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Abstract

Advancing our knowledge of the universe increasingly relies on technologies capable

of extremely precise measurement. Quantum sensors have emerged as promising tools

for searching for new physics by pushing the boundaries of precision in measuring time,

acceleration, and gravity. Two promising platforms are long baseline atom interferometers

and atomic clocks, both of which rely on cold atoms. This thesis lies at the intersection

of cold-atom physics, quantum technology, and particle phenomenology.

We report experimental progress from the AION project, a next-generation atom interfer-

ometer for ultra-light dark matter and mid-frequency gravitational waves detection. We

report the first results from a red magneto-optical (MOT) for 88Sr atoms within the col-

laboration. A seed–amplifier injection-locked laser system was developed to address the

1S0–3P1 transition at 689nm, delivering 13.8mW of light to the science chamber. Using

this setup, we produced an atomic cloud at a temperature of (812±4)nK in the narrow-

band red MOT, marking a critical milestone in the project.

Secondly, the potential of next-generation atomic and molecular clocks in constraining

theories that violate the weak equivalence principle (EP) is investigated. A search for

variations in the electron-proton mass ratio is performed using publicly available data

from UTC. A statistical framework is then developed to model clock noise and forecast

sensitivity to signals arising in theories of dark matter, dark energy, unification, and other

EP-violating scenarios, providing new, improved constraints. The framework is packaged

into a tool that can be used to translate clock noise characteristics into constraints in the

fundamental physics theories presented. A preliminary study, investigating the effect of
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data gaps in signal recovery, shows that annual signals with amplitudes above 10−16 can

be recovered even with up to 83% missing data.



Acknowledgements

First and foremost, I would like to thank my supervisor, Dr. Charles Baynham, for his

continuous guidance and invaluable feedback throughout my PhD. His expertise and men-

torship were instrumental to the successful completion of this work. I am also grateful to

Professor Oliver Buchmueller for the opportunity to join his group, for his guidance, and

for providing the resources that enabled this research.

I would also like to thank the rest of the AION team at Imperial, including Dr Richard

Hobson, for his valuable guidance and support in the lab. Thank you to Tom, Ludo, Alice,

and Leonie for sharing the lab and office with me, for the conversations and encourage-

ment along the way, and for their contributions to the AION project work. I am also

grateful to the wider AION collaboration for their contributions to the project; attending

AION Days and meeting everyone was undoubtedly one of the highlights of my PhD. A

special thank you to Michael, who started this PhD journey with me and became a great

friend along the way. I am especially grateful to have crossed paths with David, who was

a wonderful labmate and an even greater friend.

It was an immense pleasure to collaborate with Dr Benjamin Elder, Giorgio Mentasti,

Prof. Carlo R. Contaldi, Prof. Claudia de Rham and Prof. Andrew J. Tolley on the

“clocks-theory” project. Thank you all for the insightful discussions, and a special thank

you to Ben and Giorgio for the hard work you put into the project, the many hours we

spent discussing science, your encouragement, and the friendly conversations along the

way.



2

Thank you also to the rest of my HEP friends who supported me along the journey and

were always happy to lend an ear. To my PhD cohort, Jay, Naseem, Josie, Alie, James,

Teddy, Kai and Jake, I feel lucky to have shared this experience with you. Thank you

also to Mikael, Irene, Tiago, Koustubh, Rehanah, George, Lucas and Simon. I am forever

grateful for Prof. Mitesh Patel’s guidance and support. To the fundies: your support has

been invaluable. And thank you, Mrs Paula B., for all that you do.

My time at Imperial was made extra special thanks to Prof. Peter Haynes and Dr Craig

Whittall, who trusted me with the QuEST policy engagement role. Thank you for all the

opportunities and guidance. I had the great pleasure to work alongside some of the most

visionary and dedicated people who made me believe that together we can change the

world; so thank you, Dimitrie Cielecki and Dr Jess Wade. Thank you also to Miranda and

Isabella.

I would also like to thank the mentors, both inside and outside academia, who have en-

couraged, guided, and supported me over the years: Rupesh, Louise, Sarah, and Stella.

A heartfelt thank you to my high school physics teacher, Dr Stelios Tsangarides, and my

first science teacher, Dr Irene Hadjisavva. Your encouragement was a turning point, and I

carry that with me to this day.

To my friends, thank you for being there through highs and lows. Thank you to Maria,

Marios, Chadjis, Charis, Andreas H., Konstantinos, Ioannis, Lefteris, Andreas C., Michalis,

Menelaos, Ektoras, and Anna-Maria. A special thank you to Eleni P. and my flatmate,

Maria. Your support means more than you know.

Above all, I am grateful to my family; their unconditional love and sacrifices have made

this thesis possible. To my yiayia Eleni, yiayia Elsa, pappous Grigoris, thank you for

all the wisdom, kindness, and support throughout this journey; it means the world to



3

me. To my sisters, Eleni and Filio, thank you for being my cheerleaders and everyday

supporters, and for always believing in me. To Carol, my childhood friend turned sister,

I am forever thankful for your support and encouragement. I would also like to thank my

godmother Eleni, godfather Avramis, Litsa, Kleanthis, Frankie, and my uncle Mike for

their support throughout this journey. To my partner, Klitos, I couldn’t have done this

without you. Thank you for being by my side, supporting me every step of the way, and

always believing in me. Τέλος, στη μαμά μου, Χριστίνα, και στον μπαμπά μου, ΄Αριστο,

τίποτα από αυτά δεν θα ήταν δυνατό χωρίς τη στήριξη και τις θυσίες σας. Ευχαριστώ

που ποτέ δεν αμφιβάλατε ότι μπορώ να καταφέρω ό,τι βάλω στο μυαλό μου. Αυτό το

επίτευγμα είναι τόσο δικό σας όσο και δικό μου.



Dedication

In loving memory of pappous Avramis, whose love of nature continues to inspire me.



Contents

1 Introduction 6

1.1 Cold Atoms based Quantum Sensors for Fundamental Physics . . . . . . 8

1.2 Summary of Research Areas . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.1 Ultra-cold atoms for AION (experimental work) . . . . . . . . . 11

1.2.2 Atomic clocks for dark physics searches (particle phenomenology) 12

1.3 Broader Contributions and Engagement . . . . . . . . . . . . . . . . . . 12

1.4 Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 The Atom Interferometry Observatory and Network 16

2.1 The AION Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.1 Preparing the atom sources . . . . . . . . . . . . . . . . . . . . . 19

2.1.2 The Strontium Atom . . . . . . . . . . . . . . . . . . . . . . . . 21

2.1.3 Clock Atom Interferometry . . . . . . . . . . . . . . . . . . . . . 25

2.1.4 Differential Atom Interferometry and LMT . . . . . . . . . . . . 32

2.1.5 Ultra-light Dark Matter and Gravitational Wave Detection in Atom

Interferometers . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.1.6 The AION Science Case . . . . . . . . . . . . . . . . . . . . . . 37

2.2 AI experiment landscape . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2



Contents 3

3 Experimental Apparatus for Ultra-Cold Atom Preparation 44

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.1.1 Hardware Requirements . . . . . . . . . . . . . . . . . . . . . . 46

3.2 Sidearm Assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2.1 Ultra-high vacuum system - Chamber Assembly . . . . . . . . . 49

3.3 Experimental Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.4 Magnetic Field Compensation Coils - Chamber 2 . . . . . . . . . . . . . 57

3.4.1 Magnetic Field Modelling . . . . . . . . . . . . . . . . . . . . . 59

3.4.2 Compensation Coils Design . . . . . . . . . . . . . . . . . . . . 60

3.4.3 Cavity Axis Compensation Coils Testing . . . . . . . . . . . . . 64

3.4.4 Quantifying the Currents Needed to Compensate for Background

Magnetic Fields . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.5 Laser Systems for Cooling and Trapping in a 3D Red MOT . . . . . . . . 67

3.5.1 Laser Stabilisation System . . . . . . . . . . . . . . . . . . . . . 67

3.5.2 The 689 nm Laser system . . . . . . . . . . . . . . . . . . . . . 68

3.6 Injection Lock Characterisation . . . . . . . . . . . . . . . . . . . . . . . 72

3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.7.1 My Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4 Getting Cold Atoms: Broadband and Narrowband Red MOT Experiments 78

4.1 Laser Cooling and Trapping: Brief Introduction . . . . . . . . . . . . . . 79

4.1.1 Optical Molasses . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.1.2 Magneto Optical Traps . . . . . . . . . . . . . . . . . . . . . . . 83

4.2 Red MOT Sequence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.2.1 The 2D and 3D Blue MOT . . . . . . . . . . . . . . . . . . . . . 85

4.2.2 Broadband Red MOT . . . . . . . . . . . . . . . . . . . . . . . . 87



4 Contents

4.2.3 Narrowband Red MOT . . . . . . . . . . . . . . . . . . . . . . . 87

4.3 Temperature Measurement Method . . . . . . . . . . . . . . . . . . . . . 90

4.3.1 Extracting the Atomic Cloud Widths from the TOF Images . . . . 91

4.4 Red MOT Temperature Results . . . . . . . . . . . . . . . . . . . . . . . 97

4.4.1 Broadband Red MOT . . . . . . . . . . . . . . . . . . . . . . . . 97

4.4.2 Narrowband Red MOT . . . . . . . . . . . . . . . . . . . . . . . 97

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.5.1 My Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5 Prospects for detecting new dark physics with the next generation of atomic

clocks 101

5.1 Atomic Clocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.1.1 Noise Sources and Errors . . . . . . . . . . . . . . . . . . . . . . 105

5.2 Theoretical Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.3 Existing and simulated clock data . . . . . . . . . . . . . . . . . . . . . 110

5.3.1 Testing the models on Circular T data . . . . . . . . . . . . . . . 112

5.3.2 Forecasts with state-of-the-art atomic clocks (Fisher information) 114

5.3.3 Forecasts - Simulated Data . . . . . . . . . . . . . . . . . . . . . 115

5.3.4 Existing varying-µ searches . . . . . . . . . . . . . . . . . . . . 118

5.4 Projected constraints on fundamental physics . . . . . . . . . . . . . . . 120

5.4.1 Fifth forces and screening . . . . . . . . . . . . . . . . . . . . . 121

5.4.2 Dark energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.4.3 Dark matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.5 Forecast Tool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.6 Gap Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

5.6.1 Synthetic Dataset Generation of Atomic Clock Noise . . . . . . . 136



Contents 5

5.6.2 Simulating Realistic Data Gaps . . . . . . . . . . . . . . . . . . 137

5.6.3 Model Fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

5.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.8 My Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6 Conclusion 150

A From Circular T data to ∆µ/µ 183

B Current Clock Characteristics 187



Chapter 1

Introduction

Despite the remarkable progress of modern physics in the last century, from the discov-

ery of quantum mechanics to the formulation of general relativity, many of the universe’s

deepest mysteries remain unsolved. Approximately 95% of the total energy density of

the universe remains unaccounted for, approximately 68% of which is thought to be dark

energy [4]. This energy is believed to be responsible for the universe’s accelerated ex-

pansion, which cannot be explained by the Standard Model (SM) of elementary particles

and fields. Numerous theoretical models have been proposed to address these gaps in our

knowledge about the universe. These models often introduce new scalar or vector fields

[5, 6, 7], modifications to general relativity [8, 9], new particles and novel interactions

[10, 11], modifications to the properties of existing SM particles or the graviton [12].

Astrophysical and cosmological evidence strongly supports the existence of dark matter,

which is thought to constitute approximately 85% of the mass content of the universe

[4]. Observations of galactic rotation curves [13, 14], gravitational lensing [15], and the

cosmic microwave background [16] all point to a nonluminous component that interacts

6
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gravitationally but not electromagnetically with visible matter [17]. While the standard

model assumes purely gravitational interaction, some theoretical extensions allow for ex-

tremely weak couplings to ordinary matter. Although early theoretical efforts focused

on weakly interacting massive particles (WIMPs), increasing attention has shifted toward

alternative models, including ultralight dark matter (ULDM), due to the lack of evidence

of the existence of WIMPs at particle colliders [18, 19] or heavy nuclear target deep-

underground experiments [20]. ULDM can be modelled as a bosonic field with a mass as

low as 10−24 eV [21, 22]. These fields move non-relativistically through the Universe by

forming coherent waves and give rise to various time-dependent signals. In the context

of a scalar ULDM candidate, the field couples to SM particles, inducing time-dependent

slow drifts or oscillations in fundamental constants [23, 24]. In theories involving vec-

tor candidates, apparent violations of the equivalence principle can be observed due to

time-dependent differences in accelerations between different species of atoms [25].

Gravitational waves (GWs), first directly detected by LIGO [26] and Virgo [27] in 2015

[28, 29], provide another window into new physics. Their detection shines light onto new

phenomena such as mergers of black holes (BHs) and neutron stars (NSs). GWs originat-

ing from these sources produce high-frequency signals (∼10–1000 Hz) to which existing

experiments such as LIGO and Virgo are sensitive. It is, however, known that much

more massive black holes than those detected by these experiments (i.e. supermassive

BHs (SMBHs)) exist in the cores of galaxies, the mergers and binary systems of which

are the main target of the space-borne LISA [30] experiment. Evidence of nHz scale

GWs has recently been discovered by pulsar timing arrays [31]. However, many expected

sources of gravitational waves, including intermediate-mass black hole (IMBH) mergers,

cosmological phase transitions, or new relic backgrounds from the early universe, lie in

a poorly explored mid-frequency band (∼0.1–10 Hz) [32, 33]. Filling this observational
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gap requires novel detection strategies.

Dark energy (DE) [34], which is theorised to drive the accelerated expansion of the uni-

verse and estimated to make up to 68% of the total energy of the universe, remains even

more enigmatic. Its simplest form, a cosmological constant (Λ), introduces a severe fine-

tuning problem in quantum field theory, where the vacuum energy predicted is orders

of magnitude larger than observed. Alternative models have been proposed, including

dynamical scalar field models, e.g. quintessence [35], where dark energy arises from a

slowly evolving scalar field φ(t) rolling down a self-interaction potential V (φ). Modified

gravity theories [12] have also been proposed to explain the mystery of the accelerated ex-

pansion of the universe through modifications to general relativity on large cosmological

scales.

Progress towards answering these questions is increasingly constrained by our experi-

mental capabilities and our capacity to test for the theories rather than by theoretical

limitations. The next generation of scientific breakthroughs requires new experimental

approaches that can probe new physics at unprecedented scales of precision and sensitiv-

ity.

1.1 Cold Atoms based Quantum Sensors for Fundamen-

tal Physics

Parallel to advancements in theoretical physics, we have seen accelerated technological

advancements in a new class of technologies, namely quantum technologies, in recent

years. This year marks a century since the initial development of quantum mechanics

[36], and what was once physics confined only to thought experiments has given rise to a
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powerful set of technologies.

Quantum technologies use the properties of quantum systems, such as entanglement and

superposition, to perform measurements to a much higher precision than classical tech-

nologies can reach. Among these are quantum sensors, which are especially powerful

for testing fundamental physics as they offer unparalleled precision in measuring time,

acceleration, rotation, and gravity.

At the heart of a class of these sensors are ultra-cold atoms, whose well-controlled quan-

tum states enable interferometry and high-precision spectroscopy. Two key modalities

have emerged as promising in testing various fundamental physics theories:

• Atom Interferometers (AIs): Use matter-wave interference to measure gravita-

tional acceleration, gravity gradients, accelerations, rotations and fundamental con-

stants with high precision. Long-baseline differential atom interferometers can be

used to search for gravitational wave signals, test the equivalence principle, and

detect ultralight dark matter.

• Atomic Clocks: Use atomic transitions as a time reference, enabling tests of pos-

sible variation of fundamental constants over time caused by scalar fields and tests

of general relativity.

Both atomic clocks and most atom interferometers operate using a Ramsey-type config-

uration, but they are applied to different metrological goals. In Ramsey spectroscopy, a

central technique to both technologies, a sequence of coherent pulses prepares the atoms

in a superposition of two states, allowing the relative phase to evolve freely. The atomic

wave packets are then recombined to extract the accumulated phase information [37]. In

atomic clocks, the phase accumulated during Ramsey interrogation is compared to a sta-
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ble local oscillator. By tuning the oscillator frequency to the atomic transition and locking

it to the central Ramsey fringe, precise measurements of atomic transition frequencies and

the realisation of highly stable time standards are achieved [38]. Many atom interferom-

eters use Ramsey-type light-pulse sequences in which the phase evolution is affected by

external factors such as the atomic trajectories, making them sensitive to inertial effects

like acceleration and rotation [39]. Thus, while both atomic clocks and atom interfer-

ometers rely on coherent splitting and recombination of matter waves, clocks are used in

frequency metrology by optimising the coherence of the internal state, whereas interfer-

ometers use the spatially separated paths to probe for changes in the environment and test

fundamental physics.

These two types of technology are not only complementary when testing for new physics

but also share common experimental platforms. Therefore, they are a foundation for

interdisciplinary efforts at the intersection of atomic physics, quantum technology, and

particle phenomenology.

This thesis situates itself at this intersection. This work is part of a wider effort where

the development of new technology, in this case cold-atom technology, and fundamen-

tal physics inform each other. Instrumentation and technological advancements make it

possible to test new theories, while unanswered fundamental physics questions can help

shape the direction of the technology itself. Therefore, this area of work is not only of

high scientific significance but can also drive societal and technological impact.

As scientific inquiry drives technological advancement, pushing for more precise instru-

mentation and innovative technologies, the technology can have applications outside of

science. Beyond their role in fundamental science, cold atom technologies, including

atomic clocks and AIs, are enabling advances in navigation, communication, metrology,
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and geophysical monitoring, which have significant implications in critical infrastructure,

national security, and environmental and climate change monitoring, to name a few ex-

amples.

1.2 Summary of Research Areas

This thesis presents research at the intersection of cold atom quantum sensing and funda-

mental physics, focusing on two strands:

1.2.1 Ultra-cold atoms for AION (experimental work)

Chapters 3 and 4 describe my contributions to the Atom Interferometry Observatory and

Network (AION) project, a next-generation atom interferometer aiming to detect mid-

frequency range gravitational waves and ultra-light dark matter. My work includes hard-

ware development and characterisation for the production of ultra-cold atoms as part of

the efforts to carry out research and development on the technology that will underpin the

development of the detector.

I contributed to establishing a state-of-the-art cold-atom lab, transforming an empty room

into a functioning experimental facility for the AION project and beyond. The work in-

cluded building and testing laser systems used in the AION project, as well as the vacuum

chambers where cold-atom and tabletop-atom interferometer experiments have been per-

formed.
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1.2.2 Atomic clocks for dark physics searches (particle phenomenol-

ogy)

Chapter 5 focuses on atomic clocks as probes of new physics. We investigate the sensi-

tivity of various species of clocks to variations in fundamental constants, using simulated

data and a statistical framework to explore phenomenological models involving scalar

fields and dark matter couplings. We develop an easy to use framework that can be used

by scientists operating clocks around the world to derive constraints on a set of models for

modified gravity, dark matter and dark energy, which has been made publicly available.

While the earlier chapters focus on the development and characterisation of cold atom

systems for atom interferometry, the final part of this thesis explores how atomic clocks,

another cold-atom-based platform, can be used to test theories of fundamental physics.

Both technologies share common experimental foundations, relying on ultra-cold atoms

and precise control using lasers, but they can probe different but sometimes complemen-

tary aspects of new physics. Atom interferometers are sensitive to forces like gravity and

acceleration, whereas atomic clocks can detect time variations in fundamental constants

linked to scalar fields. By developing a statistical framework to connect noisy clock data

with phenomenological models, the last part of this thesis complements the experimental

work, showing how cold atom technologies can be used in different but connected ways

to search for dark matter, dark energy, and violations of the equivalence principle.

1.3 Broader Contributions and Engagement

In parallel with the research presented in this thesis, I have been involved in a range of

activities at the intersection of science, policy, and society.
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Building a large-scale atom interferometer for scientific exploration requires collaboration

at the international level. I was actively involved in the organisation of the founding Ter-

restrial very-long-baseline atom interferometry workshops, bringing together researchers

from different institutions with the aim to lay the groundwork for an international TVL-

BAI proto-collaboration. The summaries of the workshops are found in Ref. [40] and

[41]. I organised the early career researchers’ (ECRs) poster session for the second work-

shop and contributed to the writing of the summary paper by highlighting the importance

of the engagement of ECRs in the success of such a collaboration.

Engagement of scientists with policy is essential not only to inform evidence-based decision-

making but also to help ensure that emerging technologies are developed responsibly and

in ways that benefit society. During my PhD, I contributed to national policy discus-

sions on quantum technologies focused on their future development and societal impact.

I contributed to the UK government’s Regulatory Horizons Council’s (RHC) reports on

Regulating Quantum Technology Applications [42] and the Future Regulation of Space

Technologies [43] (advocating for quantum technology as one of the critical space tech-

nologies). I also led and facilitated discussions between policymakers and researchers,

which informed the UK Parliament’s research briefing (POSTnote) on Quantum Comput-

ing, Sensing and Communications [44], highlighting the benefits and risks of quantum

technologies.

Throughout my PhD, I have actively led and contributed to science outreach and public

engagement activities aimed at making quantum technologies and fundamental physics

more accessible to wider audiences. I have organised and delivered talks and workshops

for school students and the general public, engaging thousands of people with scientific

concepts related to my research. These activities have allowed me to communicate com-

plex ideas in clear and engaging ways and have strengthened my belief in the importance
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of inclusive, accessible science communication.

These experiences, while not directly part of the thesis research, have shaped the kind

of scientist I am today and how I think about the role of science in society, the impor-

tance of evidence-informed policymaking, and the importance of building collaborative,

interdisciplinary communities around emerging technologies and scientific research.

1.4 Thesis Overview

An overview of the AION project and how atom interferometers work is presented in

Chapter 2 of this thesis. The chapter also provides an overview of the atom interferometry

landscape and the scientific goals of AION, showcasing how AION complements the

efforts of other experiments searching for ULDM and GWs.

The subsequent two chapters focus on my work in relation to the AION project. Chapter 3

presents the development and building of the apparatus at the Imperial AION lab, which

is used for R&D purposes relating to preparing cold atoms and performing atom inter-

ferometry experiments. I present my contributions to setting up the lab and building the

vacuum chambers and laser system for cooling atoms down to sub-micro-kelvin tempera-

tures in a 3D red magneto-optical trap (MOT) using the 689 nm transition in strontium-88.

Chapter 4 presents the first results from the red MOT of the collaboration, which marked

a significant milestone in the development of the project, proving that the apparatus is

capable of reaching temperatures that allow for the subsequent steps of the experiment to

take place, including enabling atom interferometry. A significant part of these chapters is

based on Ref.[1] and [2].

Chapter 5 is based on Ref. [3] and presents a set of theories relating to dark matter, dark
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energy and modified gravity that can cause variations in the proton-to-electron mass ratio

(µ). This work develops and applies a forecasting framework using simulated data to

assess how next-generation atomic clocks can improve constraints on these theories, par-

ticularly those predicting linear drifts or oscillations in clock transition frequencies and

in particular µ . The analysis highlights the potential of optical, molecular, and nuclear

clocks to surpass existing bounds set by other experiments and motivates future experi-

mental designs, including space-based missions involving clocks.

Finally, Chapter 6 summarises the key results presented in this thesis. The Appendices at

the end provide supporting information and plots relating to the work presented in Chapter

5.

This thesis sits at the intersection of cold-atom-based quantum sensing and fundamental

physics, contributing to a wider effort in the field to explore open questions in cosmology

and particle physics using new, interdisciplinary approaches. By developing both exper-

imental systems as part of the AION project and analysis tools, it contributes to laying

the groundwork for future precision experiments that can not only test physics beyond the

Standard Model but also drive technological advances with wider societal impact.



Chapter 2

The Atom Interferometry Observatory

and Network

Light-pulse atom interferometry (AI) has been a rapidly evolving field originating in the

1990s [45, 46]. Atom interferometry is a technique that uses the wave-like nature of atoms

to create interference patterns, allowing precise measurements of acceleration, rotation,

gravity, and fundamental constants. By splitting and recombining atomic wave packets

using laser pulses, atom interferometers can detect phase shifts caused by external forces

acting on the atoms. Since its conception, atom interferometry has been used in inertial

sensing [47] by measuring gravitational acceleration [48, 49], gravity gradients [50, 51],

Earth rotations [52, 53] and for fundamental physics research [54].

Atom interferometers have been used to test fundamental constants such as Newton’s

gravitational constant G [55] and the fine structure constant α [56, 57]. They have also

been used to test general relativity by testing the universality of free fall caused by Ein-

stein’s equivalence principle [58]. They can also test different particle physics models

16
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by searching for dark energy (DE) [59, 60], other unknown forces, and dark matter. AIs

can also be used to detect gravitational waves (GWs) by probing very minute space-time

distortions caused by the passage of these GWs through the AI detector [25, 61, 62]. The

detection of DM and GWs by atom interferometers is discussed in more detail in Section

2.1.5.

In this chapter I introduce the basic principles behind how atom interferometers work

and present the Atom Interferometry and Observatory Network (AION) project. I will

describe the different parts of the detector and its sensitivity to Ultra-Light Dark Matter

(ULDM) and mid-frequency gravitational waves.

In the following sections, I introduce the AION project in more detail including the detec-

tor design (Section 2.1) and its science case (Section 2.1.6). An overview of how single-

photon clock transition atom interferometry works is also presented (Section 2.1.3). Lastly,

I provide an overview of efforts worldwide to construct long baseline atom interferome-

ters for performing fundamental physics experiments.

2.1 The AION Detector

The Atom Interferometer Observatory and Network (AION) project [54] aims to use cold

strontium atoms and atom interferometry to search for ultra-light dark matter and for

gravitational waves (GWs) in the mid-frequency band (∼ 0.01 Hz to a few Hz). Pos-

sible sources of these GWs include intermediate-mass black holes to which current and

planned experiments including LISA [30], LIGO [26] and Virgo [27] are not sensitive.

