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Preparation and Coherent Control of a Rydberg Qutrit
in an Ultra-Cold Atomic Ensemble
Oliver David Wronski Hughes

Abstract

This thesis presents the preparation, coherent control and interferometric
readout of a single qutrit encoded in a cold Rydberg ensemble. A single
photon is stored as a collective Rydberg excitation and subsequently manipu-
lated by applying microwave fields coupling different Rydberg levels, before be-
ing retrieved after a programmable delay. A time-resolved sequential readout
protocol is developed to determine the qutrit state populations. Coherence of
the qutrit is investigated using a Ramsey interferometer implemented between
Rydberg states, with the resulting fringe pattern demonstrating phase control

and multilevel coherence.

Following a vacuum failure, the system was fully dismantled, cleaned and reas-
sembled with a new 2D MOT cell. A programme of optimisation and charac-
terisation was carried out using time-of-flight thermometry, spatially resolved
absorption imaging and temperature based magnetic field compensation. Sub-
Doppler cooling yields a minimum ensemble temperature of T = 12.84+0.5 uK,
and the highest measured optical depth is OD = 4.3 +0.1.

This work establishes a robust and flexible platform for investigating high-
dimensional quantum information protocols using collective Rydberg states
and demonstrates the feasibility of fast, coherent control of single qutrits en-

coded in an atomic ensemble.

Supervisors: C. Stuart Adams and Kevin J. Weatherill
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Chapter 1

Introduction

The idea that matter interacts with light at discrete frequencies emerged in the
early 20" century as classical physics failed to explain a growing body of spectro-
scopic evidence. Quantum mechanics provided the necessary framework, developed
through the foundational work of Planck, Einstein, Bohr and Schrédinger, among
others [4, 5, 6]. Bohr’s model of the hydrogen atom [7] formalised the notion of
quantised energy levels. This was later refined by Schrodinger’s wave mechanics
and Heisenberg’s matrix formulation [8, 9]. Einstein’s 1905 explanation of the pho-
toelectric effect introduced the concept that light itself is quantised, laying the
foundation for quantum optics [5]. These developments culminated in a coherent
picture of atomic structure and light—matter interaction, in which the exchange
of photons drives transitions between discrete quantum states. This theoretical
foundation successfully explained many of the phenomena that had first been ob-
served experimentally. The focus of research then shifted from explaining natural

effects to engineering quantum systems in the laboratory. [10].

This foundation led to the prediction and eventual observation of phenomena such
as the photoelectric effect, spontaneous emission and resonance fluorescence [11,
12]. However, many of the more subtle features of light-matter interactions only
became experimentally accessible following the invention of the laser in the 1960s

[13, 14]. With the availability of stable, narrow linewidth, high intensity light
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sources, it became possible to drive and control transitions between quantum states

with precision impossible beforehand.

The development of laser cooling and trapping techniques in the 1980s marked
a major turning point. In particular, the invention of the Magneto-Optical Trap
(MOT) enabled atomic samples to be cooled to microkelvin temperatures, where
thermal motion is greatly reduced and long interaction times are possible. [15, 16].
Subsequent advances including optical molasses, sub-Doppler cooling, magnetic
and optical traps, have allowed atoms to be prepared in tightly confined, ultra
cold ensembles with high phase-space density [17, 18, 19]. These techniques set the
stage for precise control of atomic systems and paved the way for modern quantum
optics experiments, including those pertinent to this work involving Rydberg atoms

and single photons [20, 21, 22, 23, 24].

1.1 Rydberg Physics

A Rydberg atom is one in which a single valence electron has been excited to a
high principal quantum number, n. As n increases, the electron’s average distance
from the nucleus grows, leading to a dramatic enhancement in properties such as
electric dipole moment, polarisability and lifetime [25]. Rydberg states are therefore
extremely sensitive to external fields and can interact strongly with each other over

long distances [25, 26].

One of the most important consequences of these strong interactions is the Rydberg
blockade. When an atom in a cloud is excited to a Rydberg state, the presence of
its dipole moment shifts the energy levels of nearby atoms, preventing them from
being resonantly excited [24, 27, 28, 29].As a result, only one Rydberg excitation
can occur within a characteristic blockade radius, typically a few microns under
typical experimental conditions. This allows for the deterministic preparation of a
single excitation shared collectively across many atoms within the blockade volume,

typically a few microns in radius for Rydberg states around n = 60 [20, 30].
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The Rydberg blockade can be integrated with Electromagnetically Induced Trans-
parency (EIT), in which a probe laser and a coupling laser drive a three-level
system to create a dark-state polariton, a quasiparticle formed from a coherent su-
perposition of the optical field and the collective atomic excitation, that prevents
absorption and renders the atomic medium transparent [22, 31]. In a Rydberg EIT
configuration, the intermediate state is coupled to a Rydberg level and the resulting
dark state polariton acquires a Rydberg character. This means that two such po-
laritons can have the characteristic strong Rydberg interactions and be supressed
by the Rydberg blockade, enabling nonlinear optical behaviour at the single photon
level [32, 33, 34]. This mechanism has been used to demonstrate effects such as

photon anti-bunching [34].

In this thesis, the Rydberg blockade plays a central role in suppressing multi photon
absorption and enabling coherent dynamics within the Rydberg manifold. By com-
bining Rydberg interactions with tightly focused dipole traps and microwave driv-
ing fields, we demonstrate a versatile platform for studying quantum systems and

light—matter interactions at the few and single photon level [1, 2].

1.2 Quantum Information Processing

The field of Quantum Information Processing (QIP) seeks to use quantum mech-
anical systems to store, process and transmit information. Unlike classical bits,
which are binary in nature, quantum bits, or qubits, can exist in superpositions
of states, and when combined through entanglement can explore an exponentially
larger computational space, enabling operations beyond the capabilities of classical
computers [35, 36, 37, 38]. Photons have properties that make them excellent car-
riers of quantum information, but their lack of interactions makes them difficult to
use for gates. On the other hand, Rydberg atoms offer strong interactions but are
difficult to transmit. Hybrid systems that combine the two offer a promising route

forward [20, 21, 39, 40, 41].
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In this thesis, we focus on a regime in which photons are stored in atomic ensembles
as Rydberg excitations, manipulated using microwave fields and then retrieved
[42, 43]. This allows for a flexible and reconfigurable system in which single photon
quantum states can be created, transformed and detected. In particular, we expand
on previous work conducted on this apparatus [1, 2] and explore the encoding
of qutrit states in the Rydberg manifold, where each of the three basis modes
correspond to a different retrieval window [3]. These multi-level systems have
potential in advanced quantum communication protocols, quantum key distribution

and entanglement based networking schemes [37, 38, 44].

We also demonstrate coherent population transfer between Rydberg states and use
interferometric techniques to probe the coherence and stability of these manipula-
tions. The ability to perform Ramsey interferometry experiments, control phase
shifts and suppress unwanted transitions is crucial for scaling up to more complex

systems.

1.3 Single Photon Physics

Single photons are among the most robust and controllable carriers of quantum
information. They can travel long distances without dephasing, can be easily gen-
erated and detected, and offer a natural interface between remote systems [39, 45].
However, photons do not interact with each other in free space, which presents a
major challenge for implementing quantum logic gates, a key element of quantum

information processing [46, 47].

This issue can be addressed by mapping photonic states onto atomic degrees of
freedom, where interactions can be mediated by internal structure or external fields.
In particular, by using a cold, Rydberg blockaded atomic ensemble, it is possible to
store a single photon as a collective excitation across the whole ensemble, one can

allow that excitation to interact with subsequent photons and fields [32, 33, 48, 49].
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The experimental system described in this thesis builds on this idea. Single photons
are generated via storage and retrieval processes using Rydberg polaritons [30, 50].
Once stored, the Rydberg excitation can be coherently manipulated using mi-
crowave fields, enabling the creation of arbitrary superpositions [1, 49, 51]. These
processes are characterised using time-resolved photon counting and correlation
measurements. This allows for the demonstration of quantum memory, interfero-

metry and state control [1, 43, 52, 53].

1.4 Thesis Structure

This thesis is structured as follows:

e Chapter 2: Theory outlines the theoretical background required to un-
derstand the experiments presented in this work. This includes models of
atom—light interactions, the three level system underlying EIT, the physics

of Rydberg atoms and an introduction to photon counting statistics.

e Chapter 3: The Experiment describes the experimental setup in detail. It
covers the laser systems, Ultra-High Vacuum (UHV) chamber design, optical
layout, cooling and trapping methods, and detection scheme used to perform
time resolved single photon measurements. As a mature experiment there

was a pre-existing apparatus originally developed within the research group.

e« Chapter 4: Results presents the main experimental results. We demon-
strate single photon storage and retrieval, coherent microwave driven Ry-
dberg dynamics and Ramsey interferometry in the qutrit basis state. The

data presented was taken collaboratively with Yuechun Jiao.

e« Chapter 5: Vacuum Break and Experimental Changes details the
vacuum system rebuild following an equipment failure. This includes clean-

ing, reassembly, bake-out, pump activation and upgrades to optical access
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and diagnostics. The hardware upgrades and reassembly described in this

chapter were carried out primarily by the author and Max Festenstein.

Chapter 6: Characterisation of the New System presents the char-
acterisation of the rebuilt apparatus. This includes measurements of MOT
loading efficiency, compensation field optimisation, beam alignment and tem-
perature measurements. The data presented was taken collaboratively with

Aaron Reinhard.

Chapter 7: Conclusion and Outlook summarises the key findings of
the thesis and outlines possible future directions for Rydberg based quantum

optics and hybrid photon—atom systems.




Chapter 2

Theory

This chapter presents the theoretical framework underlying the experimental work,
including the atomic structure of 87Rb, atom-light interactions, the behaviour of

Rydberg atoms, laser cooling and trapping, and photon correlation measurements.

2.1 Atomic Physics

2.1.1 Rubidium Atomic Structure

Rubidium is a monovalent alkali metal atom with a single valence electron outside
four full shells. Its simple electronic metal structure makes it appropriate for laser

cooling, coherent control and precision spectroscopy [15, 20, 54, 55, 56].

The 8"Rb isotope has a nuclear spin I = %, leading to hyperfine splitting in both
the ground and excited states due to coupling between the total electronic angular

momentum J and the nuclear spin I [12, 54].

In the ground state, the hyperfine interaction splits the |55 /2> level into two hy-
perfine levels with angular momentum F = 1 and F = 2. The excited |5P; /2)
state further splits into four hyperfine levels with F’ = 0,1,2,3 [54]. This hy-
perfine structure allows for the implementation of closed cycling transitions using

appropriate combinations of cooling and repump lasers, as illustrated in Figure




2.1.1. Rubidium Atomic Structure

2.1 [17, 55]. The transition most commonly used in laser cooling is the Dy line,

corresponding to the |55} /9) — [5P35) transition [16, 55, 57, 58, 59].

F'=3
194MHz
5°P3, T
E N F':2
=
R =
F'=
780.24nm
384.25THz
F=2
2.56GHz
2
5 Sl/z R EEEEEEEEEEEEEEEEEEEEEEEE
4.27GHz
F=1

Figure 2.1: Energy level diagram of the 8’Rb Dy transition at 780 nm, showing the
ground state hyperfine splitting between F' = 1 and F' = 2 and the excited state
splitting into F’ = 0,1, 2,3. Values from Daniel Steck’s Rubidium 87 D Line Data
[54]




2.1.2. Atom-Light Interactions

2.1.2 Atom-Light Interactions

2.1.2.1 Two Level System

The two level atom is the simplest and most instructive model for understanding
the interaction between light and matter [12, 60]. It consists of a ground state |g)
and an excited state |e), separated by an energy hwy. This simple model captures
the dynamics of resonant optical transitions and forms the basis for describing
atom-light interactions [11, 61]. These configurations are illustrated in Figure 2.2

(Left).

The interaction of the atom with a classical oscillating electric field E(t) = Eq cos(wt)

is described by the time-dependent Hamiltonian:

A A

H(t)=Hy—d-E(t), (2.1)

where Hy = hwg |e) (e] is the atomic Hamiltonian and d is the dipole operator. The
second term describes the interaction between the atom and the driving electric

field.

To simplify the dynamics, we move to the interaction picture and apply the Rotating
Wave Approximation (RWA) [12, 60], which removes rapidly oscillating terms that
average to zero over time. This approximation focuses on the slowly varying res-
onant terms that dominate the dynamics when the driving frequency w is close to

the atomic resonance wgy. This give us the time dependent RWA Hamiltonian:

o)

Hrwa (t) = 15 (Je) (gl ™ + [g) (el e72Y), (22)

2
where (2 is the Rabi frequency, characterising the rate of coherent population os-
cillation, and A = w — wy is the detuning between the driving field and the atomic

resonance. When A = 0, the system undergoes resonant Rabi oscillations at fre-

quency (). For non-zero detuning, A # 0, the population oscillates at the effective

Rabi frequency Qe = VQ2 + A2,




2.1.2.1. Two Level System

Figure 2.2: Comparison of atomic energy level structures. Left: A two level atom
with ground state |g) and excited state |e), driven by a near resonant oscillating
electric field at frequency w with detuning A = w — wg. The field induces Rabi
oscillations at frequency €2 and spontaneous decay from |e) occurs at rate I'. Right:
A ladder type three level atom (Section 2.1.2.2) with states |g), |e) and |r). A probe
field of frequency wy, couples |g) <> |e) with detuning A, and Rabi frequency €2,. A
coupling field of frequency w, drives |e) <+ |r) with detuning A. and Rabi frequency
.. Spontaneous decay from |e) and |r) occurs at rates I'y, and I'. respectively.

In the basis {|g), |e)}, the this Hamiltonian takes the matrix form:

Hrwa(t) =

A 0 Qe —tAt
: (2.3)

QeiAt 0

The dynamics of the system can be described using the density matrix form-

10



2.1.2.1. Two Level System

alism, which provides a convenient framework for representing both pure and
mixed quantum states through a single operator. Taking the time-dependent RWA
Hamiltonian in Equation 2.2 and neglecting any dissipative processes, the evolution

of the system is governed by the von Neumann equation for the density matrix p:

D (). (2.4

This equation shows the time evolution driven solely by the Hamiltonian, but does

not account for processes such as spontaneous emission. These effects lead to the

loss of |e) population and the loss of coherence.

To account for spontaneous emission from |e) to |g) at rate I, we model it as an

open system governed by the Lindblad master equation [62]:

dp_ @

= ——[Hgwalt Lip). 2.5
D frnen(t). 0] + Ll (25)
The term L[p] is a Lindblad operator that captures incoherent decay from the
excited state |e) to the ground state |g), typically at a rate I'. This open sys-

tem framework is essential for modelling realistic atom-light interactions. In the

{lg) , |le)} basis, the Lindblad term takes the matrix form:

1
Pee —3Pge
Ljp] =T . (2.6)

1
—35Peg  —Pee

Combining the matrix forms of Hgpwa (t) and L[p], we obtain the full master equa-

tion in matrix form:

@ . Pgg  Pge _ 0 %e_iAt Pgg  Pge AT Pee —%Pge
dt peg Pee h @eiAt 0 Peg  Pee - %peg —Pee
(2.7)

11



2.1.2.1. Two Level System

This matrix representation of the master equation provides a foundation for de-
riving the optical Bloch equations. By evaluating the matrix equation element by
element, we derive the optical Bloch equations, which describe the time evolution

of the population and coherence terms:

dp €2
ng = I'pee + 7(/)69 - PgE)
dpee 1€}
Zt = —I'pee — 7(/7@9 - pge) (28)
dpge . r i
d? = (ZA - 2) Pge T+ ?(Pee - ng)

These equations form the basis for modelling dynamics in a wide range of driven
atomic systems [11, 12, 60, 61]. When the atom is resonantly driven, they predict
the emergence of Rabi oscillations: periodic population transfer between the ground
and excited states. The amplitude and damping are dependent on the driving

strength and spontaneous emission rate.

The same formalism can also describe Ramsey interferometry, a technique for prob-
ing quantum coherence and energy level shifts [63]. In this protocol, two 7/2 pulses
are applied, each corresponding to a rotation of the Bloch vector by 7/2 and there-
fore creating a 50:50 superposition of states, with a period of free evolution in
between. During this interval, a relative phase accumulates between the energy ei-
genstates, leading to interference fringes in the final population when the detuning
of the driving pulse is scanned. A subsequent 7 pulse would instead complete a
full inversion between |g) and |e). Both Rabi and Ramsey dynamics are captured

by the optical Bloch equations, as illustrated in Figure 2.3.

Ramsey interferometry can be used to quantify the coherence properties of an
atom-light system [63, 64]. The coherence time T, characterises the timescale
over which phase coherence between the ground and excited states is preserved in
a driven two level system. It is defined as the time after which the off-diagonal
element of the density matrix (pge and pey in Equations 2.7 and 2.8) decays to 1/e

of its initial value due to dephasing processes. These include spontaneous emission,

12



2.1.2.2. Three Level System

laser frequency noise, field fluctuations and Doppler broadening [64, 65].

In a Ramsey sequence (see Figure 3.8) this decay manifests as a reduction in the
contrast of the interference fringes (see Figure 2.3). The overall envelope of the
fringe pattern is determined by the duration of the 7/2 pulses, which sets the
Fourier limited spectral width of the excitation. The width of the central fringe
is determined by the free evolution time, but the visibility envelope decays with
increasing evolution time according to the coherence time T5. A longer T5 produces
sharp, high contrast fringes, while a shorter 75, leads to broader fringes, limiting
the precision of the interferometer and its ability to resolve small energy splittings

61, 63, 64, 65].

The two level atom serves as a fundamental model for understanding a wide range
of light—matter interactions, from Rabi oscillations to optical pumping and fluores-
cence. When coupled to an oscillating electric field and modelled using the Lind-
blad master equation, it provides a simple but powerful description of both co-
herent dynamics and dissipative effects. In many of the dynamics studied within
the Rydberg manifold, the system effectively couples to a lower energy level state,
but with a decay rate that is much less than those associated with transitions
between Rydberg states [25, 26, 66, 67]. In these cases the dynamics can be ac-
curately captured by a two level model. This framework lays the foundation for
more complex schemes including multi-level systems and nonlinear optical effects

[11, 12, 20, 21, 22, 26, 31, 48, 68, 69).

2.1.2.2 Three Level System

In a three level ladder system, the atom comprises a ground state |g), an inter-
mediate excited state |e) and a high energy state |r), typically a Rydberg state,
separated by an energy hw, and hw. respectively. The system is driven by two os-
cillating electric fields: one coupling the |g) > |e) transition and the other coupling

the |e) <> |r) transition. These fields are characterised by their Rabi frequencies

13



2.1.2.2. Three Level System
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Figure 2.3: Simulated two level atom dynamics using the optical Bloch equations.
Top: Time evolution of the excited state population pe. under resonant driving
with Rabi frequency Q = 5 x 2r MHz, showing Rabi oscillations. The purple trace
corresponds to the ideal case with no decay (I' = 0), while the yellow trace includes
spontaneous emission at rate I' = 0.5 x 2r MHz, leading to damping. Bottom:
Ramsey interference fringes in the final p.. following a 7/2 — free evolution — 7/2
pulse sequence with pulse duration ¢;,, = 50 ns and free evolution time teyo =
250 ns, plotted as a function of detuning A across a 100 MHz range. The fringe
envelope reflects the spectral width of the finite duration 7/2 pulses.

2, and €. and detunings from resonance A, and A.. The three level ladder sys-
tem described here is illustrated in Figure 2.2 (right). Such configurations form the
basis for a range of control techniques, including population transfer, state dressing

and interference effects [20, 21, 22, 31].

In a three level ladder system, the atom comprises a ground state |g), an interme-
diate excited state |e), and a high energy Rydberg state |r), separated by energies
Iwy and hwe, respectively. The system is driven by two oscillating electric fields:

one coupling the |g) <> |e) transition and the other coupling the |e) <> |r) trans-

14




2.1.2.2. Three Level System

ition. These fields are characterised by their Rabi frequencies €2, and . and
detunings from resonance A, and A.. In the experiment described in this thesis
direct |g) <> |r) optical transition is dipole forbidden and is therefore not driven
in this scheme. The specific ladder configuration considered here is illustrated in
Figure 2.2(right) and forms the basis for a range of control techniques, including

population transfer, state dressing, and interference effects [20, 21, 22, 31].

