviour due
to Rabi cycling. As a result, the peak heights, or atoms transferred, are
proportional to the coupling strength of the microwave field and its polari-
sation. When considering the direct coupling between hyperfine manifolds,
it is no longer sufficient to only consider the product F - B. Instead we
consider how the entire fine J-manifold couples to the magnetic field, we

create the Hamiltonian:
H=1J"B, (5.2)

where J' is the RF-dressed fine state matrix obtained from the tensor prod-
uct of its two constituent RF-dressed F' manifolds. Each of the three po-
tential polarisations (o4, 0_, and z) of MW field can couple to 3 transition
groups each (n = —1,1,3 for o,,n = —3,—1,1 for 0_, and n = —2,0,2
for z), with 15 transitions for each group, means that there are a total of
45 different possible couplings for each polarisation, or 135 total couplings
to consider. The coupling coefficients can be calculated by considering the
dressing angles of the two manifolds :
— Byes r

7T Bpc
0 = — — arctan | ————>— 5.3
r=y ( V3BZ, ) (53)

The coupling coefficients for the o, polarisation are listed below:
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Transition

n = —1 coupling n =1 coupling

n = 3 coupling

|17 _1) Ag |27 _2>

|17_1) AN |27_1>

—%(1 + cos(#1)) sin? (62)

%(1 + cos(61)) sin(262)

v/2sin(01)(1 — cos(62)) sin(h2)

S

—v/2sin(01)(1 + cos(f2) — 2 cos?(62))

—%(1 — cos(#1))(1 — cos(62))?

v2(1 — cos(61))(1 — cos(62)) sin(62)

I1,—1) « |2,0) %(1 + cos(01))(1 — 3cos?(62)) V/3sin(f1) sin(262) —v/3(1 — cos(8)) sin?(82)
[1,—1) < [2,1) — 5 (1 + cos(61)) sin(202) V2sin(61)(1 — cos(62) — 2cos?(62)) | V2(1 — cos(61))(1 + cos(62)) sin(62)
[1,-1) < [2,2) — 5 (1+ cos(61)) sin®(02) —v/2sin(01)(1 + cos(f2)) sin(62) *ﬁ(l — cos(61))(1 + cos(62)*
[1,0) |2, —2) sin(01) sin?(6-) 2cos(61)(1 — cos(62)) sin(f2) —sin(61)(1 — cos(62))?

[1,0) « |2, —1) — sin(61) sin?(02) —2cos(61)(1 + cos(#2) — 2 cos?(62)) 2 sin(61)(1 — cos(62)) sin(62)
1,0) < [2,0) _@sm(el)(l — 3cos2(62)) V6 cos(6;) sin(262) —/Bsin(6:) sin2(62)

[1,0) « [2,1) sin(0;) sin(262) 2cos(61)(1 — cos(62) — 2 cos? 62)) 25in(61)(1 4 cos(02)) sin(f2)
[1,0) ¢ [2,2) sin(0;) sin?(62) —2cos(61)(1 + cos(62)) sin(62) —sin(61)(1 + cos(62))?

[1,1) & |2, —2) — 5 (1 = cos(61)) sin®(62) —V/25in(61)(1 — cos(62)) sin(62) — 75 (14 cos(61))(1 — cos(62))?
[1,1) < |2, —1) %(1 — cos(01)) sin(202) V2sin(61)(1 + cos(f2) — 2cos?(02)) | V2(1 + cos(01))(1 — cos(62)) sin(f2)
[1,1) « |2,0) %(1 — cos(61))(1 — 3 cos?(62)) —+/3sin(67) sin(262) —V/3(1 + cos(6)) sin?(82)
[1,1) > [2,1) —J5 (1 = cos(61)) sin(262) —v/2sin(61)(1 — cos(f2) — 2cos2(62)) | V2(1 + cos(61))(1 + cos(2)) sin(62)
[1,1) « |2,2) — L (1 —cos(61)) sin?(62) V2sin(01)(1 + cos(62)) sin(h2) ——L (14 cos(61))(1 + cos(h2)>

V2

V2

Table 5.1: Coupling coefficient equations in terms of #;, and 5. Couplings
are shown only for o transitions (Other polarisations can be found at [35]

5.1.2 Peak Widths

The other main variance between transition peaks, besides their differing

coupling strengths, is the width of the peaks. When transitioning between

Zeeman substates with a different magnetic sensitivity (mpg - gr), there is a

gradient difference between the two trapping potentials. Atoms at higher

field values, due to being higher energy in the thermal distribution, will see

a greater potential change when transferred into the new state, compared

to atoms at the bottom of the trap. This causes the transition peak to be

broadened by Amp thermal distributions, as shown in Figure [5.3]
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1.0 o
. ~n »*
g o ™ o **
0 9 d vy 0~ .~A0 'QM_ Aw.“‘*. M .¢ Py A. d
: ‘,0’ o® o 0' * ¢ o
) 1
g 08 N 3’ [ 2
g H= 30 Wiz f —d =~ 100 kH
= V4
& =60 kHz o
2 07 . <+ v
§
< .
L3
0.6 .
L 28 .0
0.5 b J
0.0 0.2 0.4 0.6 0.8 1.0

Probe Frequency(Offset from clock frequency), MHz

Figure 5.3: Linewidths for the |2,2) transitions on group 0. The leftmost
peak, the |2,2) — |1, —1) transition has a width of 1 thermal distribution,
while further transitions are broadened by Amp thermal distributions.