The NANOGrav collaboration has recently discovered evidence for low-frequency gravi-

tational waves originating from supermassive black hole binaries providing further moti-

vation for exploring different frequency bands [63].
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This staged project is to begin with a 10 m baseline atom interferometer which will pave

the way to a 100 m detector and eventually a km-scale terrestrial detector. The final stage

is the development of a satellite-based detector similar to the proposed AEDGE mis-

sion [64]. The project is currently in Stage 1, with the construction of the 10 m detector

planned in Oxford. AION has a similar experimental concept to the MAGIS experiment

[65, 66], based in the US - the two projects collaborate closely and in later stages will

operate in a networked configuration.

The AION detector will operate using single-photon strontium atom interferometry [5].

The project is motivated by the potential of differential atom interferometry, where mul-

tiple spatially separated interferometers are addressed by a common laser source. This

configuration enables the rejection of common-mode noise, such as laser phase noise,

thereby enhancing sensitivity to signals and enabling new capabilities in gravitational

wave detection and fundamental physics.

In the 10 m detector, a common laser source will be used to operate two atom interfer-

ometers simultaneously. In subsequent stages, several atom interferometers will be used,

all addressed by a common laser source, and large momentum transfer techniques will be

used [67]. A differential phase measurement between the interferometers will be taken at

the end of the interferometric sequence [68]. To permit long flight times, sub-microkelvin

temperatures are required for the atomic cloud before launch, as well as the mitigation of

systematic effects [61].

A simplified schematic diagram of the detector, with two atom interferometers in vertical

configuration, is shown in Figure 2.1. The steps followed are (1) preparing the ultracold

atoms in the atom source compartment, (2) launching the atoms into the baseline of the

detector and let them free-fall, (3) the interferometric sequence takes place, and (4) phase
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measurement of the atoms after the interferometric sequence. The experimental concept

will be described in more detail in subsequent subsections.

In this setup, the clock laser is delivered from one end of the baseline and retroreflected

from a steerable mirror, ensuring that the interferometer pulses are derived from a com-

mon optical wavefront. This geometry is essential in large-baseline atom interferometry

setups, as it ensures that common laser phase noise cancels between different interfer-

ometers. Steering the retro-mirror allows controlled introduction of a spatial phase shear

across the atom cloud, enabling single-shot phase readout where spatial fringes are gener-

ated to facilitate imaging-based phase measurement. This is referred to as the phase-shear

readout technique [69]. It allows determination of both the phase and contrast of atom

interferometers in a single experimental shot, eliminating the need for multiple measure-

ments with different phases.

2.1.1 Preparing the atom sources

The AION project requires sufficient and efficient cooling of strontium atoms to ultracold

temperatures to implement high-precision atom interferometry over long baselines [61].

Cold atom clouds are essential for atom interferometry experiments as they enable high

precision measurements by reducing the thermal motion of atoms and ensuring that as

many atoms as possible go through the desired trajectory in the interferometer sequence

and contribute to the signal. Many systematic errors relating to the cloud’s position and

velocity are also mitigated by cooling the atoms due to preparing the atoms with well-

defined initial conditions. Cooling the atoms narrows their velocity distribution, which

allows for longer coherence times, resulting in maintaining the visibility of the interfer-

ence fringes at the end of the interferometric sequence. It also allows for longer inter-

rogation and flight times, which in turn increases the sensitivity of the interferometer.
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Figure 2.1: Conceptual design of the AION detector [54, 2]. Ultra-cold strontium atoms
are cooled down in the atom source sections and prepared in an optical trap, transported
into a magnetically-shielded baseline, and then launched and allowed to free-fall in the
tube where atom interferometry takes place. A sequence of pulses will split and recom-
bine the two atomic paths. Using the phase-shear readout technique [69], a differential
phase measurement reveals information about the interaction of the atoms at the end of
the interferometric sequence.
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Cold atoms also experience reduced Doppler broadening of the clock transition used for

interferometry, improving the efficiency of laser-atom interactions and enhancing overall

interferometer performance.

A high atomic flux is required to maximise the signal-to-noise ratio and measurement rate

of the interferometers, while low atomic temperatures are necessary to preserve coherence

and enable high-contrast interference fringes. The source must therefore efficiently pro-

duce large numbers of ultracold atoms to optimise the overall sensitivity of the differential

atom interferometry. To reach the required temperature, a sequence of cooling techniques

is used before the atoms are launched into the main baseline of the detector where they

undergo interferometry. This includes a 2D "blue" Magneto-Optical Trap (MOT), a 3D

"blue" MOT, a 3D "red" MOT and an optical dipole trap for evaporative cooling [70,

71]. The atoms are then optically transported to the interferometry region where they are

launched and interferometry takes place. The set of Ultra-High Vacuum (UHV) cham-

bers where the atoms are loaded, cooled, and state prepared, or so-called sidearms, are

attached to the side of the vertical detector next to the interferometer tube as shown in

Figure 2.1. More details on the sidearm design and production are presented in Ref. [[1]].

2.1.2 The Strontium Atom

The AION project uses strontium, an alkaline-earth atom, due to its narrow-linewidth

1S0 – 3P0 clock transition at 698 nm used for interferometry [72, 67, 73] and convenient

optical transitions which allow for efficient trapping in MOTs [74, 75, 76, 77, 78, 79, 80,

81]. For the first stage of cooling, the 2D and the 3D “blue” MOT, the strong, dipole-

allowed 1S0 – 1P1 transition at 461 nm is used. This transition has a natural linewidth of

32 MHz. The subsequent cooling stage, the “red MOT”, operates on the intercombination

transition 1S0 – 3P1 at 689 nm. This is a narrow transition (γ = 7.6 kHz) and can be
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used to reduce the temperature of the atomic sample down to half the photon recoil limit

temperature of 230 nK [74, 82]. The AION project requires the 87Sr isotope since its

nuclear spin permits driving the 698 nm clock transition through mixing of states via

the hyperfine interaction. A simplified schematic diagram of the strontium levels and

transitions is shown in Figure 2.2.

Strontium is an alkaline earth metal (Group 2 on the periodic table), appearing as a metal

at room temperature. It has a low vapor pressure and strontium atoms are reactive with

oxygen, nitrogen, water and silicates but it is inert against sapphire. In terms of its elec-

tronic level structure, strontium has two valence electrons. The electron pairing gives rise

to various electronic states which can be grouped into spin singlet (S=0) or spin triplet

(S=1) states depending on the orientation of the spin of the two electrons which can be

anti-parallel for S=0 and parallel for S=1.

Four natural isotopes of strontium exist (88Sr, 87Sr, 86Sr and 84Sr), three of which are

bosonic and one (87Sr) is fermionic. 88Sr has the highest natural abundance (82.56 %)

followed by 87Sr (7.02%) [83]. These two isotopes are of the most interest to this work.

The ground state of strontium is 1S0 and there is a strongly allowed dipole transition

between the ground and 1P1 states. The first metastable excited state of strontium is the

triplet state 3P. The dipole selection rule, i.e. ∆S = 0, forbids dipole transitions between

the spin singlet and triplet states. However, the spin symmetry is broken by the spin-orbit

interaction among excited states, allowing for inter-combination weak dipole transitions

between singlet and triplet states [77].

In the case of Strontium, spin-orbit coupling introduces mixing between 3P1 and 1P1

states, the latter of which has a dipole-allowed transition to the ground state (1S0). As

a result the 1S0 →3 P1 transition, which would otherwise be forbidden becomes weakly
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allowed due to the state mixing [84, 85]. This results in a weakly allowed 1S0 →3 P1

dipole transition.

The bosonic isotope 88Sr has a nuclear spin of zero (I = 0) [77]. 88Sr has been very

widely used due to its natural abundance. Its zero nuclear spin makes it easier for it

to be captured and cooled as the complications arising from hyperfine structure are not

present. J = 0 → J = 0 transitions are not allowed due to selection rules, which means

the 1S0 ↔3 P0 clock transition in 88Sr is forbidden. This makes the natural linewidth of

this transition very narrow but it also means it is not possible to excite this transition with

a single photon.

The odd isotope 87Sr has a nuclear spin of I = 9/2. As a result of this nuclear spin, the

3P states are perturbed by the hyperfine interaction. 3P0 like 3P1 obtains a weak dipole

coupling to 1S0 as 3P0 gets mixed with the 1P1 and 3P1 states due to the hyperfine inter-

action. This allows a single photon 3P0 →1 S0 decay at a rate of Γ/2π = 1 mHz [86]. This

allows the transition to be excited within a reasonable timeframe, while still maintaining a

narrow linewidth that can be well-resolved. The non-zero nuclear spin of 87Sr results in a

complex Zeeman structure, which complicates cooling and adds additional requirements

in the process.

Using Strontium for AION

Strontium has convenient transitions for laser cooling, trapping and atom interferometry,

which is why it is used for the AION detector. Strontium has two near-cycling transitions

at 461 nm and 689 nm which allow for efficient and successive stages of laser cooling.

The 1S0-1P1 transition is a strong one with a broad linewidth (32 MHz). This transition

allows for Sr to be cooled down to a Doppler limit of 770 µK [88]. Subsequent cooling is

achieved using the narrow-line 1S0–3P1 transition at 689 nm, which has a linewidth in the
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Figure 2.2: Simplified schematic diagram of the strontium levels used in cooling, trap-
ping, and interferometry [76]. The linewidths (∆ν = Γ/2π , where Γ is the decay rate) of
the transitions are also indicated. While the 5s5p 3P0 has a 1 mHz linewidth for 87Sr, in
the other isotopes this transition is effectively forbidden [87]. The hyperfine structure of
87Sr is not shown in this diagram.

kilohertz range and supports cooling to sub-microkelvin temperatures, reaching a Doppler

limit as low as 0.18 µK.

In addition to its favourable cooling transitions, strontium features an ultra-narrow clock

transition at 698 nm between the 1S0 ground state and the 3P0 state. This transition is

an extremely weakly allowed electric dipole transition, highly suppressing spontaneous

emission due to its ultra-narrow linewidth (just a few millihertz), ensuring long coherence

times, which are essential for precision atom interferometry. Since both the ground state

and the 3P0 have J = 0, they are less sensitive to first-order Zeeman shifts and are less

sensitive to electric fields, reducing Stark shift perturbations. The transition is therefore

very stable and robust against external magnetic and electric fields, which can cause per-

turbations. Additionally, auxiliary transitions at 678 nm and 707 nm allow for effective
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repumping of atoms during the cooling process, improving experimental efficiency.

2.1.3 Clock Atom Interferometry

Once the atoms are cooled to a low enough temperature, they are launched into the base-

line (middle part of the detector) where the interferometry sequence begins. This section

provides an overview of atom interferometry and is based on References [89, 90, 91, 92,

93]

Atom interferometry exploits the wave-like nature of matter (atoms) to produce interfer-

ence and make highly accurate measurements. The way atom interferometers work is

analogous to the way light interferometers work but the role of matter and light are re-

versed. Whereas in light interferometers the source emits light that is brought into inter-

ference using mirrors and beamsplitters, in atom interferometers, the source emits atoms

(matter waves) and lasers act as mirrors and beamsplitters. This is illustrated in Figure

2.3, which shows the basic operation of Mach-Zehnder-type interferometers. In a light

interferometer, the light is split by beamsplitters and the two beams follow two different

paths until they both hit a mirror which brings the two beams back together where they

recombine and they interfere, and the interference patterns can be observed at the end of

the interferometric sequence. By measuring the overall phase of the interferometer, en-

coded in the populations of the two output ports, the optical path length difference can be

inferred.

Similarly, in atom interferometry you can split the wavefunction of the atom into a su-

perposition of two states (ground |g⟩ and excited |e⟩ state), which are spatially separated

due to the photon recoil which imparts momentum kicks and cause the wavepackets to

physically separate and evolve in two different paths. The two states are separated by
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Figure 2.3: Comparison of a conventional Mach-Zehnder light interferometer (left) and
a light-pulse atom interferometer (right), where laser pulses (wavy lines) act as beam
splitters and mirrors for atomic matter waves.

an energy ωA. An atom interferometer measures the phase difference between spatially

delocalised, coherent superpositions of atomic clouds.

Transitions between these states, as well as the degree of superposition and spatial sep-

aration of the wavepackets, are controlled via laser pulses. At the end of the sequence,

instead of getting light fringes, you get atom fringes which reveal the phase difference,

∆φ between the two different arms (paths) of the interferometer. The phase difference

can be extracted by measuring the population difference between the excited and ground

states. The phase difference is calculated as

C cos∆φ =
Ne −Ng

Ng +Ne
(2.1)

where Ng/Ne is the number of atoms in the ground/excited state at the end of the inter-

ferometric sequence, and C is the contrast, which denotes the oscillation amplitude. The

number of atoms in the excited and ground states is measured by detectors at the end of

the sequence, and the phase difference can be calculated using the equation above as long

as the value for the contrast is known.
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The total phase difference ∆φ , derives from two primary contributions: the quantum state

evolution during free-fall motion along each interferometric path, and the local laser phase

that is transferred to the atom at each atom-light interaction point.

Because the interferometer configuration effectively compares atomic motion against the

reference frame established by the laser pulse sequence, ∆φ exhibits high sensitivity to

inertial forces experienced by the atom throughout the interferometric sequence. This sen-

sitivity enables the use of atom interferometers as precision accelerometers [39]. Further-

more, given that the interferometer involves trajectories where atoms transition between

ground and excited states, ∆φ also demonstrates strong sensitivity to the fundamental con-

stants governing these atomic transitions. This characteristic allows atom interferometers

to function as high-precision atomic clocks [38].

Clock Atom interferometry - The Pulse Sequence

We will now take a closer look at how atom interferometry works, considering a single

atom interferometer. A single run, termed an interferometric cycle or sequence, comprises

three stages: preparation of the atomic cloud, application of the interferometer pulse se-

quence, and detection of the final atomic state. In this section, I focus on and explain in

more detail the interferometer pulse sequence.

In a light-pulse atom interferometer, a sequence of laser pulses acts as effective beam

splitters and mirrors for the atomic wave packets, coherently manipulating their states.

The laser pulses couple atomic momentum states through stimulated processes (such as

two-photon Bragg or Raman transitions, or single-photon clock transition in the case

of strontium), imparting photon recoil momentum to the atoms while driving coherent

superpositions of momentum states. In single photon transitions (where |k| ≈ ∆ω) as a

result of momentum conservation, an atom initially in the ground state with momentum p
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(i.e. |g,p⟩) will be excited and acquire a momentum kick k, resulting in the state |e,p+k⟩.

The atom undergoes Raman oscillations between the corresponding initial and final states

during the light-atom interaction.

This process splits and redirects the atomic wave packets along spatially separated paths,

which later recombine to form an interference pattern. The phase difference accumulated

between the interferometer arms depends on inertial effects and external fields experi-

enced by the atoms. At the end of the interferometric sequence, the relative populations

in different output ports are measured to infer this phase shift. The sequence of events,

from launching the atoms in the detector baseline to detecting the output populations, is

illustrated in Figure 2.4.

The atoms are prepared in the ground state and launched vertically upwards, allowing

them to freely fall in the interferometer vacuum tube. A series of pulses of different du-

rations is then applied. AION uses a Mach-Zehnder-type interferometer sequence whose

most simple form consists of a π/2−π −π/2 or a beamsplitter-mirror-beamsplitter se-

quence. The type of pulse is determined by the duration and intensity with which the

resonant radiation (laser) interacts with the atom and is defined by the Rabi frequency Ω.

In this scheme, a beamsplitter corresponds to a π/2 pulse (one quarter of a Rabi period),

which creates a coherent superposition of internal states, while a mirror pulse corresponds

to a π pulse (half a Rabi period), which exchanges the population between the two states.

Both types of pulses impart a change in momentum state k.

To see this in practice for the interferometric sequence let’s take a closer look at Figure

2.4. Panel (A) shows the atoms (in the ground state (|g⟩) - indicated by a solid purple

line) being launched vertically upwards. At time T = 0, a π/2 pulse interacts with the

atoms, and excites approximately half of them while also imparting a momentum kick in
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Figure 2.4: Spacetime diagram for a Mach-Zehnder interferometer sequence. The evolu-
tion of the atom’s ground and excited state is shown in steps starting from the launch of
the atom in the ground state (panel A); and continuing with the propagation of the atomic
states after the interaction with a π/2 pulse (beamsplitter) at t = 0 (panel B); a mirror
pulse at t = T (panel C) and another beamsplitter at t = 2T (panel D). After the application
of the final beamsplitter, a drift time δ t is allowed to pass before imaging the atoms. The
total phase acquired and measured at the end of the interferometric sequence is denoted
as ∆φtot . Adapted from: [94]

the excited state atoms spatially separating these atoms from the ground state ones. This

creates a superposition of the two states as shown by the wavefunction on the top right

of panel (B). A relative phase shift is also acquired. In panel (C), we can see a π pulse

being applied at time T which acts as a mirror. This pulse causes the states of the atoms in
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the two paths to swap and a momentum kick to be applied to the new excited state path,

causing the two paths to recombine.

Panel (D) shows the application of another π/2 pulse at t = 2T to the two arms of the

interferometer, which splits each of them into a further superposition of the ground and

excited states. Some time is allowed to pass for the four atomic wavepackets to spatially

separate before the measurement of the interference takes place, determining the number

of atoms in the excited and ground states to infer the phase shift accumulated at the end

of the interferometric sequence. The measurement happens at the “detection” part of the

AION detector as shown in Figure 2.1.

Phase Shift Determination for a Single Interferometer

In this section an overview of the formulae defining the calculation of the phase difference

between the two arms of the interferometer is provided which is based on Ref. [89], where

the full derivation of these formulae can be found.

The total phase difference (∆φtot) between the two arms of an interferometer can be writ-

ten as a sum of three different components, namely the propagation, separation, and laser

phase, written as:

∆φtot = ∆φpropagation +∆φseparation +∆φlaser. (2.2)

For the equations below, we take that ℏ= c = 1.

The propagation phase ∆φpropagation results from the atom’s free-fall evolution between

light pulses and is expressed as:
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∆φpropagation = ∑
upper

(︃∫︂ tF

tI
(Lc −Ei)dt

)︃
− ∑

lower

(︃∫︂ tF

tI
(Lc −Ei)dt

)︃
(2.3)

In this equation, the summations account for all path segments in the upper and lower

arms of the interferometer. Here, Lc represents the classical Lagrangian evaluated along

the classical trajectory for each segment. Also, the equation accounts for contributions

from the internal atomic energy level Ei. There is one term for each path segment (upper

and lower) with the corresponding initial time, final time, Lc and Ei for each path.

The laser phase ∆φlaser accounts for the phase change caused by the atom interacting with

the laser field used as a mirror/beamsplitter in the interferometric sequence to manipu-

late the wavefunction. Every time the laser interacts with the atoms, the phase of the

laser (φL(t0,xc(t0)) = k ·xc(t0)−ωt0 +φ ) is imprinted on the component of the state that

changes momentum due to the atom-light interaction. The laser phase is defined as:

∆φlaser =

(︄
∑

j
±φL(t j,xu(t j))

)︄
upper

−

(︄
∑

j
±φL(t j,xl(t j))

)︄
lower

(2.4)

The summations include all the interaction points occurring at times t j, with xu(t) and

xl(t) representing the classical trajectories of the upper and lower arms of the interferom-

eter, respectively. The sign of each term is determined by whether the atom gains (+) or

loses (−) momentum during the interaction.

The classical paths of two arms of the interferometer do not perfectly intersect when the

last π/2 pulse is applied (at the final beamsplitter) giving rise to the separation phase

∆φseparation. The resulting separation phase shift is defined as:
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∆φseparation = p̄ ·∆x (2.5)

for a separation of ∆x = xl −xu, where p̄ is the average classical canonical momentum of

the atom after the final π/2 pulse is applied.

Sensitivity

Two types of sensitivity determine the total sensitivity of an atom interferometer to phase

shift measurements; the readout sensitivity and the intrinsic sensitivity. The readout or

shot-noise limited sensitivity is determined by how accurately the final phase measure-

ment of the interferometer can be measured. This measurement is limited by the quantum

shot noise, which scales as 1√
N

[95], where N is the number of atoms that undergo the

interferometric sequence unless spin squeezing is used to reduce quantum noise below

the standard quantum limit (SQL). By increasing the number of atoms involved in the

measurement, the precision of the measurement also increases. The intrinsic sensitivity

depends on the strength of the effect under study and how much the magnitude of the

resulting phase shift of the interferometers is affected by it. The sensitivity of the detector

to the physics under consideration needs to be maximized by maximizing the phase shift

created in the interferometer. The following section describes the methods used in AION

to maximize this phase shift.

2.1.4 Differential Atom Interferometry and LMT

The AION project’s experimental concept is based on a differential phase measurement

which is achieved by using two or more atom interferometers in the same detector which

are all addressed by a common laser source. The interferometers are operated as a single
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photon atom gradiometer [25].

Figure 2.5 illustrates the principle of operation of two AIs which are separated vertically

by a distance ∆z in a baseline of length L. The interferometers are positioned at distances

z1 and z2. The advantage of using more than one interferometer is that a single laser

beam can be used to interrogate both interferometers simultaneously resulting in a dif-

ferential phase measurement that can highly suppress laser phase noise [96], a scheme

made possible by the use of strontium and its single-photon clock transition [54, 72, 97].

The phase difference measured for a gradiometer (combination of two atom interferom-

eters) is therefore the difference of the total phase of the individual single-photon atom

interferometers. This is a differential phase measurement.

Large momentum transfer (LMT) techniques [25, 67] will also be used to enhance the

intrinsic sensitivity at the end of the interferometer. A series of π-pulses can be applied

in opposite directions after the initial beam splitter to increase the separation between the

atom interferometer arms. For n number of additional π pulses, the atoms acquire an

increase in momentum of nℏk, where k = ωA/c. This principle is illustrated in Figure 2.5.

2.1.5 Ultra-light Dark Matter and Gravitational Wave Detection in

Atom Interferometers

Given the overview of how differential atom interferometry operates, this section presents

how scalar ULDM and gravitational waves can imprint a signal which can be observed

using this technique. The main limitation of such a measurement, which defines the

sensitivity of the detector to such signals, is the atom shot noise e.g. δφ ∼ 1/
√

N, where

N is the number of atoms.

An atom interferometer can act as a precision accelerometer or gravitational wave sensor
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Figure 2.5: Space-time diagram of the principle of operation of a single-photon differen-
tial atom interferometer with the long momentum transfer technique applied. The vertical
distance of the baseline is shown on the y-axis. There are two atom interferometers in
vertical configuration with a distance ∆z = z2 − z1 between them. The propagation of the
ground (purple solid lines) and excited state (yellow dashed lines) is shown. The black
circles show the atom-light interactions. The first and last light pulses act as beamsplitters
(π/2 pulses), and the pulses in between are multiple π pulses that reverse the state of the
atoms and impart momentum kicks to the atoms. Here the order of the LMT sequence n
= 2.

by using the differences in the time each arm of the atomic wavefunction spends in the

excited state. When the atom experiences acceleration, the two interferometer paths do

not remain symmetric, resulting in unequal excited-state durations and a phase difference.

This phase is imprinted during the short-duration laser pulse interactions, rather than ac-
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cumulated during the free evolution time between them. However, the total phase shift

still scales linearly with the interrogation time T, as the effect of acceleration on the light

travel time across the interferometer baseline accumulates over this interval. The sensi-

tivity is also enhanced by increasing the number of photon momentum kicks n, since a

larger n leads to a longer path in the excited state. To leading order, the phase shift due to

a static gravitational field scales as φ ∼ nωagT 2/c [25], where ωa is the energy splitting

between internal states, g is the local gravitational acceleration, and c is the speed of light.

The phase shift in a differential atom interferometer with a baseline L arises from the

phase difference (∆φdi f f ) accumulated at the output of the two atom interferometers. Fig-

ure 2.6 visually illustrates the effect of ultralight dark matter and gravitational waves on

the differential atom interferometer.

When a gravitational wave of strain amplitude h and frequency ω passes through the

system, it induces a strain h that modulates the effective separation L between the two

interferometers such that the arrival time of the laser beam is changed (i.e. ∆T = hL).

This modulation leads to a time-dependent variation in the differential phase shift [25].

The gravitational wave changes the spacetime metric, effectively altering the light travel

time between the interferometers and introducing a measurable phase difference.

To detect gravitational waves using atom interferometry, we consider the effect of a pass-

ing plane gravitational wave propagating in the x-direction. In the transverse-traceless

(TT) gauge, the spacetime metric is given by [25]:

ds2 = c2dt2 − (1+hsin(ω(t − z)+φ0))dz2 − (1−hsin(ω(t − z)+φ0))dy2 −dx2,

(2.6)

where h is the strain amplitude of the gravitational wave, ω its angular frequency, and φ0



36 Chapter 2. The Atom Interferometry Observatory and Network

the gravitational wave’s phase at the start of the AI pulse sequence.

For an AI based on a single-photon transition, the leading-order phase shift accumulated

in the interferometer at position z1 is

∆φ(z1) = 4
hωA

ω
sin2

(︃
ωT
2

)︃
sin
(︂

ωz1

2c

)︂
sin
(︂

ωT +
ωz1

2c
+φ0

)︂
, (2.7)

where ωA is the atomic transition frequency and 2T is the interrogation time. A detailed

derivation of this is presented in Ref. [98].

With two atom interferometers located at z1 and z2, the differential phase shift induced by

the gravitational wave is

∆φdiff = 4
hωA

ω
sin2

(︃
ωT
2

)︃
sin
(︃

ω(z2 − z1)

2c

)︃
sin
(︃

ωT +
ω(z1 + z2)

2c
+φ0

)︃
. (2.8)

In the limit where ωL/c ≪ 1 and L = z2 − z1, this simplifies to [54]

∆φdiff ≈ 2hk L sin2
(︃

ωT
2

)︃
sin(ωT +φ0) , (2.9)

with k ≈ ωA/c being the wave number of the interrogation laser. This expression high-

lights how the differential phase shift depends on the gravitational-wave strain h, the

baseline length L, the interrogation time T , and the atomic transition frequency ωA.