The total Hamiltonian of the system includes the energies of the states and their
interactions with the probe and coupling fields. For an atom interacting with two

oscillating electric fields,

E(t) = Ep cos(wpt) + E. cos(wet), (2.9)

In general, each field can have a phase, but for simplicity a common reference phase
can be chosen so that these phases are set to zero. This choice does not affect
the population dynamics described here, as only the relative phase between the
fields becomes physically significant in interference-based processes. The atom—field

interaction Hamiltonian takes the following form:

H(t)=Hy—d-E(), (2.10)
where d is the dipole operator. Moving to the interaction picture and applying the
RWA, we neglect the fast oscillating terms and obtain a simplified time independent

Hamiltonian [12, 60].

The Hamiltonian for the three level ladder system under the rotating wave approx-

imation is:

P (16) (a1 + 1) (el) + "2 (1) (el + Le) ().

H = —hAy ) (e] = h(Ap+ A) |r) (r| + h2 2
(2.11)
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2.1.2.2. Three Level System

The Hamiltonian in Equation 2.11 captures the coupling of the probe and coupling
fields to the intermediate and Rydberg states. When the two-photon detuning is
zero and the system reaches a steady state, destructive interference between the
excitation pathways via |e) leads to the formation of a dark state with negligible
population in the intermediate level. This behaviour will be shown explicitly in

Equation 2.16.

In the basis {|g), |e),|r)}, this can be expressed as a 3 x 3 matrix:

Q, —2A, Qe (2.12)
0 Q. —20A,+A).

The diagonal elements give us the detunings from resonance, while the off-diagonal

elements describe coupling between the levels via the probe and coupling fields.

To describe the open system dynamics of the three level atom, we can use a density
matrix. The state of the system is represented by a 3 x 3 density operator p [11,
35, 68], with elements p;; = (i|p|j) in the basis {|g),|e),|r)}. The time evolution

of p is governed by the Lindblad master equation (Equation 2.5)

In the three level case, the Lindblad term L[p] accounts for population decay and

decoherence. It is expressed as a 3 X 3 matrix in the basis {|g),|e), |r)}:

Cepee —YgePge —YgrPgr
L[p] | 7 VgePeg Lrprr — Uepee  —YerPer | - (213)
~YgrPrg —YerPre _FrpTr

We include population decay from the intermediate state |e) at a rate I'. and from
the Rydberg state |r) at a rate I',. In addition, we account for decoherence of the
off-diagonal elements via phenomenological dephasing rates ;; for each coherence
pij, with ¢ # j. These rates 7;; include both population decay and dephasing

effects, such as laser linewidth or Doppler broadening.
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2.1.2.3. Electromagnetically Induced Transparency

By evaluating the master equation element by element, we obtain the following set

of differential equations for the populations:

d i)
d 2 €
Ztee = —Lepee + Lrprr + 7p(p96 - peg) + TC(PTe - Per) (2‘14)
d iy
gt Pl
and coherences:
dp . 82 182
d;}e = (ZAP - 'Yge) Pge T+ TP(pee - ,Ogg) - TCPgr
d . i€} Iy
Per = (/LAC - 767”) Per + 76(,07? - pee) + Jpgr (215)
dt 2 2
d . Iy 12
sir = (i(Ap + Ac) — Ygr) pgr + TPPGT - TCPge

The equations for pey, pre and p,4 follow as the conjugates of pye, per and pg,

respectively.

These coupled equations in Equations 2.14 and 2.15 describe the full dynamics of
the three level ladder system. Of particular interest is the coherence pg4e, which
determines the absorption and dispersion experienced by the probe field. In the
presence of the coupling field €2, quantum interference between excitation pathways
can affect the probe response dramatically. This effect gives rise to the phenomenon

of EIT, which is examined in more detail below [21, 22, 31, 48].

2.1.2.3 Electromagnetically Induced Transparency

EIT is a quantum interference effect that presents in three level atomic systems
driven by two coherent fields. In the ladder configuration, a probe field couples the
lg) <> |e) transition, while a coupling field drives the |e) <+ |r) transition. When
both fields are applied, destructive interference between excitation pathways (|g) —

le) and |g) — |e) — |r) — |e)) suppresses the population in the intermediate state
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2.1.2.3. Electromagnetically Induced Transparency

le), opening a transparency window on an otherwise absorbing probe transition

22, 70, 71].

EIT is most clearly revealed by analysing the steady-state behaviour of the co-
herence pge, which governs both the absorption (via Im[pge]) and dispersion (via
Re[pge]) experienced by the probe. In the weak probe regime (€, < €Q.), the sys-
tem remains predominantly in the ground state and an analytic expression for pge

can be obtained [22]:

iQ,)2
pge - — A |Qc‘2
Tge ~ 10 ¥ 40, mi(A, T AL)

(2.16)

This expression reveals a narrow spectral feature centred on two photon resonance,

where the combined detuning A, + A, = 0.

At two photon resonance (A, + A, = 0), Equation 2.16 reduces to

’L'QP/Q
Pge = — - Q2"

Writing the denominator as A — iA,, with A = v, + |Qc|?/(474r), gives

Q A
i peel = =5 oA

Since the excited-state population pe. o< Im pge in the weak-probe limit, on reson-

ance (A, =0)

/)6 XX ~ or ygT Yge -
€ A ‘QC’ ge

Thus, at the EIT condition the large real term |Q.|?/(4v,,) suppresses Im pge, and

therefore the intermediate-state population vanishes.

At this condition, the system evolves into a dark state; a coherent superposition
of |g) and |r) that avoids population in the intermediate state. The resulting
suppression of absorption on the |g) <> |e) transition is a signature of EIT and can

be observed as a peak in the probe transmission spectrum (Figure 2.4) [72].

18



Normalised Population

Normalised Probe Transmission

2.1.2.3. Electromagnetically Induced Transparency

Since the absorption experienced by the probe is proportional to Im[pg.], the trans-
mitted intensity follows the Beer—Lambert law T' = exp(—aL), where the absorp-
tion coefficient o oc Im[pge] and L is the medium length. The narrow transparency
window therefore corresponds to a local minimum in Im[pg], producing a peak in

the measured transmission.

1=Im[p,.]
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o
0
A

o
o
!

<
IS
L

e
o
)

o
o
!
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Figure 2.4: Simulated steady-state behaviour of a three-level ladder system under
EIT conditions in the weak probe regime (£, < €.). For this simulation, €, =
10 x 27 kHz and Q. = 10 x 27 MHz Top: Populations of the ground state (purple,
Pgg), intermediate state (yellow, pe.) and Rydberg state (black, p,.) as a function
of probe detuning, A,. At two-photon resonance (A, + A, = 0), destructive
interference suppresses population in the state |e), indicating formation of a dark
state. Bottom: Simulated probe transmission spectrum derived from pge, with
absorption proportional to Im[pgc]. The plotted quantity corresponds to its inverse.
The transmission peak at A, = 0 signals the opening of the EIT window.

The transparency window associated with EIT has a linewidth that depends on the
strength of the coupling field and the decoherence rate of the two photon coherence

between |g) and |r). This can be estimated by expanding the denominator of
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2.1.2.3. Electromagnetically Induced Transparency

Equation 2.16 at two-photon resonance (A, + A, = 0), giving us:

Q.2
Awgrr ~ i : (2.17)
Ygr

This result reflects the fact that stronger coupling broadens the transparency win-

dow, shown in the top panel of Figure 2.5.
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Figure 2.5: Effect of coupling Rabi frequency €2, on the transmission and disper-
sion characteristics of a three-level ladder system under EIT conditions. Top:
Probe transmission spectra as a function of probe detuning A, for different Q.. As
the coupling strength increases, the EIT window broadens due to stronger coup-
ling—induced quantum interference between the two excitation pathways (|g) — |e)
and |g) — |e) — |r) — |e)). This destructive interference suppresses population in
the lossy intermediate state |e), enhancing EIT. Transmission is normalised to the
off-resonant probe level, assuming a fixed optical depth corresponding to the linear
absorption regime. The inset shows the Full Width Half Maximum (FWHM) of the
transparency window as a function of {2.. Bottom: Real part of the coherence pye,
which determines the dispersion experienced by the probe. The slope at resonance
steepens with decreasing ()., corresponding to an increased group refractive index
and slower group velocity. The inset displays the slope at A, = 0 extracted from
each trace. Marker colours in the insets match those in the main panels.
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2.2. Rydberg Atoms

In addition to suppressing absorption, EIT induces steep dispersion near reson-
ance, which strongly modifies the refractive index of the medium. This leads to a
dramatic reduction in the group velocity of a probe pulse [73, 74, 75]. Assuming a

weak probe and negligible absorption, the group velocity is given by:

c w d
— =1+=-—R w 2.1
Vg ng’ Ng 2 d e[X( )]7 ( 8)

where ny is the group refractive index, which depends on the frequency derivative
of the real part of the susceptibility and y(w) is the susceptibility of the medium.
X (w) is proportional to the coherence pye via the polarisation P o< Ndgepge, where
dge is the dipole matrix element and N is the atomic density. The steep negative
slope Re[pge] near the EIT resonance (see bottom panel of Figure 2.5) gives rise
to group indices ny > 1, enabling optical delay, storage and the formation of dark
state Rydberg polaritons that are explored in more detail in Sectino 2.2.3 [1, 2, 3,
31, 76, 77].

2.2 Rydberg Atoms

2.2.1 Properties

Rydberg atoms are highly excited atomic states with principal quantum number
n > 1, typically above 30. These states exhibit exaggerated atomic properties,
including large spatial extent, long radiative lifetimes, high polarisability and large
dipole moments. Such features make Rydberg atoms particularly suitable for ex-
ploring strongly interacting systems and enabling nonlinear optical effects at the

low and single photon level [25, 67, 78, 79, 80].

The binding energy of a Rydberg state deviates from the hydrogenic model by the

quantum defect d,0;. The energy levels are given by:

(2.19)
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2.2.1. Properties

where R is the Rydberg constant. The quantum defect depends on the principal
quantum number n, orbital angular momentum ¢ and total angular momentum j
of the state. These dependencies lead to significant deviations from the hydrogenic

scaling.

Several key physical properties of Rydberg states scale strongly with principal

quantum number n [25, 67, 78, 79, 80, 81] :

Binding energy oc n~2 (2.20)

Orbital radius o< n? (2.21)

Radiative lifetime oc n® (2.22)
Polarisability oc n” (2.23)

Dipole moment o n? (2.24)

Dipole-Dipole Interaction (C3) o n* (2.25)
Van der Waals Interaction (Cg) o n'! (2.26)

Because of their large polarisability, Rydberg states are extremely sensitive to ex-
ternal electric fields. In the limit of small fields, the energy shift is given by the

quadratic Stark effect:

AFEstark = o|E|?, (2.27)

where « is the static polarisability of the Rydberg state, which depends on the
quantum numbers n, ¢ and j of the state. In general, « increases rapidly with n,
scaling approximately as n’ for low ¢ states. For stronger fields, or when states
with different n or £ become nearly degenerate, the energy level structure becomes

more complex due to state mixing [82, 83, 84].

The extreme polarisability of Rydberg atoms makes them highly sensitive to ex-

ternal electric fields and to the presence of other nearby Rydberg excitations. These
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2.2.2. Blockade

long range dipole—dipole interactions shift the energy levels of neighbouring atoms
and form the physical basis of the Rydberg blockade effect discussed in the next

section.

2.2.2 Blockade

When atoms are excited to Rydberg states, they experience strong, long range in-
teractions that can significantly perturb the energy levels of nearby atoms. These
energy level shifts can prevent the simultaneous excitation of more than one atom
within a characteristic volume; a phenomenon known as the Rydberg blockade mech-

anism [24, 26, 27, 28, 85]. This blockade mechanism is illustrated in Figure 2.6.

The form of the interaction between two Rydberg atoms depends on the structure
of their pair states and their energy separation. For interatomic separations r,
where the pair state |r,r) is far detuned from any dipole coupled states such as
|r, 7"}, the interaction is dominated by second order dipole coupling and takes the

van der Waals form

Viaw(r) = %, (2.28)
where Cg is the van der Waals coefficient and r denotes the distance between the
two atoms. This regime, characterised by detunings much larger than the resonant
dipole—dipole coupling strength, typically corresponds to interatomic separations
of several microns for the principal quantum numbers used here. Under these
conditions, the interaction strength scales strongly with n, following Cg o n'!

[29, 79, 81]. This van der Waals regime forms the basis of the Rydberg blockade

discussed in the following section.

Alternatively, when a pair state such as |r,r) becomes nearly degenerate with a

pair state like |r,7’), the interaction enters the resonant dipole-dipole regime:
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2.2.2.1. Blockade Radius and Collective Excitation

Cs
Vaa(r) = peg (2.29)
with C3 oc n®. This can occur naturally for specific choices of Rydberg states, or can
be engineered using external electric fields to shift energy levels into resonance. For
example, the pair state [nP, nP) can be brought into resonance with |nS, (n + 1).5)
using a small applied field, enabling strong and tunable dipole-dipole interactions

36, 87, 88].

In both cases, the presence of one Rydberg atom shifts the energy levels of surround-
ing atoms. When the resulting interaction shift exceeds the excitation linewidth or
Rabi frequency of the driving field, further excitations are suppressed; the defining

feature of the Rydberg blockade.

2.2.2.1 Blockade Radius and Collective Excitation

The strength of the Rydberg interaction determines a characteristic distance where
excitation of multiple atoms is suppressed. This distance is known as the blockade
radius rp. It is defined as the distance from the Rydberg atom where the interaction
shift equals the linewidth or Rabi frequency of the driving transition, whichever is

larger:

C.. 1/k
Ty = (m> y (230)

where Cj; is the interaction coefficient (Cg or C3 depending on the regime, k = 6
for van der Waals interactions or k = 3 for resonant dipole-dipole interactions).
At separations smaller than 7y, the energy level shift is larger than the excitation

bandwidth, therefore further excitations are blocked.

Within a volume of radius 7, only a single Rydberg excitation is allowed. If
N atoms reside within this volume, they collectively share the excitation. The

resulting state is a superposition of all possible single atom excitations:
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Figure 2.6: Energy level diagram illustrating the Rydberg blockade mechanism in a
two atom system. The horizontal axis represents the distance r between two atoms.
When both atoms are in the excited Rydberg state |r), their interaction shifts the
energy of the doubly excited state |rr). This shift depends on the interatomic
distance . If the interaction shift exceeds the excitation linewidth or the Rabi
frequency of the driving laser, represented here by Aw and )., the doubly excited
state becomes off-resonant and inaccessible, preventing simultaneous excitation.
The blockade radius rp is defined as the distance at which the interaction shift
equals the excitation bandwidth. At r < ry, only a single excitation is allowed.

N
1
|®) = —= > |g1...7...9N), (2.31)
VN ; Z
where |r;) indicates that the i-th atom is in the Rydberg state and all others are
in the ground state.

In this state, the excitation is delocalised across the entire ensemble rather than

being associated with any particular atom. This collective superposition behaves
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2.2.8. Polariton

as a single effective two level system, often referred to as a superatom. Because each
atom contributes coherently to the light—matter coupling, the ensemble responds
more strongly to the driving field, with measurable consequences for the Rabi
frequency and the optical nonlinearity of the medium [24, 48, 89]. The entangled
nature of this state also reduces sensitivity to local decoherence processes, since no

single atom carries the full excitation [2, 30, 32, 90].

The transition between |G) (all atoms in the ground state) and |®) is driven collect-
ively by the same external field that would drive individual atoms [2, 30, 89, 90].
Since the dipole operator acts identically on all atoms, the coupling amplitudes
from each atom in the ensemble sum, resulting in an effective Rabi frequency that

scales with the number of atoms as:

Qet = VNQ, (2.32)

where € is the Rabi frequency of the driving field on a single atom.

This superatom model captures the essential nonlinear character of Rydberg block-

ade. Once the ensemble shares a single excitation, further excitation is suppressed.

Blockade also plays a key role in quantum logic gate protocols, where the presence
of a single Rydberg excitation in one atom prevents excitation of another, forming
the basis of a conditional gate [2, 20, 91, 92, 93, 94]. The same mechanism underpins
the suppression of transmission in Rydberg EIT, where photons interact via their

shared coupling to the Rydberg state.

2.2.3 Polariton

When a weak probe field propagates through an atomic ensemble under conditions
of EIT and the upper state is a Rydberg level, the system supports the formation
of Rydberg dark state polaritons; quasiparticles that are coherent mixtures of light

and collective atomic excitations [23, 33, 77].
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2.2.8. Polariton

In the ladder type EIT scheme relevant here (Figure 2.2), the three participating
states are the ground state |g), an intermediate excited state |e) and a Rydberg
state |r). The probe field couples the |g) <+ |e) transition with Rabi frequency €2,
and a coupling field drives the |e) <+ |r) transition with Rabi frequency €2.. When
the two-photon resonance condition A, + A, = 0 is satisfied and in the limit of

Q, < €2, the system evolves into a collective dark state that avoids population in
).

The dark state polariton operator takes the form [23]:

U(z,t) = cos OE(z,t) — sin 06,,,(2, 1), (2.33)

where E(z,t) is the slowly varying envelope of the probe field, 64(z,t) is the
coherence between |g) and |r), and 6 is the mixing angle. The mixing angle 6
determines the relative contributions of the photonic and atomic components of
the polariton. Specifically, cos? § gives the probability that the polariton is in the
photonic mode, while sin? § gives the probability that it resides in the collective

atomic excitation. The mixing angle @ is defined by:

gy (2.34)

tanf =
an 0.

where g is the single atom coupling strength between the probe field and the |g) <>
le) transition, and n is the atomic density. The coupling constant g is related to

the dipole matrix element of the transition by

2.35
h QEOV, ( )

where d;e is the dipole moment of the transition, £ is the probe-field polarisation
vector, wp is the probe angular frequency, €g is the vacuum permittivity, and V' is

the quantisation volume of the probe mode [12, 23, 95]. This definition connects
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2.8. Atom Trapping and Cooling

g to the same dipole coupling coefficients introduced earlier when discussing the

atom field interaction Hamiltonian (Equations 2.1 and 2.10).

As the coupling Rabi frequency 2. increases, 6 decreases and the polariton becomes
more light like. Conversely, as €2, — 0, the polariton becomes increasingly matter
like, with most of its character residing in the atomic coherence G,4,.. This transition
is accompanied by a sharp reduction in group velocity. In the linear regime, the

polariton propagates through the medium at [23, 33]:

= (2.36)

allowing for substantial optical delay or storage.

The spatial extent of a polariton is set by the Rydberg blockade radius. Within
this radius, only a single excitation can be supported, enforcing strong correlations

in the transmitted light field.

The use of a Rydberg state as the upper level introduces strong, long range interac-
tions between polaritons due to Rydberg—Rydberg coupling. When two polaritons
approach within the blockade radius ry, the excitation of a second polariton is ener-
getically suppressed. This results in a nonlinear interaction between polaritons me-
diated by the atomic ensemble. This leads to phenomena such as photon antibunch-

ing, two photon suppression and photon—photon interactions [3, 23, 33, 34, 77].

2.3 Atom Trapping and Cooling

The preparation of ultracold atomic ensembles requires a combination of dissipative
and conservative trapping techniques. Laser cooling provides a mechanism for redu-
cing the kinetic energy of atoms via momentum exchange with photons, while con-
servative optical potentials allow spatial confinement of the cold ensemble. In this
section, we review the three primary tools used in this experiment: the Magneto-

Optical Trap (MOT), optical molasses and the Far Off-Resonant Trap (FORT).
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2.8.1. Magneto-Optical Trap

2.3.1 Magneto-Optical Trap

The MOT is a widely used technique for trapping and cooling atoms. It combines
spatially varying magnetic fields with position dependent optical forces to confine
atoms near the intersection of three orthogonal pairs of counter propagating laser

beams [15, 55].

The cooling mechanism relies on the Doppler effect. When an atom moves towards
a red detuned beam, it experiences increased scattering from that beam due to the
Doppler shift, resulting in a force opposing its motion. This produces a damping

force proportional to velocity, slowing, therefore cooling, the atoms.

To achieve spatial confinement, the MOT exploits the Zeeman effect. A quadrupole
magnetic field introduces a position dependent energy splitting of the atomic states.
With circularly polarised beams, this results in an imbalance in scattering rates
depending on the atom’s position. Atoms displaced from the trap centre are closer
to resonance and therefore preferentially excited by the beam that pushes them

back toward equilibrium.