This causes another limitation on experimental parameters if we want
to resolve individual transition peaks, in that we are often at risk of peaks
overlapping (as can be seen somewhat in Figure . There are two con-
siderations to make, firstly the RF Rabi frequency must be small enough
that all the transitions within a group actually fit inside the group itself,
i.e. for the F' = 1 state, we see 5 possible transitions, so the RF Rabi fre-
quency must be less than 0.2 times the RF dressing frequency. Secondly,
we need to cool the atoms down such that the maximum transition extent
is not greater than the RF Rabi frequency, for the |1, —1) state, this means
that 3 times the thermal distribution width must not be greater than 200
kHz, setting a lower limit on our cloud temperature. These conditions are
able to be controlled by modulating the RF Rabi frequency such that it is
around 180 kHz, slightly smaller than 0.2 times that RF dressing frequency
of 1 MHz, and cooling the atoms to the sub micro-Kelvin range, narrowing
the transition widths to tens of kHz.
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5.2 Atomic State Transfer

Since the optical pumping phase at the beginning of the experiment, the
atoms have remained in the |2, 2) state. Atoms in this state are unable to be
used in the interferometric process as there is no Zeeman sub-state with the
matching magnetic sensitivity to be found in the F' = 1 manifold. Instead,
we transfer atoms to the |1, —1) state, with the intention of using this state
into a superposition with the |2, 1) state. Due to how few atoms are left in
the trap at this stage, owing primarily to the multiple evaporative cooling
stage implemented, it is of great importance that the transfer between the
|2,2) and |1, —1) states is as efficient as possible; otherwise, the contrast in
absorption imaging becomes low enough that future measurements become
very difficult. There are two methods that can be used to drive atoms
between two states - Rabi Pulses, and Raman Transitions. Rabi pulses,
where the coupling field is applied resonantly, drives atoms between the two
states in a cyclical manner. Provided perfect coherence, the probability,
|y (t)]?, to find an atom in an excited state |+) is given as [84]:
2 2 2

ey (8)]? o ﬁsin2 (M) (5.4)
Where both the Rabi frequency at resonance (g, and detuning A play a
role in how the superposition generated by the Rabi pulse cycles. Figure
shows the comparison between theoretical Rabi cycles, and the Rabi
flopping that occurs to coherence decay.

To maximise transfer efficiency to the |1, —1) state, all we must do is
apply an on resonance MW pulse for exactly half a Rabi cycle (a m-pulse,
for short).

The other method we can utilise to perform the transfer is by making
use of Stimulated Raman Adiabatic Passages (STIRAPs) [89, [27]. Due to
the RF-Dressed energy levels, we can skip the requirement of having an
intermediate state, and have the STIRAP directly transfer atoms from the
12,2) state to the |1, —1) state. To do this, we first create a microwave field
that is far red-detuned from the transition (such that it does not transfer
any atoms via Rabi pulse). By ramping the field frequency through the

transition peak, we are able to stimulate an adiabatic transfer between the

CHAPTER 5. MICROWAVE TRANSITIONS 99



5.2. ATOMIC STATE TRANSFER
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Figure 5.4: Left : Simulated Rabi cycles for a probe that induces a Rabi
frequency of 10kHz, for different detunings. Right : Experimental measure-
ments of the Rabi frequency of the MW probe at max power. We probe
the |1, —1) — |2, 1) transition, and observe a Rabi frequency of ~ 10kHz

two states, theoretically transferring every atom from the |2, 2) state to the
|1, —1) state. This requires a slow ramp through the atomic cloud, where

the adiabatic condition is given by:
w <K wr, (5.5)

such that the atomic spin can adiabatically follow the raman frequency
ramp.

Comparing the density of the clouds after each process side by side
shows that Rabi pulses are a superior method of atom transfer. This is
likely a result of digital effects that derive from the bit rate of the DDS
system that generates the RF currents. It can be shown [63] that for a
frequency ramp of N steps, the fraction of atoms transferred to the excited

state is given as:

M) oy (b ) 56)

~l——
N(lg)) 2N \ gsBuw
where F' is the total atomic spin, and Aw is the frequency range of the

ramp. If we want to achieve a 90% transfer rate, we expect the minimum
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number of frequency steps required to be:

ArAw >
NMIN:5F< T “’) (5.7)

Using this, we expect the transfer pulse between the F' = 1 and F =
2 manifolds to require on the order of 100,000 frequency steps, or 2166,
meaning a 16-bit encoded ramp would not appear adiabatic.

It is preferable, when using the Rabi-pulse transfer method, to maximise
the coupling of the MW field to the atoms, so as to maximise the Rabi
frequency of the transfer. The means that atoms transfer into the desired
state faster, and are less susceptible to lossy effect, such as noise during
the transfer, or coherence decay effects, that reduce the contrast of the
superposition generated by the Rabi pulse. In an effort to improve this
coupling, we trialled two different sources of MW field: The MW antennae,
mounted inside the vacuum chamber, and a MW horn, mounted externally.
The MW horn is significantly further from the atomic cloud than the MW
antennaae, but has a known, controllable polarisation that we can align to
the atoms quantisation axis, and emits field directionally, so can be aimed
directly at the atom cloud, where the MW antennae produces field in all
directions.

Initial testing performed through attempting to drive the |2,2) — |1, —1)
transition revealed that the MW antenna was superior, able to achieve kHz
Rabi frequencies, where the MW horn was barely able to drive the transi-
tion at all (to the point at which one could not measure the Rabi frequency,
as the transition time is significantly longer than the decoherence time of
the resulting superposition). As such, the MW antenna is used for all

results going forward.

5.3 Superposition and Coherence

The state-dependent transport that forms the backbone of the rotational
interferometer necessitates having two atomic states with opposite Landé g-
factor signs, and the Ramsey Bordé sequence requires they be in a coherent
superposition. We can achieve this experimentally by creating a quantum

superposition of the |1, —1) and |2, 1) hyperfine states. This superposition
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Figure 5.5: Coherence decay of Rabi oscillations, as a function of probing
time. The |1, —1) — |2,1) was probed, with probe strength Qp =~ 10kHz

is able to be creates via Rabi pulse, and we can observe the superposition
by looking at the Rabi oscillations between the two states, shown in Figure
B.ol

As the Rabi oscillations continue, we notice a decay in the contrast be-
tween the two states, instead flattening out somewhere in the middle. This
is the principle of decoherence, a process by which quantum superpositions
decay out of their superposition state into mixture states. To perform in-
terferometry successfully, we wish for the superposition to remain coherent
throughout the entire interferometric sequence, which, as mentioned ear-
lier, is 200 ms. Taking a cursory glance at the Rabi oscillations, however,
suggests that decoherence occurs on the order of hundreds of microseconds,
out by a factor of one thousand.