ULDM can give rise to a differential phase shift by inducing time-dependent variations

in the atomic transition frequencies [23, 24, 99]. The ultra-light wave-like scalar dark

matter field can be depicted as a classical field that oscillates in space and time. If ULDM

couples to standard model particles such as electrons or photons, it induces periodic vari-
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ations in fundamental constants, specifically, the electron mass and the electromagnetic

fine-structure constant. As the dark matter field evolves, this induces a sinusoidal oscil-

lating time-dependent perturbation in the atomic transition frequency. Because the laser

reaches each atom interferometer at slightly different times due to the finite speed of light,

any time-dependent perturbation from dark matter will manifest as fluctuations in the dif-

ferential phase accumulated between the two interferometers.

A differential atom interferometer will detect a significant phase shift when the oscillation

period of the dark matter wave is equal to the duration of the interferometric sequence.

Since all other phase shifts are cancelled out due to the differential configuration, even

small phase shift caused by very small signals can be detected, making differential inter-

ferometers very sensitive to minute dark matter effects. The phase shift caused by ULDM

would scale as ∆ωT .

2.1.6 The AION Science Case

AION Sensitivity

The resulting phase depends on both the distance between the two interferometers and the

time the atoms spend in free-fall (controlled by the number of LMT/π-pulses applied).

Therefore, it is essential to have long baseline interferometers to achieve sensitivities that

allow for the detection of these phenomena.

For this reason, the AION program is comprised of several stages each with increasing

baseline distance and therefore sensitivity. The different sensitivity scenarios are sum-

marised in Table 2.1, where a list of basic parameters is given for each. The plan is to

have three different length baseline detectors each one building on the previous one. The

initial AION-10-m detector will serve as a proof-of-concept detector and a starting point
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Figure 2.6: Effects of ultralight dark matter and gravitational waves on a differential
atom interferometer. (Top) Ultra-light scalar dark matter couples to the atom and causes
oscillations in fundamental constants e.g. the electron mass. This in turn induces periodic
variations in the atom transition frequency of the atom. These variations are imprinted
into the phase accumulated in the interferometers and therefore the differential phase
measurement. (Bottom) Gravitational waves cause changes in spacetime as they pass
through the detector. The distance between atom interferometers changes, and the change
depends on the strain h of the gravitational wave. This also manifests as a differential
phase shift in the interference pattern.

for AION-100. Once the 10-m detector reaches the ultimate sensitivity possible, the plan

is to build a 100-m detector which will have an improved sensitivity. AION-100 will

pave the way for the AION-km which will be a terrestrial-based detector. The ultimate

sensitivity is projected to be achieved with a space-based detector, using a two-satellite

configuration such as the proposed AEDGE mission [64].

Mid-Frequency Gravitational Waves

AION would be most sensitive to mid-frequency gravitational waves, as shown in Figure

2.6. The range of frequencies covered by AION would allow observations of mergers
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Sensitivity Scenario L [m] T [sec] δφnoise [1/
√

Hz] LMT [number n]
AION-10 (initial) 10 1.4 10−3 100
AION-10 (goal) 10 1.4 10−4 1000
AION-100 (initial) 100 1.4 10−4 1000
AION-100 (goal) 100 1.4 10−5 40000
AION-km 2000 5.0 0.3×10−5 40000

Table 2.1: Basic parameters for different stages of the AION project including the length
of the detector L; interrogation time of the atom interferometer 2T ; phase noise δφnoise;
and number n of large momentum transfers (LMT). From: [54].

from intermediate-mass black holes [100] and it compliments the measurements from the

LISA, LIGO, Virgo, KAGRA, INDIGO, ET and CE experiments.

Figure 2.7: Comparison of strain sensitivities between AION and other experiments for
different total mass black hole mergers at different redshifts (z). The time left before
a merger is also indicated. Equal mass binaries are indicated with solid lines whereas
unequal mass binaries are indicated with dashed lines. Potential gravitational gradient
noise (GGN) levels for the km-scale ground-based detector is also depicted. From: [64].

Ultra-Light Dark Matter

AION can potentially detect ultra-light scalar DM through its couplings to electrons, pho-

tons and the Higgs field [101, 102]. These couplings cause oscillations in the atomic
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transition frequencies as the dark matter field directly affects the values of fundamental

constants through this coupling. AION can probe scalar dark matter with masses between

10−18 eV and 10−12 eV, corresponding to Compton frequencies ω = mDMc2/ℏ. Different

configurations of the AION detectors (e.g. AION-10, AION-100) can probe for different

ranges of dark matter mass and coupling strength. Figure 2.8 illustrates the sensitivity

of the different AION setups to different scalar dark matter interactions in regards to the

dark matter mass and the coupling strength.

Figure 2.8: Sensitivities of the different AION detector configurations (different scale de-
tectors) to three different dark matter interactions; scalar dark matter coupling to electrons
(left), photons (middle) and through the Higgs portal (right). The plots show the parame-
ter space that has been excluded by other experiments i.e. through equivalence principle
violation searches [103], atomic spectroscopy [104], and the MICROSCOPE experiment
[105]. Reproduced from: [54].

2.2 AI experiment landscape

There are currently several efforts worldwide to construct atom interferometer experi-

ments for the detection of new physics. There are various proposal stage, prototype/proof-

of-concept laboratory-based experiments as well as dedicated large-scale experiments

each of which uses different cold atom technologies and technology configurations to

construct a detector that could be sensitive enough to detect gravitational waves, dark

matter, and other physical phenomena.
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In this section, I outline the international landscape of atom interferometers. This section

is based on the Terrestrial Very-Long-Baseline Atom Interferometry workshop summary

paper [40] that took place in March 2023 at CERN and Ref. [106]. One of the main

outcomes of the workshop was the establishment of a pathway towards an international

long baseline atom interferometer proto-collaboration aiming for at least one km-scale

atom interferometer-based detector to be in operation by the mid-2030s.

Several atom interferometer projects with baseline lengths of 10 to 100 meters have al-

ready been constructed or are in the planning stages. One such project is the 10-m fountain

at Stanford built as part of the MAGIS collaboration [66]. Another key development is the

Very Long Baseline Atom Interferometry (VLBAI) in Hannover [107] which has success-

fully implemented a 10-m baseline atom interferometer. Other 10-m atom interferometer

projects include the Wuhan 10-m atom interferometer [108].

Next-generation atom interferometer set-ups with very long baselines are also in various

stages of planning or construction. These include MAGIS-100 at Fermilab [66], MIGA in

France [109] and ZAIGA in China [110]. MIGA, which is currently under construction,

is expected to pave the way to the European ELGAR project [111]. Unlike most other

experiments, which use vertical configurations, both MIGA and ZAIGA will operate in a

horizontal configuration.

Among these next-generation projects is the Atom Interferometry Observatory and Net-

work (AION) project, which forms the core of the next two chapters of this thesis. The

program includes both a 10-meter prototype and a longer 100-meter detector (in a vertical

baseline configuration), both of which are currently in the planning stages. The 10-meter

detector will be built at Oxford, while possible sites for the next phase, the 100-meter

baseline detector, are being investigated, including locations in the UK and at CERN
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[112].

Operating the atom interferometers in a vertical configuration allows for increased sensi-

tivity, as the interrogation times are longer due to the atoms being launched vertically and

allowed to free fall for a longer period, extending the duration of interaction with laser

pulses. This extended free-fall enhances the phase accumulation, as the phase shift scales

with the square of the interrogation time. A key advantage is that the atomic clouds remain

within the interferometry beam for the full duration of the sequence, reducing the need for

frequent re-launches and thus minimising the introduction of additional differential phase

noise. However, more than one baseline can be used in the horizontal configuration detec-

tors to suppress the common-mode laser noise. All interferometers would be addressed by

the same laser beam. Multi photon transitions can also be driven by counter-propagating

beams, making the use of alkaline elements possible [40].

Table 2.2 gives an overview of the leading terrestrial long baseline atom interferometer

projects along with their main characteristics. The table highlights their baseline lengths,

atom species used and geographic locations as well as the techniques used to perform

atom interferometry and manipulate and control the atoms. This comparison highlights

the global effort to build atom interferometer based detectors that can explore a range of

different physical phenomena.

Project Baseline Length Number of Baselines Orientation Atom Atom Optics Location
VLBAI 10 m 1 Vertical Yb, Rb Germany
MAGIS-100 100 m 1 Vertical Sr Clock AI, Bragg USA
AION-10/100 10/100 m 1 Vertical Sr Clock AI UK
MIGA 200 m 2 Horizontal Rb Bragg France
ZAIGA 300 m 3 Horizontal Rb, Sr Raman, Bragg, OLC China

Table 2.2: Comparison of different atom interferometer projects worldwide. Adapted
from: [66]

The ultimate sensitivity of these detectors would be achieved by taking atom interferom-

eters into space, benefiting therefore from huge baselines. This would not only eliminate
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a lot of the noise they experience on Earth (from anthropogenic and geological sources),

but they would also be able to search for additional effects that can only be probed from

space. Examples of such ambitious projects include the AEDGE project [64], which is

complementary to the AION program, and STE-QUEST [113].
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Experimental Apparatus for Ultra-Cold

Atom Preparation

3.1 Introduction

The AION project requires that state-of-the-art atom interferometry techniques be used

and developed to be sensitive enough to the physics it aims to discover. A key part in

achieving atom interferometry is the production of ultra-cold atoms.

One of the main deliverables of the project is the building of dedicated Ultra-Cold Stron-

tium Laboratories (UCSLs), conducting complementary R&D efforts in parallel, each

having expertise in different aspects of the experiment and working on optimising dif-

ferent parts of the experimental process. The University of Birmingham leads the devel-

opment of Large Momentum Transfer (LMT) techniques, which use sequences of light

pulses to transfer multiple photon recoils to atoms, enhancing the sensitivity of interfer-

ometers to gravitational signals [67]. The University of Cambridge focuses on atom trans-

44
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port, cooling, launch, and atom optics. This includes techniques to move ultra-cold atoms

across vacuum chambers more efficiently and optimisation of the optics to increase the

efficiency of cooling and atom interferometry [114, 95]. Imperial College London and

the Rutherford Appleton Laboratory (RAL) lead the work on spin squeezing and high-

resolution atom interferometry, aiming to make measurements below the quantum pro-

jection noise by engineering spin-squeezed quantum states of atoms [95], and to improve

the resolution of interferometry. The University of Oxford is responsible for developing

ultra-cold strontium atom sources and will host the first detector prototype, AION-10, in

the Oxford Beecroft building [41].

This centralised production of the ultra-high vacuum (UHV) and the Lasers stabilisation

(LS) systems allowed for faster production, which would otherwise take much more time

by leveraging the expertise of the different institutions collaboratively. The results of this

effort and more details on the approach and methods used for the centralised design and

production of the UHV and LS systems are presented in Ref. [1].

During my PhD I have contributed significantly in setting up the Imperial College London

UCSL and the UHV and laser systems. A major fraction of my time during my PhD has

been spent on designing and assembling experimental hardware, including the assembly

of the UHV chambers that are essential for cooling the atoms before they are launched

into the interferometer. This chapter describes my contributions to the now state-of-the

art experimental set-up, which is now able to cool atoms down to sub-micro-kelvin tem-

peratures and perform atom interferometry using the metastable strontium-87 transition,

achieving two of the main aims of the AION project’s initial phase.

This chapter is organised as follows: Section 3.2 describes my work in relation to the

sidearm development and assembly. A sidearm in the context of the AION project refers
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to a dedicated vacuum structure, where atoms are initially cooled and prepared before

being transferred into the main interferometry region. Section 3.4 presents my work in

designing, building and testing the stray magnetic field compensation coils necessary for

achieving ultra-cold atoms. These are followed by a presentation and discussion of the

optical setup I built that is used to achieve a red MOT (Section 3.5.2). Section 3.6 dis-

cusses how optical injection is achieved and introduces an easy-to-assemble method of

characterising the injection lock using heterodyne beat detection. Injection locking is

necessary in the AION project to meet the demanding laser power and frequency sta-

bility, and spectral purity requirements for ultra-cold atom experiments, especially for

operating the narrow-linewidth red MOT used to cool strontium atoms.

3.1.1 Hardware Requirements

The sequence for cooling the atoms in the AION experiment follows a similar set of

methods as other cold strontium atom experiments [70, 115]. The sequence is outlined

below:

1. Effusive emission of strontium atoms from a high-temperature oven.

2. Initial cooling and collimation of atoms using a 2D "blue" magneto-optical trap

(MOT) in Chamber 1, forming a slow atomic beam.

3. Recapture and further cooling of the atomic beam in a 3D "blue" MOT within

Chamber 2 (down to the Doppler limit of approximately 770 µK).

4. Additional cooling to microkelvin temperatures (down to the Doppler limit of ap-

proximately 180 nK) in a 3D red MOT.

5. Transfer of atoms into an optical dipole trap, followed by evaporative cooling.
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6. Optical transport of the ultra-cold atoms to the interferometry region, either into

Chamber 3 in test sidearms or the main vertical tube of the full-scale detector.

7. Atom launch, execution of interferometry, and subsequent measurement.

The relevant transitions used in the laser cooling sequence and interferometry are depicted

in Figure 2.2 in Chapter 2.

Each of the institutions that work on hardware R&D for the project has a different vacuum

system. While the vacuum systems at the University of Cambridge and Oxford consist of

three chambers (see Ref. [1] for details), the vacuum system at Imperial is a two-chamber

one, the CAD design of which is shown in Fig. 3.1.

All the stages in the cooling sequence require ultra-high vacuum to prevent unwanted

particles from interfering with the cooling and interferometry sequence by preventing

collisions of background gas with the atoms. Chamber 2 of the Imperial vacuum system

requires that the pressure is ≲ 10−10 mbar.

Stages 1-2 of the cooling sequence outlined above take place in Chamber 1, and stages

2-5 happen in Chamber 2 of the vacuum system. Strong magnetic fields are required in

both chambers. These are supplied by NdFeB permanent magnets in Chamber 1 due to

their ability to reduce the power consumption required and the requirements for cooling.

The required magnetic field gradient in Chamber 2 is supplied through the use of high-

current, water-cooled coils, as it needs to be changed for different stages in the sequence.

More details on the magnet design and their characterisation are presented in [1].

The sequence uses different types of lasers depending on the stage and transition require-

ments. The 461 nm transition is used for the 2D and 3D blue MOTs (Steps 2 and 3 of

the sequence). The 689 nm transition is used in the 3D "red" MOT. Atom interferometry
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in AION is performed using the 698 nm “clock” transition of the strontium-87 isotope.

For narrow transitions (red MOT and atom interferometry), narrow linewidth, cavity-

stabilised [1] lasers at 689 nm and 698 nm are required. For broadband transitions (blue

MOT and repumping), wavemeter-locked (using a High Finesse WS wavelength meter)

Toptica ECDL lasers at 461 nm, 679 nm, and 707 nm are required (see Section 3.5.1. For

far-off resonance transitions (used in the dipole trap), a free-tuning laser at 1064 nm is

required.

3.2 Sidearm Assembly

The sidearm at Imperial consists of two vacuum chambers, one for the 2D MOT and one

for the 3D MOT and squeezing cavity. Figure 3.1 shows the CAD design of the two

chambers in the sidearm frame. Chamber 1 contains the strontium oven, which limits

how low the vacuum pressure can go. Therefore, there are two separate ion pumps, one

for each chamber. Chamber 2 is pumped using a 20L/s ion pump along with a NEG (non-

evaporable getter) cartridge pump. A differential pumping aperture of 3 mm diameter and

15 mm length separates the two chambers. Chamber 1 contains multiple viewports around

its sides. Four of the viewports are used to attain a 2D MOT, and one is placed at the front,

facing the outside of the sidearm and used for fluorescence imaging. The four 2D MOT

viewports do not face the oven directly to avoid being coated with strontium while the

oven is operating, although it is not always possible to completely avoid this. Chamber 1

requires that the background pressure be less than 10−9 mbar to avoid affecting the base

pressure of Chamber 2.
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Figure 3.1: The CAD design of the two chambers in the sidearm. The position of the Sr
oven and the cavity for squeezing are also indicated.

3.2.1 Ultra-high vacuum system - Chamber Assembly

The sidearm assembly began with Chamber 1, following a standard ultra-high vacuum

(UHV) cleaning protocol to minimise contamination. All components exposed to vacuum

were cleaned using a multi-step process. The process included cleaning pieces that would

be in contact with the vacuum following a standard procedure for vacuum-standard clean-

ing, which included immersing the pieces in acetone to remove grease and oils, washing

with decon detergent and then distilled water to remove detergent residues (separately) in
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that order. An ultrasonic bath was then used to remove particles from surfaces. This was

followed by pre-baking the pieces in an oven at 120°C to remove water and hydrocarbons.

Following cleaning, the chamber coated viewports were installed to provide optical access

for laser cooling and spectroscopy. An internal mirror was also mounted inside the cham-

ber for performing spectroscopic measurements. Figure 3.2 shows images taken during

the assembly process.

(a) Assembled Chamber 1 (b) Internal mirror for
spectroscopy.

Figure 3.2: Assembly of Chamber 1. (a) The assembled chamber 1 (excluding the stron-
tium oven) with installed viewports. (b) The internal mirror used for in-situ spectroscopy
of trapped atoms.

After attaching the viewports and mirror, a glovebox was used to load the Sr oven with

strontium. The strontium oven is made of stainless steel and was specially designed and

produced for AION by the Oxford team. Pictures of the oven during the loading procedure

are shown in Figure 3.3. A glovebox is used as strontium is highly reactive to oxygen.

The glovebox was therefore filled with argon gas to push out as much oxygen as possible

to prevent oxidization during the loading of the oven.

The oven consists of the main cylindrical oven part where strontium metal is inserted

and connected to a Conflat flange (CF40) via a thin-walled stainless steel tube with low
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thermal conductance. A nozzle sits near the opening of the strontium oven cylinder. The

stainless steel disk nozzle was created through laser machining and is secured in place

using a C-clip. It contains 150 circular channels, each 0.3 mm in diameter and 3 mm in

length. Rather than being mounted flush with the cylinder’s end, the nozzle was positioned

further along in the oven body to minimise heat loss. The tube that connects the oven

body to the flange is open to allow for six cartridge heaters and two thermocouples to be

inserted to heat the oven. This design eliminates the need for any electrical feedthroughs.

(a) Loading the oven (b) Oven nozzle

Figure 3.3: Pictures taken during oven loading. Once the oven was loaded with solid
strontium, the nozzle was then placed in the cylindrical body of the oven, and the vessel
was vacuum sealed before being led out of the controlled box.

Once the oven was loaded with as much strontium as possible (a few grams), it was

sealed and taken out of the glovebox. Chamber 1 was attached to the sidearm frame along

with the ion pump. Once the chamber was correctly attached, the oven was carefully

and as quickly as possible attached to the bottom inlet of the chamber to avoid as much

oxidisation as possible.
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Thermocouples were taped on various points on the chamber, and a Leybold TURBO-

LAB high-vacuum pumping system was attached. The chamber was then wrapped in foil

to reduce thermal gradients during bakeout. The turbo-pump was used to reach a pressure

of the order of 1× 10−7 mbar. Figure 3.4 shows the frame with chamber 1 installed be-

fore and during baking and vacuum pumping. The maximum temperature for the baking

was determined based on what the viewports can withstand before breaking. This was

determined to be around 115oC. The thermal differences between the different viewports

was attempted to be kept to a minimum. The baking was therefore done using a rate of

approximately 5oC per hour. Once baking was done the whole chamber was checked for

any leaks using a helium outlet. This ensured that the vacuum was not broken during

the procedure, either at the joints between the viewports and the chamber or due to any

melting of the glass viewport’s sealing to the rest of the structure. It must be noted that

Chamber 1 was initially set up without Chamber 2, and the aforementioned procedure

was carried out exclusively on Chamber 1.

Once a good vacuum was ensured, the oven was heated up to around 500oC to release Sr

atoms inside the chamber and fluorescence spectroscopy was used to verify the nominal

oven flux. A picture of the fluorescing atoms is shown in Figure 3.5.

A similar procedure was carried out for assembling Chamber 2. While heater tape was

used when only Chamber 1 was baked, when Chamber 2 was attached, an insulated en-

closure was used to bake the whole system. It should also be noted that another difference

in the Chamber 2 design for the Imperial system, in contrast to the rest of the institutions,

is the addition of a cavity that will be used for spin-squeezing experiments.

During baking, the turbo pump was on for about 20 days, after which the ion pumps

were turned on. To monitor the pump-down process and vacuum stability, pressure data
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(a) Sidearm with chamber 1 and the ion pump
attached

(b) Chamber wrapped in foil (used to bake
the chamber) and the vacuum pump during

vacuum pumping

Figure 3.4: Pictures of (a) the sidearm with chamber 1 and the ion pump attached and
(b) the chamber wrapped in foil (used to bake the chamber) and the vacuum pump during
vacuum pumping.

Figure 3.5: Fluorescent light (blue line inside the chamber) produced by strontium atoms
during spectroscopy.
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were recorded for both Chamber 1 and Chamber 2. Figure 3.6 shows the pressure of

each chamber, plotted on a logarithmic scale against elapsed time in minutes, with data

sampled at five-minute intervals during one of the pump down procedures. At the time

the turbo pump was turned off, the pressure in the chambers was around the order of

1× 10−8 mbar. After the ion pumps were turned on, Chamber 1 reached a steady state

pressure of about 3.4× 10−10 mbar while Chamber 2 reached a pressure of 1.3× 10−11

mbar during the same pump down cycle.
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Figure 3.6: Pressure profiles of Chamber 1 and Chamber 2 during one of the ultra-high
vacuum (UHV) pump-downs. The plot shows pressure (in mbar) on a logarithmic scale
versus elapsed time in minutes. Data sampled at 5-minute intervals.

As mentioned in the previous subsection, the AION sidearm requires precisely controlled

magnetic fields in two chambers to facilitate atom cooling and trapping. A hybrid system

consisting of eight N52 NdFeB permanent magnets arranged to create a 2D quadrupole

field with strong radial gradients of approximately 3.7 mT/cm in the x-y plane is used in

Chamber 1. These magnets are supplemented by water-cooled aluminium tape trimming
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coils capable of providing an additional maximum of 2.4 mT/cm gradient adjustment.

Separate axial compensation coils (tape-wound coils) are added in addition to the above.

This design minimises stray fields while allowing fine control of the MOT position and

field strength.

Chamber 2 utilises only electromagnets. This allows large range gradient control and for

ramping the total field to zero. There are two assemblies of square-profile hollow copper

conductor coils run in anti-Helmholtz configuration. Each assembly contains two water

channels for cooling. The setup also includes passively cooled auxiliary windings for

DC offset field trimming. The system produces a field gradient of 39 µTcm−1 A−1 and

can sustain currents up to 200 A continuously without exceeding 30 ◦C due to the water

cooling. With a self-inductance under 400 µH, the current can be rapidly ramped from

130 A to 10 A within 1 ms using a 40 V reverse voltage, facilitating the critical transition

from blue MOT to red MOT.

The magnets and coils were therefore added to the sidearm and the two Chambers after

installation of these magnets and coils, are presented in Figure 3.7.

3.3 Experimental Control

For the experimental control system for the AION experiment at the Imperial lab, we

are using ARTIQ (Advanced Real-Time Infrastructure for Quantum physics) [116]. AR-

TIQ is a control and data acquisition system specifically designed for quantum physics

experiments. It consists of both specialized hardware and software components working

together.

The system is built around an FPGA-based controller that provide the precise timing and



56 Chapter 3. Experimental Apparatus for Ultra-Cold Atom Preparation

(a) Chamber 1 with coils installed.

(b) Chamber 2 with coils installed.

Figure 3.7: Pictures of the two chambers after the installation of the (black painted) coils.
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real-time processing capabilities essential for our experiments. The provided hardware is

complemented by a Python-based programming environment that provides an accessible

way to define complex experimental sequences without sacrificing performance. The code

runs on the computer using a remote procedure call (RPC) mechanism.

The FPGA (the core device) used to compile and execute the time-critical code (a kernel)

has a nanosecond timing resolution and sub-microsecond latency. This ensures your ex-

perimental sequences run exactly as programmed without timing jitter, which is critical

when manipulating states in our atoms. The design of the FPGA is highly adaptable.

The ARTIQ hardware is called Sinara hardware. The hardware consists of different

boards/devices that can be purchased and assembled in a flexible way to adapt the system

according to the lab’s needs.

3.4 Magnetic Field Compensation Coils - Chamber 2

External magnetic fields, e.g. Earth and stray magnetic fields from nearby equipment such

as the ion pumps, interfere with the MOTs. These background magnetic fields shift the

zero-point of the magnetic field gradient and alter the Zeeman splitting across the trap.

As a result, the position-dependent optical forces that trap and cool the atoms become

distorted or misaligned, degrading the efficiency and symmetry of the trap, particularly

when the field gradient is changed. Compensation coils are therefore used to cancel out

these magnetic fields. The Chamber 2 MOT coils included a pair of coils for the MOT

(Y) axis. Additional coils to cover the other two axes (X-cavity axis and Z-vertical axis)

are also necessary for chamber 2 to achieve as low temperatures as possible in the red

MOT. As part of my contribution to this project, I designed, built, and characterised these

additional compensation coils. The design process, implementation, and characterisation
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of the coils are detailed in this section.

Two orthogonal pairs of coils are placed along two axes in the sidearm structure, which

run in a Helmholtz configuration to produce a uniform magnetic field. There needs to

be a pair of coils on the two sides of Chamber 2 (along the cavity axis) and a pair of

coils at the top and bottom of the sidearm along the vertical axis to compensate for the

Earth’s magnetic field and the ion pump’s stray magnetic field. These coils are essential

for cooling the atoms in the red MOT and achieving sub-micro-kelvin temperatures as

required by atom interferometry. The pair of coils along the cavity axis will be particularly

important when performing squeezing.