The net force on an atom in the MOT can be approximated for small displacements

and velocities as [55]:

F(7,7) = —ai — k7, (2.37)

where « is the damping coefficient and k is the spring constant characterising the
restoring force. This expression is valid in the low intensity, low velocity regime

where the optical force can be linearised.

The resulting atomic distribution in the MOT is determined by the balance between
cooling forces and heating due to spontaneous emission. Under typical conditions,
the MOT cools atoms to temperatures on the order of hundreds of microkelvin,
although the exact value depends on the atomic species and transition linewidth.

This cooling is fundamentally limited by the Doppler temperature:
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2.8.2. Optical Molasses

Rl

Tp = &
D 2kB,

(2.38)

where I' is the natural linewidth of the cooling transition and kg is the Boltzmann
constant. For the Dy transition in 8"Rb (I'/27 a~ 6.07 MHz), the Doppler limit in

87TRbD is approximately Tp ~ 146 uK.

2.3.2 Optical Molasses

Optical molasses is a laser cooling technique that provides viscous damping of
atomic motion without spatial confinement. Like the MOT, It consists of three or-
thogonal pairs of counter propagating oscillating electric fields, but with a uniform

magnetic field of B =0 [17, 18, 55, 96].

In the absence of magnetic fields, atoms experience no spatially varying Zeeman
shifts, but still undergo Doppler cooling. An atom moving toward a beam sees it
Doppler shifted closer to resonance, increasing its scattering rate and resulting in

a net opposing force. This produces a velocity-dependent damping force:

F=—a7, (2.39)

where « is a damping coefficient dependent on detuning, intensity and linewidth.

However, at certain polarisation configurations, such as orthogonal linear polarisa-

tions (Sisyphus cooling [17, 97]) or circular counter-propagating beams (o™

as used in this work), a spatial variation in light polarisation arises. This en-
ables Polarisation Gradient Cooling (PGC), a sub-Doppler mechanism that allows

temperatures well below the Doppler limit.

T — 0~ PGC scheme, the two counter propagating beams create local light

Inaoco
polarisation that varies continuously from circular to linear and back as a function
of position. Atoms moving through such a field experience a rotation of the polar-

isation in their rest frame. Due to finite response time of the atomic dipole, the
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2.8.2. Optical Molasses

induced polarisation lags behind the local field, resulting in a velocity dependent
imbalance in the light force. This imbalance leads to a force opposing the atom’s

motion, thereby reducing its kinetic energy.

This process can cool atoms to temperatures well below the Doppler limit, ap-

proaching the fundamental lower bound set by the recoil temperature:

h2k2

— 2.40
ok’ (2.40)

Trecoil =

where k is the wavenumber of the cooling light, m is the atomic mass and kp is
Boltzmann’s constant. The recoil temperature represents the kinetic energy impar-
ted to an atom from the absorption or emission of a single photon. For the 8’Rb D5
transition at 780 nm, this corresponds to Ty ~ 1 pK [55, 96]. PGC and Raman
sideband cooling techniques can approach, but not surpass, this fundamental limit

(98, 99).

The reason this is not possible in the presence of magnetic field gradients, as in
a MOT, is the spatially varying Zeeman shifts disrupt the energy level structure
required for polarisation gradient cooling to operate efficiently. These shifts lift the
degeneracy of the ground state Zeeman sublevels and close the optical pumping

pathways that underlie this cooling mechanism.

The effectiveness of optical molasses depends sensitively on the intensity balance
between beams, detuning, and polarisation. Optimal conditions typically involve
large detunings and low powers (I /gt < 1), where Iy, is the saturation intensity

of the cooling transition [17, 18].

In the system described in this thesis, optical molasses is applied after MOT loading
by extinguishing the magnetic field and optimising the cooling beam parameters.
The o — o~ configuration used here creates a rotating polarisation field that
supports efficient polarisation gradient cooling. This stage reduces the temperature
of the ensemble to tens of microkelvin, significantly increasing the phase-space

density and improving the efficiency of loading into the dipole trap.
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2.8.3. Dipole Trap

2.3.3 Dipole Trap

For long trapping times and state coherence, atoms are transferred into an optical
dipole trap formed by far-detuned oscillating electric fields, a Far Off-Resonant
Trap (FORT). The AC Stark effect causes a shift in the energy of the atomic

ground state |g) proportional to the local field intensity:

Uaip(7) = ) (B, (2.41)

where a(w) is the polarisability of the atomic state at the optical frequency w and

E'(F) is the electric field amplitude [100, 101, 102].

To model the polarisability a(w) of 8"Rb, we consider the dominant contributions
from the Dy (5515 — 5P;/3) and Dy (|5S1/2) — [5P3/2)) transitions. In the far-
detuned regime, where w < wp1,wps, the scalar polarisability can be approximated

by:

(5P o |Ir|15S1 /2) n (5P 2| I]1551 /2) |

= 2.42
o) =5 L (2.42)

where wp1 and wps are the angular frequencies of the D and Do transitions. The

reduced dipole matrix elements are given by [54]:

5Py allr][5S) )] = 2:992(3)ean, (2.44)

with eag the atomic unit of electric dipole moment.

In practice, the trap is formed by a tightly focused Gaussian beam. The trap depth
Uy scales with laser power P and beam waist wg as Uy x P/ w%. The corresponding

radial and axial trap frequencies for an atom of mass m are:
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2.8.3. Dipole Trap

[ 2U | U
Wy = 027 Wz = 02 ’ (245)
mwo mZR

where zg = Tw?2/A is the Rayleigh range of the trapping beam. These trapping fre-

quencies correspond to the oscillation rates of an atom in the harmonic potential
near the trap centre. They determine the degree of confinement and the char-
acteristic timescales for atomic motion. Higher trap frequencies result in tighter
confinement, increased atomic density and greater phase-space density assuming

temperature is constant.

Although the FORT is nominally conservative, atoms still scatter photons due to
residual off-resonant coupling to excited states. This leads to heating and decoher-

ence. The photon scattering rate scales as [100]:

r I

— 2.4
A2 Isat7 ( 6)

Iy x

where I is the natural linewidth of the relevant transition, A is the detuning and
It is the saturation intensity. To minimise this heating, trapping light is chosen

to be far red detuned, for this work at A = 852 nm.

The choice of trapping wavelength strongly affects the trap depth and scattering
rate. The scalar polarisability of 8’Rb increases as the trapping wavelength ap-
proaches the Dy resonance at 780 nm, as shown in Figure 2.7. At 852 nm, used
in this experiment, the polarisability is substantially larger than at 1064 nm, a
common wavelength in optical trapping. This gives a deeper trap at a lower op-
tical power (Figure 2.8), which is beneficial for improving loading efficiency and
maintaining tight confinement. Although the increased photon scattering rate at
852 nm can reduce trap lifetime, this is not a limiting factor in this work, since

atoms are held for short durations during fast experimental cycles.

In this system, the FORT plays a central role in preparing a cold, localised atomic

ensemble for Rydberg excitation and single photon detection. The use of tightly

33



Scalar Polarisability a(w) (a.u.)

1.00

2.4. Photon Counting Statistics

Scalar Polarisability of *'Rb using Reduced Matrix Elements

0.75 1

0.50 1

0.25 1

0.00 +

—0.25 1

—0.50 1

—0.75 1

—-1.00

700 750 800 850 900 950 1000 1050
Wavelength (nm)

Figure 2.7: Scalar polarisability of 8’Rb as a function of trapping wavelength.
At shorter wavelengths such as 852nm, the increased polarisability yields stronger
optical dipole forces compared to more common infrared trapping wavelengths like
1064nm. The calculation includes only contributions from the dominant Dy and Do
transitions, which provide the dominant terms in the far-off-resonant polarisability.

focused, high power light at 852 nm enables strong confinement while maintaining

sufficiently low scattering rates for coherent manipulation.

2.4 Photon Counting Statistics

Measurements of photon correlations provide key insights into the quantum nature
of light and its interaction with atomic media. In the context of this work; these
correlations serve as powerful diagnostics for photon—photon interactions, Rydberg

blockade and the emergence of non-classical states of light [34, 42, 77].
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Figure 2.8: Optical dipole trap intensity and potential profile for three trapping
wavelengths. The beam is assumed to be Gaussian with waist wg = 3.5um and
optical power P = 200 mW. The lower panel shows the resulting potentials in
millikelvin. The trap becomes shallower with increasing wavelength due to the
reduced polarisability.

2.4.1 Second-Order Correlation Function ¢(®

The second-order correlation function is defined as:

g(r) = (2.47)

(ET(t)E(1)) ’
where E(t) is the electric field operator. Physically, ¢®(7) quantifies the condi-

tional probability of detecting a second photon at time ¢ + 7 given that one was

detected at time ¢ [61, 103].

In classical optics, intensity fluctuations lead to ¢(® (0) > 1. A value of g (0) = 2 is
characteristic of thermal or chaotic light, indicating strong bunching behaviour; the

detection of one photon increases the likelihood of detecting another shortly after.
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2.4.2. Hanbury Brown-Twiss Interferometry

For coherent light, such as that emitted by a laser, 9(2)(0) = 1, meaning the detec-
tion of one photon gives no information about the timing of the next. In contrast,
non-classical light fields can exhibit ¢(® (0) < 1, a signature of photon antibunching
[104, 105]. In this regime, the detection of one photon reduces the probability of
detecting another immediately afterward, reflecting the discrete nature of photon
emission .The limiting case ¢()(0) = 0 corresponds to a Fock state [11], a purely
single photon source, containing exactly one photon, where detection of a photon

precludes the immediate detection of another.

For multi-mode fields or spatially separated regions, the cross-correlation function

is used:

) = <ETJ<t> ot + 1) <)+ ) Ei(1)) (2.48)

(EI(t)Ei(t))(El(t (t+7))

This is relevant for correlating light from different spatial modes, such as distinct

2)

photonic channels. In the case of two spatially separated channels, g, J (1) quantifies

correlations between photons emerging from each region. A value of 91(]2 )(0) > 1
(2)

indicates correlated emission across the channels, while g;; (0) < 1 reveals inter
channel antibunching: evidence that the presence of a Rydberg excitation in one

channel suppresses transmission in the other due to the blockade mechanism.

2.4.2 Hanbury Brown—Twiss Interferometry

Second-order correlations are typically measured using a Hanbury Brown-Twiss
(HBT) setup, in which the light is split by a 50:50 beamsplitter and directed to
two independent single-photon detectors. Detection events are time tagged, and a
histogram of detection delays 7 is constructed to obtain ¢(®)(7), which quantifies
the normalised coincidence rate between the two detectors [61, 106, 107, 108]. The
practical implementation of this measurement, including the time-tagging electron-

ics and data normalisation procedure, is described in Section 3.7 and 4.2.1.
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2.4.2. Hanbury Brown-Twiss Interferometry

Second-order correlations are typically measured using a HBT setup, in which the
light is split by a 50:50 beamsplitter and directed to two independent single photon
detectors. Detection events are time tagged and a histogram of detection delays 7

is constructed to obtain ¢(® () [61, 106, 107, 108].

In a Rydberg blockaded system, strong interactions between polaritons lead to
the suppression of simultaneous excitations within a blockade volume. When one
polariton is present, nearby atoms are shifted out of resonance, preventing the
transmission of another polariton. This leads to suppressed coincidence counts,
(¢ (0) < 1) [30, 34, 42]. The depth of the ¢g(®(0) dip indicates how close the
source is to ideal single photon behaviour and thus indicates how effectively the

Rydberg blockade is suppressing multiple excitations.

Photon correlation measurements provide a sensitive and non-destructive probe of
the quantum dynamics within strongly interacting atomic ensembles. They reveal
both the statistical character of the light and the underlying mechanisms of atomic

nonlinearity and coherence [33, 34, 77, 109].
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Chapter 3

The Experiment

3.1 Overview

This chapter describes the experimental apparatus used to cool and trap 8"Rb
atoms for the preparation, manipulation and measurement of collective Rydberg
excitations. The system comprises a suite of laser systems, vacuum chambers and
electronic control hardware, all designed to support high repetition rate experi-
ments, single photon detection and coherent state control. The following sections
outline each subsystem and their integration into the complete experimental plat-

form.

The experimental apparatus has three main parts. First, the various lasers systems,
which allow us to do the required cooling, trapping and atomic excitation processes.
Second, the UHV chambers, which allow us to maintain the conditions required for

these processes to work. Lastly, the detection and control systems.

The chamber is split into two parts, the upper 2D MOT cell and the lower 3D
MOT and science chamber. This dual chamber configuration allows for precooling
of the atoms before they enter the science chamber, enabling fast repetition rates
(O(10 kHz)) of the experimental cycle [1, 2, 110, 111]. The setup that will be
described in this chapter was initially designed and built by Hannes Busche, Paul

Huillery and Simon Ball [112, 113]. Changes to this design will be outlined in
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3.2. Laser Systems

Chapter 5, along with the reconstruction process due to an unscheduled vacuum

break.

We derive all the MOT cooling beams for both MOTSs, the pusher beam and the
experimental probe beam from the same laser with 780 nm, since they address
the same transition, although with different detunings, allowing for fewer points of
failure in the experiment. However, the repump transition, despite also requiring a
laser 780 nm wavelength, is far enough detuned that it is not feasible to derive from
the same laser as the cooling transitions. For the FORT and Rydberg excitation,

we use lasers with 852 nm and 480 nm wavelengths respectively.

3.2 Laser Systems

Before describing each subsystem in detail, we summarise the primary laser systems
used in the experiment. Each system is defined by its wavelength, configuration
and role in addressing specific atomic transitions. A brief overview is provided in
Table 3.1.

Table 3.1: Summary of laser systems used in the experiment. Each system is
identified by manufacturer, model and operating wavelength.

Laser (Model

and Wavelength) Transition Addressed Main Function(s)

MOT cooling beams,
absorption imaging,
probe beams,
pushing beam

1551/, F' = 1) = |5P59, FF = 2) MOT repump beams

Toptica TA Pro

(780 nm) 15512, F' = 2) — |[5P35, F = 3)

Toptica DL Pro

(780 nm)

Toptica TA Pro Off-resonant Divole trannine beam
(852 nm) (to both D; and D3 lines) P PPIng

Toptica TA-SHG o

(Pro and 110) 5Py9) — [nS1)s) i};(;tatlon to a Rydberg
(480 nm)
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3.2.1. Cooling Laser - 780 nm
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Figure 3.1: Laser frequency configuration and energy level diagram for 8’ Rb. Left:
Schematic showing the frequency detunings of laser beams used in the experiment.
The cooling and probe beams are derived from a Toptica TA Pro laser locked
140 MHz below the FF = 2 — F’ = 3 transition, with detuning and switching
controlled via AOMs. The repump laser (Toptica DL Pro) is locked at the crossover
resonance between the F =1 — F/ =1 and F = 1 — F’ = 2 transitions using a
ZMTS scheme (see Section 3.2.2.1). AOMs are used to bring the light to resonance.
Detunings for typical beam configurations are indicated in the schematic. Right:
Energy level diagram showing the hyperfine structure of the ground and excited
states used in the experiment, along with the two photon excitation path to a
Rydberg state [nS; /2) via a 480 nm coupling beam. Microwave transitions between
Rydberg states are also indicated.

3.2.1 Cooling Laser - 780 nm

The laser used for the cooling beams in both 2D and 3D MOTs, the experi-

mental probe beams and absorption imaging beam, addressing the |55 2. F = 2) —

[5P3/9, F' = 3) transition, is a Toptica TA Pro consisting of a commercial External
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Figure 3.2: Beam path diagram for the 780 nm cooling/probe/imaging laser (Top-
tica TA Pro, red lines) and the 780 nm repump laser (Toptica DL Pro, magenta
lines). The setup distributes light for the 2D and 3D MOTSs, pushing beam, ima-
ging and probe beams. Solid lines represent main paths, while dashed lines of
matching colour denote paths used for frequency stabilisation. Frequency locks are
implemented via modulation transfer spectroscopy using Rubidium vapour cells
and photodiodes. Key AOMs, EOMs, fibre couplers, beam dumps, PBSCs, HWPs
and QWPs are labelled. Paths are arranged to allow independent frequency and
power control of each beam using AOMs and the output beams are fibre coupled
for delivery to the experiment. This layout forms the core of the optical table used
for delivering stabilised 780 nm light.
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3.2.1. Cooling Laser - 780 nm

Cavity Diode Laser (ECDL) with a Tapered Amplifier (TA), controlled and locked
by a Toptica DLC Pro. The internal ECDL seed laser produces 80uW of power
increased to a maximum of ~=2.5W after the TA. The system includes two internal
optical isolators to prevent back reflections into the ECDL and TA. The laser has

a small pick off output channel (P ~20 mW) which is used for locking the ECDL.

The main output light is split into multiple channels using Half-Waveplate (HWP)s
and Polarising Beam Splitter Cube (PBSC)s. The cooling laser system is respons-

ible for the following in the experimental setup:

« Probe Beams: Two probe beams are derived from the cooling laser and
used for imaging and probing the atomic ensemble. These beams are passed
through Acousto-Optic Modulator (AOM)s for precise frequency and intens-

ity control. This channel is also used for absorption imaging of the MOT.

« 2D MOT Cooling: The cooling light for the 2D MOT passed through
an AOM, then split into separate paths for each of the two axes. One of
these axes is combined with repump light, using a PBSC and delivered to the

experiment in the same fibre.

¢« 3D MOT Cooling: The cooling light for the 3D MOT passed though an
AOM for precise frequency and intensity control. It is combined with repump
light using a custom Evanescent Optics fibre combiner/splitter. This com-

biner/splitter then splits the combined light into three beams, one for each

axis of the 3D MOT.

e Pushing Beam: The pushing beam is detuned such that it interacts with
the atoms in the atomic beam released by the dispensers which have upwards

momentum away from the science chamber and “pushes” them towards it.

The AOMs also allow us to precisely and stably set the detuning of each beam path
and vary the power and act as shutters. Fach beam path includes its own AOM,

allowing the detuning for every function of this laser to be controlled independently.
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8.2.1.1. Frequency Stabilisation - Modulation Transfer Spectroscopy

Since we need to change the frequency of the probe and 3D cooling light during an
experimental run we pass them through a separate double pass AOM setup. This
allows us to change the frequency whilst limiting the deviation of the beam going

into the fibre, thus maintaining a nearly consistent coupling efficiency.

3.2.1.1 Frequency Stabilisation - Modulation Transfer Spectroscopy

Frequency stabilisation of the cooling laser is achieved using Modulation Transfer
Spectroscopy (MTS), a highly stable locking technique, on the pick off beam [114,
115]. The MTS setup involves modulating the pump beam at 10 MHz using an
Electro-Optic Modulator (EOM) and counter propagating it with an unmodulated
probe beam in a Rubidium vapour cell. The resulting error signal, generated via
a four wave mixing process, is used to lock the ECDL to the [55;9, F' = 2) to
|5P3 2, = 3) transition. The MTS technique produces a high signal to noise ratio
error signal, ensuring long term stability of the cooling laser. Since MTS only works
on closed transitions where population cycling is maintained and the lock cannot

jump to the nearby open transitions present in 8"Rb

The cooling laser is locked 140 MHz below resonance by passing the pick off light
through a double pass AOM setup. This detuning is necessary to ensure that the
cooling light can be precisely tuned to the required frequency for magneto-optical
trapping and other experimental processes. Since the AOMs we use to shift the
frequency of the 3D MOT cooling and probe light cannot shift the few MHz from
resonance which we desire, instead, we lock below resonance and then shift back
close to resonance such that the final output has the desired detuning (see Figure

3.1).

3.2.2 Repump Laser — 780 nm

The repump laser addresses the |55 )9, F' = 1) — [5P35, F' = 2) cycling transition

in 8"Rb, ensuring efficient optical pumping of atoms into the |5P; /2, F' = 2) state
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8.2.2.1. Frequency Stabilisation - Zeeman Shifted Modulation Transfer Spectroscopy

and that none are trapped in the |55 o, F' = 1) dark state. For this, a Toptica DL
Pro ECDL laser is used, with an output of 90 mW, more than sufficient to supply
repump light for both the 2D and 3D MOTs.

The main output light is split into three channels using a series of HWPs and
PBSCs pairs; 2D MOT, 3D MOT and the locking system. The outputs are coupled
to fibres and sent to the vacuum chamber. The 2D repump light is coupled into
the same fibre as one of the 2D cooling axes, overlapping the two beams (with
orthogonal polarisation) using a PBSC. The 3D repump light is combined with the

cooling light in the same combiner/splitter as described above (Section 3.2.1).