We can obtain a more accurate measurement of the coherence time by
performing spin-echo sequences, a form of mock Ramsey-Bordé interfer-
ometry, wherein we artificially generate Ramsey fringes via experimental

control. To perform this experimentally, we prepare a pure |1, —1) state,
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5.3. SUPERPOSITION AND COHERENCE
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Figure 5.6: Ramsey fringes induced via spin echo sequences of varying
free evolution time. Atom numbers are generally low after the sequence,
producing poor imaging results, still the contrast can be obtained.

which is then driven into a fifty-fifty superposition via a 5 Rabi pulse. We
then perform a ramsey sequence as detailed in Chapter 2, but do not dis-
place the atomic clouds during the free evolution time. To generate the
Ramsey fringes, we shift the phase of the final Rabi pulse (the recombina-
tion 7-pulse) by an amount ¢, as ¢ varies from 0 to 27 we expect to see

two Ramsey fringes. We can define the contrast, C of the fringes as:

max(/N) — min(V)
max(N) + min(N)’

C

= (5.8)
where N is the amount of atoms in the |2,1) state. We preform this
experiment multiple times for different durations of free evolution time, and

measure how the fringe contrast decreases with the duration. The expected
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Coherence Decay from spin echo sequences
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Figure 5.7: Contrast Decay as a function of free evolution time, we define a
free evolution time step as the time between two Ramsey pulses, meaning
the actual time atoms evolve for its twice that.

contrast as a function of time for spin echo sequences is [25]:

C(t) = exp ((@)3), (5.9)
Ty
where n is the number of consecutive echo sequences performed (one, in
our case), and 75 is the % decay time. Figure shows a selection of the
spin echo data taken, showing thedecay in contrast for longer free evolution
times. From Figure we can observe a decay time on the order of 0.5 ms,
much better than our initial assumptions from the Rabi cycles, but a long
way off the desired 200 ms. We will discuss the cause of this low coherence

time, and its potential solutions, in the next chapter.
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Chapter 6
Coherence Control

In the previous chapter we highlighted a problem on the path to a func-
tioning interferometer: The rapid decoherence of superpositions of states in
the interferometer. This chapter will both explain how such decoherence
is baked into the design of the interferometer, and a technique for solv-
ing the problem. This chapter will be split into three parts, the first will
describe and quantify the problem that generates the decoherence issue,
namely trap mismatch. The second section will describe the experimen-
tal technique used to combat the problem, Microwave-dressed potentials,

showing the theoretical construction and experimental implementation.

6.1 Source of Decoherence : Trap Mismatch

In previous calculations of atom trapping, it was assumed that, for the
F =1 and F = 2 states, the gyromagnetic ratios were gp; = —0.5 and
gro = 0.5. As discussed in chapter 2, however, the alignment or anti
alignment of the nuclear angular orbital momentum causes a discrepancy
between the two gyromagnetic ratios, where gp; = —0.5018267 and gps =
0.4998364, a magnitude difference of 0.5%
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RF Trapping Potentials for F'=1 and F' =2
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Figure 6.1: Difference in trapping potentials (in the RF-dressed ringtrap)
that arise due to the difference in gyromagnetic ratios between the F' = 1
and F' = 2 states.

Figure [6.1] shows how this difference in gyromagnetic ratios manifests
for atoms loaded in the RF-dressed ringtrap. The trap minimas are offset
from one another by around 1um and the trap curvatures differ by 0.5%.
What is not really visible is that the F' = 2 trap also has a higher trap
gradient, meaning that the confining force for atoms in the F = 2 trap is
also 0.5% higher.
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Figure 6.2: Plot that combines the difference in potential between the
F =1and F = 2 traps. The thermal (T= 1pk) distributions of atoms in
the FF' =1 (red) and F = 2 (blue) traps are also shown.

Figure [6.2 exemplifies this problem, as it can be seen that, over the
atomic distributions, the difference in potentials between the two traps is
8kHz, and atoms at temperatures as low as 1uK are able to spread across
the full width of this mismatch. The spectral linewidth of the transition
between the two traps can be computed, this is shown in Figure [6.3] We
calculate these linewidths under the assumption that the effect of atomic
motion is negligible to the probe, this assumption is valid. We then see
that for an atomic cloud at 1uK, we expect to have a transition linewidth
of ~ 8kHz. Taking a naive approach to coherence time, and transition
linewidths, based on field correlations, we assume the coherence time to be
directly proportional to the linewidth of the transition. If we are seeing
500us coherence time for 8 kHz, then achieving a 200 ms coherence time

would require a linewidth of ~ 5% = 20Hz.
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Figure 6.3: Simulated Linewidths for the |1,—1) — |2,1) transition, for
cloud temperatures of T = 1000, 100, and 10 nk. The final peak has had
the probe frequency scan range reduced, to better see the peaks.

6.1.1 Coherence simulation

To convince ourselves that the reduced coherence observed was primarily
the effect of a broadened linewidth, and not simply due to thermal atomic
motion about the detuning profile seen in Figure |6.2] To do this we made
use of a numerical simulation of a spin echo sequence applied to a two level

atom. For such a spin echo sequence we are interested in obtaining the
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expectation value of the |+) state, given by:

0

E(l+)) = (U

Ui> (6.1)

In which we introduce the rotation operator for the entire sequence,
U, which is an state of the Pauli spin matrix &, (and acts as a rotation
about the x-axis). We can obtain the rotation operator by diagonalising

the exponential of the Hamiltonian:

- i
U= Pexp <—i%t> PT (6.2)

Where P is the diagonalising matrix that takes the form of the tensor
product of the eigenvectors of H. An atom being resonantly driven by a
single pulse of coupling €2 and that has detuning from the pulse frequency

of A —wy — w , is expressed by the following Hamiltonian:

H = Q(cos(a)o, + isin(a)a,) + Ao, (6.3)

The diagonalization matrix of this Hamiltonian is thus:

