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ABSTRACT

Neutral atom arrays have been established as a leading platform in the quantum informa-

tion science landscape, due in large part to their scalability and reconfigurable, any-to-any

connectivity. Similarly, neutral atoms coupled to optical cavities have shown promise for

quantum networking due to the inherent indistinguishability of individual atoms. In this

work, we aim to combine these strengths by developing a platform that integrates a free-

space atom array with a scalable photonic interface in the form of a nanophotonic chip.

This platform relies on three key innovations. First, we present a semi-open chip geometry

featuring cantilevered nanophotonic crystal cavities, facilitating the operation of a free-space

atom array in close proximity to the chip. Second, we develop a background-free imaging

technique that suppresses scattering of the imaging beams from the nearby solid surface,

enabling parallel, single-shot, site-resolved readout of the atom array near the nanophotonic

devices. Third, we demonstrate free-space coupling to the on-chip cavities, paving a path

toward spatial multiplexing utilizing the array of over 100 cavities fabricated on the chip.

Leveraging our background-free imaging method, we implement standard atom array

protocols such as rearrangement. We further demonstrate the ability to load atoms into

standing wave traps formed by partial retroreflection of our optical tweezers from the cavities.

In these traps, the atoms are positioned hundreds of nanometers from the cavity surfaces, an

essential step on the path toward realizing strong atom-cavity interactions. Together, these

capabilities represent an important milestone towards scalable, integrated quantum systems

of individually controlled atoms in engineered photonic environments.
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CHAPTER 1

INTRODUCTION

In a 1981 talk, Richard Feynman highlighted a fundamental limitation in using classi-

cal computers to simulate quantum systems, due to the exponential growth of the Hilbert

space with system size [1]. He proposed an alternative approach of building a new type of

computer which operates on fundamentally quantum mechanical information encoding and

logic. While this idea is typically attributed to Feynman, it was independently introduced

by Yuri Manin in 1980 [2, 3]. The concept of a universal quantum computer was further de-

veloped and formalized over the next decades, gaining widespread attention in the mid-1990s

with the development of Shor’s factoring algorithm and Grover’s search algorithm [4, 5, 6].

Around the same time, in 1984, Bennett and Brassard developed the first quantum key

distribution protocol, establishing yet another application of quantum information enabling

provably secure communication [7].

With key application areas emerging, experimental efforts to design and demonstrate

quantum information technologies intensified. In 2000, David DiVincenzo itemized a list

requirements, known today as the DiVincenzo criteria, necessary to build a quantum com-

puter and communicate quantum infomration [8]. These criteria include the following: (1)

a scalable physical system of well-characterized qubits, (2) the ability to initialize qubit

states, (3) coherence times far exceeding quantum gate operation timescales, (4) the ability

to implement a "universal" set of quantum gates, (5) the ability to perform qubit-specific

measurements, (6) interconversion between stationary and flying qubits, and (7) reliable

transmission of flying qubits from one location to another.

Myriad physical architectures have been explored for quantum information processing

in the intervening years, including but not limited to trapped ions, neutral atoms, super-

conducting circuits, photons, defect centers in solids, and quantum dots. The successes in

the field spanning several architectures have driven increasing commercialization efforts in
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industry. Today, the main challenges in the field relate to scalability, photonic interfaces,

and quantum error correction. Neutral atom arrays in optical tweezers, once limited by

low two-qubit gate fidelities, have recently emerged as a leading architecture. In large part,

the growth of neutral atom arrays is due to their scalability, with recent demonstrations of

over 6,000 individually trapped atoms in a single system [9]. High-fidelity two-qubit gates

have also been demonstrated recently across several neutral atom groups and atomic species

[10, 11, 12, 13]. Early demonstrations of quantum circuits performed on logical qubit encod-

ings with neutral atom systems have further fueled interest in the platform [14].

A parallel research effort has been dedicated towards the goal of achieving strong, control-

lable, and coherent interactions between quantum emitters and photons, prime candidates

for "flying" qubits [15, 16]. One particularly promising approach involves cavity quantum

electrodynamics (QED), a field which studies quantum emitters coupled to resonant cavity

modes [17, 18]. To enhance coupling strengths, there has been a push in the field to shift

from free space Fabry-Perot cavities towards fiber-based and nanophotonic cavities, lever-

aging the small mode volumes, slow group velocities, and high local densities of photonic

states achievable in these systems [19, 20, 21, 22].

