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Abstract

This thesis details the development of a high-data rate absolute
gravimeter targeting future applications in inertial navigation.
The technology is underpinned by performing atom interferom-
etry with stimulated Raman transitions with laser-cooled 3"Rb.
A key highlight of this work is validating a optical single sideband
laser system based on fibre-Bragg grating filters which offers a
promising pathway toward portable quantum sensing. Another
highlight is validating a simple MOT dynamics model in the rel-
atively unexplored high-data rate operation mode. Typically, the
system operates with 30 Hz bandwidth by launching 1 x 10® atoms
at 0.25 ms~! downwards at a temperature of 20 pK. Atom interfer-

ometry is performed with a T time of 2.5 ms giving a preliminary

Hg

accuracy of 10 pg and a sensitivity of 20 i



Acknowledgements

I sincerely thank my supervisors, Prof. Kai Bongs and Dr. Yu-
Hung Lien, for their expertise and support during my PhD. Spe-
cific thanks should go to Yu-Hung for his day-to-day practical
supervision and to Kai for his vision and leadership. I would
like to acknowledge Dr. Archie Kubba for help designing the
optomechanical structure and Dr. Calum Macrae for his work
developing the first iteration of the Raman laser. Additionally,
thanks to David Sedlak, Sam Hedges, Jonathan Winch, Ben Stray,
Adam Seedat, Jamie Vovrosh, Luuk Earl, Medhi Langlois, Farzad
Hayati, Sanaz Roshanmanesh, Rustin Nourshargh, Oliver En-
nis, Kevin Ridley, Carlos Alberto Nifio Sandoval, Yuanlei He,
Matthew Forward, Liam Bussey, Soumyodeep Dey, Andrew Hin-
ton, Kevin Ridley, Geoffrey de Villiers, Andrew Lamb, Michael
Holynski, and Teresa Palubicki for making my study enjoyable.
Further thanks to Lawrence Till (Nemein) and the university
workshop team for their excellent manufacturing work for this
project. I also appreciate the collaborations with DSTL and Toy-
ota Motor Europe. Lastly, I acknowledge the unwavering support
of my family (Luke, Elaine and Abigail) and faith, which motivate

me daily.



Contents

1__Motivation 17
[T Gravimetry| . . . . . . . ..o o 18
(1.2 Relative Gravimeters| . . . . . . .. ... ... ... ... 21
(1.3 Absolute Gravimetersl . . . ... ... ... ... ... ... . 23
1.4 Absolute Quantum Gravimeter| . . . . . . . . .. ... ... .. 24

141 Stateoftheartl. . ... .. ... ... ... ... ... 28
(.o Data Rate and Bandwidth{. . . . . .. ... ... ... ... .. 29
1.6  Quantum Navigation|. . . . . . . ... .. ... ... ...... 31
[t Thesis Structurel . . . . . oo o oL 33

2 Raman Atom Interferometry| 35

2.1 Stimulated Raman Transitions) . . . ... ... ... ... ... 36

[2.1.1  Three level atom in a light field|. . . . . ... ... ... 39
2.2 Rabi Oscallations . . .. .. .. ... o 0oL 43
2.3 Raman Configuration| . . . ... ... ... ... ........ 46
2.4 Velocity Selection|. . . . . . . . .. ... oo 47




CONTENTS

2.5 Inhomogeneities|. . . . . . . .. ... ... ..

D6 Tight SR, .« . o oo e

[3 Laser Cooling and Trapping]

[3.1 Laser Coolingf . . . . ... ... ... .. ...

3.4  High Bandwidth Operation| . . . ... .. ..

13.4.1  Intensity Dependence] . . .. ... ..

[3.4.2  Pressure Dependence|. . . . . . . . ..

3.4.3 MOT Loadingl . ... .........

[3.4.4 Cloud Expansion| . . . ... ... ...

[4 High Bandwidth Atom Interferometry|




CONTENTS

4.2  Raman Degeneracy|. . . . . . . . ... ... L. 91
4.3 Moving Molasses| . . . . . ... ... ... ... ... 95
431 Taunch Timel . . . . . ... ... . ... .. .. .. 98
[4.3.2 Launch Direction| . . . . . . .. ... ... ... ... .. 100

4.4 Temperature] . . . . .. . ... oL 103
4.0 Raman Optimisation| . . . . . . . .. ... ... ... ...... 108
4.6 Sensitivity|. . . . . . ... 112
4.7 Modelling Summary| . . . .. ... ... ... .. L. 113
[5 Experimental Setup] 115
.1 Apparatus|. . . . . . ..o 115
b.1.1  Coil Design| . . . . . ... ... ... .. .. 117
5.1.2  Control System| . . . . . . ... ... ... .. ..., 121

b.2  Optics Delivery| . . . . . . . . . .. o 123
.3 Static Operation| . . . . . . ... ... ... ... ........ 127
5.4 Dynamic Operation| . . . .. ... ... ... ... ....... 130
b.5 Launching| . . . . . . ... ... .. o 138
b.6  Temperature] . . . . ... ... L 139
[5.6.1  Velocimetry| . . . . . . ... .. ... ... ..., 141
[5.6.2  Piecewise Ramps| . . . . . ... ... ... ... ... .. 142
b.6.3 Outlookl . . . . ... ... 146

b.7  Experimental Sequence|. . . . . .. ... 149




CONTENTS

[6 Raman Laser System| 151
0.1 Overviewl . . . . . . .. .. 152
6.2 RF Generationl . . . .. ... ... ... ... ... .. ..... 155
6.3 Spectral Purityl . . . . ... ... oo oo 156
6.4 Power Performancel . . . . . .. .. . o 0oL 161
6.5 Further Testing| . . . . . . . . ... .o oL 163

[T_Results] 166
[f.1  State Imitialisation| . . . . . . . . . .. ... ... ... .. ... 166
[7.2  Co-Propagating Configuration|. . . . . . ... ... ....... 168
[7.3  Counter-Propagating Configuration|. . . . . . .. .. ... ... 171

[7.3.1 Breaking Raman Degeneracy| . . . . .. ... ... ... 173
[(.3.2 Rabi Oscillations . . . ... ... ... ... ... .... 174
7.4 Interterometry| . . . ... . . . . ... ... .. 177
7.5 Noisel. . . . . o 183
[(.o.1  Atom Shot Noisel . . . . .. .. ... oL 184
[(.0.2 Photon Shot Noisel . . . . . .. ... ... ... ... .. 184
(5.3 MOT Fluctuations . . . . . ... ... ... ... .... 185
[7.5.4 Raman Laser Intensity Noise| . . . . . . . ... ... .. 186
[7.5.5 Raman Laser Polarisationl . . . . .. .. ... ... ... 187
[(5.6  Vibration| . . . . .. .. .. . L L L 187
7.6 Systematic Issues| . . . . . . . . ... o o000 188




CONTENTS

[7.6.1 Magnetic Field| . . . . ... .. ... ... .. ..., 189

[7.6.2  Two-photon Light Shift| . . . ... ... ... ... ... 190

[7.6.3 Laser Alignment| . . . .. ... ... ... .. ...... 191

[1.6.4 Coriolis Effectl. . . . ... ... ... ... .. ... ... 192

(.7 Environmental Effects . . . ... ... ... ... 0000 193
[7.8 Summary] . . . . . . ... 195

8 _Conclusion| 197
[A_Rubidium-87 Datal 201



Abbreviations

AOM acousto-optic modulator

CMOS complementary metal oxide semiconductor

DDS direct digital synthesizer

EDFA erbium-doped fibre amplifier

EOM electro-optic modulator

FBG fibre-bragg grating

MOT magneto-optical trap

MTS modulation transfer spectroscopy

PBS polarising beam splitter

SHG second-harmonic generation



List of Figures

[L1.1  Optical and atom interferometer comparison{. . . . . . . . . .. 26
[1.2  Single shot high bandwidth comparison| . . . .. ... ... .. 31
[1.3  Gravity map-matching illustration| . . . . . . .. ... ... .. 33
2.1 Stimulated Raman transitionsl . . . . . .. ... ... ... ... 36
2.2 Rabi oscllations illustrationl . . . . . . ... .. ... ... ... 45
2.3 Velocity selection illustration| . . . . . .. ... ... ... ... 49
2.4 Inhomogeneous Rabi flopping| . . . . . . ... ... ... ... 52
[2.5 Energy level scheme of the ®'Rb Do line| . . . . ... ... ... 54
2.6 Raman laser intensity ratio] . . . . . ... ... ... 55
[2.7  Space-time diagram for 5 — 7 — 5 Interferometry sequence| . . 56
[2.8  Sensitivity tunction| . . . . .. ... 62
[2.9 Double logarithmic plot of [H(w)[?| . . . . ... ... ... ... 64
2.10 Double logarithmic plot of % ................ 66
3.1 1D Laser Cooling| . . . . . . .. .. ... ... ... ....... 68

10



LIST OF FIGURES

[3.2  Underlying trapping mechanism of a MO'T| . . . ... ... .. 71
[3.3  Numerical simulation of atomic trajectories| . . . . .. ... .. 72
[3.4  Capture velocity demonstration| . . . . . . .. ... ... .... 74
13.5  Capture velocity dependence on laser detuning and intensity| . 75
3.6  Capture velocity dependence on simulation time| . . . . . . .. 75
[3.7  Capture velocity against beam diameter| . . . . . . .. ... .. 76
3.8  Finite power optimisation| . . . . . . . .. ... ... ... ... 78
3.9 Beam radius optimisation| . . . . .. ... ... ... ... ... 78
13.10 Single atom trajectories at 100 Hz operation|. . . . . . . . . .. 80
[3.11 Simulating cloud dynamics|] . . . . . . . ... ... ... . 82
.12 Collision modell . . . .. ... ... ... oo 83
[3.13 Experimental MO'T loading data] . . . . ... ... .. ..... 85
[3.14 Traditional vs dynamic MO'l' loading simulation| . . . . .. .. 88
[3.15 3D dynamics simulation at 100 Hz{ . . . . . . .. ... ... .. 89
[3.16 3D dynamics simulation at 10 Hz| . . . . . . . .. ... ... .. 89
4.1 Zeeman splitting of the m¢ states in the low field regime.|. . . . 91
4.2 Modelling counter-propagating Raman spectroscopy| . . . . . . 93

4.3 Modelling counter-propagating Raman transitions for variable

velocity| . . . . . .. 93
4.4 Optimising Raman degeneracy for variable pulse length| . . . . 94
4.5 Launch direction eftect on Raman degeneracy| . . . . . . . . .. 95

11



LIST OF FIGURES

4.6  Maximum downward velocity simulation| . . . . . . .. ... .. 96
4.7 2D moving molasses Geometry.| . . . . . . .. ... 97
4.8 Simulating 2D moving molasses in XY plane]. . . . . . ... .. 98
4.9  Velocity over time during 2D moving molasses|. . . . . . . . .. 99
|4.10 Time to establish stable 2D moving molasses| . . . .. ... .. 99
4.11 Angular launch bias single trajectories| . . . . . . . .. ... .. 101
|4.12 Angular launch bias variable misalignment|. . . . . . . . .. .. 101
4.13 Angular deviation due to power noise| . . . . .. ... ... .. 103
4.14 Sub-Doppler torce profilef. . . . . . . ... ..o 105

|4.15 Force ratio of sub-Doppler cooling model to linear approximation|105

4.16 Slowing an atom with sub-Doppler cooling forcef. . . . . . . .. 106
|4.17 Theoretical equilibrium temperature] . . . . . . . . .. ... .. 108
|4.18 Peak population transfer against temperature] . . . . . . . . .. 109

14.19 Peak population transfer variable pulse length and cloud size| . 109

14.20 Optimising beam radius to maximise population transfer|. . . . 111
|4.21 Raman beam optimisation for variable total power| . . . . . . . 112
b.1  CAD diagram of final assembly| . . . . . .. ... ... ... .. 116
[5.2  Magnetic field gradient profiles for variable coil separation.| . . 119
5.3 Optimising magnetic field gradient uniformity.| . . .. ... .. 119
5.4 Simulating trapping coil field profile| . . . . . .. ... ... .. 120
(5.5 PulseBlasterUSB control features] . . . ... ... ... .... 122

12



LIST OF FIGURES

5.6  Coil driver response] . . . . . . ... ... ... 122
[5.7  Tapered amplifier performance] . . . .. ... ... .. .. ... 125
[5.8  Free space optics schematic diagram| . . . . ... ... ... .. 126
[5.9 ®'Rb Dy transition hyperfine structure| . . . . . . ... ... .. 127
[5.10 Atom number for variable cooling power.| . . . . ... ... .. 128
[5.11 Eftect of field gradient on atom number| . . . . . . .. ... .. 129
[5.12 Eftect of variable detuning and power on MOT| . . . . . .. .. 130
b.13 Validating collision modelf . . . . . . ... ... ... ... ... 132
[5.14 High bandwidth dynamics experiment and theory|. . . . . . . . 133

[5.15 Simulating steady state atom number for variable drop time|. . 134

[5.16 Time to load 10® atoms experiment and theory| . . . . . . . .. 135
[5.17 Optimising sensitivity at 100 Hz| . . . . .. ... ... ... .. 136
[5.18 Sensitivity projection for variable bandwidth| . . . .. ... .. 138
15.19 Fluorescence imaging of the MOL| . . . . .. ... ... .... 140

[5.20 Thermal expansion of a cloud with 2 ms of sub-Doppler cooling| 140

[5.21 Illustration of Raman velocimetry method| . . . . . . . . .. .. 142
[5.22 Magnetic field optimisation| . . . . . .. ... ... ... .... 143
15.23 Multi-stage sub-Doppler cooling optimisation| . . . . . . . . .. 144
[5.24 Reconstructing power and detuning ramps|. . . . . . . . .. .. 145
[5.25 Temperature evolution in multi-stage coolingl . . . . . . .. .. 146
0.26 AOM Characterisation) . . . . .. .. ... ... ... .. ... 147
5.27 Experimental sequence] . . . . . ..o 150

13



LIST OF FIGURES

6.1  Fibre Bragg grating illustration| . . . . . . . . .. ... .. ... 153
6.2  Raman laser system design| . . . ... ... ... ... ... 154
6.3 FBG Characterisation| . . . . ... ... ... ... ....... 155
6.4  RF circuit for driving EOM| . . . ... ... ... ... ... .. 156
6.5  Optical spectrum generated without filtering mixer output|. . . 157
6.6 Final RF spectrum| . . . . . ... ... ... ... ... ..... 158
6.7 Fabre-Perot interterometer spectrums at 780nm| . . . . . . . . . 159
6.8  Single-tone modulation with EOM| . . . . ... ... ... ... 160
6.9 Intermodulation products| . . . . . ... ... ... 161
[6.10 SHG Efficiency| . . . . . . . .. . oo oL 162
[6.11 Amplitude extinction ratio. . . . . . . . . . ... ... ... .. 163
[6.12 Adding narrowband FBG| . . . ... .. ... ... ... ... . 164
[6.13 Narrowband FBG post EDFA|. . . . . .. .. ... ... .... 165
(7.1 Depumping| . . . . . . . . . ... e 167

[7.2  Co-Propagating Raman Spectroscopy (poor compensation)| . . 169

[7.3  Co-propagating Raman spectroscopy with a 31s pulse| . . . . . 170

7.4 Co-Propagating Rabi Oscillation Bias alignment| . . . ... .. 171

[7.5  Counter-propagating Raman spectroscopy scan over all three |

[7.6  Counter-propagating Raman spectroscopy for variable pulse |

14



LIST OF FIGURES

[7.7  Counter-propagating Raman spectroscopy for variable launch |

velocities] . . . . ... 174

[7.8 Raman resonance ofiset for variable launch speed| . . . . . . .. 174

[7.9  Counter-propagating Rabi oscillations for variable total Raman |

power.] . . .o 175

[7.10 Experimental vs theoretical Rabi frequency comparison| . . . . 176

[7.11 Relative population transfer modelled tfor different cloud tem- |

peratures with comparison to experimental data.] . . . . . . .. 177
[7.12 Interterence fringes variable T time| . . . . . . . . ... ... .. 178
(.13 Pffect of vibration isolationl . . . . . . ... .. .. ... .. .. 179
[7.14 Averaging multiple fringes| . . . . . . . .. ... ... 181
[7.15 Averaging down sensitivity] . . . . . . . . .. ... .. ... .. 182
[7.16 Interferometer contrastl. . . . . . .. .. ... ... .. ... .. 183
(17 MOT fluctuations| . . . .. .. .. .. .. ... ... 185
[7.18 Magnetic field systematic effect| . . . . . . . ... ... ... .. 190
[8.1 Single atom in freetall tor variable initial velocity| . . . . . . .. 199
8.2 Simulating cloud dynamics for variable launch velocity| . . . . . 199
[A.1 Two-photon o* - o™ transition| . . . . .. ... ......... 202
[A.2 Two-photon 0~ — ¢~ transition|. . . . ... ... ... ..... 203
|A.3 Two-photon 7 - 7 transition|. . . . . .. ... ... ....... 204

15



List of Tables

[1.1  Gravity signal sizes| . . . . . . . . ... ... ... 20

[1.2  Parameters commonly used in the gravity measurement| . . . . 20

[1.3  Comparison of relative gravimeters with reported specifications.| 22

1.4 State-of-the-art absolute gravimeters| . . . . . .. ... ... .. 27
[2.1  Properties of the stimulated Raman transitions| . . . . . . . .. 47
[2.2  Phase shitts due to atom-light interaction| . . . . ... ... .. 58
4.1 Design specifications for 100 Hz operation| . . . . . . . . .. .. 114
[5.1  Design specifications for anti-Helmholtz trapping coils| . . . . . 121
[(.1 _Environmental Effectsl . . . . . ... ... ... ... ... .. 193
7.2 Systematic Noise Budget.| . . . . . . .. ... ... ... ... 196
7.3 Systematic Error Budget.| . . . . . . ... ... 196
[A.1 Properties of ®'Rb isotope and its Ds-line transition| . . . . . . 201

16



Chapter 1

Motivation

Many integral technologies to modern life have their origins in research in-
stitutions. While the journey from proof of principle to practical applica-
tion can be challenging, numerous technologies have successfully made this
transition. Recently, cold atom physics has made significant strides in this
direction with the capability to measure accelerations, rotations and time
with unprecedented precision [1-9]. This work describes the development of
a quantum gravimeter, a device designed to measure gravitational accelera-
tion and focuses on two key challenges for the implementation in dynamic
environments [10]. Firstly, it aims to increase the measurement bandwidth
to enable faster data acquisition before describing the construction of a laser
system targeting field applications.

To provide a contextual background, this chapter begins by exploring gravime-

try before discussing gravimeters, their current applications and the state-of-
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1.1. GRAVIMETRY

the-art in the field. Subsequently, the cold atom gravimeter and its fun-
damental principles are introduced. Finally, the motivation for navigation

applications is discussed, followed by an overview of this thesis.

1.1 Gravimetry

Gravimetry is a research area concerned with measuring gravitational accel-
eration and its gradient. The history of the field can be roughly traced to 350
BC when Aristotle believed the speed of a falling object should increase with

weight which was later proved false. According to legend, in the 16

century
Galileo performed an experiment dropping two balls of identical volume but
differing mass off the Leaning Tower of Pisa to show that they fell at the same
rate. Galileo’s study of falling objects and the subsequent work of Newton
arrived at the universal law of gravitation and a much clearer understanding
of the force given by equation [11].

o GmM

. (1.1)

The force depends on the masses of the two objects m and M, inversely
scaled by the square of their separation, r. To calculate the strength of the
gravitational field from a mass M, the substitution F = mg is made. From
this equation [I.2]is obtained where mass M is expressed as a spatially varying

density p, integrated over a volume V. The gravitational strength g, at a

18



1.1. GRAVIMETRY

certain point is the magnitude of the infinite sum of all mass contributions,

scaled by the square of their relative distances.

GM £
g=lgl=|—*t = \G/i;dv\. (1.2)

Before continuing a distinction between gravitation and gravity should be
made as often these terms are used interchangeably. Gravitation refers to
universal law describing the force of attraction between two bodies. Of the
four fundamental forces gravitation is by far the weakest. However, for a
sufficiently large mass like Earth the force between an object and Earth is
significant and is called gravity. Gravity varies across the Earth. The Earth’s
oblate spheroid shape constitutes the largest positional change, with g chang-
ing with latitude, from 9.78 ms~2 at the equator to 9.83 ms~2 at the poles [12].
Note this variation also includes the effect of the fictitious centrifugal force
due to the Earth’s rotation about its own axis. This force is often not ex-
plicitly included in gravitational measurements but contributes to variations
in gravity across the Earth being strongest at the equator and weakest at
the poles. Table details typical signals generated by different features.
While gravity is a relatively weak force, it varies significantly over different
scales and cannot be attenuated, this means with sufficiently sensitive de-
vices gravity variations are always measurable. However, measurements are

problematic as the equivalence principle means gravitational accelerations are
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1.1. GRAVIMETRY

indistinguishable from other inertial forces meaning vibrations appear equiva-
lent to a gravitational field. The International System of Units (SI) measures
gravity in N/kg or m/s? whereas in geophysics the Gal from the Centimetre-
Gram-Seconds (CGS) unit system is adopted. 1 Gal, named in honour of
Galilei, is a large quantity compared with gravity variations on Earth and so
mGal and pGal quantities are widely quoted. Table compares equivalent

CGS and SI units, in this work gravity is specified in pGal, mGal or pg.

Table 1.1: Approximate magnitudes of changes in gravitational acceleration
at the earth’s surface from various sources, data from [13,/14].

Sources Relative Magnitude (g)
Earth 1

Latitudinal variation 5x 1073
Mountain ranges/ocean trenches 2 x 107%
Mineral anomalies 1x107°
Elevation by 1 m 3x 1077
Solid earth tides 3x 1077
Volcanic/seismic activity 2 x 1077
Sun/Moon tides 1x1077
Mining/large constructions 1x1077
Ocean tide loading 1x1078
Ground water variations 1x1078
Postglacial rebound 1x1078
Polar motion 8§ x 1077
Glaciers/polar ice changes 5x107°
Person at 1 m distance 5x 10710

Table 1.2: Parameters commonly used in the gravity measurement in equiv-
alent CGS and SI unit systems.

