ﬁ Unive[sitg of
Nottingham

Y
UK | CHINA | MALAYSIA

State-dependent RF-Dressed Ring traps for
Sagnac Interferometry

Submitted January 2024, in partial fulfillment of
the conditions for the award of the degree PhD Physics.

Vilius Atkocius
14255892

Supervised by Thomas Fernholz

School of Physics and Astronomy
University of Nottingham

Date: 01 / 01 / 2024






Abstract

This thesis describes the experimental realisation of state-dependent traps employing RF-
dressed adiabatic potentials. ’Rb atoms have been successfully confined to chip-based
atom traps that can independently address atomic ground states defined by the total
angular momentum, F. The ring-shaped trap can be used as a Sagnac interferometer to
measure rotation with respect to the inertial frame of reference. The results of spatially
dependent radio frequency field polarisation control in this trap resulted in counterprop-

agating motion of the atoms in the F = 1 and F = 2 states.



i



Acknowledgements

I would like to thank the entire cold atoms group at the University of Nottingham for con-
tinued support, kindness, productive discussions and unproductive conversations. First,
I would like to thank my supervisor Thomas Fernholz for his help and guidance during
my PhD. Your LabView skills are unmatched. I would also like to thank J. Johnson, R.
Morrison, C. Mishra, F. Gentille, K. Poulios for working with me on this project. Some
of you I only saw briefly and I spent several years with the others and it has been a
pleasure to work with all of you. Thank you T. Pyragius for introducing me to the world
of experimental physics.

I would also like to extend my appreciation to university’s technical support team which
always exceeded my expectations for the quality of the end product, D. Sims for keeping us
on track for success, and C. Mellor, my second supervisor, who shared his vast knowledge
about chip fabrication.

During these years I have met many kind and interesting people who kept me company.
Whether it’s a quick chat in the hallway or heated discussions during lunch breaks, I
appreciate it all.

"Ad virtutis ad meliores exitus™ is a loose translation to Latin of a phrase used many
times in the lab, meaning ""more power, more beter"”. Numerous times this proved to be
correct; whether it was lasers, more current in coils, higher RF power or something else.
Contributing to these lunchtime discussions and talks were wonderful people pushing me
to do more, to do better and not settle for a quick fix when things went wrong. I would
like to thank: B. Foxon, H. Abbat, J. New, R. Giji, F. Owen, L. Knobelreiter, L. Rushton,
L. Elson, D. Johnson, E. da Ros, B. Hopton, M. Overton, N. Cooper, S. Madkhali, V.
Naniyil, C. Colquhoun, L. Hackermiiller, A. Davis, K. Jensen, A. Meraki, A. Akbar and
others.

My gratitude goes toward my examiners, Dr. Elliot Bentine and Prof. Juan P. Garrahan
for taking their time to provide constructive feedback.

Finally, I would like to thank my family: my mother, Lina, and brothers, Justinas and

Karolis.

1l



v



Contents

Abstract
Acknowledgements

1 Introduction

1.1 Description of Work . . . . . . . ..o
1.2 Overview . . . . . . . oL
1.3 Motivation . . . . . . ..o
1.4 Aims and Objectives . . . . . . . . . ..

2 The Atomic Sagnac interferometer

2.1 The Sagnac Phase. . . . . . . . . . ..
2.2 The®Rb Atom . . . . ... . .. ...
2.3 The Ramsey Sequence . . . . . . . . . . .. ...
2.4 RF-Atom Interactions . . . . . . . . . . ... ...
2.5 State-Dependent Guide . . . . . . . . . . ...

2.5.1 Numerical Simulation . . . . . . . .. .. ... L.

3 Experimental Setup

3.1 Conductor Structures . . . . . . . . . ...
3.1.1 External Coils . . . . . . .. ..
3.1.2 ThePCB . .. . . . .
3.1.3 RF Antennae . . . . . . . ... ...
314 TheRF Chip . . . .. . ..

iii



vi CONTENTS
3.1.5  The Electromagnet Chip . . . . . . . .. .. ... ... ... .... 48

3.2 RF & MW Electronics . . . . . . . . . ... 50
3.2.1 RF Generation . . . . ... ... ... 50
3.2.2  Impedance Matching Electronics . . . . . ... .. ... ... ... 52
323 MW Setup. . . . . . . 53

3.3 Vacuum Setup . . . . . . . . .. 56
3.3.1 RateTable. . . . . . . . ... 56
3.3.2 UHV Chamber . . . . ... .. ... .. ... D7

3.4 Optical Setup . . . . . . . 63
3.4.1 Laser Locking, Tuning and Beam Shaping . . . .. ... ... ... 63
3.4.2 On-Chamber Optics . . . . . . . . . ... ... . ... .... 67

3.5 Absorption Imaging . . . . . . . . ... 70
3.5.1 Observing Atoms in F =1 Manifold . ... ... ... ... .... 72

4 Experimental Results 73
4.1 Experimental Sequence . . . . . .. ..o 74
4.2 Initial Cooling . . . . . . . . . . 75
4.2.1 Optical Molasses . . . . . . . .. ... 75
4.2.2 Magneto-Optical Trap . . . . . . .. . .. .. ... ... 7

4.3 Transfer Into Magnetic Trap . . . . . . . . . . . ... 81
4.3.1 Compressed MOT . . . . . . .. ... .. ... ... 82
4.3.2 Optical Pumping . . . . . . . .. ... oo 84
4.3.3 Atom Capture . . . . . . . . . ... 85

4.4 FEvaporative RF Cooling . . . . . . . . .. ... 90
4.5 Optically Plugged Quadrupole Trap . . . . . . . . .. ... ... ... ... 94
4.6 Atom Transport . . . . . . . .. L 97
4.7 The Chip-Based loffe-Pritchard Trap . . . . . . . .. ... ... .. .. .. 100
4.8 MW Pulses . . . . . . 103
4.9 Ramsey-Bordé Interferometer . . . . . . . ... .. ... ... ... ... 108

4.10 The RF Phase-Dependent Position Control . . . . . . . . . . . . ... ... 112



5 Summary and Reflections

5.1 MW Dressing . . ... ... . ...
5.2 Operation Under Tilt . . . . . . ..
5.3 Setup Redesign . . ... ... ...
531 ThePCB ... .......
5.3.2 The RF Chip . . .. .. ..
5.3.3 The EM chip ... ... ..

5.4 Time-Averaged Adiabatic Potentials

55 Conclusion . . . . . ... ... ...

Bibliography

Appendices

A TImaging Denoising Techniques
A.0.1 PCA Analysis . . . ... ..

A.0.2 Machine Learning Approach

vil

124
125
129
130
131
133
135
136
138

138

149



viil



List of Tables

5.1 Normalised coupling coefficients for all possible transitions with

larised field present. Values were taken from B. Foxon’s thesis [1]

X






List of Figures

1.1

2.1
2.2
2.3
2.4

2.5
2.6

2.7
2.8

2.9

According to Sagnac, waves propagating in opposite arms of the interferom-
eter should experience different amounts of drag force resulting in a phase
shift sagnac when the experiment is rotating with respect to an inertial

frame of reference at a rate Qree. . . . . . . . . ..

Relativistic Sagnac interferometer. . . . . . . . . . . .. ... ...
D, line 8Rb structure. Data taken from [2].. . . ... .. ... ... ...
Expectation value evolution as a function of time during the experiment
Ramsey sequence represented as rotations around the Bloch sphere. Black
arrows indicate the state of the atoms and blue traces show the time evo-

lution of the state during MW pulses. . . . . . . . .. .. ... ... ....

F = 2 bare state potential vs. RF-dressed potential in a 1D quadrupole trap.

Schematic diagram of a 2D quadrupole created by four infinitely long con-
ductors. . . . . .
DC ring quadrupole diagram . . . . . . . . . .. ..o
RF-dressed 3D quadrupole trap produced with a vertically polarised RF
field. The top row shows false coulour absorption images of atoms with
different dressing frequencies. The blue lines in the bottom diagram show
the path that the atoms take and the black arrows show the DC magnetic
field lines. . . . . . . L
RF field produced by the copper RF chip in the radial direction (red) and
vertically polarised RF produced by the PCB coil underneath (blue) create

the smoke ring field Bg,): above the gold atom chip wires. . . . . . . .. ..

x1

12
17
21

22
28

30
31

32



xii

LIST OF FIGURES

2.10 Cross-section view of an RF-dressed torroidal trap for jF = 2;mg = 1i
state. Changing the relative phase between the two circular RF compo-
nents modulates the  coordinate of the traps. Setting one of the two
circular components to zero removes the localisation of the trapping po-
tentials along . . . . ... oL

2.11 DC and RF fields forming the adiabatic RF-dressed ring lattice potentials.
Only the radially symmetric part at = =2 is contributing to confine-
ment along . . ...