3.2.2.1 Frequency Stabilisation - Zeeman Shifted Modulation Transfer

Spectroscopy

To ensure that the repump light remains on resonance, the system employs a tun-
able Zeeman Shifted Modulation Transfer Spectroscopy (ZMTS) locking scheme [116]
(magenta dashed line in Figure 3.2). This technique is a modified version of con-
ventional MTS, adapted to lock the laser to an open transition. The ZMTS setup
involves applying a large magnetic field to a small rubidium vapour cell, shifting the
atomic energy levels into the hyperfine Paschen—Back regime. By fine adjustment
of the magnet position, a controllable frequency offset within the accessible Zeeman
shift range of a closed transition can be achieved. Historically, this laser was locked
to the crossover resonance between the F =1 - F/ =1land F=1— F' =2
transitions, where overlapping Doppler-broadened absorption profiles of the two
lines provide a convenient reference point. During implementation of the ZMTS
scheme, the target transition (F' =2 — F’ = 3) was shifted magnetically to coin-
cide with this crossover frequency to minimise disruption to the optical setup, and
the final detuning to the required resonance was applied using an AOM. The mag-
nets provide a field strength of approximately 0.6 T, allowing the Zeeman-shifted
modulation transfer signal to be tuned continuously over more than 15 GHz across

the Dy spectrum, sufficient to translate the ' = 2 — F’ = 3 transition onto the
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3.2.3. Dipole Trapping Laser - 852nm

F =1 — F' = 2 repumping transition [116]. This approach enables a stable and
flexible locking point that retains the advantages of MTS while providing tunabil-
ity across the hyperfine manifold. The ZMTS setup uses a 2 mm rubidium vapour
cell, ensuring a uniform magnetic field and sufficient optical depth when heated to

120 °C.

3.2.3 Dipole Trapping Laser - 852nm

The laser used for the dipole trap is a Toptica TA Pro consisting of an ECDL
with a TA, controlled by a Toptica DLC Pro. The system includes two internal
optical isolators to prevent back reflections into the ECDL and TA. Its output
is approximately 1 W, however no more than 250 mW is required for the trap
so most of that is directed into a beam dump. This system uses an AOM to
control switching, and PBSC and HWP pairs to vary power. The output light
is fibre coupled to the experiment, where it is tightly focused by high Numerical

Aperture (NA) lenses to produce a highly confined optical trap.

The 852 nm laser operates at a wavelength far from any atomic resonances, meaning
that frequency fluctuations have no significant impact on the trap depth over the
timescales relevant to these experiments. As a result, the laser is not locked to a
specific frequency, simplifying the setup while maintaining sufficient stability for
trapping. The system relies on the inherent stability of the ECDL and TA, which

provide narrow linewidth and stable output power.

3.2.4 Coupling Laser - 480nm

To make the transition from |[5P3/5) to a Rydberg state, [n.S]/2), we use a Toptica
TA-SHG Pro and a TA-SHG 110. Primarily the TA-SHG Pro system is used, which
replaced the TA-SHG 110, however there is scope for both to be used simultaneously
in future experiments addressing two different Rydberg states. The new system

offers greater stability, ease of use and higher power at 480 nm. Similarly to the
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Figure 3.3: Optical setup for generating and stabilising the 480 nm coupling light
used to drive the Rydberg transition. Left: Beam paths for the two coupling
lasers. Fundamental light at 960 nm from two Toptica TA-SHG systems (TA-SHG
110 and TA-SHG Pro) is frequency doubled to produce 480 nm output (blue lines).
The doubled beams are delivered to the experiment via optical fibres, with AOMs
used for switching and power control. A portion of the fundamental (960 nm) light
is picked off (dashed red lines) before the SHG stage for frequency stabilisation.
Right: PDH locking scheme for stabilising both 960 nm lasers to a ultra stable
cavity. Orthogonal linear polarisations (created using HWPs and PBSCs) allow
the two laser beams to be combined and coupled into the same cavity. Reflected
light is separated onto two photodiodes (PD1 and PD2) for generating individual
error signals, while transmitted light is monitored for diagnostics. A fibre-coupled
EOM applies sidebands for the PDH lock. This dual locking scheme enables stable,
independent control of the coupling frequencies for two Rydberg excitation chan-
nels.
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3.2.4.1. Frequency Stabilisation - Pound-Drever-Hall

other Toptica DL Pros described this laser contains an ECDL and a TA, producing
light over the range of 945 nm - 965 nm. Here there is a pick off which we use
to lock the laser. After the pick off the remaining light goes through a Second
Harmonic Generation (SHG) bow tie cavity to double its frequency, making its
wavelength the desired 480 nm. The preparation of the output light is simple. The
frequency doubled light is split two ways for each laser and goes to the vacuum
chamber via separate fibres. Each path is switched with an AOM and its power
varied with PBSC and HWP pair. The 480 mn power at the TA-SHG Pro output
is as high as 1.5 W, an order of magnitude more than the previously solely used

TA-SHG 110, which has a maximum output of ~ 300 mW.

3.2.4.1 Frequency Stabilisation - Pound-Drever-Hall

The narrow linewidths of the transitions to the Rydberg states, particularly for
high n states, require precise frequency stabilization to ensure efficient excita-
tion. Frequency stabilization of both the 480 nm lasers is achieved using the
Pound-Drever-Hall (PDH) locking technique [117, 118]. The laser is referenced
to an ultra stable, high finesse cavity with a Free Spectral Range (FSR) of 1.5
GHz and a finesse of 100,000. The cavity is constructed from Ultra Low Expan-

sion (ULE) glass, ensuring minimal thermal drift and high long term stability.

The PDH locking scheme involves generating sidebands at £200 MHz using a
tunable RF source. These sidebands are used to create an error signal, which is
fed back to the laser to stabilize its frequency. The error signal is derived from the
reflection of the laser light off the cavity, with the sidebands providing a reference
for the lock point. This setup allows for precise tuning of the laser frequency across
the FSR of the cavity, enabling the system to address various Rydberg states with

high accuracy.

Using the locking scheme in Figure 3.3 we can separate the light from each laser

by setting them to orthogonal linear polarisations. This allows us to lock the two
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3.3.  Ultra-High Vacuum Chamber

lasers to the same ULE cavity.

3.3 Ultra-High Vacuum Chamber

A robust and well designed vacuum system is fundamental to the operation of any
cold atom experiment. It provides the low pressure environment (> 1070 Torr)
required for long atomic lifetimes and minimal collisional decoherence, while of-
fering optical and electrical access for trapping, manipulation and detection. The
apparatus used here comprises two connected regions: a glass 2D MOT cell that
produces a continuous cold atomic beam, and a stainless steel science chamber
where atoms are captured, cooled and interrogated. These chambers are linked
by a differential pumping stage that maintains a pressure gradient of over three
orders of magnitude, ensuring that the science region remains in the UHV regime.
The following sections describe the design and functionality of each component in

detail.

3.3.1 2D MOT Cell

The 2D MOT chamber is connected to the main science chamber through a four
way cross and a differential pumping tube with an aperture of 0.8 mm. The dif-
ferential pumping tube prevents the build up of pressure in the main chamber,
which maintains a pressures bellow 1 x 10719 Torr. This ensures that the 3D MOT

operates under optimal conditions for trapping and cooling.

The 2D MOT cell is a UHV glass cell with internal dimensions of 25 x 25 x 100
mm. The cell contains two Rubidium dispensers (Alvatec AS-3-Rb-250-F) that
maintain a high vapour pressure, allowing for efficient loading of atoms into the
trap. The 2D MOT traps and cools atoms in two dimensions across four (latterly
three, see Chapter 5) cooling volumes, creating an narrow high density atomic

beam [119, 120].
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Figure 3.4: a) Isometric view of the 2D MOT vacuum cell, a rectangular Pyrex cell
(25 mm x 25 mm x 100 mm). b) Vertical cross-sectional view showing the paths
of the red-detuned cooling beams (red shading) and the axial pushing beam used to
direct atoms towards the science chamber. The dense atomic beam is represented
by the purple dots. The fibre-coupled input and internal optics are arranged to de-
liver collimated, circularly polarised beams that intersect at the trapping region. c)
Top-down view of the 2D MOT cell showing the configuration of the cooling beams
in the horizontal plane, along with the magnetic field lines (dotted black) produced
by permanent magnets. The magnetic field zero point is marked with a grey cross,
corresponding to the centre of the quadrupole field. External compensation coils
are mounted around the cell and enable fine adjustment of the magnetic field pro-
file. This configuration enables efficient 2D confinement of Rubidium atoms and a
pre-cooled dense atomic beam through the differential pumping tube.

3.3.2 Science Chamber

A stable ultra-high vacuum (UHV) environment is essential for the preparation
and manipulation of cold atomic ensembles. Collisions with background gas atoms
limit both the trap lifetime and the coherence of Rydberg excitations, making
pressures below 10~ Torr critical for achieving long interrogation times and high
optical depth [15, 25, 55]. The vacuum assembly used in this work was originally
developed by Hannes Busche, Simon Ball and Paul Huillery [112, 113] and has since
been adapted and upgraded to support the present experiment. It provides both

the low pressure environment required for magneto-optical trapping and the optical
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8.8.2.1. Compensation Coils

access necessary for high resolution imaging and precise field control. The system
consists of two main regions: a glass 2D MOT cell (Section 3.3.1, which generates
a continuous cold atomic beam, and a stainless steel science chamber (Section
3.3.2, where atoms are captured, cooled, and interrogated. These are connected
via a differential pumping stage that maintains a pressure gradient of more than
three orders of magnitude between the source and science regions. Together, these
elements form a compact and stable vacuum system optimised for experiments in

cold atom and Rydberg physics.

The science chamber * forms the central region of the experiment, where atoms
are transferred following initial pre-cooling in the 2D MOT stage. It consists of a
compact, stainless steel octagonal cell designed to provide both good optical access

and the necessary infrastructure for electric and microwave field generation.

The chamber features eight optical ports arranged in the vertical plane and two
more horizontally and perpendicular to the vertical plane. This gives the optical
access required for the cooling, trapping, dressing and diagnostics of the ensemble.
All viewports are Anti-Reflection (AR) coated windows optimised for 780 nm and
480 nm operation, ensuring high transmission while minimising heating and re-
flections. The chamber is mounted on a rigid stainless steel mount bolted to the
optical bench. All attached field control elements (such as electrodes and antennas)
are fixed in a stable configuration to preserve alignment through thermal cycling

and experimental runtime.

This layout offers a balance between compactness and accessibility, enabling integ-

ration with high resolution imaging systems and single photon counting apparatus.

3.3.2.1 Compensation Coils

To achieve precise control over the magnetic environment within the science cham-

ber, a set of compensation coils are used to cancel the Earth’s magnetic field and

*Kimball Physics MCF600-SphOct-F2C8
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Figure 3.5: Overview of the science chamber assembly and in-vacuo components.
Right: CAD rendering (adapted from an initially rendered model by Hannes
Busche [110]) the full science chamber showing vacuum viewports and the posi-
tions of AR coated windows (green shading) used for optical access along horizontal
and vertical axes. Electrical feedthroughs for in-vacuo components including mi-
crowave antennas, MOT coils and electrodes are indicated. Left: Expanded view
highlighting the key in-vacuo elements. The MOT coils (black arrows) are in an
anti-Helmholtz configuration to generate a quadrupole magnetic field. A high NA
= 0.5, ITO coated aspheric lens pair (red arrows) is mounted along the vertical axis
to focus trapping, probing and coupling beams at the ensemble centre. Eight split-
ring electrodes (yellow arrows) surround the trap region to enable static electric
field control. Three orthogonal microwave antennas (purple arrows) allow polar-
isation controlled microwave driving of Rydberg—Rydberg transitions. The layout
enables high resolution optical access, precise field control and mechanical stability
required for cold atom and Rydberg physics experiments.

residual magnetic fields, to ensure that the zero point of the 3D MOT’s quadrupole
is at the focal point of the aspheric lenses. These corrections minimise field gradi-
ents that can shift energy levels, or induce decoherence during the experimental

sequences.

The compensation system consists of three orthogonal pairs of coils arranged in

a pseudo-Helmholtz rectangular configuration, corresponding to the z, y and z

o1
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Figure 3.6: Vertical cross section diagram of the main optical and magnetic field
components around the science chamber. Four key laser beams are shown conver-
ging at the trapping region: the diagonal MOT beams, the 780 nm probe beam,
the 852 nm dipole trapping beam and the 480 nm Rydberg coupling beam. These
beams are aligned through the high numerical aperture in-vacuo lens pair to ensure
spatial overlap at the trap centre. The incoming atomic beam from the 2D MOT
enters the chamber from the top and is captured by the 3D MOT at the chamber
centre. External compensation coils generate uniform DC magnetic fields to cancel
residual stray fields and position the quadrupole zero of the MOT at the lens focus.
Quantisation coils generate a magnetic field along the horizontal axis sequences,
establishing a defined quantisation axis.

axes of the chamber. Each coil pair is mounted externally to the vacuum system,
with their centres aligned to coincide with the trap region. The geometry and
winding of the coils are chosen to produce uniform magnetic fields over the extent

of the atomic cloud. Currents are supplied via low noise, high stability, digitally
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3.8.2.2. In-vacuo Lenses

controlled current sources (Agilent 6632B).

3.3.2.2 In-vacuo Lenses

To confine atoms in a smaller volume and at temperatures below those achievable
via magneto-optical trapping alone, we use a FORT operating at 852nm. The trap
is formed at the focal point of pair of aspheric high NA = 0.5 in-vacuo lenses. The
separation of the lenses is 14 mm, twice their working distance. Using a knife edge
measurement on a copy of the lens the waist has previously been measured to be
wo = 4.5 + 0.3 pm, although has since been measured to be wg = 3.8 + 0.1um on

a 4f imaging setup.

Due to the wavelength dependent focal shift introduced by the aspheric lenses,
careful collimation of the FORT beams is necessary to ensure overlap with the
focal planes of both the probe and Rydberg excitation beams. This is achieved
using a pair of lenses at the fibre output. The overlap is verified by measuring the

beam profile using our 4f imaging setup (see Section 3.8).

3.3.2.3 Microwave Antennas

Microwave radiation for driving Rydberg state to Rydberg state transitions is ap-
plied using three A/4 antennas (centred at 18.5 GHz), one for each cardinal dir-
ection. A combination of the three antennas can achieve microwave fields with
an arbitrary polarisation. Microwave signals are delivered through SMA vacuum
feedthroughs and can be driven in either pulsed or continuous wave mode. The sys-
tem allows for stable and spacially homogenous microwave fields over the trapping

volume, enabling precise state manipulation.

3.3.2.4 Split Ring Electrodes

To apply controlled DC electric fields to the trapped atoms, the chamber includes

a pair of split-ring electrodes designed to deliver a homogeneous field across the
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trapping volume [112, 121], ensuring the uniformity required for accurate Stark-

shift tuning and state-dependent control of Rydberg levels.

Each electrode is a quarter-circle titanium arc mounted coaxially with the probe,
coupling, and dipole-trapping beams around the centre of the chamber, with a
separation of approximately 10 mm. The electrodes are connected to external
high-voltage supplies via UHV feedthroughs, allowing both static and time varying

fields to be applied.

3.4 Experimental Control

The experimental apparatus is controlled using the Durham Experimental Ter-
minal (DExTer), a modular LabView based interface developed for cold atom amd
molecule experiments at Durham University. Originally designed by T. Wiles [122],
DExTer was created to provide a general purpose control system for a range of ex-
periments. Over the lifetime of this experiment it has been continually developed

and adapted to meet its specific needs [113].

DExTer structures experiments into discrete timesteps of user defined length, con-
trolling digital and analogue outputs to manage hardware components. As alluded
to earlier, in this experiment digital outputs switch AOMs, quantisation coils and
diagnostic triggers. Analogue outputs modulate AOM frequencies and amplitudes,
as well as the 3D MOT and compensation coil currents. To meet the timing de-
mands of nanosecond scale Rydberg experiments, DExTer can support fast digital

outputs with a resolution of 5ns.

Control is executed via a National Instruments PCle-7842R Field Programmable
Gate Array (FPGA), providing 96 digital I/O channels and 8 analogue chan-
nels. The FPGA operates with a 40 MHz base clock (25 ns period), but over-
clocked to 200 MHz during our sub-microsecond sequences to improve the preci-

sion and determinism of synchronised outputs. This architecture enables reliable
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3.5. Ensemble Preparation

sub-microsecond pulse generation and a practical timing resolution of 5 ns for the

fast digital outputs used in Rydberg-excitation sequences.

Photon detection via Single-Photon Avalanche Detector (SPAD) arrays is imple-
mented in the FPGA and is capable of real time photon counting with 5ns resol-
ution. This control infrastructure allows for automation and high rates of exper-
imental repetition to gather the large volume of results to produce the statistics

required for this type of experiment.

3.5 Ensemble Preparation

3.5.1 2D MOT

The 2D MOT provides the first stage of cooling for 8’Rb atoms before they are
transferred to the 3D MOT. The 2D MOT is designed to operate under UHV con-
ditions, ensuring minimal background collisions and efficient cooling of the atomic
ensemble. The conditions for the 2D MOT to function are achieved in the following

ways:

e Light: The cooling and repump light is split evenly between the three chan-
nels using HWP and PBSC pairs. Each beam then passes through a Quarter-
Waveplate (QWP) to obtain the required circular polarisation and is retro
reflected by a total internal reflection prism to provide an equal and opposite
light force. In a MO, the counter propagating beams must have opposite cir-
cular polarisations (o and o~). The sequence of internal reflections within
the prism reverses the handedness of the returning beam, thereby providing

the correct o /o~ configuration without requiring additional QWPs.

e« Magnetic field: The quadrupole magnetic field is generated by two sets

of permanent neodymium magnets. Adjustments to the zero point of the
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3.5.2. 3D MOT

field can be made by a two pairs of coils in a pseudo-Helmholtz configuration

(Figure 3.4c).

¢ Pushing Beam: A red detuned “pushing” beam is used to enhance the
atomic flux by selectively addressing atoms with upwards momentum away
from the science chamber and “pushes” them towards it [119, 120]. The
pushing beam is aligned coaxialy with the atomic beam. This setup ensures

efficient transfer of atoms from the 2D MOT to the 3D MOT.

3.5.2 3D MOT

The 3D MOT serves as the primary trapping and cooling stage, creating a dense
and cold atomic ensemble for further confinement in the dipole trap. The 3D
MOT is designed to operate under UHV conditions, ensuring minimal background
collisions and efficient cooling of the atomic ensemble. The 3D MOT consists
of three retroreflected cooling beams aligned with a magnetic quadrupole field
produced by in-vacuo coils in the anti-Helmholtz configuration. The 3D MOT is
fed atoms from the 2D MOT, the dense atomic beam falling under gravity and
aided by the pushing beam through the differential pumping tube and traps them
in all three spatial dimensions, cooling them to temperatures of approximately 100

pK.

The 3D MOT is integrated into the experimental setup as follows:

e Cooling Beams: The cooling mechanism in the 3D MOT relies on the
scattering of photons from the cooling beams, which are 12 MHz red detuned
from the |55/, F' = 2) — [5P3/9, F' = 3) transition. The cooling beams are
derived from the 780 nm cooling laser system (see Section 3.2.1) and are
delivered to the experiment via optical fibres. The cooling beams are split
into three axes and passed through QWPs to give them either o or o~

polarisation depending on the direction of the magnetic field along the axis
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3.5.3. Dipole Trap Loading

which they are propagating. Once passing through the vacuum chamber the
beams are passed again through QWPs to reverse the handedness of their

polarisation and provide the light force in the opposite direction.

e Repump Beam: The 3D MOT also includes a repump beam, which ad-
dresses the |55y, ' = 1) — [5P5)9, ' = 2) transition. The repump beam
ensures that atoms are efficiently pumped back into the |55 2. F = 2) state,
maintaining the cycling transition required for efficient cooling and trapping.