] Parameters \ CGS \ SI \
Force of Attraction 1 x 105 dynes | 1kgms 2 or newton (N)
Gravitational Acceleration 1 Gal 1 x 1072 ms2
1 mGal 1x 107°ms—2
1 nGal 1x 10~ % ms2

20



1.2. RELATIVE GRAVIMETERS

1.2 Relative Gravimeters

Gravimeters are typically categorised as absolute or relative. Relative de-
vices only measure changes in gravity whereas absolute devices also provide
accurate values for it. Consequently, the scaling for a relative device requires
calibration with an absolute gravimeter. Accuracy denotes how close the
measured value is to true gravitational acceleration, while precision describes
the scatter associated with repeated measurements. For relative instruments
how close the instrument gets to the true gravity value along with drift and
stability are of primary concern. The Scintrex CG-6 represents the current

state-of-the-art in portable gravimetry delivering 50 nm s—2

accuracy in a 10
L, 5 kg package. Table showcases the performance of various relative
gravimeters. The Scintrex is portable with good accuracy. Superconducting
sphere gravimeters are very accurate and precise but have limited field utility
requiring specialist cooling liquids, days of setup and high power require-
ments. In contrast, microelectromechanical systems or MEMS gravimeters
are less accurate but do offer significantly faster measurement rates in a much

more compact, low cost package. However, MEMS devices incur significant

drifts which naturally is a major issue for applications.
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1.2. RELATIVE GRAVIMETERS
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1.3. ABSOLUTE GRAVIMETERS

1.3 Absolute Gravimeters

Absolute gravimeters directly measure gravitational acceleration in units of
meters per second squared (ms~2). While a pendulum can be used to con-
struct an absolute gravimeter greater precision is achieved by timing freely
falling objects. A widely used device based on this principle is called a corner
cube reflector. This measures gravity by reflecting light off a free-falling mir-
ror and making a comparison against a stationary one. These mirrors form
the arms of an optical interferometer, the interference between the lasers is
then linked to the differential acceleration of the mirrors from which gravity
is extracted. The Micro-g LaCoste FG5 and the upgraded FG5-X are two
commercially available absolute gravimeters of this type. These instruments
are accurate to within 31 nms~2 but have slow measurement rates (~ 0.1 Hz)
limited by the damping time of mechanical vibrations generated by the corner
cube after each fall. Naturally, this low bandwidth limits mobile applications.
Furthermore, these devices already operate close to their noise floor meaning
large improvements are unlikely.

Comparing absolute and relative gravimeters the readings from relative gravime-
ters show notable instrumental drift and jumps when the instrument is moved.
This means that relative devices require calibration while absolute ones are
less prone to this. Therefore, an absolute gravimeter is desirable when it is

hard to distinguish gravimetric data from these effects. However, relative
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1.4. ABSOLUTE QUANTUM GRAVIMETER

gravimeters can reach higher sensitivities in a more compact form factor.
Recently, quantum absolute gravimeters have surpassed the performance of
corner-cube absolute gravimeters. These devices use laser-cooled atoms to
measure gravity rather than macroscopic masses. Quantum absolute gravime-
try not only offers potential for improved compactness but measurement rates
comparable to relative gravimeters. Moreover, these instruments have no
moving mechanical parts, making them promising candidates for field appli-

cations.

1.4 Absolute Quantum Gravimeter

Gravity measurement with atoms offers advantages over classical methods as
particles act as ideal test masses. Unlike traditional methods, atoms are im-
mutable meaning quantum systems operate with a universal reference mass
unaffected by fabrication tolerances. By utilising optical, magnetic and radio
frequency interactions, atoms can be manipulated for experimental purposes
to make various measurements. Atom interferometry is such an experimental
technique relying on the wave-particle duality exhibited by atoms. This con-
cept underpins quantum mechanics and describes how atoms have both wave-
like and particle-like properties [22-24]. In contrast to optical interferometers
in an atom interferometer, the splitting, reflection and recombining are re-
alised by light pulses. Consequently, an atom interferometer is often likened to

a Mach-Zehnder interferometer with the roles of light and matter exchanged.
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1.4. ABSOLUTE QUANTUM GRAVIMETER

A Mach-Zehnder sequence consists of two beamsplitters separated by a mir-
ror and so analogously an atom interferometer consists of 3 pulses [22,25]. A
resonant laser pulse can drive transitions between the ground |g) and excited
state |e) of a two level atom with the transition probability determined by the
pulse length. This determines whether pulses act as a mirror or a beamsplit-
ter. Assuming a group of atoms initialised in state |g), a pulse which puts
the atoms into a equal superposition state of half |g) and half |e) is called
a m/2 pulse. A pulse which flips the state of the atoms is referred to as a
7w pulse in a process called population inversion. Naturally this means the
Mach-Zehnder atom interferometer has a 5 — 7 — 5 pulse sequence. The ini-
tial /2 pulse creates an equal superposition of the ground and excited state,
atoms receive a momentum impulse due to absorbing and emitting a pho-
ton due to momentum conservation. Consequently, the first pulse acts as a
splitter as the excited state splits spatially from the ground state. The atoms
undergo free evolution for a period T before a 7 pulse flips their state and
redirects their propagation direction. The final 7/2 pulse then recombines the
atomic wave packets. With zero perturbations the population distribution of
the final two states is equal at the output. With perturbations, the proba-
bility of finding atoms in the excited state depends on the phase difference
(A¢p) between the paths accumulated in freefall. When falling in the gravity
field, the interferometer phase is given by equation where the laser is

assumed to remain on resonance and ks is the effective Raman wavevector.
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1.4. ABSOLUTE QUANTUM GRAVIMETER

In practice the freefall induced Doppler shift causes the resonance frequency
to drift such that the laser frequency must be chirped during interferometry.
Consequently, the phase shift is described as A¢ = keggT? — aT? where o
is the laser chirp rate. Gravity can be determined by measuring the chirp
rate cancelling it. The phase shifts associated with gravity manifest in the
atomic state population (P), where the population of the excited state is given
by equation Sensitivity is proportional to T? and is further enhanced
by measuring many atoms simultaneously, reducing the quantum shot noise
limit. This working principle underpins the construction of atomic sensors

with performance surpassing those of classical sensors.

A¢ = keggT?. (1.3a)
1
P = 5(1 — cos(Ag)). (1.3b)
D /2 pulse mpulse /2 pulse
2 (beam splitter) (mirrors) (beam splitter)

D,

Beamsplitter Mirror ~ Beamsplitter

(a) Optical Interferometer. (b) Atom Interferometer.

Figure 1.1: Comparison between optical and atom interferometer both in
Mach-Zehnder configuration. Path 1 and path 2 (Fig. [L.1b)) represent the
trajectories of atom clouds with and without homogeneous gravity. Modified

from .
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1.4. ABSOLUTE QUANTUM GRAVIMETER

1.4.1 State of the art

Since conception efforts have been made to improve atom interferometer per-
formance while exploring different potential applications. The zero drift and
unparalleled sensitivity offered makes it exciting for oil/mineral exploration,
geodesy and inertial navigation to name but a few applications [35-37]. In
fundamental physics atom interferometers have determined the Newtonian
gravitational constant [38], the fine structure constant [39], SI unit of mass [40]
and tested the weak equivalence principle [41]. Future applications might in-
clude space applications [42] such as detecting gravitational waves [43] or dark
energy [44] or fundamental tests of general relativity [45]. The natural route
to high sensitivity exists through long free-falling distances with [46] atomic
fountains often utilised to increase interrogation time [47]. Systems typically
operate with millions of atoms and interrogation times of a few 100 ms yield-
ing sensitivities of order 10 ng/ VHz. The most sensitive device is a 10 m
tower with a 1 s interrogation time and a per shot sensitivity of 6.7 x 10~ '2g.
Alternatively, techniques like large momentum transfer (LMT) offer a po-
tential route to performance improvements without increasing instrument
size [48-50]. On the commercial side, projects such as iSense, QG-1 and
GIF have improved compactness and portability of quantum sensors [51-53].
Moreover, in recent years various startups have been founded focusing on
quantum sensing supported by a significant increase in investment (Q-CTRL,

Muquans, and AOSense) [54-56]. As this thesis explores high-bandwidth
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1.5. DATA RATE AND BANDWIDTH

operation a brief note on this is provided. Currently, a laboratory instru-
ment has demonstrated pg/ VHz sensitivities at 60 Hz operation. Increasing
the data rate to 100 Hz with shot-noise limited detection could potentially
reach a sensitivity of ~ 1 x 1077 g/v/Hz. The device relies heavily on recap-
turing atoms between cycles as reloading the magneto-optical trap (MOT)
from background vapour within time constraints is impractical [57]. Overall,
current research and development in quantum sensing promises disruptive

technologies, with most remaining challenges being engineering-related [58].

1.5 Data Rate and Bandwidth

Before proceeding, a proper distinction between data rate and bandwidth
is essential. As mentioned in section in order to measure gravity, the
chirp rate of the Raman laser is scanned to generate interferometric fringes.
Typically, gravity extraction is achieved by taking multiple measurements or
shots. The rate at which these shots are acquired represents the bandwidth
of the system. For example, assume a fringe consisting of 20 points with a
bandwidth of 1 Hz with gravity measured to an accuracy of 1 x 1078 g. With
the given bandwidth, a single gravity measurement takes 20 s, resulting in
a data rate of 0.05 Hz and a sensitivity of 4.5 x 107®g/+/Hz. In contrast,
work has explored the possibility of extracting fringe information from a sin-
gle shot. This is addressed by a technique known as phase shear readout

(PSR) which creates a spatial variation in the atomic transition probability
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1.5. DATA RATE AND BANDWIDTH

which can be observed by imaging the atom cloud. Therefore, this technique
eliminates the need for multiple shots with varying phases to achieve a inter-
ference fringe. Instead, the contrast of each shot and the interferometer phase
can be inferred from the depth of modulation in the spatial fringe pattern.
By extracting interference phase information from a single shot the system
bandwidth would be equivalent to data rate [50]. However, the method is not
widely implemented. This project aims to enhance the data rate by signifi-
cantly improving the system bandwidth, targeting 100 Hz operation instead
of typical bandwidths of around 1 Hz. Figure compares the techniques
showing spatial fringes obtained in a single shot at low bandwidth with multi-
ple shots at high bandwidth. Long term, achieving successful implementation
of single shot measurements at high bandwidth would be highly impactful,
enabling high-data rate gravity streams although this is beyond the scope of

this work.
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1.6. QUANTUM NAVIGATION

a) Single shot spatial fringes with PSR. Adapted from [50].
0-8 T T T T T

6
Phase (rad)
(b) High-bandwidth fringe case study. Adapted from [57].

Figure 1.2: Comparison of fringes obtained in a single shot at low bandwidth
versus fringes obtained through multiple shots at high bandwidth.

1.6 Quantum Navigation

Quantum sensing shows promise for applications in inertial navigation sys-
tems (INS) although adapting atom interferometers for dynamic environ-
ments remains challenging [59]. One crucial requirement is high-bandwidth
operation which is quite rare in atom interferometers [57,/60,/61]. High-
bandwidth operation is supported by some of the relative gravimeters in
Table although MEMS devices are not particularly sensitive and would
incur significant drifts whereas the superconducting spheres would be imprac-
tical and slow for the application environments. These shortcomings motivate
the intrinsic long-term sensitivity offered by absolute quantum gravimeters.

However, similar to classical methods, cold atom inertial navigation relies
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1.6. QUANTUM NAVIGATION

on measuring accelerations and angular rates to estimate position, velocity,
and orientation. This means even a perfect quantum navigator using dead-
reckoning will accumulate errors over time leading to drift |62,63]. To mitigate
this, INSs are typically augmented with position fixes obtained from Global
Navigation Satellite Systems (GNSS), such as GPS. Unfortunately, such sys-
tems are susceptible to jamming and spoofing [64}/65]. Alternative methods
based on detecting environmental features face challenges in marine applica-
tions due to the absence of distinctive surface features and the security risks of
sonar usage. Quantum gravity sensing offers an alternative approach by lever-
aging gravitational field variations to achieve map matching and provide ab-
solute position fixes. Gravity signals are globally present, immune to jamming
or spoofing and freely accessible through gravity databases [66,/67]. Quan-
tum systems hold great potential for deployable gravity based map match-
ing systems offering accuracy without frequent calibration [68,/69]. However,
experimental bandwidth limitations, influenced by atomic sample prepara-
tion time, hinder high-bandwidth operation. Typical experiments operate at
~ 1Hz bandwidth, which is insufficient for dynamic applications. To address
this, a shift towards high-bandwidth operation is needed, even if it means sac-
rificing sensitivity. Reloading the magneto-optical trap (MOT) solely from
background vapour within time constraints is impractical, highlighting the

significance of recapturing atoms between cycles.
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Figure 1.3: Conceptual illustration of gravity map-matching for inertial nav-
igation.

1.7 Thesis Structure

[Raman Atom Interferometry} A theoretical description of atom inter-

ferometry is presented. The sensitivity function is introduced to gauge how

noise sources influence the gravity measurement.

[Laser Cooling and Trapping Cold-atom generation is described with

simulations performed to explore trap efficiency at high-bandwidth operation.

[High Data Rate Atom Interferometry} High-data rate interferomery is

presented drawing comparisons with traditional approaches. Numerical simu-
lations examine temperature and Raman degeneracy and how they dictate the

workable parameter space. Performance limited sensitivity is then estimated
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for high-bandwidth operation.

[Experimental Setupt The opto-mechanical structure, vacuum, coil and

control systems are presented. A characterisation of MOT performance is
provided with an investigation into recapture dynamics. Moving molasses
and sub-Doppler cooling are examined which are critical for preparing the

atomic sample on millisecond timescales.

[Raman Laser System! The frequency agile Raman laser system is pre-

sented discussing its implementation and performance with attention given

to spectral purity.
The atom interferometer realisation is presented and analysed. The

sensitivity budget and accuracy of the gravimeter is explored.

The project is reviewed providing a pathway toward the next

generation of quantum sensors.
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Chapter 2

Raman Atom Interferometry

This chapter expands on by discussing stimulated Raman transitions,
which are fundamental to this work. These transitions induce momentum
recoil to manipulate atomic wave-packets in the interferometer by separat-
ing, deflecting, and recombining them. The output of the interferometer is
determined by the populations of the measured atomic states. The chapter
begins by explaining the interaction of stimulated Raman transitions with a
three-level system, using this framework to analyse a Mach-Zehnder § —7— 3
sequence. The sensitivity function is then introduced to assess the impact of
different noise sources on interferometer phase noise [70-72]. This chapter

follows closely the thesis of Rammeloo with additional reference to Stray and

Schmids. [73]75).
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2.1. STIMULATED RAMAN TRANSITIONS

2.1 Stimulated Raman Transitions

Stimulated Raman transitions provide coherent manipulation of atomic states
essential for atom interferometry. This process couples two long-lived states
|a) and |b) in a two photon process. This approach is desirable for 8"Rb as the
imparted momentum can be ~ 10° times larger than driving a single photon

microwave transition between states.

e
le) ; A
T . hk,
p + hkeff
W, w, |a) .\K |b)
|b) 'y ik, hk, Ik,
wba
|a) Before After
(a) (b)

Figure 2.1: Illustration of a stimulated Raman transition coupling stable
atomic states |a) and |b) via two light fields and an intermediate state |e).
a.) Long lived states |a) and |b), separated by wy, can be coupled by a
two photon stimulated Raman transition. Note diagram is not to scale as
w1, ws >> W, 0, A. b.) An atom absorbs a photon from one beam and
undergoes stimulated emission from the virtual level |e). The atom gains mo-
mentum equal to the difference between the wavevectors keg = k1 — ko. This
is maximised for the depicted counter-propagating configuration. Adapted
from [73].

This is beneficial as interferometer sensitivity is proportional to the effective
wavevector of the transition (section [2.3). Consider two hyperfine ground

states with separation ~ few GHz and an excited state separated from the
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2.1. STIMULATED RAMAN TRANSITIONS

ground states by ~ 100 THz. Stimulated Raman transitions couple these
ground states using two laser light fields with angular frequencies close to the
optical transition with a shared intermediate state |e). The two transitions
differ only slightly by an amount close to wp,. The transition is driven from |a)
to |b) by simultaneously absorbing a photon of energy hw; from the first light
field and the stimulated emission of a photon of energy hws from the second.
Decoherence from spontaneous emission is limited by detuning the light fields
from we,. The resonance condition for efficient coupling between |a) and |b)
can be found from the energy conservation of the process depicted in figure
Consider an atom in state |a) with momentum p, absorbing a photon
from the first light field imparts a momentum hk;, where k; is the wavevector.
Stimulated emission of a photon with wavevector ky from the second light
field imparts an additional momentum recoil of hky. Overall the transition
into state |b) can be described by an effective wavevector keg = ki — ko with

equation describing the two-photon detuning (dr) from resonance.

Ipl*>  |p+hkegsl?
2mh 2mh '

(2.1)

OR = W] — W2 — Why +

To suppress single photon scattering frequencies w; and wo are detuned by a
frequency Ag from the virtual level |e). To enable spontaneous emission to
be completely neglected, Ar >> §. This detuning AgR is referred to as the

one-photon detuning and is defined by equation [2.2]
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2.1. STIMULATED RAMAN TRANSITIONS

lp|>  |p+ Tikq?

AR = — 2.2
R = Wea — 1 + 2mh 2mh (2:2)
At this stage it is beneficial to identify the energy of each state.
2
hw, = |2pr|n (2.3a)
hkerr|?
hooy = P Dkers P (2.3b)
2m
hikq|?
hw, = [P+ Ik | + hwea. (2.3¢)
2m

A semi-classical approach is then applied with the atom treated as a quantum
object in a classical light field. In this basis the internal energy and external
momentum are represented as the tensor product of two Hilbert spaces such
that for an atom with an internal state |r) and momentum |p,), the state
can be expressed as |z,p,) = |x) Q) |p.). The atomic wavefunction is a linear
combination of all states, with time varying coefficients. The square of these
coefficients give the probability of the atom being in the state at a certain
time. The wavefunction for the three level system for a single momentum p

is given by equation [2.4]
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2.1. STIMULATED RAMAN TRANSITIONS

W (t)) = Cap(t)|a,p) + Chpinkes, (t) [b,p + hkepy)
(2.4)
+Ce ptnk, (t) e, p + hik1).

Coefficients Cy p_evolve with a fast oscillation component given by equations

but also with a slow varying coefficient giving equation

Cyp, (t) = cxp, (t)e*i“”‘t. (2.5)

To determine the state evolution one must solve the time dependent Schrodinger

equation for the wavefunction in equation

L d ?
i [Wp(t)) = H [Wp(t)). (2.6)

2.1.1 Three level atom in a light field

Solving the Schrodinger equation requires the Hamiltonian of the system. In
this instance the Hamiltonian consists of three parts. Hp, is connected to
the kinetic energy of the atom via the momentum operator p, H 4 acts on the
internal energy levels of the atom and H;,; is associated with the interaction
between the atom and the light field, via the electric dipole operator. The

total Hamiltonian is the sum of these components given by equations [2.7]

H = 7:lp + 7:lA + 7:lint. (2.7a)
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A2

P
Hp = oo (2.7b)
Ha = hwe |e) (e| + huw, |a) (a] + hiwy, |b) (b]. (2.7¢)
Hine = —d.E. (2.7d)

In the semi-classical framework the two-photon transition is represented as

the sum of two classical plane waves with electric field given by equation [2.8

E(r,t) = Eicos(k1.r — wit + ¢1) + Eacos(ka.r — wat + ¢2). (2.8)

E; and E; the amplitude and polarisation of the two laser beams. ¢; and ¢9
are their respective phase offsets with respect to a common reference and are

assumed to be constant during the interaction with the atom. Substituting

equations , and into the Schrédinger equation (equation results

in three coupled equations.

dcap(t)

qt - lCeptik Qe iAoy, (2.9a)
dc t i
kWJr(ihf(W() = —iCe ptiky Qe ATEFE2), (2.9b)
d t i i
Ao (V) _ 5o o000 ey L Qe B4962) (9.9)

dt
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2.1. STIMULATED RAMAN TRANSITIONS

Where the Rabi frequency is introduced and defined as

_ (ald.Bye)
Q= e (2.10a)
(b d.Ex |e)
Q=" 2.1
2 = (2.10b)

The Rabi frequency describes the coupling and rate of population transfer
between the ground and intermediate state. As discussed previously sponta-
neous emission is suppressed for A >> |§], |21, |Q2]. This results in the time
dependent oscillation of coefficients ¢,y and cp pynk,; being much less than
the terms oscillating at frequency A. Equation [2.9d] can integrated using adi-
abatic elimination neglecting the time dependence of c¢,,p and cp, p + hkeg
with the oscillations at frequency A averaging out. This eliminates the inter-

mediate state |e) reducing the system to a coupled two-level system.

ReNess

deap(t) [/ i(St+gpo—
& A Ca,p(t) + 1= Chptiikess (t)e!(OtFo2—¢1), (2.11a)
debpinkes; (8) _ 05 Q|

_ (t)e—i(6t+¢2—¢1) +i

2
" s 2 it (1), (2:110)

Atom light interaction changes the energy of each state in process called light
shift (A.C. Stark effect). The light shifts alters the Rabi frequency leading to

the introduction of Qac given by equation [2.12
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2.1. STIMULATED RAMAN TRANSITIONS

Q2 u?
Qa0 = T aA—

(2.12)

In addition the difference of the Rabi frequencies is connected to the detuning
caused by the light shifts. Practically the effects of the light shift can be

eliminated by fixing the intensities of the Raman laser components.

_ 9P )

0AC = N T IA T

(2.13)

The effective Rabi frequency can also be defined describing the transition rate
between the two ground states with phase term ¢.rr = ¢1 — ¢ originating

from the light interaction.

_ 50 4, -92)
Qor = —25© . (2.14)

To solve the coupled rate equations requires the basis to be switched to
a rotating frame such that the Hamiltonian is time independent. This allows
two level solutions to be applied and introduces a phase term rotating at a
frequency Qac £+ 9. The derivation introduces a generalised Rabi frequency,

QR incorporating light shifts and frequency detuning.

Op = /02 + (6~ dac)? (2.15)
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Finally the solutions for the coefficients c,, p and cy, p + hkeg after a time

(to+T).

Cap(to +7) = ei(QAC+5)7/2{ |:COS(Q2RT) + iéAg — 5sin(
R

QrT

)|euttn

Qe . OrT
—+ |:1 Qelif Sln(%)e (5t0+¢eﬂ):| Cb,p+hkeff (to) } .

(2.16a)

. 0O 0O .
Ch ik (t0 + 7) = €l(@ac=9)7/2 iﬁsin(ﬂ)eﬂ(étoweﬁ) Cap(to)
’ N QR 2 ’
0ac —0 . QRT

QrT
R ) —i o sin( 5 )]Cberhkeff(to)}.

2

+ [cos(

(2.16b)

In summary, the three system level can be reduced into an effective two level
system eliminating the intermediate state. Qg is the effective Rabi frequency

of the two level system.

2.2 Rabi Oscillations

The populations of the two level system are obtained by computing the mod-
ulus squared of each coefficient. For an atom in the ground state at tg, i.e
Cap(to) =1 and cp pynk,,,(to) = 0, the probability of detecting the atom in
each of the states after a pulse of length 7 is given by equations and

respectively.
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QrT dac — O QrT
Po(p,to + 7) = |cap(to + 7)|% = cos’( ; )+ ABR ‘ n2(ZR0). (2.17)
Py(p +hkegg,to +7) = |chpihkess (fo + TP =
) ) (2.18)
Qeﬁ Sin2(QRT) _ Qeﬁ 1 *COS(QRT)
Or 2 Or 2

The equations describe an oscillating population between two states at fre-
quency g known as Rabi oscillations. Choosing long lived states means the
atomic population does not undergo radiative decay as in the traditional two
level atom picture. As a result total inversion of the atomic states is possible.
The light shift detuning can be nulled and grouped such that diot = dac — 9.
Figure highlights how detuning determines the oscillation amplitude and
frequency for variable dyo;. As the detuning difference dac —  tends to zero
the maximum population transfer tends to 1 with the oscillation frequency

tending to Q.
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Figure 2.2: Probability for an atom to be in the ground, P, or excited state
Py, after a pulse of variable duration is applied. Rabi oscillations are plotted
for variable detunings, gt:f; = 0 (blue solid), 1 (orange dashed), 2 (green dash
dotted). Since maximum transfer results in a cleaner quantum state it is
desirable to minimise 6.