2.12 DC fields of a ring quadrupole potential at the resonant surface repre-

sented as vectors with no active transformations on the left and with

Uy( )Uy( ) applied to Bpc on theright. . . . . . ... ... ... ...

2.13 RF dressed ring quadrupole trapping potential for atoms in state jJF = 2; mg = 1i.

The Rabi frequency associated with z-field is 300 kHz, 100kHz with radial
field, and 25kHz with RF field in x-direction. . . . . . . . . ... ... ...

3.1 Experimental setup on a CF-160 flange. . . . . . . . .. ... .. ... ...
3.2 PXI system control diagram. . . . . . . . . ... ..o
3.3 External coil configuration. . . . . . . . ... ...
3.4 Top view of the setup external compensation coils highlighted. . . . . . . .
35 PCBecoils . . . . . o
3.6 RF coils are attached to the PCB using UHV-compatible adhesive.

3.7 A) Drawing of the RF chip spiral; B) Top view diagram of the RF chip; C)
The layers of the RF chip: 1. Protective SiO; layer (1 m); 2. Si susbtrate
(280 m); 3. Bottom copper tracks (40 m); 4. Top copper tracks (40 m);
5. Gold alignment marks (100nm); 6. Gold pads (2 m); 7. Protective SiO;
layer (1 m); D) The RF chip bonded on the PCB.. . . . . ... ... ...

3.8 A) Picture of the electromagnet chip in the fabrication room. The gold on
the chip surface acts as a mirror; B) Diagram of the EM chip top loop; C)

Close-up microscope picture of the EM chip. . . . . . ... ... ... ...



LIST OF FIGURES xiii

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

The layers of the EM chip are as follows: 1. Protective SiO, layer; 2. Si
susbtrate (280 m); 3. Protective SiO; layer; 4. Bottom gold rings, (2 m);

5. SU-8 panarization layer, (5 m); 6. Top gold rings (2 m); 7. Gold mirror

layer (2 m); 8. Protective SiO, layer (40nm) . . . . . . . .. .. ... ... 49
AD9959 phase noise measurement. . . . . . . ... ... 50
RF electronics setup . . . . . . . . ... o1
Impedance matching circuit diagram. . . . . . . . .. ... ... ... 52

A Microwave monopole antenna is easy to build from UHV-compatible
components and is close to the atom chip. A MW horn needs to be placed

outside the vacuum chamber. . . . . . . . . . ... 53

Helical antennae used to to produce circularly polarised MW fields. Top
graph shows simulated vs. measured S11 component of a right-handed

antenna (black). The left-handed antenna shaper printed in white PLA

filament can be seen placed under the vacuum chamber window. . . . . . . 54
Microwave electronics setup diagram. . . . . . . . . .. ... ... .. ... 55
The rate table setup. . . . . . . . . . .. 56
Pictures of the vacuum chamber. . . . . . . . ... ... ... 57
Vacuum chamber prepared for the baking process. . . . . . . .. ... ... 58
Temperature and pressure change during the bakeout process. . . . . . .. 60

Atom chip bonding connections. The bonds in the top left corner of the
picture were done using silver-filled epoxy rather than gold wire ball bond-
ing technique. Epoxy bonding is only used for gold pads resting on top of

SU-8 layer to prevent chip pad damage. . . . . . . . .. .. ... ... ... 61
Schematic diagram of the optical bench setup. . . . . . . .. ... .. ... 63

Laser locking frequency diagram (above) and typical spectroscopy signal
used for laser locking (below). Arrows with dotted lines indicate AOM

frequency shift. . . . .. ..o 66

Vacuum chamber optical setup . . . . . . . .. ... ... oL 69



Xiv

LIST OF FIGURES

3.24

3.25

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Measuring the optical density of the atom cloud (the units on the figures
are in pixels). Three images are obtained: a) with a shadow cast by atoms,
b) light field distribution ¢) background illumination. Part d) shows the

processed image where brighter regions correspond to higher optical density. 71

Atom imaging sequence in F = 1 ground state manifold. The Repump
employs F = 1 $ F? = 2 transition and the Imaging beam is locked to
F=2FBF'=3transiton. . . . . . . ... ... ... ... .. ... ... 72

Key experimental sequence stages. . . . . . . . . . ... ... ... ... 74

A diagram of a 3D MOT. The Zeeman effect, displayed on the right side,

gives rise to position-dependent light force. . . . . . . . ... ... 78

Atom number vs. time during the MOT loading stage. False-colour ab-
sorption images of the atom cloud are show on the right: top picture shows
the optical density map of the atomic ensemble at t = 0s and the bottom
picture displays the image of the atom cloud at the end of the loading

scheme with t = 10s. . . . . . . . . . 79

Ballistic expansion temperature measurement after MOT stage. The top

row of images show the atomic ensemble expansion after 0, 3 and 6 ms. . . 80
Rotation of light field polarisation in space.. . . . . . ... ... ... ... 83
Optical pumping diagram with ; pump polarisations. . . . . . . . . .. 84

Temperature estimate from ballistic expansion after CMOT stage. The top
row of images displays the atom cloud at different free-fall times during

ballistic expansion. . . . . . . . . . ... 86

Temperature estimate from RF spectroscopy in a magnetic trap after the
compressed MOT stage confirms that the atoms can be cooled down past

Tp 145 K with laser light. RF probe duration here is 550ms. . . . . . . 88

RF thermometry in an loffe-Pritchard type trap. The trap bottom corre-
sponds to 1:06 MHz. The variations in atom number off-resonance can be

attributed to background gas pressure variations over time. . . . . . . . .. 89



LIST OF FIGURES

XV

4.10

4.11

4.12

4.13

4.14

4.15

4.16

Evaporative cooling of an atomic ensemble. The top row shows the thermal
distribution of the atomic ensemble as a function of frequency and the bot-
tom row is a cartoon diagram representing atoms in a magnetic potential.
In column A we have an initial thermal distribution of atoms. In column B
the RF field couples the Zeeman sublevels of 8Rb in a way that introduces
a pathway for most energetic atoms to leave the trap, resulting in a trun-
cated thermal distribution. In column C we can see the new steady state
of the atom cloud with a reduced temperature. This process is repeated in

discrete steps until desired temperature is achieved. . . . . . . . . .. . ..
RF cooling ramp in optically plugged quadrupole trap. . . . . . . .. ...

Optically plugged quadrupole trapping potential. In this particular case,

the parameters are: @Bpc=0r = 32G=cm, = 760nm, P = 1W , w(0) =

False colour absorption images of the atom cloud after identical evapora-
tive cooling stage with and without the optical plug beam. The colours
represent the optical density of the atoms. On the right, a blue-detuned
laser beam with = 760nm and 1; W power is focused at the center
of the atom cloud to exclude the atoms from the region in space where

iBoc (r)j = 0 to prevent Majorana losses. . . . . . ... ... .......
Quadrupole field zero being displaced by introducing a bias field. . . . . . .

Loading of the Atom chip. False colour absorption images were taken
during the atom chip loading stage with 1, 40, 60, 70, and 80 ms delay
from the start of the stage. The x- and y-axes represent indices of 5:6 m

wide pixels. . . . ..

Formation of the loffe-Pritchard type trap by the EM chip wire struc-
ture running 0:3 A current. Ring quadrupole (A) is turned into an loffe-
Pritchard trap (B) by applying a magnetic bias field of 1.5 G in the y-
direction. Different colours indicate surfaces where the magnetic field mag-

nitude is a constant value. . . . . . . ...

91



Xvi

LIST OF FIGURES

4.17 RF spectroscopy signal of atoms in IP trap before the RF cooling ramp
(A, B), after RF cooling ramp (C, D), and after increasing the magnetic
trap minimum field (E, F). Figures on the right (B, D, F') show false-colour
absorption images of the atoms with the colour representing the optical

density of the medium. . . . . . . . . ...

4.18 Different available MW transition frequencies within the ground state man-
ifold depicted in different colours. Although there are 9 possible transitions,

only 7 distinct frequencies are available with group labels n = 3; 2;::; 3.

