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Abstract

Quantum communication is known to offer many advantages, including opportunities for
distributed quantum computing and more secure information transfer through quantum
key distribution. This thesis provides background on how a quantum communication
network can be achieved using quantum repeaters and how these components can be con-
structed with a hybrid system involving a quantum dot source and warm atomic memory.
It also presents three experimental projects to realize critical components to the repeater:
(1) The quantum dot photon source characterizations and tuning. (2) A compact 3D
printed opto-mechanical laser locking board. (3) Optical memory observed in room tem-
perature Cs vapor cells with an EIT memory scheme. These projects have built the basic
foundation to create a repeater node using room temperature vapor cells and open the
doors to future investigations of warm cell experiments.

iv



Acknowledgements

First, I’d like to thank my supervisor, Prof. Michal Bajcsy, who has supported and
mentored my professional development since my undergraduate studies. I appreciate the
numerous learning opportunities and insightful conversations that were made possible by
the chance to work in his research lab. I’d also like to extend my gratitude to Prof. Michael
Reimer and Prof. Simar Saini for their efforts in evaluating my thesis.

I would like to express my gratitude to all the members of the Nano-Photonic and
Quantum Optics lab who have imparted practical lab skills and the insights of a graduate
student throughout my degree. I am especially grateful to Sai Sreesh Venuturumilli, Dr.
Paul Anderson, Dr. Rubayet Al Maruf, Dr. Katie Mcdonnell, Dr. Pratik Adhikary and
Nikolay Videnov for their patience in training me and for sharing their profound knowledge
in various aspects of the quantum repeater project. Without their guidance, the projects
accomplished in this thesis wouldn’t have been possible. I also extend my thanks to
the co-op students, Jackie Treacy, Dejan Latkovic and Corey Mullin. Their efforts have
certainly lightened my load, especially with tasks related to the electro-optic modulator
bias controller and etalon filters.

I must also express my appreciation and love for my family members, who have always
supported me and hoped for the best in my education. To my sister, thank you for gifting
me a 3D printer for my birthday, which has made contributions to the various projects in
our lab. And most importantly, thank you for always being my role model and pushing me
to become the best version of myself. I would also like to thank my dog, Moji, for offering
me the most unconditional love during some of the most challenging times.

v



Table of Contents

Author’s Declaration ii

Statement of Contributions iii

Abstract iv

Acknowledgements v

List of Figures ix

List of Tables xviii

1 Introduction 1

1.1 The Quantum Repeater . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Quantum Repeater Hardware . . . . . . . . . . . . . . . . . . . . . 4

1.1.2 The Hybrid Quantum Repeater . . . . . . . . . . . . . . . . . . . . 10

1.2 Electromagnetically Induced Transparency . . . . . . . . . . . . . . . . . . 11

1.2.1 The Dark State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.2 The Transparency Window and Slow Light . . . . . . . . . . . . . . 14

2 QD Photon Source 18

2.1 Nanowire QDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

vi



2.1.1 Excitation Protocols . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.2 Gas Tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2 QD Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3 Excitation Pulse Generation . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3.1 The Digital Bias Controller . . . . . . . . . . . . . . . . . . . . . . 28

2.3.2 The Picosecond Pulse Generator . . . . . . . . . . . . . . . . . . . . 31

2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Measurements of Fine Structure Splitting in Nanowire Quantum Dots 35

3.1 Fine Structure Splitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 FSS Measurement of 16 QDs . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Miniaturized Laser Locking 43

4.1 Principle and Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2 Lock Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5 Warm Atomic Memory 51

5.1 EIT Memory Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.2 Experimental Setup for EIT Memory . . . . . . . . . . . . . . . . . . . . . 52

5.2.1 Magnetically Shielded Oven . . . . . . . . . . . . . . . . . . . . . . 54

5.3 EIT Linewidth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.4 Storage Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.5 Memory Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.6 Summary of EIT Memory Results . . . . . . . . . . . . . . . . . . . . . . . 61

5.7 Further Experiments with Warm Atoms . . . . . . . . . . . . . . . . . . . 61

5.7.1 EIT-based single-photon generation . . . . . . . . . . . . . . . . . . 62

5.7.2 Lasing without inversion . . . . . . . . . . . . . . . . . . . . . . . . 63

vii



6 Conclusion 64

References 66

APPENDICES 75

A Gas Tuning 76

A.1 Gas tuning procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

B EOM Bias Controller Circuit and Code 78

B.1 The Bias Controller Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . 78

B.1.1 Symmetry Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

B.1.2 The Arduino and DAC Circuit . . . . . . . . . . . . . . . . . . . . . 79

B.1.3 The Enclosure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

B.2 Arduino Control Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

C Picosecond Pulse Generator 86

D Fine Structure Splitting Data of 16 Quantum Dots 89

E DAVLL Push-fit Baord Design 93

E.1 DAVLL Board CAD Drawings . . . . . . . . . . . . . . . . . . . . . . . . . 93

E.1.1 Push-fit Slots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

E.2 Beam Focusing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

F Filters for Cs Hyperfine Transitions 99

viii



List of Figures

1.1 Example of a quantum repeater network to extend entanglement to end
points Alice and Bob. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Examples of BSM setups using linear optics. The projected Bell states de-
pend on which detectors click. a) BSM for polarization encoded qubits. H
and V indicate the detector responsive to horizontal and vertical polariza-
tions. b) BSM for Fock-encoded qubits. . . . . . . . . . . . . . . . . . . . . 4

1.3 (a) The Hanbury-Brown-Twiss setup to measure g(2)(τ): the second-order
correlation function. Photons from the source are sent to a 50:50 beam split-
ter. After the beam splitter, they can either strike the bottom detector to
start the timer or the right-side detector to stop the timer. The time between
detector strikes is logged to calculate g(2)(τ). (b) The Hong–Ou–Mandel ef-
fect to measure photon indistinguishability. When two identical photons
enter a beam splitter, destructive interference ensures they leave through
the same output port. Thus, if the output ports are monitored, only one
detector should click, indicating truly indistinguishable photon inputs. . . . 6

1.4 Three level energy Lambda system, where two ground states |1⟩ and |2⟩ are
coupled to an excited state |3⟩. νi is the applied monochromatic plane-wave
frequency from |i⟩, and ∆i is the one-photon detuning. . . . . . . . . . . . 12

1.5 Phase index and absorption as a function of probe detuning with the control
field on (blue) and off (red). Plots are calculated from Eq. 1.16 and Eq.
1.17 with test values of N = 4×1011 cm−3, µ13 = 4×1011 Cm, γ12 = 3 kHz,
γ13 = 5 MHz, ∆2 = 0 Hz, and Ωc = 4 MHz. a) The normalized absorption
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Chapter 1

Introduction

The significance of communication can be traced throughout history, starting with early
forms like smoke signals and carrier pigeons. Reliable communication has enabled the
exchange of information, ideas, and emotions, fostering collaboration and understanding.
The journey to today’s advanced telecommunication systems has been marked by signifi-
cant milestones: the invention of the telegraph and telephone in the 19th century, which
allowed instant communication over long distances; the development of radio and television
in the early 20th century, which brought real-time audio and visual content to mass audi-
ences; and the advent of the internet in the latter part of the 20th century, revolutionizing
data exchange and connectivity. This evolution paved the way for mobile telecommu-
nications and wireless technologies, creating our current global communication network.
These advancements have collectively transformed how we live, work, and interact, making
telecommunication an indispensable component of daily life.

Quantum networks are posed to be the next frontier in communication technology
[2, 3, 4], taking advantage of quantum mechanics to enable ultra-secure data transmission
and potentially unrivalled computational capabilities. Unlike classical networks that rely
on bits, quantum networks use qubits, which can exist in multiple states in the form of
superposition and entanglement. The practical implementation of quantum networks faces
significant challenges similar to that of it’s classical counterpart, particularly due to signal
loss over long distances. This is where quantum repeaters become crucial. Initial pro-
posals of quantum repeaters based on heralded entanglement generation behave much like
classical repeaters [5]. They act as intermediate nodes, and extend the range of quantum
communication by extending range of entangled states, thereby mitigating signal degra-
dation and enabling the creation of large-scale, reliable quantum networks. While many
frameworks for quantum repeaters and extending the range of quantum information have
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been proposed [4, 6, 7], this thesis will focus on the main experimental effort of the NPQO
lab to realize a hybrid quantum repeater node with a quantum dot (QD) photon source
interfaced with atomic memories.

The thesis is outlined as follows: the requirements of a ground based quantum repeater
and some key quantum phenomena such as electromagnetically induced transparency (EIT)
are introduced in Chapter 1. The thesis will then break into three projects, each contribut-
ing to an essential aspect of the quantum repeater. Chapter 2 will discuss the character-
ization of photons from a quantum dot photon source excited by an electro-optic mod-
ulator. The following Chapter 3 will investigate the tunability of both wavelength and
fine-structure splitting of quantum dots by nitrogen gas deposition. Chapter 4 presents a
3D printed laser locking board used to frequency lock lasers to upper atomic transitions,
followed by a discussion on the design process and frequency stability. Chapter 5 introduces
warm Cs vapor as the memory component. It discusses the new setup and experimentally
observed lifetimes in a lambda EIT memory protocol using the hyperfine states of Cs.
Finally, chapter 6 will summarize the thesis and discuss next steps for these projects.

1.1 The Quantum Repeater

The main purpose of the quantum repeater is to enable the practical sharing of quantum
information over large distances. This would allow functional applications such as quantum
key distribution or quantum entanglement distribution [8, 9]. As light remains one of the
most popular quantum information carriers due to its high speed and minimal interaction
with the environment [10], it is tempting to directly integrate these qubits into our existing
telecommunication infrastructure. However, quantum information cannot be integrated in
such a way due to the no-cloning theorem [11, 12]. In telecommunication, when light is
sent through channels such optical fibers, they suffer from attenuation in the fiber leading
to loss and a lower transmission efficiency. The transmission efficiency (η) of a single-
mode fiber at 1550 nm can be approximately modeled as η = e−L/Latt , with an attenuation
length Latt = 22 km [13]. This predicts that the transmission probability is just 1%
after 100 km. In classical telecommunication systems, attenuation is overcome by classical
repeaters, which are distributed throughout the network to read and send amplified copies
of the signal in order to maintain its integrity until it reaches its destination. However on
the quantum side, the no-cloning theorem, while a useful feature for security protocols,
strictly prevents the duplication of a quantum state, making it impossible to integrate
with repeaters as they exist today. Therefore, there must be a new way to combat the
attenuation and decoherence quantum states experience as they are sent through channels
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such as optical fibers.

An entanglement swapping based quantum repeater follows a similar but fundamentally
different strategy than classical repeaters to share quantum information [5]. They are also
distributed throughout the network at positions where propagation losses are manageable
but extend the overall range of the signal through the technique of entanglement swapping
[14]. Entanglement swapping works by creating long-distance entanglement through the
consumption of many shorter-range entanglements using Bell state measurements (BSM).
A diagram of a potential repeater network is shown in Figure 1.1. To begin, a source of
entangled photons stores one qubit in memory1 while the other is sent to an intermediate
point between sources where propagation losses are insignificant. Upon receiving two qubits
from two adjacent sources, the intermediate location performs a BSM. The BSM consumes
the two qubits but gives information about local operations in order to entangle the two
qubits stored in memory, which can be relayed via classical communication to the memory
location. Afterwards, the BSM is repeated at each intermediate location to extend the
entanglement over even longer distances until the two end points each have a qubit from
an entangled state.

Figure 1.1: Example of a quantum repeater network to extend entanglement to end points
Alice and Bob.

From the procedure described above, there are two main components to a quantum
repeater: an entangled photon source and a quantum memory (there is also a need for

1A quantum memory is a physical setup where a quantum state is locally stored and can be read out
ideally on demand at a later point in time. This storage and retrieval process must preserve the quantum
properties of the state, such as superposition and entanglement.
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high-performance single photon detectors but that is beyond the scope of this thesis). The
need for the photon source is intuitive as it is the source of our quantum information
and qubits, however the quantum memory is mutli-purpose. For example, a typical BSM
involves a Hong-Ou-Mandel interferometer scheme where two photons interfere at a 50:50
beam splitter (BS) at the same time [15]. Afterward, they are sent through additional
optics depending on the encoding method and finally strike a detector, indicating their
Bell state with a non-unity success probability [16, 17]. Such a setup is shown in Figure
1.2. To perform this measurement, the quantum memory not only stores one qubit but
also synchronizes the arrival of photons to the BSM and enables higher efficiency as now
the entire chain of BSM do not need to succeed in a single shot. By using a heralded
entanglement swapping approach, only the failed segments must be repeated [13, 16, 18].

Figure 1.2: Examples of BSM setups using linear optics. The projected Bell states depend
on which detectors click. a) BSM for polarization encoded qubits. H and V indicate the
detector responsive to horizontal and vertical polarizations. b) BSM for Fock-encoded
qubits.

1.1.1 Quantum Repeater Hardware

This section aims to clarify the specifications required for the photon source and mem-
ory component to achieve a functional quantum repeater. Many efforts at ground-based
quantum repeaters often use the same hardware for it’s photon source and memory. Such
a setup guarantees the compatibility of the two systems, but very often sacrifices one key
performance metric for another [13, 19, 20, 21]. For this reason, we will also discuss some
traditional hardware choices and provide background on why a QD photon source was
chosen to interface with atomic memories in our lab.
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Some characteristics an ideal photon source should have are:

1. Single-photon emission: The source only emits a single photon at a time, with zero
probability of emitting multiple photons. This is characterized by the second-order
correlation function g(2)(τ):

g(2)(τ) =
⟨â†(t)â†(t+ τ)â(t+ τ)â(t)⟩

⟨â†(t)â(t)⟩2
(1.1)

where â†(t) is the photon creation operator, â(t) is the annihilation operator, ⟨⟩ is the
time averaged value and τ is the time delay between two photon detection events. In
a physical sense, the function describes the probability of detecting a second photon
at a time t+τ after a first photon is detected at time t. When τ = 0, we are measuring
the likelihood of detecting two photons at the same time, so an ideal photon source
would have a g(2)(0) = 0. Experimentally, this is accomplished by the well known
Hanbury-Brown-Twist setup as shown in Figure 1.3(a) [22].

2. Deterministic: The timing of the single-photon emission should be triggered on-
demand by the user. The trigger typically describes some electrical or optical exci-
tation of the system in order to obtain an emitted signal. Truly on-demand single-
photon sources would require a high efficiency and photon pair generation probabil-
ity of near unity, while also maintaining the requirement of only generating a single
photon-pair at a time.

3. Repetition rate: Often called the “brightness” of the source. A high repetition
rate is required to enable fast information transfer. For QKD protocols speeds on
the order of Gbps are desirable but perhaps ambitious [22]. Lower speeds are usable
for proof of concept and information processing applications [7].

4. Indistinguishable: The emitted single photons should be of the same known physi-
cal properties every time. These properties include polarization, frequency, temporal
and spatial profiles. Indistinguishably is quantified by a Hong-Ou-Mandel (HOM)
measurement shown in Figure 1.3(b). Note that this effect is also used for the BSM
described previously in Figure 1.2.

5. Frequency compatibility: The emission wavelength of the photon must be com-
patible with the remainder of the system. This includes the channel used to transfer
the single-photons, the detectors used and the memory. The source to memory inter-
face can be achieved either by choosing the same system for both, or by developing
a method to tune the frequency of the source to match the memory. Ideally, the
memory should also have a larger bandwidth than the source for efficient interfacing.
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Figure 1.3: (a) The Hanbury-Brown-Twiss setup to measure g(2)(τ): the second-order
correlation function. Photons from the source are sent to a 50:50 beam splitter. After the
beam splitter, they can either strike the bottom detector to start the timer or the right-
side detector to stop the timer. The time between detector strikes is logged to calculate
g(2)(τ). (b) The Hong–Ou–Mandel effect to measure photon indistinguishability. When
two identical photons enter a beam splitter, destructive interference ensures they leave
through the same output port. Thus, if the output ports are monitored, only one detector
should click, indicating truly indistinguishable photon inputs.

Practically, the above characteristics for on-demand single-photon sources are difficult
to achieve but many groups have used high performance sources to demonstrate key mile-
stones for quantum repeaters [21, 23, 24].