A\ — MAHOE 1
P = Qexp(—ic) AT (64)
1 -A+ Qexp(—ia)

We can then simulate the effect of this on atoms by simulating a spin
echo sequence on atoms, setting @ = 0 and introducing o/ which denotes
the changed phase of a pulse; thus the total rotation operator for the whole

sequence Ur can be written as:

Ur = Uz (a)UeUn (/) UeuUz () (6.5)

Where the type of pulse is denoted by the subscript, with ev being a
free evolution stage, which allows us to simulate the motion of atoms in the
trapped potential. The expectation value of the |4) state ranges between

—1 and 1, we can use this to find the contrast of the Ramsey fringes as:

max(F(|+) + 1) — min(E(|+) + 1)

= (B + 1) = mm(B() + 1)

(6.6)
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Figure allows us to see how the contrast decays as a function of
free evolution time. This simulation allows us to measure the coherence
decay that arises due to the thermal motion of atoms about the two mis-
matched traps, and how the change in detuning of the Rabi pulses during

the sequence gives rise to reduced fringe contrast.

Simulated Ramsey Sequence, T = 1uk

1.0 A

0.8

0.6

Contrast

0.4
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0 100 200 300 400 500 600 700

Free evolution time, (1 s)

Figure 6.4: Computational Ramsey sequence performed on atoms at 1uK.
This simulation does not take into account the effect of linewidth broad-
ening, and instead considers atoms moving about a detuning potential,in
between Ramsey pulses.

We can see from this simulation that without linewidth broadening
effects, we expect a longer coherence time, by around a factor of two (while
it is not necesarily appropriate to use the same theoretical model as with
our experimental spin echo sequences, we can see that the contrast remains

high for around 500-600 ms, as opposed to the 300 experimentally).

6.1.2 The effect of Temperature

It can be seen in Figure that the linewidth is drastically reduced if
we are able to cool the atomic cloud down to 100 nk. We can see from
Figure that cooling the cloud down by a factor of 1000 reduces the
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span of the thermal distribution across the offset region by a factor of ~
200. However, performing this experimentally is unfeasible due to practical
considerations. Firstly, the additional evaporative cooling required to reach
even 100 nk would reduce the contrast even further, and since we are below
the limit to which we can efficiently cool atoms, it is likely that lowering
the temperature any further would reduce the contrast of the absorptive

imaging below a useful level.
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Figure 6.5: Spans of the thermal distribution over the trap offset for differ-
ent temperatures. By reducing the temperature from 1uK to 1nK we see a
reduction in potential offset span from 8kH z down to 35H z. This assumes
that the cloud remains thermal gas, and does not collapse into a BEC state,
where we would see the energy distribution narrow significantly.

Secondly, due to the process of parametric heating, atoms driven be-
tween the two potentials, more often than not end up with a higher poten-
tial energy in the new state than the state from which they were driven.

The atom will then roll down the potential, gaining kinetic energy, and
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increasing the temperature of the atom cloud (shown in Figure This

process effectively limits the temperature to which atoms may be cooled.

b)

Figure 6.6: Diagram showing the process of parametric heating. a) an atom
is driven between the two potentials, ending in a higher potential state.b)
The atom rolls down its new potential, until it reaches the other side of
the trap. ¢) The atom is transferred back into its original trap, now with
a significantly higher energy than it had before this process began.

6.2 Microwave-Dressed Potentials

The negative effects of the trap mismatch, and thus the broadened linewidth,
can be negated by simply shifting the two potentials on top of each other,
removing the mismatch, the linewidth broadening, and increasing the co-
herence time of a superposition between the two states. The method we
seek to exploit to achieve this is the AC-Stark shift, in a similar vein to how
detuned laser light can be used to form dipole traps, or optical plugs, The
rough idea behind this is shown in Figure[6.7] This section will discuss the
theoretical formulation of this method, and the process and results of im-
plementing it with the RF-dressed ringtrap. Any two RF-dressed magnetic
sub-levels can be directly coupled through the use of a single microwave
photon. This coupling, when sufficiently weak, can be considered as a small
perturbation applied to a spin-half system. Such an assumption requires
that any microwave coupling field be smaller than the RF field that couples
the sub-levels in each hyperfine manifold. The bare hamiltonian of such a
system, with an energy separation between the two levels of wy is :

wo O

- h
=3

(6.7)

0 —Wo
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Figure 6.7: Ilustration showing the theory behind MW dressing. Left :
Two arbitrary energy levels are coupled with blue detuned, and red detuned
light, inducing shifts in its energy splitting (coloured dashed lines) Right :
A blue detuned field is applied to the |1,—1) — |2, —2) transition, shifting
their energy levels, and changing the resonance frequency of the |1, —1) —
12,1) transition.

We can introduce a circularly-polarised coupling field with coupling strength

Qp and frequency w

Hac = Q(cos(wt)o, — isin(wt)o,) (6.8)

Solving for the eigenenergies of this Hamiltonian gives us an energy
shift of:

AE, = A+ V02t A? (6.9)

The reliance of the energy shift on both the detuning from a given
transition, A, and the coupling between the two states, Qyw, grants us
two facets of control over how a microwave dressing field can influence the
potentials. The + refers to the sign of the detuning, where + indicates
a red detuning, and — a blue detuning. Looking back to Section 5.1.1,
we recall that the coupling strengths for different transition peaks have
vastly different dependencies on static and RF field strengths, as such we
can freely choose from any transition peak as the basis for our dressing

field, choosing in such a way that it cancels out the potential mismatch
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Figure 6.8: Coupling coefficient curves for 4 of the RF dressed MW tran-
sitions. All four of these curves have a roughly opposite geometry to the
trap mismatch, making them ideal candidates for MW dressing schemes

(so long as the transition chosen couples either the initial |1, —1), or final
|2,1) state). A few example coupling curves, that appear to have roughly

opposite geometries to the trap mismatch, are shown in Figure [6.8|

6.2.1 High Temperature Linewidth Reduction

We begin our application of MW dressing fields with the aim of reducing
the linewidth of the transition at the higher temperature of 1uK, as we
know that the temperature is achievable experimentally. This means that
there is a large area of the trap that must be shifted, in order to mini-
mize linewidth. We can see the effects of applying a dressing field, blue
detuned from the |1,1) — |2,1) transition, and applying it with different

values of By, inducing different coupling strengths. For the purposes of
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these simulations, we assume that the dressing field is polarised correctly
to drive the transition it is detuned from, without this assumption, the
field values used would be shifted by some static multiplier, depending on
the antennae’s polarisation.