While solid-state emitters such as defect centers and implanted rare-earth ions can be

positioned close to the mode field maxima of nanophotonic structures, thereby achieving

extremely large coupling strenghts, they suffer from inhomogeneous broadening and spectral

variability due to their complex solid-state environments [23]. Neutral atoms, on the other

hand, are intrinsically identical and spectrally stable, though historically, trapping atoms

close enough to nanophotonic structures to achieve strong coupling to the evanescent field

has been a challenge. Recently, experimental developments have overcome this barrier,

enabling stable trapping of neutral atoms 100-250 nm away from the surface of nanofabricated

dielectric structures, where strong atom-photon couplings can be achieved [21, 24, 25, 26,

27, 28, 29, 30].
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1.1 Thesis Overview

This thesis focuses on improving the scalability of coupled atom-nanophotonic systems,

paving a path past the single-device and few-atom regimes. Prior experiments have demon-

strated the feasibility of coupling neutral atoms to nanophotonic structures, but have been

limited in scale. Here, we present the development of an experimental platform that inte-

grates large-scale optical tweezer arrays of neutral atoms with a nanophotonic chip hosting

over one hundred nanophotonic devices. This system represents an important step toward

distributed, modular quantum computing architectures combining the scalability and compu-

tational capabilities of atom arrays with the communication potential of quantum network-

ing. It also enables the exploration of new regimes in quantum many-body physics, where

atom-atom interactions can be designed and mediated via tailored photonic environments.

Thesis Outline

Chapter 2 provides background on key concepts in atomic physics, cavity QED, and recent

advances in neutral atom and atom-nanophotonic systems to contextualize the experiments

described.

Chapter 3 presents a detailed overview of the experimental apparatus, including optical,

mechanical, and electronic subsystems.

Chapter 4 reviews the operation of our system and the experimental methods and tech-

niques implemented in order to integrate the atom array with the nanophotonic chip. These

results were presented previously in Ref. [31].

Chapter 5 explores future directions and applications in quantum networking and quan-

tum simulation enabled by our hybrid platform.

Chapter 6 summarizes the main results and provides an outlook on the future impact of

this work.
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CHAPTER 2

BACKGROUND

In this chapter, we review several important experimental techniques in atomic physics

and quantum optics that are central to the work presented in this thesis. We begin by

discussing laser cooling and trapping methods, essential to neutral atom control. We then

introduce the principles of cavity quantum electrodynamics (QED) and through this lens

explain why nanophotonics are a natural choice for designing cavities. Finally, we examine

recent developments in large-scale atom arrays and the integration of these systems with

nanophotonics and optical cavities. The review is structured to follow both the historical

development of these ideas and techniques as well as the underlying physical principles,

providing a framework for understanding the technological and scientific context of this

work.

2.1 Laser Cooling and Trapping

Laser cooling is a cornerstone of modern atomic physics. The fundamental concept

exploits the fact that photons, despite being massless, carry momentum and can thus exert

a force on atoms via radiation pressure. By appropriately tuning laser frequencies and

exploiting light-matter interactions, one can reduce the motion of atoms to an extraordinary

degree. At room temperature, atoms in a gas move at velocities on the order of hundreds of

meters per second, comparable to the cruising speed of a commercial airplane. These high

speeds present a major challenge for precision control in experiments. Laser cooling enables

us to slow atoms down to speeds more akin to that of a sloth, corresponding to temperatures

on the order of tens of microkelvin. The following sections review several experimental

methods developed to reach these ultra-cold temperatures and to trap and hold atoms in

place for extended experiments.
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2.1.1 Doppler Cooling

In 1975, two pairs of physicists, Hänsch and Schawlow, and independently Wineland

and Dehmelt, proposed the idea that laser light could be used to slow and cool atoms via

radiation pressure [32, 33]. To understand the core concept, consider an atom moving with

positive velocity along the x-axis and a counter-propagating laser beam traveling backwards

along the -x direction. If the frequency of the laser beam is close to that of an atomic

transition, the atom can absorb photons from the laser beam and receive a momentum kick

∆p = −~k along the x-axis, opposing the atom’s motion. The atom will then spontaneously

emit the photon in a random direction. In this one-dimensional picture, either along the +x

or -x direction. Since this emission process is isotropic, it will average out over many such

absorption and emission events. However, the absorption process is directional and does not

average out, leading to an overall net force slowing down the atom.

We can now add the Doppler effect to this picture. By red-detuning the laser from the

atomic resonance, we induce an asymmetry whereby atoms moving towards the laser beam

see the Doppler shifted light blue-shifted closer to resonance, increasing the likelihood of

absorbing a photon. Meanwhile, atoms moving away from the laser beam see the laser as

red-shifted further from resonance and are less likely to scatter a photon from the laser beam.

In this way, we can preferentially target atoms moving towards the laser beam and slow them

down without accelerating atoms moving in the opposite direction.

The first experimental demonstrations utilizing this technique to cool ions came in 1978,

just a few years after the initial proposals [34, 35]. Another four years later, in 1982, Phillips

and Metcalf employed a Zeeman slower to stop a beam of neutral atoms [36]. In this ex-

periment, a collimated beam of slightly supersonic sodium atoms was sourced from a 500◦

oven and sent through a solenoid towards a counter-propagating "slowing" laser beam. The

solenoid was designed to apply a spatially varying magnetic field along its length, inducing

a Zeeman shift that compensates for the changing Doppler shift as the atoms slow down.
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An alternative method involves chirping the frequency of the slowing beam laser to track

the reducing Doppler shift as the atomic beam slows down instead of the spatially varying

magnetic field.