Non-deterministic sources such as non-linear crystals or some atomic emitters are easy
to implement but suffer from low efficiencies and rely on non-linear phenomena such
as spontaneous parametric down-conversion (SPDC) or spontaneous four-wave mixing
(FWM), which are probabilistic sources [21, 25]. Although the arrival time is unknown,
these probabilistic sources produce two photons, and the detection of one of the photons
can guarantee (herald) the emission of the other. To increase the rate of entangled pho-
tons, one may increase the pump power, but this also comes with a trade-off of a higher
probability of producing multiple photon pairs.

Options for on-demand sources are often based on isolated quantum systems with dis-
tinct energy levels; single photons are emitted from a radiative decay from the upper to
lower energy levels. Some common choices include single atoms [26], NV-centers [27], and
quantum dots [28]. Single atoms and ions are challenging to work with as it can be difficult
to isolate them. They also often suffer from poor detection efficiency and a low repetition
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rate from their long excited state lifetimes [7, 29]. In comparison, solid-state detectors
are attractive for their scalability and brightness. While NV-centers have been proposed
due to their potential at room temperatures, we will focus on QD single-photon sources.
QD sources can be thought of as artificial atoms carefully engineered from semiconductors.
By controlling the size and material of the QD, we can design its emission wavelength to
match a selection of memory options. These QD sources have shown potential for high
clock rates approaching ∼GHz while also maintaining a low g(2)(0) [24]. Compared to other
sources, such as SPDC, FWM, and atomic emitters, which have been shown to only reach
the range of 1-100 MHz repetition rate [7]. Furthermore, by placing the QD in cavities, we
can promote their emissions into specific, more controlled modes. The details of the QD
source are described further in chapter 2.

Now that there is some intuitive understanding of the source, let us move to the memory
component. The characteristics of an ideal quantum memory share many similarities with
photon sources. Some (but not all) of the important criteria we investigate for the memory
are:

1. On-demand: The memory can be accessed at specific times chosen by the user,
rather than at predefined intervals, enabling more practical and versatile applications.
This also allows high precision timing of the photon for synchronization applications
in quantum computing and networks. There are even schemes using a quantum
memory to convert a heralded photon source based on SPDC into a deterministic
source [25].

2. Memory efficiency (η): How effectively the memory can store and retrieve quan-
tum information. Precisely speaking, it is the integrated intensity ratio of light re-
trieved from storage vs. the light sent into storage [30]. The total memory efficiency
η can be further broken down into storage efficiency (ηsto) and retrieval efficiency
(ηret), where η = ηstoηret. The storage efficiency is the fraction of the input informa-
tion that is successfully stored in the quantum memory. The retrieval efficiency is
the fraction of the stored quantum information that is successfully retrieved from the
quantum memory.

3. Lifetime (τ): The duration for which the information can be stored. This, along
with attenuation, sets an upper bound on the distance between quantum repeater
nodes. It is measured by the time it takes for the retrieved photon population to
reach 1/e of its maximum value. Many models predict that storage times for long-
distance quantum repeaters’ round trip should be roughly in the 100-1000 µs regime
[5, 30].
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4. Bandwidth: The range of frequencies over which the memory can effectively store
and retrieve quantum information is typically defined by the full width at half max-
imum (FWHM) of the retrieved pulse intensity in a frequency scan. Short pulses
in time are desirable for high-speed operations. However, according to the Fourier
transform, a short pulse in the time domain corresponds to a wide range of frequen-
cies in the frequency domain. Therefore, bandwidth is also a crucial parameter that
impacts the rate at which quantum information can be processed and transferred.

5. Fidelity (F ): How accurately the quantum memory can store and retrieve quantum
states without changing it’s information through losses or decoherence. High fidelity
is crucial for practical applications in quantum computing and communication. It is

traditionally defined as F (ρ, σ) = Tr
(√√

ρσ
√
ρ
)2
, where ρ and σ are two quantum

states in their density matrix form.

6. Frequency compatibility: The memory should operate within the frequency range
necessary to accept photons emitted by the entangled photon source, and its band-
width should be similar to or larger than that of the photon source for efficient
interfacing [21]. If the photon is not initially within an ideal frequency range for
long-distance communication (e.g., around 1550 nm for telecom or around 785 nm
for satellite [31]), ideally, the photon should be capable of converting to these wave-
lengths.

7. Scalability: The size, weight, and power (SWaP) of the memory should be mini-
mized to enable its scalability. If a large scale quantum network were to be realized,
large amounts of memory nodes would have to be implemented throughout the entire
fiber optic network, similar to classical repeaters. To enable such widespread distri-
bution, the complexity of the setup must also be reduced, as each additional part
can potentially be a source of failure.

A traditional choice for optical memories is fiber optic delay lines, where the storage of
information is accomplished fairly easily by guiding the signal through extremely long opti-
cal fibers and increasing the optical path length. These are among the highest-performing
broadband memories in terms of efficiency and lifetimes [30]. However, they suffer from
a fixed delay time, dispersion, propagation losses, and a limited wavelength range in the
telecom band, which makes them unable to directly interface with many single-photon
sources.

Currently, most investigated quantum memories rely on converting the optical qubit
into a stationary qubit through some storage medium. These methods provide an on-
demand memory, and the storage time is typically limited by the decoherence of the
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medium. Neutral atoms, ions, NV-centers, or even quantum dots are some common choices;
alkali atoms are particularly attractive due to their long-lived coherences and memories
[16]. In this case, the coherence of the optical signal is transferred to and retrieved from
a collective ground state excitation of atomic ensembles. Furthermore, Cs atoms are of
interest as the D1 transition of 895 nm is in the region of InAsP QD emissions, allowing
us to interface the two at least in terms of frequency. While this wavelength isn’t necessar-
ily efficient for long-distance communication, cesium’s upper transitions from the 6P1/2,3/2

hyperfine states to 7S1/2 state give access to telecommunication wavelengths at 1310/1469
nm, and upper transitions to 8S1/2 offer opportunities for satellite communication, provid-
ing access to wavelengths at 761/794 nm [31]. So although the common D-line wavelengths
used to communicate with atoms are inefficient for long-distance communications, they can
be converted to efficient communication frequencies through four-wave mixing.

Both warm and cold atomic memories have been extensively studied and deployed in
the past. The most significant difference between the two systems is the trade-off between
their experimental complexity and performance. Cold atom systems require laser cooling
and trapping inside a vacuum. Often, the atoms are placed in optical cavities to further
enhance their interactions [32]. While this makes scaling cold atom setups difficult, we
observe much longer storage times because we have more control over the positioning of
the atoms and there are fewer collision-dependent losses due to reduced thermal motion.
The atomic energy levels are also more precise, as there is almost no Doppler broadening.

Warm atomic setups are much easier to implement and access, thanks to the commercial
availability of atomic vapor cells. However, these systems are more prone to decoherence
due to the thermal motion of atoms2, atomic collisions, and stray magnetic fields. Most
experiments use finite beam sizes, causing atoms to move in and out of the interaction
region, leading to efficiency losses and reduced storage times. Additionally, inelastic colli-
sions with other atoms or the cell wall cause collision-induced dephasing, thereby limiting
memory lifetime further [33].

Despite these challenges to memory lifetime, warm atomic vapors have demonstrated
storage times in the microseconds to seconds regime [34, 35]. A notable example is the 160
µs storage and retrieval of light in existing fiber networks with 95% fidelity, as shown by
Wang et al. [36]. In terms of equipment, warm atomic memories only require a magnetic
shield, heating, and often a specialized vapor cell with a polymer coating or buffer gas.
The magnetic shield reduces stray magnetic fields that lead to undesirable Zeeman splitting
and dephasing [36]. Heating controls the optical depth (OD) of the medium by controlling

2The atoms in a vapor cell move randomly; their velocity depends on the temperature of the atoms,
and the velocity distribution can be modeled by a Maxwell-Boltzmann distribution.
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the cell’s vapor pressure. A high OD is desired as it often sets an upper bound on the
interaction strength between atoms and the signal light. Heating the vapor cell comes
with the trade-off of increased atomic motion, which can dominate at high temperatures.
To mitigate collision-induced losses, a polymer wall coating or buffer gas can be used.
Paraffin-coated walls reduce atom-wall collision dephasing, and other specialized polymers
have been studied to further improve storage times [37]. Finally, an inert buffer gas such
as neon aims to reduce atomic motion by acting as a non-interacting buffer between alkali
atoms, keeping atoms in the active region to enhance memory efficiency and minimize
collisions, thereby improving storage time. While collisions with the buffer gas do not
affect coherence times, they can cause measurable fidelity loss of the quantum state at
readout when higher concentrations of buffer gas are used [38, 39]. Like many practical
systems, optimizing the various parameters of a vapor cell is crucial to achieving a high-
quality memory.

1.1.2 The Hybrid Quantum Repeater

Broadly speaking, the hardware mentioned above such as atoms, ions, molecules, QDs,
and NV centers can function both as memories and photon sources, but each has inherent
and complex trade-offs in performance when used as a photon source versus a quantum
memory [13]. It is tempting, therefore, to combine the best characteristics of two different
base systems to create a functional hybrid quantum repeater. In our approach, we aim to
combine the advantages of a tunable, on-demand, bright, and stationary QD solid-state
emitter with the long-lived memory observed in cold atoms, enabling wavelength conversion
to classical telecom compatibility. Previously, cold atoms have been the main focus of our
lab; however, we have also started to build and investigate light-matter interactions in
warm atomic vapors. Ultimately, it would be interesting to interface the QD with both
setups and use warm atoms as a sandbox or benchmark to evaluate the performance of
cold atoms in various frequency conversion or memory schemes, as new experiments can
be more easily integrated into warm atomic setups due to their reduced complexity.

One drawback of such a hybrid system is the mismatch between the large bandwidth of
QD photons, on the order of GHz, and the narrow atomic transition linewidths, typically
on the order of MHz. The narrow linewidths of atoms are often desirable for observing
long-lived memories, but this also makes storing light with large bandwidths or short
pulses difficult. This problem is known as the linewidth-bandwidth mismatch, resulting in
decreased memory efficiency as photon bandwidth increases [30]. To address this issue in
cold atomic setups, we aim to achieve a high optical depth (OD) and enhance light-matter
interactions by confining atoms and photons in a hollow-core photonic crystal fiber [40, 41].
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Conversely, warm atomic setups may explore methods such as increasing temperature or
adopting larger bandwidth protocols like stimulated-Raman memories [38].

Another issue is the difficulty in manufacturing quantum dots to precisely match the
frequency of atomic transitions. Even with top-of-the-line QD manufacturing techniques,
emission wavelengths typically have standard deviations on the order of THz [42]. One
solution is to manufacture thousands of QDs and select those with emission wavelengths
close to Cs transitions at 894 nm. Then, to precisely match the frequency to the atomic
transition, a custom in-situ tuning method involves depositing nitrogen gas onto the QD
cryostat [42]. The deposited nitrogen ice applies stress to the underlying QD, causing a
blue shift in its emission wavelength. Later, this process can be reversed by applying a
high-intensity laser to vaporize the deposited ice.

1.2 Electromagnetically Induced Transparency

Electromagnetically induced transparency (EIT) is a coherent phenomena arising from the
interaction of a three-level energy system coupled by a weak probe and a strong control
beam. In the absence of the control beam, the probe light is absorbed by the medium as a
typical two-level system, however when the strong coupling beam is applied a transparency
window opens up such that the probe light is transmitted [43, 44]. This effect serves as the
basis for many interesting applications with applications to quantum communication such
as slow light [45, 46, 47], precision spectroscopy [48, 49] and laser cooling [50, 51]. This
section will discuss it’s fundamental mechanism to provide background for it’s application
in laser frequency locking [52] and photonic memories [30, 53, 34, 38, 54] which are discussed
further in chapter 4 and chapter 5 respectively.

1.2.1 The Dark State

EIT can be realized in a three-level energy system, where two of the energy levels are not
directly coupled. We will consider a Lambda system such as that in Figure 1.4, but the
same concept can be applied to ladder and V-type systems as well since the difference
between the three systems is only the sign of the detuning. The analysis of transmission
and slow light phenomena of EIT can be understood by analyzing it’s complex refractive
index ñ, but the general idea can also be derived by solving for the eigenstates of the
Hamiltonian [44]. To begin, let us analyze the total Hamiltonian H while ignoring the
decays for now:
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Figure 1.4: Three level energy Lambda system, where two ground states |1⟩ and |2⟩ are
coupled to an excited state |3⟩. νi is the applied monochromatic plane-wave frequency
from |i⟩, and ∆i is the one-photon detuning.

H = HA +HAF (1.2)

whereHA is the free atomic Hamiltonian andHAF is the atom-field interaction Hamiltonian
from the laser fields coupling to the atomic energy levels. First we will define a basis from
the energy levels as:

|1⟩ =

1
0
0

 , |2⟩ =

0
1
0

 , |3⟩ =

0
0
1

 (1.3)

By setting the energy level of |3⟩ to 0, where ω13 and ω23 are the corresponding resonant
frequencies to the excited state |3⟩, the free atomic Hamiltonian can be represented as:

HA =

−ℏω13 0 0
0 −ℏω23 0
0 0 0

 (1.4)

Under the dipole approximation, we can ignore the variations in the electric field over
the atom because the wavelength is much larger than the size of the atom. The electric field
of the lasers can be described as Ei = ϵ̂iEi exp(−iνit) + c.c., where ϵ̂i is the polarization unit
vector, Ei is the electric field amplitude, and νi is the monochromatic plane-wave frequency.
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The interaction Hamiltonian can then be described by the potential energy of a dipole in
an electric field:

HAF =

 0 0 −µ13E1

0 0 −µ23E2

−µ13E1 −µ23E2 0

 (1.5)

where µij is the dipole moment of the atomic transition from |i⟩ to |j⟩. By substituting
Eq. 1.4 and Eq. 1.5 back into Eq. 1.2, we obtain the total Hamiltonian as:

H =

 −ℏω13 0 −µ13E1

0 −ℏω23 −µ23E2

−µ13E1 −µ23E2 0

 (1.6)

To calculate the evolution, we apply the Schrödinger equation iℏ d
dt
|ψ⟩ = H |ψ⟩ to Eq.

1.6. As we are interested in slow dynamics and steady-state solutions, we can further
simplify the Hamiltonian by using the rotating-wave approximation and moving to a ro-
tating frame. Under the condition of weak near-resonant fields, these operations together
completely eliminate the time dependency in the Hamiltonian [55, 56]. The rotating-wave
approximation allows us to remove the fast oscillating terms originating from the expan-
sion of the interaction Hamiltonian. When near-resonant fields are present, these terms
oscillate at approximately twice the resonant frequency and average to zero over the de-
tector response time, as measurements occur at a much lower frequency. Simultaneously,
moving to a rotating frame allows us to shift our frame of reference to the field’s frequency,
effectively eliminating the remaining oscillating terms.

The resulting Hamiltonian in the rotating frame H̃ is then:

H̃ =

 −ℏ∆1 0 −µ13E1
0 −ℏ∆2 −µ23E2

−µ13E∗
1 −µ23E∗

2 0

 (1.7)

with ∆i being the single-photon detuning of each laser from their transitions, it is also
convenient now to define δ = ∆1 − ∆2 as the two-photon detuning. On two-photon
resonance (δ = 0), one of the new eigenstates from Eq. 1.7 is a state fundamental to the
behavior of EIT known as the dark state |D⟩,

|D⟩ = Ωc |1⟩ − Ωp |2⟩
Ω

(1.8)
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where Ωc = µ23E2/ℏ and Ωp = µ13E1/ℏ are the individual Rabi frequencies which we will
term the control and probe fields respectively, and Ω =

√
Ω2

c + Ω2
p is a generalized Rabi

frequency. The significance of the dark state is the lack of coupling to |3⟩, meaning if
the atoms were prepared in this state, even a strong resonant laser will not induce a
transition to |3⟩ and therefore the beam will simply transmit through the medium. Under
the typical EIT conditions of a strong control and weak probe (Ωc ≫ Ωp), the dark state is
approximately the same as the ground state |1⟩. While the single-photon detuning of ∆1

and ∆2 can be non-zero, it is critical to maintain a two-photon detuning of δ = 0 in order
to avoid changes in the dark state phase, which effect the coherence times [56]. The dark
state with a non-zero δ becomes:

|D⟩ = Ωc |1⟩ − e−iδtΩp |2⟩
Ω

(1.9)

To prepare the dark state, one can first perform an optical pumping stage with a strong
control [46]. An atom in |2⟩ will excite to |3⟩ and potentially fall into |1⟩ where it remains
or fall back into |2⟩ where the excitation repeats. This process continues until the atomic
population is transferred to |1⟩. At this point, introduction of a weak probe beam will not
effect the atomic populations, and leads to the main phenomena of EIT, where the atoms
are now transparent to an otherwise resonant light field.