Equation [2.19] expresses Rabi frequency in light intensity rather than elec-
tric field. I is the transition linewidth and Ig,; is the saturation intensity

computed from the coupling strength and polarisation of the transition.

I T

0 = —.
| | Isat \/i

(2.19)

Following this the effective Rabi frequency is expressed as in equation [2.20
This shows how the two-photon transition rate can be increased by higher

light intensities or reducing the single photon detuning Ag.

VI 1,2

Qo] = ———+—.
| CH’ 4IsatAR

(2.20)
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2.3 Raman Configuration

The free falling motion of the atoms creates an additional Doppler shift. The
velocity dependence originates from the shift v - kg where v is the velocity
vector and keg is the effective wavevector. Providing other resonance con-
ditions are fulfilled (dtor = 0), this shift manifests in the generalised Rabi

frequency as in equation [2.21]

Or = /% + (vken)? (2.21)

Aligning the Raman beams with respect to the z axis results in a resonant
velocity class, vg for which the Doppler shift is cancelled. The Doppler shift
can then be expressed as (v, — vR)|keg|. For atoms in an atomic cloud there
are two relevant velocities: the cloud’s centre of mass and the atom’s thermal
velocity. As the Raman beams are co-axial the frequencies can be delivered
from the same or opposing directions. These configurations are referred to as
co-propagating and counter-propagating respectively. The effective wavevec-
tor, ke = k1 — ko determines the magnitude of momentum transferred to the
atom. For the co-propagating case the momentum transfer is negligible with
ket = |k1| — |k2| making the Doppler shift v - keg negligible. In contrast, in
the counter-propagating case keg = |ki| + |ka| creates much larger momen-
tum transfer. While this is desirable for interferometer sensitivity the shift in

the Raman resonance frequency is non-negligible such that the Raman laser
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frequency must be chirped during free fall.

Configuration Co-propagating Counter-propagating
k, k, k, k,
w, w, w, w,
Momentum kick hlk;| — hlke| hlkq| + hlke|
Recoil velocity 0.10 pms—* 12mms~!
Doppler shift ki -v—ko-v ki -v+ko-v

Velocity selection Doppler insensitive Doppler sensitive

Table 2.1: Properties of stimulated Raman transitions for different beam
configurations.

2.4 Velocity Selection

Adopting the counter-propagating configuration makes fulfilling the resonance
condition impossible for all atoms in an ensemble. As a result not all atoms
will undergo a transition. Substituting the expression for the Doppler shift
into equation [2.21] gives the generalised Rabi frequency in terms of an atom’s

velocity along the z axis.

Or(v,) = \/ngf + (v, — vR)2[ket|2- (2.22)

An expression for the velocity dependence of the excited state population

after a 7 pulse is obtained by substituting equation into equation [2.47
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2 2 2
T o (v, — vR)?|Kest|
Py(vs) = —sine (2\/1 + [OE (2.23)

Atomic clouds are assumed to have a Maxwell-Boltzmann distribution of ve-
locities v, as in equation [2.24] v, is the mean velocity of the cloud along the

Raman axis and oy, is the 1D velocity spread around this.

£ (v,) = (V_V)Ql . (2.24)

1
——  exp| —
V2roy, [ 203,
The distribution of atoms in the excited state |b) is given by the ensemble

average in equation [2.25] Figure illustrates the portion of the cloud’s

velocity distribution addressed by a 7 pulse.

< Ppr>= /OO Py, (v,)fy (vz)dv,. (2.25)
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Figure 2.3: A resonant w pulse transfers a portion of the velocity distribu-
tion from state |a) to |b). The dotted line shows the ensemble distribution
before transfer. The velocity is scaled to the recoil velocity of the two-photon
transition where Viecoil = hi|kefr|/m. The model assumes a 10 pK cloud with
an effective Rabi frequency of Q¢g = 27 x 10kHz. For more efficient transfer
the temperature should be reduced or the effective Rabi frequency increased.

The integral in equation can be approximated by treating the central

|Qeff‘
‘kcf‘fl ’

peak in equation [2.23| as a Gaussian with RMS spread given by ~

1 o0 (Vz - V_z)2 (Vz - VR)2|keff|2
< P >SN —mMmM / ex — ——— | X — dV
b,ﬂ' O'V7Z /727(_ o p [ 20_2 p |Qeﬁ|2 z

v,z
= exXp| — : el
Ov,z 2 |keff|20\21,z + |Qeff’2

(Vz - VR)2] .
(2.26)

_ Uv,z‘Qeff|
Ovn = .
Vet 202, + Qe

(2.27)

Ov,

SO oceurs when the Raman laser fre-
Vv

z

The highest population transfer of ~

quency is tuned to the centre of the velocity distribution (vg =v,). By

measuring population transfer for variable laser detuning, temperature and
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mean cloud velocity can be determined.

2.5 Inhomogeneities

The framework in section [2.4] neglects the effect of finite laser radius. To
quantify this the probability of state transfer is averaged over an ensemble.
This is a 6D integral over position and velocity but as integrals over z, vy
and vy average to 1 it can be reduced to 3D and to 2D by switching to
polar coordinates. P(t,Q(x,y),d(v,)) is the same as in equation with
Q(x,y) giving the Rabi frequency spatial dependence and §(v,) representing
the velocity dependence due to an atom’s velocity component along the Ra-
man beam axis. g(x,y,z) and g(vx, vy, v;) denote Gaussian distributions for

position and velocity respectively |76].

2, .2
Qx,y) = Qeexp — =g v ). (2.28)
2(0gamaN)
6(Vz) = kefsz- (228b)
1 x? +y? 422
ex(%,y,2) = —— exp| — g |. (2.28¢)
(277) 2 (Ux,ensemble) (Ux,ensemble)

(2.28d)

gv(va Vy, Vz) =

njw

1 vﬁ—I—vf,—l—vf)

(27) (av)3exp<_ 2(0y)?
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Pavg = / / P(t’Q(XvY)v5(VZ))gX(Xay,Z)’gv(VXaVyyvz)d3Xd3V' (2'29)

oo J OO

Figure compares ensemble averaged Rabi oscillations for variable cloud
size. For clouds much smaller than the beam radius the transfer loss is neg-
ligible with atoms experiencing broadly the same Rabi frequency. When
the cloud and beam size are comparable the spatial variation in the Rabi
frequency is important. This results in atoms on the edge of the beam ex-
periencing reduced Rabi frequencies. Consequently, the ensemble averaged
Rabi cycle has reduced transfer and coherence. Note the condition for maxi-
mum transfer shifts to longer pulse durations as the average Rabi frequency
is reduced. Figure [2.4b| examines the effect of temperature on the cloud. In
a similar manner transfer and coherence are reduced for increasing tempera-
ture. This occurs as the velocity spread increases variation in Rabi frequency
washing out the Rabi oscillation. Note the condition for maximum trans-
fer shifts to shorter pulse durations as the velocity induced Doppler shifts

increase the average Rabi frequency.
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Figure 2.4: Inhomogeneous Rabi flopping, oraman = 5.0 mm,
Qe = 27 x 50 kHz.

2.6 Light Shift

When driving stimulated Raman transitions on the 8’RbDs line the multi
level nature of the atom becomes important. The hyperfine splitting of the
excited 52P3 /2 level is shown in figure In our experiment Raman transi-

tions are driven between the two ground state energy levels, ‘5281 2, F = 1>
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2.6. LIGHT SHIFT

and ‘5281 12, F = 2>. Naturally when driving the transition the coupling with
all four excited levels becomes relevant. The light shifts for the ground and
excited states can be written accounting for all interactions between the laser

and atoms in equations [2.30a] and [2.30D]

QM =3 Oanl®  [Okaal (2.30a)
a 4(A + Ak) 4(A + A — wba) ’ '

Q ]2
QAC — [ .2 . 2.30b
b Zk: A(A+ A+ wba) | 4A+Ay) (2.300)

Accounting for the Clebsch-Gordon coefficients and the linear polarisation of

the Raman light the above equations can be expanded

LY (R L ° + .
a 4 24\ 8(A — AQ) 4 24(A — wba) S(A — Az — (/Jba) '

(2.31a)

o = Q2< ! + 1 + )
b7y IQO(A + wba) (A — Ao + wba) (A Ag + wba

+QQ 1 1
120A 8(A — Ag) A A3z)
(2.31Db)
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2.6. LIGHT SHIFT

F'=3
2 S
5 P3/2 F'=2
F=1
I F'=0
lA ~2000 MHz
__________________ .
w2
w4
F=2
2 —
578172 ¢y = 6834 MHz
v F=1

Figure 2.5: Energy level scheme of the 8’Rb Dy line with highlighted levels
chosen for Raman transitions. Two-photon Raman transitions are driven
between the two ground states ‘5281/2, F = 1> and |5281/2, F= 2> by wy and

wy. The detuning A is defined with respect to ‘52P1/2,F/ = 1>, A =2GHz
is the typical detuning used in this work. Adapted from [77].

The light shift changes the energy of the ground hyperfine states and is often
called the AC Stark effect. This leads to a Raman transition which does not
exactly satisfy the resonance condition leading to an additional phase shift in

the interferometer.

AC AC
_0x” —0p-

P
g Qeff

(2.32)

5//30 and 5{%0 are the differential light shifts during the opening and closing
pulse of the interferometer. The light shift can be cancelled selecting a careful
ratio of the two laser intensities I; and I. The ratio is given by equation [2.33]

as a function of detuning, A.
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1 + 1 _ 2 Y (- T S
I 60(Atweg) | A(A—DArtwes)  H(A—DAstwes) 28 T I(A-A7)
R=== . (2.33)

L 5 1 1 1 2
<12(A—weg) tiaA o ) T\ A T ia—ay) T 5@ETAY

The ratio is plotted for variable A, at A = 2 GHz the light shift vanishes for

R ~ 2 providing a starting point for Raman laser operation.

I
n
~

Intensity Ratio

%o 05 1.0 15 2.0 25 3.0
A (GHz)

Figure 2.6: Necessary Raman laser intensity ratio for differential AC Stark
shift cancellation plotted against detuning A.

2.7 Atom Interferometry

Atoms can be manipulated using light pulses of specific durations. A 7 pulse
with duration 7 = QLR (for zero detuning) achieves maximum population
inversion whereas a pulse half that length, 7 = ﬁ, creates an equal super-
position of the two states (7/2 pulse). A 7 pulse acts like a mirror, causing

state inversion and changing the atom’s trajectory. A 7/2 pulse acts as a
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2.7. ATOM INTERFEROMETRY

beam splitter. By using different pulses in an atom interferometer, the prob-
ability of finding an atom in the excited state at the output can be determined
by equation C is the oscillation amplitude (contrast), centred around
an offset of Py. Figure visualises this sequence for atoms without a grav-

itational acceleration where the trajectories represent classical paths.

P, =P, — gcos(éqﬁwt). (2.34)

b, + nky>

[o,p + niks™>

A » 4 »
Py < »

T T

Figure 2.7: Space-time diagram for § — 7 — & interferometry sequence.

A path integral approach can be used to calculate classical paths with only
those close to the classically expected trajectories surviving integration [78].
Through construction of two paths, using the classical actions via different
midpoints (points B and C in Fig. , the phase shift between the two
arms is computed. Phase contributions from mechanism x are denoted by
0p* = 6¢;ath1 — 5¢;ath2. The total phase has contributions originating from:

the propagation of the atom, §¢P™P, the phase from the atom’s internal evo-
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2.7. ATOM INTERFEROMETRY

lution, d¢™ and the phase due to the interaction of the laser, §¢'2%¢". This

leads to a total interferometer phase of

5¢tot _ 5¢pr0p + 5¢int + 6¢laser. (235)

Since atoms spend equal time in each energy state for both paths the phase
contribution from internal evolution is zero. Ome can also show that the
contribution of the phase due to propagation is also zero even in the presence
of a gravitational field. This leaves only the phase accumulated due to the

atom light interaction, @25,

2.7.1 Laser Phase

To evaluate phase contributions due to atom light interaction four possible
interactions are considered. For the two level case the atom acquires a phase
shift when the interaction causes it to change state. The phase shifts due to
these interactions are summarised in table 2.2l Additional phase shifts due to
light shifts can be considered but are ignored as they can be nulled. The phase
difference between two paths can be constructed for the laser interactions by
considering paths ABD and ACD. Following the upper path ABD in figure
2.7 the atom changes state in the following manner |a) — [b) — |a) — |b). In
the lower path (ACD) the state evolves as |a) — |a) — |b) — |b). The total

accumulated phase can be calculated for each path with table
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2.7. ATOM INTERFEROMETRY

Internal State Momentum Phase Shift
‘a> — ‘b> p — p + hkeg +(keffz(t) — Wefft — ¢eff)
‘b) —> ]a) p+ hkeg — p -(keffZ(t) — Wert — gbeff)
|a) — |a) P—P 0
|b) — |b) p + hkeg — p + hkeg 0

Table 2.2: Phase shifts due to atom-light interaction for transitions between
ground and excited states. Phase shifts depend on the wavevector, keg, fre-
quency, wesr, and phase, ¢of, of the light field. Extra phase contributions
from the light shifts are neglected as they can be nulled. Table reproduced
from [79].

Equations [2.36a] and [2.36D] denote the total phase accumulated in paths ABD

and ACD respectively.

¢"BP = [kegza — ¢1] — [ketzn — wert T — ¢11]

+ [keizD — wer2T — ¢111] = ket (2a — 2B — 2D) — Wet T — ¢1 + G117 — G111
(2.36a)

¢ = 0+ [keze — west T — 1) + 0 = kegrze — wer T — 1. (2.36b)

The total phase shift from the laser interaction is the difference between these
two paths given by equation One can remove the spatially dependent
term by constructing an additional parallelogram A¢BgCgDg. This uses the
curved paths atoms take in the presence of gravity introducing gT? and apply-
ing equations of motion (see appendix of [74]). In summary, the total phase
shift in the Mach-Zehnder atom interferometry sequence originates entirely
from the laser interaction. For a vertical Raman beam this produces a gravity

sensitive interferometer.
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6¢1aser — ¢ACD _ ¢ABD

= keH(ZB - ZA + ZC - ZD) + d)I - 2¢H —|— (Z)HI (237)

= ke gT? + ¢1 — 2611 + b1

2.8 Interferometer Phase

As shown atom-light interaction provides a total phase given by equation

where equation [2.38b|is the contribution of the n*® pulse.

A¢ = ¢p1 — 2¢p2 + ¢p3. (2.38a)
¢Pn = keffz(t) - wn,efft - gbn,eff' (238b)

For a falling cloud the resonant frequency varies over time due to the Doppler
shift. Chirping the frequency of one of the beams will keep the transition
resonant. The frequency of w; has a time dependence introduced, becoming
w1(t) = w1 + 2wat, where « is the chirp rate. This results in the interferom-

eter phase becoming equation [2.39

AP = (keﬁ‘g — 27TCM)T2 + ¢1 — 2¢11 + P111- (2.39)

Assuming no systematic effects phase components from the light cancel,

o1 — 2011 + ¢r1 = 0 giving equation [2.40
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2.9. PHASE NOISE

A¢ = (kegg — 2ma)T2. (2.40)

When kegg = 27a, the phase shift is cancelled for all T. Local gravity is then
determined by identifying the stationary point where fringes of variable T

have the same local minima.

2.9 Phase Noise

The pulse based nature of atom interferometry is advantageous as atoms
interact with the Raman beams for only short periods 7 within a time of
approximately 2T. Consequently, the contribution of phase noise to an in-
terferometer is highly frequency-dependent. Phase noise at frequencies much
greater than % average out within one pulse. Similarly, low frequencies have
little contribution too, as the change in phase is minimal if the fluctuation
period is large compared with 2T. For intermediate frequencies the phase re-
lation of the atoms to the light field that is established by the first § will
be affected and any noise will create an unwanted offset to ¢p and ¢¢ that
cannot be compensated with post-correction. To understand this band pass
behaviour of the interferometer the transfer function for Raman laser phase
noise must be derived. This provides the mathematical basis for noise anal-

ysis [75,[80-82].
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2.9. PHASE NOISE

2.9.1 Raman Laser Phase Noise

If an infinitesimal step in Raman laser phase d¢ happens at time t during the
interferometer sequence a resulting change in transition probability dP (¢, t)

will occur. We then define the sensitivity function g as in equation

gs(t) =2 lim OP(99, )

i == (2.41)

Consider operating the atom interferometer at mid-fringe for maximum sen-
sitivity to phase fluctuations giving an interferometer phase of ® = 7. With
a small phase jump §¢, the transition probability is:

_ L—cos(5 £0P(6p,t) 14 0P(6¢,t)

P(6¢,t) = 5 5 (2.42)

After substituting the above equation into the sensitivity function, the sensi-

tivity function becomes equation [2.43

gu(t) = Jimy 22000

= Jim == (2.43)

The sensitivity function for the complete interferometer sequence is given as

in equation and plotted in figure
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sin(Qr(t+7T)) -T—-2r<t<-T-—71

-1 ST-7<t <1

sin(Qr(t+7T)) T<t<T

gs(t) = (2.44)

1 T<t<T+r1

sin(Qr(t—T)) TH+7<t<T+27

0 else
T T+t
1.0
0.5
> 0.00 — L
-0.5
-1.0
2t-T -T t T T+2t

Figure 2.8: Sensitivity function gs(t) as a function of the instant phase jump
of the Raman laser.

We can now compute the effect of any phase evolution ¢(t) on total interfer-

ometer phase ® via this sensitivity function.
do(t
5D = / gs(t)do(t) = / gs(t)i(t)dt. (2.45)
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2.9. PHASE NOISE

However, in practice, it is much easier to measure the phase noise in the
frequency domain. Let S, and S, be the power spectral densities (PSD)
of the phase noise of the Raman laser, expressed in terms of frequency and
phase. The variance of the corresponding interferometry phase noise is then

written as:

+oo
o3 = / 1G(w) 280 dw
0 (2.46)

+oo +o0
_ / WG(w) %S ydw — / [FI(w) [2S .
0 0
where G(w) is the Fourier transform of the sensitivity function gs(t). H(w) is

defined as a weighting function, which is expressed as:

4w (T +2 )m (T+27). O T (247)
1w, w + 27 w + 27 r . W
=3 Q%{sm( ) )(COS(#) ;Sln(—)).

2

This function acts as a band pass filter with oscillating behaviour of period
T + 27. By tuning T and 7 the interferometer’s transfer function can be tuned
to reduce the impact of Raman laser phase noise on overall precision. For
example, going to short T decreases the sensitivity to low-frequency noise at
the expense of overall precision. The transfer function exhibits low-pass filter-
ing at high frequencies with a cut-off frequency, f. = v/3Qg /67 = v/3/(127).
Longer Raman pulses reduce the contribution of phase noise at high fre-
quencies but are highly velocity selective reducing atom participation in the

interferometer and thus signal-to-noise ratio. Naturally, a compromise be-
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tween atom number, cloud temperature, laser power and Raman laser phase

noise is desirable.

10!
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Figure 2.9: Double logarithmic plot of [H(w)|? for 7 = 5ys, T: 2.5ms (blue
solid), 50 ms (orange dashed). Averaging is performed after 8 oscillations due
to highly oscillatory behaviour.

2.9.2 Vibrational Noise

Raman atom optics are generated with a retro reflection geometry. Therefore,
any mechanical noise on the optical components prior to entering the chamber
is common to all Raman beams. Consequently, the phase difference between
the Raman beams is defined by mirror position. To calculate the sensitivity
function caused by mirror vibrations, an infinitesimal displacement dz on the
bottom mirror is considered, resulting in a change in the phase of the beam

on the back reflection path.
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0¢ = 2Kz =~ Kegdz.

(2.48)

We can therefore replace the power spectral density of phase fluctuations S

by the power spectral density induced by vibrations as

[Keft|*Sa (w)
wh

Sp(w) = [keft|*S, (w) =

The corresponding interferometry phase noise can be evaluated by

(o)? = /0 [Ha ()] 2Sadlo.

with the resulting acceleration noise transfer function

[Hy (w) [ ket |

wi

|Ha(w)’2 =

ot \// Hy ()2 effS( ).

(2.49)

(2.50)

(2.51)

(2.52)

As can be observed from figure this transfer function behaves like a low-

pass filter with the interferometer phase most sensitive to frequency vibrations

below 10 Hz. Note also the increased sensitivity to vibrational noise for larger

T time.
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Figure 2.10: Double logarithmic plot of %, 7=>5pus and A = 780.2 nm.

Function is calculated for T: 2.5ms (blue solid), 10.0 ms (orange dashed) and
50.0ms (green dashdot). A moving averaging is performed on the data to
smooth out anti-resonance features.
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Chapter 3

Laser Cooling and Trapping

Atom interferometry relies on a creating a dense atomic sample known as a
magneto-optical trap (MOT). Generating a MOT has two important com-
ponents: optical molasses cooling, which reduces the velocity spread of the
atom cloud and trapping, which uses the Zeeman effect to confine the atoms
spatially [83-88]. This chapter presents a short background on MOT the-
ory which is then applied to help understand operation in a high-bandwidth

context.

3.1 Laser Cooling

When an atom absorbs a photon, it will recoil in the opposite direction due
to momentum conservation. This principle of laser cooling is illustrated in

Figure for an atom travelling toward the right beam with velocity v,
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3.1. LASER COOLING

this laser is seen as Doppler shifted onto resonance. Consequently, the atom
experiences greater photon scattering from this beam and is slowed down.
For travelling in the opposite sense the atom is also slowed. This concept

extends to 3D slowing atoms travelling in any direction.

w < wp v w < wo
zZ
Atom

Figure 3.1: Two counter-propagating laser beams of frequency w less than
the atomic resonance frequency wy illustrating 1D optical molasses.