The minimum temperature achievable via Doppler cooling is determined by balancing

the cooling and heating rates from the scattering of the laser light, giving the Doppler limit

as a function of the linewidth of the atomic transition γ:

TD =
~γ

2kB
(2.1)

2.1.2 Optical Molasses

In 1985, researchers at Bell Laboratories successfully extended this Doppler cooling

method to three dimensions by applying red-detuned counter-propagating laser light along

each Cartesian axis to cool neutral sodium atoms and create a cold gas around 240 µK, in

agreement with the Doppler limit [37]. This configuration of red-detuned counter-propagating

beams along three orthogonal axes enables atoms at the intersection of these beams can be

effectively slowed regardless of their direction of motion, as the atoms will always pref-

erentially absorb photons from the beam or beams that they are moving towards. This

configuration is referred to as optical molasses since the force induced on the atoms is a

viscous, velocity-dependent damping force. This damping force is highly effective at slowing

down and cooling a cloud of atoms, however, these atoms are not trapped in space as there is

no position-dependent force to hold them at any particular location. Thus, atoms in optical

molasses have a timescale upon which they tend to escape the beam intersection region,

which can be up to several seconds.
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2.1.3 Magneto-optical Trap

A major advance came in 1987 with the demonstration of the magneto-optical trap

(MOT) [38]. A MOT combines optical molasses with a quadrupolar magnetic field, typically

generated by a pair of anti-Helmholz coils. The mangetic field creates a position-dependent

Zeeman shift such that atoms displaced from the center of the trap are more likely to absorb

photons from the beam that will push them back toward the center. This effect depends upon

setting the correct opposite handedness ciruclar beam polarizations to match the orientation

of the applied magnetic field gradient. Overall, the MOT combines the cooling, damping

force of optical molasses with a restoring, trapping force allowing for stable trapping of cold,

localized clouds of atoms.

2.1.4 Polarization Gradient Cooling

By 1988, it had become clear that experiments were successfully cooling atoms below

the Doppler limit using techniques such as optical molasses [39]. The explanation lay in a

new theoretical mechanism which today is known as polarization gradient cooling (PGC) or

Sisyphus cooling. To begin understanding this new mechanism, consider a standing wave

formed by two counter-propagating lasers with perpendicular linear polarizations. The po-

larization of this standing wave cycles from linear to circular every λ/8. Every λ/4, the

circular polarization flips handedness and the linear polarization flips to its orthogonal state.

Now, consider an atom whose ground state has angular momentum J = 1/2 and whose

excited state has angular momentum J ′ = 3/2 traversing this optical potential. This atom

will experience spatially varying AC Stark shifts that depend upon both the MJ state and

the position-dependent polarization of the standing wave. If the laser light is red-detuned of

the atomic transition, then this shift is negative for both MJ states of the J = 1/2 ground

state. This shift is larger in magnitude for the MJ = −1/2 state when the polarization is

σ− and larger in magnitude for the MJ = 1/2 state when the polarization is σ+.
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Now, we can begin to see why this effect is called Sisyphus cooling. Let’s imagine our

atom is at a location where the polarization is σ+ and it absorbs a photon, thereby exciting

it either from MJ = −1/2 to MJ ′ = +1/2 state or from MJ = +1/2 to MJ ′ = +3/2. The

MJ ′ = +3/2 state can only decay back to down to its original MJ = +1/2 ground state,

whereas the MJ ′ = +1/2 state can decay down to either ground state. If the MJ ′ = +1/2

state decays back to its original state, we are right back where we started, but if it decays

down to the MJ = +1/2 state, then it cannot return to the MJ = −1/2 state by absorbing

this σ+ photon and decaying back down via spontaneous emission. This asymmetry leads to

an effect known as optical pumping, whereby theMJ = −1/2 state can be optically pumped

into the MJ = +1/2 state, but the reverse process cannot occur.

Next, consider what this means for the energy of the atom due to the polarization gra-

dient. We are optically pumping the atom to a lower energy state, since the polarization is

σ+, the MJ = 1/2 state has a negative energy shift of larger magnitude. Thus, as the atom

continues to traverse this polarization gradient induced energy potential in the MJ = 1/2

state, it will lose kinetic energy as it climbs the potential hill while the polarization rotates to

σ− over the next quarter wavelength (or an integer multiple of quarter wavelengths). Once

the polarization has rotated to flip handedness, the reverse process can occur and the atom

can be optically pumped back down in energy back to the MJ = −1/2 state, which is now

the lower energy state. Just as Sisyphus was forced to continually roll a boulder up a hill

only for it to fall back down again, the atom in this situation continuously climbs potential

hills, giving up its kinetic energy to do so, and is then optically pumped back down to the

bottom of the potential hill. The photon generated via the spontaneous emission process

carries away the additional energy expended by the atom in each climb.