4.19 MW spectrum of RF-dressed atoms in IP trap with atoms starting in the
RF dressed JF = 2; mg = 2i state. The diagram of the available transitions
is displayed on the right: there are 7 groups of peaks, separated by 'rg,
where each peak within the group is separated by (2grr and corresponds to

a specific RF-dressed state. . . . . . . . . .. ... ... ... ... ...

103

4.20 Spectroscopic measurements of MW coupling strengths for jF = 1;mg = 11 B

JF = 2; mg = 21 transition across different groups. Here, 0 Hz offset corre-
sponds to probe frequency of Yprope = Yhis = 2 6:834:: GHz. Displayed
is the number of atoms remaining in the F = 1 manifold with narrow
frequency scans across individual transitions. If pulse durations are much
shorter than a Rabi cycle, the amplitude of the peak indicates the relative
coupling strength of each transition. . . . . . . .. .. ... ... ... ...
4.21 MW-driven Rabi flopping between jF = 2;mg = 2i and jJF = 1;mg = 1i
within group -2. The differences in the steady-state atom number for the
two states can be attributed to changing background gas pressure over

time. Negative starting number for F=1 is a data processing artefact. . .

4.22 Rabi frequency measurement of jF = 1;mg = 1i B jF = 2; Mg = 1i tran-

. 106

sition with different groups. X-axis represents the duration of the MW pulse.107

4.23 Ramsey fringes as a function of the final MW pulse phase shift with T =

0:02ms and T = 0:26ms. Atom number measured in the jJF = 1;mg = 1i



LIST OF FIGURES xvii

4.24

4.25

4.26

4.27

4.28

4.29

4.30

4.31

4.32

4.33

4.34

4.35

Ramsey fringe contrast decay measurement. . . . . ... .. ... .. ... 109

The RF-dressed potentials of the states JF = 2;mg = liand JF = 1;mg = 1i
(left) do not overlap perfectly. The difference between these energy levels

is given on the right. . . . . .. . .. .. oo 110

JF=2mg =11 $ jJF =1;mg = 1i linewidth measurement with dif-
ferent MW probe power strengths in group -3. Y-axis represents the
atom number in the jF = 2;mg = 1i state. Afyw = 0 occurs at fyw =

6:834::: GHz. . . . . 111

RF coupling strengths of different polarisation components. Here, A =

2 50kHz. . . . . . o 114
RF field strength measurement of RF chip and C4 coil fields. . . . . . . .. 115
RF coupling strength changes with RF polarisation. . . . . . . .. ... .. 115

RF-dressed atom cloud spectrum in IP trap (top) vs. quadrupole ring trap

(bottom). . . . . .. 116

Lifetime of atoms in bare ring quadrupole (top) vs. lifetime in RF-dressed

ring quadrupole trap (bottom). . . . .. ... 117

Theoretical prediction of the RF-dressed trapping potential based on ex-

perimental measurements. . . . . ... ... 118

False colour absorption images of RF-dressed trap evolution with fixed
transport duration on the left column (A E) and fixed RFx frequency

offset on the right (F J). Here we observe atoms in jF = 2; Mg = 2i state.120

Plot of atom cloud angular position during the transport stage where the
RFx coil frequency offset is +5Hz. The rotation rate of the atom cloud is

estimated to be 37:20 0:48rad=s. . . . . . . . .. 121

Lifetime measurement data of stationary atoms in an RF-dressed ring

quadrupole trap. . . . . . .. 121



xXviii

LIST OF FIGURES

4.36 Absorption imaging figures of atoms in a state-dependent RF-dressed trap

5.1

5.2

2.3

5.4

2.5

5.6

5.7

during transport via potential modulation. The left column shows atoms in
JF =1;mg = 1i and the right column displays atoms in jF = 2; Mg = 2i
state. Modulation field produced by RFx coil has a +2Hz frequency offset

with respect to the smoke ring dressing field, the trap radius is 0:5mm. .

Coupling strength ) vs. position for atoms dressed with 1 MHz dressing
field and %—E = 300G=cm matching parameters from figure 4.25. Groups -3,
-1, and 1 have non-vanishing coupling coefficients for polarisation. A
35UG MW field amplitude is assumed and the dashed vertical line provides
a visual reference for the resonant field taken as the average between values

for F=1 and F=2 manifolds. . . . . . . . .. ... ... ... ... .....
MW transition linewidth improves with MW dressing enabled. . . . . . . .
The redesigned PCB. . . . . . . . ... ... o

PCB transport sequence. The top row of images show the isopotential
surfaces of the trap traversing the extent of the PCB. The bottom graph
shows the currents required to complete the transport sequence. Here,
C1-C7 are concentric square coils that follow the same convention as the
current PCB, P1L & P1R are the large parallel bars, P2L & P2R are smaller
parallel bars, PCB_z is the central wire, EM_z is the EM chip z-wire, and

X comp/Y comp are the external bias coils. . . . . .. ... ... ... ..
Numerical simulation of field produced by the RF chip. . . . . . .. .. ..

The redesigned RF chip. . . . . . .. .. .. ... oo

The redesigned atom chip bottom layer. . . . . . .. ... ... ... ...

. 123

134



5.8

Al

A2

A3

TAAP influence on the trapping potential shape. Figures A) and B) show
traps with no time-averaging, C) and D) display the trap potentials over-
lap when the DC magnetic field is modulated. Figures A) and B) show
potentials for JF = 2; mg = 11 state with RF field strengths of 1.5 G in the
z-direction, 0.9 G in the radial direction, and 0.3 G in the x-direction. The

isopotential contour plots on the right indicate the tilt of the traps keeping

atoms in the states F = 1 (dashed lines) and F = 2 (solid lines). . . . . . .

Optical density image without post-processing vs. PCA de-noising tech-

nique. The difference between the two results is shown on the right. . . . .

The generator manages to fill the hole with lots of detail with an input
that has some information missing completely. Figure A is the input with

region of interest cropped out, B is the reconstructed result, and C is target

reference image. . . . . . ... L

Image with the 3 image processing and no defringing methods applied (left)
vs. deep learning approach (right). Although a lot of background noise is

removed with the DL method, the atomic signal also becomes comparable

to background noise levels. . . . . . ... ..o

Xix



XX



Chapter 1

Introduction

This thesis describes work on building an atom interferometer capable of measuring rota-
tion through the use of state-dependent radio frequency (RF)-dressed adiabatic potentials.
Successful progress toward the Sagnac interferometer has been made by demostrating a
state-dependent transport of 8Rb atoms in a ring-shaped trap. I will present to you
a journey from putting the atom chip inside the vacuum chamber to state-dependently

guiding the atoms on a chip.



2 Chapter 1. Introduction

1.1 Description of Work

The structure of this PhD thesis is outlined below, including a short description of the

contents and key ideas/results.

Chapter 1: A brief overview of the history of rotation detection and the motivation
behind the experiment is presented. Historical links between first devices to sensors un-
derpinning modern technology are covered. Following the chronicle of discoveries leading
to matterwave interferometry is the motivation for our particular implementation of the
Sagnac interferometer. State-of-the-art experiments within the field are reviewed and
potential advantages of our setup over the competing strategies is explained. Lastly, we
touch on the milestones that are key to the success of the experiment with a brief look at

the importance of each one to the success of the overall project.

Chapter 2: The theory behind the state-dependent transport scheme is investigated
and key results are presented. Numerical simulations as well as analytical results will
provide insight into the interaction between atomic spins, static magnetic fields, and RF
radiation. A general model of an atom interacting with magnetic fields will be presented
before we show how the potentials can be dynamically shaped to drive atoms around an

enclosed loop to perform Sagnac interferometry.

Chapter 3: The experimental setup will be described in this chapter. This includes the
vacuum setup, RF & microwave (MW) electronics, control & timing infrastructure, laser
optics, current carrying wire configuration and AC field source description. Some of the

in-house-built component designs developed for this project are also included here.

Chapter 4: This chapter will present experimental techniques and results leading to-
wards a rotation sensing device. The covered subjects range from initial laser cooling
of the atoms to preparing quantum superpositions of states that can be guided indepen-
dently of each other. A full loop around the ring in one of the quantum states has been

completed to show the multi-loop capability for a measurement with increased sensitivity.
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Chapter 5: The summary of this thesis will look at the overall progress towards the
fully functional rotation sensor and review the remaining hurdles to overcome. A method
to reduce transition linewidth dependence on the applied magnetic field will be presented
as well as design improvements are presented. Additionally, a time-averaging scheme will

be presented to make the device more robust against mechanical motion.