1.2.2 The Transparency Window and Slow Light

Previous analysis of the dark state provides some intuition of EIT, but to fully grasp the
transparency window, slow light and the effect of decays, it’s necessary to solve the complex
refractive index. This is easier to solve in the density matrix form. Given a state in the
form of density matrix ρ, the diagonals of the density matrix (ρii) contains information
of populations, while the off-diagonal elements (ρij, i ̸= j) contains information about the
coherences.

ρ =

ρ11 ρ12 ρ13
ρ21 ρ22 ρ23
ρ31 ρ32 ρ33

 (1.10)

The time-evolution of the state can be modelled by the Shrödinger-von Neumann equation
in the rotating frame [55]:
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∂tρ =
−i
ℏ
[H̃, ρ] (1.11)

The equations of motion from the density matrix become:

∂tρ11 = −iΩpρ13 + iΩ∗
pρ31

∂tρ22 = −iΩcρ23 + iΩ∗
cρ32

ρ33 = 1− ρ11 − ρ22

∂tρ21 = iδρ21 − iΩpρ23 + iΩ∗
cρ31

∂tρ31 = i∆1ρ31 + iΩcρ21 + iΩ∗
p(ρ11 − ρ33)

∂tρ32 = i∆2ρ32 + iΩpρ12 + iΩ∗
c(ρ22 − ρ33)

(1.12)

Now we include the decay terms as Γi: population decay out of |i⟩, γij: decoherence
rate of ρij, and rij: decay branching ratio from |i⟩ to |j⟩.

∂tρ11 = r31Γ3 − iΩpρ13 + iΩ∗
pρ31

∂tρ22 = r32Γ3 − iΩcρ23 + iΩ∗
cρ32

ρ33 = 1− ρ11 − ρ22

∂tρ21 = −(γ12 − iδ)ρ21 − iΩpρ23 + iΩ∗
cρ31

∂tρ31 = −(γ13 − i∆1)ρ31 + iΩcρ21 + iΩp(ρ11 − ρ33)

∂tρ32 = −(γ23 − i∆2)ρ32 + iΩpρ12 + iΩc(ρ22 − ρ33)

(1.13)

If we consider the steady-state solution in the weak probe regime (Ωp ≪ Ωc) and assume
the initial population is in |1⟩ i.e. ρ11 = 1 and ρ22 = ρ33 = 0, then Eq. 1.13 simplifies to:

0 = −(γ12 − iδ)ρ21 + iΩ∗
cρ31

0 = −(γ13 − i∆1)ρ31 + iΩcρ21 + iΩp

(1.14)

Note that the coherence term ρ23 = 0, as this is a coherence between two empty states.

Solving for ρ31 and ρ21 yields:

ρ21 =
−ΩpΩ

∗
c

(γ12 − iδ)(γ13 − i∆1) + |Ωc|2

ρ31 =
iΩp(γ12 − iδ)

(γ12 − iδ)(γ13 − i∆1) + |Ωc|2
(1.15)
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The susceptibility χ is given by the density matrix element corresponding to the optical
coherence of the transition [46, 55]. For the probe in a medium of atomic density N :

χ =
Nµ2

31

ℏϵ0Ωp

ρ31 = i
Nµ2

13

ℏϵ0
(γ12 − iδ)

(γ12 − iδ)(γ13 − i∆1) + |Ωc|2
(1.16)

This allows us to calculate the complex refractive index ñ, phase index n and absorption
coefficient a for the probe beam [55].

ñ(ω) =
√
1 + χ

n(ω) = Re[ñ(ω)]

a(ω) = 2k0 Im[ñ(ω)]

(1.17)

As shown from Figure 1.5, the strong control field opens a transparency window for
the resonant probe such that it can transmit through the atomic medium with minimal
absorption. From the dispersion profile we also observe a steep slope around resonance,
resulting in a reduction in group velocity of the probe beam3. These two significant char-
acteristic of EIT are the basis for the laser frequency locking in Chapter 4 and photonic
memory in Chapter 5, which will be discussed in more detail in their respective chapters.

3Recall group velocity is inversely proportional to the first derivative of refractive index with respect
to frequency, vg = c

n+ω ∂n
∂ω
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Figure 1.5: Phase index and absorption as a function of probe detuning with the control
field on (blue) and off (red). Plots are calculated from Eq. 1.16 and Eq. 1.17 with test
values of N = 4 × 1011 cm−3, µ13 = 4 × 1011 Cm, γ12 = 3 kHz, γ13 = 5 MHz, ∆2 = 0 Hz,
and Ωc = 4 MHz. a) The normalized absorption profile originating from Im[ñ]. b) The
dispersion profile from Re[ñ].
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Chapter 2

QD Photon Source

This chapter aims to describe the QD photon source we have in the laboratory and explores
excitation of the QD with an electro-optic modulator (EOM). We begin by discussing
the working principle of QDs and how they could be tuned to interface with the atomic
transitions. Next, we present the current setup in detail. Finally, we demonstrate a
modular EOM setup along with the supporting electronics, such as pulse generators and
EOM bias controllers.

2.1 Nanowire QDs

The electrical properties of semiconductors are understood through their valence band and
conduction band. The valence band is the range of electron energies where electrons are
still bound to atoms in the crystal lattice and do not have enough energy to move freely
and conduct current. The conduction band is a higher range of energies where electrons
can move freely within the lattice, allowing them to conduct current. The energy gap
between these bands is known as the band gap and determines the material’s conductivity.
As the name suggests these two energy regions are bands, and allow a continuous range
of available energies. However, when a small ∼nm piece of a smaller band gap material is
placed within a larger band gap material, quantum confinement effects causes the energy
levels of the electrons to become quantized, much like the quantization of a finite quantum
well [22]. By adjusting the size of the QD and selecting suitable semiconductor materials,
the specific energy levels can be precisely engineered. However, the precision has a limit
and the state of the art QD has a standard deviation of ∼5nm [57]. In our lab, we use an
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InAsP QD embedded in a InP nanowire waveguide. The schematic energy level diagram
for a QD is illustrated in Figure 2.1.

Figure 2.1: Energy level diagram of an InAsP QD embedded in an InP environment.

The discrete energy levels of QDs closely resemble the orbitals of atoms, following a
similar naming convention where the first energy level is denoted as “s”, the second as
“p”, etc. This resemblance has led to QDs being referred to as “artificial atoms”. From
these atomic-like energy levels, the excitation and decay processes of QDs can be treated
analogously to those of atomic systems. Specifically, when an electron in the QD is excited,
it transitions to a higher energy state, leaving a hole in the valence band. Subsequently,
the electron will decay back to the valence band, emitting a photon through the process
of electron-hole recombination. The excited state of having a single electron-hole pair
bounded to each other is known as an exciton (X). There also exists a state in which two
electron-hole pairs with opposite spins are excited, known as a bi-exciton (XX). The X and
XX states are the energy levels used to create polarization entangled photon pairs from
QDs as they form a cascaded level system, such as in Figure 2.2(a) [58]. Due to additional
binding energies, the energy difference between XX and X states is typically smaller than
that between the X state and the ground state [59]. The decay path from the XX state
depends on which spin decays first to an X state, and based on selection rules1, the emission
must be of a specific polarization. The subsequent emission from the exciton state then
follows a similar requirement. The resulting XX-X emission forms one of the bell states
for polarization entangled qubits |Φ+⟩ = 1√

2
(|HH⟩ + |V V ⟩), where |H⟩ and |V ⟩ are the

horizontal and vertical polarizations, forming an orthonormal basis for the quantum state.
In addition, we also commonly observe the emission of unequal electron-hole pair states

1One aspect of selection rules involves the conservation of angular momentum, where only specific
transitions between states are permitted. The difference in angular momentum must be compensated for
by the polarization component of the emitted or absorbed light.
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known as a charged exciton (X−), formed by an exciton and an extra singular electron.
An example emission spectrum containing the X, XX and X−, is shown in Figure 2.2(b).

Figure 2.2: (a) Energy levels for a biexciton-exciton cascade, showing the polarization
entangled-emission. (b) Spectrum of a QD showing the X, XX and X− emissions of a QD.

Often, to enhance the emission and collection efficiency of QDs, they are integrated
into an optical cavity [60]. Nanowire QDs (NWQD) are particularly interesting as they
act like a waveguide such that the emissions are dominated along the waveguide prop-
agation direction, and the emission is in a much more controlled mode. This enables
efficient beam collimation and eventual coupling into a single-mode fiber. NWQDs have
also demonstrated enhanced emission characteristics over a broader frequency range com-
pared to alternatives such as high-Q cavities [22]. In our setup, InAsP QDs are embedded
in InP tapered nanowires, which provide both the waveguide structure and the confinement
effect. These nanowires are then placed in a 4K cryostat to improve their single-photon
characteristics, as phonons are one of the dominant sources of dephasing and linewidth
broadening [22].

2.1.1 Excitation Protocols

The emission of single photons depends on the excitation and decay of a two-level emitter.
Therefore, the excitation trigger must be pulsed to ensure that only a single excitation
occurs at any given moment. Typically, the pulse duration should be shorter than the
lifetime of the QD, which is on the order of a nanosecond. Figure 2.3 demonstrates several
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protocols for optically exciting the QD, each representing a trade-off between experimental
complexity and performance.

Figure 2.3: The optical excitation schemes for QDs. Blue (red) circles indicate an electron
(hole), with dashed lines illustrating their respective transition paths. The excitation pump
is denoted in green, and non-radiative relaxation processes, such as phonons, are depicted in
purple. (a) Above band excitation. (b) Quasi-resonant excitation. (c) Resonant excitation.

Above-band excitation represents the simplest method, as the laser used to excite the
QD can be of lower power, and the emission has a large frequency difference compared to
the pump, facilitating easier filtering. The pump wavelength is selected to induce electron-
hole pair generation in the surrounding semiconductor, which requires a wavelength below
830 nm in InP. These electron-hole pairs can migrate through the lattice via non-radiative
processes (such as phonons) to reach the QD, where they recombine and emit photons.
However, this simplicity comes at the cost of lower quality in almost every aspect of the
single-photon emissions due to interference from the host material and a strong dependence
on phonons, which often leads to dephasing [61].

Quasi-resonant excitation uses an excitation frequency that is lower in energy than the
band gap of the surrounding material but higher than the energy required to reach the
lowest excited level of the QD. For instance, the excitation might target the p-shell of the
QD. Upon excitation, the QD quickly relaxes to the s-shell through phonons, facilitating
the recombination of electron-hole pairs. This method mitigates some of the drawbacks
associated with above-band excitation, as the charge carriers primarily interact within the
QD region [22]. However, this approach requires higher excitation power, and filtering can
be more challenging as the pump wavelength approaches the emission wavelength.

Resonant excitation takes it one step further by directly exciting the QDs into the
s-shell. This technique yields the highest quality emission because it bypasses reliance on
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phonon-assisted relaxation processes [61]. However, implementing this method is notably
challenging compared to above-band and quasi-resonant excitation. It demands the highest
pump power, and direct frequency filtering is not feasible.

In our lab we are still developing the QD single photon source in collaboration with
Prof. M. E. Reimer and currently working with an above-band excitation scheme, as we
still rely heavily on frequency filters to separate the excitation pump.

2.1.2 Gas Tuning

As discussed in Section 1.1.2, achieving an exact match between QD emissions and atomic
transitions is nearly impossible. However, a viable approach involves initially finding a QD
with emissions near the desired frequency and subsequently tuning these emissions to align
with atomic resonance more precisely. An ideal tuning technique would be:

1. In-situ: Tunable without having to change the QD environment, such as removing
the QD samples from the cryostat.

2. Precise: The tuning should be precise enough to interface with the atomic transitions,
in the sub-GHz range.

3. Reversible: Ideally the wavelength can be tuned in both direction, or the process can
be reversed such that the QD returns to it’s original state.

Many options have been explored in the past for tuning QD emissions to align with
atomic resonances. These include applying a magnetic field [62], thermal or laser annealing
[63, 64], and employing stress-based mechanisms such as piezo-actuators or thin film de-
position [65, 66, 67]. We use a custom tuning technique involving the controlled injection
of nitrogen gas into the cryostat. More details on the setup can be found in Appendix
A. In summary, the nitrogen gas deposits on the nanowires, and upon condensation, the
lattice mismatch between nitrogen ice crystals and semiconductor materials induces stress
on the QD, thereby shifting the emission wavelengths [68]. An example of the frequency
shift from gas tuning is shown in Figure 2.4, where nitrogen gas was injected into the
cryostat at a rate of 0.7 mln/min for up to 6 minutes. During the gas deposition, the fre-
quency shift behaves linearly with respect to injected gas volume. As shown, this results
in approximately a 9 pm/min shift across all three emission wavelengths for this QD, so
by controlling the duration of the injection we can precisely control the frequency shift.
The gas tuning effect can be reversed by heating and vaporizing the N2 ice on individual
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QDs with a high-intensity focused laser. This technique is known as laser ablation. This
process has also been demonstrated to be repeatable [42].

Figure 2.4: Frequency shift of X, XX and X− by nitrogen gas deposition. For 0 min (blue),
3 min (red) and 6 min (orange) at 0.7 mln/min injection rate. Inset: a magnified view of
the X frequency shift.

Another phenomenon of QD sources not yet mentioned is fine-structure splitting (FSS).
So far, we have only considered an ideal scenario where there is no FSS. The energy levels
depicted in Figure 2.2 also aren’t entirely accurate for practical QDs. Due to inevitable
asymmetries of the QD, the degeneracy of the the biexciton to exciton cascade can be
lifted. This can be detrimental to the polarization entangled state as there is now also
“which-path” information encoded in the emission frequency. This effect will be further
explored in Chapter 3, but there are some potentially interesting interactions of FSS with
the proposed gas deposition technique.

2.2 QD Experimental Setup

The experimental setup used to excite and couple the QD photons to single-mode fibers are
shown in Figure 2.5. The QDs are held in a 4K closed-cycle cryostat by Montana Instru-
ments, with the QD sample position adjustable via a piezo controller to focus on a single
nanowire. There are two paths for light to reach the cryostat. Firstly, a larger continuous
wave (CW) imaging light, typically from a Thorlabs SLS201 white light source, illuminates
the sample to aid in visualizing movements between different QDs and alignment. This
light is reflected off an Iridian FLD-708-DLP dichroic mirror (DM) before reaching the
cryostat. Secondly, the beam used to excite the QD has a smaller beam waist and passes
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through a neutral-density (ND) filter. It then reflects off a mirror and passes through
the same DM used by the imaging light to reach the cryostat. The excitation beam is
generated using either a PicoQuant PDL 800-B pulsed laser source or a continuous wave
Titanium-sapphire laser (Ti:sapph), which can be modulated using an electro-optic modu-
lator (EOM). Both beam powers are monitored continuously using a 90/10 beam sampler,
ensuring the applied intensities on the dots are known at all times.

Figure 2.5: The experimental setup for the QD. The labeled optics are DM: dichroic
mirror. 90:10BS: 10% beam sampler. ND: neutral density filter. HWP: Half-wave plate.
LP: Linear polarizer. f: focal length of the lens. Collimate: a pair of lenses, along with a
long focal length lens of 1 meter, expand and collimate the beams of excitons, biexcitons,
and charged excitons before fiber coupling.

The reflection of the imaging beam and emission from the QD is directed back in
the opposite direction, where most of the light passes through the beam sampler to the
remaining optics used for characterizing and fiber-coupling QD emissions. A flip mount
allows the beam to be directed towards a camera and a custom-made spectrometer. The
camera assists in aligning the excitation beam onto the QD, providing visual feedback for
alignment purposes. The spectrometer is used to characterize the emission spectrum from
the QD and can be used in conjunction with the camera to optimize the coupling.

When the flip mount is removed from the beam path, the X, XX and X− from the QD
split on a LightSmyth T-1702-895 transmissive diffraction grating. These beams are then
sent through a lens with a long focal length of 1 meter, allowing them to spatially separate
further. Just before and after the 1-meter focal length, two small adjustable D-mirrors are
positioned to reflect two out of the three emissions for fiber coupling. The exact position of
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the focal length is about mid-way between the two adjustable mirrors, so two more lenses
are placed to collimate and control the beams size. The two selected emissions are then
fiber coupled into their respective fibers for further characterization or experiments. In the
example shown in Figure 2.5, the emissions from the exciton and biexciton were chosen for
coupling, while the emission from the charged exciton was discarded.