This explanation covers the case of perpendicular linear polarizations, though a similar,

but fundamentally different, mechanism can occur when the counter-propagating lasers have

σ+ and σ− polarizations. In both cases, the theoretical temperature limit is the so called
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recoil limit caused by the momentum kick generated by the spontaneously emitted photon

and thus depends upon the mass of the atomM and the wavelength of the cooling transition

λ:

TR =
h2

kBMλ2
(2.2)

This is typically much lower than the Doppler limit discussed previously and thus this

mechanism fits into a category of techniques known as sub-Doppler cooling techniques. The

Nobel Prize in 1997 was awarded to Steven Chu, Claude Cohen-Tannoudji, and William

Phillips for their work in laser cooling including the explanation of the first sub-Doppler

cooling mechanisms.

2.1.5 Dipole Traps

A thorough review of optical dipole traps can be found in Ref. [40]. Here we briefly

summarize key concepts relevant to this thesis. When a neutral atom is placed into a laser

field that is far detuned from one of its electronic transitions, the oscillating electric field of

the laser light induces an oscillating electric dipole moment in the atom. The proportionality

constant between the amplitude of the induced dipole moment and the amplitude of the

electric field is called the atomic polarizability, a frequency-dependent and typically complex

quantity.

The interaction potential between the laser field and the induced dipole of the atom is

proportional to the intensity of the laser light and the real part of the atomic polarizability.

The atom thus experiences a dipole force proportional to the gradient of the interaction

potential and the real part of the atomic polarizability. When the laser is red-detuned

from an atomic transition, the dipole force is attractive, pulling atoms towards regions of

high intensity, whereas the force is repulsive when the laser is blue-detuned from an atomic

transition. Thus, red-detuned beams can be used to directly trap atoms in focused optical
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beams while so called bottle beam traps or potential barriers can be made using blue-detuned

laser light. The atomic dipole will also absorb and spontaneously re-emit photons leading

to a heating effect. This process occurs at a rate proportional to the intensity of the laser

field and the imaginary part of the atomic polarizability. The dipole potential and scattering

rate can be expressed as follows under the rotating wave approximation and assuming only

a single atomic transition contributes:

Udip(r) =
3πc2

2ω3
0

Γ

∆
I(r), (2.3)

Γsc(r) =
3πc2

2~ω3
0

(
Γ

∆
)2I(r). (2.4)

Here, ω0 is the atomic transition frequency, ∆ = ω − ω0 is the detuning of the laser

from the atomic transition, and Γ is the linewidth of the transition. Of course, the full

effective dipole force must be calculated based upon the sum of the contributions from all

nearby atomic transitions accounting for the polarization of the light and the Zeeman sub-

level structure. However, these equations illustrate that the dipole potential scales as I/∆

while the scattering rate scales as I/∆2. Thus, optical dipole traps are often made using

light with large detunings to ensure that the scattering rate, and thus the atomic heating

rate, is minimal for a given trap depth. The first demonstration of an optically trapped

small ensemble of neutral atoms was demonstrated in 1986 and has since become a standard

technique in atomic physics [41].

Optical Tweezers

Optical tweezers are a specific realization of a dipole trap, formed by tightly focusing a

laser beam near the diffraction-limited beam waist, typically around a micron or smaller for

commonly used wavelengths. They are commonly employed to trap and manipulate small
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particles and biological samples and their use in atomic physics gained prominence following

the first demonstration of single atom trapping in 2001 [42]. In this pioneering experiment,

a tightly focused red-detuned beam with a beam waist < 1µm was used to trap individual

atoms from a background gas. Due to light-assisted collisions, these traps naturally enforce

the collisional blockade mechanism whereby two atoms in the trap quickly collide and are

lost, leaving behind either zero or one atom per trap [43, 44]. This mechanism makes optical

tweezers an ideal tool for preparing and manipulating single atoms.

One year later, in 2002, the first two-dimensional array of neutral atoms trapped in op-

tical tweezers was demonstrated using a microlens array to generate the tweezer array [45].

Since then, tweezer-based architectures have evolved considerably, with modern arrays typ-

ically generated using acousto-optic deflectors (AODs) or spatial light modulators (SLMs),

which offer programmable control over trap depths and positions. These technologies enable

rearrangement protocols to create defect-free arrangements despite the stochastic loading

due to the collisional blockade. However, interest in microlens arrays and metasurfaces has

not disappeared as they offer power efficient, compact, and passive methods of generat-

ing large-scale, static arrays which can be combined with moving traps for rearrangement

[46, 47, 48, 49].