We can see from Figure that as a dressing field is applied, the shift
in trap offset causes a noticeable reduction in peak width. We also start to
see some interesting geometries for the transition, where the peak splits in
two. This happens as a result of the trap offset geometries, where there are
large amounts of atoms at the turning points of the trap offset, meaning
many atoms sit at a single frequency, compared to the high gradients in
between. This effect would not be measurable experimentally due to atomic
motion averaging these features out. We see maximal peak width reduction
between 3.33 mG, and 10 mG

By scanning over the peak width for different dressing powers, as seen
in Figure[6.10, we can observe that maximum narrowing of the peak comes
at ~ 7.8 mG of dressing field, where we see the peak width narrowed down
to ~ 2.8 kHz. This is a narrowing of the peak by a factor of three, and
thus should increase coherence time by a factor of three, also. Nevertheless
this is not enough, we must look to other improvements to meet the 200

ms coherence time requirement.

6.2.2 Low Temperature Linewidth Reduction

When we look at the shifted potentials in Figure we notice that at
the centre of the distribution, the trap offset turns on itself with increasing
microwave field. That turning creates a small region of the trap offset that,
if atoms were able to be cooled enough such that the entire distribution

sat within that turning region, we would see a significant reduction in peak
width.
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Figure 6.9: Simulated trap offsets (Right), and peak widths (left) for the
|1,—1) — |2,1) transitions, dressed with the |1,1) — |[2,1) transition of
varying field strengths, with A = 2kHz. We begin seeing very strange
looking double peaks, with unnaturally sharp features, and jagged edges.
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Figure 6.10: Complete scan of MW dressing strengths vs peak width nar-
rowing, dressed on the |1,1) — |2,1) transition, A = 2kHz. Left : State
transfer probability as a function of Probe frequency (x-axis) and Mi-
crowave dressing field strength (y-axis), a single y-value slice corresponds
to a spectral scan. The red colouring shows the probability of an atom be-
ing transferred at that probe frequency, which corresponds to peak height
in a spectrum. Right : Calculated peak widths (here we consider any peak
height above 1/10 of the maximum height to be part of the transition) as
a function of Microwave dressing strength.
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Figure 6.11: Simulated linewidth narrowing of the |1,—1) — |2,1) transi-
tion, dressed by a MW field blue detuned from the |1, —1) — |2, —1) group
3 transition. We see that there is significant linewdith narrowing, which
improves as the cloud temperature decreases, down to 100 Hz at 10 nk.

Figure shows how applying the same |1,1) — |2, 1) dressing, with
the same detuning, at By = 11 mG can produce a flattening of the region
in the centre of the distribution. For atomic clouds at 100 nk and below,
the thermal distribution becomes small enough to sit entirely within the

flattened region.
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0 0Peak width vs Cloud Temperature, Byw = 11 mG

N
(6]
~
(6]

752.5

Cloud Temperature (nk)

10008555 -1500 2000 5500 9000
Probe Frequency (Hz)

Figure 6.12: Scan of temperature vs. peak width for the trap offset in
Figure[6.11] ( Byw = 11 mG, A = 2 kHz.

We expect that the narrowing comes into play at around 500 nk, which
gives a rough experimental goal for cooling atom clouds down to, though
still out of range for the current experimental setup. Armed with this
knowledge we can scan through dressing field strengths, and their respective

peak widths to find the optimal narrowing achievable, which we do for
T = 100, 10 nk.
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Figure 6.13: Scan of MW dressing field amplitude versus peak widths.
Dressed with the |1,1) — |2, 1) transition, A = 2 kHz.

From Figure [6.13] we observe a minimum linewidth at a dressing field
amplitude of ~ 10.5 mG which results in a peak width of ~ 200Hz for an
atomic cloud at 100 nk,and a peak width of ~ 20Hz for the cloud at 10
nk. This shows promise for the process of MW dressing, as 20 Hz brings us
well within the coherence range that we would need to start seeing Ramsey

fringes in an interferometric sequence.

Multi-Frequency Dressings

Whilst the narrowing of the transition peak down to 20 Hz is a promising
start, its requirement of cooling the atomic cloud down to a temperature
of 1 nk leaves it as an experimentally unviable option. Instead, we can

consider the effects of multiple MW dressing fields applied to the same
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Figure 6.14: Scan of MW dressing field amplitude versus peak widths.
Dressed with the |1,1) — |2,1) transition, A = 2 kHz and the |1, —1) —
|2,2) transition, A =5 kHz.

atomic cloud. To perform this properly there are a couple of stipulations,
firstly in respecting the rotating frame we are limited by the transitions
we can choose, as we cannot set up a dressing scheme that couples a loop
of energy states, as the shift induced cannot simultaneously shift many
coupled energy levels into degeneracy if there is co-dependence between
the shifts. Secondly, applying a dressing field to an energy state that is
already shifted via another dressing field means that the detuning becomes
dependent on the new shifted energy level, this causes a compound effect
where the shift of the first field effects the coupling f the second field, which
effects the coupling of the first field, and so on. As a result of this, we model
a single secondary dressing field that only couples to the undressed state
(being the |1, —1) state in our current example.