The scattering rate, described by equation , is highly influenced by the
detuning of the light from resonance [89]. This equation can be divided into
two terms, where the force equals the momentum impulse from a single photon
multiplied by the scattering rate. The parameters involved are I', the natural
linewidth of the transition, s, the saturation parameter and J, the detuning

from resonance.

r S
Fscatt:hk<21+s+(2rfg)2>' (31)

In the low velocity limit (kv << T') the force imbalance between the beams

can be expressed as in equation where v is the atomic velocity.
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3.1. LASER COOLING

Frolasses = Fscatt (W —Wo — kV) — Fscatt (W —wo + kV)

oF OF
~ Fscatt(w — WO) — kV% — [Fscatt(w — WO) + kV%] (32)
oF
~ —2_—
Ow
The optical molasses force can then be expressed as
Frolasses = —QV. (33&)

a= 21<€LF = —8hk?s
ow 1+

=l

T (3.3b)

—~
[\

Equation shows that the light force always opposes atomic motion,
damping it. This effect is thus called optical molasses. Cooling reduces the
velocity spread of an ensemble, while slowing decreases its mean velocity
without compression. However, cooling has a limit due to fluctuations caused
by spontaneously-emitted photons and also due to the statistics associated
with photon absorption. This induces random walks in velocity space and
imposes a temperature constraint known as the Doppler cooling limit (Tp).

i
kpTp = - (3.4)

The Doppler limit is determined by the natural linewidth of the cooling
transition. For the 8"Rb Dy line, Tp = 140pK. However, early experi-

ments achieved lower temperatures, revealing that the two-level model of
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the atom was insufficient. Seminal work demonstrated sub-Doppler cooling
processes enabled by the spatially varying light shift of the atom [90]. For
87Rb, the recoil limit is T, = 360 nK, with temperatures as low as 2 nK being
achieved [91}92]. While optical molasses cools atoms, it does not trap them.

To accomplish trapping, the force in equation needs spatial dependence.

3.2 Trapping

To trap atoms a magnetic field gradient is applied over the region where
cooling beams overlap. This is generated with anti-Helmholtz coils for which
the current in each coil travels in the opposite sense. This relies on the
Zeeman effect which shifts the m = +1 sublevels of the atom proportional
to its distance from the trap centre. By using o+ — o~ polarisations for the
beams a trap can be created. This can be illustrated by considering an atom
at z > 0 such that the AMj = —1 transition is closer to resonance (fig. [3.2).
The selection rules result in preferential absorption of photons exciting the
o~ transition which generates a restoring force on the atom towards z = 0.
Similarly one can see that for an atom at z < 0 a similar restoring force is
generated. Extending this configuration to 3D creates an atomic cloud at the

magnetic null.
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z

Figure 3.2: Underlying trapping mechanism of a MOT shown for a
J =0 —J =1 transition. The Zeeman splitting of the sub-levels is spatially
dependent. Counter-propagating beams of circularly-polarised light coupled
with the selection rules create spatial confinement.

The Zeeman effect is incorporated into equation giving the detuning spa-

tial dependence.

6y = 0Fk - ¥+ 1 B/h. (3.5)

uo= (g8eMe — ggMg)up is the effective magnetic moment for the transition
and § = w — wg. The + subscript accounts for the different detunings of the
right and left directed beams in figure with the dot product included for
completeness in 3D. Considering only small Doppler and Zeeman shifts the
expression for the MOT restoring force is expanded to obtain equation

A= ?TE and is the magnetic field gradient.
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3.2.
af
Fumor = —23—(kv + pz) = —av — + Z (3.6a)
_K
s=ta (3.6b)

The functional form of equation is identical to a damped simple harmonic

oscillator and so atoms undergo oscillations (under-damped motion) or travel
smoothly toward the MOT centre (over-damped motion). Fig. |3.3| demon-

strates the MOT restoring force acting on individual 8’Rb atoms with differ-

ent initial velocities. For clarity, this work concerns the 8’Rb Dy (5281/2 — 52P3/2)

transition for which I" = 27 x 6.065(9) MHz and A = 780.241 nm.

0250 /O
1 \
0.201 / \
’ II \\
—_— 1 \
é 0.151
= 0.101/
s | \
S 0.05]
0 . ,' \
8 ' \ PR S =~<
OOO 3 ,;’/\\_ —
v i T
-0.05
-0.10 et
0 2 4 6 8 10
Time (ms)

Figure 3.3: Numerical simulation of atomic trajectories for ’Rb atoms in a
magneto-optical trap for variable initial velocities illustrating under-damped
motion occurring for s = 1, A = —3, A = 16 G /cm. Initial velocity vo (ms™1):

0.5 (green dashed), 0.2 (orange dash-dotted), 0.1 (blue solid).

The simplified low velocity model was useful for understanding cooling and
To overcome these

trapping, but had limitations for simulation purposes.

the unapproximated force was numerically integrated. By substituting the
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detunings for d+ (equation , the complete force equation is shown in

equation [3.7]

r s s
Fror = Feeatt (04) — Fseatt (0_) = hk= —
scatt( +) scatt( ) 9 1—|—S+(25T+)2 1+S+(25T_)2

3.3 Capture Velocity

Capture velocity (Cy) is an important parameter determining atom number
in Eq. [93,/94]. Consider an atom starting at the trap edge and incre-
menting its initial velocity from Oms~! until trapping criteria are no longer
satisfied (final position |x¢| < 0.1 mm from the trap centre and final speed
|ve| < 0vDoppler)- The atom can also never leave the trap radius during a
simulation. The highest velocity for which these conditions are met is the
capture velocity. Atoms with velocities less than the capture velocity become
part of the MOT whereas those with greater velocities remain uncaptured as
part of the background vapour pressure. Fig. replicates work for 22Na
providing confidence in modelling with 8"Rb [85,095]. A crude estimate for C,

is obtained considering the work done in slowing an atom as in Eq. (3.8):

4F maxor
7H1 .
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where m is the particle mass, o, is the trap radius and F,,x is the maximum
scattering force (hkI'/2). Choosing appropriate values for the 8"Rb Dy line

with o = 5mm gives C, = 50 ms L.

This approach assumes a constant
maximum scattering force whereas in reality it carries velocity dependence.
Assuming A = —3 in the range of 0 — 30ms~! the mean force is ~ Frax/3.
Accounting for this makes C, ~ 30ms~!. Figure highlights the effect of
power and detuning on capture velocity, additional power shifts the peak to

greater detunings compensating for the larger Doppler shifts experienced by

faster atoms enabling them to be captured.

60

100
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S0 1 g o0
ézo % 40
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101 a 20
¥
%10 G 0 5 10 0560 ~150 =100 =50 0
Position (mm) Laser Detuning, 6 (MHz)
(a) Numerical simulation of the capture (b) Dependence of the capture velocity
process in 1D for 23Na, § = —30 MHz. C, on the detuning of the laser from res-
For sufficiently slow velocities atoms are onance for 2>Na. The largest C, is ob-
trapped. tained for a detuning of ~ —100 MHz =
—10I".

Figure 3.4: Atoms move toward the MOT centre for variable initial velocities,
s= 10 [95].
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Capture Velocity (ms™1)
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Figure 3.5: Capture velocity dependence on laser detuning and intensity for
8"Rb. A =16 G/cm, o, = 5 mm, s: 1 (blue solid), 2 (orange dotted), 5 (green
dash-dot), 10 (red dashed). Simulation time = 100 ms.

Fig. [3.6]shows C, detuning scans for variable simulation time. As the simula-

tion time increases there is more time to slow higher velocity atoms meaning

the peak shifts to greater detunings. Eventually the peak value remains fixed

for increasing simulation time with the drop off in C, becoming less extreme.

40

N w
o o

Capture Velocity (ms™1)
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Laser Detuning, A

Figure 3.6: Dependence of capture velocity on simulation time for 3’Rb. A =
16 G/cm, or = 5 mm, s = 5, Simulation time (ms) 3 (blue solid), 5 (orange
dotted), 10 (green dash-dot), 30 (red dashed).
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3.3.1 Trap Diameter

Capture velocity scales with trap radius and so we explore scalings at low
and high beam diameter [96,(97]. For d < 2mm C, & d implying the MOT
atom number scales N oc d®. For d > 3mm, C, o< d®* implying N oc d3©.
As identified in figure the 1D capture velocity simulation successfully
reproduces these scalings. By finding the intersection between the fits for the
low and high regimes one can determine the diameter at which the transition
between regimes occurs. For the two detuning values (A = —2, —3) simulated

in [98] the simulation agrees well (within 0.1 mm).

100
T80
7))
S
2 60
(@]
ps:
2
5 40
]
8 20
(@)

Trap Radius o, (mm)

Figure 3.7: Capture velocity against beam diameter for 8’Rb comparing sim-
ulation result (black) with predicted scalings at low (o oy, blue dot-dashed)
and high (o< 0?4 red dashed) trap radii. Transition between two regimes
occurs at o, ~ 0.8 mm (vertical black dotted line).
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3.3. CAPTURE VELOCITY

3.3.2 Finite Power

Atom number scales rapidly with trap size, but for finite power maximising
beam radius is undesirable due to insufficient light intensity for atom capture.
Therefore, for a fixed cooling power and beam radius, o, a certain saturation
parameter, s is defined [97]. Using this framework, atom number is optimised
for a fixed cooling power of 180 mW (figure . To quantify atom number
the capture velocity simulation is run with fixed total power for variable beam
radii. Dynamics are simulated for 3 ms to reflect high-bandwidth operation.
For large beam radii the laser power is insufficient causing atom number to
drop to zero. The analysis extends to variable power, showing a rapid increase
in atom number (< 10 mW) benefiting from the N oc d% scaling. These sim-
ulations inform beam size and power criteria for target atom numbers. For
high capture velocity, an optimal parameter regime is found to be A ~ —3,
A ~ 16 G/cm and a Gaussian beam radius (1/e?) of 10 mm which can support

the target intensity, s = 5 ~ 10mW /cm?.

Prorar
PsINGLEBEAM = —5 (3.92)
Psing A
IsINGLEBEAM = W (3.9b)
r
_ IsingLEBEAM (3.9¢)
IsaT
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Figure 3.8: Finite power optimisation, Prorar, = 180 mW,
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3.4. HIGH BANDWIDTH OPERATION

3.4 High Bandwidth Operation

The contents of this section form part of a PRA paper submission

“Magneto-optical trap performance for high-bandwidth applications”

For modelling purposes, the simulation cycle is divided into two distinct
phases: the drop phase and the recapture phase. In applications with lower
bandwidth requirements, the loading time for a magneto-optical trap (MOT)
is less strict. Therefore, after dropping atoms loading from the background
vapour is employed. The timescale for this loading process depends on pres-
sure and typically takes a few hundred milliseconds. Consequently, efficient
recapture of atoms between cycles becomes crucial for high bandwidth oper-
ation. Although the recapture efficiency is not 100%, the atom number does
not decay to zero as atoms are also loaded from the background vapour dur-
ing recapture. Two main factors hinder recapture: the finite restoring force
of the MOT and collisions between atoms in the MOT and the background

vapour.

3.4.1 Intensity Dependence

During freefall atoms move primarily along the vertical and so trajectories
are modelled in 1D. For high bandwidth applications the drop time (Tq) will
be ~ 5ms leading to an atom falling %ng = 0.13mm. Given a typical trap

radius of ~ 5mm an atom will not fall far from the trap centre. However,
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3.4. HIGH BANDWIDTH OPERATION

despite this short distance the recapture time is still finite and limited by
the restoring force towards the MOT centre. Fig. [3.10] shows a numerical
simulation of single atom trajectories over multiple cycles highlighting that
for insufficient power the restoring force will be too weak and the atom will
not be recaptured, this can be seen in the loss of periodicity for the s = 1

trajectory.
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Figure 3.10: Numerical simulation of single atom trajectories in a 100 Hz
HBW 8Rb MOT for variable saturation parameter. S = 1 (blue solid), 3
(vellow dotted), 5 (green dash-dotted) and 10 (red dashed). A = —3, duty
cycle = 0.75, A = 16 G/cm. The white and grey regions correspond to the
free fall and the recapture phases respectively.

The dynamics of an atomic cloud are explored by simulating 1000 atoms with
numerical trajectories similar to those in Fig. Initial atomic positions
and velocities are normally distributed with oo and o, respectively. onoT
is the cloud radius and o, = \/m is the cloud’s velocity spread

where, TyoT is the cloud temperature and m is the mass of a single atom.
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3.4. HIGH BANDWIDTH OPERATION

Atoms are considered trapped if their final position is |x¢| < 0.1 mm from the
trap centre with a final speed |v¢| < oy popplers Where oy poppler = 0.12ms ™! is
the Doppler velocity [85]. The fraction of atoms satisfying the capture criteria
at the end of the cycle is the restored fraction, Prestoreqa. Unless stated, band-
width is fixed at 100 Hz giving a cycle length of 10 ms. Increasing duty cycle
increases the drop time and reduces the recapture time. When the recapture
time is < 3 ms, there is insufficient time to restore atoms to the MOT centre
and recapture efficiency declines. The restored fraction tends to a finite value
for short recapture times (~ 0.05). This results from the spatial extent of the
MOT with respect to the capture region. For short recapture times, a fraction
of atoms have not left the capture criteria region and are considered recap-
tured. The simple model assumes a Gaussian intensity profile in a 1D trap.
Higher temperatures and longer drop times displace atoms from the intense

trapping region, weakening restoring forces. Therefore, low temperature is

crucial for cold-atom experiments, aiding recapture and bandwidth.
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Figure 3.11: Simulating restored atom fraction for a cloud of 8’Rb atoms in
a 100 Hz MOT for variable duty cycle and cloud temperature. Tyor: 10 pK
(blue solid), 100 pK (orange dashed), 1000 pK (green dash-dot).

3.4.2 Pressure Dependence

During an operational cycle, atoms in the cloud can also be lost through
collisions with atoms in the background vapour. The probability of this not
occurring for an atom during a cycle is given by Py collision in Eq. . T is
the mean free collision time and Teycle is the time for a complete cycle (drop
and recapture) as atoms can be lost from background collisions throughout
an entire cycle.

_ TCycle

P16 collision = € T (310)

For recapture times > 3 ms, restoration losses are typically negligible (P restored =

1) and so Eq. (3.10) effectively represents the recaptured atom fraction for
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3.4. HIGH BANDWIDTH OPERATION

a single shot. Unless stated, MOT parameters are: s =3, A=-3, A =
14 G/em, Tyor = 300 pK, omor = 0.5 mm, 40, = 20 mm (1/e?) diam-
eter, Vapour Pressure = 2.9 x 10”7 mbar, R = 4.5 x 10°s™!, L = 16.0s7 1,
oo =1x10"3cm?, C, =21 ms'. Fig. shows the results of computing
P oo collision and the mean free time over the 107 — 10~ mbar range. For
pressures approaching 10~% mbar, the collision timescale is comparable to
the cycle time, reducing the recaptured fraction significantly. Note, mod-
elling only considers background collisions with 3’Rb atoms and assumes the

absence of other species.
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Figure 3.12: Ppocollision (red solid) and mean free time (blue dashed) for
variable pressure for Tcycle = 10ms [99)].

3.4.3 MOT Loading

The rate of change of atoms in the MOT is given by the balance between
loading and loss of atoms, integrating this gives the number of atoms after

loading for a period of time, t in Eq. (3.13a). R and L are the loading and
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3.4. HIGH BANDWIDTH OPERATION

loss rate of the MOT and are given by Eqs. (3.13b)) and ({3.13c) respectively.

The C,* dependence of loading rate originates from the Reif model described
in [100]. This model assumes any atom slower than the capture velocity
entering the trap volume will be trapped. The captured atomic flux is derived
by calculating the number of particles entering the trap region with velocity

less than the capture velocity.

dN = nf(v)d3®v - vcos(#)dAdt. (3.11)

n is the background particle density, f(v) is the Maxwell-Boltzmann distribu-
tion (eq. [3.12)), v is the particle velocity, and v - cos(#) is the component of the
velocity perpendicular to area element dA. The captured flux is determined

by integrating equation [3.11] v from 0 — C.

2 H1V2
f(v) = <;£}:T)e‘<2kBT>. (3.12)

Under normal operating conditions where C,, is very small compared to the

average thermal speed of the background particles, one can approximate

mv2

e 28T ~ 1. This considerably simplifies the calculation, and the integral

gives equation
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Figure 3.13: Experimental MOT loading data. The following parameters are
extracted, R = 4.5 x 10%s™!, L =16.0s! and a 8"Rb vapour pressure of

2.9 x 107 mbar.

A is the trap surface area (4702) where oy is the trap radius. Cy is the capture
velocity, ny, is the number density of particles in the background vapour, og
is the collision cross section and vy, is the average thermal velocity of the

background gas. The number density of the particles is calculated from the

ideal gas equation ny, = % with the vapour pressure obtained from the model

in [89].

N(t) = %(1 _ ey, (3.13a)
2ACin,
th
(3.13c¢)

1
L = - =npoovin
-

The rate equation sometimes includes an additional loss for inelastic collisions
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between atoms in the MOT. This changes the loss rate to L — L + n, where
n is the mean cloud density and S is a constant characterising this mech-
anism. This implies that two-body collisions can be neglected if fn << L.
B ~1x 107" ecm3s~! has been reported for a laser detuning of 6 = —I' and
an intensity of s~ 10, which are fairly typical operating parameters [101].
Assuming a MOT with 10® atoms with a radius of 1 mm gives a number den-
sity of i ~ 1 x 10'°ecm™3. The typical pressure (L ~ 1 — 10s~1) is about 1-2
orders of magnitude higher than the two-body loss term. Hence, neglecting
the two-body loss term in the model is justified. For 100 Hz operation the
MOT loading time is only a few ms. Even for relatively high pressures in
the low 10~7 mbar range the loading rate is a few 10?/ms. This means at
most ~ 107 atoms can be loaded from the background vapour after a few ms;
a small fraction of the steady state population reached in the experimental
data in Fig. [3.13] This highlights how efficient recapture of atoms between
cycles is essential for high bandwidth operation. In this regime MOT com-
position is recapture dominated with a small contribution from background
loading. Consider a high bandwidth MOT containing 10® atoms with a re-
capture period of ~ 1 ms. Assuming recapture is 90% efficient with a MOT
loading rate of R ~ 10'9s™! the atom number will remain steady. By consid-
ering losses from the finite restoration time and collisions independently, an

iterative equation is formed describing the shot to shot atom number.
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R _
Ni+1 - NiPno CollisionPrestored + f(l —€ LTReload)‘ (314)

N; denotes the atom number in the i*" cycle. The first term describes the
contribution from recaptured atoms with P collision Prestored I€presenting the
constant shot to shot recapture fraction. The second term describes back-
ground loading and is the MOT loading equation with terms as defined in
Eq. . The time for loading and recapture is given by Tieloaq. Iterating
until Nj1; = Nj gives the operational steady state atom number for the MOT.
For higher pressure the loading rate is larger and so more atoms are loaded
from the background but fewer atoms are recaptured due to more background
collisions and vice versa for lower pressure. Steady state corresponds to the
point at which the number of atoms lost due to inefficient recapture is per-
fectly balanced by the atoms loaded from the background vapour. In Fig.
[3.14] the behaviour of a traditional MOT is simulated and contrasted with a
high bandwidth MOT with a duty cycle of 0.65. In this configuration there
are about 20% the number of atoms when compared with a MOT fully loaded
from background vapour. Even with relatively high pressure (2 x 10~7 mbar),
without recapture it would take 10x longer to load this many atoms. This
limits bandwidth to at most 30 Hz showing the importance of recapture in

maximising bandwidth.
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Figure 3.14: Traditional non-dynamic MOT loading (solid), 100 Hz high
bandwidth MOT loading simulation at a duty cycle of 0.65 (dashed).

3.4.4 Cloud Expansion

During the measurement period the atomic cloud undergoes free expansion
as described by equation [102].
kgT

In this equation, oy represents the initial radius of the cloud, ot is the fi-
nal radius, T is the cloud temperature, m is the mass of a 8’Rb atom and
Tex corresponds to the free expansion time, which is equivalent to the inter-
rogation time (Tj). In a traditional cycle with o9 = 1mm, T = 10 pK and
Tex ~ 150 ms the cloud expands to ~ 5mm. In this case, recapture fails
as the cloud expands beyond the trapping beams. However, at high band-
width, the cloud does not have enough time to expand significantly relative

to the trap size. Assuming efficient sub-Doppler cooling, for a free expansion
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time Tex ~ 10ms, the final cloud radius is only 1.05mm. This justifies 1D
modelling, as transverse motion becomes relatively less important. However,

for illustration simulations were performed in 3D, considering the Gaussian

intensity profiles of the laser beams.
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Figure 3.15: 3D dynamics simulation of 1000 atoms for a 100 Hz cycle with
a duty cycle of 0.8, trap is switched on at 8 ms.
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Figure 3.16: 3D dynamics simulation of 1000 atoms for a 10 Hz cycle with a
duty cycle of 0.8. Trap is switched on at 80.0 ms, the vast majority of atoms
fall outside of trap and cannot be recaptured.
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Chapter 4

High Bandwidth Atom

Interferometry

High-bandwidth atom interferometry is a relatively unexplored parameter
space so simulations are performed to identify target parameters and high-
light differences with the traditional approach. To ensure well controlled
interferometry is performed sufficient separation between optical transitions
is required. To consider this magnetic degeneracy due to the Zeeman shift is
considered before examining Raman degeneracy associated with cloud tem-
perature and the counter-propagating Raman transition. The chapter then
discusses further Raman optimisations and summarises with sensor design

specifications.

90



4.1. ZEEMAN SHIFT

4.1 Zeeman Shift

For zero applied magnetic field hyperfine ground-states have degenerate sub-
level structure. These sublevels are called my states and can be separated by
applying a magnetic field. For low-fields the energy shift or Zeeman splitting

is given by equation [4.1] where gp is the Landé g-factor.

AE|F,mF> = ,uBgFmFBZ (4.1)

87Rb has two ground states F = 1 and 2 the splitting of each being given by the
mp number multiplied by —0.69MHz G~! and 0.69MHz G ! respectively [89)].

The effect of this splitting is depicted in figure

B>0

B=0 ) - -
F=2 mm - - - -tz - -
F=1 F=1 -
= - - - = - -
m; 2 -1 0 1 2 m 2 - 0 1 2
(a) Zero applied magnetic field. (b) With an applied external magnetic
field.

Figure 4.1: Zeeman splitting of the my states in the low field regime.

4.2 Raman Degeneracy

The Raman transition requires a bias field for the light polarisation to be
defined with respect to the atoms. This is an essential part of the experi-

ment as it enables only the |F =1, mp = 0) ++ |F = 2, mp = 0) transition to
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be driven. This transition is chosen for its first order insensitivity to mag-
netic fields. Without such a bias field transitions will overlap and degrade
the interferometer signal. Consequently, the energy spacing of the states must
be sufficiently larger than the velocity width of the transitions. In addition,
operating in the Doppler-sensitive configuration with a retro-reflecting mirror
leads to another degeneracy issue. This occurs due to the Raman resonance
condition being satisfied for opposite wave vectors. To resolve this atoms
are given an initial velocity causing the two transitions to separate. For low-
bandwidth experiments there is enough free-falling time to acquire sufficient
velocity for the peaks to separate (~ 20 ms). However, for high-bandwidth op-
eration this significant dead time limits bandwidth, degrades recapture and
increases cloud size. Therefore, moving molasses is adopted to launch the
cloud in a few ms. To ensure atomic transitions are not overlapped Raman
spectroscopy is usually performed by scanning the Raman laser frequency.
This is modelled using equation for the transition profile. Three dou-
blet peak pairs are generated with separation given by the bias field strength
(equation and the doublet separation given by the cloud velocity. Fig-
ure highlights the large bias needed (~ 4G) to sufficiently separate the
mp states for typical launch velocity, cloud temperature and Rabi frequency.
The transitions have Gaussian profiles with width given by equation In
addition to sufficient bias strength the launch velocity must be large enough

to split the doublet peaks. The model is simulated about the central my = 0
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state suggesting a velocity kick > 0.2ms™! is required.

ketr|202, + [Qegr?
Ov,mz = \/| eﬁ| ’k7 |2| eﬁ| , FWHM = 2 2111(2)0'\,’7“. (4-2)
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Figure 4.2: Modelling counter-propagating Raman spectroscopy scan, Bias
field strength 4G, Vaowm = 0.2ms ™!, Qg = 27 x 150kHz, T = 20 pK.
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Figure 4.3: Modelling counter-propagating Raman transitions for variable ve-
locity: 0.1ms™! (blue), 0.2ms™"! (red). Blue dotted line highlights individual
transitions. Qe = 27 x 150kHz, T = 20 pK.