The custom-built spectrometer, based on the Czerny-Turner setup, is used to charac-
terize the QD emissions, as shown in Figure 2.6. The input light is focused onto a slit
and starts to diverge. It is then collimated by a concave mirror and strikes a diffraction
grating, causing the frequency components of the beam to diverge. Our setup features a set
of three gratings, each with a different groove number. By selecting different gratings, we
can vary the resolution and total detection range of the spectrometer [69]. These gratings
are mounted on a rotating base plate controlled by an Arduino, allowing for easy switching
between gratings and adjustment of the angle of incidence. This flexibility enables precise
tuning of the center wavelength measured by the spectrometer. After the grating, a second
concave mirror focuses the different frequencies to specific spatial positions. The beams
can then be directed either to a spectrometer, by reflecting off a removable mirror, or to
a monochromator to serve as a frequency filter. The specifications and applications of the
monochromator are discussed further in Appendix F, but for now, we will focus on the
spectrometer function. The focal position on the camera is wavelength-dependent. By cal-
ibrating the spectrometer, the intensity profile of the spectral lines captured by the camera
can be used to determine the frequency spectrum of the beam. With a high-resolution
ZWO ASI 1600-MM camera and the 1800/mm grating, we achieve a resolution of about
0.6 GHz/pixel.

2.3 Excitation Pulse Generation

To achieve single photon emissions, it is essential to excite the QD with pulses shorter
than its lifetime, typically on the order of nanoseconds. we set an initial target of around
100 picoseconds pulse widths and an extinction ratio of 30 dB. This can often and easily
be achieved with a pulsed Ti:sapph laser, but we are not equipped with one in our lab
and they can be a heavy investment for just this single purpose. Alternatively there are
many commercially available pulsed lasers that can be used, but often do not have the
wavelength range to switch between above-band and resonant excitation. An alternative
approach we are exploring involves pulsing a CW laser using an EOM. EOMs are well
known for their rapid switching speeds in telecommunications, and their broad bandwidth
makes them suitable for our purposes as well. The modular nature of EOMs facilitates
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Figure 2.6: The spectrometer/monochromator setup. The spectrometer was built based
on a Czerny-Turner setup. Note the schematic lines depicting the optics path do not fully
represent the actual divergence and focusing of frequencies typical in a Czerny-Turner
spectrometer. In reality, there is a more intricate process of collimation and divergence
following the diffraction grating. However, for clarity, the diagram illustrates primarily the
spatial separation of different frequency components subsequent to the grating.

their compatibility with a wide range of CW lasers, mimicking the tunability of a Ti:sapph.
This versatility allows us to conduct both above-band and resonant excitations effectively.
To gain a deeper understanding, let us delve into the operational principles of an EOM.

The EOM intensity modulator we use is similar to a Mach-Zehnder interferomter shown
in Figure 2.7(a). To begin, an incident field is split into two paths, often referred to as
“arms” by a 50:50 beam splitter. As the individual beams travel down their respective path,
they accumulate phase based on their optical path length2 and reflections. Eventually,
the two beams recombine at another 50:50 beam splitter where they interfere. Based
on the accumulated phase difference between the two arms, their interference can lead
to constructive or destructive interference, leading to measurable power variations at the

2The optical path length (OPL) is defined by OPL = nL, where n is the refractive index and L is the
geometric length of the medium.
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photodetector outputs. The modulation of power entering a specific detector is achieved
by adjusting the optical path length of one of the arms. This mechanism also forms the
basis of a Mach-Zehnder based EOM as depicted in Figure 2.7(b). Here, an input beam
is split into two paths within the EOM, which then recombine. By altering the optical
path length of one arm, we can control the output power. The optical path length of
EOMs can be electrically tuned due to their construction from nonlinear crystals such as
lithium niobate, which possess a strong second-order susceptibility. This property makes
the refractive index highly responsive to external electric fields. The resulting sinusoidal
relationship between the applied voltage and output intensity of the EOM is shown in
Figure 2.7(c). In realistic implementations of the EOM, it is nearly impossible to achieve
perfect destructive interference and leads to some leakage of power at the minimum point.
For instance, the iXblue NIR-MX800 EOM in our lab leaks about 1 µW when 20 mW
is coupled in with just a DC input. The voltage required to shift between the minimum
power and maximum power is known as the half-wave voltage Vπ, which strictly defines
the voltage required to induce a π phase shift between the two arms. We typically observe
a 15-20% coupling efficiency. Here, the coupling efficiency is defined as the ratio of the
maximum EOM output power to the fiber-coupled input power to the EOM.

Figure 2.7: (a) The typical setup for a Mach-Zehnder interferometer. (b) Diagram of EOM
as just one output arm of the Mach-Zehnder interferometer. By applying a modulated volt-
age to one path, an electric field is induced in the non-linear crystal, modulating the phase
difference between the two paths. This modulation results in intensity variations due to
destructive interference. (c) Intensity modulation of output beam as a function of applied
voltage. The half-wave voltage Vπ is the voltage required to change from the minimum in-
tensity to maximum intensity. The dotted line illustrates the intensity function’s variation
with voltage due to fluctuations in the EOM’s surrounding conditions.

To generate high-contrast pulses, EOMs feature a DC port for setting the bias voltage Vb
to the voltage corresponding to minimum power, and an RF port for inputting modulated
electrical pulses Vm. The total applied voltage is then the sum of the two signals V =
Vb + Vm. One inevitable downside of using an optical modulator is that they are prone

27



to drifting over time due to variations in the input and surrounding environment, such
as temperature [70]. In order to guarantee consistent, high-contrast pulses, it is essential
to adjust the bias voltage to compensate for shifts in the intensity modulation curve, as
depicted by the dotted plot in Figure 2.7(c). This adjustment is particularly critical for
applications involving the excitation of single-photon sources. If initially the bias was set
such that Pmin was minimized, but over time the response curve of the EOM shifts, the
EOM may now be consistently leaking ∼ µW levels of light. Consequently, this results in
low-power continuous excitation of the QD, leading to weak continuous fluorescence, which
contradicts our goal of achieving a single-photon source. These devices that adjust Vb are
known as bias controllers, and there are many commercially available options, although
they are often expensive. We have built a custom bias controller and describe its operation
more in Section 2.3.1. Another perhaps more obvious circuit required to create pulses are
the electronic pulse generators that the EOM then transduces to optical pulses. While
pulses on the order of ∼10 ns may be achieved on standard arbitrary function generators,
pulses on the 10-100 ps scale require more custom electronics. To meet this need, we
have create our own ps electronic pulse generator based on step recovery diodes (SRD) [1].
The implementation of the pulse generator is discussed in Section 2.3.2. Together, these
two circuits create the stabilized and modulated laser pulses we use for the QD and other
pulsed laser applications such as the EIT memory in Chapter 5. Such a modular setup for
the EOM is shown in Figure 2.8.

2.3.1 The Digital Bias Controller

Bias controllers can be challenging to create and often rely on an inherently complex process
based on signal mixing. Bias controllers based on signal mixing were also attempted in
our lab but encountered some issues [71]. One major challenge was an offset in the mixer
that proved difficult to control, resulting in imprecise stabilization. Additionally, the mixer
filtered out significant information, making the process unnecessarily complex. To address
these issues, we proposed a new bias controller that uses only DC signals to stabilize the
drift from the EOM. A block diagram of the circuit is shown in Figure 2.9(a).

The circuit operates exclusively within the digital signals by comparing a square wave
dither, incorporated into the DC correction, with the phase of the EOM response detected
through a high-gain photodetector. When a square wave dither is applied to the DC
signal at minimum bias voltage, the output intensity remains unchanged or shows minimal
oscillation due to the dither’s small amplitude. However, drifting to the right of the
minimum bias causes the square dither to induce oscillations in the output intensity due
to the increased slope of the power function. The response becomes in phase with the
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Figure 2.8: The EOM and it’s supporting electrical equipment to convert a continuous
laser input into a stabilized and amplitude-modulated output. The EOM stabilizer circuit
is used at the DC input to the EOM, while the pulse generator circuit is triggered by
a step voltage from a Siglent SDG6022x function generator. The repetition rate of the
step-voltage determines the repetition rate of the pulses. The signal is then amplified by
a iXblue NIR-MX800 amplifier to create the electronic pulses and fed into the RF input
to the EOM. The fiber splitter and Thorlabs PDA100A2 photodetector (PD) are used to
pick-off the EOM output for the bias controller.

dither because of the positive slope. Conversely, drifting to the left of the minimum bias
results in output intensity oscillations perfectly out of phase with the dither due to the
negative slope. Symmetric (in phase) or antisymmetric (out of phase) responses between
the dither and the EOM output determine bias voltage correction. An Arduino processes
the symmetry testing logic and adjusts the bias voltage using a digital-to-analog converter
(DAC). The corrected bias voltage and dither are then applied to the EOM’s DC input
port through a summing amplifier. Figure 2.9(c) illustrates these responses along with
their corresponding logic table.

This circuit was designed, soldered, and assembled into the small enclosure shown
in Figure 2.10(a), which is the currently used setup for two EOMs in the lab. More
documentation covering the circuitry, software code, and enclosure details can be found
in Appendix B. The performance of the bias controller is demonstrated in Figure 2.10(b).
When no bias controller is used for a 10 mW, 895 nm CW laser, the EOM steadily drifts
from 296 nW to 1349 nW over the course of only 30 minutes. In comparison, with the
bias controller turned on, the drift is limited to between 304 nW and 325 nW, significantly
suppressing drift. Despite efforts to minimize drift, practical realizations of EOMs, such as
trapped charges in the crystal and fabrication imperfections, prevent the minimum power
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Figure 2.9: (a) Block diagram of the circuit. A known square wave dither is applied to
the DC port of the EOM. The dither is then compared against the output of the EOM
to determine whether the output is symmetric (in-phase) or antisymmetric (180◦ out of
phase). Symmetry testing is done using a series of NMOS and PMOS transistors, along
with AND and XOR logic gates. (b) The effect of a small dither on the EOM response
curve. If we are to the right of the minimum, the system response will be in-phase with
the dither due to the positive slope. If we are to the left of the minimum, the system
response will be out of phase with the dither due to the negative slope. (c) A logic table
summarizing the adjustments to DC correction based on symmetry testing logic.

from perfectly reaching zero [70].

The true minimum power at about 290 nW was determined by manually adjusting the
bias voltage using a DC power supply for the same input beam shown in Figure 2.10(b).
Therefore, the minimum power of the bias-stabilized EOM is 5% higher than the true
minimum, likely due to the added dither. Adjusting to a smaller dither could potentially
reduce this discrepancy and bring the output power closer to the true minimum, but this
often comes with a trade-off of lock stability, as the error signal is more difficult to detect.

This type of bias controller is specifically suitable for small duty-cycle pulses. Essen-
tially, the Arduino’s response time is slow enough that it primarily detects the EOM’s
off-state, enabling continuous correction towards the minimum power level. In compar-
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Figure 2.10: (a) Fully assembled EOM bias controller. (b) Drift in EOM output intensity
for an 895 nm CW laser at 10 mW with no pulse trigger. Comparison between when the
bias controller is turned off (blue) vs. on (red).

ison, our objective is to achieve 100 ps optical pulses within much longer experimental
cycles.

2.3.2 The Picosecond Pulse Generator

The pulse generator we received and tested is an attempted replica of that from Zou et
al. [1]. The circuit exploits the brief delay period during which PN junctions neutralize
charges in the depletion region upon transitioning from forward to reverse bias. This inter-
val, characterized by charge neutralization, is commonly referred to as the storage phase.
During this phase, there is a significant influx of current, which researchers, including those
in the work by Zou et al. [1], have found ways to harness for creating ultra-short pulses.
Step recovery diodes (SRD) take this one step further, as they are diodes carefully designed
to enhance this effect.

A copy of the circuit diagram is presented in Figure 2.11. D1 is a typical PIN diode
that is always forward biased (ON) and protects the SRDs from a negative input voltage.
SRD1 and SRD2 are the main components for triggering the pulse at the output, and
SBD1 is a Schottky diode used for a pulse forming switch. Pulse formation is achieved by
sending a step voltage at the input Vin, which causes the various SRDs in the circuit to
switch biases at slightly delayed times due to the different resistances they have in their
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paths. Specifically, due to the extra resistor R2, SRD2 enters the storage phase slightly
delayed from SRD1. Later on, this causes an ultra-short period in time where SRD1 will
be in the off-state, but SRD2 is still in the storage phase. SRD2 then induces a large influx
of current and creates a pulse at Vout. By changing R2 to different resistances, the time
delay between SRD1 and SRD2 entering the storage phase can be modified, and therefore
the pulse length can also be modified. Tests of various resistor values and input pulses are
summarized in Appendix C to create a reference table for the desired pulse outputs. The
table underneath Figure 2.11 is used to indicate the various diode timings with respect to
an input trigger.

Figure 2.11: Pulse generation circuit designed by Zou et al. [1]. D1: PIN diode. SRD1,
SRD2: step recovery diodes. SBD1: Schottky diode. RL: Load resistor for output. Table:
indicates the state of each SRD upon application of a step voltage Vin. Timing is with
respect to an arbitrary time t. The references ti denote each diode’s phase change during
its transition from forward to reverse bias.

2.4 Results

The resulting EOM pulses generated with the bias controller and pulse generator were
first characterized on a Newport 1544 fast photodetector before being used to excite the
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QD. One of the most optimized pulse shapes is shown in Figure 2.12(a). The 12 GHz fast
photodetector enabled the observation of nearly 100 ps optical pulses, while measurements
with superconducting nanowire single-photon detectors (SNSPD) indicated an extinction
ratio of 31.5 dB.

Figure 2.12: (a) Short optical pulse characterization of EOM with the custom-made bias
controller and picosecond pulse generator. As the SNSPDs measurements (orange) also
introduce an electronic time jitter of about 70 ns, the same pulse was measured on a 12
GHz fast photodetector (blue) to more accurately gauge the pulse widths. (b) g(2) of the
QD biexciton emissions excited by the EOM.

As the pulses approach the initial target values in terms of both pulse length and
extinction ratio, they were sent to the QDs, and the g(2) of the biexciton emission was
characterized on SNSPDs. Initially, a 10 mW CW input was fed to the EOM, it was then
attenuated and a pulsed beam with an average power on the order of nW was sent to the
cryostat. As shown in Figure 2.12(b), we observe g(2)(0) = 0.095 ± 0.0082. While this
value is about 1-1.5 orders of magnitude higher compared to some similar QD sources, we
are performing above-band excitation, and 100 ps pulses are still relatively long and can
excite the QD multiple times. In comparison, pulses on the order of ∼ 10 ps are often
used in literature. To further reduce g(2)(0), we could also use even shorter pulses. The
NIR-MX800-LN-20 EOM, with its 25 GHz max bandwidth, can achieve shorter pulses.
However, the primary limitation remains the control electronics. Nevertheless, it meets a
common minimum criterion of g(2)(0) < 0.1 for a “good” single photon source.

In summary, we have demonstrated a simple bias controller circuit and pulse generator
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that creates consistent short optical pulses using an EOM. The pulses derived from the
EOM were able to generate single photons from QDs, as demonstrated by the second-
order correlation measurement. The described setup achieves a cost-effective, modular,
and scalable alternative to tunable pulsed lasers. The bias stabilizer is also used to create
pulses in the EIT memory experiment in Chapter 5.
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Chapter 3

Measurements of Fine Structure
Splitting in Nanowire Quantum Dots

This chapter aims to further investigate the tuning of various QDs by gas injection. Of
particular interest is determining whether the strain caused by gas injection can be regu-
lated to control the FSS. In order to understand this hypothesis better, we will begin by
providing a detailed description of FSS.

3.1 Fine Structure Splitting

As mentioned previously, the energy levels in Figure 2.2 describe a symmetric QD where
there is no FSS present. However, in reality, the degeneracy of the intermediate X states is
lifted due to asymmetry of the QDs, either geometrical or electrical [72]. A more realistic
cascaded energy level diagram is shown in Figure 3.1.