4 Chapter 1. Introduction

1.2 Overview

A Sagnac interferometer, first introduced by Georges Sagnac [3], is a device used to
measure one’s rotation with respect to inertial frame of reference at a rate, (o, using
the phase shift that arises in an area-enclosing interferometer.

The early concepts of measuring rotation rate date back as far as the 2nd century BC with
the Chinese invention of a mechanical device known as the ”South Pointing Chariot” [4],
which employed a rotating wheel to maintain its direction of travel. In 1851 the Earth’s
rotation rate was measured with the help of a large pendulum by the French physicist
Jean Bernard Leon Foucault [5]. The pendulum’s precession displayed a gyroscopic effect,
setting the foundation for further gyroscope development. The first practical gyroscopes
used mechanical motion to provide stabilising force, keeping the device still with respect
to the inertial frame of reference. Initially used for naval navigation applications, these
devices were developed in the early nineteenth century, notably the gyrocompass built
by the German inventor Hermann Anschiitz-Kaempfe in 1908 and the Sperry Gyroscope,
invented by Elmer Ambrose Sperry in 1933. As time passed, gyroscopes became essen-
tial pieces of equipment in aerospace and space applications. In the late 20th century,
compact devices based on micro-electromechanical systems (MEMS) technology [6] made
rotation sensors widely available with sensitivity high enough to measure the Earth’s ro-
tation rate with a cheap sensor in a smartphone [7]. Ring laser gyroscopes (RLGs) and
fibre optic gyroscopes (FOGs) that use interferometry of light travelling in a ring cavity
(RLGs) and a coiled optical fibre (FOGs) offer a higher level of measurement precision
than MEMS devices and are frequently the preferred option in the inertial sensing field.
The first ring laser gyroscope was built in 1963 [8] and since then further research has
shown the feasibility of interfering with matter waves rather than electromagnetic waves,
which brings its own set of benefits and challenges [9]. Namely, an increase in rotation
sensitivity of an order of 10! has been estimated to be achieved by replacing conven-
tional electromagnetic waves with matter waves [10]. The reason for this dramatic gain
in sensitivity comes from the much larger accumulated phase of a matter interferometer

compared to its light counterpart for the same rotation matter= light = mc?=h!, where
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m 10 2°kg is the mass of the Rb-87 atom, € is the speed of light, h the reduced Planck
constant, and ' 2 10®Hz is the angular frequency of light.

The Sagnac interferometer works by splitting coherent wavepackets into a superposition
of waves travelling on a closed-loop path in counter-propagating manner. When the waves
recombine again after completing a full loop, a measurement is made to determine the
differential phase imprinted onto the wavepackets due to the setup rotating with respect
to an inertial frame of reference, also called the Sagnac phase sagnac-

Although we use Sagnac’s invention to measure the rotation rate with high precision
to this day, he made the wrong assumption about what gives rise to this phase shift
between different paths that the waves take. The interferometer was first built to prove the
existence of luminiferous aether. The argument proposed was that an observer travelling
through the aether would experience a frictional drag force. The higher the relative
velocity of the observer to the aether would lead to the greater the drag force. Under
rotation with respect to stationary frame of reference this would mean that wavepackets
are moving with the flow of aether while the waves in the other arm of the interferometer
would propagate against the flow as shown in figure 1.1, hence the differential phase would

manifest from discrepancy in the drag force.

@
Yy

'Q'rot

Y,

Aether ﬂ()W6

Figure 1.1: According to Sagnac, waves propagating in opposite arms of the interferometer
should experience different amounts of drag force resulting in a phase shift gagnac when
the experiment is rotating with respect to an inertial frame of reference at a rate {2rot.
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Further work by Max von Laue [11] and Paul Langevin [12, 13] has shown that one can
derive the differential phase from relativistic effects, making the experimental rotation
rate measurement possible even in the absence of luminiferous aether. In fact, the effect
can be expressed in terms of the proper time difference for particles travelling in opposite
directions. One of the more impressive examples of related measurement was carried out
by Joseph C. Hafele and Richard E. Keating [14], where they placed two identical atomic
clocks on aeroplanes travelling around the Earth in opposite directions and managed
to predict and measure the relative time difference between the two devices caused by
relativistic effects.

This PhD project expands on the idea of a matter-wave Sagnac interferometer by intro-
ducing a novel way of guiding the interfering particles around an enclosed path rather
than using ballistic transport. The scheme for this experiment was introduced in 2007
[15], and only realised in practise 16 years later. Details of previous theoretical and exper-
imental work can be found in theses by T. Bishop [16], F. Gentile [17], and J. Johnson
[18].

1.3 Motivation

Sagnac interferometers have a wide variety of uses, including current sensing [19], tem-
perature measurement [20], gravitational wave detection [21, 22], and rotation sensing
[23, 24]. Today, Sagnac interferometers are considered to be some of the most accurate
devices for precise rotation measurements. The technology has improved significantly
with the rise of fibre optic gyroscopes guiding aircraft and space missions [25], however,
matter wave interferometers are getting closer to becoming a better alternative due to
their long-term stability. Even the best FOGs are limited by the bias instability, meaning
that eventually the accuracy of the measurement cannot improve any further by averag-
ing the measurement over longer times. The averaging time limit of the FOGs is around
10000s [26], after which systematic effects, such as the Earth’s tidal forces and temper-
ature swings start increasing the uncertainty in the measurement. A recent paper by a

research group in Paris [27] observed no such levelling off in precision on the same time
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scale with their cold-atom system. Given that a sufficiently small size, weight and power
package is achieved, a matter-wave interferometer can be used to supplement conventional
ring laser gyroscopes to limit systematic drift in inertial navigation framework [28].
The early matter wave interferometer designs rely on atoms freely falling in space [29,
30, 31], therefore, increasing the sensitivity by increasing the enclosed area of the device
becomes challenging. Making an interferometer with a larger area with this design requires
increasingly taller vacuum setups to accommodate the atoms accelerating downward with
gravity. Later generations of interferometers take advantage of multi-loop schemes [32]
and some setups also rely on moving the atoms along the guide, thus reducing the volume
of the device. The majority of these schemes, however, still rely on ballistic transport of
atoms along the guide [23, 33, 34].

The free propagation of atoms in a guide means that one needs to impart some momen-
tum to atoms travelling around the loop in order to complete a full loop. This is not
an issue when the atoms are moving horizontally; nevertheless, the single-loop area be-
comes limited under tilt due to gravitational potential gradient. Large momentum kicks
may cause parametric heating and may still be insufficient to reach the top of the guide.
Another prevalent issue stems from the spread of atomic wavepackets along the waveg-
uide over time, leading to a reduced measurement contrast. Instead, we opt for a fully
trapped setup that uses RF-dressed adiabatic potentials [35] that trap atoms in all three
dimensions during measurement [15, 36].

With the advent of atom chip technology [37], cold-atom experiments can be made
compact and more power efficient. Atoms chips use microfabrication techniques to deposit
small wire structures on substrates, usually made of silicon. Evaporated metal conductors
have few imperfections and can be placed a few m from the atoms which leads to
high trapping field gradients. Small size and low power requirements play in our favour;
therefore, an atom chip setup has been chosen as the initial platform to test the feasibility
of such device. Due to atoms being in close proximity to the conductors, one can achieve
extremely high field gradients for atom trapping, and the RF field magnitude required

for guiding the atomic ensemble can be achieved with off-the-shelf commercially available
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components.
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1.4 Aims and Objectives

The key requirements for achieving a functional rotation sensing device are listed below.
The motivation behind our design choices and the significance of each of the milestones

will be presented.

Loading Atoms Into a Ring Trap

The experimental setup consists of many current-carrying components, as well as RF
and MW sources, which work together to produce a dense atomic ensemble prepared in a
quantum state needed to measure the Sagnac phase. External coils and ultra-high vacuum
compatible part of the setup work hand in hand during the transport stage from a typical
six beam magneto-optical trap to a trap produced by the atom chip. Along the way, the
atoms are pumped into a magnetically sensitive state, transferred into a purely magnetic

DC trap, cooled down and loaded into a complex potential.

RF Field Control

Multiple sources of RF fields are used to produce state-dependent potentials that can be
individually moved around by achieving a high level of control over the RF field frequency
and spatially dependent polarisation. We will outline the field-producing elements in the
setup, their role, and verification procedures in place used to ensure the correct operation

of the device.