To achieve sufficient peak separation, the launch velocity needs to generate a
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Doppler shift matching the transition’s full width at half maximum (FWHM),
which depends on cloud temperature and Rabi frequency. Figure illus-
trates this optimisation. Higher Rabi frequencies allow for shorter pulses and
greater population transfer. However, they also result in a wider Raman
transition, requiring a larger velocity kick. The model assumes uncorrelated
launch velocity and cloud temperature, but in reality, correlations may ex-
ist. Additionally, it assumes that all atoms are in the my = 0 state, with no

potential overlap with my = +1 states.
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Figure 4.4: Optimising Raman degeneracy for a 201K cloud. Necessary
velocity (red solid) to achieve sufficient peak separation and the corresponding
population transfer (blue dashed).

Lastly, a downward launch is preferred to avoid applying a pulse to a sta-
tionary cloud. This approach means separation increases throughout the
interferometer. In contrast, an upward launch can create overlapping peaks
as velocity decreases after the initial pulse. Figure illustrates this consid-

ering Raman spectroscopy at the first and last interferometer pulses for both
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launch directions.
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Figure 4.5: Effect of launch direction on Raman degeneracy during interfer-
ometry. Simulating T = 5ms with an initial speed of 0.2ms~!. Spectrum
shown at first 7/2 pulse (red) and final 7/2 pulse (blue). Upper plot (launch-
ing upwards) and lower plot (launching downwards), Qe = 27 x 150kHz, T
— 20 K.

4.3 Moving Molasses

As highlighted breaking Raman degeneracy is reliant on the atoms receiving
a velocity kick. The launch velocity is a balance between sufficient frequency
separation between peaks while maintaining recapture efficiency and low tem-
perature. Figure shows the maximum downward velocity kick that can
be applied to a single atom and still achieve recapture for variable recapture
times. Increasing the velocity kick will eventually cause the atom to leave the

trap and no longer be recaptured. For recapture times of 1.5 — 2ms atoms
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with velocities up to ~ 0.6ms™!

can be recaptured for a 5 mm trap radius.
Larger beams mean larger kicks can be applied at the expense of a significant

power increase.
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Figure 4.6: Numerical simulation of the maximum downward velocity kick
that can be given to a single atom and still achieve recapture for a 100 Hz
cycle. The fixed 10ms cycle is split into drop and recapture varying the
recapture time. The simulation is performed for various beam radii: 2 mm
(solid blue), 5 mm (dotted orange), 10 mm (dashed green). s = 10, A = -3,
A =16 G/cm.

Before continuing a review of moving molasses is necessary. This technique
cools atoms in a reference frame in motion relative to the lab so that they all
travel with similar velocities. To achieve this the frequencies of the upward
and downward beam are slightly blue and red detuned respectively relative

to v. As a result a slow atom is more resonant with the upward than down-

ward beam and is launched vertically. As the atom is launched its velocity
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increases becoming more resonant with the downward beam. At a certain
velocity the atom resonates equally with both beams and moving molasses is
established. The concept is extended to 2D in figure cooling in X and Y
directions and launching vertically. The angle of the beams means the dot
product in the Doppler shift must be considered along with the projection of

the force from each laser onto the x and y axes [103,[104].

v —ov v— v

v+ ov

Figure 4.7: 2D moving molasses Geometry.

Figure [4.8| shows an atom trajectory in 2D moving molasses. The final stable
molasses velocity (vam) agrees with the predicted value in equation For
downward launching, the detuning (dv) is negative, with red and blue detuned

upward and downward beams, respectively.
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MM = V20w (4.3)
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Figure 4.8: Simulation of 2D moving molasses for a 8’Rb atom with initial
velocity vector [2.5, —2.5]ms~! for s = 5, A = —3. The simulation is run for

3ms during which stable molasses is achieved, the final vertical velocity is
0.5ms™ L.

4.3.1 Launch Time

To support high-data rate operation atoms must be launched within ~ 1-2
ms. For this the scattering rate must be maximised which is achieved by high
power and small detuning. To explore this the time to reach stable molasses
is simulated for variable saturation and detuning; stable molasses is defined

as reaching 97% of the target molasses velocity (vym).
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Figure 4.9: 2D moving molasses simulated for a 8"Rb atom initially at rest,
s = 5, A = —3. During the 3ms simulation stable molasses is achieved in
1.2ms. The blue point and dashed lines indicate 0.97vyp which arbitrarily
defines stable molasses.
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Figure 4.10: Time to establish stable 2D moving molasses for variable satu-
ration (s) and detuning. Final velocity achieved is 0.5ms™!, detuning (A):
-1 (solid blue), -3 (dotted yellow), -9 (dashed green).

However, while molasses is established sub-Doppler cooling is performed re-
ducing the cloud temperature to the ~ pK level. The cooling conditions

compete with those for efficient launching as sub-Doppler cooling is enabled
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at low power s << 1 and off-resonant detuning A ~ —10. Consequently,
a compromise is reached by ramping laser intensity and frequency enabling
favourable conditions for moving molasses initially before transitioning to
those suitable for cooling. Note for s >> 1 power broadening starts to occur

increasing the time to reach stable molasses.

4.3.2 Launch Direction

Another key consideration is launch direction. If the atoms are not launched
vertically then the interaction with the Raman beam will become more in-
homogeneous. At worst if the atoms are launched very far off axis then this
could also influence recapture. To explore the influence of alignment on single
atom trajectories the upper right beam in figure [£.7]is tilted such that the an-
gle with respect to the horizontal becomes 45° £ O pisalign. As a result of this
the final velocity reached will no longer be consistent with vy, for example
for Oisatign = 1.0° the upper right beam is closer to the vertical and so the
vertical force component is overcompensated and the horizontal force compo-
nent is unbalanced. This reduces the final vertical velocity below expectation
and creates motion in the positive x direction. The converse analysis is true
for —1.0°. Figure illustrates this description. To explore this further
the angular bias with respect to the vertical is computed for variable beam

misalignment.
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The alignment precision of our system should be ~ 0.2° making the bias on

the moving molasses around ~ 1° based on the model in figure |4.12
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Figure 4.11: Atomic launch bias for variable misalignment angle for 3 ms
of moving molasses, 07 ..y, 0.0° (solid blue), —1.0° (dashed orange), 1.0°

(dashed dotted green). Only in the central 0.0° case is the final velocity
consistent with vapy = 0.5 ms™ 1.
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Figure 4.12: Angular launch bias for variable misalignment of upper right
beam in moving molasses configuration (blue solid). Percentage change in
launch velocity with respect to expected vy for variable misalignment. The
target launch velocity is 0.5 ms™" with s = 10, A = —3.

The effect of power noise is explored by simulating moving molasses with a

cloud of atoms and computing the spread of the vertical velocity component
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at the end of launch. Power instability is defined as

_ 2 2 2 2
Ostot = \/O-s,upper left + O, upper right + 05 bottom left + 0 bottom right* (44)

Where oy 10t is the total power deviation and as an example o ypperlef; COI-
responds to the power deviation on the upper left beam in figure [I.7] For
modelling purposes the Gaussian noise on each beam is considered equal.
Consequently, we define o peam to be the deviation for an individual beam
which implies o tot = 205 heam. Power noise will introduce variance in the
vertical and horizontal velocity components. The angular deviation or spread
of the launch bias angles is computed for variable oy tot. Based on the simula-
tion in figure and assuming a fairly typical o1t = 0.05 gives an angular
deviation of ~ 2°. For an interferometer time of 2T = 10ms the typical
total horizontal displacement at the final pulse with respect to first will be
~ 0.2mm which is relatively negligible compared with typical Raman beam
radii. Assuming a Raman beam radius of 5mm this implies an atom will
be significantly off-axis for T ~ 150 ms. Consequently, power instability and
misalignment should not significantly effect launching at high-data rate op-

eration.
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Figure 4.13: Numerical simulation of angular deviation of 500 atoms after 3
ms of moving molasses for variable power noise. Simulation time step is 10 ps
modelling the noise on the 100 kHz timescale exclusively. The target launch
velocity of 0.5 ms™! is achieved within the simulation time, s = 10, A = —3.

4.4 Temperature

The temperature of an atomic cloud is determined by two competing pro-
cesses: cooling forces compressing the momentum distribution and sponta-
neous scattering forces causing momentum diffusion. When these processes
balance each other, the cloud reaches its equilibrium temperature. In the very
low velocity regime [105] (kv << T'), the sub-Doppler cooling force described
by Eq. becomes prominent. This force arises due to polarisation gradi-
ent cooling. The sub-Doppler cooling mechanism in a MOT is traditionally
explained based on a Sisyphus effect induced by a spatial modulation of the
light shifts of the atomic Zeeman ground sublevels. However, the MOT is

generated with ¢ — ¢~ polarisation and so this picture is not entirely ac-
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curate. The mechanism in this case originates in a slightly different manner,
the explanation of which is much more complex and beyond the scope of this
work. However, at a macro level, both mechanisms exhibit similar features.
The full o7 — 0~ model presented in [90] is adopted since the linear approx-
imation only applies for < 0.01% = 0.05ms~!. For a typical cloud of around
200 pK, the velocity is 0.15ms™!, corresponding to 0.03%. Using the model

in Eq. (4.5) would result in overinflated cooling forces for many atoms.

120 6T )

= (7 v (4.5)

The force calculation beyond the small velocity range is not covered here in
detail, but by solving a set of simultaneous equations the force can be de-
termined. For a more thorough understanding of the model, refer to [90].
The full force profile is showcased in Fig. [4.14] with the inset indicating
where the low velocity approximation breaks down and the full model be-
comes necessary. Fig. [£.15 emphasises the importance of using the full model
by plotting the ratio of the full model to the small velocity approximation.
It demonstrates the limited range in which the sub-Doppler force operates
and its relative strength compared to the Doppler force. Another notable
observation is that in Doppler cooling, the capture range is independent of

intensity, whereas for the sub-Doppler mechanism, it increases with intensity.
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Figure 4.14: Force profile of sub-Doppler cooling in the o™ — ¢~ configura-
tion. The signature slope near v = 0 is associated with polarisation gradient
cooling. Full model (red solid line), sub-Doppler linear approximation (blue
dashed line) and Doppler linear approximation (blue dashed-dot line).
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Figure 4.15: Ratio of force from full sub-Doppler cooling model to linear
approximation for variable light intensity. § = -0.5 T, Q: 0.2 T' (blue solid),
0.25 T' (orange dashed), 0.3 T' (green dashed dot).

A criteria of 2vy. ~ 1 pK is adopted for completed cooling, using this, the
time required to slow down a 8’Rb atom for different detuning and intensities
is simulated. In figure the cooling mechanism is shown to be rapid,

acting on 100 ps timescales, although this timescale dramatically increases for

off-resonant detuning. In reality, there is also a need to suppress spontaneous
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scattering, as otherwise the temperature will be limited.
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Figure 4.16: Time to slow a 8’Rb atom from vy = 0.15ms™! for variable
detuning and light intensity Q (I"): 0.2 (blue solid), 0.25 (orange dashed), 0.3
(green dashdot).

To provide some temperature modelling the momentum diffusion coefficient
D,, is introduced. Expressions for this coefficient in the 0 — o~ configuration
are given by equations - Equation is included to avoid con-
fusion regarding different saturation parameter definitions and to make the
detuning dependence explicit. The first term of equation corresponds to
the fluctuations of the momentum carried away by fluorescence photons. The
second term Do corresponds to the fluctuations of the difference between the
number of photons absorbed in each wave. Increasing the detuning causes
both of these terms to decrease, which encourages sweeping the laser fre-
quency away from resonance to achieve lower temperatures. The equilibrium
temperature for a cloud of atoms undergoing polarisation gradient cooling is

determined by equation [4.7]
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Dp = D; + Do. (4.6&)
18
D; = —h%Kk?T's. 4.
YT 170 %0 (4.6b)
_ 36 1 21,2
2 = [17 1+ (4(52/5F2)]h k FS(). (460)
02/2
= —1- 4.
S0 (52 T (F2/4) ( Gd)
D, hQ%r29 254 TI?%/4
kT =L =" |-+ —_— | 4.7
B a |9 [300 75 862 + (F2/4)] (4.7)

Figure (4.17)) plots the equilibrium temperature using the given equation, for

variable laser power and detuning. The plot demonstrates how reducing light

intensity and detuning can effectively cool a cloud. Notably, at sufficiently

low power levels, the cooling limit approaches the one-photon recoil energy.

This behaviour arises from the use of a semi-classical formalism, indicating

the need for a more advanced quantum mechanical treatment to address this

issue. However, it is worth mentioning that sub-recoil temperatures can be

achieved through alternative cooling techniques [106,(107].
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Figure 4.17: Theoretical equilibrium temperature for variable saturation and
detuning in the o™ — 0~ configuration. The dotted line represents the recoil
temperature. Q: 0.2 T' (blue solid), 0.25 T (orange dashed), 0.3 T (green
dashed dot).

4.5 Raman Optimisation

Temperature and spatial factors play a crucial role in determining population
transfer efficiency. By applying the framework described in section the
peak population for different cloud temperatures and Rabi frequencies is com-
puted. When the Rabi frequency is higher, the Raman pulse interacts with a
broader range of atoms, resulting in substantial transfer even at higher tem-
peratures. Conversely, to achieve efficient transfer with lower power Raman
beams, ~ pnK cloud temperatures are required. Figure visually presents
the conclusion using a contour plot, showing population transfer as a function
of pulse length and beam to cloud ratio. Increasing cloud temperature limits

the accessible region of high pulse efficiency to short pulses (beam to cloud
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ratio > 3-5). Furthermore, this analysis assumes sufficient power to achieve
arbitrarily short pulses. In reality power is constrained by the performance
of optical components. To explore this power optimisation problem the Rabi

frequencies must be expressed in practical parameters.
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Figure 4.18: Peak population transfer against temperature for variable Rabi
frequencies, o¢oud = 1 mMm, oRAMAN = D mm. (% kHz): 300 (solid red),
100 (green dotted), 30 (blue dashed), 10 (black dashed dot).
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Figure 4.19: Peak population transfer as a function of pulse length and beam
to cloud ratio. Temperature (left to right): 5, 20, 100 nK.

The Rabi frequencies are expressed using the Wigner-Eckart theorem (equa-

tion .
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Eq12 [ T
V9= —"DGiy = = _-DGq 9. 4.8
1,2 2h 1,2 2ceohi? b2 (4.8)

Here I; o are the intensities of the corresponding Raman beams, c is the speed

of light, €y is the electric constant, D the transition dipole matrix element
and Gi 2 is a geometric factor for the specific transition. This leads to an

expression for the effective two-photon Rabi frequency.

Qo = (4.9)

ceoh? Ar

If the Raman beams have equal polarisations then the sum of the geometric

factors for the Ds-line transition can be written as

]Zi:(;leg( - V41_2m%. (4.10)

Equations and make it possible to calculate the effective Rabi fre-
quency of the coupling between the |[F = 1, mp) = 0 and |F = 2, mp) = 0 states
when the Raman laser beam intensities and detuning are known. Taking a
typical detuning of Ar = 27 x 2.0 GHz and assuming I; = I, = 50 mWcm ™2

gives Qe ~ 2w x 45 kHz.

Pio

= (4.11)
27T0%{AMAN

I o

To apply these models the total power of the Raman beam is fixed and the
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4.5. RAMAN OPTIMISATION

beam radius is varied changing the intensity. To convert power into Rabi
frequency the total power is assumed to be equally distributed between both
Raman frequencies. Figure [4.20] shows the results of this optimisation for a
fixed total power of 250mW, the typical operating power of our Raman laser.
For oraman < 1 mm the beam radius is less than the cloud radius but the
Rabi frequency is very spatially inhomogeneous over the cloud and so the
transfer is poor. For oraman >> ocrLoup the Rabi frequency becomes too
small for fixed power and the transfer is diminished implying an optimum

beam radius of 3-4 mm.
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Figure 4.20: Optimising beam radius to maximise population transfer,

AR =2GHz, T = 20uK, o¢oug = 1mm. A fixed total Raman power of
250mW, peak population transfer (red solid), % (blue dashed).

Figure shows performance for variable total power. 1W is about double
the absolute upper limit of the Raman laser system limited by the EDFA and

frequency doubling crystal. For operating at higher Raman power a sufficient
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Rabi frequency can be maintained for larger beams shifting peak performance

to larger radii.
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Figure 4.21: Raman beam optimisation for variable total power, 500 mW
(blue solid), 100 mW (orange dotted) and 50 mW (green dashed) for A =
2GHz, T = 20pK, o¢ouqg = 1 mm.

Overall, using a small, intense Raman beam with a diameter of around 5
mm is preferred to offset higher cloud temperatures and enable optimum
atom participation in the interferometer. However, for longer T times, more

Raman power is required to sustain a larger beam and population transfer

during the interferometer.

4.6 Sensitivity

Before proceeding, we introduce interferometer measurement sensitivity to
make performance projections. Sensitivity is given by %, where d¢ denotes

phase noise and ¢ is the phase signal accumulated over the interrogation
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period. The noise on a single measurement d¢; is limited by quantum projec-

tion noise Ng = v/Na1 and d¢s = ndpq = ng—fl = \/%AI, where N1 denotes

the number of atoms participating in the interferometer with n > 1 account-

ing for excessive detection noise. F = ﬁ defines the operating band-

width where T = Tgyop is the interrogation (drop) time and T}, is the sensor

preparation time incorporating reloading, cooling and detection. Using these

definitions sensitivity can be expressed as in Eq. (4.12]).

4 VIS
S = 7 R~ 2.5 x 1075 -
kegv/NarvVFT? VNar (1 = FTy)

(4.12)

For optimal sensitivity the duty cycle must be optimised to balance recapture
and interrogation periods. Assuming a certain bandwidth, duty cycle and shot
noise limited detection the only unknown in Eq. is atoms participating
in the interferometer, Na1. To acquire this the recapture simulation is run for
the chosen duty cycle and MOT parameters to obtain the recapture efficiency.
The MOT number is then computed using Eq. . Nar is then computed

based on the conservative assumption that Na; = 0.01NyoT.

4.7 Modelling Summary

Numerical models have proved extremely useful in this project and illumi-
nated potential areas for further development. For example, a complete sim-

ulation could be developed to encompass the dynamics of launching, cooling
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and recapture. Additionally, 3D dynamics, different detection methods or the
simulation of different noise sources could be pursued. Table summarises

the finalised design parameters extracted from the modelling.

Table 4.1: Design specifications for 100 Hz operation based on numerical

modelling.

Parameter Target Notes
Cooling Power ~ 200 mW Assuming s = 5, total for 6 beams
Cooling Detuning -18 MHz Assuming A = -3
Cooling Diameter 2 cm Assuming ~ 200 mW
Field Gradient 16 G/cm -
Raman Pulse Length Tr = 318 Qe = 27 x 150 kHz
Raman Power ~ 100 mW AR =-2 GHZ, ORAMAN = 3mm
Interrogation Time 5 ms Interrogation time = 2T = 2 x 2.5 ms
Recapture Time 2 ms -
Additional Time 3 ms Launching, cooling and state preparation
Cloud Temperature ~ 20pK -
Noise Factor () < 10 Preferable to be < 5
Sensitivity (S) 1x 1076\/% Assumes 7 = 10
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Chapter 5

Experimental Setup

5.1 Apparatus

In this chapter the design blueprint for the system is outlined. The sys-
tem has a “ferris wheel” style construction which must accommodate 8 laser
beams. The two vertical beams provide the necessary Raman atom optics
with the remaining 6 beams providing light for 3D optical molasses. The
two beams through the centre of the “wheel” are connected to coil holders.
The entire opto-mechanical structure is built around a 30x30x100 mm 780
nm AR-coated glass cell or science chamber which provides various construc-
tion flexibilities. The rubidium vapour pressure is supplied by an ampoule
as depicted in figure [5.1] The system was prepared by performing a baking
process before gently heating the ampoule to increase the vapour pressure to

2 x 1077 mbar. Controlling pressure with the ampoule proved difficult and
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so a switch to a dispenser was made after 1 year of operation. This enabled

greater pressure control while sacrificing source longevity.

RAMAN
MoT BEAM
BEAM
Rb AMPOULE
MOT
BEAM
MOT 55cm
BEAM
MOT )
BEAM VACUUM
Y ASSEMBLY
EXPERIMENTAL - =
CHAMBER )
RAMAN z
BEAM
Y
MOT
BEAM

A X

Figure 5.1: Labelled CAD diagram of final assembly with key dimensions.

A few other general design considerations included: ensuring a non-metallic
support structure to combat eddy currents to enable rapid magnetic field
switching, creating ample space for the delicate science chamber and achieving
an optimal coil separation-to-radius for a uniform field gradient with mini-
mal inductance and heating. Thermal effects from the coils (up to 50°C)
were anticipated to cause a deformation of around ~ 10pm which was ac-
ceptable given our alignment tolerance. The structure was made from acrylic

as the advantages of materials like PEEK didn’t justify the significant cost
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increase. Furthermore, hollow carvings in each wedge were made to maximise

cell visibility.

5.1.1 Coil Design

To provide the magnetic environment for trapping atoms a pair of quadrupole
coils and 3 pairs of compensation coils were made. The trapping coils required
thought to achieve a compromise between sufficient field gradient, inductance
and heating. In this section this optimisation is explored. The inductance of
a coil is given by equation[5.1]where N is the number of turns, R is the radius,
a is the wire radius and p is the permeability. Therefore, as L oc N? many
turns make rapid switching challenging. However, as field gradient is o« NI
a certain number of turns are needed to reach the target field gradient (16
G/cm). Moreover, a constant field gradient for a decreasing number of turns
requires increasing current (I), which causes thermal challenges. A further
consideration is the maximum ampacity of the wire, for our 1 mm diameter
copper wire this is ~ 10A [108].