This light is only included in one of the three axes of the 3D MOT.

e Magnetic Quadrupole: The magnetic quadrupole is produced by in-vacuo
coils and is aligned with the cooling beams to create the trapping potential.
The pair of copper wire MOT coils have a square cross section and have been
wound 56 times each in a 8x7 grid pattern [112, 113]. They are positioned
in the Helmholtz configuration such that the B = 0 point of the quadrupole
produced is at the focal point of the in-vacuo high NA lenses. The B = 0 point
of the quadrupole can be adjusted to the desired position via a set of three
pairs (one for each axis) of external compensation coils, allowing for precise
control over the trapping volume. These coils are rectangular and have a
pseudo-Helmholtz configuration. The method for establishing the optimum

currents for the compensation coils is described in Section 6.2.1-6.2.2.

3.5.3 Dipole Trap Loading

Efficient loading of the dipole trap is achieved through a multi stage cooling se-
quence designed to maximise atom number and density. Each stage contributes to
the gradual reduction in temperature and the removal of untrapped atoms. The

full sequence proceeds as follows:

e« 3D MOT loading (100-500 ms): Atoms are pre-cooled in a standard
magneto-optical trap with high cooling and repump powers. A flux of cold

atoms from the 2D MOT ensures rapid loading.
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Figure 3.7: Timing diagram for dipole trap loading sequence. The sequence begins
with a 3D MOT loading phase (100-500 ms), followed by a CMOT (10 ms), optical
molasses (1 ms) and kick stage (5 ms) to remove untrapped atoms. After dipole trap
loading, free evaporation (100 ms) is used to reduce ensemble temperature, followed
by a short repump pulse (0.5 ms) to prepare atoms in the desired hyperfine ground
state. The figure shows the evolution of key experimental parameters during the
sequence. Exact detunings and intensities are indicated. This sequence produces
a cold, dense ensemble suitable for Rydberg excitation.

o Compressed Magneto-Optical Trap (CMOT) (2 ms): The MOT mag-
netic field gradient is ramped up, the cooling and repump laser powers are
ramped down and the cooling beam detuning is increased to ~ 5I'. This
reduces the trapping volume, compresses the cloud and increases the atomic

density.

o Optical Molasses (2 ms): The magnetic field gradient and repump light are
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switched off, while the cooling detuning and power are held constant, reducing
the ensemble temperature to O(10 pK) whilst also optically pumping atoms

into the |F' = 1) ground state.

e MOT Ejection (5 ms): The cooling beams are ramped from red to blue
detuning, giving momentum to untrapped atoms, removing them from the
FORT trapping volume, cleaning the trap region. Only atoms confined in the
dipole trap potential remain, since their energy levels have been AC Stark

shifted such that then are not resonant with the beams.

o Evaporative Cooling (50 ms): A short period of free evaporation in the
FORT allows high energy atoms to escape, resulting in further reduction in

temperature.

o Repumping (500 ps): A short repump pulse transfers atoms from the
|F' = 1) to the |F = 2) hyperfine ground state, preparing the ensemble for

state preparation and Rydberg excitation.

e Quantisation Field: A quantisation coil is switched on to lift the degener-
acy of the Zeeman sublevels, establishing a well defined quantisation axis for
subsequent optical excitation sequences, all of which are in the same direction

as the field.

This procedure produces an optically dense, ultracold atomic ensemble suitable for
experiments in quantum nonlinear optics and coherent light-matter interactions.
The sequence is optimised to balance speed, atom number and final temperature,

with high repetition rates in the O(10 kHz) under typical operating conditions.

3.6 Optical Addressing of the Ensemble

Low photon number probe light at 780 nm, addressing the |55 /9, F' = 3) — [5P5 )5, F' = 4)

transition, is focused by the same aspheric lens system making the dipole trap to
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a waist of w, = 1.5 um. This probe excites atoms from the ground state, the first

transition in our two step transition to the Rydberg state.

;. =

0.25 0.50 0.75 1.00 1.25
Time (ps)

Figure 3.8: Typical optical sequences to address the atomic ensemble. Each row
shows a different protocol executed within a single experimental shot. Red pulses
indicate 780 nm probe light, blue pulses correspond to 480 nm coupling light for Ry-
dberg excitation, yellow pulses represent applied microwave fields and grey pulses
indicate applied electric, magnetic or second microwave fields. Top: A standard
EIT write/read sequence, where simultaneous probe and coupling pulses excite
atoms to a Rydberg state. The second (blue) pulse returns the population to the
intermediate 5P5 /5 state via stimulated emission, followed by spontaneous decay to
the ground state. Middle: Ramsey interferometry sequence with two short probe
coupling pulses separated by a dark interval, during which free evolution occurs.
Bottom: Ramsey sequence with an applied field during the dark interval, demon-
strating the ability to measure such a field. The SPAD detection window opens
at the start of the second coupling pulse, capturing spontaneous emission photons
corresponding to the n.S/, state population.

The coupling field, addressing the 5P3/, — nS;/; Rydberg transition, is counter-
propagating and collimated to a waist of w,. &~ 25 ym at the ensemble position. This

configuration ensures a uniform Rabi frequency (). across the ensemble. Precise




3.7.  Single-Photon Detection

collimation compensates for wavelength dependent focal shifts, aligning the probe
and coupling beams in a common focal plane. Typically an optical depth of OD =

4 is achieved (see Section 6.3).

3.7 Single-Photon Detection

Signal photons transmitted through the atomic ensemble are detected using four
fibre-coupled SPADss (Excelitas SPCM-780- 14-FC), arranged in a dual channel
HBT configuration, described in Section 2.4.2 and Figure 3.9. Each optical channel
is monitored by a pair of SPADs, allowing measurement of photon statistics and

detection of photon correlations.

Before fibre coupling, a stack of interference filters centred at 780 nm suppresses
stray light from the dipole traps, coupling beams and other sources of unwanted
scattering. The overall detection efficiency exceeds 20%, limited primarily by the
quantum efficiency of the SPADs (approximately 60%) and losses in the collection

optics and fibre coupling.

Each SPAD generates a TTL pulse upon photon detection, which is time tagged
with bns resolution. This enables recording of individual photon arrival times,

facilitating detailed analysis of photon counting statistics.

Extensive measures are taken to suppress detection noise; SPADs are contained in
a light tight box, the whole optical bench is in an enclosure and fibre coupling of
the SPADs all contribute to this end. Electronic dark counts and residual optical
noise are characterised and corrected for in data analysis, each dataset is started
with a new reference. The detection system enables reliable observation of single

photons and photon correlations essential for quantum optics experiments.
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3.8 Imaging

Accurate characterisation of ultracold atomic ensembles is essential for optimising
experimental parameters and interpreting results. In this work, two complement-
ary imaging techniques are employed: absorption imaging to obtain quantitative
information on atom number, density and temperature, and fluorescence imaging

for qualitative diagnostics and alignment.

3.8.1 Absorption Imaging

Absorption imaging is used to determine the spatial density distribution of atoms
by measuring the attenuation of resonant probe light. The transmitted intensity
I(x,y) is related to the incident intensity Ip(z,y) and the column density nco1(x, y)

via the Beer—Lambert law:

I(z,y) = Ip(x,y) e "1 P00, (3.1)

2, . . .
where oy = % is the resonant scattering cross-section for the Dy transition.

The column density represents the number of atoms per unit area along the probe

beam direction and is obtained by integrating the three dimensional density over

the imaging axis,

Neol(Z,y) = /ngD(:c,y,z) dz. (3.2)

Two images are recorded: one with the atomic ensemble present and a reference
image without atoms. The ratio of the transmitted to incident intensity defines

the local optical depth,

OD(z,y) = —ln(IIO((Z’ yy>)> , (3.3)
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3.8.2. Fluorescence Imaging

which is directly proportional to the column density via OD(x,y) = ncoi(z, y) 0o.

Hence,

_ 1 I(z,y)
Neol(T,y) = T ln(Io(x,y)> . (3.4)

The imaging system is a 4 f relay with focal lengths f = 1000 mm and f = 400 mm,
providing a 2.5 x magnification that matches the field of view of the Charge Coupled
Device (CCD) to the ensemble size. A resonant probe beam derived from the
780 nm cooling laser system is used. The beam has a diameter of approxim-
ately 10 mm and passes horizontally through the vacuum chamber, overlapping
but slightly misaligned with the axial MOT beams while maintaining orthogonal
polarisation. After passing through the chamber, the probe and MOT beams are
separated by a PBSC; this, combined with the small misalignment, ensures that

only probe light reaches the CCD.

The image is captured on an Andor Luca CCD camera with 10 pum pixels. Op-
tical noise from stray light and interference fringes is mitigated using narrowband

interference filters and post-processing with Fourier filtering techniques.

Absorption imaging provides reliable measurements of cloud position, size, and
temperature. Time-of-Flight (TOF) measurements, where the ensemble expands
freely after release from the trap and images are taken after different expansion
times, allow the determination of temperature. Cloud sizes are extracted by fitting

Gaussian profiles to the density distributions at various expansion times.

3.8.2 Fluorescence Imaging

Fluorescence imaging is employed for qualitative diagnostics, particularly for align-
ing the optical traps and monitoring ensemble positions. Due to optical access
constraints, imaging is performed along the axis of the in-vacuo aspheric lenses.
A two inch flip mirror enables switching between fluorescence imaging and photon

detection modes without realignment.
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3.8.2. Fluorescence Imaging

The fluorescence light emitted by atoms illuminated by the MOT beams is collected
by the same in-vacuo lenses used for trapping and probing. A telescope consisting of
a 10.3 mm aspheric lens and a 400 mm lens images the fluorescence onto an Andor
iXon Electron Multiplying Charge Coupled Device (EMCCD) camera, achieving a

magnification of 40x.

While fluorescence imaging provides limited quantitative information due to depth
of field constraints, it serves as a critical alignment tool. The high NA (NA = 0.5) of
the in-vacuo lenses yields a shallow focal depth of approximately DOF ~ 2)\/ NA? ~
6 pm at A = 780 nm, meaning that only atoms within a few micrometres of the trap
centre are sharply resolved. For comparison, the axial extent of the dipole-trapped
ensemble is of order O(10 pm), while the 3D MOT cloud extends to O(1 mm), so
only a small fraction of either ensemble lies within the ~ 6 um focal depth at any
one time. Fluorescence from atoms outside this region appears blurred, reducing

image contrast.

Despite this, the method is invaluable for rapid visual diagnostics, and was also
used to measure the size, quality, and focal alignment of both the dipole-trap
and probe beams. By imaging the spatial profiles of these beams at the focus,
adjustments could be made to optimise beam quality, minimise aberrations, and
ensure proper overlap with the atomic ensembles. Examples of absorption and

fluorescence images can be seen in Figures 6.4 and 6.9, respectively.
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Figure 3.9: Schematic of the Hanbury Brown—Twiss (HBT) detection system used
for photon correlation measurements. Fluorescence or transmitted light from the
main chamber is collected and collimated using an f = 400 mm lens. A flip mirror
allows the light to be directed either to the imaging camera or toward the single-
photon detectors. A cut mirror separates the two channels. After interference
filtering at 780 nm, the signal is fibre coupled into a light tight box containing a
50:50 fibre beam splitters and four SPAD detectors (two per optical channel). Each
detection event is time-stamped with 5 ns resolution for analysis. The dashed box
shows the optional in-chamber configuration for the two-channel detection setup,
which includes the pair of aspheric collection lenses cut at an angle to provide clear-
ance for the MOT beams (See Figure 3.6) while preserving the required NA. This
configuration was developed for dual-channel operation but was not implemented
in this work.
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Figure 3.10: Optical setup for both absorption and fluorescence imaging of the
atomic ensemble. Absorption imaging (horizontal path): A resonant probe
beam derived from the 780 nm cooling laser is directed horizontally through the
atomic cloud and separated from the MOT beams using a PBSC. The transmitted
light is imaged onto a CCD camera using a 4f telescope comprising lenses with focal
lengths of 1000 mm and 400 mm, resulting in a magnification of 2.5x. Fluores-
cence imaging (vertical path): Fluorescence from atoms excited by the MOT
beams is collected along the vertical axis through the in-vacuo high NA (f = 10.3
mm) aspheric lens. The light is reimaged by a second 4f system using the in-
vacuo and a 400 mm lens onto an EMCCD camera, giving a total magnification of
40x. A flip mirror allows switching between the fluorescence imaging path and the
fibre-coupled SPADs used for photon counting. This dual imaging setup allows for
quantitative measurements as well as diagnostics for beam alignment and ensemble
positioning.
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Chapter 4

Results

4.1 Overview

This chapter presents experimental results demonstrating the preparation, coherent
control and characterisation of a single photonic qutrit encoded in a cold ensemble
of 8"Rb atoms. These results build directly on previous work [1, 2] in which col-
lective Rydberg qubits were created and manipulated using the experimental setup
described in Chapter 3. By extending the accessible Hilbert space from two to
three dimensions, the experiments reported here enable richer quantum dynam-
ics, including multilevel coherence and interference and pave the way for exploring

higher dimensional quantum information protocols [123, 124, 125, 126, 127, 128].

The results presented here precede the overhaul of the experiment described in
Chapter 5, but operate on the same principles. A dense, cold ensemble was loaded
into an optical dipole trap and coupled to a Rydberg state via a ladder type two
photon excitation. The current work extends this platform to implement a qutrit
encoded in a single collective Rydberg excitation and demonstrates its coherent

control using two independent microwave transitions [3].

It is motivated both by the potential of higher dimensional quantum systems for
QIP and by recent theoretical work on qutrit visualisation and dynamics [129]. The

results are presented in the context of a draft publication [3] and include new exper-
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4.2. Photon Storage and Retrieval

imental data on qutrit population dynamics, coherence via Ramsey interferometry

and photon correlation statistics.

This chapter is based on the following pre-print publication and the data

was taken jointly with Yuechun Jiao:

Yuechun Jiao, Oliver D. W. Hughes, Max Z. Festenstein, Zhengyang Bai, Jianming
Zhao, Weibin Li, Kevin J. Weatherill, and C. Stuart Adams. Single photonic qutrit
in a collective Rydberg polariton, Sep 2025. URL https://link.aps.org/doi/

10.1103/3xnw-cpj2

4.2 Photon Storage and Retrieval

The scheme used to prepare the polariton consists of the 8"Rb states |g) = 1551 /2, F' = 2),
le) = [5P5)9, F' = 3) and |r1) = [nS /). A weak 780 nm probe laser addresses the
lg) <+ |e) transition, while a strong 480 nm control beam couples |e) <+ |r1). To-
gether, these form a ladder EIT scheme through which a single probe photon may

be coherently stored as a Rydberg polariton.

Storage is initiated by turning off the control field during the probe pulse, mapping
the optical excitation into a collective Rydberg state. Retrieval is accomplished by
reapplying the control beam, converting the polariton back into an optical photon
via a two step process. Stimulated emission, |r;) — |e) and then spontaneous

emission, |e) — |6), which is detected by the SPADs.

With storage and retrieval demonstrated, we now extend the system to encode and

manipulate a three-level qutrit.

4.2.1 Photon Statistics After Retrieval

To assess the quantum nature of the light field retrieved from the Rydberg ensemble,
we measure the second-order correlation function ¢(®(7) following storage and

retrieval at various principal quantum numbers. This analysis probes the degree

68


https://link.aps.org/doi/10.1103/3xnw-cpj2
https://link.aps.org/doi/10.1103/3xnw-cpj2

Probe & Coupling
Intensity (arb.)

Photon Number

—_
(=]
1

1%
(9]
1

10" 7

107 7§

10 7

0.0

4.2.1. Photon Statistics After Retrieval

Coupling
—— SPAD Signal

0.2 0.4 0.6 0.8 1.0 12 1.4 1.6
Time (ps)

Figure 4.1: Storage and retrieval of a single photon in a Rydberg polariton scheme.
Top: Normalised time profiles of the coupling (blue) and probe (red) pulses, shown
relative to the total experimental sequence. The first control window facilitates
storage of a single probe photon as a Rydberg polariton, while the second enables its
retrieval via stimulated emission. Bottom: Detected signal showing the retrieved
photon pulse following reapplication of the control beam, with counts recorded
in 5 ns time bins. The trace represents photon-detection events accumulated over
many experimental repetitions, corresponding to the retrieval of individual photons
rather than simultaneous multiphoton emission. The darker purple shaded region
denotes the integrated signal strength.

of photon antibunching and allows us to quantify the extent to which the system

behaves as a single photon source.

The correlation function g(®)(7) is obtained by comparing photon arrival times on
the two SPAD detectors within each retrieval window, producing a histogram of
coincidence counts as a function of delay 7 (as shown in the inset of Figure 4.2).
The central bin at 7 = 0 represents simultaneous detections within the same time

bin (5 ns), while adjacent bins correspond to events separated by 5 ns time delays.
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4.2.1. Photon Statistics After Retrieval

Within each retrieval event, the photon detection record is discretised into time
bins indexed by ¢, and detections on the two channels are represented by binary

variables A;, B; € 0,1 indicating whether a photon arrived within that bin.

Correlations between detections separated by k time bins are then calculated ac-

cording to:

1
— Z AiBiyy
Ny, &

9@ (k) = n - :
(m?“i) (m?B”’f>

where N} is the number of valid bin pairs at offset k.

The value at k = 0 gives g(®(0), corresponding to coincidences within the same
5 ns time bin, while |k| > 1 represents correlations between photons separated by
longer delays. The resulting histograms are averaged over many retrieval events to
improve the signal-to-noise ratio, as illustrated by the delay peaks in the inset of

Figure 4.2.

This discrete time bin analysis is equivalent to the definition given in Section 2.4,
Equation 2.35, but implemented using the time-tagged photon records from the
experiment. Small corrections are applied in software to account for differences in

detector count rates.

Figure 4.2 shows measured values of ¢(®(0) for a range of Rydberg levels from
50851 /2 to 905 /5. We see decreasing g?(0) with increasing n. This is consistent
with an enhanced Rydberg blockade effect at higher n (see Section 2.2.2), which
prevents the simultaneous excitation of more than one atom within the blockade

radius and thus suppresses multi-photon emission.

These measurements provide direct evidence that the stored polariton corresponds
to a single collective excitation and that this property is preserved during retrieval.
This validates the system as a viable source of single-photon storage and quantum

memory operation.

70



()

4.8. Qutrit Population Dynamics

0.45 1

0.40 1

0.35 1

0.30 1

0.25 1

0.20 1

0.15 1

0.10 1

10

50 55 60 65 70 75 80 85
Principal Quantum Number - nS, ,

Figure 4.2: Measured second-order correlation at zero delay, ¢(®)(0), as a function
of Rydberg principal quantum number n for the nS; , series. Each data point
is extracted from photon correlation histograms. The inset shows representative
¢ (1) histograms for n = 50 (purple) and n = 90 (yellow). The strong suppression
of coincidences at 7 = 0 for n = 90 reflects enhanced Rydberg blockade, due to a
larger blockade radius, compared to n = 50.

4.3 Qutrit Population Dynamics

Following the storage of a single optical photon as a Rydberg polariton in the col-
lective state |r1) = [60S5]/2), we implement microwave driven population transfer
to prepare and probe a qutrit encoded in three Rydberg states. The qutrit basis
states [r1), |r2) and |rg) correspond to 605 /2), [59P5/2) and [595 /2), respectively.
Coherent transitions between these states are driven by two microwave fields at
18.51 GHz (p1) and 18.23 GHz (u2), enabling control between these states. Typic-
ally we use 7 and 7/2 pulses, a 7 pulse corresponds to complete population transfer

between the two states, while a 7/2 pulse creates an equal superposition of the two
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4.8. Qutrit Population Dynamics

states. The optical control beam at 479.84 nm couples |r1) to the intermediate

state |5P3 /2>, allowing the collective excitation to be read out as a single photon.

Ir1) =160S1,)

18.51 GHz A
Ir2) = |59P32)
C 18.23 GHz
Ir3) =159S12)
479.84 nm
625.78 THz

Y

|5P32)

Detected Photon

Figure 4.3: Qutrit level structure and optical readout scheme. The three qutrit
basis states |r1), [r2) and |r3) correspond to the Rydberg levels [60.5, /2), [59P5/2)
and [595] /3), respectively. Microwave transitions between [r1) < |r2) and |r2) <
|r3) are driven by fields at 18.51 GHz and 18.23 GHz. The control beam at
479.84 nm couples |r1) to the excited state |5P3/5), enabling optical retrieval of
the collective excitation as a single photon.