The FSS energy difference leads to a phase change in the expected state output in the
form of 1√

2
(|HH⟩+ eiτδ/ℏ |V V ⟩), where δ is the FSS energy1, and τ is the time between the

XX and X decays. Based on the FSS, the resulting state can oscillate between two bell
states |Φ+⟩ = 1√

2
(|HH⟩ + |V V ⟩) and |Φ−⟩ = 1√

2
(|HH⟩ − |V V ⟩), which makes it a much

less ideal output for an entangled two-photon source [73].

1Specifically, δ = |H⟩ XX Energy − |V ⟩ XX Energy, so the energy of the horizontally polarized biexciton
subtracted by the energy of the vertically polarized biexciton.
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Figure 3.1: Energy levels for a biexciton-exciton cascade, the separation of the excition
energy levels are known as the FSS energy(δ).

Many sources of FSS arise from a physical asymmetry during the fabrication process,
such as differences in radial confinements from varying fabrication sizes, uneven alloy dis-
tributions, and strain [74]. Despite advancements in QD fabrication techniques, achieving
a perfectly symmetrical QD to completely eliminate δ is nearly impossible in practical sce-
narios. Therefore, there must be a way to combat FSS post-fabrication, and one promising
method of interest involves applying stress [75, 76]. As mentioned in section 2.1.2, the
underlying mechanism for our wavelength tuning is by applying a stress to the QD. So it
would be interesting if the same stress that induces a frequency shift in the QD emission
can also influence FSS, and by unevenly melting parts of the deposited nitrogen, we aim
to gain some sort of control over the asymmetry and FSS.

Another point of study is observed during gas tuning. The X, XX and X− emission
frequencies shift by the same amount within a single QD. But, different QDs exhibit
varying rates of frequency change. This variation in frequency change could potentially
indicate how responsive a QD is to applied strain, and by extension, how tunable its FSS
is under strain. Such statistical measurements of 16 QDs are conducted and analyzed in
the subsequent section of this chapter.

3.2 FSS Measurement of 16 QDs

The FSS of the QDs are measured by placing a Foctek WPC212H HWP and Thorlabs
LPNIRE100-B polarizer before the fiber coupler to the spectrometer, this section is shown
by the red arrow in Figure 3.2. By rotating the HWP by 45 degrees, we rotate the measured
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polarization states of light emitted in the biexciton-exciton cascade between |H⟩ and |V ⟩.
Then the two polarizations are individually collected on the spectrometer, and a sample
output of the non-degenerate energy levels of the XX and X are shown in Figure 3.3. The
sign of the FSS can then be obtained by converting the peak frequencies of the XX and X
in both |H⟩ and |V ⟩ polarizations (as observed in Figure 3.3) into energy and subtracting
them as described in section 3.1.

Figure 3.2: Same diagram as Figure 2.5, but with an arrow to help identify the fiber coupler
to the spectrometer, the HWP, and the polarizer.

Instead of using the HWP at just two angles separated by 45 degrees to obtain the
horizontal and vertical polarizations, we now rotate the HWP between 0 and 90 degrees.
We expect to observe a single oscillation period in the peak frequency as the QD transitions
between its two energy paths in the cascade. This process was automated by taking
spectrum measurements at 5-degree intervals of HWP rotation with a Thorlabs ELL14 -
rotation mount controlled by the spectrometer GUI. This automation was directly set up
in the spectrometer GUI under the ’save spectrum’ function, where the user can specify
the number of images and the total rotation angle. The peak frequency was recorded
for each polarization angle, resulting in a sinusoidal relationship as the system alternates
between the two decay pathways. An example series of these measurements is illustrated in
Figure 3.4(a). At each polarization angle, the energy differences were used to construct a
sinusoidal curve, where the amplitude represents the fine-structure splitting (FSS) energy
δ [58]. For the QD shown in Figure 3.3, it was seen to have δ ≈ 5µeV as shown by Figure
3.4(b).

Such FSS measurements were performed over 16 QDs with emission wavelengths near
the Cs D1 line. Each QD’s FSS was measured at six stages of gas tuning, starting from
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Figure 3.3: Frequency shift of XX (a) and X (b) due to FSS. The vertical (blue) and
horizontal (yellow) polarizations indicate the energy difference between the two paths in
the cascaded energy levels.

0 min (no deposition), and up to 30 min of deposition with six-minute increments at a
nitrogen flow volume of 0.7 mln/min. The raw data for each QD’s initial FSS is logged in
Appendix D. As mentioned previously, our interest lies in understanding the relationship
between gas tuning and changes in FSS under applied stress. The results of the frequency
shift plotted against the FSS are depicted in Figure 3.5. From the data, for some QDs
there is ∼µeV change for more than 100 GHz of tuning. Although no clear relationship
emerges between frequency shift and FSS, there exist NW QDs for which the gas tuning
reduces FSS. Thus there is realistic potential that there may exist QDs for which FSS
can be suppressed with the gas deposition. While this does not work for all QDs, one
can just select a QD from the many in the chip that can have its FSS suppressed to near
zero. Unfortunately, the spectrometer has a resolution of 0.6 GHz, so the noise of the
measurement and FSS change are both on the order of ∼µeV . One particularly interesting
quantum dot is QD(78,6) shown in more detail in Figure 3.6, as FSS appears to have been
reduced by gas deposition from 3 µeV to about 1.5 µeV . This suggests that it may still
be possible to find an ideal quantum dot with near-zero FSS, then the FSS can be further
reduced by gas deposition.

38



Figure 3.4: (a) Energy of XX (green) and X (blue) peak centers as the HWP is rotated to
switch between the H and V paths of the energy cascade. (b) The centered energy level
difference between the X and XX, creating a sinusoidal function with an amplitude of δ.
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Figure 3.5: Frequency shift induced by gas deposition vs. FSS of 16 QDs. Raw data can
be found in Table D.1 and Table D.2. A more detailed view of QD (88,1) and QD (78,6)
is also provided in Figure 3.6.
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Figure 3.6: Detailed FSS data of QD(88,1) and QD(78,6) illustrating both the exact FSS
change and ∆FSS from it’s initial value as gas is deposited.
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To investigate the control of FSS through asymmetric nitrogen deposition, we initially
deposited nitrogen assumed to uniformly cover the nanowire. Subsequently, a 910 nm
high-intensity melting beam was purposely positioned off-center of the nanowire, heating
only one side. We conducted eight trials with varying beam positions for durations ranging
from 1 to 5 minutes and powers up to 1 mW. The relative placements are illustrated in
Figure 3.7. Despite cumulative exposures of up to 30 minutes at 1 mW, no observable
change in FSS due to asymmetric melting was detected across any of the tested QDs.

Figure 3.7: Positions of the melting beam on the NWQD, represented by the gray circles
at 8 positions based on NEWS co-ordinates.

In summary, based on the study of 16 QDs, it may be possible to find a QD with a
small FSS, such that gas tuning could reduce the FSS to zero.
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Chapter 4

Miniaturized Laser Locking

A unique feature of lasers has always been the narrow linewidth achieved through stimu-
lated emission. Through careful design, the emission wavelength can be engineered around
a specific frequency with an external resonator or grating. However, without additional
controls, the laser’s central frequency is known to drift over time due to variations in tem-
perature, current, and mechanical vibrations. In frequency-selective applications such as
atomic physics, there must be a way to maintain the central frequency within the narrow
MHz linewidths of atomic transitions. To achieve this frequency stability, the laser’s emis-
sion is typically compared against an external reference to create an error signal used in the
stabilizing feedback loop for the laser. Common frequency references include Fabry–Pérot
cavities, frequency combs, or other stabilized lasers. Often, the atomic transitions observed
in room-temperature vapor cells serve as the perfect frequency reference to lock lasers.

A common practice for locking lasers corresponding to ground state transitions is to
measure the transmission of a probe through a vapor cell. Although the transmission dip
is broadened by Doppler broadening, numerous techniques such as saturation absorption
spectroscopy [55] or dichroic atomic vapor laser locks (DAVLL), have been developed to
lock onto the precise atomic transition with high degrees of stability [52, 77]. Locking
between two upper states, is more challenging as it involves attempting to lock onto an
empty transition. Some methods involve observing the absorption after optical pumping,
or more complex multi-photon interactions, such as two-photon absorption, EIT, or elec-
tromagnetically induced absorption (EIA) [78, 79]. In this project, we build upon the
two-photon DAVLL (T-P DAVLL) technique developed by Becerra et al [52], which com-
bines the dichroic atomic vapor laser lock and EIT signals to achieve a Doppler-free and
low-power method to lock between two upper states of an atom.
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For some atomic experiments such as FWM, one may need multiple lasers locked to dif-
ferent atomic transitions which has traditionally been implemented using free-space setups
built directly on the optics table. The drawback of this is that the optical setups consume
a significant amount of space and as such there has been a recent interest in miniaturizing
laser locking setups. While a saturation absorption spectroscopy setup could be imple-
mented on photonic chips [80], DAVLLs have not yet been implemented in this manner
due to drawbacks related to efficiency and the complexity of the design and fabrication pro-
cess. Miniaturization of free-space optics can also be achieved through custom machining
of metallic boards, but managing modifications and revisions to these boards can become
challenging, and mistakes may require hours of reworking. Another increasingly popular
option, thanks to advancements in 3D printing technology, is to fully 3D print structures
to replace traditionally bulky setups, such as the 3D printed cooling and locking optics
designed by Madkhaly et al. [81].

In this chapter, we show the use of a 3D printed push-fit style board to mount optical
components for a T-P DAVLL to stabilize laser frequencies between two excited atomic
states using Cs vapor. The push-fit board is pre-aligned to directly mount optical compo-
nents near their optimal positions to save costs on traditional mounting posts and decrease
its overall footprint. Each slot on the push-fit board is carefully designed to maintain strong
alignment while also not impeding too much stress on the active areas. The push-fit board
is printed with PLA on an Anycubic 3D printer.

Figure 4.1: (a) Three energy levels of the Cs atom forming a ladder system. (b) Experi-
mental diagram of the T-P DAVLL. By monitoring the transmission of the 895 nm probe,
an error signal is created to lock the 761 nm laser.
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4.1 Principle and Design

The error signal from the vapor cell is created by an EIT signal in a ladder scheme shown
in Figure 4.1(a). In the presence of a magnetic field, a weak probe resonant between
the 6S1/2 and 6P1/2 states of Cs is overlapped with a counter-propagating control beam
between the 6P1/2 and 8S1/2 states. The absorption experienced by the probe’s orthogonal
polarizations are subtracted from each other to create the error signal. Finally, we discuss
the lock stability of the push-fit board by monitoring the EIT signal over an extended
duration of time. The proposed 3D printed push-fit board offers an inexpensive, scalable,
and highly customizable approach to achieving a modulation-free locking scheme between
two upper atomic transitions by the T-P DAVLL.

The basic optical setup of the T-P DAVLL using EIT is shown in Figure 4.1(b). The
895 nm laser is locked with a commercially available compact saturation spectroscopy
module from Toptica known as the CoSy. A weak, locked 895 nm probe will experience an
increase in transmission when in the presence of a strong, counter-propagating control at
761 nm. Due to the magnetic field generated by two permanent magnets, the degeneracy
of the states is lifted, and the two orthogonal circular probe polarizations will experience
a slightly shifted resonance based on the strength of the magnetic fields. The orthogonal
probe polarizations are then split by a quarter-wave plate and polarizing beam splitter, and
their amplitudes are subtracted on a Koheron PDX10B-80-DC-SI balanced photodiode to
generate an error signal with a zero-crossing for side-of-fringe locking. Finally, a LA1289-B
30mm focal length lens from Thorlabs is used to focus the beam onto the small 0.6 mm
diameter photodetectors. The typical error signal and lock points observed on the laser
control boxes is shown in Figure 4.2.

Figure 4.2: Typical error signals for the T-P DAVLL signal (Left) and compact saturation
spectroscopy setup (Right). As seen on the Toptica DLC Pro control box.

To save space, we use half-inch optics for all components. The fully mounted push-fit
board is shown in Figure 4.3(a). As smaller beam diameters require less power, the 895 nm
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and 761 nm beams pick off 0.8 mWwith a 0.75 mm beam diameter and 7 mWwith a 1.5 mm
beam diameter respectively. Two small permanent magnets, each with a 12 mm diameter
and a center opening, were placed before and after the Cs cell to create the magnetic
field. All the components on the board were designed to have the beam pass through
the center of the active area. The goal is to place as many components in pre-aligned
slots as possible, such as the beam splitter and waveplates. This is achieved by designing
small push-fit slots with a 0.01” tolerance on each side to maintain a secure grip on the
components without imposing too much stress on the parts. The active areas and edges are
given extra space to prevent damage to the optical components as shown in Figure 4.3(b)
and Figure 4.3(c). The Thorlabs KM05 mirror mounts and Focktek WPO212Q quarter
waveplates have the base height and position of their fasteners adjusted to center the
beam. The beam path is guided by a semi-circular groove. Intermediate test points, such
as slots for IR cards and small circular openings to mimic apertures are shown in Figure
4.3(c), these help guide the alignment of the 895 nm beam. Only the fiber inputs and
Thorlabs DMLP805T/DMSP1000T dichroic mirrors are mounted on adjustable half-inch
mirror mounts. The mirror mounts are pushed against a ledge to provide coarse guidance,
while fine tuning is achieved with the adjustment screws. The 895 nm mount allows for
better alignment of both beams to hit their respective 0.6 mm diameter photodiodes, while
the 761 nm input and dichroic mirror mounts provide 2 degrees of freedom to better overlap
the probe and control fields. For now, we avoid the use of epoxy and instead mounted the
fiber inputs in kinematic mounts. More details on the dimensions of the board and design
can be found in Appendix E.

4.2 Lock Stability

While current noise and vibrations may occur on the order of microseconds, the effects
of environmental temperature and air pressure may manifest over minutes, leading to a
central frequency drift. Ideally, the lock would stabilize the frequency indefinitely; however,
more realistically, we aim for reliable locking over the course of many experimental cycles.
In a similar but separate EIT setup shown in Figure 4.4(c), we lock the 761 DAVLL with
a PID from the DLC Toptica control box, and we measure the central frequency stability
of the T-P DAVLL over an extended duration by monitoring the EIT signal of a different
probe. In the T-P DAVLL, the 6S1/2, F = 4 state is used as the ground state for the
probe. In the lock stability experiment, a different 895 nm Vescent laser is frequency
offset-locked and scanned across the 6P1/2, F = 3 transition from the 6S1/2, F = 3 ground
state. The ladder configurations, using the different hyperfine structures to address the
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Figure 4.3: (a) Laboratory setup of the 3D printed push-fit board. Laser inputs are directed
to the board using PM fibers. The Cs cell used in the setup is a standard 75mm length cell
with no buffer gas. The board dimensions are 26cm × 7cm, and it is securely bolted onto
an optics table with fasteners underneath the Cs cell. (b) Top view of the push-fit slot
renders for the photodetector side. Components are provided with additional open space
in sensitive locations, such as the active area and edges, to prevent damage. (c) Angled
view of the render, highlighting the intermediate test points for sliding in IR cards and the
apertures printed on the board to aid in alignment. The two apertures on the back of the
balanced photodetector side align perfectly with the detectors.

two EIT setups, are shown in Figure 4.4(a) and Figure 4.4(b). A frequency change in
the peak EIT signal measured in the probe would reflect an instability from the upper
transition’s lock; however, instabilities in the ground state lock with the CoSy module will
also be daisy-chained to reflect in the T-P DAVLL. Finally, the probe spectrum is measured
on superconducting nanowire single-photon detectors (SNSPD). While using SNSPDs are
certainly overkill for this purpose, they were used out of convenience as this experimental
setup was using sections of a separate four-wave mixing experiment that was already built.

The 895 nm probe is scanned from 8.500 GHz to 9.800 GHz. The transmission minimum
of the EIT signal is expected to be at 9.192 GHz based on the fine structure splitting of
the 6S1/2 state. The absorption spectrum of the probe is shown in Figure 4.5(a). Upon
application of the control, the EIT signal becomes prominent in Figure 4.5(b). Such a
spectrum is saved approximately every minute for 14 hours, and the position of the EIT
peak is monitored to obtain lock stability.