2.2 Cavity QED

The field of cavity quantum electrodynamics (QED) explores the interaction between

light confined in a cavity and atoms or other quantum emitters. By tailoring the electro-

magnetic environment, cavities can profoundly alter the spontaneous emission and coherent

dynamics of quantum systems. This control underlies a wide range of phenomena in quantum

optics and plays a central role in fundamental physics research as well as emerging quantum

technologies. The 2012 Nobel Prize in Physics was awarded to Serge Haroche and David

Wineland for their work in controlling quantum systems. Serge Haroche’s half of the prize
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was granted for his pioneering cavity QED research.

2.2.1 Optical Cavities

To introduce optical cavities, we begin with the classic Fabry-Perot geometry consist-

ing of a pair of highly reflective planar mirrors (M1 and M2, with reflectivities R1 and

R2 respectively) separated by a distance Lc, enclosing a medium of refractive index n. A

schematic illustration is provided in Fig. 2.1. When laser light enters the cavity through the

partially transmitting mirror M1, it will reflect back and forth between the two mirrors. A

resonance condition is met when the cavity length Lc is equal to an integer multiple of half

wavelengths: Lc = mλ/2n, where m is an integer. When this condition is met, the light

within the cavity remains in phase, constructively interfering, causing an enhancement of the

light field within the cavity and leading to transmission of the light through the cavity via

the second mirror M2. When this condition is not met, destructive interference suppresses

the cavity transmission, resulting in reflection off of the input mirror M1. The transmission

spectrum through the cavity is thus a series of peaks corresponding to the resonant modes

of the cavity described by the following equations [50]:

T =
1

1 + (4F 2/π2) sin2(φ/2)
(2.5)

φ =
4πnLc
λ

(2.6)

F =
π(R1R2)1/4

1−
√
R1R2

=
FSR

FWHM
(2.7)

Here, φ is the round-trip phase shift and F is the cavity finesse. The cavity finesse is

defined by the ratio of the free spectral range FSR = c/(nLc), or the distance between

transmission peaks, to the width of the transmission peaks as defined by their full width
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Figure 2.1: Fabry-Perot cavity schematic. a, A schematic of a Fabry-Perot cavity. b,
The transmission spectra of two Fabry-Perot cavities with different finesses.

at half maximum, ∆ωFWHM = πc
nFLc

= κ, where κ is the photon decay rate from the

cavity. Thus, the finesse encapsulates how sharply defined the resonance peaks are. Another

important figure of merit to consider for cavities is the quality factor Q = ω
∆ω , or the ratio

of the resonance frequency to the width of the resonance, or equivalently the photon loss

rate. The quality factor describes how underdamped a resonator is and can also be defined

by the ratio of the energy stored in the resonator to the rate of energy loss.

2.2.2 Purcell Effect

When an atom is placed inside an optical cavity, the interaction between the atom and

the cavity mode alters the atom’s emission behavior depending upon the relative frequencies

of the atomic transition and the cavity resonance. Often, it is desirable to ensure that

the cavity’s free spectral range is sufficiently large that the atom only interacts with a single

resonant mode of the cavity. In this case, we can describe the atom-photon coupling strength

with a parameter g and consider two limits, the strong coupling limit, g � (κ, γ), where the

atom photon coupling is the dominant effect compared to the two primary decay channels,

and the weak coupling limit g � (κ, γ), where decay dominates over the coherent atom-

photon interaction. The two decay channels to consider are decay from the atom to free
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space at rate γ and the rate of photon decay from the cavity κ. Let us begin with the

weak coupling limit and briefly describe the Purcell effect, named after E. M. Purcell who

discovered it in 1946 [51].

By using Fermi’s golden rule, one can calculate the rate of spontaneous emission of the

atom into free space, Wfree, as well as the rate of spontaneous emission into the cavity

mode, Wcav [50]. Purcell discovered that even in the weak coupling limit, the atomic decay

into the cavity mode can be strongly enhanced or inhibited. This is often captured by the

Purcell factor, here given assuming that the atom and cavity are co-resonant and that the

atomic dipole is oriented properly to the cavity mode field such that the atomic emission

enhancement is maximal. If these assumptions do not hold, the Purcell factor will be reduced,

potentially enough to inhibit emission into the cavity mode instead of enhancing it, especially

if the atom and cavity are far detuned from one another.

FP =
Wcav

Wfree
=

3

4π2

λ3

n3

Q

V0
(2.8)

Here, n is the refractive index of the medium filling the cavity, λ is the vacuum wavelength

of the light, Q is the quality factor of the cavity, and V0 is the volume of the cavity mode.

This result illustrates that high quality factors and small mode volumes lead to strong

enhancement of the rate of emission into the cavity mode relative to free space. This can

be expressed by examining the proportion of photons that get emitted into the cavity mode

compared to the total number of emitted photons: Wcav
Wfree+Wcav

= FP
1+FP

, which tends towards

unity with increasing Purcell factor. This is a highly desirable condition from the perspective

of quantum networking where it directly increases the collection efficiency of emitted photons.