State-Dependent Transport

Through the use of constructive and destructive interference of the fields, the RF dressed
adiabatic potentials are shaped to serve as a matterwave guide that is capable of state-
dependent atom transport. The experimental realisation of such a transport method has
not been shown before and is therefore interesting from the perspective of practical appli-
cations as well as fundamental science. We demonstrate the capability of completing a full

loop around the atom chip guide with atoms moving in counter-propagating directions.
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The Ramsey Sequence

A series of carefully timed MW pulses is required for the operation of our device. We use
a spin-echo-type sequence to eliminate any phase that rises from the guide having small
asymmetric manufacturing imperfections or from the tilted operation of the device with
respect to gravity. The description of the sequence and key parameters will be provided

in the chapters 2 and 4 of this thesis.

Gyroscope Realisation

Although we already have a grasp on how to perform state-dependent transport and MW
pulse sequences to obtain an interferometric phase, the combination of the two to obtain
a rotationally sensitive measurement has yet to be achieved. The nature of the biggest

hurdles to overcome will be identified with a path to address the most recent challenges.

Design Improvements

Most of the tasks to be completed during this project have been successfully realised;
however, there are many ways to improve the setup in the future. On the basis of the
experimental observations, many areas for design improvement were identified. The main
challenges will be covered, as well as the description of specific setup alterations to address
them. Unfortunately, due to time constraints, these changes in the experiment are yet
to be implemented; however, significant progress has been made towards the inclusion of
additional infrastructure.

These upgrades may include but are not limited to:
e MW dressing scheme that shows promising results towards achieving a narrow spec-
tral width of a clock transition required for high precision measurements,
e adding more strategically placed wire structures,

e implementation of time-averaged potentials to improve the spatial overlap of the

state-dependent traps.



Chapter 2

The Atomic Sagnac interferometer

This chapter examines the development of RF-dressed adiabatic potentials for atom trap-
ping and transport. We will begin by exploring the general operating principles of a
Sagnac interferometer. We will then analyse the energy-level structure of a single Rb-87
atom and the microwave pulses used to couple the energy levels of interest. We will then
discuss the potentials created by time-dependent magnetic field interactions. Finally,
we will investigate a particular type of RF-dressed trap, as the ring lattice geometry is

beneficial for the construction of the rotation sensor.

11
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2.1 The Sagnac Phase

The operation of the Sagnac interferometer shown in figure 2.1 can be explained through
relativistic effects that lead to rotation measurements. We can start from simple Lorentzian
transformations to explain what gives rise to the Sagnac phase. For this example, we as-
sume that the waves travel around the circular loop with radius R, in counter-propagating

directions, at velocity V.

A)

Output

Input

Figure 2.1: Relativistic Sagnac interferometer.

We denote the waves travelling in counter-clockwise direction with the subscript '+ and
the waves travelling in the opposite direction with * ’. We assume that the entire setup
is rotating with respect to an inertial frame of reference with rate 2. The time in this

rotating frame of reference, t', is transformed according to equation 2.1

ORX
CZ

=t ; (2.1)

where C is the speed of light, is the Lorentz factor, t is the time and X is the position in

the inertial frame of reference.
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The position in this dynamic frame of reference is given by X'.

X'= (x QRt); (2.2)
where is defined as
- ql . (2.3)
2

Here, v = X=t is the phase velocity. In the transformed frame of reference, we can look at

the velocity V' , and path length I’ | for the two waves.

v RQ
v TR (2.4)
C
" =2 R ROt (2.5)

From equations 2.4 and 2.5 we can calculate the arrival times of waves in each of the

interferometer arms.

t == : 2.6
VU v 1 R(Z:Z 2 ( )
which in turn gives us the time difference At.
c2

With atom interferometers we can use At scaled by the Compton frequency [38] to find
the Sagnac phase, sagnac, imprinted due to rotation with respect to the inertial frame of
reference.

mc?

Sagnac — 2 fComptonAt =2 TAt (2'8)
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In the regime where R?Q? << ¢? equation 2.8 simplifies to

4AmAS)
Sagnac — h ; (2'9)
where m is the mass of the particles, and A = R? is the effective area enclosed by the

interferometer path. For classical waves, one should use the frequency of the waves rather
than the Compton frequency. One can notice that, in the end, the Sagnac phase depends
on the rotation rate, €2, and not the velocity of the particle.

We can also examine the errors associated with the measurement. The mass term’s
uncertainty is much lower than the other terms, so it can be disregarded. The Planck

constant is fixed, so the only sources of uncertainty in the measurement are A and ().

2

éagnac: @ (Z)«;g\nac A + @ g}agnac 0O
, , (2.10)
. mQ A 4 mA QO
~ h h

The first term in equation 2.10 tends to 0 if 2 = 0. We can achieve this through com-
pensation of the rotation by placing our setup on a rotating platform that cancels the
motion with respect to the inertial frame of reference. When motion around the axis of
rotation is compensated completely, the device measures no phase shift, and the rotation
rate is inferred from the corrections that had to be applied to the system. This technique
is called gimballing and allows us to minimise the errors associated with A. Another
solution would involve moving the atoms in the two interferometer arms at different rates
to make sure that they meet at the same location within the inertial frame. This will be
discussed in further sections of this chapter. The second term corresponds to systematic

errors that cannot be avoided.
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2.2 The **Rb Atom

It is important to understand the underlying structure of the atom in question before we
continue to look at a specific case. A comprehensive description and many useful data
on the atomic structure of 8Rb are compiled in the paper by D. Steck [2]. Another
useful reference may be the textbook by C.J. Foot [39]. We begin by looking at the
energy-level structure defined by the interactions between the single outermost electron
and the nucleus of the atom.

The energy structure of group IA elements is very similar to Bohr’s model of an atom
[40] which only considers a single electron orbiting the positively charged nucleus. Bohr’s
model of an atom describes the energy-level structure that only depends on the funda-
mental quantum number N.

Z°Rg

En= =25 (2.11)

where Z is the atomic mass of the atom in question and Rg is the Rydberg energy. This,
however, does not represent the energy-level structure of heavier atoms, and quantum
defect correction has to be introduced to match the experimentally observed spectral
data. The binding energy required to kick the electron out of its orbit then follows the
modified relation.

Eg — icz; (2.12)

(n )

where h is the Planck’s constant, and ¢ = 3:19 is the quantum defect associated with
the electronic spin that interacts with the nucleus of the atom. Quantum defect values
for various alkali metal atoms can be found in [39]. The outer electron of 8Rb is in the
energy state given by the fundamental quantum number n = 5.
Electrons have a magnetic moment g proportional to the spin angular momentum vector,
S. When these electrons orbit a positively charged nucleus, they see an effective magnetic
field B which depends on the total angular momentum L = r p. Here, r is the position

of the electron with respect to the nucleus and p is the momentum of the electron. The
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energy shift due to this spin angular momentum and orbital angular momentum follows

the relation in equation 2.13.

AE = s B: (2.13)

which is directly proportional to quantity L S. To find the expression for L S, we

introduce a quantity J, known as the total angular momentum of the electron.

J=L+S: (2.14)

Taking the dot product of J with itself we find that

2L S=J% L?* sZ (2.15)

J can take values in the range L Sj J  jL + Sj that determine the ground state
of ¥Rb with L = 0, S = 1=2 and J = 1=2 as well as the first excited state with L = 1,
S =1=2, and J = 1=2 or J = 3=2. This fine structure of the atom determines the
optical transition lines, known as the D; line for the 52S;-, 9 5°P1-, transition and the
D, line for the 52S;-; P 52P3-, transition. The D; transition for 8Rb corresponds to a
wavelength of about 795nm, while the D, line can be seen at 780nm.

The further splitting of the ground and excited states describes the hyperfine structure
of the atom as a result of the coupling between the total electron angular momentum J
and the total nuclear angular momentum 1. The total angular momentum of the atom is

presented as a quantity F.

F=J+1I (2.16)

F can take values in integer steps that fall within the range jI ~ Jj F j1+3j.
8Rb has nuclear angular momentum | = 3=2 and therefore, for a ground state J = 1=2,
F can take values of 1 or 2. By the same example, the excited state 52Pi-, can have

values F = 1;2 and the state 5°P3-,, corresponding to the line Dy, has possible values
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F = 0;1;2;3. The Hamiltonian in this case is represented by

30 3P+313 1(1+D)IT+1),

Hifs = Antsl J + B 2.17
hfs hfs + Bhnfs TG EIC D ; (2.17)
which leads to eigenenergies that correspond to hyperfine structure energy shift.
1 SKIK+1) 211 +1)J3 (3 +1)
AEnfs = =AntsK + Bhfs2 ; 2.18
hfs = 5/ nfs + Bnfs 21 D223 1) ; ( )

where Angs is the magnetic dipole constant, Bpgs is the electric quadrupole constant that

has a value of 0 for the states J = 1=2, and K is given by

K=FF+1) 1(1+1) JQ+1): (2.19)

The values for Apg and Bpgs can also be found in [2]. Equation 2.18 defines the energy
level shifts due to hyperfine structure that can be interrogated by a laser. For the purposes
of this experiment, the D, line is of greater interest because of the existing cycling optical
transition that can be used to capture and cool atoms. The energy level diagram of the

transition D5 is provided below.