Based on the time settings of the SNSPDs and scan range of the frequency offset lock,
we can measure the drift of the EIT peak up to 8.75 kHz resolution. The result of the EIT
peak tracking is shown in Figure 4.6. Over the course of 14 hours, the peak drifted over a
total amplitude of 2.41 MHz and has a standard deviation of 0.41 MHz, which achieved
an initial goal of being comparable to the natural linewidth of the transition given at 4.57
MHz [82]. The 0.41 MHz standard deviation of the 3D printed board is also comparable
to the 0.36 MHz standard deviation observed in Becerra’s results using traditional optical
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Figure 4.4: (a) Hyperfine splitting of the energy levels used in the T-P DAVLL lock.
Here we use a probe locked between the 6S1/2, F = 4 to 6P1/2, F = 3 transition with the
CoSy module. The T-P DAVLL locks the 6P1/2, F = 3 to 8S1/2, F = 3 transition. (b) In
the stability test, the probe is frequency offset-locked to scan across the 6S1/2, F = 3 to
6P1/2, F = 3 transition. (c) Experimental diagram of the stability test. By monitoring the
drift of the EIT signal from the scanning 895 probe, we obtain an estimate on the 761 nm
lock stability.

mounts [52]. It may be possible to improve stability by more strategic positioning of the
magnets. The current choice of magnets and their positions was designed and tested to
maximize signal amplitudes and, consequently, to maximize locking duration. However,
due to the size of the Cs cell, the magnets may appear more like point sources, resulting
in a non-uniform magnetic field throughout the cell and not necessarily aligned with the
wavevector of the lasers. By optimizing the magnet positions or using larger magnets, one
may achieve a more uniform field at the cost of signal amplitude. Furthermore, over the
course of 4 months, there has been little shift in the alignment of the 3D printed push-fit
board, despite being in a non-temperature-regulated environment, and there is no visible
degradation to the 3D printed PLA optics board.

4.3 Conclusion

Here, we demonstrate a miniaturized optical setup using a 3D printed push-fit-style board
to lock lasers to the upper 6P1/2 to 8S1/2 atomic transitions using an EIT signal. Although
observing EIT of two small beams on small photodetectors can be demanding in terms of
alignment, the push-fit-style board maintained an error signal for 14 hours. In the design
iterations of the push-fit board, some crucial design philosophies contributing to its success
were the pre-aligned slots for non-alignment critical components, along with mirror mounts
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Figure 4.5: Resulting probe scans of EIT spectrum. (a) Probe transmission of the
6S1/2, F = 3 to 6P1/2, F = 3 transition as measured on SNSPDs. Probe detuning is
centered to 0 by a 9.192 GHz offset corresponding to the fine structure splitting of the
6S1/2, F = 3 and 6S1/2, F = 4 ground states. (b) The same probe is now under the
influence of a counterpropagating control beam at 761 nm, locked by the T-P DAVLL.

for the fiber inputs, as well as numerous intermediate test points for alignment, such as
small apertures printed onto the board. At the time of writing this thesis, a new 3D printed
T-P DAVLL was also setup for the 1469 nm transition, locking the 6P3/2 to 7S1/2 upper
transition.

Further improvements to the design could involve a better implementation of a uniform
magnetic field, achieved through more strategic magnet placements or the use of coils. The
magnets used in the current setup are commercially available neodymium disc magnets
typically intended for storage applications, so their magnetic fields and uniformity may
be inconsistent. The push-fit board itself could be printed on a higher resolution 3D
printer. The ones used for the current design have 13 µm positioning accuracy in all three
dimensions, whereas many higher quality printers can achieve resolutions down to 6 µm .
Our choice of a PLA printer was mainly due to accessibility; however, a resin-based board
can be beneficial. Resin prints can offer higher resolution and smoother finishes, making
them better for intricate and detailed prints such as the push-fit slots meant to hold delicate
optical components. However, resin printers also typically have a smaller build volume,
which constrained the current board’s fabrication. They are more expensive and can have
limited applications in certain wavelengths. For example, one must be cautious about the
wavelengths used if a resin board were applied, as UV exposure may cause degradation.

The 3D printed optics boards offer an inexpensive, scalable, and highly customizable
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Figure 4.6: EIT peak drift monitored over the duration of 14 hours. The drift is centered
around the average value of the EIT peak.

alternative to traditional free space optical setups. We envision numerous applications for
this type of 3D printed board in any optical setup that requires miniaturization, such as
various imaging setups and interferometry.
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Chapter 5

Warm Atomic Memory

In Chapter 1, we outline the advantages of warm atomic memories, including their ease
of implementation, on-demand accessibility, and prolonged storage durations due to long
coherence times between energy levels. Although various protocols within warm atomic
memories might appear similar initially, their underlying mechanisms are fundamentally
distinct. Each protocol presents unique advantages and trade-offs regarding efficiency,
fidelity, complexity, and storage durations [30]. In comparison, EIT memories offer a rela-
tively long storage time for a straightforward and lower power setup [38]. These memories
do not necessarily require cooling and can operate at lower powers due to near-resonance
conditions. EIT memories are of particular interest for warm-atomic vapors as it is mostly
insensitive to the single-photon detuning (∆p,∆c) of a given transition, so long as the
two-photon detuning is zero (δ = ∆p −∆c = 0). Consequently, EIT memory protocols re-
main effective even in media with inhomogeneous broadening, such as a Doppler-broadened
vapor cell [54].

This chapter of the thesis describes the constructed warm atomic memory setup in the
lab. First, the protocol for an EIT memory is described and experimentally demonstrated.
Subsequently, an investigation into various improvements aimed at extending storage time
and enhancing efficiency is conducted. Finally, with EIT memory as the foundational
mechanism, two additional experiments are introduced: a heralded EIT-memory scheme
and lasing without inversion.
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5.1 EIT Memory Protocol

Consider a Lambda system using the 6S1/2 hyperfine ground states of Cs and the 6P1/2, F
′ =

4 excited state, such as that in Figure 5.1(a). The protocol for an EIT memory is as fol-
lows: First, the strong control beam is sent through the atoms. The control pumps the
atoms into the 6S1/2, F = 4 ground state and acts as a strong control for the EIT medium.
After sufficient pumping duration, the probe (write) pulse is sent to the atoms. The probe
enters the medium in the transparency window opened by the control and spatially com-
presses as it also enters a slow-light regime. Once the pulse has entered the medium, we
remove the control field to trap the pulse in the atomic medium. The pulse is directly
transferred to the spin coherence of the hyperfine ground states, often referred to as a spin
wave in literature. At a later point, the stored information can be retrieved by reapplying
the control beam to open the transparency window. For a given experimental cycle, two
pulses should be expected on a detector filtered for the probe frequency. The first pulse
matches in time with the write pulse; this is related to the storage efficiency and represents
leakage of information that was not stored. The second pulse is the retrieved signal that
matches in time with the start of the second control pulse. These are the photons that
were successfully stored in the medium and recalled by the second control pulse. Ideally,
for the same input, the first pulse should be minimized, indicating better storage efficiency,
and the second pulse should be maximized for the highest retrieval efficiency. Such a pulse
sequence and the expected detector peak timings are shown in Figure 5.1(b).

5.2 Experimental Setup for EIT Memory

The most recent experimental setup is shown in Figure 5.2. To begin, the control beam
uses a Toptica 895 nm ECDL, frequency-locked to the exact transition of 6S1/2, F = 3
to 6P1/2, F

′ = 4 by saturation absorption spectroscopy with a CoSy module. The probe
beam uses a Vescent 895 nm ECDL, frequency-locked to the 6S1/2, F = 4 to 6P1/2, F

′ = 4
transition with an offset phase lock from the Toptica as the master. The control beam
pulses are generated through a fiber-coupled EOM, while the probe beam pulses are cre-
ated by a free-space AOM. The exact pulse timings are synchronized with two function
generators. Afterward, the beams are fiber-coupled to the memory setup using single-mode
polarization-maintaining (PM) fibers. The control beam is sent through a 13 mm collimat-
ing lens to create a larger, approximately 2 mm diameter beam. In comparison, the probe
beam is sent through a 4.5 mm collimating lens to achieve a 0.8 mm diameter beam. This
ensures the probe beam travels through an EIT medium and that more atoms surround-
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Figure 5.1: (a) Cs energy levels and hyperfine states used for Lambda EIT Memory. The
strong control beam is resonant on 6S1/2, F = 3 to 6P1/2, F

′ = 4 transition, and the weak
probe is resonant on 6S1/2, F = 4 to 6P1/2, F

′ = 4. (b) A typical pulse sequence for EIT
storage that is aligned in time. The top two traces represent the pulses sent from their
respective laser sources, while the bottom trace indicates the expected signal detected after
storage, filtered to isolate the probe (i.e. the strong control beam is completely eliminated).

ing the probe beam are pumped. The pulse amplitudes of the control and probe beams
are typically set to 2.5 mW and 1-10 µW, respectively. The two beams are combined at
a PBS, and the alignment is adjusted to ensure they overlap spatially. The PBS serves
to clean up the polarizations of the probe and control beams as they enter the atomic
medium and provides an additional filtering option at the filtering stage. The combined
beams then propagate through a Cs cell filled with 3 Torr neon buffer gas, placed inside a
magnetic shield and oven to limit the Zeeman effect of stray magnetic fields and to control
the OD. The signal is then fiber-coupled to the filtering stage. Throughout the various
iterations of the EIT memory measurements, five different filters were tested to maximize
the contrast and efficiency of the probe beam1. A table summarizing the performance
specifications are shown in Table 5.1, and they are described in more detail in Appendix
F. The most successful filter implementation is a double-pass etalon2 and some additional
polarization filtering. These two combined provide a filtering contrast of about 60 million
and efficiency of 5%. At filtering, the signal from the memory passes through a PBS to
remove some of the control beam, as the signal and control beams have orthogonal linear
polarizations. The PBS also acts as a pick-off for the back-reflected signal beam through

1Filter efficiency is defined by probe transmission. Contrast is defined by the transmission ratio of
probe vs. control.

2An etalon is essentially a Fabry-Perot cavity used as a very narrow bandpass filter.
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the etalon. After the PBS, the beam passes through a half-wave plate (HWP) to rotate the
polarization to match the etalon modes. The etalon further attenuates the control beam
while maintaining a manageable transmission of the probe beam. Upon back-reflection,
the beam passes through a quarter-wave plate (QWP) twice to rotate the polarization by
90 degrees, allowing it to reflect off the PBS and be fiber-coupled to sensitive detectors
such as SNSPDs or avalanche photodetectors.

Figure 5.2: The experimental setup used for warm cell EIT memory. Broadly speaking
separated into 3 main sections of laser pulse preparation, the atomic memory, and the
filtering. These are all fiber coupled to each other through single-mode PM fibers. The
pulse preparation is perhaps an oversimplification of the pick-offs after the laser head. It
is just meant to indicate which tools are used to create pulses.

5.2.1 Magnetically Shielded Oven

In an effort to improve storage times and OD, we are implementing a custom-made mag-
netic shielding unit to protect the Cs cell from stray magnetic fields, integrated with a
heating strip for temperature control. The setup uses two layers of a high-permeability
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Table 5.1: Summary of filter performances for the various setups to separate the two Cs
hyperfine ground state transitions. F corresponds to the finesse of the Vitawave planar
etalons as defined by their spec sheets at 852 nm.

magnetic material known as mu-metal to guide stray magnetic fields from the earth or sur-
rounding electronics away from the Cs cell. Outside of the mu-metal sheets is a dual-heating
tape that can provide temperature control comfortably up to 300◦C. A cross-sectional dia-
gram and build process is shown in Figure 5.3. The oven is structured using three aluminum
tubes with diameters of 3.5”, 2.5”, and 1.5”. The Cs cell is secured within the 1.5” tube
by brass screws, and two alternating layers of insulator and mu-metal are wrapped around
the outside of the 1.5” tube. The mu-metal comes in the form of thin, approximately 2 mm
sheets, which are carefully wrapped around the insulating rings to prevent defects that de-
grade shielding performance. Each layer is secured by temperature-resistant Kapton tape
and a metal zip tie on the final mu-metal layer. A heating strip is wrapped around the
2.5” layer and secured by Kapton tape. Finally, a 3.5” tube encloses all the components
to retain heat. Each layer of shielding attenuates stray magnetic fields by a factor of 10
in both radial and axial directions, as measured with a gaussmeter. Two temperature
probes are attached at the mu-metal layer and the heating strip to provide temperature
feedback on experimental conditions. We commonly see about a 10◦C difference between
the heating strip and mu-metal layer, and perhaps can estimate another approximate 10◦C
different between the mu-metal and Cs cell. To minimize magnetic fields within the shield,
an electronic temperature probe wasn’t placed directly on the cell.

5.3 EIT Linewidth

Initially, we measure the linewidth of the EIT transmission window. This measurement
serves to provide an initial estimate of critical experimental conditions, including decoher-
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Figure 5.3: Diagram and assembly of magnetically shielded oven. (a) Cross-section of the
magnetically shielded oven. (b) 1.5” tube with buffer gas cell mounted within by two brass
screws. Two circular rings of insulating rubber are wrapped just beside the fasteners. (c)
First layer of mu-metal shielding, and second insulating layer. (d) Second layer of mu-
metal and metal zip-ties to secure all layers underneath. (e) 2.5” tube with heating tape
wrapped around. The 1.5” tube with mu-metal and cell are inserted within.

ence rates and bandwidth. The typical transmission window peak is shown in Figure 5.4(a),
where the FWHM of the transmission window is about 26 MHz when 15mW of control
power is used. Another notable observation is the expected linear increase in bandwidth
relative to the intensity of the control power [38]. Figure 5.4(b) shows with increments of
∼5mW control power, the spectral bandwidth also increases linearly as 5 MHz, 12MHz,
18MHz, 26MHz, scaling by roughly 1.4 MHz/mW.

5.4 Storage Time

Having established the appropriate filters and characterized the linewidth of the EIT, we
proceed to conduct EIT memory measurements. Using the setup from Figure 5.2, we send
two control pulses, each 1 µs long with a peak power of 2.5 mW, initially separated by 50
ns. Along with the first control pulse, we also send a 50 ns probe with a peak power of 3
µW to act as the write signal. The timing of this pulse sequence is illustrated in Figure
5.5(a). To further characterize storage, we increase the delay between the two control
pulses. As expected, the delay of the retrieved signal follows the increase in control delay,
as shown in Figure 5.5(b). Such series of plots are also used to characterize the storage
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Figure 5.4: EIT 895 nm F=4 to F’=4 probe frequency scans with a resonant control beam.
(a) Comparison of a Cs cell without buffer gas (blue) and a Cs cell with 3 Torr Neon
buffer gas (Orange). (b) Transmission window changes with increasing control power in
the buffer gas cell.

time for optical memories. The exact equation is determined by the time it takes for the
total retrieved photon population Atotal to reach 1/e of its maximum value, given by:

Atotal =

∫ ∞

−∞
Aout(t) dt (5.1)

By fitting the total retrieved photon population vs. storage time to an exponential
decay function, we obtain the storage time τ . An example of such fitting for the previously
presented data is shown in Figure 5.6(a). In the first storage experiment, we only measured
60 ns of storage time. This was done with what could be considered the most basic
setup possible for observing storage (a Cs cell without coatings or buffer gas, no magnetic
shielding, no heating). In an effort to improve storage times, the vacuum cell was replaced
with a cell containing 3 Torr of neon buffer gas. This improved the storage time to 90
ns. However, the most significant factor contributing to the improved storage time was
the introduction of magnetic shielding. With just one layer of mu-metal, the storage time
increased almost 7-fold to approximately 600 ns. Encouraged by this result, a second sheet
of mu-metal was purchased, and the addition of the second layer further improved storage
times to 1050 ns, approaching the commonly observed storage times in similar warm atom
setups of 1-200 µs [34, 36]. These series of improvements in storage time are documented
in Figure 5.6. Commercial magnetic shields typically employ three layers of mu-metal.
While adding a third layer could potentially further enhance our storage time, we opted
to prioritize improvements in storage efficiency for now.
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Figure 5.5: The typical EIT memory input pulse sequence as detected on an APD. (a) The
input pulse sequence for a given experimental cycle: Two 1 µs, 2.5 mW peak power control
pulses (orange) are separated by 50 ns. The 50 ns write signal (blue), with a peak power of
3 µW, is sent along with the first control pulse to store the signal. (b) Plot demonstrates
the same experiment repeated at increasing delay times represented by the different colors,
showing the characteristic decrease in retrieved pulse area as the storage time increases.