When designing the coils, the power dissipation produced by them, the magnetic field to

be compensated for, and the limited space available along the cavity axis were considered.

The magnetic field at the surface of the Earth ranges from around 22 µT to 67 µT (0.22 to

0.67 G) [117, 118]. At the Blackett Lab at Imperial College London, where the apparatus

described here is located, the total magnetic field intensity is around 49 µT as calculated

using the International Geomagnetic Reference Field (IGRF) Calculator [119]. Each set

of coils needs to compensate for at least 50 µT but were designed to compensate up to 5

Gauss (0.5 mT) of magnetic field, including a big safety margin for the ion pump magnetic

field and any other stray magnetic fields that could be generated in the lab.

An enamelled copper wire of rectangular cross-section (1 mm x 2 mm) was used, which,

according to calculations, dissipates less power than the same length of circular cross-

section wire. The power dissipation calculations performed took into account parameters

such as the wire dimensions, coil resistance, and current specifications. One of the main

criteria was that the coils were to be driven with a maximum current of around 5 A, for

ease of buying the coil drivers.
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3.4.1 Magnetic Field Modelling

To model the magnetic field produced by a rectangular loop of wire of many turns (N)

along the z-axis the following equation is derived from [120].

Bz = N · µ0I
π

αb
r

(︃
1

r2 −b2 +
1

r2 −a2

)︃
(3.1)

where a is half the length of the loop, b is half the width of the loop, µ0 is the magnetic

permeability of vacuum, I is the current in the loop and r2 = a2 + b2 + z2. Equation 3.1

is derived by assuming that x = y = 0 since we want to know the magnetic field in the

middle of the x-y plane and along the z-axis (perpendicular to the x-y plane) where the

atoms will be found.

To decide on the number of turns we take into consideration our criteria, i.e. a) 0.0005

T of a magnetic field generated by each coil in the middle of the cavity on both axes b)

a maximum of 5 A to be supplied to each coil and c) take into account the limited space

around the cavity when deciding on the number of turns. To decide the number of turns,

which is the ultimate limiting factor, the maximum possible dimensions that the channels

can have were decided by measuring the space available around chamber 2 (for the cavity

axis coils) and the dimensions of the sidearm frame. The dimensions of the rectangular

loop for the cavity axis and the vertical axis were approximately (0.16× 0.061) m and

(0.9×0.96) m, respectively. Taking these dimensions into account, the distance from the

coils to the middle of the cavity and the dimensions of the loops, the model in Equation

3.1 was used to determine the number of turns that each coil would have. Figures 3.8 and

3.9 show the magnetic field as a function of the current supplied and the number of turns

for a single coil of the given dimensions.
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Figure 3.8: Colourmap of the magnetic field component Bz (in µT) as a function of the
current (I) and the number of turns (N) in the cavity axis coil. The calculations are per-
formed at a fixed distance z = 116.5 mm from the centre of the coil. The magnetic field
is derived using theoretical expressions for a rectangular coil geometry with half-length
a = 0.08 m and half-width b = 0.0305 m. The colour gradient indicates the magnitude of
Bz, with higher values corresponding to stronger magnetic fields at the specified position.
The red line indicates the chosen number of turns (N = 54).

3.4.2 Compensation Coils Design

The wire for the coil were wound around sets of channels that were designed specifically

to fit the dimensions of the chamber frame and the left and right of the cavity, where we

have limited space. For the top and bottom coils, off-the-shelf aluminum channels 1 were

used and cut to the right dimensions to fit around the frame (926 mm and 986 mm). The

channels were joined at the four corners with 3D-printed connectors designed to fit the

channels. The CAD design of the corners and the coils and one of the coils are shown in

1https://www.aluminium-online.co.uk/product/5-8-x-5-8-x-1-8-aluminium-channel/

https://www.aluminium-online.co.uk/product/5-8-x-5-8-x-1-8-aluminium-channel/
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Figure 3.9: Colourmap of the magnetic field component Bz (in µT) as a function of the
current (I) and the number of turns (N) in the coil. The calculations are performed at
a fixed distance z = 0.5m from the center of the vertical axis coil. The coil geometry
is characterised by a half-length a = 0.48m and a half-width b = 0.45m. The colour
gradient represents the magnitude of Bz, with higher values indicating stronger magnetic
fields generated at the specified position. The red line indicates the chosen number of
turns (N = 40).

Figure 3.10. The top and bottom coils had 40 turns (10 layers).

For all the coils, stycast (Loctite 2850FT) mixed with Catalyst 9 (Locite Black Epoxy

Encapsulant) was used to keep the wire in place and taut while winding and avoid any

shorts. To wind the big coils, an in-house winding mechanism was built which was an

imitation of the frame of the sidearm and was placed in a four hole flange bearing (12.7mm

from RS) by attaching it to a Thorlabs post. The same bearing was used to wind the

smaller coils.
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(a) CAD Design of the corners for the top and bottom coils.

(b) Top coil after completion.

Figure 3.10: Vertical axis compensation coils.

The cavity axis channels required a more sophisticated design due to the limited space

available. There also needs to be a cooling pipe with water running through it below the

wires to cool down the area around and prevent the dissipated heat from affecting the

rest of the delicate system. The position of these channels is indicated in Figure 3.1 by

the red blocks on the left and right of chamber 2. The final design includes an empty

clearance window in the middle for as little obstruction of the viewports as possible. The

final design I produced on CAD as well as one of the coils installed on the chamber are
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shown in Figure 3.11. The material used to print them is graphite which is stiff enough

to withstand the tightly wound wire. There was a total of 54 turns in each of the coils.

The first layer in each coil had 5 turns and there are a subsequent seven layers with seven

turns each.

(a) CAD Design

(b) Installed cavity axis coils.

Figure 3.11: Top: The CAD design of the cavity axis compensation coils channels with
a channel for the cooling pipe. Bottom: One of the cavity axis compensation coils is
installed on the chamber with the cooling pipes directed towards the water outlet.

The compensation coils are driven directly by Kepco BOP series bipolar power supplies.
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These supplies take an analog voltage input from ARTIQ, which modulates the output

current. A calibration measurement was performed to relate the ARTIQ output voltage to

the resulting current passing through the coils in amps.

3.4.3 Cavity Axis Compensation Coils Testing

To ensure the coils are working as intended and produce the desired magnetic field, the

cavity axis compensation coils were tested. A Bartington Hall three-axis sensor (MAG

13MS-100), which outputs 100 mV/µT was used to measure all three field axes as the

sensor is moved along the z-axis (rectangular solenoid axis). The coil was placed on the

floor and the sensor was raised above the ground using some plates for the z-axis to align

with the middle of the x-y plane of the coils.

Distance from the coils to the sensors was measured using markings on the floor which

were determined using a ruler. The ruler was removed as it was made of steel and had

an impact on the magnetic field. Measurements were taken from 40 mm and above.

A measurement of the field in the X, Y and Z axes was taken along with the supplied

current. The voltage was then converted to the magnetic field using the calibration value

of the instrument (100 mV/µT ) for all three axes. The field amplitude per amp is plotted

in Figure 3.12 as a function of distance.

The plot illustrates that the data agrees with the model. Therefore, the coil is working as

intended, producing the required magnetic field at the required position.
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Figure 3.12: Plot of the field magnitude per amp as a function of position (distance z
away from the coils). The blue points show the data measured for one of the cavity axis
coils. The yellow line represents the theoretical magnetic field generated by the model in
Equation 3.1; it is not a fit to the data. The red line indicates the value of the magnetic
field per amp at z = 116.6 mm, which is 43.4 (according to the model). The data was
taken by Charles Baynham.

3.4.4 Quantifying the Currents Needed to Compensate for Background

Magnetic Fields

To determine the stray magnetic fields that should be compensated for at the location of

the MOT, Zeeman absorption spectroscopy was used to determine the Zeeman splitting

of the excited state caused by the magnetic fields. The spectroscopy was performed on

the 1S0 → 3P1 transition in 88Sr. The energy shift of a Zeeman sublevel is given by:

∆E = µBgJMJB = h∆ν (3.2)
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where ∆E is the Energy shift of the atomic level, µB is the Bohr magneton (≈ 9.274×

10−24 J/T, g is the Landé g-factor (depends on the specific atomic state), mF is the mag-

netic quantum number of the hyperfine level and B is the magnetic field strength. ∆ν is

the frequency shift and h = Planck’s constant (≈ 6.626×10−34 J · s).

A set of different known currents were supplied to each set of compensation coils along all

three axes, and the resulting Zeeman splitting in the absorption spectrum was observed.

This allowed for the frequency detuning of the absorption peaks to be measured. The point

at which the σ+ and σ− peaks became symmetric around the centre (zero detuning from

the transition frequency), denoted a zero net magnetic field along that axis. Therefore, the

current needed to cancel out the background field was determined this way.

From the Zeeman shift measurements, the compensation coils produce magnetic fields of

approximately 0.0276 mT/A (X), 0.0766 mT/A (Y) and 0.0224 mT/A (Z). These values

validate the expected field strengths from the coil design.

For MJ = 1 and a gJ factor of 1.5 for 88Sr 3P1, it was found that the magnetic field needed

to be compensated for in each axis is given by:

Bbg,X ≈ 81 mG

Bbg,Y ≈−7 mG

Bbg,Z ≈−150 mG

These numbers validate the ability of the compensation coils to cancel out the required

magnetic field in all three axes. The magnitudes of the background fields are consistent
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with the expected strength of the Earth’s magnetic field at the lab location, suggesting that

the primary source of these stray fields is geomagnetic.

The Zeeman spectroscopy measurements described here were not performed by me but

are included to demonstrate the operation and effectiveness of the compensation coils that

I built. The data shown were taken by Richard Hobson and Alice Josset, and the use of

these results has been agreed upon for this thesis.

3.5 Laser Systems for Cooling and Trapping in a 3D Red

MOT

This section presents the optical setup used to achieve a 3D Red MOT and is adapted from

Ref. [2].

3.5.1 Laser Stabilisation System

The lasers required for the cooling sequence are outlined in Section 3.1.1. The blue MOT

(461 nm) and repumping (679 and 707 nm) lasers require stabilisation at the 1 MHz level

which can be achieved using software-based PID locking to the wavelength meter (High

Finesse WS8). Toptica ECDLs are used to provide the lasers at all of these frequencies.

The 689 nm laser used for the red MOT and the 698 nm laser used for atom interferometry

require precise frequency stabilisation and significantly higher precision than the other

lasers. The 689 nm laser must be stabilised at approximately 1 kHz or better to create

consistent atom samples in the narrowband stirred red MOT [75] and to match the MOT

position reliably to the location of the dipole trap [70]. The narrow-linewidth 698 nm laser

requires frequency stabilisation at approximately 10 Hz precision to enable reliable high-
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fidelity π-pulses when addressing the clock transition, which is essential for achieving

large momentum transfer operations [67, 121] in our atom interferometry scheme.

The stabilization is achieved through a notched reference cavity system purchased from

Stable Laser Systems employing the Pound-Drever-Hall (PDH) technique. This approach

uses frequency modulation of the laser light and detection of the cavity reflection to gen-

erate error signals that are fed back to the laser controllers. For frequencies that don’t

align with cavity modes, a dual sideband locking method is implemented, allowing stabi-

lization at frequencies offset from cavity resonances. Details on the optical system design

is presented in [1].

This high-precision frequency stabilization system is crucial for the reliable operation of

the 3D red MOT used in the experiments described in this thesis, providing the frequency

stability necessary for consistent atom sample preparation.

3.5.2 The 689 nm Laser system

This section presents the laser system used to obtain the optical beams required to achieve

a narrow-band red MOT. To reach temperatures below ∼ 1 µK, the red MOT requires

689 nm laser light with ≲ 1 kHz linewidth. The light is created and delivered to the

3D MOT chamber using the optical setup shown in Figure 3.13, which includes two main

parts: injection locking and the 3D MOT laser light delivery optics. The 689 nm seed laser

light is supplied to the laser stabilisation and MOT delivery systems by a 689 nm Toptica

DL Pro ECDL, which has a maximum power output of around 25 mW and a specified

free-running linewidth of 50 kHz at 5 µs. The seed ECDL is frequency stabilised to an

ultra-low expansion glass optical cavity, and its linewidth is narrowed via the Pound-

Drever-Hall technique [122] as described in 3.5.1.
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Figure 3.13: Laser system and optical setup for the delivery of light to the 3D red MOT.
The RF drive of the AOMs is created using an Urukul module from the ARTIQ experi-
mental control suite [123] which includes four AD9910 Direct Digital Synthesis devices.
Light is delivered to the atom chamber via polarisation-maintaining optical fibres. The
fast-modulation capability of the AD9910 is used to implement intensity feedback loops
using signals from photodiodes after polarisation cleanup optics near the atoms. Saw-
tooth modulation for the broadband MOT stage is implemented using the AD9910’s lin-
ear ramp generator and applied to AOM1, used for modulating the seed laser’s frequency
pre-injection. AOM1 is driven using an Mini-Circuits ZHL-1-2W-S+ amplifier, while all
other AOMs are driven using ZHL-3A-S+ amplifiers.

For optimal operation of the frequency-modulated broadband red MOT, the intensity of

the red light should be several hundred times the transition’s saturation intensity (3 µWcm−2)

- more than can be delivered from the seed laser alone. [124, 125] To achieve this, a Ushio

HL6750MG diode is included in the delivery system, which has a maximum power out-

put of around 50 mW and a nominal central lasing wavelength of 685 nm. This diode is

injection-locked to the seed light with a controllable offset.

The diode is housed in a temperature-stabilised aluminium enclosure, which was designed

by the Cambridge team. Light from the cavity-stabilised seed laser is passed through

a double-pass acousto-optic modulator (AOM) system and an optical isolator and then
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injects the amplifier laser diode. AOM1 permits fast control of the MOT beam frequency,

used for example in the broadband MOT stage. Cylindrical lenses are used to shape

the laser diode output into a circular beam. Once the injected beam passes through the

isolator, it proceeds to take two paths, one through the rest of the MOT delivery system

and the other to the injection characterisation setup. Details on injection locking and how

it is achieved and characterised are discussed in Section 3.6. The AOMs in the 689 nm

set-up are controlled using the ARTIQ crate depicted in Figure 3.14.

Figure 3.14: ARTIQ crate configuration used to control the 689 nm laser system AOMs.
The setup includes a Kasli seed controller (which provides sequence timing control),
Urukul AD9910 Direct Digital Synthesizers (DDS) boards for generating RF signals to
drive AOMs, Mirny (PLL/VCO-based microwave frequency synthesiser) modules, and a
Sampler (analog-to-digital converter (ADC)) module used to digitise analog signals.

The 100 MHz AOMs are used for active intensity control and are driven by a SU-Servo

module from the ARTIQ experimental control system. This provides FPGA-based PI

control of the beam intensity delivered to the chamber. For the ARTIQ SU-Servo feature,

the “Urukul” unit is used in combination with a DAQ input board (“Sampler”) to form

a laser-intensity servo. The photodiode signal is digitized and passed through a transfer
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function implementing proportional and integral gain and used to modulate the RF drive

to the single-pass AOMs in Figure 3.13.

To characterise the RMS noise of the intensity of the beam in-loop of the servo, we mea-

sured the voltage over a period of approximately 0.12 s. A Fast Fourier Transform was

then applied to the voltage time series data to filter out any noise that lies outside the range

between the first non-DC frequency up to 20 kHz. The filtered frequency components are

then converted back to the time domain and the Root Mean Square Noise is calculated.

At the photodiode setpoint of 1.5 V (used for the broadband red MOT stage), the RMS

noise, integrated over the frequency range of 50 Hz to 20 kHz, is measured to be 0.16 mV.

This translates to an in-loop absolute intensity noise of 0.256 µWcm−2.

For the results presented in this thesis, 88Sr is used for the initial testing of the MOTs. In

future experiments and in AION, 87Sr will be used, which adds additional requirements

for the laser system to address the hyperfine structure levels. To meet these requirements,

the frequency of the 689 nm light will be modulated by a resonant free-space electro-optic

modulator (EOM) driven at 1463 MHz. The +1 frequency sideband of the EOM will be

tuned to address the F = 9/2 → 9/2 transition, resulting in “stirring” of the red MOT, a

method used to redistribute the population in the mF sublevels and increase the efficiency

of trapping [126]. The carrier beam will be used to target the F = 9/2 → 11/2 transition

for trapping. This configuration has since been successfully demonstrated by the rest of

the team at Imperial.
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3.6 Injection Lock Characterisation

Injection locking refers to the technique whereby a laser is forced to operate on a specific

frequency by injecting light of the required frequency into the laser resonator [127, 128,

129]. The low-noise, low-power Toptica laser is injected into the high-power amplifier

laser to get a high-power and low-noise resulting laser beam of the required frequency

and narrow linewidth [130]. For the diode to be injected, it needs to be within certain

cavity mode bounds to get a stable injection lock. There is a locking range defined by

the injection field amplitude related to the peak diode cavity mode and the mode spacing.

In this case, the peak cavity mode can be tuned by changing the current supplied to the

diode by the diode controller or by changing the diode’s temperature. Recent works on

injection locking methods and characterisation are presented in [131, 132, 133].

In this section, we present the method used to achieve and characterise the injection lock in

our laser system. Following the work presented in [134, 135], we create a lock-detection

signal using a heterodyne beat between the seed laser and the injected diode. In this work,

we use a double-passed AOM to tune the relative frequency of the injected diode, and we

verify that the injected light can be used to create a cold red MOT.

Figure 3.13 indicates the full optical set-up used to achieve injection locking while 3.15

shows the electronics and control setup used for the characterisation of the injection lock.

The seed laser and the injected amplifier laser beam are coupled to a high-resolution

HighFinesse WS8-10 wavemeter for frequency monitoring. The position of the seed beam

is aligned geometrically to overlap with the counterpropagating amplifier beam, and the

diode current is then tuned until injection is achieved, which is monitored by observing

the frequency of the two beams on the wavemeter. The frequency of the injected beam is

680 MHz (frequency change due to the double pass AOM) less than that of the seed laser
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Figure 3.15: Setup for achieving amplifier injection and characterisation of the injection
lock. The optical system used to achieve injection and get a beat note is shown in the
blue box in Figure 3.13. The beat note is generated at the photodiode/heterodyne detector
by interfering light from the injected amplifier diode and the seed laser. The rest of the
system is used to control the diode current and temperature and perform current sweeps
for the characterisation of the injection lock.

frequency.

To diagnose and optimise the injection more carefully, a photodiode is used to detect the
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beat note created by combining the seed laser with the injected beam. The beat note can

be displayed on a spectrum analyser for a first evaluation of the injection. An example of

a beat note showing injection is shown in Figure 3.16a.

The injection lock can be characterised using the configuration shown in Figure 3.15. This

configuration allows the heterodyne beat signal to be monitored on an oscilloscope and

for the voltage of the power detector input signal to be measured as a function of time. A

triangle waveform is generated which is used to sweep the current of the laser diode and

produce a plot of the input power as a function of current as shown in Figure 3.16b. The

range of currents over which the injection stays locked can therefore be found.

The diode was operated near 68 mA, producing a 42.5 mW beam directly at the diode

output. From this, a total of 13.8 mW is available at the science chamber after the light

propagates through all the distribution optics, AOMs and after fibre coupling. The ampli-

fier diode stays injected over a window of ∼ 0.6 mA width. The lock is passively stable

for periods of up to five days without automated intervention.

This method has some benefits over other methods found in the literature, e.g., a scanning

cavity [129]. It can easily be assembled using an AOM, a photodiode, and a power de-

tector as the main components to detect the heterodyne beat. Unlike the scanning cavity

technique, the injection detection scheme is insensitive to large changes in the seed laser

frequency, which is useful for the experiment as strontium isotopes are switched regu-

larly. The use of a heterodyne signal for detection reduces sensitivity to optical alignment

drift, allowing for high passive stability. In contrast with previously published heterodyne

detection schemes [134], AOM1 in Figure 3.13 serves a dual purpose: we both create a

beat note for lock detection, while also enabling fast, phase-coherent frequency modula-

tion of the injected light without the losses that would be incurred by using an additional
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AOM. The spectrum of the detected beat forms a clear diagnostic of injection quality that

is useful while setting up initial parameters, and can be simply rectified to a DC signal

using cheap, off-the-shelf components for use by an automated relocking algorithm.

3.7 Conclusion

In this chapter, I presented the experimental setup used for R&D purposes for the AION

experiment at Imperial College London. This apparatus is used to cool atoms down and,

at later stages of the experiment, perform experiments for spin squeezing. This chapter

presents the laser and optical setup used to realise the narrowband red MOT, the results

from which are described in the next chapter. The laser system is a simple and easy-

to-assemble seed-amplifier injection-locked system, capable of generating ∼ 50 mW at

689 nm. We have demonstrated an easy-to-assemble method of characterising the injec-

tion lock by using an AOM to generate a beatnote by combining the seed and injected

beam. The injection lock system was characterised using a beat note spectrum and by

performing a current sweep and determining an injection lock window showing the range

over which the amplifier laser stays injected. We have demonstrated that the amplifier

diode stays injected over a range of 0.6 mA.

3.7.1 My Contributions

The work presented in this chapter was carried out as part of the AION collaboration. I

contributed to the commissioning of the cold atoms laboratory at Imperial College Lon-

don in collaboration with the rest of the team. I led the experimental development of the

compensation coils and the narrowband red magneto-optical trap (MOT) for 88Sr atoms.

This included assembling and aligning the optical setup, including injection locking, con-

tributing to the implementation of the vacuum system and setting up the experiment, ac-
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quiring data, and analysing results. Guidance was provided by Dr Charles Baynham and

Dr Richard Hobson, with technical support from members of the Imperial AION group,

including David Evans, Alice Josset, and Ludovico Iannizzotto-Venezze. Unless other-

wise stated, the work presented in this chapter reflects my direct contributions.
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a)

(a)

Injection Window 
b)

(b)

Figure 3.16: (a) The beat spectrum of the heterodyne signal measured by the photodiode
using a bandwidth of 100 kHz. The beatnote spectrum is centered around the carrier
frequency which is the difference in frequency between the seed and the injected beams.
A background noise trace was also taken of an independent, high stability 680 MHz RF
source revealing a source of measurement noise. The authors suspect phase noise within
the spectrum analyser but note that the injected signal is indistinguishable from the ideal
case within the precision of our instrument. (b) Injection characterization data as taken
from the power detector. The injection signal exhibits strong hysteresis, as is common
with injected systems. This scan was performed downwards in current over the setpoint
(∼ 68.0 mA). The flat region with the maximum power is the range of currents over which
the diode is injected. This injection window is around 0.6 mA wide. This scanning trace
was used to optically align the system and mode-match the injection beam to the diode’s
output by maximising the width of the injection window as changes were made.



Chapter 4

Getting Cold Atoms: Broadband and

Narrowband Red MOT Experiments

This chapter presents the development and characterisation of the second stage of the

cooling sequence, which employs broadband and narrowband magneto-optical traps (MOTs)

on the Sr-88 atom’s 1S0 → 3P1 intercombination transition at 689 nm. The results and ex-

perimental details of the preceding 2D and 3D “blue” MOTs were presented in Ref. [1].

Following initial slowing and capture in a blue MOT operating on the broad 461 nm

transition. We then move to a red MOT operating on the red 689 nm transition to cool

atoms to a lower temperature. Atoms are transferred from a blue MOT to a modulated

broadband red MOT to address a wide range of velocities. Subsequent compression and

further cooling are achieved in a narrowband red MOT, enabling final temperatures below

1 µK.

Section 4.1 provides a concise theoretical background on laser cooling and magneto-

78
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optical trapping relevant to the work described in this chapter. Section 4.2 outlines the

experimental implementation of the two-stage red MOT, with the main focus being the

broadband and narrowband red MOTs’ cooling sequences. Section 4.3 describes the

methodology used to extract atomic cloud temperatures via time-of-flight imaging, in-

cluding the calibration procedures for both stages of the red MOT. The results of the

temperature characterisation for both the broadband and narrowband MOTs are presented

in Section 4.4.

Parts of this chapter are adapted from Ref. [2]. For the work presented in this chapter, the

bosonic 88Sr isotope was used since the isotope’s natural abundance and lack of hyperfine

structure make initial trapping easier. It should be noted however, that for interferometry,

the 87Sr isotope will be used and is now routine usage in the lab.

4.1 Laser Cooling and Trapping: Brief Introduction

The ability to control the motion of atoms by cooling and trapping them has revolutionised

the field of atomic physics with many application across fields. Laser cooling exploits the

momentum exchange between photons (lasers) and atoms to reduce the thermal motion

of atoms, while magneto-optical traps (MOTs) combine this cooling force with spatial

confinement using magnetic field gradients and polarised light. The success of laser cool-

ing led to its pioneers, Steven Chu, Claude Cohen-Tannoudji and William Phillips, being

awarded the 1997 Nobel prize in physics [136, 137, 138].

This section provides a brief introduction to laser cooling and magneto-optical traps

(MOTs), which are used in the AION experiment to cool atoms to sub-microkelvin tem-

peratures, which is the focus of this chapter. For a more detailed discussion of laser

cooling and magneto-optical traps, the reader is referred to Refs. [139, 85, 140, 141, 142,
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143, 144, 145], which provide comprehensive overviews of the underlying principles and

techniques.