L= NQRu[ln<8§> - 2]. (5.1)

Initially some prototype trapping coils were wound onto the external hold-
ers but, due to a design oversight this led to sub-optimal field gradient and
uniformity. To address this, the field profile of a pair of anti-Helmholtz coils

was simulated to try and make improvements. For the magnetic field from a
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pair of coils of radius, a the equations are derived from the Biot-Savart Law.
For simplicity the vector magnetic field as generated by a circular loop is
naturally expressed in component form in a cylindrical coordinate system as
in equations and K(k.) and E(k.) are elliptic integral functions of
the first and second kind respectively with parameters defined for a circular
current loop of radius a, with loop axis along the z axis. By multiplying the
equations for single coils by the number of turns (N) and reversing the current
sign in one coil, equations for coils in the anti-Helmholtz configuration can
be obtained. The field contributions from each coil are then summed and the

field gradient is computed taking the derivative with respect to position [109].

4ar
T (re+a)2+ (z—20)2

To identify the optimum profile the radius is fixed and the separation varied
changing the aspect ratio as explored in figure [5.2l To characterise this we
arbitrarily define the parameter uniformity radius to be the radial extent at
which the field gradient deviates from its central value by 1%. An aspect

ratio of about 1.7 compromises well between peak value and uniformity.
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Figure 5.2: Magnetic field gradient profiles for variable coil separation.
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Figure 5.3: Optimising magnetic field gradient uniformity.
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Figure 5.4: Simulated magnetic field (blue) and gradient (red) along the axial
direction for the final coil design. Detailed parameters can be found in Table

b1

Coil holders were 3D printed and attached inside the pre-existing opto-mechanical
structure. Reducing the trapping coil radius lowered the current requirement
for achieving the same field gradient and also lowered inductance. However,
this also reduced clearance between the glass cell and the coils and was unde-
sirable retrospectively. To refine the simulation the separation and thickness
of the coils are accounted for. Figure [5.4] shows the simulated coil profile
which was roughly validated with some experimental values. The coil heating
was considered but is not concerning due to the low duty cycle of around 0.2,
resulting in manageable temperature. To cancel ambient fields, three pairs of
compensation coils were created and positioned near the central MOT region
and integrated into the optomechanical frame. The decision was made to

arrange the compensation coils along the conventional cartesian axes instead
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of the diagonal axes defined by the launching beams. This configuration was
more optimal considering geometric constraints and avoided significant cou-
pling between axes during optimisation. Adopting compensation coils rather

than magnetic shielding also reduces bulkiness and probes potential for a

device without such shielding.

Table 5.1: Design specifications for anti-Helmholtz trapping coils.

Parameter Value Comments
Number of Turns 30 -
Mean Separation 42 mm Optinum coil aspect ratio ~ 1.7 -
Mean Radius 24 mm -
Current 3.8 A -
Axial Field Gradient | 16 G/cm | Chosen for efficient trapping of 5"Rb
Radial Field Gradient | 9 G/cm -
Output Power 3W Duty cycle 100%
Inductance ~ 100 nH To minimise switching time

5.1.2 Control System

The control system uses a PulseBlasterUSB portable, programmable TTL
Pulse Generator which sends triggers from up to 24 channels [110]. The Pulse-
Blaster functionality is accessed using Python for integration with other hard-

ware, a channel tester and timing diagram were developed for troubleshooting

and accelerated progress and are shown in figures and

121




5.1. APPARATUS

[ ] PulseBlaster Channel Tester

i 2 s 0. 5 6 REPUMP
@ @ —
7 8 9 10 1 12 SIE

13 14 15 16 17 18
@ - o —L
19 20 21 22 23 24
@ o] | |

0 10 2% 30 )
S Quit Time (ms)
(a) Channel Tester. (b) PulseBlaster Timing Diagram Simple

5 Channel Demonstration.

Figure 5.5: PulseBlasterUSB control features.
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Figure 5.6: Fitting coil driver response with exponential decay model to ex-
tract switching time constant, 7 = 129 + 3 ps. Coil driver monitoring voltage
(blue scatter points) with fitted portion corresponding to transient response
(thick black dashed) and TTL trigger applied to coil driver (red dashed).

Figure [5.6] shows the coil driver responding to the falling TTL edge and
demonstrates 100 s switching. By applying TTL triggers at different times
magnetic fields can be generated for performing a MOT, sub-Doppler cooling,
atom-interferometry and detection. However, unfortunately the coil driver is
programmed with a micro-controller in BASIC which hinders further integra-

tion [111]. When the PulseBlaster is reprogrammed this disrupts synchro-
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nisation with the coil driver sequence causing a mismatch between optical
and magnetic configurations and failure to form a MOT. During the PhD a
workaround was implemented by observing the coil driver output and MOT
fluorescence, although better control system integration is crucial for future
systems. However, for demonstration purposes, correct synchronisation al-

lows measurements to be conducted.

5.2 Optics Delivery

To achieve a MOT with moving molasses, the optical system has specific
requirements. These include having three beam pairs with independent fre-
quency and power control, ensuring stable power division between the top and
bottom beams for launching. The experiment operates on the 8’Rb Dy tran-
sition, generating MOT frequencies exclusively in the free-space setup. The
Raman laser, which is discussed in the next chapter, is separate from the cool-
ing laser system. While the long-term goal is to achieve cold-atom generation
and interferometry with a single-seed system, the systems were separated for
faster development [77]. Figure shows the energy level diagram and the
relevant transitions for the experiment. The required frequencies are near 780
nm so can be reached with commercial laser diode technology. Two lasers, an
Fagleyard EYP-DFB-0780-00080-1500-BFW01-0002 and New Focus, Vortex
6900 act as laser 1 (master) and laser 2 (repumper) in figure The mas-

ter laser is split with a polarisation beam splitter (PBS) into two parts, one
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portion (10mW) is injected into the tapered amplifier (TA) and amplified to
1.5 W. The other portion (15 mW) propagates through a double-pass AOM
setup, the returned light acts as a reference laser which is injected into Modu-
lation Transfer Spectroscopy apparatus (MTS) locked to the F =2 — F = 3’
transition [112]. The high-power cooling light is split into three paths with
PBS cubes and half-wave plates. Each path contains a double-pass AOM
setup enabling control of the light frequency over a 25 MHz range without
significant changes in output power. Compared to the master laser frequency,
the cooling light is shifted by 2(w; — wj), with the RF frequencies for driving
the AOMs shown inset in figure This system enables relatively indepen-
dent control of cooling light intensity and frequency at the output coupler. To
achieve moving molasses, the relative detuning of the top and bottom beams
is adjusted by shifting the frequencies of AOM3 and AOM4 in the cooling
laser stage. The repumper beam is split into two paths, with one portion
input into the fibre splitter for the side beams, and the other mixed with the
reference laser and phase-locked to the F = 1 — F = 2’ transition. To min-
imise optical back-reflections, an optical isolator is placed after the tapered
amplifier output, providing at least -60 dB suppression to prevent feedback.
Polarisation stability is crucial and achieved by using a zero-order \/2 wave-
plate and a polariser to maximise transmission. Setting the polarisation state
correctly before the tapered amplifier is important for optimal power output

and stability. After optimising polarisation, the output power of the TA was
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measured to assess its performance. A notable correlation was observed be-
tween the temperature of the TA housing and the output power. Software
limitations prevent adjusting PID loop responses for stability enhancement

resulting in ~ 1% output fluctuations.
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Figure 5.7: TPA780P20 - 780 nm Tapered Amplifier performance with and
without polarisation optimisation.
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Figure 5.9: 8"Rb Dy line hyperfine structure with relevant frequencies labelled,
modified from [89].

5.3 Static Operation

Following polarisation, alignment, and power distribution checks, a MOT was
successfully generated. Initial characterisations of the MOT were conducted
in static operation with light and trapping coils continuously switched on.
Atom number is strongly dependent on laser power. To investigate this, the
cooling laser power was adjusted while keeping other parameters constant.
A fairly linear growth in atom number was observed, reaching saturation at
the highest achievable powers (figure . Another factor to consider is the
repumper laser power required to prevent atoms accumulating in the F =1

dark state. The power delivered by this repumper laser is independent of the
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power delivered to the beat note. This allows for power adjustment without
affecting locking. It is observed that the transition is well saturated with the

available repumper power of 8 mW.
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Figure 5.10: Atom number for variable cooling power.

Before exploring any coupling between field gradient and detuning first 1D
parameter scans were performed. Scanning the current in the quadrupole
field coils between 0 and 5A gives an axial field gradient range of 0 to 21
G/cm in the trap centre. The detuning was fixed at A = —3 and the laser
power was set to 30mW per beam. The influence of magnetic field gradient

is shown in figure [5.11
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Figure 5.11: Effect of field gradient on atom number for a fixed detuning of
A = —3 and 30mW per beam.

Small field gradients result in a shallow trap depth, capturing only the slowest
atoms. Conversely, for larger field gradients the Zeeman shift at the beam’s
edge is similar in size to the detuning of the cooling beams reducing overall
trapping effectiveness. The optimal value of around 16 G/cm aligns with pre-
vious studies on 8’Rb. The detuning of the cooling lasers was then adjusted
using the AOMs with figure showing the investigation results and reveal-
ing a prominent peak at A = —3. To investigate any coupling between the
field gradient and detuning a 2D scan was performed. Within the range of
—3.1 <A< —=2.7and 14 < A < 16 G/cm performance is optimal, achieved
with a coil current of around 3.5A. While it is possible to reduce turns to
achieve the same field gradient at a higher current, it is not necessary as the

switching time is already sufficient.
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Figure 5.12: Effect of variable detuning and power on atom number for fixed
field gradient of A = 14.3 G/cm. The optimum detuning (Aoprinum) for a
given saturation parameter is shown inset.

The duty cycle is a key parameter in high bandwidth MOT operation. It
represents the useful fraction of an individual experimental cycle, specifically
the time spent in free-fall. The remaining time is allocated for recapturing
and loading atoms back into the trap for the next cycle. To investigate the
influence of the duty cycle on atom number, a dynamics simulation in section

[3.4] is compared with experimental data.

5.4 Dynamic Operation

The contents of this section form part of a PRA paper submission

“Magneto-optical trap performance for high-bandwidth applications”

The duty cycle describes the useful fraction of an experimental cycle (free-

falling time) and is a key experimental parameter. To investigate how duty

130



5.4. DYNAMIC OPERATION

cycle influences atom number the dynamics simulation in section [3.4]is com-
pared against experimental data. Atom number decays gradually as drop
time increases from 0 to 8 ms due to reduced reloading time. Within this
range, the recapture efficiency remains constant, indicating sufficient restora-
tion force for reloading times exceeding 2 ms (Prestored = 1). Imperfect re-
capture efficiency is caused by collisions with the background vapour, with
Poocollision = 85% at 100 Hz. Atom number declines dramatically for drop
times exceeding 8 ms, indicating the failure of the recapture mechanism.
Good agreement is observed between the experimental data and the model
across bandwidths. This could be related to the Gaussian dependence of the
trapping beams which becomes more prominent for increasing freefall. To
validate the collision model duty cycle scans with fixed cycle times of 2.5,
5, 10 and 20 ms are performed. By extracting Pgcolision from the data as
the drop time approaches 0 ms, it can be plotted against Eq. for our
operating pressure of 2.9 x 10~7 mbar. Through this analysis, the collision

model is validated (see Fig. [5.13]).
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Figure 5.13: Pressure induced collision model, theoretical model (line), ex-
perimental data (points).
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Figure 5.14: Steady state atom number (red solid) and recapture efficiency
Po collision Prestored (blue dashed) for variable duty cycle. Experimental data
points are scattered.

To further highlight the importance of recapture longer drop times are simu-
lated with a short reloading time. To model this, the reloading time is fixed,
the drop time is incremented and the steady state atom number is computed.

After falling 20, = 10 mm, an atom will fall out of the trap centre in ~ 45 ms
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as reflected in the decline in Fig. [5.15] For drop times < 45 ms, recapture
dominates as atoms remain within the trapping region. However, for drop
times > 45ms, the MOT is no longer in the trapping region, making re-
capture impossible. Consequently, the MOT consists solely of atoms loaded
from the background vapour. Longer loading times show a less pronounced
drop-off, indicating the need for increased reloading time when leaving the

recapture-dominated regime.

Atom Number
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1070 I 2
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Figure 5.15: Steady state atom number for variable drop time with a fixed
loading time: 4.0 ms (blue solid), 10 ms (orange dashed) 50 ms (green dash-
dot).

The model is further validated by calculating and measuring the reloading
time for a steady state MOT of 10® atoms. As anticipated, the recapture
efficiency experiences a decline to zero at 45 ms of drop time. For small drop
times the loading time required tends to the MOT restoration time for a
8TRb atom (~ 3 ms) in this regime. When recapture fails, the time required

is determined entirely by background loading and is given by % ~
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25 ms. For lower pressures (~ 107® mbar) this time will be significantly
longer due to the reduced loading rate. Overall, a good fit is observed be-
tween the model and experiment. Practically, experiments should carefully
balance loading time to preserve recapture without sacrificing measurement
bandwidth. Optimisation can be achieved by analysing the atomic signal
decline at increasing duty cycles, identifying the point where the recapture

mechanism fails to determine the necessary trap loading time (see Fig. [5.14b)).
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Figure 5.16: Time to load 108 atoms for variable drop time (red solid), recap-
ture efficiency Py collision P (restored) (blue dashed). Experimental data points
are scattered.

For optimal sensitivity the duty cycle requires optimisation to balance the
recapture and interrogation periods. Assuming a certain bandwidth, duty
cycle and shot noise limited detection the only unknown in Eq. (4.12)) is
atoms participating in the interferometer, n. To acquire this the recapture

simulation is run for the chosen duty cycle and MOT parameters to obtain the

recapture efficiency. The atom number is then computed using Eq. (3.14).
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A conservative 1% of atoms are assumed to complete the interferometer,
Na1 = 0.01Nyor. To account for sub-Doppler cooling, state preparation and
launching; a 3 ms preparation time is allocated within the cycle time. A cloud
temperature of 10 pK is adopted following sub-Doppler cooling. Fig. [5.17]

shows the sensitivity simulation at 100 Hz operation for variable duty cycle.
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Figure 5.17: Optimising sensitivity by optimising balance between recap-
ture and interrogation time, sensitivity (red solid), participating atoms (blue
dashed). The optimised cycle consists of a 5 ms interrogation, 2 ms recapture

and a set 3 ms of additional preparation (cooling, state preparation, launch-
ing). Al parameters: F = 100 Hz, n = 1, Na1 = 0.01Nyo7.

For lower duty cycles there are more atoms but the sensitivity improvement
from increased interrogation time dominates over the reduced atoms. For
reloading times < 2 ms the capture processes are inhibited and the atom
number falls to zero diminishing sensitivity. Fig. suggests a performance

limit of 1 x 1077 \/%—Z at 100 Hz operation. Given the finite recapture time it

is interesting to consider optimal sensitivity for variable bandwidth. To ex-
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plore this the simulation in Fig. [5.16|is reprocessed. By adding the drop and
reloading time together and including an additional 3 ms of preparation time
a certain cycle time and therefore bandwidth is defined. For this bandwidth
10® atoms are generated and so sensitivity can be computed with Eq. .
For increasing bandwidth the optimal duty cycle decreases gradually as the
necessary reloading time represents a larger fraction of the cycle, see Fig. [5.18
At a certain bandwidth the cycle time is insufficient to interrogate, recapture
and prepare atoms. For short drop time around 2 ms is required to recapture
atoms and so with an additional preparation time of 3 ms the limiting band-
width is ﬁ ~ 200 Hz. Given the performance limits it is worth summarising
the advantages, disadvantages and future prospects of the high bandwidth
approach for quantum sensing. Quantum sensors offer low bias and high-
stability enabling long term inertial navigation measurements not currently
feasibly with classical sensors. High bandwidth quantum sensors would there-
fore be attractive for navigation where measurement rates > 100 Hz are
needed for operation on mobile platforms. As highlighted bandwidth and
sensitivity present a compromise although the reduced free-falling distance
at high bandwidth makes the approach compelling for miniaturisation devel-
oping devices more robust to challenging environments [61]. The ~pg/vHz
sensitivity offered at high bandwidth would be useful for inertial navigation
with techniques such as large-momentum transfer potentially offering a route

to clawing back sacrificed sensitivity [49]. Even presently ship-borne mea-
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surements have demonstrated sensitivities at the ~pg level [5]. Moreover,
hybrid methods have been implemented to increase bandwidth using a quan-
tum sensor to correct a classical device [113]. Further developments could
offer potential for absolute positioning on a metre scale independent of en-
vironment without satellite navigation. Moreover, high bandwidth operation
would also be desirable for faster civil engineering surveys providing feedback

on the condition of water pipes and identifying voids and mine shafts.
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Figure 5.18: Sensitivity projection for variable bandwidth based on simulation
in Fig. For each bandwidth the cycle consists of an additional 3 ms of
preparation.

5.5 Launching

As described in section the system uses 2D moving molasses to launch
atoms and break Raman degeneracy. The launch is characterised by tracing

the cloud centre during its time-of-flight. The cloud is imaged with the CMOS
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camera at the start of the launch and at some time (15 ms) later. To provide
useful statistics the cloud is imaged multiple times at different stages in the
launch. The positional variation of the MOT centre after the launch is 0.03
mm and 0.12 mm along the X and Y directions respectively. This compares
with 0.015 mm and 0.15 mm for the same conditions but without a launch.
To characterise the launch angle 15 launches were performed and the bias

and angular deviation were measured to be —0.5° and 0.5° respectively.

5.6 Temperature

Cloud temperature is measured by measuring thermal expansion by imaging
the cloud at different times after sub-Doppler cooling. Temperature is deter-
mined by fitting cloud size to the model in equation The cloud size is

determined by fitting to the 2D Gaussian given by equation [5.3]

FA. (5.3)

_ [Wgyyo)z’]
203 263
f(x,y)=B [(e >

The fluorescence signal associated with the atomic cloud is given by the vol-

ume under a 2D Gaussian given by equation [5.4

V= / / f(x,y)dxdy = 2nrBoyoy. (5.4)

o e}
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The parameters of the Gaussian are obtained by fitting data to equation [5.3

A corresponds to a vertical offset accounting for background light.
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Figure 5.19: Fluorescence imaging of the MOT for variable free expansion
time, images captured using the ORCA®-Flash 4.0 V2 Digital CMOS camera

C11440-22CU.
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Figure 5.20: Thermal expansion of a cloud with 2 ms of sub-Doppler cooling.
A temperature of 13.4 4+ 0.4 pK is measured.

Low cloud temperatures are essential to sensor performance.

Figure [5.20

demonstrates the thermal expansion method used to determine temperature.

When using a relatively small 5 mm Raman beam diameter, spatial irregu-

larities become very significant without sub-Doppler cooling, which severely
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limits T time. Additionally, higher temperatures decrease the efficiency of
Raman pulses, emphasising the crucial role of sub-Doppler cooling. Atoms
were cooled whilst performing simultaneous moving molasses to launch them

to 0.25ms~! which increases cloud temperature to around 20 pK.

5.6.1 Velocimetry

To validate the cloud temperature measurements, the Raman laser can be
used to determine temperature eliminating the need for calibration to convert
pixels to physical distance. Figure shows how sub-Doppler cooling affects
the width and peak of the Raman transition. The temperature is determined
using the framework in section as the width of the Raman transition
depends on the pulse length and cloud temperature. With the known Rabi
frequency, the temperature is found to be 22.7 + 1.8 pK. Although thermal
expansion is generally found to be more accurate and efficient, this method

serves as a helpful sanity check.
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Figure 5.21: Illustration of Raman velocimetry method used to estimate cloud
temperature for 2.0 ms of sub-Doppler cooling with t; = 3.5ps. Inefficient
cooling (blue dashed) T = 71.7 &+ 7.3 pK, efficient cooling (orange dashed) T

=22.7 £ 1.8 pK.

5.6.2 Piecewise Ramps

Simultaneous sub-Doppler cooling was performed, followed by the execution

of rigorous optimisation of the cooling mechanism without launching. Piece-

wise ramps were utilised for power and frequency to explore this optimisation

process. However, prior to this magnetic field optimisation is necessary as

these fields degrade sub-Doppler cooling, limiting temperature. Temperature

was measured using the thermal expansion method, revealing sensitivity to ~

10 mG fields (Fig. [5.22)). Optimisation proceeded sequentially along the Y,

X and Z axes. During this optimisation, the sub-Doppler cooling ramp was

not optimised with frequency ramped from —3I" — —10I" and power from 30

— 0 mW over 3.0 ms. After identifying the compensation condition, focus

shifted to optimising power and frequency ramps.
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Figure 5.22: Magnetic field optimisation for 3.0 ms of sub-Doppler cooling
time. Optimum compensation conditions: X = 166 &+ 2 mG, Y = -72 &+ 3
mG and Z = 373 + 2 mG. Axes are as defined in figure

To explore this, the cooling process is divided into stages, scanning the final
detuning and power conditions for each stage. This approach relies on in-
dependent power and frequency control to examine the response to different
ramps. The sub-Doppler process is split into three stages. The optimisa-
tion begins with the first 0.5 ms, scanning the final power and detuning while
measuring the temperature for each configuration. Following this (Fig. |5.23al)
optimum final parameters of 8 mW beam power and a detuning of —5I" are
identified. These become initial conditions for the next optimisation stage.
This approach is then applied for the second and third optimisation stages il-

lustrated in Figs. [5.235] and [5.23d respectively. For clarity, each optimisation

stage consists of a 2D scan of power and frequency ramp rates, requiring 225
(15x15) temperature measurements. Temperature data is contoured interpo-

lating between points.
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Figure 5.23: Multi-stage sub-Doppler cooling optimisation
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Fig. [5.24] uses the AOM characterisation and DDS limitations to reconstruct
power and frequency ramps experienced in multi-stage cooling (Figures
and . Unlike in many systems, it is observed that it is beneficial to
not completely ramp down MOT power in the final stage. This observation is
slightly surprising and will require further investigation. It could suggest that
performance is no longer limited by the ramp slope but rather by magnetic

fields or beam power imbalance.
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Figure 5.24: Reconstructing power (red solid) and detuning (blue dashed)
ramps based on AOM characterisation and 100 ps resolution of DDS. Most
optimal ramps shown for the three-stage cooling process. Black vertical lines
separate different cooling stages.

To demonstrate the value of this procedure, performance is compared with
a single-stage process with the same length, start and end conditions (as
depicted in figure [5.24). Examining the sub-Doppler cooling process, the
temperature evolution is studied by prematurely turning off the cooling and

repumping light. The optimal ramp in the multi-stage process allows for

rapid cooling on ms timescales, achieving a significant temperature reduction
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before using a slower ramp (Fig. [5.25)). As the light-on time approaches 0 ms,
the temperature approaches the Doppler cooling limit of 140 pK. Increasing
the cooling time in the single-stage process reveals that temperatures of 7-8

pK require a cooling time of 5 ms.
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Figure 5.25: Prematurely switching off the light during the cooling sequence
allows temperature evolution to be mapped. The multi-stage piecewise se-
quence achieves a final temperature of 7.2 + 0.5 nK, while a single-stage
approach with the same cooling time reaches 23.6 + 0.4 pK.