5.5 Memory Efficiency

As discussed in Section 1.1.1, memory efficiency is another critical metric for quantum
memories. Overall efficiency is defined by the ratio of the total number of photons sent into
the memory to the total number of photons retrieved. This measurement can be conducted
by performing an EIT storage measurement for a given delay time to determine the total
retrieved photon population, and then removing the cell to obtain the total number of
photons initially sent into the memory. The results of such a measurement is shown in
Figure 5.7. By integrating the pulse areas from Figure 5.7, we calculate a relatively low
overall memory efficiency of 1.3%. The storage efficiency falls within an acceptable range
at 80%; however, the retrieval efficiency is only 1.6%, indicating that decoherence during
storage is the primary factor limiting our efficiency. In comparison to literature, Qunnect’s
Rb memory heated to 45◦C has demonstrated a memory efficiency of 7% [36], while other
similar setups have reported efficiencies ranging widely from 10% to 50% [38, 83, 84].

This low efficiency is likely from the low OD we observe from the atomic medium at
room temperature. OD describes the maximum interaction of the probe with atoms, and
for EIT memory schemes, it is desirable to have a large OD much greater than 1. From the
same Figure 5.7, we observe that the OD for probe absorption alone is only 1.6. In warm
atomic setups, higher OD is achieved by heating the vapor cell to temperatures commonly
between 40 to 60◦C. This is another reason why the oven was set up; however, testing and
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Figure 5.6: EIT storage total retrieved signal vs. storage delay time to obtain storage
time τ . Each plot represents an improvement to the experimental setup. (a) Storage
observed in vapor cell without buffer gas, optical pumping, or magnetic shielding. (b)
Storage observed in vapor cell with 3 Torr Ne buffer gas and 100 µs optical pumping, but
no magnetic shielding. (c) Storage observed in vapor cell with 3 Torr Ne buffer gas, 100
µs optical pumping, and only one layer of magnetic shielding. (d) Storage observed in
vapor cell with 3 Torr Ne buffer gas, 100 µs optical pumping, and two layers of magnetic
shielding.
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Figure 5.7: Probe signals detected on the APD in different configurations to measure
storage efficiency. The blue curve, obtained by removing the Cs cell, provides a transmission
reference for the probe and the total photon number sent into the memory. The orange
curve represents typical probe absorption without the influence of EIT, from which the
storage efficiency is determined. The green curve shows the EIT memory signal, and the
retrieved pulse is used to calculate the retrieval efficiency and overall memory efficiency.
Inset: a magnified view of the retrieval pulse.

optimizing the temperature controls remain an ongoing process, as we currently suffer from
significant condensation of the atoms on the cell walls. This occurs when the increased
vapor pressure causes the atoms to condensate in cooler areas of the vapor cell. Significant
condensation leads to obstruction of the beam path with seemingly random deflection and
transmission losses.

Another common approach to improve memory efficiency is through iterative pulse-
shaping for the write pulse, as proposed by Gorschkov et al. [85] and experimentally
demonstrated by Novikova et al. [83]. For a specific OD, there exists an optimal pulse
shape to achieve maximum storage efficiency. The optimal pulse shape is found by initially
sending a probe pulse of arbitrary shape (e.g., Gaussian), and then measuring the retrieved
pulse. The retrieved pulse provides a more accurate representation of the optimal pulse
shape for storage, so the time-reversed shape of the retrieved pulse is used as the write pulse
in the next iteration. In Novikova’s experiment, they found that after three iterations, the
memory efficiency improved from 16% to 47%. We would also like to implement such a
process, but there are limitations to probe pulse shaping on the tens of nanoseconds scale
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due to the slow response of the AOM.

5.6 Summary of EIT Memory Results

In summary, we have implemented a warm Cs atomic memory and are progressing towards
interfacing it with QD photons. By iteratively improving the vapor cell setup with magnetic
shielding and introducing buffer gas, we have been able to extend storage times from 60 ns
to 1 µs, although the efficiency remains relatively low at 1.3%. To further extend storage
times, using a Cs cell coated with paraffin or specialized polymers to prevent dephasing
from collisions with the cell wall may be beneficial. Additionally, adding another layer of
magnetic shielding could further reduce dephasing caused by stray magnetic fields. The
objective of improving efficiency remains an ongoing effort. The most direct method would
be to increase the OD by raising the temperature using the newly built oven. Another
option to enhance efficiency would be to implement iterative pulse shaping optimization,
as described in Section 5.5. However, this approach would likely require redesigning the
pulse generation system, given the current limitations of the AOM in performing high-
resolution pulse shaping.

Note that Off-resonant Raman protocols follow an extremely similar experimental pro-
cedure, with the only difference being the amount of detuning, as it relies on stimulated
Raman transitions. Off-resonant Raman moves into a far-off resonant regime, making it
more compatible with the broadband (∼GHz) photons received from QDs. Experiments
have already demonstrated GHz bandwidth capabilities with Cs atoms [86]. A trade-off
for this larger bandwidth is the requirement for a stronger control laser, necessary be-
cause we are operating far-off resonance, and a potentially shorter storage time due to the
increased likelihood of four-wave mixing (FWM) caused by the strong control laser [38].
While off-resonant Raman memories show promise for future investigations in quantum
dot integration, current laser limitations confine us to on-resonance fields to ensure zero
two-photon detuning.

5.7 Further Experiments with Warm Atoms

Following the initial demonstration of an EIT memory, two other experiments emerged
to advance the warm atom setup and facilitate experiments in support of the quantum
repeater project. The fundamental mechanisms of these tasks are both related to EIT, they
are: EIT-based single-photon generation and lasing without inversion (LWI). Attempts
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were made to carry out these measurements; however, they yielded little success. While
a detailed explanation of these topics may exceed the scope of this thesis, their general
framework will be outlined to inspire future experiments with warm atoms.

5.7.1 EIT-based single-photon generation

There exists an alternative EIT memory protocol distinct from the previously discussed
approach outlined in Section 5.1. Here, instead of co-propagating a strong control beam
with the write signal, only the probe beam is sent into the medium. With a non-unitary
probability, the probe induces an excitation and transition into another ground state.
During this process, it emits a photon that heralds the storage event. Later, a control
beam is applied to map the photon back onto the probe transition. The strong control
beam also serves as the EIT control laser, opening a transparency window for the probe to
propagate out of the atomic medium. An illustration is provided in Figure 5.8, and further
elaboration can be found in Dr. Eisaman’s thesis [87].

Figure 5.8: The protocol for a heralded memory based on EIT using the hyperfine ground
states of Cs.

The primary distinction between the two cases lies in the heralding event, which is
probabilistic but achieves exceptionally high storage and retrieval efficiency upon detection.
Furthermore, the storage mechanism utilizes a transition to the excited state for storage,
unlike the previously discussed EIT memory where the probe’s coherence is mapped directly
to the spin coherence of the ground states without inducing excitations.

During our own testing of this process, we encountered challenges in detecting any
heralding events. The ability to detect heralded photons is primarily constrained by the
small solid angle of collection into the fiber coupler. Additionally, when the OD is low,
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the likelihood of detecting heralded photons decreases as heralding is directly related to
absorption and spontaneous emission. We envision that introducing heating could enhance
our ability to detect heralded photons and enable further exploration of this memory
scheme.

5.7.2 Lasing without inversion

As we may be familiar, population inversion3 is commonly required to achieve lasing.
However, in a specific 3-level energy level structure such as the Lambda system, it is
possible to achieve stimulated emission without a larger excited state population. This
phenomenon, known as lasing without inversion (LWI), can act like a gain medium for
weak signals. The fundamental mechanism resembles that of EIT, where the probability
amplitudes for excitation interfere destructively to suppress absorption. For a detailed
analysis of this topic, refer to Mompart and Corbalan [88].

This mechanism could potentially be applied to the quantum repeater to amplify weak
signals, such as a single photon from the QD, or, if precise control over storage is achievable,
it could potentially add another single photon to the QD’s output. While we investigated
this in our lab, we have yet to confidently demonstrate any form of gain medium. However,
this also may become feasible with increased OD facilitated by a functional oven.

3In its simplest definition, population inversion occurs when the excited state has a larger population
than the ground state
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Chapter 6

Conclusion

The main projects in this thesis are all connected to the hybrid quantum repeater project in
the lab. The overarching aim is to achieve a robust interface between atoms and quantum
dot photon sources to establish a repeater node for a quantum network. In the past,
our lab has focused on cold atomic setups and improving light interactions by loading
atoms into hollow-core photonic crystal fibers. This thesis extends the investigation into
quantum dot photon sources to facilitate their eventual deployment. Additionally, we
explore and develop a newly constructed warm atom setup. Warm atoms offer many
interesting applications as a standalone platform and can perform similar experiments to
the cold atomic setup in a more easily tested, sandbox-like environment. This preliminary
testing or benchmarking can occur prior to fully implementing an experiment within the
more intricate, but potentially higher-performing, cold atom setups.

In Chapter 2 and Chapter 3, we examine the QD single-photon source, emphasizing
the challenges associated with its excitation and the complexities in interfacing it with
atoms. We present a newly built EOM bias controller using purely DC signals and a
custom-made pulse generator to create consistent 100 ps, 30 dB optical pulses. These
pulses were then used to perform above-band excitation of the quantum dot, achieving
a g(2)(0) = 0.095 ± 0.0082. Furthermore, we investigate the frequency tuning of various
quantum dots via gas injection and assess the potential of this technique to control some
of the QD asymmetry, as both are influenced by applied local strain. In specific QDs, we
observed a decrease in FSS, suggesting it may be possible to find a QD with a sufficiently
small initial FSS to completely remove it through gas tuning.

Chapter 4 presents a method for mounting optics using 3D-printed push-fit style boards
to frequency lock lasers to upper atomic transitions. This method benefits from many
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traditional advantages of 3D printing, such as rapid prototyping and deployment, high
degrees of customization, and low cost compared to traditional optical mounts1. The 3D-
printed laser locking board was able to lock the 6P1/2 to 8S1/2 upper transition of Cs for up
to 14 hours with a standard deviation of 0.41 MHz in frequency. Currently, there are two
3D-printed DAVLLs set up in the lab for the 761 nm and 1470 nm transitions, providing
full access to the upper transitions in four-wave mixing schemes. It would be interesting to
see a more streamlined version of this process. Imagine someone wanting to quickly test an
optical setup. Instead of having to first find space on an optics table, order components,
and tediously align them, they could simply design a beam path with the specified optics
through a user interface. The software would then automatically design a push-fit board
using the available online CAD files for optical components. Over lunch, a pre-aligned
optics board could be prepared on a 3D printer and ready for a quick test. Instead of
spending an entire day aligning optics, one would just need to pop components into these
pre-designed beam paths. While this is perhaps an ambitious proposal based on the results
presented in this thesis, it would be an extremely useful tool in many optics labs.

Finally, Chapter 5 presents the implementation of an EIT optical memory with warm
Cs atomic vapor. The first challenge, filtering out the strong pump, was accomplished
by installing a new etalon filter that can be temperature-tuned. Then, through iterative
improvements to the vapor cell setup, such as including buffer gas and magnetic shielding,
we achieved 1 µs of storage, although with relatively low efficiency. The efficiency can
be improved by performing iterative pulse shaping and heating the vapor cell to about
50 degrees Celsius to increase OD. To do so, some improvements to the setup are likely
needed, such as a more reliable pulse shaping setup. An initial version of the oven is built,
but there is significant condensation of the vapor in the cell, and it should perhaps be
redesigned to purposefully introduce a cold point on the cell so that condensation occurs
out of the beam path. Further experiments enabled by such a setup include a heralded
storage scheme and lasing without inversion to amplify weak signals. Another interesting
scheme closely related to EIT memory is off-resonant Raman schemes, which could also
be pursued for broader bandwidth operations and interfacing with the broadband photons
from the QD.

1Each 3D printed DAVLL board costs about two dollars to print
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Appendix A

Gas Tuning

The cryostat and the nitrogen gas injection setup are shown in Figure A.1. Nitrogen gas is
initially prepared into a Swagelok DOT-3E-1800 gas reservoir and injected into the cryostat
by a Bronkhorst EL-FLOW Prestige FG-200CV digital gas flow controller connected to a
lab computer.

Figure A.1: Diagram of nitrogen gas flow setup.
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A.1 Gas tuning procedure

This section aims to provide a brief outline on the gas tuning procedure:

1. To begin, save a spectrum of the QD. This is to provide an initial reference to the
QD emission wavelengths.

2. In the EL-FLOW controller software, begin logging of the gas flow volume.

3. Prepare a stopwatch such as that on your phone

4. Set the gas flow rate to it’s maximum of 0.7 mln/min, BUT DO NOT press enter yet
to start the gas flow.

5. Start the gas flow by pressing enter AND starting the stopwatch at the same time.

6. Once gas injection has occurred over the desired duration, set the gas flow rate to 0,
and stop logging. (We often inject gas for 0.5-3 minutes, and the longest duration
was up to 10 minutes). You may also stop the stopwatch.

7. Obtain another spectrum of the QD to log the shift in wavelength.
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Appendix B

EOM Bias Controller Circuit and
Code

B.1 The Bias Controller Circuit

B.1.1 Symmetry Testing

The symmetry testing logic is based on using MOSFETs to split the signal into positive
and negative peaks. An example input and resulting output of peak splitting is shown in
Figure B.1.

Figure B.1: Peak splitting.

The results from the peak splitting are then used to determine symmetry by the logic
in Figure B.2.

The PCB schematics used for symmetry testing is finally shown in Figure B.3
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Figure B.2: Symmetry testing logic

Figure B.3: PCB for symmetry testing, initially designed by Kassandra Hawes, then mod-
ified to fix some connections at the logic gates. (a) Schematic Diagram. (b) Resulting
Board.

B.1.2 The Arduino and DAC Circuit

An Arduino’s digital IO port was used to read out the symmetry logic, and the bias
voltage was also continuously generated by the Arduino through an MCP4725 12-Bit DAC.
The PCBs described above in Figure B.3 only contained the symmetry testing logic, so
a separate board had to be made to combine the square wave dither and DAC signal.
The circuit is shown in Figure B.4. A square wave ranging from 0V to 5V is directly
generated by the Arduino. This signal is then converted into a -5V to 5V square wave
using a comparator. A portion of the -5V to 5V signal is sent to the symmetry testing
PCB, while another part is branched off into a voltage divider to create a small dither
signal. Subsequently, a non-inverting summing amplifier combines the DAC signal and
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dither signal to feed into the EOM DC port.

Figure B.4: Circuit to combine square wave dither and DAC.

B.1.3 The Enclosure

All the circuits are housed inside a 3D printer enclosure as shown in Figure 2.10(a). A
diagram of the ports used for the enclosure is shown in Figure B.5. The front side of
the enclosure includes all the inputs, such as the EOM’s output signal as measured on a
photodetector, and the square wave dither. Additionally, the front side contains the power
supply inputs for the circuits. From left to right, the DC power supply provides mutual
ground, 5V, -5V, and 15V DC for the op-amps. The bottom of the enclosure has openings
for powering the Arduino via a barrel plug and for reprogramming the stabilization code
through the Arduino USB port. The backside of the enclosure houses the output signals,
including the dither generated from the Arduino and the output DC voltage for the EOM.
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Figure B.5: Layout of front and backside electrical ports for the bias controller circuit.
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B.2 Arduino Control Code

Below is the code used to determine the adjusted bias voltage. The initial voltage VDAC
is set to around 3.06, determined by finding a rough minimum on a DC power supply. It
then continuously checks for the results of symmetry testing and adjusts VDAC by 0.001
in each iteration.