Similarly to matter, light has both momentum and energy. When a photon is absorbed by

an atom, conservation of momentum requires that it also absorbs the photon’s momentum,

p⃗ph = ℏk⃗ Here ℏ is the reduced Planck constant and k⃗ is the wave vector of the light, with

magnitude |k⃗|= 2π/λ , where λ is the light’s wavelength. We consider the case where an

atom with two states (for simplicity) moves with velocity v⃗ and a laser light illuminates it

with a k-vector p⃗ antiparallel to the v⃗. The atom absorbs the photon and gets excited, and

the momentum of the atom changes from mv⃗ to mv⃗−ℏk⃗. Since the atom and the light are

moving in opposite directions, k⃗ and v⃗ are antiparallel, so the momentum and velocity of

the atom are reduced.

When the atom decays spontaneously back to the ground state, it emits a photon and

experiences a recoil due to the emitted photon’s momentum. However, because sponta-

neous emission is distributed symmetrically in all directions, the momentum imparted by

emitted photons averages to zero over many such events. As a result, through repeated

absorption and spontaneous emission cycles, the atom’s velocity decreases, effectively

cooling the atom.

The magnitude of the scattering force that slows the atom down is the product of the

photon momentum and the scattering rate.

The scattering rate, denoted as Rscatt, is given by

Rscatt =
Γ

2
· Ω2/2

δ 2 +Ω2/2+Γ2/4
(4.1)
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which derives from Rscatt = Γρ22 where ρ22 represents the population of the excited state.

Here, Γ is the natural linewidth of the atomic transition, δ is the frequency detuning of

the laser from resonance and Ω is the Rabi frequency [146, 139].

The frequency detuning δ = ω −ω0 + kv represents the difference between the laser fre-

quency ω and the atomic resonance frequency ω0, incorporating the Doppler shift kv due

to the motion of the atom. The saturation parameter s0 = I/Isat and the Rabi frequency Ω

are related by I/Isat = 2Ω2/Γ2. Here, I is the laser intensity and Isat the saturation inten-

sity. Each photon carries momentum ℏk, leading to a scattering force on the atom given

by

Fscatt = ℏk
Γ

2
s0

1+ s0 +4
(︂

δ

Γ

)︂2 (4.2)

4.1.1 Optical Molasses

To cool all three axes of motion of the atoms coming out of the oven, three orthogonal

pairs of counter-propagating laser beams are used. These beams originate from the same

laser source and therefore have the same frequency. While this arrangement might seem

ineffective at first since opposing beams exert equal and opposite forces, this is only true

for atoms at rest, which is the condition laser cooling aims to create.

In the case that the atoms are in motion, the Doppler effect breaks this symmetry. The

scattering force is velocity-dependent due to the Doppler effect, which plays a big role in

laser cooling. An atom moving toward a laser beam sees the light blue-shifted in its rest

frame, making red-detuned light appear closer to resonance. Conversely, an atom moving

away from the beam (i.e. co-propagating with it) sees the light red-shifted, moving it

further from resonance. As a result, the atom preferentially absorbs photons from the
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beam opposing its motion, leading to a net radiation pressure force that slows it down.

The scattering force experienced by an atom as a function of its velocity v, due to two

counter-propagating laser beams in a 1-D laser cooling setup is give by:

Fnet = F++F− = ℏk · Γ

2

⎡⎢⎣ s0

1+ s0 +4
(︂
(∆−kv)

Γ

)︂2 −
s0

1+ s0 +4
(︂
(∆+kv)

Γ

)︂2

⎤⎥⎦ (4.3)

where ∆ = ω −ω0. A visual representation of the above expression, indicating the force

vs. velocity curves for two counterpropagating laser beams, is depicted in Figure 4.1.
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Figure 4.1: Scattering force as a function of atomic velocity for two counter-propagating
red-detuned laser beams. The red and blue dashed curves represent the velocity-dependent
scattering forces from beams propagating in the +z and −z directions, respectively. Due
to the Doppler shift, atoms absorb more photons from the beam opposing their motion,
resulting in a net cooling force (black curve). This force is approximately linear near zero
velocity and is responsible for the damping effect central to Doppler cooling.
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The Doppler cooling limit determines the lowest temperature achievable by laser cooling

using purely Doppler-based scattering forces. This limit occurs because of the balance

between the cooling effect of velocity-dependent photon absorption and the heating re-

sulting from random recoils from spontaneous emission. The limit depends on the natural

linewidth, Γ, of the cooling transition used and is given by [88, 147],

TD =
ℏΓ

2kB
(4.4)

Narrower linewidth transitions give rise to lower Doppler temperature limits. The broader

transition at 461 nm has a Doppler limit of around 770 µK while the intercombination

narrow line transition in strontium at 689 nm has a Doppler limit of around 0.18 µK.

Going below that limit can be achieved using sub-Doppler cooling techniques such as

Sisyphus cooling and evaporative cooling [145, 138].

4.1.2 Magneto Optical Traps

The optical molasses technique reduces the thermal motion of atoms through Doppler

cooling, resulting in a cloud of slower-moving atoms near the intersection of three or-

thogonal pairs of counter-propagating laser beams. However, because optical molasses

does not provide spatial confinement, the atoms eventually diffuse away. This limitation

can be overcome by using a magneto-optical trap (MOT) [148, 149], which combines a

magnetic field gradient with carefully chosen laser beam polarisations to localise and trap

the atoms near the centre of the setup. A MOT is therefore achieved using polarised laser

beams in combination with a pair of coils carrying currents in opposite directions so that

they generate a quadrupole magnetic field. A schematic diagram of a MOT set-up is de-

picted in Figure 4.2. The magnetic field does not confine the atoms by itself. In the MOT,
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the quadrupole magnetic field creates a position-dependent imbalance in the scattering

forces from the laser beams, resulting in a net radiation force that effectively confines the

atoms in space. The basic concept of MOT is shown in Figure 4.2 (a), using a simple

transition from J = 0 to J = 1 as an example.

At the centre of the magneto-optical trap (MOT), the magnetic field produced by the

anti-Helmholtz coil pair cancels out, resulting in B = 0. Away from this point of zero

field exists a uniform field gradient that causes perturbations in the atomic energy levels

via the Zeeman effect. For a J = 0 → J = 1 transition, the excited state splits into three

sublevels with MJ =−1,0,+1 whose energies vary linearly with position along the z-axis

(Figure 4.2 (a).

The counter-propagating laser beams are circularly polarised as shown in Figure 4.2 (b).

Their frequency is tuned slightly below the atomic resonance frequency of the transition

used. The Zeeman shift leads to an imbalance in the radiation force through the follow-

ing mechanism. In the one-dimensional example where an atom moves away from the

centre of the trap along the positive z-axis, the ∆MJ = −1 transition frequency is closer

to matching the laser frequency. This happens because the laser is intentionally tuned

slightly below the atom’s natural resonance frequency (red-detuned) when B = 0, trigger-

ing absorption, which slows the atoms down. Due to the polarisation of the laser beams,

the atom is more likely to absorb photons from the beam propagating in the negative z-

direction, which is circularly polarised to drive the σ− transition [148, 139]. This results

in a momentum kick in the negative z-direction, producing a scattering force that pushes

the atom toward the centre of the trap. A similar process occurs when the atom moves

in the negative z-direction, where absorption from the beam travelling in the positive z-

direction is favoured and pushes the atom back to the centre.
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Figure 4.2: Illustration of the Magneto-Optical Trap (MOT) principle. (a) Zeeman split-
ting of the J = 1 sublevels (MJ = 0,±1) in a quadrupole magnetic field, shown for a
J = 0 → J = 1 transition. The energy levels vary linearly with position along the z-axis.
The horizontal dashed line indicates the laser frequency (ω) in the atom’s rest frame. (b)
Schematic of the MOT setup with counter-propagating circularly polarized laser beams
and a pair of anti-Helmholtz coils producing a magnetic field gradient to enable three-
dimensional trapping.

4.2 Red MOT Sequence

The previous chapter presented the experimental setup details and hardware used for the

red MOTs. This section focuses on the experimental sequence used to achieve the red

broadband and narrowband MOTs and characterise the temperature of the atomic clouds

and the first results from these two steps of the cooling sequence in the AION experiment.

4.2.1 The 2D and 3D Blue MOT

The atom cooling sequence begins with a two-stage blue MOT process operating on the

1S0 to 1P1 transition in 88Sr at 461 nm. The blue MOT cools the hot beam of atoms as

they come out of the oven down to a few mK.

First, a 2D blue MOT in chamber 1 creates a pre-cooled atomic beam. To achieve this, two
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circularly polarized 45 mm beams are used that are retro-reflected to form four trapping

beams. Light that is detuned by −2Γ from the 88Sr 1S0 to 1P1 transition is used in this

stage. The magnetic fields are provided by the permanent magnets. A near-resonant push

beam directs these pre-cooled atoms through a 3 mm differential pumping aperture into

chamber 2.

The atoms are then captured in a 3D blue MOT in chamber 2 using three orthogonal

beams (15 mm diameter) that are retro-reflected, creating six trapping beams that are

detuned from the 88Sr 1S0 to 1P1 transition by −2Γ. The laser beams perpendicular to

the atomic beam trajectory feature greater intensity compared to the beam along the MOT

coil axis, enhancing the system’s ability to efficiently capture incoming atoms moving

predominantly in the radial direction. Quadrupole coils operating at 100 A generate a

field gradient of 4.9 mT cm−1. Repumping lasers at 679 nm and 707 nm return atoms that

decay to the 3P0 and 3P2 states to the coding cycle.

The 3D blue MOT is loaded by applying Doppler-cooling light at 461 nm and repumping

light at 679 nm and 707 nm, addressing the 3P0 – 3S1 and 3P2 – 3S1 transitions respec-

tively. More details about the results from this step are presented in Ref. [1].

The following subsections describe the experimental details and results from the subse-

quent two cooling steps, namely, the broadband and the narrowband red MOTs that oper-

ate on the 689 nm transition. Sections 4.2.2 and4.2.3 present the experimental sequence

of the two red MOTs. Section 4.3 describes the method used to analyse the results and

take temperature measurements of the atomic cloud after the red broadband MOT stage

and the narrowband red MOT stage. Section 4.4 presents the results of the temperature

measurements.
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4.2.2 Broadband Red MOT

The laser and magnetic field cooling sequence used both to load and to characterise the

temperature of the atom cloud trapped in a red broadband MOT is presented in Figure 4.3.

The broadband red MOT stage is performed to increase the efficiency of atom transfer

from the blue to red MOT cooling stages. This is achieved by applying saw-tooth modu-

lation to the red light’s frequency to effectively broaden the narrow transition and address

a wider range of velocity classes in the atomic cloud. We apply a positive ramp from

detuning δ =−6MHz to δ = 0MHz, repeated at 30 kHz.

For this stage of cooling, we apply three circularly polarised, orthogonal, retro-reflected

beams, each with a 9 mm 1/e2 radius and 2.4 mWcm−2 peak intensity. The beams retrore-

flect through an achromatic quarter-waveplate suitable for both blue and red wavelengths.

One beam propagates coaxially with the paired anti-Helmholtz coils that create the MOT

field gradient [1, §3.2.3]. The other two propagate at 45◦ angles to gravity. This sequence

was used to produce atomic clouds of temperature in the order of 10 µK. The results and

presented in Section 4.4.1.

4.2.3 Narrowband Red MOT

The next step in the cooling procedure in the AION project is a narrowband red MOT. The

experimental sequence used to achieve the narrowband red MOT is presented in Figure

4.4, which indicates the laser and magnetic field cooling sequence used both to load and

to characterise the temperature of the atom cloud trapped in a red narrowband MOT.

After initial capture in the broadband MOT, we transition to “capture” and “compres-

sion” phases in which the 689 nm light is no longer frequency modulated and the beam

detuning, beam intensities and field gradient are linearly ramped as shown in Figure 4.4.
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Figure 4.3: Cooling sequence timing diagram for the broadband red MOT. In stage (I)
The 3D blue MOT is loaded for 5000 ms while the quadrupole coils are driven with a
current of 100 A, which gives a magnetic field gradient of approximately 3.9 mTcm−1

(calibrated using measurements taken on identical coils in Ref. [1, §3.2.3]). The 461 nm
laser and therefore the blue MOT is then turned off and the 689 nm laser is turned on
(with an intensity of Io = 2.4 mWcm−2) transferring the atoms to the red broadband MOT
over 200 ms (stage II). The cloud is led to expand for a variable time (t) (stage III). The
detection of Sr atoms for monitoring the dynamics of the red MOT is done using the
461 nm transition. A probe beam interacts with the atoms and the resulting fluorescence
is detected via CMOS cameras (BFS-PGE-50S5M-C PoE GigE Blackfly S Monochrome
camera). The fluorescence pulse and the camera exposure are on for 100 µs. The setup
includes two cameras, imaging the atom cloud in the horizontal x-y plane and the plane
along gravity (x-z plane).

These “narrowband” stages result in a cooler and more compressed cloud (sub-millimeter

scale) suitable for later loading into a crossed optical dipole trap. The sequence param-

eters shown in Figure 4.4 (broadband scan rate, broadband modulation depth, phase du-

ration, starting and ending field gradient, beam intensity and frequency detuning) were

individually manually optimized through iterated 1-dimensional scans. We found that the
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Figure 4.4: Cooling sequence timing diagram. The 3D blue MOT is loaded for 2000 ms
while the quadrupole coils are driven with a current of 100 A, which gives a magnetic
field gradient of approximately 3.9 mTcm−1 (calibrated using measurements taken on
identical coils in Ref. [1, §3.2.3]). The 461 nm laser and therefore the blue MOT is then
turned off and the 689 nm laser is turned on (with initial intensity Io = 2.4 mWcm−2)
transferring the atoms to the red broadband MOT over 100 ms (stage I). The current is
reduced to 3 A over this step while the frequency is modulated to broaden the transition.
In stage (II), the frequency modulation is turned off and atoms are trapped in a single-
frequency MOT. The cloud is compressed by decreasing the detuning and intensity of
the beam as well as the MOT current. The atoms are then held in the narrowband red
MOT for 300 ms (stage (IV)). The cloud is led to expand for a variable time (t). The
detection of Sr atoms for monitoring the dynamics of the red MOT is done using the
461 nm transition. A probe beam interacts with the atoms and the resulting fluorescence
is detected via CMOS cameras (BFS-PGE-50S5M-C PoE GigE Blackfly S Monochrome
camera). The fluorescence pulse and the camera exposure are on for 80 µs. The setup
includes two cameras, imaging the atom cloud in the horizontal x-y plane and the plane
along gravity (x-z plane).

MOT loading efficiency was approximately insensitive to changes of up to 50 % around

the reported values (with the exception of the ramp parameters of the broadband phase),

however our manual search did not account for parameter correlations. With more thor-



90 Chapter 4. Getting Cold Atoms: Broadband and Narrowband Red MOT Experiments

ough searches of the sequence parameter space, we anticipate improvements in both atom

number and ultimate temperature.

This process enables the cooling of atoms to temperatures below sub-µK. The results

from this stage are presented in Section 4.4.2.

The next section provides a detailed explanation of the method used to characterize the

temperatures of atomic clouds in both broadband and narrowband red MOTs.

4.3 Temperature Measurement Method

The relationship between the temperature T and the 1/e2 radius r(t) of the cloud is given

by [150]

T =
m

4kBt2

[︁
r(t)2 − r(0)2]︁ , (4.5)

where m is the mass of a strontium atom and kB is Boltzmann’s constant. r(0) is the

radius of the cloud at time t = 0 before the cloud starts expanding and, with T , is a free

parameter of the fit.

Time-of-flight (TOF) fluorescence imaging is used to determine the temperature of the

atomic cloud. We image in a plane parallel to gravity so that the known acceleration

of the cloud under free-fall can be used to calibrate the size of one pixel in the image

plane (see Figure 4.10). For the TOF images, the 689 nm light is turned off then the

atoms are allowed to freely expand for variable amounts of time, t between 0 ms to 35 ms

and 0 ms to 40 ms for the broadband (BB) and narrowband (NB) MOT measurements

respectively taking 20 (BB) 30 (NB) points (pictures) at various times within this range.

This process is repeated 20 (for the BB MOT) and 30 (for the NB MOT) times. Images

are taken by pulsing the 461 nm MOT beams for 80 µs synchronously with a gating trigger
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pulse to our camera, optically filtered by an FBH460-10 band-pass filter centered around

460 nm. Example images from the narrowband and broadband red MOT results are shown

in Figures 4.5 and 4.6, respectively.
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Figure 4.5: Example 2D images from the narrowband red MOT TOF measurements. The
picture on the left was taken at t = 5.5 ms and the picture on the right at t = 26 ms after
the cloud is released to expand in a vacuum. The images show the pixel intensity before
normalisation. The reflection from the cavity can also be seen at the bottom of the right
image.

A 2D Gaussian fit was then applied to the TOF images to determine the cloud widths and

positions at variable expansion times for each repeat dataset and therefore determine the

temperature of the cloud in the red MOTs. The process is outlined below.

4.3.1 Extracting the Atomic Cloud Widths from the TOF Images

The general equation for a 2D Gaussian function with rotation is given by:
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(a) 2D Image (b) 3D Gaussian Fit

Figure 4.6: Example image from the broadband red MOT time of flight measurement.
This picture was taken at ≈ 5.5 ms after the cloud is released to expand. The 2D image is
shown on the left and the 3D Gaussian fit is displayed on the right. The 2D image shows
the pixel intensity before scaling whereas the 3D Gaussian fit plot shows the normalised
pixel intensity.

g(x,y) = offset+Aexp
(︁
−
[︁
a(x− x0)

2 +2b(x− x0)(y− y0)+ c(y− y0)
2]︁)︁ , (4.6)

where:

a =
cos2 θ

2σ2
x

+
sin2

θ

2σ2
y
, b =−sin(2θ)

4σ2
x

+
sin(2θ)

4σ2
y

, c =
sin2

θ

2σ2
x

+
cos2 θ

2σ2
y

.

Here:

• A is the amplitude of the Gaussian.
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• (x0,y0) are the coordinates of the center of the Gaussian in the 2D image.

• σx and σy are the standard deviations along the x- and y-axes, respectively.

• θ is the rotation angle of the Gaussian, measured counterclockwise from the pos-

itive x-axis. The rotation angle of the Gaussian was set to zero as it was assumed

that the camera was aligned well.

In the narrowband red MOT pictures, there was light reflected from the bottom of the

cavity (see Figure 4.5 which appears as noise and is picked up when the pictures were

fitted. Therefore, the images were cropped before the analysis was carried out to specify

the rectangular region of interest (ROI) in each image and avoid fitting the wrong region.

The broadband red MOT pictures did not have such reflections so they were directly fitted

without cropping them. The pixel coordinates of the images were then used to create 2D

coordinate grids (x and y) for fitting.

The gaussian function specified in Equation 4.6 was fitted to each of the images of the

TOF measurements. Before the fitting, each image was normalized by dividing all pixel

values by the maximum value of the given image to scale between 0 and 1 to ensure con-

sistent scaling across images and improve the fitting process. The normalisation did not

have an effect on the fitting of the broadband red MOT pictures but it significantly im-

proved the fitting of the narrowband red MOT pictures, This might be due to the fact that

the narrowband red MOT pictures had higher background noise and that the maximum

pixel intensity is higher than that in the broadband red MOT pictures.

To fit the 2D Gaussian model to the images, the curve_fit function from the scipy.optimise

library was used to optimise the parameters of the Gaussian function defined in Equation

4.6.
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To ensure successful optimisation and fitting initial guesses were determined as follows:

• Amplitude (A): the maximum intensity of the picture.

• Center (x0,y0): The middle of the picture.

• Standard Deviations (σx,σy): The standard deviations of the x- and y-coordinate

grids in the image.

• Offset: The minimum intensity value in the images.

Optimisation was then performed using the curve_fit function on the flattened coordi-

nate grids (x,y) and the corresponding pixel intensity values of the pictures. Using the

initial guesses and bounds, the optimised parameters (A,x0,y0,σx,σy,offset) were then

calculated. The covariance matrix was also produced, from which the uncertainties in the

fitted parameters was calculated as the square root of the diagonal elements of the matrix.

The 1/e2 radii of the atomic cloud in x and y are also calculated as: rx = 2σx and ry = 2σy.

For each time point, the mean position in x and y, as well as rx and ry, was calculated.

For the narrowband red MOT calculations, only the first 16 points (0 ms to 20.7 ms) from

each repeat were used, as after that, the Gaussian fitting is not as accurate on some pic-

tures. This is mainly because the cloud expands too much, making it harder to distinguish

between the background and the pixels that belong to the atomic cloud. The errors of

these quantities were also calculated as the standard error of the mean (SEM) (σ/
√

n).

To determine the pixel calibration constant to convert the pixels into distance moved by

the atomic cloud falling freely under gravity, the following kinematic equation is used:

y = y0 +
1
2

gt2 · kpixel
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Where y(t) is the position of the object at time t, y0 is the initial position of the cloud,

kpixel is the pixel calibration constant and g = 9.81 m/s2. This equation assumes that the

initial velocity is zero (at time t = 0) therefore the v0t term is neglected.

The calibration constant is determined by fitting the model in the equation 4.3.1 to the

experimental data (y-position and time) using the curve_fit function. The standard

error of the mean in y is then used as the sigma parameter in the fit, to weight the residuals

during the least squares optimisation.

The resolution of the pictures in m/pixel was calculated as the inverse of the calibration

constant and the uncertainty of the resolution was calculated as the standard error of the

pixel calibration constant obtained from the covariance matrix divided by the square of

the calibration constant value.

Using this technique, we determine the camera resolution to be (32.9±0.1) µm/pixel and

(30.9±0.1) µm/pixel for the pictures taken for the broadband and narrowband red MOT

respectively. Figures 4.7 and 4.8 show plots of the vertical position (y-axis) against the

expansion time, along with the fitted model used to determine the image resolution.

The atomic cloud radii were converted from pixels to µm, and Equation 4.5 was used

to fit the horizontal and vertical radii as a function of expansion time to determine the

temperature of the atomic cloud in the MOT in the two dimensions. The uncertainty from

the calibration constant was also added to the radii uncertainty in quadrature. The best-fit

values for the temperature and the initial radius r0 in both dimensions were obtained using

the curve_fit optimization method. The error on the temperature in the two dimensions

is calculated as the square root of the diagonal element of the covariance matrix of the fit

for the given quantities.
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Figure 4.7: Plot of the vertical position (y-position) of the atom cloud as a function of
expansion time for the broadband red MOT dataset. The data points represent the mean y-
positions obtained from Gaussian fits to the images, with error bars indicating the standard
error of the mean. The fitted model, shown as a dashed curve, was used to determine the
image resolution of (32.9±0.1) µm/pixel.
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Figure 4.8: Plot of the vertical position (y-position) of the atom cloud as a function of
expansion time for the narrowband red MOT dataset. The data points represent the mean
y-positions obtained from Gaussian fits to the images, with error bars indicating the stan-
dard error of the mean. The fitted model, shown as a dashed curve, was used to determine
the image resolution of (30.9±0.1) µm/pixel).
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4.4 Red MOT Temperature Results

The temperature results of the atomic cloud in the broadband and narrow-band red MOTs

are presented in this section. The experimental sequences described in Section 4.2 were

implemented for these results.

4.4.1 Broadband Red MOT

The results for the temperature measured in the broadband red MOT are presented in this

section. Figure 4.9 shows an example of three TOF measurements, as well as the result of

fitting Equation 4.5 to the measured cloud widths in the horizontal and vertical (i.e. along

gravity) directions. We find horizontal and vertical temperatures in the final red MOT

stage of the broadband (13.14±1.09) µK and (13.12±1.31) µK, respectively. The 1/e2

widths of the unexpanded cloud are (997±6) µm and (1038±9) µm in the horizontal and

vertical directions respectively.

4.4.2 Narrowband Red MOT

The results of fitting Equation 4.5 to the measured cloud widths of the narrowband red

MOT TOF measurements in the horizontal and vertical (i.e. along gravity) directions are

shown in Figure 4.10. We find horizontal and vertical temperatures in the final narrow-

band red MOT stage of (812±4) nK and (778±14) nK respectively. The 1/e2 widths of

the unexpanded cloud are (319± 1) µm and (261± 1) µm in the horizontal and vertical

directions respectively.

The results from the red MOTs indicate how we were able to go from a few milli-Kelvin

temperatures (in the blue MOT) to ≈ 10µK in the broadband red MOT and then to sub-µK

in the narrowband red MOT. The Doppler limit limits the temperature in the red MOT to
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Figure 4.9: Time-of-flight measurements of the atomic cloud taken after the atoms are
released from the broadband red MOT stage. Each datapoint consists of 20 randomised
repeats whose standard error is taken as the statistical uncertainty. (inset) Sample raw
images of the expanding atomic cloud.

0.18 µK, and to go colder than that, other techniques are to be employed i.e. evaporation

in a dipole trap, which is the next step in the cooling sequence.

4.5 Conclusion

This chapter presents the first results of a narrowband red MOT operated on 88Sr atoms

at Imperial College London. An atomic cloud was cooled down to a temperature of

(812± 4) nK in a narrowband red MOT. The atom cloud temperature is comparable to

those obtained in previous works [151, 82], which report a temperature of ∼ 1 µK. This

temperature is low enough to efficiently load an optical dipole trap - the next step towards

differential atom interferometry. This is an important milestone for the AION collabora-
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Figure 4.10: Time-of-flight measurements of the atomic cloud taken after the atoms are
released from the final red MOT stage. Each datapoint consists of 30 randomised repeats
whose standard error is taken as the statistical uncertainty. (inset) Sample raw images of
the expanding atomic cloud.

tion as we move from tabletop experiments to the realisation of a long baseline detector

used to detect gravitational waves, ultra-light dark matter and beyond.