[9) = afr1) + Blra) +vrs), (4.2)

where the coefficients «, 5 and v are determined by the applied pulse areas and

phases. In the standard preparation used in Figure 4.4, we implement a balanced
superposition with o = /3, 8 = \/% and v = \/}

The final populations are extracted using three sequential 7 pulses that map |r3),

|r2) and |r1) back to the readout state. First, the population remaining in |rq) is
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4.8. Qutrit Population Dynamics

retrieved directly. Next, a py 7 pulse transfers the population from |r) to |ri),
which is then read out. Finally, the |rs) population is transferred in two steps: a
po 7 pulse moves it to |ry), followed by a second py 7 pulse that brings it into |rq)
for readout. The detected retrieval trace shows three temporally resolved peaks
corresponding to the state populations P(|r1)), P(|re)) and P(|rs)), as shown in
Figure 4.4. These features are used to quantify the coherence and control of the

qutrit.

To obtain accurate population values, each peak in the photon count trace was
fitted empirically using an asymmetric Gaussian profile with a fixed baseline cor-
responding to the base detection count rate. The functional form,

exp[—(t — t0)2/(2aﬁ)}, t < tg,
ft)y=B+ A (4.3)

exp[—(t —t0)*/(20%)], t > to,
accounts for the asymmetric temporal profiles of the retrieved pulses. Each feature
was fitted independently, and the fitted curve was integrated analytically to obtain
the total photon number associated with that state. For a split Gaussian profile of
amplitude A; and left and right widths o1,; and og;, the integral of the baseline-

subtracted signal is
I
Ni = Aiy| 5 (o1 + ora), (4.4)

which represents the total number of photons retrieved from state ¢. The relative
population in each state is then obtained by normalising these photon numbers

such that P(|r1)) + P(|re)) + P(|rs)) = 1.

For consistency, the fitted areas were also limited to the region within which the
signal remained above 1/e? of its maximum amplitude, corresponding to the in-
terval [tg — v/201, to + v/20r]. The resulting effective populations were found to
be

P(lr1)) = 0.554 +£0.003,  P(Jrs)) = 0.2834+0.005,  P(|rs)) = 0.163 = 0.003.
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Figure 4.4: Qutrit control sequence and state resolved population retrieval. Top:
Timing diagram showing probe and coupling pulses for polariton storage and re-
trieval, alongside microwave control pulses on transitions |r1) <> |re) (u1, yellow)
and |ra) <> |r3) (w2, black). After storing a single photon in |r1), two 7/2 pulses
create a coherent qutrit superposition. State selective readout is performed us-
ing a sequence of m pulses, with each target state mapped back to |r1) for op-
tical retrieval. Bottom: Detected retrieval signal showing three readout peaks
corresponding to the final populations in |r1), |re) and |rs). The solid lines rep-
resent the empirical fits to each feature, with shaded regions indicating the 1/e?
of the maximum amplitude, which were used to calculate the effective populations
P(|r1)) = 0.554 +0.003, P(|r2)) = 0.283 +0.005, and P(|rs)) = 0.163 £0.003. The
dashed, dotted, and dash-dotted lines represent the respective fits to each state,
highlighting the minimal overlap between features.

Integration of the fitted functions over each peak’s 1/e? window yields overlap
fractions of X1 = 0.1%, Xo = 5.2%, and X3 = 0.1%, where each X; represents
the proportion of the fitted population P(|r;)) that arises from neighbouring pulse
contributions within the integration window. These values show that only the
central feature, P(|re)), exhibits a small degree of temporal overlap, while the

outer states remain well isolated in time.
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4.4. Coherent Population Transfer

The deviation from the idealised superposition reflects imperfect microwave pulse
calibration and residual dephasing during the state-selective retrieval sequence.
These results represent preliminary measurements; due to the unscheduled vacuum
break described in Chapter 5, the calibration could not be further optimised or
repeated under improved conditions. Having established state preparation and
readout, we next probe coherent population dynamics between the excited Rydberg

states.

4.4 Coherent Population Transfer

To demonstrate coherent control within the qutrit manifold, we perform a Rabi
experiment by varying the duration ¢,, of the us pulse that couples |r2) and |r3).
A fixed 7/2 pulse on p; first prepares a superposition of |ri) and |r2). The uo
pulse is then applied with variable duration, inducing coherent population transfer
between |r2) and |r3). The state selective retrieval sequence described in Figure 4.4
is used to extract the final populations in each qutrit state. The only modification
to the previous sequence is the introduction of a variable length uo pulse instead

of a m/2 pulse before the retrieval stage.

Figure 4.5 shows the resulting Rabi oscillations. The populations P(|re)) and
P(|rs)) exhibit clear antiphase oscillations, consistent with coherent dynamics driven
by pa. Small deviations from ideal sinusoidal behaviour are evident, including un-
equal amplitudes, which we attribute to residual microwave pulse imperfections
and dephasing during the retreival sequence. The population in |r1) remains ap-
proximately constant throughout, suggesting that the dynamics are confined to
the |ra)—|rs) subspace. These measurements confirm coherent control across the
full qutrit basis. Due to an unscheduled vacuum break documented in Chapter 5,
these results represent preliminary data and improved measurements could not be

acquired.

These measurements confirm that the Rydberg ensemble supports coherent popula-

75



Intensities (arb.)

1, Pulse Duration (ns)

4.4. Coherent Population Transfer

variable 1 —Probe X P(r})
= Coupling ., P(\r2>)
- MWI ()
— —hw gy X PO
©) ’}6‘ X/’I 3
X
X//X X
XN Ix
X | X
b} X 1IX
¥ U 1%
{)((X / : b
X 1A
X:y)(\ IX
b4 X
Lo o
I X ¥ xi
\X ’oX
\ XX
X\ % X
R, ¥ X
X\ % x|
X /, \?( |X
X/ v X X
o0k A
/
X\bx T le
2.1 2.2 2.3 24 0.0 0.3 0.6
Time (us) Population

Figure 4.5: Qutrit Rabi oscillations between |ry) and |r3). (a) Full experimental
pulse sequence used in the Rabi experiment. A /2 pulse on u; prepares a super-
position of |r1) and |re), followed by a variable timed o pulse that drives coherent
population transfer between |rq) and |rs). After this, a sequence of three 7 pulses
enables state-selective retrieval. (b) Time-resolved retrieval signal as a function of
po pulse duration. Fach horizontal slice corresponds to a single measurement of
the retrieved photon signal. Vertical white dashed lines denote the time bins used
to extract populations in |ry), |re) and |r3). (c) Extracted populations summed
over time according to the time bins. P(|r1)) (purple), P(|r2)) (yellow) and P(|r3))
(black) as a function of p2 pulse duration. The antiphase oscillations of P(|r2)) and
P(|rs)) confirm coherent Rabi dynamics in the |r2)—|rs) subspace. Dashed lines are
sinusoidal fits to guide the eye.

tion dynamics across all three qutrit states, with state selective control and readout.
This capability forms the basis for subsequent interferometric characterisation of

qutrit coherence.
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4.4.1. Ramsey Interferometry

4.4.1 Ramsey Interferometry

To probe quantum coherence between the qutrit states |ro) and |r3), we implement a
Ramsey interferometric protocol based on microwave pulses in the upper Rydberg
manifold. This builds directly on the Rabi oscillations presented in Section 4.4,
extending the verification of coherent control from population dynamics to phase
stability. By inducing and measuring interference in the final state populations, the
Ramsey sequence provides direct evidence of phase coherence within the |r)—|rs)

subspace.
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Figure 4.6: Ramsey interferometry in the |ro)—|rs) subspace. (a) Pulse sequence
showing probe (red), coupling (blue) and microwave fields (yellow and black). The
w2 (black) pulse acts as a phase-evolution operator between two u; (yellow) 7/2
pulses. (b) Ramsey fringe pattern extracted from retrieval as a function of

detuning and po amplitude. Dashed lines indicate cross-sections shown in Figure
4.7.

The pulse sequence is illustrated in Figure 4.6 (a). A standard storage process first
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4.4.1. Ramsey Interferometry

prepares the system in |rq) (see Section 4.2). A Ramsey sequence is then applied,
comprising two p; m/2 pulses, separated by a us pulse with variable amplitude.
The first p; pulse creates a superposition of |r;) and |re), which evolves under po
into a superposition involving |rs) in the form of the general qutrit state defined
in Equation 4.2. The second p; pulse then projects this superposition back into
the measurement basis. After recombination by the second p1 pulse, population
in |r1) is optically retrieved and detected, a measurement of the final qutrit state

along the |r1) axis. The resultant Ramsey fringes are shown in Figure 4.6 (b).
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Figure 4.7: Cross-sections through the Ramsey heatmap (marked with purple and
yellow dashed lines in Figure4.6). Ramsey fringes for two pe amplitudes, with
sinusoidal fits (dashed lines). A clear phase shift and contrast change are observed.

Two representative cross-sections through the Figure 4.6 (b) fringe pattern are
shown in Figure 4.7, corresponding to distinct values of puo amplitude. Oscillations
in the retrieved photon signal reflect phase interference between |r9) and |r3). A

clear shift in fringe phase is observed, along with a reduction in amplitude and
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therefore visibility, consistent with increased dephasing or imperfect ps pulse area.
To interpret the observed variation in contrast, we model the visibility as a function
of the effective uo rotation angle, defined as ¢ = €,,¢,,. Under idealised evolu-
tion in the |re)—|r3) subspace, the visibility of the Ramsey interference pattern is
expected to follow [3]:

2cos(¢/2) ‘ ' (4.5)

Vie) = ’1 + cos2(¢/2)

This expression predicts maximal visibility when ¢ is a multiple of 27 and vanishing
contrast when ¢ = (2k + 1), corresponding to complete transfer into |r3). A fit of
this model to the measured visibilities captures both the periodicity and decay of

the fringe visibility shown in Figure 4.8.

Although the model reproduces the expected periodicity, the residuals (Figure 4.8)
exhibit a systematic trend: all but one lie below the theoretical curve. This indic-
ates that the measured visibilities are uniformly lower than predicted, consistent

with a small systematic reduction in contrast rather than random noise.

Such behaviour is expected with experimental imperfections such as amplitude or
phase noise in the microwave drive, slow drifts in atom number, or residual laser
frequency fluctuations. In particular, noise processes can only diminish interference
contrast and therefore naturally lead to negative residuals when compared with the

idealised model of Eq. 4.5.

Hence the sign of the residuals most likely reflects the cumulative effect of experi-
mental noise and calibration uncertainty, rather than a deficiency in the visibility
model itself. Within these limitations, the data remain consistent with coherent

evolution in the |ro)—|r3) subspace.

The right-hand panel of Figure 4.8 shows the same data stacked over multiple cycles

and expressed in phase units between 0 and w. This representation highlights a
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Figure 4.8: Ramsey fringe visibility as a function of uo field amplitude. Left:
measured visibilities as a function of microwave field amplitude with empirical fit
(top) and corresponding residuals (bottom). The periodic model reproduces the
expected contrast variation but shows a systematic offset in the residuals, indicating
a constant reduction in measured visibility. Right: data stacked over successive
oscillation cycles and rescaled in phase between 0 and 7, showing the asymmetry
in fit quality between the left and right sides of the periodic function. Error bars
represent uncertainties from individual Ramsey fringe fits.

slight asymmetry in the fitted curve, with marginally better agreement on the rising

(left-hand) side compared with the falling (right-hand) side.

These measurements were acquired before the unscheduled vacuum break described
in Chapter 5, which limited further optimisation. Nonetheless, the results provide
clear evidence of coherent phase evolution in a three level Rydberg system. With
improved stability and calibration, this approach may enable future implementa-

tions of full quantum process tomography or gate based protocols [123, 125].
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4.5 Coherence and Control in a Rydberg Qutrit

The results presented in this chapter demonstrate coherent control of a three-level
quantum system encoded in single Rydberg excitations. Using a combination of
polariton storage, microwave driven state transfer and time resolved photon re-
trieval, we have made progress in verifying population dynamics and phase coher-
ence within the |ri)—|rq)—|rs) manifold. In particular, Ramsey interferometry in
the upper Rydberg subspace reveals interference fringes whose contrast and phase
depend sensitively on the amplitude of a variable microwave pulse. The extrac-
ted fringe visibility shows the same periodicity and phase as theoretical predictions
based on unitary rotation in the |ro)—|rs) subspace, confirming the phase preserving

nature of the control sequence.

Taken together, these measurements constitute a direct demonstration of qutrit
coherence in a cold atom Rydberg platform. The ability to implement controlled
superpositions, drive coherent population transfer and resolve interference in state
selective retrieval establishes the foundational toolkit for more complex protocols.

This includes quantum state tomography and qutrit gate operations [126, 130, 131].

While the current dataset was acquired prior to the system improvements described
in Chapter 5, it provides clear evidence that the underlying platform supports co-
herent qutrit operations. With improved vacuum conditions and enhanced stability,
further gains in coherence time, visibility and readout fidelity are expected. These
improvements would enable more stringent tests of qutrit gate performance and

could be expanded to a more generalised qudit scheme [125, 127, 128, 130, 131] .
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Chapter 5

Vacuum Break and

Experimental Changes

The following chapter outlines the sequence of modifications, restorations and
design updates made to the experimental vacuum apparatus following a cata-
strophic system failure. The initial vacuum break was caused by an accident that
resulted in the irrecoverable loss of vacuum due to a crack in the ceramic seal of
a high-voltage electrical feedthrough. This component was subsequently replaced

with an identical part, a LewVac FHP5-25C4-16CF.

In the course of recovering the system a total of three vacuum breaks were per-
formed. The first was to replace the damaged feedthrough. The second followed the
discovery of a leak in a homemade viewport [132], which was ultimately replaced
by a commercially manufactured LewVac DN40CF viewport. The third and final,
vacuum break occurred following the failure of the initial rubidium dispenser activ-
ation: a large quantity of rubidium was deposited on the walls of the 2D MOT cell,
reducing optical transmission below functional levels. After unsuccessful attempts
to remove the rubidium via Light-Induced Atomic Desorption (LIAD), thermal

cycling and laser ablation, the 2D MOT cell was replaced.

For clarity and brevity, the detailed procedures described in this chapter refer to
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this third and final vacuum reconstruction unless otherwise stated.

This chapter proceeds by first summarising the preparatory steps required before
work could be done on the vacuum system, followed by a description of the reas-
sembly and re-evacuation of the chamber, as detailed in Sections 5.1-5.2.5. The lat-
ter half of the chapter, presented in Section 5.3, outlines specific hardware changes

and adaptations made to the system.

5.1 Preparation

The repair of the vacuum system began with a detailed cleaning and preparation
process to ensure the integrity and cleanliness of all components to be introduced

into the UHV environment.

5.1.1 Cleaning

Components added to the vacuum chamber were cleaned using a multi-stage pro-
tocol adapted from established procedures for UHV preparation [133]. The goal of
this procedure was to remove surface contaminants, such as hydrocarbons and ma-
chining residues, that could otherwise outgas under vacuum leading to an increase

in pressure.

Initially, all metal components were submerged in a 5% solution of Decon 90 in
deionised water and placed in an ultrasonic bath for 30 minutes. Extreme care was
taken to orient components in the bath such that CF flange knife edges did not

contact any hard surfaces, preventing nicks that would compromise sealing.

Following this stage components were rinsed and then transferred into an ultrasonic
bath of 5% acetone solution for a further 30 minutes. Notably, during this step,
the Viton O-ring in the original gate valve became visibly stretched and brittle,

suggesting long term degradation exacerbated by the solvent exposure. This failure
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rendered the valve unusable and led to its removal from the vacuum design, which

was subsequently replaced by a compact 4-way cross (see Section 5.3.2).

5.1.2 Spot Welding and Assembly

Dispenser wires were spot welded onto the electrical feedthrough pins using a pre-
cision discharge welder. Initial trials were conducted on old dispenser filaments to
determine the required power settings. Starting at low current, power was incre-

mentally increased to achieve reliable connections without overheating the wire.

After successful attachment, the dispensers were mounted into the new upper glass
cell and the entire upper chamber assembly was joined to the main vacuum cham-
ber using copper gaskets and CF flanges. Care was taken to minimise torque
asymmetry and to follow cross pattern tightening for all flanges to preserve gasket

conformity and prevent leaks.

5.2 Evacuation

Once the vacuum chamber was reassembled, the system underwent a multi-stage
evacuation procedure to achieve UHV conditions. This process consisted of five
main stages: an initial pump-down using a turbomolecular and rotary pump, a
high temperature bake-out to remove adsorbed gases from interior surfaces, activ-
ation of the Non-Evaporable Getter (NEG) element, initiation of the ion pump
and finally the activation of the rubidium dispensers. These stages were carefully
monitored and certain steps were repeated, such as additional baking, to ensure

optimal conditions for trapping atoms.

5.2.1 Pump Down

The system was initially evacuated using a combination of a diaphragm rotary

pump and a turbomolecular pump. The roughing pump brought the chamber
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from atmospheric pressure down to approximately 10~3 mbar, at which point the
turbopump was engaged to reach high vacuum levels. The pressure was monitored

via a cold cathode gauge. The pumping setup is shown in Figure 5.1.

This preliminary pump-down was critical not only for removing the bulk of at-
mospheric gases but also for verifying the integrity of the vacuum system. Prior
to baking, all flanges, viewports and feedthroughs were visually inspected and re-

tightened to ensure good copper seal compression.

Although leak testing with helium was also done (see Section 5.2.2), this initial
evacuation stage served as a baseline check. The chamber was left under vacuum
for several days to monitor the rate of pressure change and to allow for outgassing
from internal surfaces. Once pressure reached the 10~ mbar range and plateaued,

the system was deemed ready for the next stage of preparation.

5.2.2 Leak Testing

To verify the vacuum integrity of the system following reassembly, leak testing was
conducted using a Residual Gas Analyser (RGA) capable of detecting species up
to 100 amu. This procedure was carried out after the pump down and each bake-
out once the chamber had reached a stable pressure at each stage, with particular
importance put on the testing after bake-outs as small leaks can open up under

thermal expansion.

The leak test operates by scanning for partial pressure spikes corresponding to
helium gas, which is locally introduced at vacuum joins. Due to helium’s small
molecular size and chemical inertness, it is ideal for identifying small leaks that

may not be otherwise detectable under static vacuum conditions.

The detector operates using an electron multiplier configuration to enhance sens-
itivity. A narrow helium nozzle was then used to gently apply helium gas to the

periphery of all vacuum joints. Care was taken to flush the delivery tubing by
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Figure 5.1: Experimental vacuum system during pump down and bake-out. The
system is shown inside a bakeout oven with external heater tapes and thermo-
couples attached. The vacuum chamber is connected to the external pumping rig
via flexible bellows and DN40CF flanges. Tin foil is used to minimise temperat-
ure gradients across the chamber, especially at glass and glass-metal interfaces, to
prevent stress induced cracking. The pumping rig (not pictured) sits beneath the
oven.

opening the regulator valve before the canister valve, preventing backflow of air

into the helium source.

During this procedure, helium was systematically applied to all new connections,
including standard CF flanges, glass-metal seals and electrical feedthroughs. When
the probe passed over a leak site, the RGA registered a spike in the partial pressure
of helium; a typical pressure spike is shown in Figure 5.2. A significant leak would

be expected to register on the order of 10~7 mbar.

Although most of the system exhibited no anomalous signals, a clear helium re-
sponse was detected when probing a homemade viewport. Specifically, helium

applied to the recess holding the glass optic (rather than the knife edge seal) pro-
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1] rgal (connected to:COM1) E=acE

Figure 5.2: RGA (Residual Gas Analyzer) partial pressure readout in helium leak
test mode. The peak shown is due to helium applied around a vacuum flange during
routine leak checking. While this particular signal is not indicative of a significant
leak, it is representative of the expected profile. A substantial leak would exhibit a,
similar structure but with a peak approximately three orders of magnitude higher
(on the order of 10~7 mbar).

duced a measurable signal increase. Due to the fragility of the glass and the risk
of fracture under additional torque, it was concluded that the unit could not be
re-seated or repaired. A replacement LewVac DN40CF viewport, anti-reflection

coated for 780nm and 480nm, was sourced and installed.

Besides this leak additional testing confirmed no remaining detectable leaks after
each pump down and bake out stages of all three vacuum breaks. This validated

the system’s readiness and UHV operation.
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5.2.3 Bake-Out

Following initial leak testing and confirmation of base pressure stability, the entire
vacuum system was prepared for thermal bake-out to remove residual adsorbed
gases from internal surfaces. This step is critical for achieving UHV conditions, as
many contaminants, especially water vapour and hydrocarbons, desorb only under

higher temperatures.