2.2.3 Jaynes-Cummings Model

Now, consider the strong coupling regime, where the coherent atom-photon excitation

exchange dynamics are faster than the decay timescales. In this situation, the atom can emit
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a photon, preferentially into the cavity mode due to the Purcell effect, and subsequently re-

absorb the photon multiple times before the excitation is lost from the atom-cavity system.

The Jaynes-Cummings model, developed in 1963, provides a minimal quantum description

of a two-level atom coupled to a single cavity mode under the rotating wave approximation

[52]. Neglecting the vacuum-field energy for simplicity, the core Hamiltonian can be written

as follows:

ĤJC = ~ωaσ̂ee + ~ωcâ†â+ ~g0(σ̂egâ+ σ̂geâ
†). (2.9)

Here, σ̂µν = |µ〉〈ν| is the atomic transition operator, â is the cavity mode annihilation op-

erator, ωa is the atomic transition frequency, and ωc is the cavity mode resonance frequency.

We must also define the atom-field coupling,

g0 = dge

√
ω

2~ε0V0
, (2.10)

where dge is the transition dipole moment of the atomic transition and V0 is the cavity

mode volume. Here, we can see that the atom-cavity coupling strength increases as the mode

volume decreases. This is one of the core motivations behind the utilization of nanophotonic

cavities to strongly confine the field to a small mode volume.

The eigenstates of the uncoupled system can be constructed from the two atomic levels

|g〉 and |e〉, defined to have energies 0 and ωa respectively, along with the Fock states, or

number states, of the cavity which can be labeled |n〉, where n is a whole number describing

the quantized number of photons occupying the cavity mode. These states have energies

En = (n + 1/2)~ωc. Thus, if the atom and cavity are co-resonant, ωa = ωc = ω, the

uncoupled system has a single ground state, which can be labeled |g, 0〉, and a set of doubly

degenerate excited states consisting of pairs of states |g, n〉 and |e, n− 1〉.

Introducing the atom-cavity interaction lifts the degeneracy of the excited states, split-
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ting them into pairs of eigenstates with wavefunctions |Ψ±n 〉 = 1√
2
(|g, n〉 ∓ |e, n − 1〉 and

corresponding eigenenergies E±n = (n + 1/2)~ω ±
√
n~g0. These are called dressed states

and the whole set forms the Jaynes-Cummings ladder. Introducing a detuning ∆ = ωa− ωc

between the atomic transition and cavity frequencies controls the weighting of the dressed

states, skewing the pairs of states away from equal parts atomic excitation and photonic

excitation. See Fig. 2.2 for a diagram representing the Jaynes-Cummings ladder.

Though this model was developed theoretically in 1963, it took quite some time to exper-

imentally demonstrate direct evidence of its predictions. The first of these was the collapse

and revival phenomenon predicted for a coherent state input into this system, which was

demonstrated experimentally in 1987 [53]. Several years later, in 1992, the optical vacuum

Rabi splitting was observed for a small ensemble of atoms [54]. It was not until 2004 that

the first demonstrations of the vacuum Rabi splitting for a single atom in a cavity was

experimentally shown [55, 56].

One last important figure of merit used to describe these systems is the cooperativity,

defined by the ratio of the coherent atom-photon interaction to the primary dissipative decay

rates from the atom and the cavity:

C =
g2

0

κγ
(2.11)

The strong coupling regime can occasionally be defined with respect to the cooperativity

as C > 1. It is also important to note that C ∝ λ3Q/V0, again reinforcing the idea that

small mode volumes and high quality factors are key metrics to optimize for these systems.

2.2.4 Nanophotonic Crystals

Nanophotonic crystals are periodic dielectric structures with regions of alternating di-

electric constants that lead to photonic band structures closely analogous to the electronic

band structures of solid-state physics [57]. Generally speaking, these structures exhibit
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Figure 2.2: Jaynes-Cummings model. a, A schematic illustration of a prototypical
atom-cavity system described by the Jaynes-Cummings model. b, Energy level structure of
the Jaynes–Cummings model showing the vacuum Rabi splitting and dressed states. The
coupled state wavefunctions neglect normalized prefactors for simplicity [50].

band gaps, or frequency ranges over which there are no allowed propagating modes due to

interference effects arising from the structure’s periodicity. Near a band edge at the wavevec-

tor k0, the dispersion relation can often be closely approximated with the quadratic form

ω(k) ≈ ωBE(1 − α(k − k0)2/k2
0) where ωBE is the frequency of the band edge and the

fitting parameter α characterizes the local curvature of the band. We can also use Bloch’s

theorem to note that the allowed propagating modes near the band edge are of the form

Ek(x) = eikxuk(x) where the uk(x) function captures the periodic nature of the photonic

crystal’s Bloch modes at the band edge and generally takes the form uk(x) = cos(kx).