Since these results were obtained, the experiment has progressed. The atoms were suc-

cessfully loaded into a dipole trap, and the cooling sequence was also carried out using

87Sr isotope, which will be used in the actual AION detector in the future. The AION

team at Imperial has built a prototype of a single-photon long-baseline atom interferom-

eter using the 87Sr clock transition. The prototype detector aimed for searching for dark

matter and gravitational waves can operate at the Standard Quantum Limit (SQL) with the

only noise source present in the measurement being the expected atom shot noise. These

results have been published on arXiv (see Ref. [152]).
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4.5.1 My Contributions

I led the analysis of the red MOT results for 88Sr atoms. This included the development

of the data analysis methodology, implementation of the analysis code, and interpretation

of the results. The raw data used in this analysis were acquired by other members of the

Imperial AION team. Parts of this chapter are based on work published in [2], the writing

of which I led as first author and in collaboration with the rest of the team.



Chapter 5

Prospects for detecting new dark

physics with the next generation of

atomic clocks

The world’s most precise clock to date can reach relative uncertainties of 10−19 [153],

a level of precision which would lose less than a second over the age of the universe.

This level of precision opens up new avenues for testing fundamental physics theories

by searching for variations in Nature’s constants. In many theories beyond the Standard

Model, “fundamental constants” such as the proton-to-electron mass ratio (µ) and the

fine structure constant (α) are not fixed but can vary dynamically over time [154, 155,

156, 7]. This behavior is exhibited in a wide variety of dark matter, dark energy, and

modified gravity theories. Atomic, molecular and ion clock transition frequencies depend

on those fundamental constants and are therefore sensitive to their variations [157]. By

comparing the frequencies of two different atomic/molecular transitions, we obtain a unit-

101
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less observable that is sensitive to fundamental constant variations [158, 159]; the level

of constraint produced by such a comparison depends on both the precision of the clocks

involved and their intrinsic sensitivity to the fundamental constants under question [160].

Earlier studies of temporal variations of fundamental constants searched for linear drifts

in the atomic clock frequency ratios between two clock species [161, 158, 160, 162].

Drift rates were extracted from linear fits to the data, with µ and α dependence derived

through computational calculations of atomic structure. More recently, frequency mea-

surements of atomic clocks have also been used to search for oscillatory fundamental

constant variations caused by hypothetical gravitational potential couplings to µ and α by

investigating the possibility of annual sinusoidal variations caused by the varying gravita-

tional potential as the Earth orbits the Sun [163]. Previous studies that have searched for

such variations in µ1 have used neutral strontium vs. caesium-fountain [165], hydrogen

maser vs. caesium [166], and ytterbium ion vs. caesium [167] comparisons. These studies

have searched for violations of general relativistic local position invariance with no such

variations observed to date, resulting in some of the strictest constraints on fundamental

theories currently known.

In parallel, over the past several decades, there have been enormous advancements in

the development of different types of clocks, including atomic, molecular, and ion clocks.

There are over 450 atomic clocks in over 80 national laboratories worldwide, contributing

to International Atomic Time (TAI) alone [168]. It is estimated that there are thousands

of atomic clocks worldwide in telecommunication networks, GPS satellites, and research

institutions and universities. The most precise and accurate atomic clock has recently

recorded a systematic uncertainty of 8×10−19 [153]. Dedicated efforts to build networks

of clocks with unprecedented sensitivity to temporal variations of the fundamental con-

1See [164] for a similar search for α variations using atomic dysprosium.
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stants are also ongoing [169, 170]. The pace of progress in both theoretical fundamental

physics and optical frequency metrology motivates a coordinated approach that integrates

theory and experiment.

The purpose of this work is threefold. First, we overview wide classes of new physics the-

ories focusing on those with specific predictions that atomic clocks can measure. Second,

we carry out a preliminary search for those signals by compiling existing publicly avail-

able data from the BIPM Circular T database [171]. Third, we introduce a tool to apply

statistical methods and generate constraints based on the characteristics of the clocks in

question that can be used to test the sensitivity of clocks to fundamental physics theories,

specifically a wide variety of modified gravity, dark energy and dark matter theories. This

tool can also be used to forecast the degree to which future atomic clock advancements

can result in stronger bounds on fundamental physics, and we use it to explore several

such possibilities in this work.

This chapter is based on the paper “Prospects for detecting new dark physics with the next

generation of atomic clocks” which has been accepted for publication in Physical Review

D [3], and is structured as follows.

Section 5.1 gives an overview of atomic clocks and their performance. Section 5.2 pro-

vides an overview of the fundamental theories that we test. Secs. 5.3 and 5.4present an

illustrative analysis using publicly available data from optical atomic clocks to produce

constraints on those theories and to provide forecasts on state-of-the-art/future clock ex-

periments and projections for their testability with atomic clocks. Section 5.5 presents a

publicly available tool that can be used to derive constraints using the characteristics of

atomic clocks as input. We conclude in Sec. 5.7.

In addition to the main content of the paper, it includes a study on the effect of gaps on
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the recovery of a sinusoidal signal with a period of one year. This analysis and its results

are presented in Section 5.6.

Conventions: Throughout this work, we use natural units in which c = ℏ= 1, the mostly-

plus metric convention, and we define the reduced Planck mass in the usual way as MPl =

(8πG)−1/2 ≈ 2×1018 GeV.

5.1 Atomic Clocks

This section provides an overview of what atomic clocks and, therefore, frequency stan-

dards are and is based on References [38] [172]. An overview of the noise sources and

errors in atomic clocks is also given to introduce the errors considered when searching for

fundamental physics signals.

Frequency standards require a system with a well-defined reference frequency. This sys-

tem can provide a frequency reference that is stable and a way to define a unit of time.

Time intervals are defined by counting cycles of a frequency generator.

Atoms are an ideal frequency standard as atoms from the same species are identical. The

natural oscillation frequency of an atom can therefore be used to create an atomic fre-

quency standard. To make an atomic frequency standard, a sample of atoms or molecules

and a way to produce an oscillatory signal that is in resonance with the natural oscil-

lations (that of a particular transition) of the atoms are required. An atomic clock is

therefore made by counting the cycles of the oscillatory signal produced (e.g. from the

laser). Figure 5.1 illustrates the principle of operation of a clock.

In an atomic clock, a source of radiation is generated by a local oscillator (e.g. a quartz

oscillator, laser, or synthesizer). This oscillatory signal of the local oscillator is tuned to
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Figure 5.1: Principle of operation of an atomic clock. The atomic clock relies on the
precise frequency of the atomic/molecular/ion transitions as a reference. A local oscil-
lator generates a signal that is used to excite the atoms, and a feedback loop adjusts its
frequency to match the atomic transition frequency. Once the local oscillator matches the
atomic reference closely, the stable frequency is counted using a counter that measures
the number of oscillations to determine the time.

match the frequency of an atomic transition. The atoms are typically prepared in a known

internal state (e.g. the ground state) and then exposed to the oscillator’s radiation. If

the frequency matches the transition frequency, it induces transitions to the excited state.

The outcome of these changes of state is then detected through various techniques, e.g.

fluorescence or absorption spectroscopy, depending on the clock architecture. The system

uses this signal to continually adjust the oscillator frequency to match that of the atom’s

transition frequency.

5.1.1 Noise Sources and Errors

The extent to which the frequency of a local oscillator can be synchronised with the

unperturbed resonance frequency of atoms is constrained by the presence of noise in the

measurement procedures employed for establishing this synchronisation, either through
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external environmental effects, e.g. magnetic and electric fields that induce perturbations

to the natural frequencies of the atoms or through noise in the stabilisation or readout

processes. Although ways of mitigating these "systematic" frequency shifts are used,

there are still errors in the correction processes which need characterisation.

Therefore, there are two types of errors in frequency standards (a) statistical errors origi-

nating from measurement fluctuations (b) errors in the systematic effect corrections [38].

The errors are typically characterised in terms of fractional frequency errors ∆ f/ f0, where

f0 is the frequency of the reference transition and ∆ f is the frequency error.

Statistical Errors

Defining the frequency of the clock transition used as fc (considering there is a shift from

f0 due to systematic effects) we first suppose that the local oscillator has a frequency of fs

which is very close to fc and is a perfect oscillator. Under this assumption, the fractional

frequency deviation can be measured as y ≡ ( fc − fs)/ f0 which is averaged over various

probe durations τ . The Allan variance is a commonly used measure for the clock noise

performance [38, 173] and is defined as

σ
2
y (τ) =

1
2(N −1)

N−1

∑
i=1

[y(τ)i+1 − y(τ)i]
2 (5.1)

The Allan variance represents the squared fractional frequency fluctuations over averaging

intervals of duration τ . In the equation above, N represents the total number of fractional

frequency values, i is the sequential measurement index out of the N values and y(τ) is the

average fractional frequency difference over the measurement interval τ . In this version

of the Allan variance, it is assumed that there is no dead time between measurements. The

quantity σ2
y (τ) is a measure of instability, but it is usually referred to as "stability". More
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sophisticated methods of calculating the variance are found in [173]. It is worth noting

that there are no perfect standards to compare clocks to. Therefore, σ2
y (τ) is calculated

by comparing two imperfect clocks and contains noise from both.

Systematic errors, by contrast, must be assessed through insight into the physical effects

that cause them. These range from static offsets of unknown magnitude to time-varying

offsets with non white frequency noise. In this work, static offsets do not affect our

conclusions. Therefore, conservatively assume that all reported systematic uncertainties

result in frequency noise with a 1/f power spectral density (PSD).

5.2 Theoretical Models

For the work in this chapter, we assume that new physics is captured by a real scalar field

φ and the leading-order interactions with ordinary matter can be written as

Lint ∼
φ

Mp
mp p̄p+

φ

Mn
mnn̄n+

φ

Me
meēe . (5.2)

In this work, we focus on effective couplings to composite particles, i.e. protons and

neutrons. While these interactions could be decomposed further into couplings to fun-

damental Standard Model particles [154, 174], the effective description is sufficiently

general and a good approximation for describing and probing low-energy phenomena in

atomic clock experiments. As such, Equation 5.2 can be considered representative of a

wide range of theoretical models that investigate fundamental constituents and their inter-

actions.

For this analysis, we assume that protons and neutrons couple equally to the scalar field

(M ≡ Mp = Mn). The key physical scale is then determined by the differential coupling
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between nucleons and electrons:

Meff ≡
(︁
M−1 −M−1

e
)︁−1

. (5.3)

While many modified gravity models assume universal couplings - often motivated by

a Jordan-frame metric - our framework is more general and permits non-universal cou-

plings, which are typical in searches for equivalence principle violations [175, 176, 177].

From the interaction Lagrangian above, one can infer how the proton-to-electron mass

ratio µ depends on the scalar field φ . For each fermion ψ ∈ p,n,e we have one term

where of the corresponding fermion becomes mψ(φ) = mψ(1+ φ/Mψ). Therefore, the

effective time-varying mass ratio of the particles is

µeff(t) =
mp(1+φ(t)/Mp)

me(1+φ(t)/Me)

≈ µ

(︃
1+

φ(t)
Mp

− φ(t)
Me

)︃
= µ

(︃
1+

φ(t)
Meff

)︃
. (5.4)

In general, the scalar field φ = φ(x⃗, t) may depend on both position x⃗ and time t. However,

this study focuses on cosmological signals that are spatially uniform, so we take φ = φ(t).

We also account for spatial variations that, due to Earth’s orbital motion, manifest as time-

dependent changes in Earth’s reference frame, effectively giving φ = φ(x⃗Earth(t), t) =

φ(t).

An experiment may place limits on how the effective mass ratio µeff(t) changes over a

given time interval, expressed as ∆µ = µeff(t2)−µeff(t1). By normalizing this change to
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the average value µ̄ , we obtain the relation

∆µ

µ̄
=

∆φ

Meff
, (5.5)

which links the observable variation in µ to the corresponding change in the scalar field

φ in the given timescale. From this, it is clear that we require two ingredients to be able

to measure a signal in atomic clocks: (a) a non-universal coupling to a combination of

neutrons, protons and electrons i.e. a universal coupling corresponding to Mp = Mn =

Me, or Meff → ∞ would produce ∆µ = 0 and (b) a variation in φ that takes place over

the experimental timescale. The nature of this variation is theory-dependent and may

originate from either local or cosmological sources. In this work, we classify three distinct

types of signals, each associated with a different scenario in fundamental physics.

• Modified gravity & tests of fundamental physics: The interaction between the scalar

field and matter, as described in Eq. (5.2) suggests that matter acts as a source for

the scalar field. This behaviour appears in many theories and models that involve

a screening mechanism [12]. These include the Vainshtein mechanism [178, 179,

9], the Chameleon screening mechanism [180], or other screening mechanisms that

effectively reduce the coupling between the scalar field and matter [181, 182, 183,

184, 185]). Close to the Earth, the Sun is a dominant source of such scalar fields.

As the Earth orbits around the Sun, there is a variation in the distance between the

two of about ∼1%. This change induces a periodic change in the scalar field of

φ ∼ sin(2πt/year), which in turn leads to an oscillation in the mass ratio µ with a

period of one year and a known phase.

• Dark energy: In many models, dark energy is represented by a slowly evolving
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scalar field known as quintessence [186, 35], which evolves over time under the

influence of its potential V (φ). This results in the production of a field that evolves

over time φ = φ(t). This induces a corresponding change in µ . On the timescales

relevant for current experiments (typically a few years), this variation can be ap-

proximated as linear: φ ∼ √
ρKEt, where ρKE is the kinetic energy of the dark

energy field, constrained to be much less than (2.4 meV)4.

• Dark matter: Models involving ultra-light dark matter predict that background field

oscillations are produced of the form φ ∼ sin(mt), where m is the scalar particle

mass spanning in the range 10−23 eV < m < eV [187]. It is therefore predicted

that the oscillations produce sinusoidal variations in µ over timescales of 10−15 s <

m−1 ≲ 1 year.

A summary of the signals used in this work is presented in Table 5.1. The table also

summarises some of the analysis results presented in this chapter and compares them with

the best (to our knowledge) existing constraints. The most relevant existing bounds on

such signals include other clock experiments, the Planck [16] and MICROSCOPE [177]

satellites, and lunar laser ranging [188]. The comparison of our results with those from

other experiments is presented in subsequent sections.

5.3 Existing and simulated clock data

In this Section we conduct a preliminary search for the signals described in Section 5.2.

We utilise publicly available data from Circular T (Section 5.3.1) and employ a Markov-

Chain-Monte-Carlo (MCMC) and a Fisher matrix technique to project the sensitivity of

different combinations of clocks (Section 5.3.2). Lastly, we use simulated data from

state-of-the-art atomic clocks to forecast their sensitivity to potential signals, thereby es-
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Signal type ∆µ/µ̄ signal CaF/Sr
(projected)

Sr/Cs
(projected)

Circular
T [171]

Best existing
constraint

Units

Modified
Gravity

Acos
(︂

2πt
year

)︂
7.8×10−18 1.4×10−16 4.3×10−17 2.3×10−16

[189]
None

Dark
Energy

At 1.7×10−25 3.1×10−24 1.6×10−20 1.1×10−24

[167]
s−1

Dark
Matter

A
ω

cos(ωt+δ ) 1.5×10−24 2.8×10−23 3.6×10−17 See Fig. 5.2 s−1

Table 5.1: Summary of types of signals in variations of µ due to fundamental physics.
All values stated are the standard uncertainties in the associated parameter A as defined in
the first column, i.e. σA. This represents approximately the largest such signal that could
reasonably escape detection. For the dark matter signal, the values in the table show the
forecast error on A assuming a fiducial value of ω = 2π yr−1 after marginalizing over
that parameter as well as the phase δ . The full frequency dependence of this constraint
is illustrated in Fig. 5.2. Each of these generalized signal types will be connected to
fundamental physics theories in Sec. 5.4.

tablishing constraints on relevant theoretical models based on their noise profiles. The

constraint plots produced using the simulated data generation of state-of-the-art atomic

clocks are presented in Sec. 5.4.

Throughout this work, we use the framework presented in Ref. [159] to relate the fre-

quency ratios of atomic clock pairs to potential variations in the fundamental constant µ .

The sensitivity of a specific atomic or molecular transition, denoted by νi, to changes in a

fundamental constant represented by X = {α,µ}, is quantified by a sensitivity coefficient

denoted as KX .

The sensitivity to variations in a particular fundamental constant X for a given frequency

ratio R = ν1 / ν2 is directly proportional to the difference between the sensitivity coeffi-

cients:
∆R
R

= [KX ,1 −KX ,2]
∆X
X

. (5.6)

A higher value of KX indicates greater sensitivity of the specific transition to variations
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of X. For optical electronic transitions Kµ,opt = 0; for molecular vibrational transitions

Kµ,vib = −1
2 ; and for hyperfine microwave (MW) transitions Kµ,MW = −1 [169, 190].

For Kα , the sensitivity coefficients depend on the detailed atomic structure of the atom or

molecule considered. See Ref. [159] for a discussion on how these sensitivity coefficients

are derived.

The transition frequencies of the atomic clocks considered in this work can be written in

the form [159]:

vopt = A ·Fopt(α) · cR∞ ,

vvib =C ·
(︃

me

mp

)︃ 1
2

· cR∞ ,

vMW = B ·α2FMW(α) · me

mp
· cR∞ , (5.7)

with the Rydberg constant R∞ = c
4πℏα2me. The F(α) terms account for relativistic per-

turbations to the atomic structure, which can be significant in heavier elements. 2

5.3.1 Testing the models on Circular T data

To provide a baseline for constraints on the classes of signal described in this paper, we

performed a preliminary study using publicly available data published monthly by the

BIPM through Circular T [171]. The BIPM provides a monthly release of the BIPM’s

Time Department data, allowing for local realisations of UTC(k), which are maintained

by national institutes, to trace back to the Coordinated Universal Time (UTC). UTC is a

globally recognised time standard used as a reference for timekeeping and is established

2It should be noted that for the microwave hyperfine transition frequency, Eq. (5.7) neglects two small
but potentially non-negligible effects: the variation of the nuclear magnetic g-factors [191, 192] and the
variation of the nuclear radius [193, 194]. In this work, we use effective couplings to entire nucleons, so a
discussion of effects due to varying nuclear structure is beyond the present scope of discussion but would
be an interesting exploration in future work.
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using data from atomic clocks operated by over 80 contributing institutes worldwide [195,

196]. Since the definition of the SI second is based on the frequency of the hyperfine

transition in caesium, most clocks contributing to TAI are caesium-based with Kµ =−1.

However, in recent years, contributions from clocks based on optical transitions have

emerged [171] which have Kµ = 0. In this work, we exploit this difference in sensitivity

to test for variation in µ by assuming that the mean value of TAI is entirely determined by

the caesium transition, and comparing individual strontium and ytterbium optical clocks

against this total mean to extract a cross-species frequency ratio.

The data used to produce the constraints and the mapping from that data to ∆µ/µ are

presented in Appendix A. For this analysis, values of d, the negative fractional frequency

deviation of TAI, for individual optical frequency clocks as reported in Circular T are used

as described in the same Appendix. It is assumed that this value is proportional to ∆R/R

and therefore to ∆µ/µ where R is the ratio of frequencies of the optical clock considered

to the mean caesium transition frequency.

After collating the data for all the optical clocks contributing to Circular T (Fig. A.1,

in Appendix A), we use Bayesian inference to evaluate the posterior distribution of the

unknown parameters in our models. Three models were used: (a) a sinusoidal model with

a fixed period of one year with the amplitude as the only free parameter, (b) a linear model

with the gradient as the unknown parameter, and (c) a sinusoidal model with an unknown

period and phase. We use the emcee Python package [197] to perform an MCMC analysis

of the (log)-posterior distribution in the theoretical parameters given the data.

The constraints produced from this analysis are presented in Table 5.1 for comparison

with the other constraints on the associated parameters stated. It should be noted that this

analysis is limited by assuming that the quoted uncertainties are reliable and that there are
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no correlations between measurements of the same clocks.

We also assume that all optical clocks from all the different laboratories are affected in

the same way by the physical phenomena, and that the uncertainties in the measurement

of ∆R/R is affected by a gaussian noise, with no correlations between different clock

pairs. As a point of comparison, the maximum allowed signals in the data that could have

escaped detection are summarised in Table 5.1.

5.3.2 Forecasts with state-of-the-art atomic clocks (Fisher informa-

tion)

To forecast the possible observation of variations in fundamental constants using current

state-of-the-art atomic clocks, a Fisher forecast method is adopted, along with a MCMC

analysis, to evaluate the projected sensitivity of the experiments to potential signals of

fundamental constant variations. Those methods are widely used in cosmology [198] as

tools for parameter estimation forecasts, which inform the development of future experi-

ments.

The Fisher matrix method is a Bayesian inference approach, and the method is used to

detect potential variations in the ratio of the measured frequencies of two clocks over

time. For the clock projections, we simulate a datastream sampled with a cadence of 1

second, coming from the superposition of the frequency ratio ∆R/R induced by our set

of theories and the instrumental noise from a realistic noise model built on the physical

properties of the clocks considered.

This data stream is Fourier transformed into the frequency domain to facilitate the anal-

ysis of the signal characteristics and separate it from noise. The noise is assumed to be

Gaussian and stationary with zero mean, and we assume the datastream is ungapped. The
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relaxations of these assumptions are not expected to significantly impact the forecast, even

if the analysis will become much more challenging in practice. The Fisher approximation

of the posterior distribution of the unknown parameters is then analytically computed to

have a quick and reliable estimate of the confidence intervals to produce analytical and

interpretable forecasts. An MCMC evaluation of the full forecast posterior distribution

has been done to check the validity of the Fisher approximation. The clock characteristics

used in this part of the analysis can be found in Appendix B Table B.1.

5.3.3 Forecasts - Simulated Data

This Section presents the method used to create simulated clock data to derive constraints

on the various models using Bayesian inference. A numerical simulation is implemented

to generate synthetic datasets consisting of a signal embedded in noise.

The analysis is carried out in the frequency domain instead of the time domain. This

is because the noise profile includes a 1/ f = 2π/ω dependence noise term (flicker/pink

noise), which implies correlations in the noise of the data points in the time domain, mak-

ing the analysis more complex and computationally expensive as the correlations would

need to be explicitly handled. Working in the frequency domain, where the covariance

matrix of the data is diagonal, removes this requirement and simplifies the analysis.

We first generate noise with white and pink noise components for two clocks by mod-

elling the noise profile of the clocks using the one-sided power spectral density (PSD)

for a single clock, as indicated in Eq. B.1. The values for the coefficients used for each

clock are presented in Table B.1. The total duration of the simulated signal is three years

with a cadence of one second. Two clocks are required for sensitivity to variations in

fundamental parameters, therefore, the combined resulting PSD of the two clocks is the



116
Chapter 5. Prospects for detecting new dark physics with the next generation of atomic

clocks

Figure 5.2: Comparison of projected and existing constraints on oscillations in µeff(t)/µ̄ = 1+
A/ω cos(ωt + δ ). This signal is associated with ultralight dark matter theories. Also shown are
currently-leading constraints from clocks in this frequency range [199, 200, 190]. Note that this
figure is in terms of the ordinary frequency f , not the angular frequency ω = 2π f .

combination of the individual PSDs for each clock assuming that the noise streams of the

individual clocks are uncorrelated. The resulting PSD is a summation of the individual

clocks PSD. The combinations of clocks used are presented in Fig. B.1b (bottom plot).

The signal predicted by the theories considered is parametrized in the frequency domain
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and then added to the simulated noise stream. The injected signal is determined in the

frequency domain for all different scenarios by taking the Fourier transform of the time-

domain signals outlined in Table 5.1. The MCMC analysis is then performed on the

resulting dataset to obtain samples from the posterior distribution of the unknown param-

eters.

The values for the coefficients of the PSD are included in Table B.1. The MCMC sampling

method described in the previous section is used to derive the posterior distributions for

the different free parameters in question for the different models. The results are then

used to investigate the relationship of different parameters of the models in question. Plots

investigating the relationship of different parameters are presented, and the constraints on

the space parameters imposed by different pairs of atomic clocks are also shown.

This was done for each of the signals listed in Table 5.1. The results for two representative

samples of clock combinations are also listed in that table. The “dark matter” signal is

slightly more involved because the threshold for detection of A now depends on the typical

frequency of the signal ω . We therefore include additional information for this case as a

worked example. The approach may be generalized straightforwardly for the other two

fundamental physics signals types. One key distinction of the modified gravity signal is

that the phase of the oscillations is set by the position of the Earth relative to the Sun, the

details of which are discussed in Sec. 5.4.1.

For the dark-matter-like signal, we show the upper bound that the experiment can pose on

the amplitude parameter A as a function of the value of the frequency of the signal, which

is the curve

A > σA = σA(ω0)
ω

ω0

N(ω)

N(ω0)
(5.8)
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where N(ω) is the noise power spectral density at frequency ω

2π
and σA(ω0) is the value

of the forecast error in the measurement of the parameter A at the reference frequency

ω0 =
2π

1yr . The curve is shown in Fig. 5.2, with the values of σA(ω0) displayed in Table

5.1.

5.3.4 Existing varying-µ searches

Variations in µ have been previously discussed in the literature in a variety of contexts.

In this section, we briefly review a few of the most relevant existing measurements.

Six years of clock data were examined for oscillatory signals associated with dark matter

with an Rb/Cs clock pair [201]. However, this particular clock pair has a sensitivity

coefficient difference for µ of 0, making it difficult to perform a direct comparison in this

work. Indeed, a nonzero sensitivity coefficient Kµ (described at the beginning of Sec. 5.3)

is a key advantage of the clock pairs we focus on in this work. In the interest of facilitating

comparison, we translate our bounds into the dark matter model used in that work. For

details on how this was done, see Ref. [3].

A comparison of Cs/Yb/Sr clocks was combined to produce estimates of signals equiv-

alent to our modified gravity and dark energy signals [189]. The uncertainty on the

amplitude of the yearly modified gravity signal was σA = 2.3 × 10−16, which is di-

rectly comparable to our results. It is seen in Table 5.1 that this is roughly in line with

our Sr/Cs clock projections and about 1.5 orders of magnitude weaker than our CaF/Sr

projections. A comparison of non-continuous clock data over a period of roughly 13

years was also undertaken to search for a linear drift in µ , which was measured to be

µ̇/µ̄ = (5.3±6.5)×10−17/yr. Converting this uncertainty into units of s−1 allows for a

direct comparison to our dark energy signal, and rules out A ≳ 2.1× 10−24 s−1. Refer-
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ring to Table 5.1, we see that the measurement is roughly in line with our Sr/Cs clocks

projection and about one order of magnitude worse than the CaF/Sr projection.