The second dressing field is able to reduce the linewidth further to the
sub 3 kHz regime, and possibly further, with enough searching of the large
parameter space. The onloy real concern here is that the field strength of
the second dressing field is close to the field strength of the first dressing
field, which violates the rotating wave approximation used to generate the

modelling of these shifts.
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6.2.3 Experimental Results

We perform our experimental testing of microwave dressed potentials in
the RF-dressed loffe trap, as the well known static field gives us a constant
quantisation axis across the entire atomic cloud, meaning that all of the
atoms see (roughly) the same polarisation of MW dressing field, which
is necessary as even small changes in coupling strength can have drastic
effect on the potential shift, and thus the linewidth narrowing. We cool
the atoms to around 1 pK, as this is as cold as we can get the cloud
before losing contrast on the absorptive imaging. Our initial estimates
suggested that the 10 mG of field that we would require to apply dressing
strong enough to narrow the linewidth by a substantial amount, was far
more than could be produced by our MW antennae. As such, we drive as
much current through the MW antennae as possible, attempting to reach
maximal coupling. We tested a number of different coupling profiles by
detuning from different transition peaks, but found the most success by
dressing with the |1,—1) — |2,1), n = —3 peak. By applying a MW
dressing field red-detuned 50 kHz from this transition peak we were able
to achieve a narrowing of the clock transition from 4 kHz, down to around
1 kHz, shown in Figure [6.15]

To make absolutely sure that the peak widths that we were measuring
were a result of the trap mismatch, and not power broadening, we need to
make sure our probe is as weak as possible, whilst still being able to drive
the clock transition. We see from Figure that at a probe attenuation
of +30 dB the peak narrows down to ~ 4 kHz across. This is substantially
less than was predicted from the trap mismatch, and likely owes its origin
to the fact that such a weak probe is unable to properly drive atoms across

the distribution, and as such we only see the distributions centre.
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Figure 6.15: Graph illustrating MW dressing experimentally, the clock
transition was scanned, once with dressing fields turned off, and once with
a dressing field, red detuned from the n = —3, |1, —1) — |2, 1) transition
by a~ 50kH z. We see a linewidth reduction down to around 1 kHz
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Figure 6.16: Linewidth of the |1, —1) — |2, 1) transition, as a function of
probe power. Performed by adding physical attenuators in front of the MW
antennae
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With knowledge of how broad our bare peak is, and a good peak to
perform dressing on, we consider the effects of detuning from the peak. We
scan the peak widths for different detuning from the |1, —1) — |2,1) n = —3
transition, where inevitable some of the dressing fields are closer to other
peaks than our desired transition, which seems to have little effect, likely
due to how poor the coupling of the MW field is to those peaks (see Figure
. When performing this we keep in consideration the adiabaticity of
applying the dressing fields, and ramp up the detuning from an extra 50
kHz out. For large detunings, we see the same narrowing down to 2 kHz,
but little change when the detuning is lowered, until we reach around 450
kHz detuning from the transition, where the peak begins to shift by 100-
200 Hz. These results are shown in Figure Noticeably, at very low
detunings the peaks is less contrasted from the background, likely due to
the dressing field actually driving the transition, and driving atoms in to a
non-visible state, rather than dressing the peak. We are able to partially
remedy this by ramping from a high detuning to the lower detunings, but
the space between transitions (as shown in Figure
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Figure 6.17: Scan of Peak width measured against detuning from the
|1,—1) — |2,1) n = —3 transition. The Y-axis is not linearly scaled.

With confirmation that we see a dressing effect at detunings smaller
then A = 450 kHz, we then ramp down the detuning to ~ 50 kHz from
the |[1,—1) — |2,1) n = —3 transition peak, for differing attenuation on
the dressing field. We expect, from theory to see a peak width reduction
from 8 kHz, down to ~ 4 kHz, or a factor of 2 reduction. From the
weakest dressing fields we can possible apply, we already see the peak width
being reduced by a factor of 2, though low atom number means direct
measurement of peak widths is difficult. We observe further shifting of
the peaks for increasing dressing field, but a gradual increase in linewidth,
and at —12.33 dBm, we see a possible second peak arise, also aligning
with the theoretical understanding. From this we can estimate that our
MW dressing field has a field that corresponds to 10.5 mG of field (before
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consideration of polarisation couplings, meaning the actual field value is at
least v/2 times higher) between —18.5 dBm, and —15.67 dBm.

1.0
Measured Peak Widths versus Dressing field attenuation
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Figure 6.18: Experimental data applying a dressing field red detuned by
~ 50kHz from the |1,—1) — |2,1) n = —3 transition. Due to low atom
numbers, peaks are hard to pick out, and so red lines outline the best guess
of peak width

With a significant reduction in peak width achieved through the use of a
single dressing field, able to reduce the width of the peak down into the sub
kHz range, better than what we expect from theory. This is unexpected,
and measuring the temperature of the atomic cloud in the |1, —1) state
to be ~ 1.5uk. We attribute all of these narrower peaks to the weakened
probe, that has a measured rabi frequency of ~ 200Hz, meaning a 7 pulse
is multiple milliseconds. This means that each pulse drives very few atoms
into the F=2 manifold. We compare these results with the theoretical

description of the shift induced by this.
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Peak width vs Dressing Field Magnitude, T=1000nk
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Figure 6.19: Theoretical model of linewidth for the experimental data taken
in Figure [6.18] The transition is the |1,—1) — |2,1) n = —3, red detuned
by 50 kHz

The results coincide well between theory and experiment, with a nar-
rowed peak width that is half as wide as the undressed case. We expect
to see peak narrowing at ~ 13.5 mG of o_ polarised field, meaning we are
dressing with at least 19 mG of linear field.