The final bake-out cycle documented here followed two earlier attempts, the first
of which was interrupted by the failed homemade viewport that developed a leak
and the second by the unsuccessful activation of the rubidium dispensers, which
damaged the original 2D MOT cell (see Figure 5.6). All components had been

thoroughly re-cleaned or replaced by this point.

The bake-out was performed by wrapping the majority of the chamber in fiber glass
heater tape and insulation, carefully avoiding heat sensitive elements like the ion
pump. The 2D MOT cell was surrounded by a copper tube before being warped to
ensure even heading across the glass and the glass-metal boundaries to ensure the
were no significant temperature gradients that could lead to a crack. Three ther-
mocouples monitored the temperature of key locations: the upper dispenser region
(to make sure we did not heat to a point they could be activated prematurely),
the main chamber body and the ion pump. The dispenser oven temperature was
regulated using a dedicated feedback loop from the sensor on the main chamber.

This setup is shown in shown in Figure 5.1.

During the bake, chamber temperatures were ramped up to 140° C over several
hours and held for an extended duration. A characteristic pressure increase of
approximately one order of magnitude per 100° C was observed, consistent with
desorption of surface bound gases [134]. Once the target temperature was main-
tained for a sufficient period, heating was ceased and the system was allowed to cool
gradually while under continuous pumping, depicted in Figure 5.3. Final pressures

were monitored until a stable baseline was established.
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Figure 5.3: Pressure (yellow) and temperature (purple) profile during the pump-
down and final bake-out of the vacuum system. The onset of temperature increase
above room temperature marks the start of the bake, which was carried out over
several days using fibreglass heating tapes and monitored via thermocouples. As the
temperature rose, thermal desorption led to a corresponding increase in chamber

pressure. The overall decline of more than two orders of magnitude in the bake-out
phase confirms recovery of UHV conditions.

5.2.4 NEG and Ion Pump Activation

Following the bake-out and leak testing, attention was turned to the activation of
the vacuum pumps. The system uses a NEXTorr D100-5 pump, which combines a
NEG with a ion pump. The NEG component requires periodic activation to restore

its pumping capacity, while the ion pump must only be used once the vacuum is

sufficiently low to prevent electrical arcing.

The NEG activation began by wrapping the pump body in fibreglass heater tape
and insulating it with foil and a fire blanket. The system was brought up to a stable

conditioning temperature of 170° C in controlled increments to avoid overshooting.
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5.2.5. Dispenser Activation

After temperature stabilisation, the NEG was placed into its conditioning mode,
during which moderate power is applied. The conditioning phase is necessary
to drive surface contaminants deeper into the NEG material, ensuring effective
absorption performance upon activation. The temperature and pressure profile

during conditioning and activation is shown in Figure 5.4.

Initial pressure during this phase rose to the low 10~ mbar range, indicating
substantial outgassing, but steadily declined over the course of conditioning. After
approximately 19 hours, the pressure had fallen to the 10~® mbar range and the
temperature had stabilised near 70° C, at which point a timed activation sequence
was initiated. During this phase, the NEG was ramped to full power with no
observed arcing or fault conditions and completed activation without incident. The
system was allowed to cool before heater tape and insulation were removed and

magnets were reinstalled.

Following this, the ion pump was engaged. Initially, the pump current was around
200mA but quickly decreased. Within two hours, the current had fallen to 15nA,
consistent with previous operating behaviour. This low current indicated a healthy

vacuum state and successful pump operation.

A few days later the base pressure reached < 10719 mbar (or a current of 0-3nA);
the lowest pressure the controller can read, confirming the system had returned to

UHV conditions and was ready for the next stage of the procedure.

5.2.5 Dispenser Activation

The rubidium dispensers, once spot-welded into the vacuum system, require elec-
trical activation to release rubidium vapour into the chamber. This is achieved by
passing a current through the dispenser, causing an internal indium seal to melt
and release inert argon gas, followed by rubidium vapour released from an alloy
when heated. Because the rubidium alloy is very reactive in air, it is performed

after establishing UHV conditions.
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Figure 5.4: Temperature (purple) and pressure (yellow) during the conditioning
and activation of the NEXTorr D100-5 pump. The NEG was gradually heated to
approximately 170°C in controlled increments and held there during an extended
conditioning cycle to desorb surface contaminants. This process initially raised the
chamber pressure to the 10~% mbar range, followed by a steady decline as the NEG
began absorbing residual gases. The timeline includes two breaks in the time axis:
one overnight during the NEG conditioning phase and another between the end of
conditioning and the initiation of the ion pump. Following NEG activation, the
ion pump was engaged and the pressure continued to fall. After several days, the
system reached a final pressure below 107!° mbar,the lowest detectable value for
the ion gauge, confirming successful re-establishment of UHV conditions.

Before activation, electrical continuity was verified using a multimeter to confirm

no shorts between dispensers, to the chamber, or across the feedthrough.

The activation of the two dispensers was performed sequentially. A power supply
was used to gradually ramp the current until a distinct argon spike was observed
on the RGA. In the first attempt, current was increased until pressure spiked
beyond the safe operating range of the ion gauge, requiring it to be powered down.

This procedure released a large quantity of rubidium vapour, which subsequently

91



5.2.5.1. Mini-Bake of Upper Cell

deposited heavily on the walls of the upper glass cell, as shown in Figure 5.6(a).

This accumulation of rubidium severely attenuated optical access and rendered the
original 2D MOT cell unusable. Overactivation leads to rubidium condensing on
chamber walls and optics. On glass, this creates metallic films that reduce trans-
mission and are difficult to remove, especially under vacuum. Multiple cleaning
techniques were attempted (discussed later in Section 5.3.1.1), but none restored
sufficient transparency. This failure led to the third and final vacuum break to

replace the upper cell.

In the second round of dispenser activation, a more conservative approach was
taken. Currents were limited to lower levels and exposure durations increased to
avoid overactivating the dispensers. While the initial argon spikes were smaller
than expected, pressure stabilised and the RGA confirmed successful release of

rubidium.

5.2.5.1 Mini-Bake of Upper Cell

To remove residual rubidium and indium used in the dispenser seal from the inner
walls of the replacement 2D MOT cell, a partial reheat of the upper chamber was
performed; colloquially referred to as a “mini-bake.” The aim was to thermally
desorb rubidium from the warm glass walls, allowing it to condense onto the cooler
differential pumping tube or metal walls of the main chamber. This successfully

removed the Rubidium deposits, as shown in Figure 5.5.

Heater tape and thermal insulation were wrapped around the upper cell and ther-
mocouples were used to regulate the bake to 120° C, safely below the rubidium
emission temperature of the dispensers. Two thermocouples were used: one near
the cell wall and another at the case, with the latter eventually used for stable
overnight control. Pressure readings were monitored throughout the procedure to

track changes and confirm safe operation.
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(a) Cell coated in rubidium (b) Mini-bake setup (c) Cleaned cell after bake

Figure 5.5: Progression of the mini-bake procedure. (a) Significant rubidium de-
posits on the inner surface of the 2D MOT cell following dispenser over-activation.
(b) Mini-bake setup; heater tape and a copper heat jacket were used to raise the
cell temperature locally while maintaining the rest of the chamber near room tem-
perature. (c¢) Cell following mini bake out and successfully removal of rubidium,
showing significantly improved optical clarity.

5.3 Design Changes

Several significant hardware upgrades were implemented during the reconstruction
process. Table 5.1 summarises the key modifications, each of which is discussed in

more detail in the following sections.

5.3.1 2D MOT Cell

5.3.1.1 Attempt at Repair

The original 2D MOT cell became unusable following the initial activation of the
rubidium dispensers. The procedure released a significant quantity of rubidium
vapour into the chamber, which subsequently condensed on the interior walls of
the upper glass cell. The resulting deposits severely attenuated optical transmis-
sion, especially in the central cooling region and rendered the cell impractical for

continued use.
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Attempt at Repair

Table 5.1: Summary of hardware changes to the vacuum system and their motiv-

ations.
Component | Change Motivation
2C]:e)HMOT Replaced with custom | Original 150 mm cell rendered
Pyrex cell (100 mm) | unusable by rubidium deposits.
without AR coating Shorter, non-coated cell used due
to time and cost constraints.
2D MOT Retrofitted  with  com- | Adjusted for shorter, uncoated cell
Optics . . . .
pensating lenses and new | to maintain beam uniformity and
mounts adequate radiation pressure
Gate Valve Replaced with 4-way cross | Degraded rubber seals rendered
the valve unusable; simplification,
better mechanical support and ad-
ditional optical access
Electrical Replaced like-for-like Ceramic  component  cracked
Feedthrough .
breaking vacuum; replacement
ensured continued electrical integ-
rity
g?:;g;:gs Switched from Alvatec AS- | Alvatec no longer available; Al-
3-Rb-250-F to AlfaVakuo | faVakuo is successor and compat-
AS-Rb-3F-275 ible replacement
Viewports Homemade viewport | Leak at glass recess of original unit
replaced with LewVac
DN40CF AR-coated win-
dow

A range of cleaning and desorption techniques were explored in an attempt to

recover the cell’s transmission properties. These included:

e Thermal desorption: The upper chamber was wrapped in copper tubing
and heater tape, then heated to approximately 120° C. The aim was to
thermally excite the rubidium atoms off the glass and encourage recondens-
ation onto colder metallic regions of the chamber; following the procedure
described in Section 5.2.5.1 and shown in Figure 5.5. Although this process

was repeated several times no measurable improvement was observed.

o Light-Induced Atomic Desorption (LIAD): A high-power (1.6W) 450

nm diode laser was used to irradiate the glass surfaces in an effort to release
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rubidium atoms via photon-stimulated desorption [135, 136, 137]. Despite
sustained exposure and varying beam alignment, no increase in optical trans-

mission was recorded.

e Laser Ablation: A 1064nm IPG fibre laser with a red guiding beam was
employed to ablate rubidium from the inner walls, using the setup shown
in Figure 5.6(b). A weak probe beam was overlapped with the high power
(several Watts) IR beam to monitor transmission changes in real time. Beam
power, position and scan rate were varied systematically. In some cases,
localised colour changes were observed (including the formation of a gold
coloured film), as shown in Figure 5.6(a), suggesting possible partial desorp-
tion or chemical reaction; an effect that has previously been observed [138].

However, no consistent improvement in transparency was achieved.

After multiple rounds of diagnostics, probe transmission measurements and unsuc-
cessful cleaning attempts, it was concluded that the deposits could not be removed
to a satisfactory level. The cell was therefore replaced with a new, slightly shorter
version with three cooling regions instead of four. Though this reduced the avail-
able trapping volume, the new cell’s clarity restored essential optical access and
MOT performance. The implications of this design change are discussed in more

detail later in this chapter.

5.3.1.2 New 2D MOT Cell

Following the failure of the original 2D MOT cell due to heavy rubidium deposits
that rendered the glass opaque, a replacement cell was installed. The new unit
was custom made by Precision Glassblowing and, while similar, differed from the
previous cell in a few notable respects. The replacement 2D MOT cell can be seen

in Figure 5.5(a,c).

The new cell measured 25 x 25 x 100 mm, compared to the 150 mm length of the

original. This reduced the number of defined cooling regions from four to three.
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(a) Interior of the original 2D MOT cell  (b) Laser ablation setup using a 1064 nm
showing rubidium deposits and discoloura-  fiber laser.
tion from laser ablation attempts.

Figure 5.6: Characterisation and attempted recovery of the original 2D MOT cell
following contamination by rubidium. (a) shows the extent of internal rubidium
deposits and discolouration after dispenser over activation. (b) shows the setup
used to remove the deposits using laser ablation. Despite multiple techniques,
including laser ablation, thermal desorption and LIAD, no substantial improvement
in transmission was achieved. The cell was ultimately replaced.

However, prior work on this experimental setup indicated that the lowest cooling
region has the greatest impact on 3D MOT loading efficiency [112]. Therefore, the

reduction in length was not expected to significantly affect performance.

The new cell was fabricated from Pyrex rather than Tempax glass and it did not
include AR coatings on any surfaces. A measurement across two air-glass interfaces
(i.e., one optical path through the cell) showed a transmission of 84.3%, correspond-

ing to approximately 95.8% per interface, consistent with uncoated Pyrex [139].
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5.3.1.3 2D MOT Optics

The installation of the new, shorter, uncoated 2D MOT cell required correspond-
ing updates to the optical delivery system. Because the replacement cell lacks AR
coatings, transmission through each glass interface is reduced, leading to a meas-
urable drop in beam intensity along the cell axis. To mitigate this, a pair of weakly
focusing lenses was introduced into the beam path to compensate for this intensity

drop in the retroreflected beams.

Using transmission data from the cell and a Gaussian beam propagation model, an
optimal focal length for the compensating lens was calculated such that the beam
profile remains approximately uniform across the length of the cell, with specific
emphasis on the centre. The results of this simulation are shown graphically in
Figure 5.7. It shows that across the cell, the difference in intensity between the
first pass and retro-reflection of the beam is reduced to 5% at the edges and close
to 0% in the centre, compared to more than 15% across the whole cell when no

lenses are used.

The simulation concluded that the optimal focal length would be 1032 mm, so for
convenience we used standard 1" lenses with focal length, f = 1000 mm (ThorLabs

LA1464-B).

Custom mounts were fabricated in-house (see Figure 5.8) to accommodate the new
optical layout and to position the lenses precisely with respect to the vacuum view-
port and cooling volumes. This modification ensured adequate radiation pressure
in all three remaining cooling regions of the 2D MOT. The resulting optical access

and beam profiles remained comparable to those of the previous system.

5.3.2 4-Way Cross

As part of the vacuum system overhaul, the gate valve situated between the main

science chamber and the 2D MOT section was removed. This valve, which had
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Figure 5.7: Simulated beam profiles along the axis of the 2D MOT cell. Top:
Heatmap of simulated collimated Gaussian beam passing through four Pyrex panes.
Middle: Heatmap of simulated converging Gaussian beam passing through four
Pyrex panes. Bottom: Intensity at the axial centre of the beams. Without a
converging lens (purple line), reflections at the glass interfaces reduce transmitted
intensity. The addition of a weakly focusing lens (yellow line) compensates for
these losses, leading to a more uniform beam intensity along the cell length. Red
shaded regions correspond to the interior of the 2D MOT cell—the areas requiring
uniform intensity. Dashed red lines denote the extremes of beam intensity in each
region.

previously served as a isolation point between the two regions, was found to be no
longer usable due to degradation of its internal rubber seals (discussed in Section
5.1.1). The rubber components had deteriorated over the lifespan of the system and
were further damaged during the cleaning process, rendering the valve incapable

of maintaining vacuum integrity.

The original purpose of the gate valve was to allow for a vacuum break in the upper
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5.8.2. 4-Way Cross

Figure 5.8: Redesigned 2D MOT lens mount shown both ex situ and in situ. (a)
photo of completed 2D MOT optics mount showing three converging lenses and
their supporting frame. This design compensates for the shortened MOT cell and
it’s lack of AR coating. (b) shows the final installed configuration, where the new
mechanical supports and compact footprint accommodate the shortened MOT cell
and surrounding coil structure.

chamber, enabling the replacement of rubidium dispensers once depleted without
requiring a full system vacuum break [112, 113, 121]. Although this feature provided
a degree of convenience, it was ultimately considered non-essential, particularly
given the long lead times for replacement valves. Since the typical lifetime of the
dispensers spans several years, the potential time savings of approximately one
week did not justify the complexity introduced by the valve or the time lost due to

long lead times on a new valve.

In place of the gate valve, a four-way cross was installed to serve as a permanent
vacuum connection (Figure 5.9). This modification removed the need for a mech-
anical valve and simplified the vacuum layout. It also improved optical access for
alignment and diagnostics. A possible future enhancement would be to incorpor-

ate a direct, horizontal temperature measurement of the atomic beam along this
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section via an absorption or EIT spectrum.

The removal of the gate valve slightly reduced the overall length of the system
and decreased the distance the atomic beam has to travel between the two vacuum
regions. This change was not found to affect MOT loading or background pressure

during operation.

Figure 5.9: CF 4-way cross used in the vacuum system. The shortened vertical
arms allow compact integration between the 2D MOT and main chamber, while
the added horizontal ports enable transverse optical access. (a) Photograph of
the CF 4-way cross. The vertical ports connect the upper 2D MOT cell to the
main science chamber. The horizontal ports introduce additional optical access
not available in the previous configuration. (b) In-situ view through the vertical
axis of the CF cross, showing the unobstructed optical access provided by the
horizontal ports.
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Chapter 6

Characterisation of the New

System

6.1 MOT Loading and Fluorescence Diagnostics

Following the modifications described in Chapter 5, in particular the replacement of
the 2D MOT cell and the installation of auxiliary optics to compensate for internal
reflections caused by the lack of AR coating (see Section 5.3.1.3), the 3D MOT

performance was evaluated using fluorescence measurements.

The fluorescence emitted by the trapped atoms is approximately proportional to
the total atom number at low optical densities, but can saturate at higher densities
due to reabsorption and multiple scattering. The MOT fluorescence was collected
through one of the in-vacuo aspheric lenses, as described in Chapter 3 and shown in
Figure 3.5. Assuming the MOT forms at the focal point of the lens pair and that its
fluorescence can be approximated as originating from a point source, the first lens
collimates the emitted light. This collimated light can then be efficiently collected
and focused onto a photodiode outside the chamber. The collection efficiency is set
by the effective solid angle defined by the aspheric lens, which was approximately
Q ~ 2.1 sr given the lens geometry and position. After collimation, the beam

passed through a short lens tube assembly and was focused onto the active area
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of a high gain photodiode. The overall detection efficiency includes transmission
losses through the viewport and optics and the photodiode’s quantum efficiency
at 780 nm. All loading measurements were performed under fixed alignment and

optical power conditions to ensure consistent comparison.

A typical fluorescence trace recorded during MOT loading is shown in Figure 6.1.

The data were fit to the standard exponential model:
N(t) = Noo (1=€7"7), t>0, (6.1)

where N is the steady-state atom number (the number the MOT would load if
left in perpetuity) and 7 is the MOT loading time constant. From these fits the

loading rate can be extracted as R = N /7.

To quantify the influence of the newly installed 2D MOT lenses (Section 5.3.1.3),
loading curves were acquired at several dispenser currents, both with and without

the lenses in place. The results are shown in Figure 6.2.

The data clearly demonstrate that increased dispenser current leads to faster load-
ing and higher steady state atom numbers, as expected due to the greater flux of
rubidium atoms entering the MOT region. When heated, rubidium is released from
an Rb—Bi alloy within the dispenser, which activates at around 144 °C according
to the manufacturer manual (AlphaVacuo). The corresponding threshold current
depends on contact resistance and weld quality, so it varies between setups. Our
observed onset is therefore consistent with reaching the activation temperature,
though the exact current cannot be related quantitatively to the internal temper-

ature.

More notably, the addition of the auxiliary lenses significantly improves loading
across the full range of dispenser currents tested. This validates the lens installation
strategy proposed in Section 5.3.1.3 to counteract reflection losses introduced by
the uncoated cell and is clearly seen in the comparison of loading rates in Figure

6.3.

102



Atom Number

6.2. MOT Optimisation

e  With Lens
With Lens Fit
600000 1 Without Lens
Without Lens Fit
500000
400000 +
300000 A
200000 -
100000 -
0 -
0.0 0.2 0.4 0.6 0.8 1.0

Loading Time (s)

Figure 6.1: MOT loading curves showing total atom number as a function of loading
time, with (purple) and without (yellow) compensating 2D MOT lenses. The curves
are fit to an exponential model N (t) = Nuo(1 — e*/7), shown as solid lines. The
presence of the lenses yields both a higher steady state atom number and a faster
loading time compared to the configuration without lenses, confirming improved
atomic flux.

To provide a concise summary of the data, the extracted loading rates for each
configuration are plotted in Figure 6.3. The loading rate increases with dispenser
current in both configurations, but the enhancement from the lens system is con-
sistent and substantial. This demonstrates the success of the optical modifications

in preserving atomic flux and enhancing MOT loading efficiency.

6.2 MOT Optimisation

To characterise the spatial and density distribution of the MOT and ultimately

optimise conditions for dipole trap loading, resonant absorption imaging was used.
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Figure 6.2: MOT loading curves at various dispenser currents (1.00-3.25 A), with
(purple) and without (yellow) auxiliary 2D MOT lenses. Each curve shows the
atom number as a function of loading time, measured via collected fluorescence.
Atom number is presented on a logarithmic scale to highlight both initial rise and
asymptotic behaviour. The presence of the lenses enhances both the loading rate
and the final atom number across the full current range.