Frequency comparisons between a strontium clock, silicon cavity, and hydrogen maser

were performed to search for ultralight dark matter [199]. Those bounds are stated in

terms of a scalar-electron coupling parameter dme which is related to our Meff by

Meff =

√
2MPl

dme

. (5.9)

Those bounds are included in Fig. 5.6. To translate the bounds to the amplitude signal of

Fig. 5.2, we use Eq. (5.25) to compute the signal amplitude as

A =

√
2ρDM

Meff
(5.10)

where we have used the local density for dark matter as described in Sec. 5.4. Also of

note is a search using Yb/Cs clocks which ran for 298 days [200], and is also included in

Fig. 5.2. In a similar vein there are a number of experiments that constrain ultralight dark

matter in this range, particularly NANOGrav [31] which appears on Fig. 5.6. More gen-

erally a number of constraints on the ultralight dark matter-Standard Model interactions

are summarised in [202].

More recently, data from Yb, Sr, and Cs clocks was used to search for oscillatory ultralight

dark matter signals [190]. This data is in 600s intervals and was collected over a period

of two weeks. Since the dark matter signal in Table 5.1 is normalized to 1 year, this result

is omitted from the table, but it is included in Figs. 5.2 and 5.6. These bounds cover a

similar frequency range as explored here, and are approximately one order of magnitude

weaker than our current projections.
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The coupling between clock frequencies and the Newtonian gravitational potential were

measured in [166], and was summarized for a variety of atomic species. Unfortunately,

this result is not directly comparable to our approach without additional theoretical mod-

elling, as the modified gravity models we focus on in this work fall off differently from

the Newtonian potential. In future work, it would be interesting to translate their re-

sults into bounds on specific modified gravity models. A similar approach was taken

in [167], although that work also constrained a linear temporal variation in µ to be

µ̇/µ = (−8 ± 36)× 10−18 yr−1. This corresponds to a maximum dark energy signal

amplitude of A ≤ 1.1×10−24 s−1, making it, along with MICROSCOPE, one of the best

current constraints on the EP-violating dark energy signal.

It was recently proposed to search for chameleon particles by employing two identical

clocks, where one of the clocks is placed inside a massive source object (or with such

an object nearby) to search for redshift effects [203]. Such effects could, in principle, be

searched for with the clocks under present consideration as well, although in this work,

we focus on equivalence-principle violation searches through varying-µ as this is a unique

feature of the clock combinations we are considering. It would be interesting to explore

the potential for these clocks to search for the above signal, particularly for short-range

forces, in future work.

5.4 Projected constraints on fundamental physics

This Section presents projected constraints on fundamental physics theories from state-

of-the-art clocks for all three signals described in Section 5.2. These signals are asso-

ciated with modified gravity, dark energy, and dark matter, respectively. In each case,

the underlying physics is modelled as a single real scalar field φ , coupled to matter via
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the interaction Lagrangian given in Eq. (5.2). The coupling to matter, along with spatial

and/or temporal variations in the local scalar field value, leads to variations in the apparent

electron-proton mass ratio µeff. In this section, we mainly emphasize the results on a few

of the most novel or promising routes for detecting new fundamental physics rather than

a broad overview of all possible theories that could be tested.

5.4.1 Fifth forces and screening

A direct scalar-matter coupling of the form Eq. (5.2) generically implies that the scalar

field mediates a new “fifth” force between matter particles. There are a wide range of fifth

force models in the literature, which are reviewed in [204, 205, 206, 12]. While clocks are

not directly sensitive to this new force, they are sensitive to that force’s potential, which is

proportional to the local field value φ , as is clear from Eq. (5.4). The Sun, like all massive

bodies, is a source for that potential. As the Earth orbits the Sun, the Earth-Sun distance

varies at the level of ∼ 1%, leading to variations in φ (and hence the proton-electron mass

ratio µ) on a one-year period. A similar approach was taken in [207], although that work

focused on theories without scalar self-interactions and on variations in the fine structure

constant α and particle masses.

For our purposes, many models can be analyzed via the same procedure where the addi-

tional degrees of freedom behave as a scalar in some limit. Then we can first consider

the scalar field’s equation of motion around the Sun in order to find φ(r), where r is the

distance to the Sun. Then, we supply r(t), which describes the Earth’s distance to the Sun

as a function of time. This allows us to compute variations in µeff as a function of time

via Eqs. (5.4). In this Section, we focus on a pair of modified gravity models, and further

models are discussed in [3].
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Leading theories of gravity which depart from four-dimensional General Relativity on

large cosmological scales are associated with theories where the graviton is effectively

massive either as a resonance or as an effect from extra dimensions [208, 209, 210, 211]

or as a four-dimensional local theory of gravity [212, 213, 9]. While Lorentz-invariant

theories of massive gravity (whether they are effective or not) involve additional degrees

of freedom (or polarizations), that could in principle mediate fifth forces, they also come

hand in hand with a Vainshtein screening mechanism [178, 214] which is best understood

in the decoupling limit [215], where one of the degrees of freedom behaves as a scalar

field (dubbed the Galileon) [216, 217]. The Vainshtein mechanism naturally ensures that

scalar self-interactions suppress the fifth force sourced by massive objects and lead to a

smooth massless limit. This theory is introduced in more detail in Ref. [3], while here we

give a brief overview of this theory’s relevant properties.

The Galileon is characterised by both a scalar-matter interaction set by the parameter M,

as well as several nonlinear self-interaction terms which are set by the parameters Λ,c4.

Note that Λ is related to the scale of the graviton mass mg in this theory by [218]

Λ
3 ≈ m2

gMPl . (5.11)

Around a spherical source object of mass mobj the Galileon’s equation of motion is:

(︃
φ ′

r

)︃
+

2
Λ3

(︃
φ ′

r

)︃2

+
2c4

Λ6

(︃
φ ′

r

)︃3

=
mobj

4πMr3 . (5.12)

The terms on the left follow from the theory’s ordinary kinetic term, its cubic self-

interactions, and its quartic self-interactions in its Lagrangian, respectively. There are

three parameters: Λ sets the overall strength of the Galileon’s self-interactions, c4 con-

trols the relative strength of the quartic interactions, and M controls the strength of the
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coupling to matter. Note that in the interest of simplicity we have coupled the Galileon

to nucleons with equal strength and not at all to electrons (that is, in this section we take

Me → ∞)3.

Far away from the source, the cubic and quartic terms are strongly suppressed relative to

the kinetic term, which may be intuitively understood by observing the additional factors

of φ ′/r in the equation of motion. As such, at large r, the field’s behaviour is dominated

by the ordinary kinetic term, giving a field profile that goes as φ ∼ 1/r, much like in

Newtonian gravity. Closer to the body, the Galileon’s self-interactions become significant,

and the cubic interactions dominate the left-hand side of Eq. (5.12). Within this region,

the falloff is reduced to φ ∼ 1/
√

r. The boundary between these two regimes is termed the

“cubic Vainshtein radius” R3. Closer still to the massive body, the quartic terms dominate,

and the field profile tends towards a constant. Summarizing, we have

φ(r)∼

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
m1/3

obj for r < R4
4/R3

3 ,

m1/2
obj r−1/2 for R4

4/R3
3 < r < R3 ,

mobjr−1 for R3 < r .

(5.13)

The Vainshtein radii R3,4 depend on the mass of the source and parameters of the theory

and are given in Ref. [3].

As the Earth orbits the Sun, its distance varies as

r(t) = a
1− ε2

ε cos(2πt/year)+1
,

= a
(︁
1− ε cos(2πt/year)+O(ε2)

)︁
, (5.14)

3Strictly speaking, the source in Eq. (5.12) should not be the total mass, but only the fraction of the
source’s mass made up of nucleons. However, this distinction corrects the value of mobj at the level of a part
in 103 which makes a negligible difference to our present estimates.
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where a = AU is the average Earth-Sun distance and ε = 0.0167 is the eccentricity of

Earth’s orbit. This leads to yearly sinusoidal variations in φ , and therefore also in µ via

Eq. (5.4). These variations are to be compared with the result of the statistical analysis

searching for sinusoidal variations in µ with a one-year period, which is summarised in

Table 5.1. Note that (unlike the case with dark matter) the phase of this signal is known

and is set by the position of the Earth relative to the Sun.

To solve for the scalar field, we Taylor expand as

φ(r) = φ(a)+φ
′(a)(r−a) . (5.15)

Only the second term varies in time via r = r(t). Combining, we find

µ(t)
µ̄

= 1+
φ ′(a)aε

M
cos(2πt/year) . (5.16)

The result of this analysis is shown in Fig. 5.3. This analysis was done for a CaF/Sr clock

pair over a period of three years, which was shown in Table 5.1 to be one of the most

sensitive clock systems to the yearly periodic modified gravity signal.

We can make some general observations about these results. First, we can identify the

three distinct regimes, depending on the size of Λ, corresponding to the regions where

the quadratic, cubic, and quartic self-interaction terms each dominate. When Λ is large,

the Vainshtein radii are smaller than the Earth-Sun distance and the Sun is therefore un-

screened. Decreasing Λ, we see a region dominated by the cubic self-interaction term,

and constraints weaken because of the stronger screening. Decreasing Λ further still we

see a region dominated by the quartic term, with constraints that are weaker still thanks

to the strong screening effect.
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Also plotted on the figure are the constraints from MICROSCOPE [176, 177], a satellite-

borne test of the universality of free-fall towards Earth. When screening is inactive (that

is, at large Λ), the bounds from MICROSCOPE are superior to the projected bounds from

clocks. However, in the screened regime the situation reverses and clocks appear more

promising. This may be understood intuitively by examining Eq. (5.12). In the unscreened

regime, which is to say when RV3,4 are both smaller than the Earth-Sun distance and

Earth-MICROSCOPE distance, the signal is proportional to m/r. For our clock setup we

take m = m⊙ and r = AU, while MICROSCOPE has the much smaller m = m⊕ and r =

Rmicroscope ≈ 7000 km. MICROSCOPE measures a much smaller source (the Earth) but

at a far shorter distance, which more than compensates for the smaller source. Hence the

constraints from MICROSCOPE are comparatively stronger. However, once screening

becomes active, the signal instead goes as m1/2/
√

r and m1/3 for the cubic and quartic

regimes, respectively. In these cases, the falloff of the signal is smaller, so there is a

comparatively smaller penalty for the Sun-clock measurement’s longer baseline. It is for

this reason that the clock constraints compare favorably against MICROSCOPE within the

screened regime of the Galileon. Notably, we find that the constraint on M is improved by

an order of magnitude over MICROSCOPE for the Λ that gives a graviton mass of order

the Hubble scale, mg ∼ H0 ∼ 10−33 eV.

This pattern is also evident in our second sample theory. For this, we present a parametrized

interaction model. This model describes the field sourced by a spherical object of mass

mobj as

φ
′ = Λ

2
(︂ mobj

8πM

)︂α

(Λr)−β . (5.17)

Although we did not derive this from a Lagrangian, this phenomenological description

encapsulates the behavior of a large number of modified gravity theories, which corre-

spond to different choices of the parameters Λ,M,α, and β . Once again, for our pro-
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jected clock constraints, we will choose mobj = m⊙ and r = r(t) is the Earth-Sun dis-

tance over time given by Eq. (5.14). The scalar field parameters α,M characterize the

scalar-matter coupling, Λ is a mass scale related to the scalar field’s self-couplings, and

β describes how quickly the scalar field’s potential falls off with distance from a source

which is affected by the nature of the interactions (see for instance [211] for an example

where additional extra dimensions lead to a different scaling). As a simple example, a

free scalar field with a gravitational-strength Forecastscoupling to matter corresponds to

α = 1,β = 2,M = MPl, and Λ cancels out. Projected clock constraints on this generalised

interaction model for several sets of fiducial parameter values are presented in Fig. 5.4.

Once again, we can observe the same general pattern as the Galileon: theories where the

field drops off more slowly than 1/r compare more favorably against MICROSCOPE.

For both modified gravity models, we see that the projected clock bounds are currently

weaker than those deriving from lunar laser ranging (LLR) [188, 219, 220, 221]. A fur-

ther factor of 100 improvement in clock sensitivity beyond what is projected here would

result in clock bounds that are competitive with LLR.

5.4.2 Dark energy

One of the simplest models of dynamical dark energy is quintessence [186, 35], which

involves a scalar field field rolling down some self-interaction potential V (φ):

Lφ =−1
2
(∂φ)2 −V (φ) . (5.18)
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Figure 5.3: Constraints on Galileon parameter space from a CaF/Sr clock pair over a
period of three years. The different power laws in the curve correspond to regions where
quadratic, cubic, and quartic terms of Eq. (5.12) each dominate. The gray regions are
ruled out by the MICROSCOPE experiment and lunar laser ranging, which are discussed
in Ref. [3]. Also indicated are M = MPl, which corresponds to a gravitational-strength
matter-scalar coupling, and the Λ scale that corresponds to a graviton mass proportional
to the current Hubble scale, as given by Eq. (5.11).

On cosmological scales, the field depends only on time, φ = φ(t) and is, therefore, a

perfect fluid with an equation of state and density

w =
1
2 φ̇

2 −V (φ)

1
2 φ̇

2
+V (φ)

,

ρ =
1
2

φ̇
2
+V (φ) . (5.19)
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Figure 5.4: Upper panel: constraints on the space of parameters (Λ,M) in the
generalized interaction modified gravity model (5.17). The lines define the lower bounds
in the region of parameters (Λ,M) that can be ruled out by a CaF/Sr clock pair over a
three-year observation time. Particular theories are highlighted: the free scalar, cubic
Galileon, and quartic Galileon corresponding to each of the three regimes identified in
Eq. (5.12), and also generalized ones that include DBI [217].

We know from cosmological measurements [16] that w≈−1 and ρ =Λ4
DE =(2.4 meV)4 .

Clearly, this requires that we choose our potential such that V (φ) ≈ Λ4
DE, and that the

potential is shallow enough such that the field only rolls very slowly φ̇
2 ≪ Λ4

DE .

In the case φ̇ = 0, then the theory reduces to a simple cosmological constant. Any amount

of kinetic energy in the field causes the equation of state to deviate from w = −1, which

then serves as a measure of how dynamical dark energy is. Through the couplings of
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Eq. (5.2), it is possible to measure the amount of kinetic energy in the dark energy field

via a time-dependent signal in µ .

Previous studies on this topic have focused on a non-minimal coupling to photons [222]

(although not in the context of atomic clocks), or suggested using atomic clocks to search

for dark energy theories that are coupled to matter via variations in the Higgs vacuum

expectation value [223]. In the present case, we rely on two ingredients: the non-minimal

couplings of Eq. (5.2) to generate a scalar field-dependent µ , and a nonzero amount of

kinetic energy φ̇ to cause the field value to change over time.

If we assume that φ̇ is constant over the timescale of the experiment (∼years) then it

is possible to constrain quintessence in a model-independent way. Since φ̇ is constant,

over some time period ∆t the field changes by an amount ∆φ ≈ φ̇∆t. Then we have via

Eq. (5.5)
∆µ

µ̄
=

φ̇

Meff
∆t ≈

√
2Λ2

DE
Meff

√
1+w∆t , (5.20)

where in the second equality we have used Eq. (5.19) and V (φ) ≈ Λ4
DE. The maximum

allowed deviation from w = −1 for a canonical scalar field model of dark energy, as

measured by Planck, is −1 ≤ w <−0.95 at the 95% confidence level [16]. It should also

be noted that there may be a growing preference for dynamical dark energy from baryon

acoustic oscillations [224].

The scalar field is assumed to be essentially massless on the scale of the Solar System. As

such, tests of the equivalence principle and fifth force tests constrain this theory tightly.

Assuming equivalence principle violation (as we must in order to measure any change in

µ with clocks) then the strongest experimental bound comes from MICROSCOPE (see

Ref. [3] for the full derivation). A comparison of the expected constraints from atomic

clocks to the bounds from MICROSCOPE and Planck are shown in Fig. 5.5. The clock
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bounds strengthen as w increases away from w = −1 because this corresponds to more

kinetic energy in the dark energy field, giving a larger change to the electron-proton mass

ratio over a given period of time.

5.4.3 Dark matter

Dark matter may be modeled as a canonical scalar field with a mass m:

Lφ =−1
2
(∂φ)2 − 1

2
m2

φ
2 . (5.21)

Cosmologically, we once again assume φ = φ(t) such that dark matter is a perfect fluid

with an equation of state wDM = 0 and present-day density ρDM ≈ 0.3ρ0, where ρ0 is the

cosmological energy density. The equation of motion following from Eq. (5.21) is

(□−m2)φ = 0 , (5.22)

where we are neglecting Hubble drag as well as the Standard Model couplings for the

time being. This is a good approximation on short timescales compared to the Hubble

time and in regions where the Standard Model field energy densities are small, such as

in the vacuum of space. Cosmological solutions depend only on time, so the solution to

Eq. (5.22) follows as

φ(t) =
√

2ρ

m
cos(mt +δ ) . (5.23)

The normalization is chosen such that ρ is the energy density of the oscillating back-

ground field. Using Eq. (5.19) we find an oscillating equation of state w = cos2mt. Al-

though this equation of state oscillates between −1 and 1, so long as the period m−1

is short compared to the Hubble time the oscillations average to zero, giving w = 0

on cosmological timescales as desired. The average value of the dark matter density
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Figure 5.5: Projected bounds from clocks on quintessence dark energy, over an observa-
tion time of 3 years. A CaF/Sr clock pair was used for the bottom plot.
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in the universe is ρDM ≈ 10−11 eV4. However, this is not the relevant quantity in our

Solar System. The local dark matter density is significantly higher at approximately

ρDM,local ≈ 2.6× 10−6 eV4 [225]. In fact, φ(t) is much more complicated within the

galaxy, but over timescales shorter than the coherence time and length scales shorter than

the coherence length, it still takes the form of Eq. (5.23), but with the local dark matter

density ρDM,local. The coherence time and coherence length are given by [226, 190]

τC =
4π

mv2
vir

, λC =
2π

mvvir
, (5.24)

where vvir ≈ 200 km s−1 is the virial velocity of our galaxy. The maximum dark matter

mass we consider is m ≈ 1
10 min ≈ 10−18 eV. This corresponds to a coherence length of

λC ≈ 1012 km, which is larger than the Solar System. The corresponding coherence time

is τC ≈ 240 years, which is much longer than the measurement time of a few years. As

such the whole mass range of dark matter particles under current consideration is well

within the regime of applicability of Eq. (5.23).

To compute the resulting variations in µ we combine Eqs. (5.5) and (5.23) and find

∆µ

µ̄
=

1
Meff

√
2ρDM

m
cos(mt +δ ) . (5.25)

We see that this is of the form ∆µ/µ̄ ∼ sin(ωt)/ω . Signals of this form were searched

for in the simulated clock data, with the result given in Table 5.1. Applying that result to

the fundamental theory parameters Meff and m gives the projected constraints in Fig. 5.6.

Also included in that plot is a comparison to existing constraints, the strongest of which

come from CMB and large scale structure, the MICROSCOPE satellite, and existing clock

constraints. Because the signal oscillates with frequency m, the maximum and minimum



Chapter 5. Prospects for detecting new dark physics with the next generation of atomic
clocks 133

timescales over which data is gathered are directly proportional to the range in m that may

be constrained with clocks.

Figure 5.6: Constraints on the space of parameters (M,m) in the Dark Matter model
defined in (5.23) after marginalizing over the unknown phase δ , for an observation time
of T = 3 yr. Also plotted are constraints from NANOGrav [31] and Yb/Cs clocks [200,
190] which were drawn from [202], as well as Sr/H/Si clocks [199], and the
MICROSCOPE satellite [177]. The best torsion balance curves [227] sit approximately
one order of magnitude below the MICROSCOPE line and hence are not included in the
figure. Planned atom interferometry experiments will also be sensitive to the higher end
of this mass range (10−19 eV ≲ m ≲ 10−11 eV) within the next few years [228].
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5.5 Forecast Tool

In this Section we present a software package which can be used to extract constraints for

the three signals described in Section 5.2, and was used in the creation of this work. The

tool takes in a set of clock characteristics, a phenomenological model of new fundamental

physics, generates a simulated data stream, and applies the MCMC method as described

in Sec. 5.3.3 to perform parameter estimation. This forecasts the maximum amplitudes for

signals in the time variation of µ that are associated with new physics, specifically dark

energy, dark matter, and modified gravity. The results are then used to generate constraint

plots for the different theory scenarios.

The key parameters that must be provided by the user are:

• The value of the Allan variance for the instability, the accuracy and the sensitivity

coefficient K for all the clocks used,

• A list of clock pairs to be considered and

• The functional form of the phenomenological models one wishes to forecast in the

frequency domain. The models used investigated in this work are included.

The software then generates a set of model-independent constraints for the desired signals

in µ(t). We have included the analysis to map those variations onto constraints on the

theories.

This setup is designed to be extended to a wide variety of EP-violating theories from

arbitrary clock characteristics. This is demonstrated in the following example. Let us as-

sume the user wishes to evaluate the capabilities of two new clocks nicknamed “C1” and

“C2”. The user adds a line for each clock in stats/clocks_parameters.csv, supplying the
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information on the instability, accuracy and constant K for each clock. Furthermore, the

user specifies the clock combination C1/C2 in stats/clocks_pairs.csv. The user then runs

the statistical analysis via the supplied makefile, simply running the command “make”

from the command line. This generates a new line in the stats/sigma_A_table.csv file,

giving the uncertainty in the amplitudes for each of the generalized signals in Table 5.1.

These can also be queried programatically via an API that is detailed in the code’s doc-

umentation, and was used in the generation of the theory bound figures in this work. If

desired, one could replace the Cs/Sr clock projections with the C1/C2 clock projection by

replacing the clock pair name in each of the plotting scripts supplied with the software

package. The software package is publicly available4 and the version used for this work

is permanently archived at [229].

5.6 Gap Analysis

In the previous analysis, it was assumed that the data were taken continuously and had no

gaps. However, in real-world long-running clock experiments, data acquisition is often

interrupted by various factors, including hardware malfunctions, calibration procedures or

environmental disruptions. To evaluate the robustness of signal detection methods under

such conditions, it is important to simulate the presence of missing data within otherwise

continuous time series.

This section presents a preliminary study to test the effect of gaps in the search for a

sinusoidal signal of a period of one year, the signal which corresponds to the modified

gravity model.

4https://github.com/elizabeth-pa/clock-constraints

https://github.com/elizabeth-pa/clock-constraints
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5.6.1 Synthetic Dataset Generation of Atomic Clock Noise

To simulate realistic atomic clock noise for this analysis, synthetic time-series datasets

were generated using Python, similar to the previous analysis. The simulated noise dataset

was generated similarly to the previous analysis (see Sec. 5.3.3, but the dataset is con-

verted to the time domain instead. For this preliminary study, only one set of clocks

is used, namely Strontium and Caesium, using state-of-the-art values for their stability

accuracy. The total simulated duration was 3 years at 1 Hz resolution.

To generate the time-domain signal, the combined one-sided PSD was used to shape

Gaussian white noise in the frequency domain using a fast Fourier transform (FFT)-based

method. For white noise, the one sided power spectral density (PSD) was flat and scaled

by h0 = 2σ2
1 ; for pink noise, it followed a 1/ f profile and was scaled by h−1 =

σ2
2

2ln2 , where

σ1 and σ2 are the desired Allan deviations at short and long averaging timescales, based

on published values for optical clocks. The signal was then converted back to the time

domain via inverse FFT. As the stochastic nature of the process can lead to slight devia-

tions from the theoretical Allan deviation values, the frequency-domain signal was scaled

before applying an inverse FFT to match the target Allan deviation at relevant averaging

times, i.e. to match the desired instability and accuracy values.

A simulated noise time series was generated for each clock individually. These time se-

ries can then be combined by summing them, resulting in a composite dataset that will

be used for signal detection, since Kµ,Cs = 0 and Kµ,Sr = −1. This produces a continu-

ous combined dataset without gaps, suitable for searching for the physics signals under

question.
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5.6.2 Simulating Realistic Data Gaps

The next step in the process was to introduce gaps in the simulated noise datasets. A

custom algorithm was designed and implemented to introduce realistic stochastic gaps

into the simulated data. The method takes the full datasets generated for individual clocks

and eliminates a percentage of data points to represent missing intervals. The percentage

of the total length of the dataset that is eliminated can be determined by the user. For this

analysis, we simulated gaps in the range of approximately 30-60% of the total data, which

is in line with the amount of data missing from a state-of-the-art clock dataset.

The sizes and frequencies of these gaps are modelled on a mixed probability distribution

to reflect close to realistic conditions. In a real clock experiment, smaller gaps are the

most frequent, while larger gaps happen with lower probability. For each gap, a random

starting index is chosen within the dataset, and a gap is inserted based on the probabilities

defined. The process repeats in a loop until the specified proportion of missing data has

been reached. In each iteration, a random number is drawn to determine the duration

of a gap based on a mixed probability model. Short gaps (∼ 1 second) occur with the

highest probability (80%), representing brief data dropouts or glitches. Medium-duration

gaps (minutes to several hours) occur with a moderate probability (15%) and the duration

is drawn from an exponential distribution with a mean of 30 minutes and capped at 12

hours. Long gaps are also drawn from an exponential distribution with a mean of 5 days

and a maximum of ∼ 30 days and occur with a probability of 5%. This stochastic method

ensures that the location and duration of the gaps in the dataset are random and reflective

of real scenarios.