"W F=3
266.65M H 2
193.74AM H 2
I N
[— F=2
156.95M H 2
A[ F=1
780.241nm '72.221\1112 e
384.230TH =
F=2
5281 |
F=1

Figure 2.2: D; line 8 Rb structure. Data taken from [2].
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Now we can look at the structure that forms due to interactions between applied static
magnetic fields and the atomic spin. The Hamiltonian for this interaction is

Hoc= ot B=-—(9sS+o.L+gl) B; (2.20)

_B
h
where g is the Bohr magneton, h is the reduced Planck’s constant, B is the applied
external magnetic field, and g are the g-factor constants that take into account changes
in the electron spin, electron orbital, and nuclear parts of the magnetic moment. If
the applied magnetic field provides energy shifts smaller than the fine structure, then
the Hamiltonian can be described by quantum numbers J and 1. Without any loss of
generality, we can choose the magnetic field to be pointing along the z-axis. This leaves

us with the Hamiltonian expression that can be written as

Hpc = FB ngz + 0i |Az B;: (2.21)

The Hamiltonian can be simplified even further if the applied magnetic field introduces
energy shifts that are smaller than hyperfine splittings [41]. The equation in that case

can be described by a single quantum number F

Hoc = BOFF:B;; (2.22)

where F, and B, are projections of F and B on the z-axis, and gg is called the hyperfine

Landé g-factor. g¢ can be expressed as

_ FF+1) 1(0+1)+I+1) FF+LD)+1(1+1) JA+1)
F=0 2F (F +1) T 5F (F 1 1) )03
FF+1) 1(I1+1)+J3J+1) (2:23)
% 5F (F 1 1) !

with g; expressed as
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I+ SE+DFLL+Y I@+D+SES D) L+

95 =0 233+ 1) 9s 230+ 1)
L0 +D 4SS+ L(L+1), (2.24)
* 200 +1) '

The simplified result for gj comes from assuming approximate values gs 2 and g. 1
[2]. the Hamiltonian from equation 2.22 is described by the linear Zeeman effect which
leads to energy level splitting, determined by the quantum number Mg, corresponding to
the projection of the total atomic angular momentum onto the quantisation axis set by

the applied magnetic field [42].

AEjrmei = BIFMEB; (2.25)

The Mg can take values j Fj mg  jFj and for the ground states of 8Rb the two
ground states have similar magnitudes but opposite signs gg=1 OJr=2 1=2 [43].
The states of interest for us are the low-field seeking states that have the potential mini-
mum at zero magnetic field. Wing [44] stated that by generalising Earnshaw’s theorem
one can deduce that there may only exist magnetic field local minima but no maxima can
occur. This means that we can only use low-field seeking states when trapping atoms in
DC traps. This may not be the case for dynamic potentials.

The states of interest for this device are JF = 2;mg = 11 and jJF = 1;mg = 11 due to
having a very similar energy shift AEje—p.mg=1i AEjr=1:me= 1i- This ensures that
even in spatially varying magnetic field, the transition frequency between the two states

1s constant.
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2.3 The Ramsey Sequence

To measure the Sagnac phase, an optical gyroscope needs interfering photons, mirrors
and beam splitters. The matterwave counterpart can use microwave frequency pulses as
optical components to power a Ramsey interferometer [45]. Multiple pulses can be used
to operate a Ramsey - Bordé interferometer [46], which reduces common-mode noise
during the measurement.

The theoretical description of the interaction between the spins of the atoms and the
introduced MW field can be found in [39]. The system Hamiltonian, Hg, only needs
to describe the transitions between the two RF-dressed states of interest, labelled as
jli=jF =1;mg = 1i and j2i = JF = 2;mg = 11, separated by energy h!ly, equivalent
to the bare transition clock frequency h¥ns. The bar over the label of the state indicates
that we are dealing with adiabatic RF-dressed states rather than bare atomic states. The
formalism describing these states will be provided in the following sections of this chapter.
The system is driven by an arbitrarily polarised MW field with Rabi frequency Qmw:Rrabi,

detuning Apyw = 'mw Yo, and phase

I:IR = QMW;Rabi (COS( )Ax + Sin( )Ay) + AMW AZ: (2-26)

Here, "x.y.; are Pauli matrices and Qmw:rabi is dependent on MW field amplitude as well
as polarisation [1]. The interferometer sequence displayed in figure 2.3 consists of three
MW pulses separated by time intervals T. First, a MW pulse prepares a superposition
between jli and j2i after which atoms are transported around the ring track for time T.
At the halfway point, a MW - pulse is applied to act like a mirror before the atoms are
driven back to their initial position. Finally, after the atoms have returned, a third MW

pulse performs the last =2 - pulse to read out the Sagnac phase.
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Figure 2.3: Expectation value evolution as a function of time during the experiment

~

The state evolution operator, U, is represented as

U ()=e "= ; (2.27)

where is the length of a particular time period in the experimental sequence. The
- pulses are defined so that - Omw:rabi = ;5. The evolution of time is described
by operators that have Qmw:rapi = 0 and = T, where T is the time interval between

the -and =2- pulses. The total sequence applied to the initial state j2i transforms the

wavefunction as shown below

j sagnaci =U_U (T)UU (T) U2 j2i: (2.28)

The operators can be represented as rotations on the Bloch sphere in figure 2.4. During
the free propagation time atoms can acquire different phases, indicated by multiple arrows
on the Bloch sphere. This can happen due to atomic thermal motion within the trap.
A -pulse applied half-way through the free propagation stage minimises the dephasing

effects.
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Figure 2.4: Ramsey sequence represented as rotations around the Bloch sphere. Black
arrows indicate the state of the atoms and blue traces show the time evolution of the state
during MW pulses.
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2.4 RF-Atom Interactions

In this section, we will tackle the description of atomic spins interacting with DC and
RF fields in order to shed some light on how the RF dressed potentials work. The total
magnetic field, By, applied to the system can be split into static magnetic field and RF

field contribution.

Bt = Bpc + Bre(11) (2.29)

It is useful at this point to consider a frame of reference that rotates about the static
field vector at Larmor precession frequency in order to look at the components of the
AC magnetic field that have non-zero coupling terms. For this, we introduce circular

components that will form a complete basis.

. |
€. = P= (& +iéy) (2.30a)
2
1 .
e = pg(éx iey) (2.30b)
€ =6 (2.30¢)
where €4 corresponds to 4+ polarisation, € to , and € corresponds to -polarised

RF field. Also, from equation 2.22 we can work out the Larmor precession frequency for

atoms in a fixed magnetic field.

A

' _BOrFB, (2.31)

= Larmor —
h

We can define an arbitrarily polarised RF field, Brg (t), oscillating at angular frequency

!RF'

Bre (t) = (BRF+é+ + Brr € + Bgre € )e”RFt + C.C: (2-32)
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The Hamiltonian for magnetic field interactions, Hg, is then expressed as

N A 1 ~ ~ ~ -
Hg = BOF F.Bbc + pg FiBrr+ +F Bre +F Bge e ''’f' L hug;
(2.33)
where the angular momentum operators follow the relations below.
F jF;mei = mjF; mgi (2.34a)
F2jF;mei =F (F +1)h?jF; mgi (2.34b)
A P
F jFmegi= (F mg)(F meg+1)jF;me i (2.34¢)
and
h &
F ,F+ == F+ (235&)
h 1 A
F;F = F (2.35D)
h i .
F.;F =2F (2.35¢)
h 1
F4ZF . =0 (2.35d)

The derivation of these relations can be found in textbooks, such as the one by A. Mes-
siah [47]. We apply a rotation operator that rotates about z-axis at Larmor precession

frequency. The unitary rotation operator is represented by

U — ei(""S!RFt)'eZ; (236)
where the sense of rotation, S = is determined by the g-factor as
s— . (2.37)

%)
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Under this rotation, we can define the wavefunction

=U (2.38)

which follows the time-dependent Schrodinger equation.

v 0
H _Ihﬁ (2.39)

From this we can obtain the time evolution of the wavefunction.