#include <Wire.h>

#include <Adafruit_MCP4725.h>

#include <math.h>

// Define Pins

#define PWM_pin 6

int symmTestPin = 8;

int asymmTestPin = 7;

const int pin5V = 13;

int symmTestVal = 0;

int asymmTestVal = 0;

// Global Variables

float pid_increment = 0.001; //Empirically determined, originally 0.01, for

end product use 0.001

int lockMinOrMax = 0; // 0 = lock to min, 1 = lock to max

float V_DAC = 3.06; //Voltage sent to DAC for correction factor,

Initial value empirically determined. Use 3.2 for min, 1 for max

Adafruit_MCP4725 dac;

void setup() {

Serial.begin(9600);

// Setup one output to 5v as the 5v on board supply is blocked by the protoboard

in the enclosure
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pinMode(pin5V, OUTPUT);

digitalWrite(pin5V, HIGH);

// DAC Setup

dac.begin(0x62);

Serial.println("DAC began");

// Create Square Wave on pin PWM_pin

pinMode(PWM_pin, OUTPUT);

float freq = 1 * pow(10, 3); //Hz

Serial.print("Frequency = ");

Serial.println(freq);

tone(PWM_pin, freq); //creates square wave dither, works for 50Hz to 50kHz

// Symmetry Test Pin Setup

pinMode(symmTestPin, INPUT);

pinMode(asymmTestPin, INPUT);

// Set Initial Voltage

setDACVoltage(V_DAC);

}

void loop() {

//Use DAC to output a correction factor

V_DAC = correctionFactor(V_DAC);

setDACVoltage(V_DAC); // Need to find 0.4 for max lock

// setDACVoltage(3);

delay(100);

Serial.println("--------------------------------------");

}

void setDACVoltage(float V) {

float setValue = (V)*4095 / 5;

dac.setVoltage(setValue, false); //analog value, if it should be stored for reset
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Serial.print("DAC V = ");

Serial.print(V);

Serial.print(", DAC sent ");

Serial.println(setValue);

}

void setDACBit(float setValue) {

dac.setVoltage(setValue, false); //analog value, if it should be stored for reset

float V = setValue * 5 / 4095;

Serial.print("DAC V = ");

Serial.print(V);

Serial.print(", DAC sent ");

Serial.println(setValue);

}

float correctionFactor(float currentVoltage) {

float correctedVoltage;

symmTestVal = digitalRead(symmTestPin);

asymmTestVal = digitalRead(asymmTestPin);

Serial.print("ASymm Test ");

Serial.println(asymmTestVal);

Serial.print("Symm Test ");

Serial.println(symmTestVal);

if (symmTestVal == 1 && asymmTestVal == 0) {

correctedVoltage = currentVoltage - pow(-1, lockMinOrMax) * pid_increment;

// - for min, + for max

Serial.println("Right of Medium");

} else if (symmTestVal == 0 && asymmTestVal == 1) {

correctedVoltage = currentVoltage + pow(-1, lockMinOrMax) * pid_increment;

Serial.println("Left of Medium");
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} else if (symmTestVal == 1 && asymmTestVal == 1) {

// Error Catching

Serial.println("Error, symm = asymm = 1");

} else {

correctedVoltage = currentVoltage;

Serial.println("Good Correction");

}

// Catch edge cases where voltage excedes DAC bounds

float upperBound = 4.9;

float lowerBound = 0.2;

if (correctedVoltage > upperBound) {

correctedVoltage = upperBound;

Serial.println("Error, DAC can’t set voltage > upper bound");

}

if (correctedVoltage < lowerBound) {

correctedVoltage = lowerBound;

Serial.println("Error, DAC can’t set voltage < lower bound");

}

return correctedVoltage;

}
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Appendix C

Picosecond Pulse Generator
Characterization

The effect of using three different resistors to control pulse lengths was tested; however,
this approach is tedious and should be avoided if possible. The resistors are only 0603 in
size and are housed in a sensitive and fragile enclosure. The initially used resistor was 50
Ω, as this was the value in the work by Zou et al. [1]. The 50 Ω resistor produced pulse
widths of 260 ps. In an effort to decrease the pulse width to 100 ps, we replaced it with a
750 Ω resistor, and finally with a 1.5k Ω resistor. The pulse shapes for the same 120 MHz
sine wave input are shown in Figure C.1.

In addition to the resistor value, there are several parameters that influence the re-
sulting electrical pulse from the pulse generator, such as the repetition rate, trigger pulse
amplitude, pulse shape, and DC bias of the trigger signal. Moreover, the optical pulse
from the EOM also depends on the amplifier settings used to convert the pulse generator’s
output to a Vπ amplitude of about 5V. With a 1.5 kΩ R2, a lookup table detailing the
various achievable optical pulse shapes from the EOM is outlined below in Table C.1 and
Table C.2.
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Figure C.1: Effects of changing R2 in Figure 2.11 on pulse widths: R2 = 50 Ω (a), 750 Ω
(b), 1.5k Ω (c), resulting in pulse widths of 260 ps, 200 ps, and 100 ps, respectively. Panels
(a) and (b) only show the electrical pulse from the pulse generator (yellow), whereas panel
(c) also includes the derived optical pulse from the EOM (green).
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Table C.1: Pico pulse generator characterization with a sine wave input.

Table C.2: Pico pulse generator characterization with a square wave input.
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Appendix D

Fine Structure Splitting Data of 16
Quantum Dots
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Figure D.1: FSS data of 16 Quantum Dots measured before gas tuning.
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Table D.1: FSS data from Figure 3.5 over all 6 stages of gas injection for 16 QDs. All data
presented in µeV.
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Table D.2: Detuning data from Figure 3.5 over all 6 stages of gas injection for 16 QDs. All
data presented in GHz.
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Appendix E

DAVLL Push-fit Baord Design

E.1 DAVLL Board CAD Drawings

Below are the mechanical drawings of various parts of the DAVLL board, measured in
millimeters (mm). All components are designed as modular parts, which are assembled
by mate constraints along their edges and aligned to center on the optical axis defined by
the fiber, together forming the final DAVLL board. Figure E.6 is an example showing the
build-up of the module boards constrained to the optical axis. All DAVLL board CAD files
will be stored on the main lab computer with the cold atom LabVIEW code, specifically
in the folder \Documents\DAVLL_CAD. Note that the current push-fit slot tolerances are
tuned to my personal 3D printer. If these parts are to be printed on a different 3D printer,
the 0.01” tolerances may have to be adjusted, as the stepper motors will have different
precision.
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Figure E.1: Slot dimensions for balanced photodetector, polarizing beam splitter, prism
mirror and focusing lens.

Figure E.2: Dimensions for QWP mount.
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Figure E.3: Dimensions for dichroic mirror mount.

Figure E.4: Dimensions for Cs cell holder.
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Figure E.5: Dimensions for fiber adapter mount.

Figure E.6: The Koheron Photodetector module, QWP module, DM module and Cs cell
holder module mated together by the optical axis (yellow line) and by their edges.
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E.1.1 Push-fit Slots

Components such as the balanced photodetector, prism mirror and PBS are slotted directly
into the 3D printed structures as shown in Figure E.7.

Figure E.7: Illustration of push-fit mechanism. These parts are meant to be secured by
the 3D printed board itself.

E.2 Beam Focusing

A lens is used to focus the probe beam onto the photodetectors, with the additional goal of
ensuring that the spot size at both detectors are the same. However, it was only towards the
end of my degree that we noticed the current setup was incorrect. At the time of writing,
a Thorlabs LA1289-B f=30 mm lens was selected to focus the beam midway between the
PBS and PM. This now seemingly obvious mistake resulted in different beam sizes at the
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detectors, as the focal point of the PBS path does not match that of the PM. The current
setup is shown in Figure E.8(a). This difference in spot size was not noticeable visually,
and we may have unknowingly compensated for it by adjusting the QWP angle. A correct
setup is instead proposed in Figure E.8(b). By using a different Thorlabs LA1213-B f=49.8
mm lens and position, we designed the focal point to be 10 mm behind the detector aligned
to the PBS, and 10 mm ahead of the detector aligned to the PM. This should correctly
adjust the spot size at the two detectors.

Figure E.8: (a) Illustration showing the current incorrect lens position and focal length,
with the lens’s focal point midway between the PBS and the prism mirror. (b) Proposed
corrected setup using a 49.8 mm lens, with the focal point positioned 10 mm before and
after the respective photodetectors. Note: beam sizes are not to scale.
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Appendix F

Filters for Cs Hyperfine Transitions

As alluded to in Figure 5.1(b), for the EIT memory there is a need for a high-contrast filter
to eliminate the control beam so that only the probe signal remains. This is especially
crucial when experiments operate at single-photon levels, as any additional background
noise from the strong control fields may overwhelm the signal and compromise measurement
fidelity. Since the pump and control are separated by only 9 GHz, traditional frequency
filtering methods such as dichroic mirrors or gratings typically cannot distinguish between
the two frequencies. Throughout the EIT memory project, five different filters were tested;
however, only the currently used double-pass 895 nm etalon provides sufficient contrast
between the two ground states. These filters are mainly characterized by their efficiency,
defined by probe transmission, and contrast, defined by the transmission ratio of probe to
control.

The first filters immediately tested were a pair of pre-existing etalons used to separate
the 6S1/2 hyperfine ground state transitions to the 6P3/2 state at 852 nm. Although these
two etalons were technically designed for Rb at 794 nm, they also work decently at 852
nm. These are commonly used for the cold atom experiments in the lab, and the idea was
to frequency tune the resonance to 894 nm by changing the piezo and temperature1. The
beam diagram and experimental setup are shown in Figure F.1. Typically, when set to
852 nm, the transmission is ∼25% and the contrast is ∼8000. However, once moved to 894
nm, the contrast decreased to only 50. This decrease in contrast is likely due to a decrease
in mirror reflection and finesse as we start to move far away from the central frequency of
794 nm. This contrast is too low, so other methods of filtering had to be investigated.

1The piezo changes the length of the FP cavity, while the temperature slightly modifies the refractive
index of the material. Both shift the resonance by changing the effective optical path length of the cavity.
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Figure F.1: Setup for 852 nm etalons. (a) Beam diagram showing signal passing through
two Vitawave etalons at 852 nm. Etalon 1 has a finesse of F = 15 at 852 nm, while Etalon
2 has a specification of F = 17 at 852 nm. (b) Experimental setup in the lab.

A second option was to use the monochromator path in the QD spectrometer setup,
as shown in Figure 2.6. This setup was designed to for dual purpose, and by removing
a flip mount, a narrow frequency selection of light is fiber-coupled into a PM fiber to
act as a monochromator. This setup supposedly gave a contrast of about 100. However,
during testing, we found a steady 60 Hz noise at the output, completely overwhelming any
signal that could be measured through the vapor cell. An example of the noise is shown
in Figure F.2. The top plot shows the typical absorption spectrum of the 894 nm F=4 to
F’=3 transition measured on SNSPDs, while the bottom plot shows the same signal sent
through the monochromator before reaching the SNSPD. One would expect the bottom
signal to be convoluted by the filtering of the monochromator; however, it appears as a DC
line with steady 60 Hz noise, and the same absorption dip is not detected. Because the
noise is so consistently at 60 Hz, it seems to be influenced by some sort of AC electrical
signal from outlets. However, even when all electronics were shut off and disconnected, the
noise remained. Mechanical vibrations were also tested by tapping the optics table and
slightly pushing against the gratings and components, but no additional noise was detected.
Stability was tested when the device was first set up many years ago, but this was only
done with a power meter and may not accurately reflect the fluctuations observed at the
single-photon level. While the source of the issue is still unknown, it became questionable
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whether this would be a valuable pursuit, as it would only add an additional contrast of
around 100 with extremely low efficiency of approximately 5%. At this point, we had
exhausted the existing filtering options in the lab, so we set out to create a new filtering
setup.

Figure F.2: Noise from monochromator. (a) A typical absorption spectrum of the 6S1/2,
F=4 to 6P1/2, F’=3 transition. Directly measured on the SNSPDs after the Cs vapor cell.
Also see the beginning of the 6S1/2, F=4 to 6P1/2, F=4 absorption dip. (b) The same
absorption spectrum but now sent through the monochromator before SNSPDs.

A tested setup was to use a separate optically pumped cesium (Cs) cell as the filter.
By preparing another Cs cell into a specific hyperfine ground state, we can induce higher
absorption on the specific transition of the control beam, while allowing most of the probe
beam to pass through. An example of such a scheme is presented in Figure F.3, where we
again join two beam paths with a PBS. A strong pump beam from an 852 nm laser, 20-50
µs long, is sent approximately 5 µs before the signal beam. The 852 nm laser is locked to
the 6S1/2, F=4 to 6P3/2, F’=4 transition to prepare the atoms in the F=3 ground state.
The resulting change in the signal field’s transmission is shown in Figure F.4. As expected,
the transmission of the F=4 to F’=4 transition increased to 70.1%, while the F=3 to F’=4
transmission decreased to 2.2%. However, this only provides a contrast of 30, which is not
sufficient. The low contrast, along with the increased experimental complexity of timing
an additional pulsed laser and filtering the 852 nm pump beam, was determined to be not
worth the effort. One final note is that if the 852 nm pump were switched to the F=3
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to F’=4 transition instead, and the probe/control switched transitions, there was an even
lower contrast of only 12.

Figure F.3: Setup used for the optically pumped cell filter. The IR card shows the beam size
difference of the pump (less intense, ∼1 cm diameter beam) and signal (bright, ∼mm yellow
spot). During experiments, both lasers were frequency off-set locked to their respective
transitions and pulsed by AOMs.

Another approach involved using new etalons closer to the specified wavelength of 895
nm. This required the machining of a structure to house the etalon and developing a
method to tune the resonance frequency of the cavity. This was achieved by machining
a circular opening on a smaller piece of aluminum to hold the etalon, and using a Peltier
junction attached to a second, much larger aluminum piece, to control the temperature2.
The metallic piece holding the etalon was also covered with Thorlabs black masking tape to
prevent stray reflections off the metallic surface. The resulting mounted etalon is shown in
Figure F.5(a). In a single-pass configuration, we observed a contrast of approximately 1300
and an efficiency of 30%. As we were willing to sacrifice efficiency for higher contrast, the
filtering was instead set up in a double-pass configuration. However, there is an additional
challenge due to the linear polarization rotating by 90 degrees upon reflection. From the

2A Peltier junction is a semiconductor-based device that can create a temperature difference across its
two sides by an applied electrical current.
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Figure F.4: Result of probe transmission after optical pumping. The first large peak of
25 µs is the pump pulse, and the second short 1 µs pulse is the signal. The blue curve
represents a transmission reference for just the probe signal without the Cs cell in the beam
path. The orange curve is the absorption profile of the probe signal without any optical
pumping. The green curve is the resulting transmission after the cell has been pumped
into the F=3 ground state. In the green curves, we also observe a characteristic ”bleaching
effect”, where the transmission of the pump slowly increases over time as more and more
of the atomic population is pumped to the other ground state. (a) For a probe signal on
the 6S1/2, F=4 to 6P1/2, F=4 transition. (b) For a probe signal on the 6S1/2, F=3 to 6P1/2,
F=4 transition.
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inevitable birefringence of the cavity mirrors, high Q Fabry-Perot cavities tend to show
slightly shifted resonances depending on the polarization [92]. Such polarization-dependent
modes in the frequency scans of the cavity are shown in Figure F.5(b). This implies that
achieving uniform transmission and contrast for both the first and second passes through
the etalon will be challenging to optimize solely through temperature adjustments. For
instance, if the etalons were optimized for polarization during the first pass, the back-
reflection would occur at the edge of the cavity mode. However, a slight misalignment
of the second pass relative to the first could potentially adjust the cavity length, thereby
enhancing contrast and efficiency during the second pass, despite the etalon’s prior opti-
mization for first-pass polarization. In the second pass, we observed an additional contrast
of 500 and efficiency of 15%, leading to an overall contrast of approximately 600,000 and
efficiency of 5%. This, in addition to the rough contrast of 100 obtained from polarization
filtering, pushed us to an acceptable magnitude of filtering, and we were able to observe
our first lambda EIT linewidth with this setup, as discussed in detail in Section 5.3.

Although rare, one may also move to a ladder system for memory. Ladder systems
remove the need for filtering as the pump is now counter-propagated to maintain two-
photon detuning of zero, and achieve a faster switching protocol. However, this comes
with the trade-off of shorter storage times due to the rapid decoherence of the excited
state in a ladder system [36].
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(a) (b)

(c)

Figure F.5: The newly setup 895 etalons used as a narrow bandpass filter to control beam.
(a) The mounted 895 nm etalon in a custom made heater. The temperature is stabilized
with a temperature controller. Located on the side of the mount is a hole designed to
house a temperature probe, which provides feedback to the temperature controller. (b)
Normalized transmission profiles of the etalon filter. Blue represents the filtering when
used in a double-pass configuration as shown in Figure 5.2, where the polarization in the
first pass and second pass are both linear but orthogonal. The orange and green curves
show the exact transmission frequencies for the two orthogonal polarizations indicated by
a 45 degree difference in HWP setting. (c) Schematic of the double-pass configuration,
using a Thorlabs PBS121 PBS, Foctek WPC212H HWP, and Foctek WPC212Q QWP.
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