To evaluate the effect of data gaps on signal detection, 1,000 synthetic datasets were

generated for each clock type (strontium and caesium) using the method described in
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Section 5.6.1. Gaps were introduced into each dataset using the procedure outlined in this

section. The two datasets were then combined by summing the simulated noise time series

from the two atomic clocks. This process was applied both to the continuous datasets

(without gaps) and to those with gaps.

Because the starting index of each gap was chosen randomly, some gaps overlapped. As

a result, the actual percentage of missing data points in each individual clock dataset

did not match the nominal percentage of gaps that were defined. Table 5.2 presents the

average resulting percentage of missing data points for each level of defined gaps in the

individual clock datasets, as well as for the resulting combined dataset. A sample time

series combined dataset with gaps is shown in Figure 5.7.

Defined Gap % Sr Missing % Cs Missing % Combined Missing %

40 33 33 55
50 39 39 63
60 45 45 70
70 51 51 75
80 55 55 80
90 60 60 83

Table 5.2: Average percentage of missing data (for all 1,000 toy datasets) for the strontium
(Sr) datasets, the caesium (Cs) datasets and combined datasets after varying levels of
artificially introduced gap percentages.

5.6.3 Model Fitting

A synthetic sinusoidal signal with a one-year period, representing a potential signature

from a modified gravity theory, was injected into the combined noise datasets at varying

amplitudes. A sinusoidal model with unknown amplitude was then fitted to each dataset

using the scipy.optimize.curve_fit function in Python. The resulting best-fit ampli-

tudes were extracted and collected across all datasets.
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Figure 5.7: Sample of the simulated combined noise time series, obtained by summing
the frequency noise deviations from a strontium and a caesium atomic clock. Missing data
were introduced independently to each clock with a maximum allowed removal of 40%.
In this example, 32% of the caesium data and 36% of the strontium data are missing. Due
to overlapping gaps, the resulting combined dataset has approximately 54% missing data
over the three-year period sampled at one-second intervals.

This allowed for a comparison of the results produced by using datasets with and without

injected signals, as well as a comparison between datasets with and without gaps, to assess

how missing data and the varying amplitude of injected signals affect signal recovery. The

results of this analysis are presented in the following section.

5.6.4 Results

The distributions of the fitted amplitudes were visualised using histograms. Figure 5.8

shows the distributions of fitted amplitudes from 1000 datasets generated with and without

an injected sinusoidal signal of amplitude A= 10−16, for both the continuous case and two

gapped cases (55 and 75% missing data). In all three subplots, grey histograms represent
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the results of the fits on the datasets without an injected signal, while the pink histograms

show results with the injected signal.

In both cases, the distribution of the datasets with the injected signal is shifted relative

to the noise only distribution, and the mean fitted amplitude closely matches the injected

value. In panel (b), with a total of ∼ 55% of the combined clock datasets missing, the

injected signal is still detectable, although the distributions show an increased spread, as

expected due to the gaps. Vertical dashed lines indicate the mean fitted amplitude in each

case.

To further explore the effect of gaps and the amplitude of the injected signal on the re-

covery of the signal, the mean fitted amplitude against the injected amplitude is plotted

in Figure 5.9 for all the missing data percentages tested. These results demonstrate that

even with a significant amount of missing data, the fitting procedure remains sensitive to

larger to moderate amplitude injected signals.

In the absence of a signal (zero amplitude), the fitted mean amplitude is close to zero

but varies for each gap percentage. Figure 5.10 examines the case where no signal was

injected, plotting the fitted amplitude as a function of gap percentage. This serves as a

baseline for assessing the model’s susceptibility to overfitting or noise-driven artefacts in

the absence of a signal. Although these values differ, they are all within one order of

magnitude and much smaller than the standard deviation of their respective distributions

(∼ 10−17), suggesting no signal detection. The small difference in the mean amplitude

could indicate a bias in the fitting procedure caused by the gaps.

Figure 5.11 shows how the standard deviation of the fitted amplitude varies with increas-

ing gap percentage. This provides a measure of the fitting uncertainty, which is expected

to increase as more data points are removed from the analysis. The broader distribution
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Figure 5.8: Comparison of fitted amplitude distributions with and without an injected
signal, for datasets without gaps (top) and with gaps (bottom). Each panel shows the
histogram of fitted amplitudes from 1000 noise-only datasets ("No Signal") and 1000
datasets with an injected sinusoidal signal of amplitude A = 10−16. Vertical dashed lines
indicate the mean fitted amplitude for each signal-injected distribution. The presence of
the signal results in a shift of the distribution with a mean very close to the injected signal
amplitude for both cases, proving successful signal recovery even with a large amount
and duration of gaps in the datasets.
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Figure 5.9: Log–log plot showing the relationship between injected and fitted amplitudes
for varying levels of artificially introduced data gaps. Each line represents the mean fitted
amplitude recovered by fitting a sinusoidal signal of unknown amplitude and a one-year
period after injecting sinusoidal signals of different amplitudes into datasets with speci-
fied percentages of data missing. The 0% Gaps line represents the datasets without gaps,
while higher percentages correspond to increased data reduction (55%–83% of data miss-
ing). The error bars correspond to the standard deviation of the distribution of the fitted
amplitudes.

in the gapped case indicates a larger uncertainty in signal recovery, which is expected due

to the missing data. The standard deviation sets the constraint on the magnitude of the

signal that can be detected with the given atomic clocks, as it depends on the noise levels

in the datasets. As this specific part of the analysis does not focus on the constraints set

we will focus on the comparison between the gaps and no gaps scenarios.

When non-zero amplitude signals are injected, the mean of the fitted amplitudes con-

verges to the true injected amplitude in the higher-amplitude cases (down to approxi-

mately 10−16). As expected, increasing the injected amplitude improves the signal-to-

noise ratio, resulting in more accurate recovery by the fitting procedure. In particular, for

injected amplitudes of 10−14, 10−15, and 10−16, the mean fitted amplitudes obtained from
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Figure 5.10: Mean fitted amplitude in the absence of an injected signal, shown for each
tested gap percentage.
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Figure 5.11: Standard deviation of fitted amplitudes across varying levels of missing data.
As expected, the variability increases with gap percentage, indicating reduced robustness
of the curve fitting as the data spread increases.

the gapped datasets closely match those from the datasets without missing values. This

suggests that, within this range, the presence of data gaps does not significantly compro-

mise the signal recovery process.
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However, as the injected signal amplitude decreases, the mean recovered amplitudes ap-

proach the level of the fitting uncertainty (with a standard deviation at the order of 10−17).

This trend is evident in Figure 5.9, where the error bars become increasingly large as the

injected amplitude gets smaller. At the 10−17 level, deviations between the fitted and true

amplitudes can be observed, indicating a breakdown in the ability to recover the injected

signal. At the 10−18 amplitude level, the signal is effectively buried within the noise,

and the recovery fails across all gap conditions, including the case with no missing data.

The fitted amplitudes at this level exhibit high variability and no agreement with the in-

jected amplitude, highlighting the limitations of the method when the signal amplitude

falls below the standard deviation of the noise.

It should be noted that this analysis is intended as a preliminary study and presents lim-

itations. Although the method used for generating the gaps in this analysis was deemed

the best out of the ones trialled, it might not capture the full range of scenarios encoun-

tered in real world datasets. Given more time, the study could be expanded to include

a comparison of multiple gap-generation methods, including varying gap durations and

distributions. Furthermore, due to the nature of the signal model (a sinusoidal signal with

a one-year period) and the dataset duration (three years), it is possible that the method of

gap generation happened to be relatively robust for this specific case. The combination

of sampling rate and dataset length may have allowed sufficient signal coverage despite

the missing data. Future studies could investigate the impact of different dataset durations

and sampling rates on signal recovery, especially in scenarios where the signal period is

closer to the dataset length or less than that.
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5.7 Conclusions

Atomic clocks are powerful tools for testing theories involving modified gravity, dark en-

ergy, and dark matter by measuring time-dependent changes in fundamental constants like

the proton-to-electron mass ratio (µ). Modern atomic clocks have reached an uncertainty

of as low as one part in 1019, allowing for the possibility of probing these fundamental

constant variations and discovering new physics beyond the Standard Model.

In this chapter, we highlighted several theories that couple differently to protons and elec-

trons, leading to variations in µ . These couplings cause variations in the atoms’ transition

frequencies, which clocks are sensitive to. The signals, coming from fundamental physics,

generally manifest as either a linear drift or sinusoidal oscillations in µ .

A preliminary analysis was conducted using publicly available data from the BIPM Cir-

cular T database. As expected, the Circular T constraints were generally sub-leading

compared to existing constraints for the theories under investigation. This work also pre-

sented forecasts of the sensitivity of state-of-the-art atomic clocks using the Fisher matrix

calculation and an MCMC-based analysis pipeline that utilises simulated data.

This simulated signal was then used to project constraints on a range of fundamental

physics theories, highlighting classes of theories where atomic clocks would significantly

improve upon existing constraints. Those improvements are most profound for dynamical

dark energy and dark matter theories. For modified gravity theories, we find an improve-

ment over MICROSCOPE bounds provided that the fifth force falls off more slowly than

1/r2. In this case bounds from lunar laser ranging are currently stronger still, although

this situation may change as atomic clock measurements improve.

The analysis framework has been turned into a publicly available tool that can be used
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by clock operators and researchers to test their clocks’ sensitivity to the different theo-

retical models. The tool enhances the ability to test various models and plan for future

experiments. It can also be used to investigate the effects of different clock characteris-

tics, including the level of noise of the clocks, on the ability to detect or further constrain

new physics signals. It also presents the possibility to compare the effects of different

noise components to allow for informed decision-making in experimental design. This is

important for e.g. detecting these fundamental physics signals by taking specific steps to

suppress the noise.

Improvements in atomic clock precision and data coverage and quality could significantly

enhance the search for time-varying signals of new physics. For the detection of modified

gravity signals where it is hypothesised that the period of oscillation is one year, one

would need a dataset spanning at least 2-3 years. Gaps in the data (which are common in

current datasets from clocks) also cause a limitation when turning to data analysis tools

to infer the presence of a signal. The analysis framework presented is, therefore, a good

starting point for testing the capabilities of different atomic clocks and motivating the need

for atomic clock readouts that are continuous and as precise and accurate as possible.

In this work, we focused on deriving projected constraints from optical, microwave and

molecular clock transition combinations with a focus on the combinations that produce

the best constraints in time-dependent variations of µ . As technology progresses and

new technological platforms for the development of clocks are explored, new types of

clocks have surfaced that have increased sensitivity to time-dependent variations of α .

Highly charged ion (HCI) clocks such as the californium ion clocks (C f 15+ and C f 17+)

[230, 231] have emerged as excellent candidates for searching for variations in α due

to their high sensitivities (Kα = 47 and Kα = −43.5 respectively [159]), long excited

clock transition lifetimes and their convenient optical transition frequencies [232, 233].
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Another promising candidate for detecting α-variations is nuclear clocks [234, 235, 163].

Significant progress has been made in the development of a Thorium-229 nuclear clock

[236]. This nuclear transition has an enhanced sensitivity to temporal variations of α

with an enhancement factor for α variation of −(0.82±0.25)×104 [237] and a projected

fractional instability of ∼ 10−19 [238, 239]. The analysis could be extended to variations

of α and include these different species of atomic clocks in the future.

In future work, it would be interesting to analyze the capabilities of atomic clock pairs

in a highly elliptical orbit around the Earth or Sun. Such a configuration would produce

much stronger local variations to atomic frequencies from theories of modified gravity,

and would also enable the possibility to map the modified gravity force as a function of

distance from the Sun. In the future, it would also be interesting to connect the dark en-

ergy bound to specific models of dark energy, along with the bounds of the cosmological

variation of particle masses. Additionally, there is the possibility of searching for multi-

ple phenomenological signals present together in the clock measurement datastream. In

this case, one could exploit the different time dependence of the signals to disentangle

their contributions and perform a parameter estimation on the full set of parameters for

all three signals. For the three phenomenological signals considered in this work, a full

reconstruction of all the parameter space is possible5, as the signals have a very different

time dependence (which is even more different in the frequency domain) and their indi-

vidual effect can therefore be disentangled. Given that, we expect that the uncertainty in

the reconstruction of all the parameters is expected to be slightly worse than the individ-

ual constraints of the present work, while constraining all three phenomenological models

simultaneously.

5With one caveat: if the frequency and phase of the dark matter modulation are close to the period and
phase of the modified gravity effect due to the Earth’s motion around the Sun, the two signals are degenerate
and their disentanglement would be virtually impossible.
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The gap analysis indicated that a reduction of up to approximately 83% of the data due to

the introduction of gaps does not significantly affect the recovery of the sinusoidal signal

with a period of one year for larger amplitude signals. This analysis demonstrates that the

curve fitting method is capable of reliably recovering injected sinusoidal signals down to

amplitudes on the order of 10−16, even in the presence of substantial missing data. The

accuracy of the signal is primarily dictated by the signal-to-noise ratio rather than the pres-

ence of gaps, provided the signal amplitude remains sufficiently large. As the amplitude

approaches the level of the standard deviation ∼ 10−17, the method’s ability to resolve the

signal begins to degrade. Below this threshold, particularly at 10−18, the injected signal

becomes indistinguishable from noise, and the fitted amplitudes exhibit high variance and

poor agreement with the true values. These results highlight a clear detection limit for

the fitting method and demonstrate its robustness to missing data—within reason—up to

moderate gap percentages. Accurate signal detection, therefore, depends more critically

on signal strength relative to noise than on continuity of data for this particular model.

In future work, it would be interesting to investigate the impact of gaps on the detection

of other signal types, including linear drifts and sinusoidal signals with different periods.

It should also be noted that the noise correlation in the time domain has not been taken

into account in this analysis. Ideally, a larger number of toy datasets (on the order of

104) would also have been generated to strengthen the statistical robustness of the results;

however, this was not feasible due to hardware limitations, particularly in terms of CPU

power and memory.
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5.8 My Contributions

This collaborative project was led by Benjamin Elder, Giorgio Mentasti and me in col-

laboration and with guidance from Charles F. A. Baynham, Oliver Buchmueller, Carlo

R. Contaldi, Claudia de Rham, Richard Hobson, Andrew J. Tolley. I contributed to the

methodology, results, and interpretation of the study and led the experimental aspects,

beginning with the understanding and mapping of atomic clock frequency ratios to varia-

tions in fundamental constants, and extending to the modelling of clock noise. I curated

the Circular T dataset and implemented the analysis on this data. I also contributed to

the development of the forecasting tool used to simulate atomic clock data streams and

extract constraints on time-varying fundamental constants. In addition, I wrote key parts

of the paper that this chapter is based on (Ref. [3]) as one of the first three coauthors. The

gap analysis presented in Section 5.6 is original work undertaken independently by me

and was not included in the paper.



Chapter 6

Conclusion

The work presented in this thesis contributes to the interdisciplinary efforts that lay the

groundwork for future quantum sensing experiments, including the AION project, and

atomic clock-based searches for new physics.

The AION project presented in Chapter 2 is a collaborative project between atomic physi-

cists and theoretical physicists aimed at using atom interferometry for the detection of

ULDM and gravitational waves in the mid-frequency range. In realising such a detector,

one of the most important aspects is the production of ultra-cold atoms generated by laser

cooling and magneto-optical trapping, techniques that are presented in Chapter 4.

In the early stages of this PhD, I contributed to the AION R&D efforts, working on ex-

perimental efforts and setting up the ultra-cold atom lab at Imperial College London.

My work focused on setting up the red MOT system for cooling strontium atoms, which

achieved sub-µK temperatures as presented in Chapters 3 and 4. This was a key techni-

cal milestone for the AION collaboration, and marked a significant step toward realising

quantum sensors capable of detecting gravitational waves and ultra-light dark matter. This

150
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work laid the foundation for the development of a prototype atom interferometer and spin

squeezing experiments in the future.

The second part of my PhD, the work which is presented in Chapter 5 focused on a collab-

orative project between experimental physicists and theoretical physicists exploring the

use of atomic clocks as sensitive detectors of time-dependent variations in fundamental

constants, particularly the proton-to-electron mass ratio µ . We developed a simulation-

based forecast framework. The results demonstrate that the clock comparisons tested

with our framework place competitive constraints on theories of dark matter, dark energy,

and modified gravity and guide the direction of future clock experiments for fundamental

physics. Importantly, the analysis pipeline has been made publicly available to enable

reproducible, collaborative progress in the field.

Finally, a study examining the effect of temporal gaps in clock data on the recovery of

injected sinusoidal signals has been carried out. Using simulated datasets, we found that

sinusoidal signals with amplitudes ≥ 10−16 and a one-year period could be accurately

recovered even in the presence of significant temporal gaps (up to 83%). This provides

valuable insight into the robustness of signal recovery analysis. However, as the injected

amplitude approaches the noise level (around 10−17), the accuracy of signal recovery

begins to degrade, and at 10−18, reliable detection is no longer possible, regardless of

data completeness. It also highlights key directions for future work, including testing

broader signal types and scaling up simulations for statistical robustness.

Looking forward, promising directions of the work presented in the latter part of this the-

sis, concerning atomic clocks, include extending sensitivity forecasts to models predict-

ing variations in the fine-structure constant α , incorporating new species such as highly

charged ions and nuclear clocks, and exploring configurations such as elliptical orbits to
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amplify theoretical signatures. In parallel, continued improvements in data quality, noise

reduction, and clock network coordination will be essential to fully realize the potential

of atomic clocks in fundamental physics.

Collectively, this work contributes both to the experimental advancement of atom inter-

ferometer technologies and to the theoretical and statistical frameworks needed to test

fundamental physics with atomic clocks. The results underscore the growing potential of

quantum sensing in probing beyond-Standard-Model phenomena.

Looking ahead, the AION project will continue toward contributing to the realisation of

large-baseline atom interferometers capable of probing ultra-light dark matter and mid-

frequency gravitational waves. The 10-metre baseline detector is already in the planning

phase, marking a critical step in the AION project. Such large-scale detectors, and es-

pecially those in the subsequent stages of the project, require a large collaboration of

multi-disciplinary expertise. Therefore, collaboration with the MAGIS experiment in the

United States, as well as other long-baseline efforts, presents an exciting opportunity to

establish a global network of quantum sensors with complementary capabilities.

In parallel, atomic and molecular clock experiments will benefit from improvements in

frequency stability, experimental design, and noise characterisation. These developments

will enhance sensitivity to time-varying signals predicted by dark matter, dark energy,

and other fundamental physics models. As new clock species, such as molecular and nu-

clear clocks, are developed and deployed, the potential to explore previously inaccessible

regions of parameter space will continue to grow. Together, long-baseline atom interfer-

ometry experiments, such as the one proposed by AION, and clock-based experiments

form a complementary and powerful set of precision tools for exploring new physics be-

yond the Standard Model.
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Appendix A

From Circular T data to ∆µ/µ

Circular T reports the fractional deviation d of the scale interval of the International

Atomic Time (TAI) with respect to the SI second on the geoid (or Terrestrial Time (TT)).

This quantity reflects how much the length of one second in TAI differs from the SI sec-

ond (in the time domain). This quantity relates to the fractional frequency deviation of

TAI as follows:

d =−yTAI =
length of 1s in TAI− length of 1s in TT

length of 1s in TT
. (A.1)

The values of d for individual Primary Frequency Standards (PFS) and Secondary Fre-

quency Standards (SFS) contributions are also published. These values denote the second

as realized by each standard, and they compare TAI frequency with that of the given Pri-

mary and Secondary Frequency Standards (PFS/SFS). These are found in Section 3 of the
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Circular T datasheets [240]. We define the value of di for individual standards as:

di ≈−yi =
fi

fTAI
−1 , (A.2)

with

fi :=
νi

νi,0
, (A.3)

where νi is the measured frequency and νi,0 is the nominal frequency of the atomic tran-

sition.

We will only use the values for d for optical atomic clocks, i.e. strontium and ytterbium,

for which Kµ = 0. We assume that the dominant contribution to fTAI is from Caesium-

based clocks that use a microwave transition with Kµ = −1. In this way, using Eq. (5.6)

we can assume that ∆µ

µ
=−d (based on the sensitivities of optical and microwave clocks

to variations of µ (Table B.1).

Whether a clock contributes to Circular T depends on whether it runs in a given month

and whether data is submitted for the calculation of UTC. Secondary Frequency Stan-

dards based on optical transitions do not typically contribute as regularly as microwave

standards, leading to long gaps sometimes of many months between datapoints. A graph-

ical representation of all the Primary and Secondary Frequency Standards evaluations

reported since September 2003 is shown on the BIPM website 1.

One value for d is recorded for each frequency standard, i.e. each atomic clock, per month

(if the clock was running that month). Fractional uptimes for each clock are also reported

monthly (section 3 of the datasheets). Up-to-date tables containing all the available data

for each clock can be found on the BIPM website 2. Figure A.1 shows the values for d

1https://webtai.bipm.org/database/show_psfs.html
2https://webtai.bipm.org/ftp/pub/tai/other-products/taipsfs/

https://webtai.bipm.org/database/show_psfs.html
https://webtai.bipm.org/ftp/pub/tai/other-products/taipsfs/
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for all the optical clocks reported in Circular T up to the time of writing. The value of d is

reported along with several uncertainty values, which are then summed in quadrature to

obtain the final error reported for the values of d. The uncertainties reported are that of the

instability of the standard, the combined uncertainty from systematic effects, uncertainties

in the link between the TAI-participating clock and the standard relating to dead time and

systematic effects and the uncertainty in the link to TAI [240].

The date in Circular T is reported in Modified Julian Date MJD (start and end for each

period of estimation). MJD gives the number of days since midnight on November 17

1858. For the modified gravity case, the phase of the sinusoidal signal is defined by the

time that aphelion/perihelion happens during the year. Perihelion and aphelion times vary

from year to year. Table A.1 gives an average time of when perihelion and aphelion occur

during the year and the corresponding phase in terms of days since the beginning of the

MJD calendar.

Perihelion Aphelion

Date 4 January 5 July
Phase 48 days 230 days

Table A.1: Average time of the year that perihelion and aphelion happen. The number
of days from the beginning of the MJD calendar to the first instance of perihelion and
aphelion are also reported as phases.

The phase could be set to 48 days but since we have data from 2016 onwards, the MJD

day that the perihelion happens in the data (4 January 2017 in MJD = 57757) can be

subtracted from the data and then fit the equation without the phase.
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Figure A.1: Plot of ∆µ

µ
(= −d) vs month and year for each optical clock used in the

analysis.
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Current Clock Characteristics

Table B.1 presents different species of clocks and their sensitivity to variation in α and µ

along with the clock instability and accuracy (systematic uncertainty).

There are two types of errors in frequency standards: (a) statistical errors originating

from measurement fluctuations and (b) systematic uncertainties [38]. The performance

of the clock is characterized by determining the (1) fractional frequency instability σy(τ)

and (2) systematic frequency uncertainty. The clock stability is limited by the quantum

projection noise or shot noise and thermal noise. The systematic frequency fluctuations

originate from magnetic and electric fields, which induce perturbations in the natural

frequencies of the atoms (e.g. Zeeman and Stark shift). More information on how noise

is characterized in clocks can be found in [38, 173].

The major noise sources can be modeled as white noise and pink (flicker) frequency noise.

The total noise of the system can be derived by summing all the noise terms.

In the frequency domain, the one-sided Power Spectral Density (PSD) function for frac-
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tional frequency fluctuations of the clock is:

Sy( f ) = h0 +
1
f

h−1 . (B.1)

where h0 is the white frequency modulation (WFM) component (white noise) and the

1
f h−1 is the flicker frequency modulations (FFM) or pink noise component.

The relationship between Allan variance and PSD coefficients h0 and h−1 depend on the

power law model of the noise. The conversions are given by:

σ
2
y (τ) =

1
2τ

h0 ,

σ
2
y (τ) = 2ln(2)h−1 .

(B.2)

Plots of the combined PSD of the clocks listed in Table B.1 are presented in Fig. B.1b.

The sensitivity of different pairs of clocks to variations in µ is also presented as a function

of frequency.
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Clock
Instability /√︁

τ/s
h0 / s Accuracy h−1 Kα Kµ

Yb [241]
1.4×10−16

[242]
4.0×10−32 1.4×10−18

[243]
1.4×10−36 0.37

[244]
0

171Yb+ [245]
1.1×10−15

[246]
2.4×10−30 2.2×10−18

[247]
3.5×10−36 −5.95

[244]
0

87Sr [248]
4.8×10−17

[249]
4.6×10−33 8.0×10−19

[153]
4.6×10−37 0.06 0

133Cs [250,
251]

2.5×10−14 1.3×10−27 1–2×10−16 2.9×10−32 2.83 −1

CaF [159] 1.5×10−15 4.5×10−30 7.5×10−18 4.1×10−35 0 −0.5
N+

2 [159] 1.2×10−14 2.9×10−28 3.9×10−18 1.1×10−35 0 −0.5

Table B.1: Clock instability and accuracy of each type of clock used in this analysis.
The accuracy is defined as the systematic uncertainty of the clock or flicker noise. The
coefficients of the power spectral density of the modeled white and pink noise of the
clocks are also stated along with the sensitivity of each clock to variations in α and µ .
The instabilities quoted here are based on state-of-the-art clock results except for the CaF
and N+

2 clocks where projections of the instability and systematic uncertainty are taken
from [159].
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Figure B.1: (a) Allan deviation (fractional uncertainty) as a function of averaging time for
different clock species. The sloped region represents white noise fluctuations (instabil-
ity), while the flat region corresponds to flicker/pink noise (inaccuracy). The bottom plot
illustrates sensitivities to variations in µ over time for different clock combinations. (b)
Power Spectral Density as a function of frequency for different clock species. The flat re-
gion represents white noise fluctuations (instability), while the sloped region corresponds
to flicker/pink noise (inaccuracy). The bottom plot shows sensitivities to variations in µ

as a function of frequency for different clock combinations. Note: In both bottom plots,
the Cs/Sr and Cs/Yb curves overlap, as do the CaF/Cs and CaF/Yb curves.
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