@ . @U A 0U N
ih—— —ih— +U H =ih—~U' +U HUY (2.40)
ot et ot =
h i
Because U commutes with F,, this gives U ;F, = 0, and therefore ih%ﬂy =

hi1geF,. This result allows us to express the Hamiltonian in the rotating frame of

reference as

Hiot = i 1reF; + U |:|Bljy2 (2.41)

Plugging equation 2.33 into 2.41 gives

N _ BOF e hlge
B JOF]

1 . R . R
+U 193 F.B.+F B e "s~f' UY 4 he

FAZ—i_ BRF el !RFt+BRF el !RFt l:A
(2.42)

For an applied AC magnetic field at frequency Irg, there will be a static magnetic field

which satisfies condition Yre = ' armor. This resonant DC field, Byes, can be written as

Bres - - p (243)

~

e Fe F=e F (2.44)
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This allows us to rewrite the Hamiltonian in the rotating frame of reference.

|_Alrot: B2gF (BDC Bres)lfz

+ BRF ei !RFt“‘BRF ei 'ret lf

1 = ( 1+s)ilget | (1 s)itget (2.45)
+p§ F.+B.e R+ F Be “RE

+ If B+e(l S)i!R':t—|—|:A_|_B e(l+S)i!R,:t .

where S is defined in equation 2.37. By applying the rotating wave approximation it is

assumed that all terms oscillating at high frequencies have zero effect on average and

therefore can be dismissed. We can see that depending on the value of s only B4 or B

terms have no time dependency. This result indicates that atoms in F = 2 manifold with

S = 1 are only coupled with -polarised RF field and atoms in the F = 1 states with

S = 1 only interact with  -polarised field. The Hamiltonian can then be simplified to
. BIF 2 -

Heot = B (Boc Bres)lfz'f‘ - F B +F B : (2.46)

P

The effective magnetic field, Begg, that interacts with the atoms is

S| .
Beff = (BDC Bres) e; + 5 B +B ex: (2'47)

We can define a quantity defining RF detuning from the atomic resonance, Arg, and the

polarisation-dependent term, proportional to the Rabi frequency, Qrg.

hARF - 829F (BDC Bres) (2'48>

Qe = BQFTJBJ (2.49)
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From equation 2.47 we can see that in the rotating frame of reference the atomic spin is at

an angle grg with respect to the quantisation axis. The angle is determined by detuning

and RF field strength.

RE = arccos O +— (2.50)

The time-independent interactions between the atoms and the applied RF field are based
on the fact that the atomic spin precession is fast enough to follow the changes in rf as
the atoms traverse the spatially variable magnetic field due to thermal motion. Exper-
imentally, not being able to follow this condition results in atomic spins spontaneously
flipping and leaving the trap. In order for the equations above to be valid, the condition

for adiabatic state following must be followed.

@
RE << !Larmor (2'51)

ot

The eigenenergies of this rotated Hamiltonian represent the magnetic field dependence of

the energy levels. In this case, we need to consider the quantum number m rather than

Mg because we work in the transformed frame of reference under the assumption that

Bpc Byres >> 1 where RWA is valid.

S

2

B j

Erm = BJrMS + (BDC Bres)2 (2'52>

The eigenstates of Hmt will coincide with the states defined by Hpc in the non-resonant
case; however, a multiple integer of photon energies has been added to make the eigenen-
ergies cross where Agg = 0. Due to the perturbation terms this becomes an avoided
crossing with the spacing between the eigenstates of Hrot being separated by hQlge as
seen in figure 2.5. The eigenstates of Hmt are superpositions of the unperturbed Hamil-
tonian’s eigenstates, so it is not appropriate to discuss atoms that absorb single photons.

Instead, we can say that the atomic states are dressed with the RF field.
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Figure 2.5: F = 2 bare state potential vs. RF-dressed potential in a 1D quadrupole trap.

In this picture the atoms traversing the resonant eld region are adiabatically transitioning
between di erent eigenstates of the unperturbed Hamiltonian, which results in the atoms
being con ned by a surface de ned by the condition! | asmor = ! re. The transition

probability for a two-level system is given by the Landau-Zener formula [49, 50].

P=1 e?2 : (2.53)
where is the adiabaticity coe cient given by

|1 2
= ~amo (2.54)
ot

Equation 2.54 tells us that the Larmor precession frequency, armor , Needs to be large to
retain the atoms within the RF-dressed potential after many transits across the avoided
crossing. This condition is hard to overcome in a quadrupole trap, since the majority of
atoms will sit near zero- eld region, where the Larmor precession frequency is small. We
overcome this issue by placing the atoms into an lo e-Pritchard type trap which has a

magnetic eld zero replaced by a magnetic eld minimum with nonzero value. Due to
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technical reasons, the magnetic trap minimum eld is selected to be such that the spurious
harmonic components of the RF sources would not ip the atomic spins, thus preventing

a loss channel.

We can now use these RF-dressed adiabatic potentials described in equation 2.52 to guide
atoms in a state-dependent way to operate the Sagnac interferometer. The RF polarisation
can have controlled spatial dependency with respect to the static magnetic eld, which

will be exploited to create dynamic atom traps.
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2.5 State-Dependent Guide

The theory from the previous sections is combined to de ne a trap used to transport the
atoms in a state-dependent way. The rst thing to consider is the formation of purely
magnetic DC trapping potentials, followed by the introduction of RF elds that will shape
our trap and allow dynamic control of local trap minima. The trapping scheme is outlined
in detail in [51].

The DC trap in our design is formed by running currents of equal magnitude in the
four parallel wires running in counter-propagating directions. This forms an upright 2D
guadrupole trap that extends along the parallel wires. The height at which the magnetic

eld zero occurs,zy, is given by equation 2.55

1p
Zo= > 4dG+4G2 w2 (2.55)

wherew is the wire width, G is the gap between the axis of symmetry and the centre of
the middle conductor, andd is the distance between the outer conductor and the nearest

middle conductor, as described in Figure 2.6.

Figure 2.6: Schematic diagram of a 2D quadrupole created by four in nitely long conduc-
tors.
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The eld gradient in this case is given by

@B_ 2 ol Zod .
@z G(d+ G)(d+2G w)(d+2G+ w)’

(2.56)

where ¢ is the Bohr magneton. These calculations can be found in T. Bishop's thesis
[16].

This in nite trap approximation can be used to create a trap geometry where the parallel
wires form concentric rings rather than extend in straight lines towards in nity. In doing
SO, we can create a circular track required to operate the Sagnac interferometer.

Given that the radius R of the concentric wires is much larger than the extent of the trap,
the magnetic eld for this DC trap can be expressed in polar coordinates de ned in gure

2.7.

0
COS Ccos
Boc = qf% sin cos E (2.57)

Figure 2.7: DC ring quadrupole diagram

Looking at equations 2.57 and 2.52 one can notice that by introducing an RF dressing
eld, the trapping potential con nes the atoms at a xed distancer s from the DC eld
minimum. The value ofr . is determined by the conditionBpc = B,es and, therefore,

can be expressed as

(- 1 h! re
res @Bc=@r g0

(2.58)
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In a 3D quadrupole trap the dressing frequency de nes a resonant shell surface that is
observed by producing a frequency ramp from zero to a nite value. The size of the shell
depends on the nal value of! gz and the magnetic eld gradient of the trap. In the
gure 2.8, it can be seen that the shell radius increases when vertically polarised dressing
eld frequency is ramped up. It is also clear that the atoms leave the equator in the x-y
plane and end up in the location where the static magnetic eld is collinear with the RF
dressing eld polarisation, therefore, atoms end up at the poles because of the polarisation-
dependent term in Equation 2.52. The RF eld at the equator is perpendicular to the
DC eld and thus can be expressed as a superposition of eld polarised aloég and é ,
whereas at the poles the only non-zero RF eld component&s . This results in vanishing
coupling regions at the top and bottom of the trap, where the atoms fall back into the

centre of the DC quadrupole trap.

Figure 2.8: RF-dressed 3D quadrupole trap produced with a vertically polarised RF
eld. The top row shows false coulour absorption images of atoms with di erent dressing
frequencies. The blue lines in the bottom diagram show the path that the atoms take and
the black arrows show the DC magnetic eld lines.