This diagnostic provides spatially resolved, quantitative measurements of the atomic

column density, enabling assessment of cloud size, shape and position.

The imaging system (see Figure 3.10) consisted of a weak probe beam resonant with
the 5515 — 5P/, tramsition, propagating along the horizontal MOT axis. The
transmitted light was imaged onto a Andor Luca CCD camera using a calibrated
4f system. A series of 200 images, alternating between with and without atoms

to establish an average signal and average background, was used to generate the

Optical Depth (OD):
I(z,y)

fo<x,y>] : (6.2)

OD(z,y) = —1In [
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Figure 6.3: Extracted MOT loading rates as a function of dispenser current, with
(purple) and without (yellow) auxiliary 2D MOT lenses. Each data point was
derived from exponential fits to fluorescence loading curves (Figure 6.2), using R =
N /7. The lens configuration consistently yields higher loading rates across the full
range of dispenser settings, demonstrating the success of the optical modification
in improving atomic beam collimation and enhancing MOT capture efficiency.

where I(z,y) and Iy(x,y) are the probe images with and without atoms, respect-

ively. This was used to extract both the atom number and the cloud position.

Beyond static characterisation, absorption imaging also enabled measurement of
the cloud temperature via TOF balistic expansion. By allowing the cloud to freely
expand after release from the MOT and tracking its increasing size over time, the
temperature is extracted by fitting the time dependence of the Gaussian width

(standard deviation) w(t):
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where wq is the width at release, T  is the cloud temperature in kelvin, kg is the

Boltzmann constant and m is the mass of a 83’Rb atom.

A typical series of processed images for TOF calculation is shown in Figure 6.4.
Additionally, the imaging system proved invaluable in tuning the compensation
coil currents. By observing the MOT position and symmetry under various mag-
netic field configurations, residual stray fields could be cancelled and field zeroes

optimised for efficient atom capture and transfer.

6.2.1 Displacement Based Compensation Field Optimisation

Precise alignment of the MOT at the magnetic field zero is critical for implementing
advanced cooling techniques, such as compressed MOT and optical molasses and
for ensuring reliable overlap with the dipole trap. This requires cancelling both
the Earth’s magnetic field and ambient stray fields using three orthogonal pairs of
compensation coils. However, due to the non-ideal geometry of the setup, the coils
do not form perfect Helmholtz configurations and each pair introduces residual
fields along the other axes. Consequently, the cancellation process is inherently

coupled and must be approached iteratively [140].

The optimisation strategy aimed to maintain the MOT position while varying the
quadrupole field gradient. If the compensation is not correctly tuned, the MOT
position shifts as the quadropole field zero moves with changing gradient. To
identify the optimal compensation current for a given axis, we performed a series of
measurements using absorption imaging to track the MOT position while scanning
the compensation current for several fixed quadrupole gradients. This is necessary
for the CMOT since if we move the position of the MOT while compressing it

results in additional heating.

For example, in the east—west and vertical directions, a set of MOT positions was
recorded as a function of compensation current at multiple quadrupole gradients.

The optimal compensation current was identified at the intersection point of the
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4 ms 6 ms 8 ms

10 ms 12 ms 14 ms 16 ms

18 ms 20 ms 22 ms 24 ms

LAY

Figure 6.4: Typical absorption images of the atomic ensemble taken at increasing
TOF durations after release from the 3D MOT. Each image corresponds to a
different TOF, increasing from 2 ms to 24 ms in 2 ms steps (left to right, top to
bottom). During free expansion, the atomic cloud falls under gravity and expands
due to its initial thermal velocity distribution. The vertical displacement of the
cloud in early frames reflects gravitational acceleration, while the later images have
been recentered to maintain the cloud in view. From the measured displacement of
the cloud centre between 2 ms and 16 ms, the inferred acceleration is 10.8 ms~2, this
deviation is likely due to a slight mispositioning of our imaging lenses or residual
stray magnetic fields. Each image represents an average over 100 experimental runs
to improve the signal-to-noise ratio. These images are used to extract temperature
and expansion rates of the ensemble by fitting 2D Gaussian profiles to the atomic
density distributions as a function of time.

2 ms

2 mm

0 mm

2 mm

0 mm

2 mm

0 mm

resulting MOT position curves. This corresponds to the true magnetic field zero

for that axis. An example result is shown in Figure 6.5.

The north—south direction presented greater challenges due to the absence of an
imaging axis along that direction. A temporary workaround was implemented

using a upward looking camera that displays MOT fluorescence in real time on a
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Figure 6.5: Measured MOT position along the vertical axis as a function of vertical
compensation coil current, for three different quadrupole field gradients (3 A, 4.5 A,
6 A). The intersection point of the lines indicates the optimal compensation setting
that keeps the MOT centred regardless of gradient, corresponding to a magnetic
field zero along the vertical axis.

monitor. Displacements were measured with too larger uncertainties and is not

suitable for precise optimisation.

6.2.2 Temperature-Based Compensation Field Optimisation

While the east—west and vertical compensation currents were initially determined
by locating the magnetic field zero using position measurements (Section 6.2.1),
the lack of optical access along the north—south axis necessitated an alternative
approach. Rather than relying on direct imaging, we exploited the sensitivity of the

atomic cloud’s temperature to shifts in the magnetic field zero changing suddenly.

In the ideal case, the MOT remains centred at the magnetic field zero regardless
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of the quadrupole field gradient. However, if the compensation field is incorrectly

tuned, the field zero shifts with changing quadrupole gradient, resulting in the

atomic ensemble being effectively ‘shaken’;, which leads to heating. We implemen-

ted a sequence that abruptly switched between different quadrupole gradients (by

changing the MOT coil currents). At each compensation coil current setting, the

MOT temperature was recorded by releasing the cloud and measuring its expansion

after 4 ms of time of flight using absorption imaging.
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Figure 6.6: Mosaic of TOF graphs with expansion times between 0-4 ms, at differ-
ent N-S compensation coil currents. These graphs were used to extract temperat-
ures shown in Figure 6.7(a). The MOT size increases with temperature, allowing
quantitative thermal analysis in the x (purple) and y (yellow) dimensions and the
geometric mean of them (g, black) via Gaussian fitting.

The optimal set of compensation currents was identified as the one that showed the

lowest temperature following the sudden switching sequence, under the assumption

that this corresponds to minimal displacement of the magnetic field zero.

To mitigate cross-axis coupling caused by the imperfect Helmholtz geometry of the

compensation coils, this procedure was repeated iteratively using the currents from

the last measurement on the other two axes. It was decided this method produced
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(a) Initial scan of MOT temperature versus N-S compensation coil cur-
rent. Temperatures were extracted from 4 ms TOF expansion data (see

Figure 6.6).
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(b) Second scan following application of refined shim settings from (a).
The convergence of temperature minima across all three curves confirms
improved alignment of the magnetic field zero.

Figure 6.7: Optimisation of the N-S compensation coil current via temperature-
based diagnostics. A sequence of sudden MOT gradient changes was used to sensit-
ively probe residual magnetic field misalignment. The temperature minima indicate
effective field zeroing. Iterating this process from scan (a) to (b) reduced cross-
axis offsets introduced by the imperfect compensation coil geometry. Temperatures
were measured in the z (purple) and y (yellow) directions and their geometric mean
(black, “g”).
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better results than the conventional displacement based optimisation, so we used

it for all three axes, using the results from Section 6.2.1 as a starting point.

Following this, the optical molasses stage was optimised by adjusting ramp times,
beam power and detuning. The resulting measured temperature after the full
sequence (shown in Figure 3.7 was 12.8 + 0.5uK (Figure 6.8). This was taken as
evidence that the magnetic field zero had been reliably centred at the MOT location
in all three dimensions, completing the field alignment process and preparing the

system for dipole trap loading.

307 % o T, =14.3+1.2pK X
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X g
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Figure 6.8: TOF temperature measurement after optical molasses cooling. Expan-
sion along two orthogonal axes was recorded and fit to Gaussian models, yielding
temperatures of T, = 14.3 £ 1.2uK, T, = 11.5 £ 0.4pK and a geometric mean
T, = 12.8 £ 0.5uK. The result confirms effective magnetic field compensation and
good molasses parameters.
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6.3 Dipole Trap Loading and Spatial Alignment

Constraints

A critical step towards producing high density, cold atomic ensembles is the efficient
loading of the dipole trap. This requires precise spatial overlap between two key,
but physically immovable, components of the system: the magnetic field zero of

the quadrupole and the optical focus of the in-vacuo aspheric lens pair.

(1) Unique field zero: There exists only one spatial location where the magnetic
field can be zeroed for all quadrupole field gradients using fixed compensation
currents. This “true” zero point is defined by the geometric centre of the in-
vacuo MOT coils. It is the only location where the field remains consistently zero

throughout all MOT stages: loading, compression and optical molasses.

(2) Cooling sensitivity: Cooling schemes such as CMOT, optical molasses and
PGC are particularly sensitive to residual magnetic fields. If the magnetic field
zero shifts with changing gradient strength, the atoms experience unwanted forces

that result in heating; an effect confirmed experimentally.

(3) Fixed trap location: The dipole trap forms at the optical focus of a beam
delivered through the aspheric lens system (see Section 3.3.2.2). This focus defines
the only point where a stable, tightly confining trap can form. Since both the
lenses and the MOT coils are mounted inside the vacuum chamber, their relative
positions are fixed after assembly. The fixed geometry constrains the possible

overlap between the trap focus and the magnetic field zero (see Figure 3.5).

(4) Limited adjustability: Minor tuning of either the magnetic field zero (via
compensation coil currents) or the dipole trap position (by slightly defocusing the
trapping beam) is possible. However, these adjustments degrade performance.
Misalignment reduces trap quality, disrupts probe and coupling beam overlap and

impedes detection on the SAPDs without further modifications.

(5) Misalignment discovered: During characterisation, it was found that the
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true magnetic field zero and the dipole trap focus did not coincide. The required
combination of compensation coil offsets and beam shaping exceeded acceptable
limits. Although trap fluorescence was detected (see Figure 6.9), no significant
optical density was observed. This misalignment likely resulted from a small spatial
shift (on the order of 500 pm) introduced during vacuum chamber reassembly (see

Chapter 5).

30 pm
—

Figure 6.9: Fluorescence image of the dipole trap prior to implementation of dy-
namic compensation field control. Although atoms are successfully loaded, the
fluorescence signal appears broader than expected. This is due to the combined
effects of an intentionally deformed trapping beam (required to achieve overlap
with the MOT) and imaging along the trap’s longitudinal axis. Since the trap
length exceeds the imaging system’s depth of focus, the resulting image is intrins-
ically blurred. Despite this, fluorescence remains a useful diagnostic for confirming
trap loading and general spatial alignment. The image was processed using the
same background subtraction and normalisation methods described for absorption
imaging in Section 6.2.

(6) Dynamic solution: To resolve the misalignment, a switchable compensation
coil system was implemented. This enabled dynamic compensation of residual fields
to ensure of the magnetic field zero is aligned to the dipole trap location during

MOT loading, compression and molasses stages. The full sequence is described in
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Chapter 3 and illustrated in Figure 3.7. This ensured both spatial overlap and

consistent field cancellation throughout.
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Figure 6.10: Optical depth measurement in the optimised configuration. The trans-
mission spectra were fit using a Lorentzian model with OD dependent linewidth
and an empirical asymmetry term. The fitted OD values and uncertainties are
indicated in the legend. This data set was taken by Karen Wadenpfuhl and Aaron
Reinhard.

(7) Successful outcome: With this upgrade, robust dipole trap loading was
achieved. To quantitatively assess the optical depth (OD) of the ensemble, trans-
mission spectra were fit using a Lorentzian absorption model with both broadening
and asymmetry introduced phenomenologically to account for density-dependent

and interaction-driven effects.

The transmission was modelled as

ODy

T(A) = exp | ——— 20|
A—A
1+4 (5387

(6.4)
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where A is the probe detuning, A is the resonance centre and ODy is the optical

depth at resonance. The detuning-dependent linewidth I'(A) is defined as:

F0+,8'OD0'(1*04), if A< Ap
I'(A) =

o+ 5-0Dg- (14+a«), if A>Ap
Here, Ty = 6.06 MHz is the natural linewidth of the 8’Rb D, transition. The
coefficient 3 accounts for density-dependent self-broadening due to resonant di-
pole—dipole interactions [141]. The asymmetry parameter « is an empirical ad-
dition introduced in this work to capture the skew observed in the transmission
spectra at higher densities. « effectively parameterises any resulting effects that
generate asymmetry between the red and blue wings. Additional contributions
to the skew could also arise from reabsorption within the optically thick cloud or

residual magnetic field gradients.

While this specific functional form is not derived from microscopic theory, it provides
a compact and effective means of characterising the lineshape. Similar asymmet-
ries and shifts are known to arise from the optical dipole-dipole interaction [141],
although a rigorous treatment would require integration over all pairwise Doppler

and dipolar couplings, beyond the scope of this work.

This model assumes that for a fixed geometry and resonant cross-section, the on-

resonance optical depth scales linearly with atomic number density, ODg o N.

The fitted optical depths, shown in Figure 6.10, reached values up to OD ~ 4.3+0.1
in the optimised configuration. The results are comparable to previous system
performance, validating the upgrade strategy and confirming effective loading into

the tightly focused dipole trap.
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Chapter 7

Conclusion and Outlook

This thesis has presented the reconstruction, characterisation and application of
a cold atom experimental platform for investigating coherent dynamics and single
photon control in Rydberg blockaded ensembles. By making use of precision trap-
ping, narrow linewidth laser excitation, microwave control and single photon detec-
tion, we demonstrated the coherent manipulation of a collectively encoded Rydberg
qutrit and developed tools that establish the groundwork for future quantum in-

formation and quantum optics experiments.

7.1 Summary of Contributions

The theoretical framework underpinning the work was developed around driven
two and three level atomic systems, with particular focus on ladder type config-
urations supporting Rydberg dark state polaritons under EIT conditions. The ex-
aggerated properties of high principal quantum number Rydberg states, including
large dipole moments and strong van der Waals interactions, were identified as key
mechanisms enabling optical nonlinearities, photon—photon interactions and single
photon production. In particular, the Rydberg blockade effect, whereby strong
interactions prevent multiple simultaneous excitations within a blockade radius,

was investigated as the central mechanism for collective encoding and non-classical
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light generation.

The experimental platform was restored following a vacuum failure and modified to
improve optical access and maintain UHV compatibility. This included replacement
of the 2D MOT cell, the addition of compensating optics and reconfiguration of
the vacuum architecture. Detailed procedures for cleaning, reassembly, evacuation
and dispenser activation were carried out to ensure a high-quality vacuum and

reproducible system performance.

A key methodological contribution was the development and application of a tem-
perature based optimisation technique to identify the true zero of the quadrupole
magnetic field. By monitoring heating induced by abrupt gradient changes and
iteratively adjusting compensation coil currents, optimal magnetic-field alignment
was achieved, maximising the stability of the MOT, reducing heating and ensur-
ing reliable overlap with the dipole trap and probe beam. On this foundation,
MOT temperatures below 15 uK were achieved and a high-density dipole-trapped

ensemble was prepared.

Finally, a collectively encoded Rydberg qutrit was realised and characterised using
microwave fields to couple between three Rydberg levels. A time-resolved sequential
readout protocol allowed population in each qutrit basis state to be independently
measured, and a Ramsey interferometric sequence confirmed coherence and phase-

dependent interference consistent with multilevel unitary evolution.

These contributions, together with the developed methods, position the experiment
as a promising platform for the next generation of quantum optics and quantum

information experiments.

7.2 Impact and Significance

The work presented here demonstrates the transition of the experiment from re-

covery and reconfiguration to a mature platform capable of coherent multilevel
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control. The apparatus now routinely produces cold, dense atomic ensembles with
reliable dipole trap loading and single-photon detection, establishing the technical

foundation required for exploring strongly interacting quantum optics.

The collectively encoded Rydberg qutrit realised in this work represents a step
toward extending Rydberg blockade physics beyond binary qubit operation into a
controlled multilevel regime. By coherently addressing and reading out three Ry-
dberg states, the experiment demonstrates that coherent population transfer and
phase dependent interference can be achieved within a three level manifold.The
measured coherence and reproducibility indicate that such systems can support
multilevel control sequences on microsecond timescales, consistent with the times-
cale of their coherence. These results are a step towards collectively encoded Ry-
dberg qutrits as a platform for exploring multilevel QIP and hybrid photonic—atomic

schemes.

The temperature based magnetic field alignment technique developed here consti-
tutes a broadly applicable methodology. It provides a reliable means of identifying
the magnetic field zero through measurable thermal responses rather than direct
imaging, offering a robust and transferable approach for MOT optimisation where
optical access is limited. Its implementation was central to achieving sub-Doppler
temperatures, stable trap alignment, and high optical depth in the present appar-

atus.

Taken together, these developments transform the system from a re-established cold
atom setup into a flexible, high-performance platform for investigating photon—photon

interactions, nonlinear optical phenomena, and multilevel quantum logic.

7.3 Outlook

With sub-15 pK atom temperatures, reliable dipole trap loading, and single photon
sensitive detection now re-established, the apparatus has transitioned from the

characterisation phase to the regime of strongly interacting quantum optics. This
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enables new experiments, such as the study of photon—photon correlations, inter-

action induced phase shifts, and multilevel coherence in Rydberg ensembles.

The system developed here serves as a versatile platform for exploring strongly

interacting quantum optics, and a number of near term and longer term goals can

now be pursued:

¢ FORT Characterisation and Optimisation: As outlined in Chapter 6,

the spatial mismatch between the MOT field zero and the dipole trap focus
was dynamically compensated. Future work should focus on reoptimising
trap geometry and loading sequences to maximise loading rates and optical
depth, which are crucial for achieving higher density samples and more precise

control over the interaction dynamics.

Photon Correlation Measurements: The improved control of atomic
density and laser stability achieved in this work will enable precise measure-
ments of the second-order correlation function ¢g(?)(0). This will serve as a
benchmark for single-photon emission and provide a deeper understanding of
photon blockade phenomena, enabling investigations of both quantum light

sources and quantum nonlinearities [34, 48].

Two-Channel Rydberg Configuration: Building on previous architec-
tures, a reimplementation of a two-channel system in which two non-interacting
Rydberg states can be made to interact via microwave or THz dress-
ing fields. This would allow tunable interactions between spatially separ-
ated polaritons and forms the basis for implementing photon—photon gates
and interaction based protocols, thus advancing towards more complex QIPs

[110, 142, 143].

Hong—Ou—Mandel Interference with Rydberg Photons: A long-term
ambition is to realise a Hong-Ou-Mandel (HOM) experiment [144] using two

independently stored and retrieved Rydberg polaritons. By synchronising
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storage times, the HOM dip would provide a test of photon indistinguishab-

ility, coherence, and interaction effects at the single excitation level.

7.4 Final Remarks

The experimental system presented in this thesis demonstrates the ability to co-
herently control, manipulate, and read out single Rydberg excitations in a cold
atomic ensemble. The temperature based compensation field optimisation method,
the state-selective qutrit retrieval scheme, and the photon counting diagnostics col-

lectively establish a robust framework for advanced quantum optics experiments.

The results presented here represent a step towards realising multilevel QIP in neut-
ral atom systems. The successful demonstration of a collectively encoded Rydberg
qutrit has shown that Rydberg states can be coherently controlled within a three
level Hilbert space, shows a promising direction for more complex multilevel gate
protocols. These qutrits offer a pathway to higher dimensional quantum systems,
which could be useful for scaling up quantum information tasks beyond the binary

qubit.

Future work will build on these capabilities to engineer interactions between in-
dependent Rydberg excitations, implement gate protocols in higher dimensional
state spaces, and probe the quantum statistics of light at the single photon level.
The combination of cold atom coherence, strong Rydberg interactions, and high
efficiency detection positions this platform to contribute significantly to the devel-

opment of hybrid photonic-atomic quantum information technologies.

Though technical challenges remain, the work presented here provides a solid found-
ation and give reason to be optimistic. The system is now well positioned to ex-
plore quantum optics effects, investigate photon—photon interactions, and continue

evolving into a precise, flexible tool for quantum optics experiments.
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