5.6.3 Outlook

The current laser system for MOT generation has three independent out-
puts for launching atoms with six-beam moving molasses. Despite efforts
to balance beam powers, the light field experienced by atoms is somewhat
inhomogeneous, particularly at lower intensities during sub-Doppler cooling.
Another limitation is the restricted frequency range and agility of the system,

currently limited to —10" and —4T"/ms beyond which locking fails. Addition-
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ally, the resolution of the DDS time steps (100 ps) coupled with short cooling
timescales, results in frequency jumps instead of smooth ramps. This prevents
further subdivision of the cooling period to explore even shorter timescales.
These constraints can be overcome by fully implementing the fibre-Bragg
grating laser system described in the next chapter to support both MOT
and Raman operation. This will eliminate bandwidth and agility limitations
on the system allowing sub-Doppler cooling to be performed without per-
turbing the lock. This would enable a more comprehensive investigation of
sub-Doppler cooling on the shortest timescales. The system currently uses
compensation coils without magnetic shields, which may impact performance.
However, the objective of compact quantum sensing makes additional weight
from magnetic shields undesirable. Spatial inhomogeneities due to finite beam
size could also be a potential concern. This could be mitigated by increasing

beam size, although this will conflict with SWaP-C criteria for mobile sensors.
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Figure 5.26: AOM Characterisation.

In cold-atom systems, optimising sub-Doppler cooling is time-consuming and
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requires expertise. However, a high-bandwidth approach can address these
challenges. The optimisation method demonstrated achieves the coldest tem-
perature in the shortest time, as shown in Fig. It also reduces the
time and skill needed for optimisation, which is important as sensors become
more commercialised. To illustrate, consider a MOT operating at 10 Hz band-
width. For each cooling stage, a 2D scan of power and frequency ramp rates is
performed, requiring 225 temperature measurements. Each temperature mea-
surement requires around 10 points, resulting in about 2000 MOT cycles per
optimisation stage. With the 3-stage optimisation, the entire process can be
completed within a few minutes, which is significantly faster than traditional
approaches. Furthermore, additional time savings can be achieved by adjust-
ing the optimisation algorithm. For the initial stage, a coarse scan with less
precise temperature measurement can be used, while subsequent stages can
have improved grid resolution at the expense of time. In summary, adopting
an automated temperature optimisation approach could eliminate challenges
related to ramp design in sub-Doppler cooling, reducing development time for
cold-atom systems. With a high-bandwidth approach, temperature optimisa-
tion can be accomplished within minutes, facilitating efficient re-calibration

when transporting devices between survey sites.
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5.7 Experimental Sequence

To conclude this chapter a typical experimental sequence for measuring grav-
ity is presented highlighting individual steps as part of the broader experi-

mental picture.
1. MOT loading for 20 ms to achieve a healthy 10® atoms.

2. Downward launch with sub-Doppler at 0.25ms™! for 3 ms. Tempera-
tures of 20 — 25 nK are achieved by ramping the cooling beam intensity

to zero and sweeping the detuning from -3I" — -10T".

3. Repumping light switched off towards end of sub-Doppler cooling to

prepare atoms in F = 1 state.

4. A large 4G quantisation (bias) field is applied along the vertical direc-
tion, the Raman laser is then resonant only with the |F =1, mp = 0)

state as atoms in this state are minimally sensitive to magnetic fields.

5. Perform § — 7 —  pulse sequence with chirped Raman laser. Unlike
many other cold atom experiments the experiment does not perform
velocity selection with blow-away pulses as this will compromise the

recapture mechanism.

6. Remove quantisation field, detect F = 2 state with a 150 ps pulse reso-

nant with the F = 2 — F = 3’ transition.

7. Recapture and load atoms into subsequent MOT.
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MOT :  MOLASSES : INTERFEROMETER : DETECTION
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Figure 5.27: Schematic representation of a Mach-Zehnder atom interferom-
eter sequence, showing cooling, atom interferometry, and detection stages.
Durations are not drawn to scale.
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Chapter 6

Raman Laser System

As highlighted in section cold atom systems need to generate several op-
tical frequencies with mrad phase coherence. They also require frequency
agility for ramping lasers during cooling and to compensate the free-fall in-
duced Doppler-shift during interferometry. Fast frequency switching is also
needed to push high-bandwidth operation. A large amplitude extinction ratio
is also desirable to avoid coherence loss during measurement with single-seed
operation ideal for a simpler compact device [7,114-117|. This chapter show-
cases our Raman laser which satisfies these criteria, highlighting its current

technical limitations with a pathway to further developments.
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6.1 Overview

A system overview is provided highlighting key operational concepts, more
details can be found in [118]. After modulating the seed laser or carrier fre-
quency the spectrum in figure (c) is generated. This spectrum passes
through two fibre-Bragg gratings, the reflected output is then taken from
each of these [119,/120]. This selects only the narrow-band of frequencies in
figure (b) containing the desirable frequencies for laser cooling and atom
interferometry with 8’Rb. As a result the carrier and undesirable sidebands
are suppressed > 40 dB by the Fibre-Bragg gratings to avoid driving poten-
tially unwanted transitions. Each Fibre-Bragg grating provides only 20 dB
suppression motivating the need for two to sufficiently suppress the carrier

frequency.
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Figure 6.1: The Fibre Bragg grating can be tuned to reflect only the desired
frequencies required for laser cooling and AI. (a) Absorption spectrum of
8TRb Dy line, (b) Idealised reflection response of the fibre-Bragg grating (c)
Required frequencies for laser cooling and Al. Diagram adapted from [118§].

The 1560nm seed laser is split along the two branches shown in figure [6.2
The upper branch handles frequency locking and the lower is for amplification
and delivery to the system. In the upper branch the light undergoes Second-
harmonic generation (SHG) converting it from 1560 nm to 780 nm before
entering a homemade modulation transfer spectroscopy (MTS) setup. In the
lower branch light is modulated by an EOM with two highly phase coherent,
clean RF frequencies, the process of generating these frequencies is described
in section The light is then reflected from two fibre-Bragg gratings before
being amplified to 1W by an EDFA. The light is then frequency doubled
before entering a fibre AOM so that the light can be pulsed and delivered to

the system.
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Figure 6.2: Fibre Bragg Grating Laser System Design.

The reflection bandwidth of the fibre-Bragg grating is not as idealised as im-
plied by Figure [6.1] To achieve optimal suppression of the carrier frequency,
the grating’s passband must be at least 10 GHz away from the carrier. This
relies on using relatively high RF modulation frequencies (12 GHz and 18.8
GHz). If the gratings are not tuned appropriately, the carrier will not be
suppressed and so will appear prominently in the optical spectrum. Further-
more, the wide bandwidth of the FBG (44 GHz) makes it impossible to filter
second harmonics of the drive frequencies. Moreover, sufficient RF power is
also required to shift adequate power into the first order sidebands for seed-
ing the EDFA (> -20 dBm). Additionally, the higher frequency requirements

mean RF components are more costly and less readily available.
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Figure 6.3: Characterisation of TeraXion 1560 nm fibre-Bragg grating. Band-
width measured to be 44 GHz, Transmission (blue), Reflection (red) [121].

6.2 RF Generation

Figure presents the RF design for generating two coherent RF frequencies
with a separation of 6.834 GHz. These RF frequencies are applied to the
EOM producing two optical frequencies with the same separation. This fre-
quency separation enables stimulated Raman transitions to be driven in 8"Rb.
The design’s agility is achieved by controlling an AD9914 chip with a SPI bus
which defines the separation of the optical frequencies. The chip supports dif-
ferent modes, single-profile mode is chosen for fixed frequency measurements

while the ramp generator chirps the laser frequency during interferometry.

155



6.3. SPECTRAL PURITY

800 MHz
100 MHz Eval. Brd. Syn Eval. Brd. DDS
Tl AD9914
Isol Power
solator ;
Sable | | b
Oscilator |_ Big = IF 165 MHz
Nexyn LO 7GHz
Isolator
7 GHz e ke RF 6.835 GHz
Power
Splitter Cavity
| Filter
* Eval. Brd. - Evaluation Board ) IF 6.835 GHz
* Syn — Synthesiser Al’;:z‘;';r
* DDS - Direct digital synthesis LO 12 GHz
e TI -Texas Instruments | RF 18.835 GHz
" Cavity
Amplifier Filter
Power L Variable
Combiner i Attenuator
Amplifier
12 + 18.835 GHz I

Figure 6.4: Schematic showing RF circuit for driving the EOM.

6.3 Spectral Purity

The 12 GHz and 6.8 GHz RF signals are upmixed to generate the desirable
18.8 GHz frequency However, this process generates many other prominent
undesirable frequencies in the optical spectrum (figure . Efforts were
made to reduce these undesirable frequencies by tweaking drive powers into

the mixer and subsequent amplifier but were unsuccessful.
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Figure 6.5: Optical spectrum generated without filtering mixer output. The
spectrum is shown on a Fabre-Perot interferometer with Free-Spectral Range
of 1.5 GHz.

Therefore, a cavity filter is placed after the mixer to pass only the desirable
18.8 GHz frequency, the final output RF spectrum shown in figure The
6.834 GHz signal is regenerated after amplification and combining of the
12 GHz and 18.8 GHz signals. However, this is well filtered by the fibre-

Bragg gratings in the optical domain.
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Figure 6.6: The RF spectrum is measured at the final combiner with a cavity
filter after the high-frequency mixer. The 6.834 GHz RF frequency is negli-
gible and is further suppressed by FBGs in the optical domain.

Figure shows the improved optical spectrum achieved by modulating the
EOM with the RF spectrum in figure By averaging multiple shots of the

Fabre-Perot readout spurious signals emerge indicating a 20 dB suppression

of undesirable frequencies.
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Figure 6.7: Fabre-Perot interferometer spectrums at 780nm (Free Spectral
Range 1.5 GHz) characterising spectral purity.

To explore the origins of the spurious frequencies at 780nm the optical spec-
trum was measured at 1560 nm following the EDFA. For testing purposes,
a single frequency was applied to the EOM. Figure [6.8] shows the results of
applying a clean 12 GHz modulation frequency to the EOM. The most promi-

nent peak is the desirable frequency, the second most prominent the doubling
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of this and the third is the the carrier frequency which is suppressed by the

fibre-Bragg gratings.

Primary
0 Sideband [~
-10
Secondary
Sideband > 50 dB

12 GHz | 12 GHz

|
N
o

Optical Power (dBm)
&
o

Suppressed
Carrier

|
(S
o

|
o)
o

=70

192040 192060 192080 192100 192120 192140 192160
Frequency (GHz)

Figure 6.8: 1560 nm Optical Spectrum post-EDFA with single-tone 12 GHz
modulation applied to EOM.

After this, two-tone modulation was performed with 12 GHz and frequencies
around 18 GHz; the RF sources were very clean to ensure only the effects of
two-tone modulation would be observed. Figure [6.9] shows the results of this
testing. The origins of the spurious frequencies were identified by changing
the secondary frequency to 18, 19 and 20 GHz. These additional frequencies
do not limit this demonstrator system but highlight the limitations of the

EDFA.
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Figure 6.9: Undesirable intermodulation products observed at 1560nm post
EDFA with two-tone modulation. A clean 12 GHz signal is combined with
a clean 18 (yellow), 19 (red) or 20 (blue) GHz signal and are applied to the
EOM before passing through two fibre-Bragg gratings. The optical spectrum
is monitored post EDFA. RI and RII correspond to Raman I and Raman II
respectively.

6.4 Power Performance

For short Raman pulses certain power requirements are necessary. Achiev-
ing a high enough output power relies on the performance of the frequency
doubler crystal and EDFA. The conversion efficiency of the second harmonic
generation process is presented in figure At 1W input power, the per-
formance is not fully optimised and after careful temperature optimisation of
the crystal a peak efficiency of 43% was achieved. The EDFA can amplify
up to 2W, but the system is operated at 1W to ensure longevity of the fre-
quency doubling crystal. In the later stage of the PhD, no power increase

was observed at 2W, indicating degradation of the doubler.

161



6.4. POWER PERFORMANCE

400 1.0
350 o3
2 300 "o
£ T
, =
£ 250 0.6
S 200 S
~ 9]
© 150 0.4 %
(O]
; U
100
& 0.2§
50
% 200 400 600 800 1009

Power at 1560 nm (mW)

Figure 6.10: Efficiency of second-harmonic generation (SHG) process con-
verting 1560 nm to 780 nm light for variable EDFA input power.

The amplitude extinction ratio of the system was measured by comparing the
power measured when the final AOM is shuttered on and off by a TTL signal.
At 1W EDFA output power the extinction ratio at 780 nm is measured to
be 54 dB although this degrades at lower output powers. The power after
the final AOM was monitored for 15 hours to investigate power stability. A
mean power of 180 mW was measured with a relatively typical fluctuation of

roughly 1% over this period.
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Figure 6.11: System amplitude extinction ratio for variable EDFA output
power.

6.5 Further Testing

Additional tests explored potential system improvements using a 10 GHz
bandwidth fibre-Bragg grating. This grating has a narrower passband and
aims to further reduce unwanted frequencies, achieving 25 dB carrier sup-
pression like the previously implemented grating. Figure demonstrates
the benefits of incorporating this grating. The red spectrum represents the
project’s predominant configuration with two broadband gratings (44 GHz)
in series. Adding the 10 GHz narrowband grating before the EDFA resulted
in the blue spectrum. The spectrums shown in figure [6.12] are monitored

pre-EDFA.
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Figure 6.12: Comparison before (red) and after (blue) adding the new nar-
rowband 10 GHz FBG. The additional FBG is added prior to EDFA where
the spectrum is measured.

The cleaner spectrum (blue) is then passed through the EDFA with its typical
1W power level. However, the EDFA introduces mixing, generating spurious
frequencies with a 6.8 GHz spacing. To suppress these frequencies, the 10
GHz grating is placed after the EDFA. Unfortunately, the grating’s damage
threshold of 500 mW prevents operating the EDFA at 1W power. Although
the spectrum improves (figure , the final output power is too low due
to the quadratic power dependence of the frequency doubler. The optical
spectrum is monitored at 780nm with an extinction ratio of 21dB, similar to
the previous implementation. The spurious frequencies are believed to result
from the frequency summation effect of second harmonic generation (SHG).
Further improvement involves exploring optical filtering at 780nm, depending

on the availability of suitable gratings.
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Figure 6.13: 1560nm optical spectrum after EDFA inputting ‘red’ spectrum
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Chapter 7

Results

After generating a 8’Rb MOT and developing the necessary tools for high-
bandwidth operation, stimulated Raman transitions are performed optimising

atom optics for the interferometer sequence.

7.1 State Initialisation

Towards the end of the sub-Doppler phase, atoms are allowed to transition
into the ground state (52S; pF= 1) by turning off the repumper. The process
is characterised in figure where fitting to an exponential decay relation
yields a time constant of 7 = 0.281 £ 0.005 ms. This motivates switching the
repumper off 1.2 ms before the end of sub-Doppler cooling. This results in
a residual population of roughly 1-2% in F = 2. Throughout the PhD, this

method was employed to prepare atoms in the F = 1 state.
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Figure 7.1: Depopulation of F = 2 state. a.) Switching off repumper near
end of sub-Doppler cooling b.) Depump pulse resonant with F =2 — F = 2

transition.

A more optimal preparation method involves driving the F = 2 — F = 2’

transition. However, due to bandwidth limitations of the AOM, it is not

possible to achieve the required 266 MHz shift. To overcome this, an external

signal generator and RF switch were used to drive this transition with the

vertical beam. By driving this transition without the repumper, atoms are

directed into the F = 1 state. This “depumping” mechanism takes around 50
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ps and offers a cleaner state preparation compared to turning off the repumper
before the end of sub-Doppler cooling. Another advantage is the decoupling of
state preparation from the sub-Doppler cooling period, allowing independent

optimisation of each process.

7.2 Co-Propagating Configuration

Time was dedicated to probing the co-propagating transition to gain famil-
iarity with Raman transitions. This transition is Doppler insensitive with
a width inversely proportional to the pulse duration. By operating at low
power and increasing the pulse duration to 20 ps, the pulse becomes very se-
lective with a width of ~ 40kHz. This allows easy resolution of the peaks
corresponding to different transitions. Adjusting the compensation coils sup-
pressed additional peaks by aligning the bias field with the Raman beam.

Before continuing, an important distinction should be made:

e Normalised population transfer compares the atom number in F = 2 to

the total atom number in F =1 + 2

o Relative population transfer takes into account the distribution of atoms

across the 3my states, with our laser addressing only m¢ = 0.
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Figure 7.2: Co-Propagating Raman Spectroscopy with poorly compensated
ambient fields, 7, = 20 ps.

After improving the compensation condition, the Raman laser was operated
at high power with a 3ps pulse. Due to the absence of optical pumping a
large 4.7G bias field was employed to ensure complete separation of the 3my
states. The specific value of the bias field was determined by analysing the
peak positions in Figure [7.3] and fitting the data using three sinc-squared

functions with independent amplitude, width, and offset parameters.
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Figure 7.3: Co-propagating Raman spectroscopy with a 3ns pulse. A 4.7G
bias field ensures m; states are well separated.

To demonstrate coherence of the system co-propagating Rabi oscillations are
performed. Figure shows the results of this for variable compensation
condition. The poor compensation condition corresponds to a spectroscopy

scan similar to that in figure As one can see, improving compensation

increases both peak transfer efficiency and coherence.
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Figure 7.4: Effect of bias field alignment on Co-Propagating Rabi Oscillation.

7.3 Counter-Propagating Configuration

After probing the co-propagating transition, the system was reconfigured driv-
ing the counter-propagating transition. Raman spectroscopy was then per-
formed to determine suitable parameters for an initial interferometry demon-
stration. To break the Raman degeneracy condition a launch velocity of
0.25ms~! is required. The presence of two peaks is a consequence of the op-
posite effective wavevectors, tkeg, which both satisfy the Doppler-sensitive
resonance condition of the stimulated Raman transition. Occasionally, a re-
duced co-propagating peak appears between the counter-propagating peaks,
which may be due to polarisation impurity or overdriving the Raman transi-

tion. Figure shows a scan over a relatively wide frequency range, showing
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all three m; states.
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Figure 7.5: Counter-propagating Raman spectroscopy scan over all three mg
states. Atoms are launched at a velocity of 0.25ms™! with a bias field of 4.2
G and a pulse length of 2.5 ps.

The population transfer to F = 2 is normalised based on the total number
of atoms in the F = 1 and F = 2 states. It is observed that 37% of the
atoms occupy the central my = 0 state. To prevent overlapping states, a bias
field of approximately 4.2 G is utilised. However, when using pulses shorter
than 2.5ps, the Raman degeneracy is not sufficiently broken, as depicted in
Figure [7.6] This broadening of the pulse is caused by reduced selectivity in
the Raman transition. As the pulse length increases, the width is limited
by the Doppler effect. This indicates a cloud temperature of around 25K,
which aligns with thermal expansion measurements. Consequently, a pulse

length of 2.5 ps provides a good compromise between population transfer and
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state separation. It should be noted that the undershooting observed in the
fit in Figure[7.5]is a result of under-sampling the peaks. This becomes evident

when comparing with Figure [7.6] where the fit quality is superior.
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Figure 7.6: Raman spectroscopy sideband scan over my = 0 state in the
counter-propagating Raman configuration for variable pulse length.

7.3.1 Breaking Raman Degeneracy

To break Raman degeneracy, atoms require an initial velocity. By varying the
launch speed of the moving molasses, a Raman sideband spectroscopy scan is
performed to determine the necessary velocity kick. Figure displays sam-
ple scans for different launch velocities, with a velocity of 0.2 ms™! needed for
peak separation. Figure provides useful information on spectrum appear-
ance at different launch velocities needed for identifying the required Raman

frequency offset for the first interferometer pulse.
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variable launch speed. Visual representation of spectroscopy scans is shown
inset.

7.3.2 Rabi Oscillations

By varying the duration of the Raman pulse, counter-propagating Rabi oscil-
lations can be observed. The system is configured with the Raman sideband

frequency fixed to the —keg resonance with the Raman pulse applied 1.5 ms
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after completing sub-Doppler cooling. The initial part of oscillation is fitted

using a damped cosine function (equation [7.1)) allowing for extraction of the

peak population transfer and its corresponding pulse length.

1
NaRabi = (1 — % cos(Qr)) (7.1)
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Figure 7.9: Counter-propagating Rabi oscillations for variable total Raman

power.

Rabi oscillations were performed at various total Raman powers, and the

corresponding peak transfers and Rabi frequencies were determined. Using

known experimental parameters, a prediction for the Rabi frequency can be

made based on equation [£.9] assuming a 1:2 power ratio between Raman I and

IT frequencies. The experimental Rabi frequencies were extracted from the

Rabi oscillation data shown in figure Figure illustrates the relation-
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ship between total Raman power and Rabi frequency, demonstrating a strong
linear connection. The similarity between the experimental data and the
model indicates good knowledge of the Raman beam size (20granman = 4 mm)
and suggests that the combined effects of velocity and spatial inhomogeneities

have not significantly influenced the 7 condition.
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Figure 7.10: Experimental Rabi frequencies extracted from the Rabi oscil-
lations in Figure are compared to theoretical values. The power scaling
of Rabi Frequency is evaluated and a prediction for the Rabi frequency is
derived using equation @ and known experimental parameters.

The peak population transfer is plotted against the predicted Rabi frequency
and compared to the theoretical model described in section The popula-
tion transfer is modelled based on a cloud radius of 0.5 mm at a temperature
of 25 uK, with a Raman beam radius of 2 mm. The model is simulated for

temperatures of 10 pK and 50 pK to assess its sensitivity and validate the

temperature determination using thermal expansion. Figure displays
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the results, confirming the validity of the model and the small beam size
chosen. The model shows strong agreement, although values at higher Rabi
frequencies (f > 200 kHz) are slightly overestimated by approximately 1 —2%

due to slight peak overlap caused by the Raman degeneracy issue.
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Figure 7.11: Relative population transfer modelled for different cloud tem-
peratures with comparison to experimental data.

7.4 Interferometry

After constructing the necessary foundation a Mach-Zehnder like pulse se-
quence is performed. Initially atoms are prepared in the MOT by switching
on the quadrupole field, cooling and repumper beams. Then simultaneous
launching and sub-Doppler cooling commence, towards the end of this pe-
riod the repumper beam is switched off. Following this the DDS chirps the

laser frequency and a Mach-Zehnder 5 — 7 — 5 pulse scheme is performed.
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Finally a detection pulse reads the |F = 2) state. Figure illustrates per-
formance for variable T. When k.gg = 27wa, the phase shift is cancelled for
all T. Local gravity is then determined by identifying the stationary point
where fringes of variable T have the same local minima which occurs around
a = 25.1 MHzs™!. Furthermore, it is important to consider the relationship
between the drop time and the scanned phase within the system. As the drop
time increases, a larger phase is scanned, making the system more sensitive
to smaller changes in the chirp rate of the laser frequency. This heightened

sensitivity manifests as significant population transfer for slight variation in

chirp rate.
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Figure 7.12: Interference fringes in the output state population ratio of
Mach—Zehnder sequences with different free-evolution time T between Ra-
man pulses. Scanning the chirp rate of the Raman beam creates a periodic
change in the state population ratio which is fitted with a cosine function.