In a ring quadrupole trap the zero-coupling regions are eliminated by introducing an

orthogonal eld component pointing radially outward with a 90 degree phase shift. The
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directions of the two eld components produced by separate coils are shown in gure 2.9.
As a result, an elliptically polarised RF eld, called the smoke-ring eld, is applied to the
atoms. With this geometry, a potential minimum forms on a torroidal surface at distance
I = r.es from the centre of the DC quadrupole eld. The total RF dressing eld that
creates a resonant torroidal potential is given by

1

o 1 0
COos COoSs
(= a
Bl = p—zg)sin g p—égsin E : (2.59)
i

wherea. anda are magnitudes of the orthogonal circular RF eld components.

Figure 2.9: RF eld produced by the copper RF chip in the radial direction (red) and
vertically polarised RF produced by the PCB coil underneath (blue) create the smoke

ring eld B g& above the gold atom chip wires.

The introduced RF dressing eld is assumed to be uniform across the extent of the trap,
so there are no potential variations due to RF eld magnitude drop-o as we move away
from the surface. The vertically polarised eld produces a potential minimum at the
location where the RF eld is aligned with the DC eld. The second, radially symmetric
eld is superimposed in the same location with a 90 degree relative phase shift to keep the
atoms con ned to the resonant surface. If we consider the atoms in tike = 2 states, only
the projection of the AC eld onto the &, component will interact with the ensemble. The

magnitude of the coupled RF eld atr = r.s can be described by the equation below.



34 Chapter 2. The Atomic Sagnac interferometer

2 ) . .2 . .
BI(?tl): = jBRF é+j2: Ja+] :Ja J + Ja+2a J COS(2 + ); (260)

where =arg(a.) arg(a ). For purely circular cases, wherea. =0 or a =0, the
potential minimum becomes independent of or , and therefore the RF eld couples
across the entire torroidal surface with equal strength. Whea > 0, the dressing eld
becomes elliptical and the potential minima form at locations = =2and = =2+

With linearly polarised RF we have conditionsa > 0 anda. = a leading to zero
coupling regions where the atomic states become degenerate and atoms are lost from the
trap. These con gurations are represented in gure 2.10. With these considerations in

mind, we chose an RF eld that is elliptically polarised to localise the atoms at = =2.

Figure 2.10: Cross-section view of an RF-dressed torroidal trap figf = 2; mg = 1i state.
Changing the relative phase between the two circular RF components modulates the
coordinate of the traps. Setting one of the two circular components to zero removes the
localisation of the trapping potentials along .

The radial symmetry of this trap is broken by introducing another, much weaker, RF eld
that interferes constructively or destructively with the radial part of the smoke ring eld
as shown in gure 2.11. In this way, the atoms are still mainly conned to = =2,
but the con nement along is modulated. This symmetry-breaking eld is called the
multipole eld and it allows one to produce potential minima along the extent of the

circular trap. The multipole AC eld can be written as
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0 1

sin((n 1) n o)
BYY = BRp 1" 1%003(@ ) n °)§; (2.61)
0

wheren is the order of the multipole eld and ¢ is an arbitrary rotation of the multipole
eld around the z-axis. The quadrupole order determines the number of minima created

around the ring trap.

Figure 2.11: DC and RF elds forming the adiabatic RF-dressed ring lattice potentials.
Only the radially symmetric partat = =2 is contributing to con nement along .

The higher order quadrupole eld produces trap minima with closer spacing; however,
the trap depth decreases exponentially witim. One can superimpose two multipole elds
of the same ordern, with ¢ =0and o= =2n to create a multipole eld with arbitrary
in-plane polarisation. Such a combined eld produces an RF eld of general form which
can be expressed in terms of circular components with arbitrary amplitudes

01 0O 1

i i
B = glé el " Y %@ + é’_z el " 1)% 1§: (2.62)

0 0

We then project the RF eld onto the &, component to observe the e ects of the AC eld

on the atoms in theF = 2 manifold.
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BW=pB0w g,
. . 2.63
= U +r(n 1)ﬂe in 4 ) r(n 1)ﬂén ( )
2
One can see that for = =2 the RF eld is pointing along the z-direction and theU
term becomes zero whiléJ, becomes maximised. The opposite happens at= =2

and U, vanishes completely. The ring lattice structure can be reproduced by looking at

the vector sum of the smoke ring eld and the multipole eld projected ontcé. .

iB.j%. _= BM4+BY

o+ ay (2.64)

== Urt D%4(a, +a) Ur® Y sinn ')

Consideringé we can get a full picture of how potentials behave in botk manifolds.
We nd that in this particular con guration, where the traps are formedat = =2, the

e ects of the two circular RF components coupling to the atoms are completely decoupled.
Following this, the polarisation of the RF eld determines the location of potential minima
around the trap for the F =1 and F = 2 traps completely independently of each other.
The RF-dressed potentials can be used to drive the atoms around a circular trap in a state-
dependent fashion by changing the polarisation of the multipole eld. This is achieved
by applying two linearly polarised RF elds in the plane and changing their amplitude
as well as their phase relative t@B gé . Atom transport is already possible with only one
multipole RF source; however, the position of the traps ifF = 1 manifold will not be

decoupled from the position of the traps irF = 2, making the gimballing of the system

impossible.
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2.5.1 Numerical Simulation

A numerical approach can be used to determine the trapping potential across the entire
resonant surface. With a DC eld pointing in various directions across the trap volume,
we can rotate an arbitrary RF eld into a frame aligned to the local eld direction and
rotating at the local Larmor frequency to numerically calculate the coupling strength of
the RF eld components. We look at the DC eld direction in every point and estimate the
rotation required to get the vector to align with the z-axis in the new frame of reference,
shown in gure 2.65. The DC eld vectors in our case can be described by equation 2.57.
The angles and are de ned in gure 2.7.

The rotation applied to the system at each point in space rst aligns the DC eld vector
with the x-z plane by applying rotation around the z-axis,U, ( ), by an angle , and

then another rotation around the y-axis,U, (), by an angle

B3 =U( )U,( )Boc =iBpcjé (2.65)

Figure 2.12: DC elds of a ring quadrupole potential at the resonant surface represented
as vectors with no active transformations on the left and wittd, () U, () applied to
Bpc on the right.

The same rotation operators are applied to the applied RF eld and only the contribution
of * is taken into account when estimatingjBgrj. This rotation leads to a complex
potential landscape seen in gure 2.13 which can be shaped by changing the polarisation

of the applied RF eld.
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Bre = Uy ( )W ( )Bre (2.66)

Figure 2.13: RF dressed ring quadrupole trapping potential for atoms in state
JF =2;mg =1i. The Rabi frequency associated with z- eld is 300 kHz, 100kHz with
radial eld, and 25kHz with RF eld in x-direction.



Chapter 3

Experimental Setup

This chapter covers the practical aspects of putting the setup together. There are many
pieces of equipment that need to be adjusted and timed just right to provide any sign of
results. The experimental setup can be separated into several broad categories, including
analogue and digital control, vacuum setup, laser delivery system, DC eld generating
structures, RF setup, and control electronics. We will begin by exploring the conductor
structures, starting from the largest ones outside the vacuum chamber and ending with
microfabricated wires inside spanning only 4Gn across. Then we will have a look at RF

& MW electronics that drive AC magnetic elds with high precision before we move on
to the vacuum system description. Finally, we will cover the laser system and the optics

required to prepare cold atomic ensembles as well as atom probing.

39
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At the heart of the experiment is the atom chip assembly, containing the electromagnet
chip (EM chip), the RF chip, and the ultra-high-vacuum compatible PCB bonded together
and mounted onto a CF-160 vacuum ange. As seen in Figure 3.1, there are also out-of-
plane RF coils and a MW antenna placed close to the PCB. The entire ange is placed
inside the vacuum chamber upside down to prevent Rb atoms from falling onto the surface
and introducing contamination. Laser light is delivered through the side windows and a

large viewport at the bottom of the chamber.

Figure 3.1: Experimental setup on a CF-160 ange.

The entire experiment is controlled by a National Instruments PXI system which incor-
porates a computer and an FPGA into a 19-inch rack-mounted enclosure. The block
diagram of all connections to the PXI system is given in gure 3.2. The PXI system
produces analogue and digital signals with & resolution and allows the user to inter-
act with the experiment via the LabView interface. Analogue signals control currents in
wires, laser frequency, and MW/RF signal amplitudes. The digital channels are responsi-
ble for relay switching, actuating mechanical shutters, enabling laser output, setting the

RF frequency ramps, and switching MW/RF output.