The remaining path the narrow the linewidth lays open somewhat, but
is gated by powers, the Rabi frequencies of MW dressing field we reach are
already comparable to the estimated Rabi frequencies from the RF dressing
field that we employ, in this case the rotating approximation breaks down,
and we are essentially performing the parameter search blind. In addition to
this, the highest powers of MW dressing fields have the effect of driving the
transition. This can be remedied by an adiabatic ramping of the dressing
field, but we do not have enough room to do a full ramp, as ramping
through other possible transitions (see will transfer the atoms on that
transition instead. In this we are still limited by the RF dressing field

magnitude, as symptom of the geometric design of the atom chip stack

(see [3.15)).
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Chapter 7
Conclusion and Outlook

This thesis has thus presented the progress made on the path to the fully
trapped and guided Sagnac interferometer, the updated progress chart in
Table [7.1] shows how many of the original goals and objectives have been

achieved.

| Progress Milestone | Completion |

200ms Coherence time/1Hz Linewidth

Table 7.1: Updated table of objectives, as of February 2024

We can see that significant progress has been made in advancing along
the path towards an operational interferometer, though the interferometric
sequence remains unachieved. With this in mind, this chapter will summate

these achievements, and then explore the future outlook of the project.
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State Dependent Transport

The big breakthrough on this project was the realisation of state depen-
dent transport, the path to a stable RF dressed ringtrap was fraught with
difficulties. It turned out that our main issue was with phase noise on the
internal clock, but connecting a satellite based clock stabilised the RF sig-
nals. We are now able to transport atoms in both the FF = 2, and F' =1
trappable states, at a maximum rotational rate of 5 Hz. The demonstra-
tion of this means that the mechanical basis for the fully trapped Sagnac
interferometer is complete.

There are a few facets with which to improve the dressed transport
system, with most of them owing to increased atom numbers, and reduced
cloud temperatures, both of which are mostly solvable through more effi-
cient cooling ramps, and better trapping methods - pre ringtrap. Combined
with this, improvements can be made in the depth of the interference fields
by increasing the radial RF dressing fields. We see such weak radial dress-
ing fields as our radial dressing coil only produces fields at 17 degrees to

the vertical, limiting our horizontal component to Bgrpepnip sin(17°).

Coherence control

Our second objective, that of extending the coherence time of a super-
position to 200 ms, has seen some initial success, with us being able to
demonstrate narrowing of the transition linewidth by a factor of 2. This
corresponds with raising our expected coherence time up to just under a
millisecond. We do run into some problems, however, namely too improve
on the linewidth narrowing we expect to make use of either multi-frequency
dressing fields, or low temperature narrowing. At the moment both of these
options remained out of experimental reach. Double dressing fields remain
a experimental difficulty as the frequency mixer used to create the mi-
crowave fields (see Figure acts in a non-linear manner when creating
multiple sidebands, this means that two dressing field, and a probe, will all
vary in power when applied, and when ramped through frequencies. Low
temperature dressing schemes also require atoms to be cooled to signifi-
cantly lower temperatures than currently achievable. Both of these issues

are solvable with experimental improvements, and as such the future for
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MW dressed potentials bringing the peak width down even further is great.

7.1 Outlook

With the progress made on this project, the path to a fully trapped Sagnac
interferometer remains promising, yet not without difficulties. This section
now looks to the future, detailing the potential improvements to the setup,
methodology and theoretical approach, as well as taking a look into the

planned future operation of the interferometer.

7.1.1 Design Improvements

Whilst this project, over the past 4 years, has made great strides in the
manipulation of ultracold atomic clouds, there is still vast room for im-
provement, and the desire to do so. Notable is the desire to be able to cool
an atomic cloud below 1uk, while retaining a high enough atom number to
maintain contrast for absorptive imaging. Another avenue of improvement
that we would like to pursue is improving the total microwave coupling
capabilities of the setup, be it through better electronic control of the mi-
crowave currents, or new antennae models, either way a higher effective rabi
frequency will allow us to enter the regime of strong linewidth narrowing

that we require for the interferometric sequence.

Atom Chip Redesign

One method of solving for these issues is via updates to the atom chip
setup, in which new additions made with the knowledge gained over the
past 4 years of progress could lead to great improvements in our ability to
manipulate atoms. Chief amongst these is the redesign of the EM-chip to
include a large scale Z trap that routes around the ringtrap. This new loffe
trap would be many times larger than the Ioffe trap formed of the ringtrap
lead wires, and as such could load many more atoms. Doing so would
allow us to reach even lower temperatures, whilst maintaining a higher
atom number for the purposes of absorptive image contrast. Unfortunately,
manufacturing issues have delayed the production of this new chip severly,

and as such it may be inactive for some time. Another possible alteration
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to the chip, that was not implemented on the new chip ordered, but is
in string consideration, is the implementation of a planar antennae on the
EM chip that makes use of its large, unused gold layer surrounding the
conductor structures. This type of antennae would simply require the gold
conductive layer be connected to one of the unused conductor pads on the
chip, which could then be connected to a microwave precision connector
on the outside of the chamber. Whilst not being designed to produce high
fields at the desired MW frequency, it has the benefit of being much closer

to the atoms than the current MW antennae

Additional Theory

We must also consider the fact that the current experimental results for
MW dressings diverge from the theoretical expectations at high MW field
values. This is due to our theory relying on a rotating wave approximation
that makes the assumption Qyy < Qrp, which becomes patently untrue
for our experimental data, and seems to be the regime that we must en-
ter to reach further linewidth narrowing. To avoid entering into the realm
of endless trial and error, a new theoretical description of the potential
shifts in MW dressing schemes must be used. Such a scheme would in-
volve expanding upon the floquet modes that we touched on in Chapter 2,
and creating Floquet hamiltonians that consist of Supermatrices contain-
ing the fully dressed J Hamiltonian, and additional floquet modes, such a

Hamiltonian takes the form:

j+wRF QD 0

A

0 QD J—wRF

Where €)p is the coupling chosen between two states, and wgrp is the RF
dressing frequency. This hamiltonian can be expanded to multiple floquet
modes +2, 3,4, etc wrrpwith expected diminishing effects from additional
modes. Such a theory allows us to simulate the effects of a MW coupling
field on RF dressed states, without relying on the rotating wave approxi-

mation.
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7.1.2 Future Operation

Provided we are able to achieve a 200ms coherence time for the super-
position, and able to complete a full transport sequence around the ring,
without additional heating effects or noise damaging the coherence further,
we can look forwards to the ability to perform Sagnac interferometry with
the setup. Doing so brings forth a host of new experimental considerations,
and challenges, mostly revolving around obtaining the best possible signal
from the interferometric sequence, and measuring the rotation with as little

uncertainty as possible.