Photonic crystals can be used to make both waveguides or resonators. In the latter case,

a photonic crystal cavity can be engineered by locally breaking the periodicity, for example

by modifying the hole size, shape, or lattice spacing. If the central region supports a guided

mode and the surrounding regions prohibit it, light can be confined via Bragg reflectino,

forming a cavity with extremely small mode volume and potentially very high quality factor.

This strategy underlies the nanophotonic crystal cavities integrated into the chip platform
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described in this thesis. Alternatively, photonic crystal waveguides have exciting applications

in the growing field of waveguide QED, a branch of physics closely related to cavity QED

[58, 22, 59, 60, 61, 62, 63, 64, 65].

2.3 Neutral Atom Arrays

Building upon the techniques of laser cooling and optical tweezer trapping discussed

earlier, neutral atom arrays have emerged as a compelling platform for quantum information

science. In these systems, individually trapped atoms serve as qubits, arranged into arbitrary,

programmable geometries using optical tweezers. Their rapid development has been driven

by several compelling features including scalability to thousands of qubits [9, 48, 66, 67],

long coherence times on the order of seconds for both hyperfine and clock state qubits

[68, 69], reconfigurable any-to-any connectivity [68, 14], and high-fidelity gate operations

[10, 11, 12, 13]. The degree of control achieved in these systems has even extended to

arbitrary three-dimensional configurations [70].

A typical simple experimental sequence begins by loading a MOT of alkali or alkaline-

earth atoms. A tightly focused tweezer array is then superimposed to stochastically trap

single atoms via collisional blockade as PGC cooling is applied to further cool the atoms.

These arrays are typically imaged via site-resolved fluorescence on an electron-multiplying

charge coupled device (EMCCD) or scientific complementary metal–oxide–semiconductor

(sCMOS) camera, where the internal qubit state is mapped onto the presence or absence

of an atom at each site. A major milestone was achieved in 2016 when the first atom

rearrangement protocols were demonstrated, enabling deterministic assembly of defect-free

arrays, overcoming the limitations caused by the stochastic loading of the arrays [71, 72].

Two qubit entangling gates were first demonstrated in 2010, utilizing the Rydberg block-

ade mechanism, whereby one atom’s excitation to a highly excited Rydberg state shifts

the energy levels of its neighbor, preventing simultaneous excitation and enabling quantum

18



logic gates to be implemented [73, 74]. This technique has been refined and is now a stan-

dard technique in the field. Beyond quantum computing, the precise control over individual

atoms in these systems has opened exciting applications in ultracold chemistry, where recent

experiments have shown the ability to assemble individual atoms into molecules [75].

2.3.1 Atom Array - Nanophotonic Integration Efforts

Efforts to couple atoms to nanophotonic structures date back at least 25 years, prior to the

first experimental observations of the vacuum Rabi splitting from a single atom in an optical

cavity. In 1997, proposals began to couple atoms to whispering gallery modes (WGMs) of

dielectric microsphere began to emerge [76, 77]. These were soon followed by additional

proposals to trap atoms in two-color evanescent fields of optical nanofibers, to couple atoms

to two-dimensional photonic crystals, and to couple atoms to WGMs of toroidal microcavities

[78, 79, 80].

Since then, atoms have been successfully coupled to a wide variety of micro- and nanopho-

tonic structures including, but not limited to, various WGM resonators [81, 82, 83], fiber-

based Fabry-Perot cavities [84, 85, 20, 86], optical nanofibers [87, 88, 25, 28, 89], photonic

crystal cavities [21, 24, 90, 91, 92], photonic crystal waveguides [93, 94], nanofiber Bragg

grating cavities [95], and microring resonators [96, 97].

These developments have led to remarkable achievements. Experiments have demon-

strated trapping of over 2,000 atoms along a nanofiber[25], precise loading of one and two

atoms from free-space optical tweezers onto nanophotonic crystal cavities [21, 91], and obser-

vations of bandgap-mediated atom-atom interactions with a few atoms coupled to photonic

crystal waveguides [22]. Commercial interest has followed, with Nanofiber Quantum Tech-

nologies in Japan developing a nanofiber Bragg grating cavity platform [98].

Despite this incredible progress, integrating a full scale atom array with nanophonic

interfaces remains an open challenge. Systems that have demonstrated the coupling of many
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atoms typically lack individual control over atomic placement via atom array techniques

such as rearrangement or site-resolved addressing. Meanwhile, experiments which offer this

degree of control have yet to scale beyond the few-atom or single-device regimes.

Another persistent challenge is atomic state readout. Most experiments to date have

relied on transmission or reflection measurements probing the nanophotonic to infer global

system properties. However, parallel, site-resolved readout via fluorescence imaging has been

essential to the success of neutral atom arrays as quantum information processors. Several

experiments have attempted to address this gap and incorporate imaging of atoms near

dielectric surfaces, yet the techniques employed have either not been generally applicable to

arbitrary nanophotonic geometries or have scalability limitations [89, 96, 91].