Tests were conducted to examine the impact of vibrations on the instrument.
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The results, as outlined in indicate that the instrument exhibits sup-
pressed sensitivity to seismic noise which is attributed the short T time used
at high-bandwidth. A comparison of sensitivity to vibrations is shown in

Figures [7.13a] and [7.13b] for T times of 2.5 ms and 5 ms, respectively. These

figures clearly demonstrate that longer T times lead to a less distinct inter-
ference fringe unless vibration isolation measures are implemented. However,
it is worth noting that there are no significant differences observed between
the results with and without vibration isolation for T times below 3.5 ms.
For clarity the vibration isolation significantly suppresses frequencies typi-
cally between 1-100 Hz which will, as demonstrated, significantly degrade the

performance of a long T time instrument.
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Figure 7.13: Effect of vibration isolation on fringe visibility for variable T
time.
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7.4. INTERFEROMETRY

Experimental tests were conducted to investigate enhancement in sensitivity
achieved through averaging multiple measurements. The results, depicted
in Figures and highlight the improvement in sensitivity achieved
by performing multiple scans. Specifically, the sensitivity is enhanced to
ng levels, as highlighted in Figure [7.15] which follows the expected scaling

behaviour characterised by 2.
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Figure 7.14: Multiple fringes were averaged to highlight the reduction in noise
and improvement in accuracy, note measurement is performed with T = 6 ms.
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Figure 7.15: Averaging down sensitivity f9r multiple fringes as highlighted in
figure [7.14] Data is fitted to expected t™ 2 scaling.

Although the system primarily focuses on short interrogation times due to
the high-bandwidth emphasis, there is still interest in increasing the interro-
gation time. A decrease in contrast is observed for increasing interrogation
time as shown in Figure This contrast loss is believed to be caused by
several factors: the small Raman beam, high cloud temperature coupled with
cloud expansion and pressure-induced collisional losses during the interferom-
eter. Concerns are also raised regarding the potential overlap of m; states for
increasing free-falling time. These areas will require further theoretical and
experimental investigations to make further improvements to system perfor-
mance. While this work focuses very much on high-bandwidth operation it
is desirable to also push to lower-bandwidth as the device would gain real

application flexibility with dynamic bandwidth.
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Figure 7.16: The interferometer contrast decreases with longer interrogation
time (red). The measured sensitivity (blue points) and projected sensitivity
(blue dashed) are also plotted.

7.5 Noise

This section addresses sensitivity limitations and suggests potential avenues
for improvement using the framework outlined in . It begins by examin-
ing key sources of phase noise and proceeds to estimate systematic errors in
gravity measurement. Noise in atom interferometers can be broadly classified
into two categories: those inherently quantum in nature and those arising
from practical and environmental constraints. In atom interferometers with
uncorrelated atoms, the fundamental noise limit is dictated by quantum pro-
jection noise (QPN) or atom shot noise. However, sensitivity is often con-
strained by other more dominant sources of noise, such as detection noise,

seismic vibrations and Raman intensity among others.
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7.5. NOISE

7.5.1 Atom Shot Noise

At the interferometer output atoms exist in a superposition of two hyper-
fine states namely |F =1, mp =0) and |F =2,mp = 0). For non-squeezed
states measuring the atomic populations is subject to quantum projection
noise (QPN) limiting the instrumental sensitivity. This atom shot noise
leads to a standard deviation uncertainty in the measured phase difference

of oA = —=. Substituting the relation for phase (A® = keggT?) the uncer-

N
tainty can be re-expressed as in equation T is the time interval between
Raman pulses and kg is effective wave vector of the Raman laser. In our
experiment about 5 x 10% atoms complete the interferometer with T = 2.5
ms giving an ultimate sensitivity of oy ~ 0.45 pg.

OAD Og 1

> _ &t __ - @ 7.2
AP~ & kggT?YN (72)

7.5.2 Photon Shot Noise

The discrete nature of photon counting during atomic state readout manifests
as shot noise. Reaching the quantum projection noise limit requires at least
one photon to be detected per atom. npnoton = RS%;?TA denotes the number of
photons hitting the detector per second per atom where Rgcatt is the photon
scattering rate, 7 is the detection pulse length and A is solid angle of the

detection window. Even for a fairly low fractional solid angle of 1% (A =

0.13) 30 photons per atom are detected with a 150 ps pulse, I = 5I4,; and on-
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resonance detection. This means that the photon shot noise can be neglected

as its contribution is less dominant than atom shot noise.

7.5.3 MOT Fluctuations

In the system, atoms in the |F = 2, mp = 0) state undergo single state de-
tection. Traditionally, a two-state normalisation is performed by measuring
the total number of atoms. However, due to the limited readout speed of the

camera, this approach is not tractable. Consequently, phase noise will occur

due to fluctuations in MOT atom number. Given % = % where AC is the

fringe amplitude and o, is the variation in population transfer. Assuming o,

= 2AC.u where 2AC is the peak to peak amplitude and u is the fractional

uncertainty on MOT atom number, S = L.
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Figure 7.17: MOT fluctuations (red) and background light level (blue).

Figure [7.17] shows the MOT fluctuations over a period of roughly 20 mins.
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Due to computational delay in data acquisition fringe scans will usually take
a few minutes meaning a rough fluctuation in MOT atom number of u = 0.04.
This results in (F)7! = 0as = 80 mrad and ultimately a noise of 80 ug. The
correlation between atom number fluctuations and background light level is
indicative of laser power fluctuations being responsible for MOT variations

coupling into the measurement.

7.5.4 Raman Laser Intensity Noise

Raman laser intensity stabilisation is not present in our experiment which

means fluctuations in intensity change the Rabi frequency and result in phase

noise. After the first m pulse the variance of the atomic inversion W is
ToQ WOl

oW =0QT = —— =

50 ~ o (7.3)

For a complete interferometer sequence the intensity fluctuation for each pulse

is independent giving a standard deviation given by equation

~ V3mor
21

ow (7.4)

Using the relation (S/N)~! = ow = oae and assuming the fluctuation of the
Raman laser intensity is up to 1%, the corresponding interferometer phase

noise is calculated to be 27 ng.
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7.5.5 Raman Laser Polarisation

The Raman transition amplitude is dependent on the polarisation configu-
ration of the Raman laser. The polarisation-maintaining fibres direct linear
polarised light into the vacuum chamber, a A\/4 waveplate before the retro-
reflecting mirror at the bottom converts the linear polarisation to the orthog-
onal polarisation. Unfortunately, coupling imperfections and temperature
fluctuations mean the polarisation of the incident laser will shift momentar-
ily. Assuming a polarisation shift of the incident laser of €, then the angle
between the incident and retro-reflected beam is shifted by 26. This causes
the Rabi frequency to change by og = 20€2. Given the transition probabil-
ity, P = A(1 + Ccos(€27)) the fluctuation of the transition probability at the

midfringe is given by

op = —ACsin(Q7)70q. (7.5)

The polarisation extinction ratio of the Raman laser is 30 dB causing the
transition probability to fluctuate by 0.0016. This amounts to a phase shift

of 3.1 mrad and a noise of 3.2 ng when T = 2.5 ms.

7.5.6 Vibration

As discussed in section [2.9.2] vibrations on the retro-reflecting mirror can

limit sensitivity. In the laboratory environment, without vibration isolation,
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the maximum T time of the interferometer is below 3.5 ms. Beyond this, the
interference pattern is washed out, as observed in the comparison between

figures [7.13a] and [7.13bl With the addition of vibration isolation, the T time

can be further extended, as shown in figure [7.16| The error in gravity mea-
surement is related to vibrational noise using equation Sa(w) represents
the power spectral density of vibrational acceleration and acts as the trans-
fer function. Assuming a white noise spectrum with /S, =1 x 1075 ms™2,
for T = 2.5 ms and 7 = 3ps, o4 is found to be 2.9 mrad, corresponding to
%g =29pg. Using a low T time greatly reduces sensitivity to vibrational
noise compared to traditional long baseline experiments. In this project,
which prioritises high-bandwidth and short T time, vibrations are less of a
concern compared to other factors. However, in contrast, at T = 100 ms and
Jg

in the same vibrational environment o4 = 620 mrad, resulting in . = 0.3pg

which is far more concerning for this parameter space.

oo > 1
= — = Hy|l2——8S, . .
Og keffT2 \//O ’ ¢‘ T4w4S (w)dw (7 6)

7.6 Systematic Issues

In this section potential systematic measurement errors are analysed. These
effects bias the measurement by altering the Raman resonance condition
(quadratic Zeeman effect and the AC Stark effect) and altering the value

of keg.
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7.6.1 Magnetic Field

Atoms in our experiment are prepared in the magnetically insensitive mp = 0
state but are still subject to the quadratic Zeeman effect. This energy level

shift is expressed by the Breit-Rabi formula where x = 575.15 Hz/G?2.

MQ g2
EBreit Rabi ~ 21?&)2 B2 = HB2' (77)

wp is the angular frequency of the unperturbed hyperfine splitting of the
ground state and gy &~ 2 is the Landé g-factor of the total electron angular
momentum. The symmetry of the sensitivity function g(t) means a uniform
magnetic field does not contribute to the interferometer phase. However, the
magnetic environment is inhomogeneous generating systematic errors. The
magnetic field gradient causes a parasitic acceleration bias on atoms in the
mp = 0 ground states.

22
ABreit Rabi = ﬁB - VB. (7.8)
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Figure 7.18: Simulating spatial dependence of magnetic field and parasitic
acceleration for vertical quantisation field during interferometer. Magnetic
field profile of vertical quantisation coils (blue solid) and parasitic acceleration
(red dashed).

The simulation of the quantisation coil’s field profile and gradient allows for
the calculation of acceleration, as illustrated in Figure With a launch
velocity of 0.25ms™! and T = 2.5 ms, the cloud falls about 2mm. Due to
the sub-optimal aspect ratio of the coils and high bias field, the average ac-
celeration amounts to about 10 pg. This significant systematic shift could be
notably reduced by successfully implementing optical pumping enabling the
bias field to be reduced from 4G to 1G. Moreover, an improved compensa-

tion coil design with a better aspect ratio would improve homogeneity and

minimise VB.

7.6.2 Two-photon Light Shift

The retro-reflection configuration utilising the Raman beams consists of two

pairs of counter-propagating Raman lasers with opposite wavevectors, driving
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the two-photon Raman transition. When the frequency difference of one
pair is resonant with the hyperfine states, the Raman transition is induced.
However, the other pair, which is off-resonant, induces a two-photon light
shift (TPLS). The phase shift caused by this effect is described by equation
[7.9] where vy and vy represent the cloud velocity at the first and last pulses,

respectively.

(———). (7.9)

0®TpLs =

The substitution of the effective Rabi frequency Lot — 15() kHz, vo = —0.20ms ™",

2w

and vo = —0.25ms™ ! yields an interferometer phase shift of §®prg = 14.6
mrad. The gravity measurement is biased by approximately 14.8 ng due to

this shift [123].

7.6.3 Laser Alignment

When the Raman beams are tilted with respect to the direction of local
gravity a measurement bias is introduced. The error induced by a tilt 6 can
be approximated by Ag = g(cos(f) — 1) ~ —g|0|> where § denotes the angle
between the local vector of the gravitational acceleration and the Raman
beam axis. For a tilt of 0.1 mrad the measured gravitational acceleration is
decreased by 5 ng. For our high-data rate experiment experiment aiming for
1 ug sensitivity a tilt of 14 mrad would be compromising suggesting at least of

order of magnitude less sensitivity to tilt than long T time experiments. This
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effect is not specific to atom interferometers but to any gravimeter measuring
gravity only along a specific axis. One method for precision alignment of the
Raman beams is using a reference surface in the form of a liquid surface. For
portable applications an electronic tilt-meter to monitor verticality is more
tractable. Alternatively, as measurement bias is always negative tilt could be

adjusted until the largest gravitational acceleration is measured.

7.6.4 Coriolis Effect

As inertial measurements are performed in the rotating frame of the Earth
the Coriolis force should be considered. This fictitious force manifests in the

measured acceleration and is given by equation [124] [77].

aCoriolis = 2$2Earth X V. (7.10)

Using parameters for the rotation of the Earth Qpaptn = 72.7urad/s and v
which is the atom velocity, the Coriolis force can be computed. The orienta-
tion of the inertial measurement is dictated by the Raman laser wavevector
kegr. Atoms with a horizontal velocity in the east-west direction vy _e induce
a Coriolis force with a non-zero projection along keg. This causes decay-
ing fringe contrast and also a systematic error in the gravity measurement.

Replacing g with acoriols in the phase equation gives a phase shift given by

equation [7.11]
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5(I)Coriolis = QQEarth . (Vw—e X keff)Tz- (711)

In the experiment, an atom’s horizontal velocity is determined by observ-

1

ing the cloud centre shift after launch, yielding vy = 13 mms™". Assuming

Vw—e = VI, & systematic error of 0.190 pg is introduced.

7.7 Environmental Effects

Gravity measurements are affected by location-specific factors, including sub-
surface mass of the Earth, latitude variations, elevation differences, and ter-
rain characteristics. These factors manifest as observable effects on local
gravity, as shown in Table Typically, environmental uncertainties are not
considered when determining uncertainties of absolute gravimeters. However,
understanding these effects are important to make meaningful comparisons
across different times and locations. Moreover, gravitational variations arising

from environmental influences can mask instrument related limitations.

Source Magnitude/pGal  Uncertainty /pGal Timescale
Solid Earth Tides 300 0.2 to 0.5 Diurnal
Ocean Loading 20 0.2 Diurnal
Air Pressure 8 1to5 Hours-diurnal
Water Table Site-dependent Site-dependent Seasonal
Polar Motion 10 < 0.01 12, 14 months

Table 7.1: Environmental Effects. Data from [122].

Variations in atmospheric pressure change local gravity, for example at higher
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air pressure the mass of gas exerts an upward gravitational force reducing the
measured g value. The amplitude of the gravity variation is approximately
Ag = —0.36 pGalmbar—!. The typical daily pressure fluctuation in the UK
is around 10 mbar leading to variations of a few pGal. This makes detailed
pressure records essential so appropriate corrections can be applied. The
absolute gravity measured can be corrected by the equations below where P

is the measured pressure and Py, is the nominal pressure.

5gair = ’Qair(P - Pn) (712&)

0.0065k 15 5559

P, = 1013.25(1 —
n = 1013.25( 288.15m

(7.12b)

Frequent rainfall in the British Isles leads to varying levels of lakes, rivers, and
groundwater, affecting local gravity. This effect is known as the Bouguer effect
and considers the gravitational attraction of a horizontal slab with thickness
equal to the elevation difference. Equation[7.13|describes the change in gravity
per meter of elevation difference, where d is the mean density of the slab. For
a density of 1 g/ cm?’, a 10 ecm downpour could increase local gravity by ~ 4

nGal.

dgp = +0.041 92 d mGal. (7.13)

The surface vertical gravity gradient is approximately -300 pGal/m. Its con-
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tribution to systematic errors can be estimated using Equation with
relevant parameters. For our setup (y = —300 pGal/m, v =0.3ms™!, and
T = 2.5ms), the estimated systematic error due to gravity gradient is -2 prad
or -0.2 pGal. However, this error is several orders of magnitude below our

target sensitivity, allowing us to neglect gravity gradients.

7
5<I>gradient = VkeﬁTg(EgT - V)' (714)

7.8 Summary

In this chapter, the sensitivity limitation was explored and the accuracy of
gravity measurements from the current experiment was estimated. The sys-
tematic noise budget is listed in table [7.2 The primary limitation of the
sensitivity is attributed to the use of single-state detection, which generates
a phase noise of 80 mrad, corresponding to a sensitivity of 80 pg in a single
measurement. To eliminate this limitation, it is recommended that two-state
detection be performed using a photodiode or a faster camera. The second
biggest term is contributed by the intensity noise of the Raman laser, which
will require some form of intensity stabilisation. Table shows the system-
atic error budget with the biggest contributions made by the magnetic field
gradient and the two-photon light shift. In order to suppress the magnetic
effect a more homogeneous bias coil design would be needed with optical

pumping to reduce the required bias field. To address the two-photon light
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shift, techniques for removing the secondary peak would be beneficial to en-

sure it does not pose an issue. Given explicit knowledge of the systematic

bias, post correction can be employed on the final gravity measurement.

Source Phase Noise/(mrad) Sensitivity /ng

MOT Fluctuations 80 80

Quantum Projection Noise 0.45 0.45
Photon Shot Noise - - Neglected

Vibration Noise 2.9 2.9

Raman Intensity Noise 27.2 27.5

Raman Polarisation Noise 3.1 3.2

Total 85

Table 7.2: Systematic Noise Budget.

Source Phase Shift/(mrad) Bias/ng
Magnetic Field Gradient 10.0 10.1
Raman Laser Alignment 1.0 1.0
Two Photon Light Shift 14.6 14.8

Coriolis Force 0.2 0.2

Total 26.1

Table 7.3: Systematic Error Budget.
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Chapter 8

Conclusion

This work details the construction of a high-data rate absolute quantum
gravimeter using Raman atom optics with laser-cooled 8’Rb. It outlines a
practical and theoretical framework for atom interferometry with a path to-
ward mobile dynamic quantum sensors. The system launches around 1 x 103
atoms downward at 0.25ms™! achieving a temperature of 25 pK in 3 ms.
A free-space laser system was built to generate cold atoms with a separate
fibre system developed for atom interferometry. The setup achieves a short-
term sensitivity of 10 pg/+v/Hz with single state detection averaging down to
1 pg after 100s. Systematic errors are analysed with the preliminary accu-
racy limited by MOT fluctuations coupling into detection. A key highlight
is demonstrating the fibre-Bragg grating laser system which is promising for
transportable sensors and therefore mobile applications. Another highlight

is using simple MOT physics to validate recapture at high-bandwidth opera-
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tion by comparing with experimental data. Efficient recapture is essential for
achieving a large MOT population at high-bandwidth. Through optimising
duty cycle a theoretical performance limit of ~ 1 x 1077 g/+/Hz is obtained
at 100 Hz; roughly 2 orders better than current performance [57]. Overall,
devoting cycle time to interrogation rather than loading atoms is beneficial
provided recapture is not significantly compromised. For a next generation
mobile system a comparison campaign with a classical gravimeter is intended.
Due to the time constraints of this PhD project, several potential improve-

ments for the system remain as prospects.

e Improvements in the detection scheme are needed to approach the shot
noise detection limit. Based on the noise analysis, simultaneous detec-
tion of the two ground states would be the first stage before exploring

intensity stabilisation of the Raman laser.

e Currently, atoms are launched to break Raman degeneracy. This causes
them to move rapidly away from the trap centre, negatively impacting
recapture, temperature and the potential for longer interrogation times.
Therefore, techniques for breaking degeneracy without using launching
should be explored [125]. Figure highlights how launching nega-
tively influences recapture for increasing interrogation time. For a 20
ms freefall time with a typical launch velocity of vo = —0.30ms™! an

atom will have almost left the trapping region. In contrast, without a
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launch the atom remains almost at the trap centre. Figures and
examine this using the recapture model to highlight how for lower

bandwidth the launch velocity becomes increasingly compromising.

20 20.0 ms 20 20.0 ms 20 20.0 ms
15 15 15
10 10| 10
5 5| 5
0 0| 0
-5 -5/ -5
-10 -10| -10
-15 -15] -15
—205  -io 0 10 20 ~200 10 0 10 20 2% -1 0 10 20
(a) vo = 0.0ms™! (b) vo = —0.15ms ™! (c) vo = —0.30ms ™!

Figure 8.1: Location of single atom with variable initial velocity v after 20
ms of freefall. XY plane is measured in mm. Red circle illustrates trapping
region, with reduced colour saturation reflecting reduced trap light intensity.
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Figure 8.2: Simulating restored atom fraction for a cloud of 8’Rb atoms, a.)
100 Hz MOT b.) 20 Hz MOT for variable duty cycle and initial velocity.

e The large bias field is undesirable. Currently it is required for separating

the my states but this presents challenges due to systematic bias from

the second-order Zeeman shift and the high current needed from the coil

driver. Optical pumping initialising all atoms in the my = 0 state would
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address this and also increase atoms participation in the interferometer.

e Designing a portable version of the fibre-Bragg grating laser system.
Since all components are fibre devices, it has the potential to be com-
pact, cost-effective, and robust. To enable this the subsystems will re-
quire further development. Namely, this includes developing the laser,

RF, vacuum and optomechanical structure.

e A detailed study of systemic errors beyond leading-order effects would

also be desirable.

e Further investigation and development would be interesting to estab-
lish a stronger connection between experimental observations and the-
oretical understanding of sub-Doppler cooling. Although this cooling
mechanism is widely used there is a gap in understanding particularly
at short timescales. Closing this knowledge gap would have broader

implications beyond purely high-bandwidth applications.

These suggested improvements could hold potential for enhancing perfor-

mance and expanding future system capability.
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Appendix A

Rubidium-87 Data

The relevant properties of the 8’Rb isotope and its Ds-line transition are
shown in table The Do-line allows several possible two-photon transitions
to be driven between |F = 1) and |F = 2) ground states in *"Rb via the 5°Pj 5

excited state.

Table A.1: Properties of 8’Rb isotope and its Da-line transition, values from
[89].

Parameter Sym- Value
bol
Mass m 1.44316 x 10~ Pkg
Wavelength (Vacuum) A 780.24 nm
[F =2) « |F =3 Vaer3 384.228 115 20 THz
[F=1) « |[F =2 Vie2 384.234 683 23 THz
5251/2 frrs 6.834 682 610 9 GHz
Excited state lifetime To 26.235 ns
Natural linewidth r 21 X 6.067 MHz
Recoil Velocity Vrecoil 5.8845 mms !
Doppler temperature Tp 145.6 pK
Recoil temperature Trecoil 362 nK
Transition Dipole Matrix Element D 3.5842 x 10~ Cm
|F = 2) <> |F = 3) transition (isotropic Lsat 3.5771mWem ™2
polarisation)
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mp =—2 mp =-1 mg =0 mp =+1 mp =+2

F =2
F'=1
F=2
F=1

my=-2 mp=-1 mg=0 mg=+1 my=+2
Figure A.1: Two-photon o+ - o7 transition between magnetic sublevels of F

=1 and F = 2 in 8"Rb Dy transition. Multiples of dipole matrix elements
< J=1/2|er||J" = 3/2 > are indicated. Modified from .
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mp =—2 mp =-1 mg =0 mp =+1 mp =+2

F =2
F'=1
F=2
F=1

my=-2 mp=-1 mg=0 mg=+1 my=+2
Figure A.2: Two-photon 0~ — ¢~ transition between magnetic sublevels of F

=1 and F = 2 in 8"Rb Dy transition. Multiples of dipole matrix elements
< J=1/2|er||J" = 3/2 > are indicated. Modified from .
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mp =—2 mp=-1 mg =0 mp =+1 mp =+2
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Figure A.3: Two-photon 7 - 7 transition between magnetic sublevels of F =
1 and F = 2 in 8" Rb D transition. Multiples of dipole matrix elements
< J=1/2|er||J" = 3/2 > are indicated. Modified from .
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