Uncertainty of Measurements

All measurements made experimentally will have an inherent level of un-
certainty governed by the individual uncertainties that comprise the total
measurement. For atomic Sagnac interferometry we can look to Equation
[2.12] and consider the uncertainties associated with m, A, 2, and % to find
our overall uncertainty 0®. As m, and h are obtained from the literature,
both assume that the inherent uncertainties are very low, and that there
is little we can do to affect those uncertainties anyway, so they are better
left ignored. We then consider the uncertainty in the Sagnac phase 0P as a
function of uncertainty in the interferometer area 0 A, and the uncertainty
in the rotation rate 0€2, by taking the total differential of §®:

2 2
§0% = (g—im) + <g—$59) (7.2)
which can be simplified to:
Q. A\
52 = (%6/&) + (%59) (7.3)

We can see from here that our uncertainty in rotation rate is amplified
by the area of the interferometer, which is fixed (based on the size of the
ringtrap, and thus the EM chip). The uncertainty is only controllable by
our ability to minimise d A, which can be done by decreasing the rotation
rate of the interferometer. At first this seems like a counter-intuitive pro-

cess, as the rotation rate is what we are trying to obtain by measuring the
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Sagnac phase. However, we can reverse engineer the problem, by running
the interferometry sequence a number of times, and during each one apply-
ing a rotation to the device, we can find a rotation that cancels out €2. This
would mean that we measure the external rotation, while keeping the ro-
tation rate of the device to a minimum, reducing measurement uncertainty

in the process.

Signal Maximisation : Quantum Squeezing

In quantum mechanics there is an uncertainty tied to measurements of two
related quantities that is defined by the commutation of the two operators :
[121, E] = AB — BA. This uncertainty is most well known in the Heisenberg
uncertainty between position and momentum : [Z,p,| = g, or the uncer-
tainty between two spin operators [S}, Qy] = ihS,. For our interferometer,
it is the projection of such spin states onto the bloch sphere that defines
our inteferometry sequence, and as such there is an inherent uncertainty in
the projection of S, that depends on the uncertainty in the measurement
of the superpositional phase (which count as the projections of S, and S'y)
For a cloud of atoms in a superposition, we can write the coherent spin
state (CSS) of a spin-half system as [56]:

10, 6) = é) {cos(%) |- + exp(i¢) sin(%)] (7.4)

=1

where we take the tensor product of the 1-th atom, for N total atoms. We
can also define a ’squeezing parameter’ £ from the commutation relation
for spin states [52]:
2(AS,)?
& = AA5)” (7.5)
[(55)]

where a and ~ are orthogonal directions that the spin can be broadcast

to. This squeezing parameter can be shown to be:

& =

(7.6)

sin(6) ‘
cos(9)

The purpose of the squeezing parameter is to measure how much more

accurately the squeezing allows one to measure a given state. For a spin
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half particle, the expected measurement uncertainty for the coherent spin

state, and the squeezed state can be expressed as:

AJ 1
AD = Y —

¢ v (7.7)
Abggs = —=

VN

We expect a cloud in a coherent spin state to have a binomial distri-
bution of states, whereas the squeezed state becomes sub binomial. one
way of spin squeezing a system is applying a method called one axis-
twisting. By introducing a rotation operator about the z axis, defined
as U = exp(—itF(S,)) the quasiprobability function can be spread about
the bloch sphere, reducing is component in one axis. If done in the correct
way, this canreduce the uncertainty in a measurement of 5., allowing for
better interferometry. This process has been shown to work in a variety
of experimental settings, making it an ideal candidate for improving the

operation of the interferometer.
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Principal Component Analysis

This project relies very heavily on the Principal of absorptive imaging to
make measurements on atomic clouds. For the most part this is a fine
process, as the ability to remove atoms via AC magnetic field pulses allows
for spectroscopy that can be directly read out through this imaging process.
However, as we near the end of each experimental cycle, atom numbers drop
down into the low thousands, which drastically lowers the Optical density
of the cloud. As a direct result, the contrast for imaging and spectroscopic
purposes reduces, and the features on such measurements become hard to
discern amongst measurement noise. This is especially true for atoms in the
ioffe and ringtrap, as vibrational noise means that the EM chip structure
is especially noticeable.

To combat this, we make use of Principal component analysis to analyse
the light and dark images to generate the 'perfect’ background image cor-
responding to each atoms image. To do this we must be able to construct
a set of images that correspond to common noise in the images. We first

calculate the covariance matrix C for all images:
C = cov(light-dark) (A1)

This creates an N x N array, with each off diagonal element correspond-
ing to the covariance between two images(i.e.the (1,2) element corresponds
to the variance between the 1st and 2nd images). We are then interested
in generating the eigenvector of such a matrix, as this vector denotes im-

age components that minimise the covariance matrix. The components
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Figure A.1: First 6 Principal components, we clearly see the EM coil struc-
ture in each one., along with differing noise in fringes and camera spots

of this eigenvector, or eigenimage, denote components of the respective
original images that make up an image that minimises covariance in the
background images. The corresponding eigenvalues tell us how 'much’ a
given eigenimage makes up in the background. Written empirically, a given

eigenimage 7 is defined as:

C|T) = €|T) (A.2)

We can then project the atoms image, A, along the eigenimage axis,
to calculate a background that matches the noise in the atoms image. We
must fine tune exactly how many eigenimages to consider in our background
image generation. Too few and we don’t correctly account for all the back-
ground noise, but too many and we begin to wash out specific noise features
(as the sum of all eigenimages is just the mean image). Subtracting this

from the atoms image then grants us our total image, 7T

k

i=1
where k is the amount of eigenimages we wish to use to reconstruct our
background. We can calibrate this by looking at the associated eigenvalues,

and only picking eigenimages with large associated.
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Figure A.2: Graph of eigenimage values, in descending order, for this image,
we only really need the first eigenimage, as it has a magnitude much greater
than any others.

Figure A.3: Absorption imaging of atoms, from figure [3.18] compared with
PCA to de-noise the image, and without.
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