These challenges of scalability, individual atomic control, and parallel, site-resolved read-

out lie at the forefront of experimental research on atom-nanophotonic systems. The next

two chapters focus on our experimental apparatus and initial results, representing key steps

towards addressing these challenges and developing scalable atom-nanophotonic systems.
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CHAPTER 3

EXPERIMENTAL APPARATUS

Over the past two decades, remarkable progress has been made towards assembling and

manipulating quantum systems atom-by-atom, exemplifying a bottom up approach to scal-

ability whilst maintaining fine control over each individual atom. Here, we apply those

principles to integrate a neutral atom array with a millimeter-scale nanophotonic chip host-

ing over one hundred photonic crystal cavities. This merging of technologies aims to enable

precise placement of defect-free configurations of atoms into tailored photonic environments,

opening new directions in quantum networking, quantum many-body physics, chiral quan-

tum optics, and collective phenomena such as super- and sub-radiance. Combining the

precise control and flexibility of optical tweezer arrays with the scalability and functionality

of on-chip photonics will lay the foundation for novel, scalable quantum architectures.

This chapter presents a detailed overview of the experimental apparatus developed to

realize this goal, focusing specifically on the scalability of atom-nanophotonic systems. We

introduce several key experimental features:

1. a semi-open chip geometry which enables a free-space atom array to interface directly

with a nanophotonic chip,

2. free-space coupling to an array of on-chip photonic crystal cavities,

3. a background-free fluorescence imaging technique that enables parallel, site-resolved,

single-shot readout of atom arrays positioned near dielectric surfaces.

We begin the chapter by describing the laser systems used for cooling, trapping, and

manipulating atoms. We then review the compact vacuum chamber design, surrounding

optics layout, and custom oven used to bake the system. Next, we introduce the nanophotonic

chip, free-space coupling, and our approach to stabilizing the cavity resonance frequencies.
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Figure 3.1: A schematic illustration of our atom array - nanophotonic chip plat-
form. This schematic shows our optical tweezer array manipulating single cesium atoms
near a chip hosting an array of nanophotonic devices. The chip is shown inside a stain-
less steel ultrahigh vacuum chamber. Also depicted are the acousto-optic deflectors (AODs)
to control the tweezer array and the electron multiplying charge-coupled device (EMCCD)
used to image the array. The inset shows a scanning electron microscope (SEM) image of
the nanophotonic cavity array at the edge of our chip. This figure was adapted from our
previous publication: Ref [31].

Lastly, we provide a brief overview of our experimental control infrastructure. Fig. 3.1

provides a schematic overview of some key components of the setup.

3.1 Laser Frequency Stabilization and Distribution System

The laser systems form a cornerstone of the experimental apparatus, enabling cooling,

trapping, manipulation, and measurement of atoms in the vacuum chamber. One of my

first main projects upon joining the lab was to acquire a suite of lasers and to develop

our core laser frequency stabilization and optical power distribution system. The overall

laser system consists of multiple interrelated branches, which can be broadly categorized
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Figure 3.2: Energy level diagram for caesium. A schematic depiction of the fine
structure and transition wavelengths as well as hyperfine structure and splittings of the
relevant caesium energy levels for this work [99, 100, 101].
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into the MOT laser system for trapping, cooling, and imaging, the 1470 nm laser system

used in our background-free imaging technique and telecom photon generation protocol, the

optical tweezer laser system, and our D1 line laser system at 895 nm. Additional laser

systems used to characterize and frequency stabilize the resonances of the nanophotonic

cavities will be discussed separately in Chapter 3.3, where we introduce the nanophotonic

chip. For reference, the relevant caesium atomic level structure is depicted in Fig. 3.2 to aid

in contextualizing these laser systems.

3.1.1 D2 Line Laser System

A typical caesium magneto-optical trap (MOT) is formed by three orthogonal pairs of

counter-propagating laser beams intersecting at the zero-crossing point of a quadrupolar

magnetic field gradient. This magnetic field gradient is generated by a pair of coils in an

anti-Helmholtz configuration. Each MOT beam is composed of two optical frequencies that

address specific hyperfine transitions of the caesium D2 line at 852 nm.

The first frequency, known as the cycler or cooling laser, drives the 6S1/2 F=4 to 6P3/2

F′=5 cycling transition. This beam is slightly red-detuned from the atomic transition in

order to exploit the Doppler effect to slow down and cool the atoms as described in Chapter

2.1.

The second frequency, referred to as the repump laser, addresses the 6S1/2 F=3 to 6P3/2

F′=4 transition. Atoms participating in the cooling process, experiencing repeated excitation

on the cycling transition, can occasionally decay to the 6S1/2 F=3 ground state, which is

dark to the cooling beam. The purpose of the repump laser is to re-excite these atoms,

optically pumping them back into the cooling manifold for sustained cooling and trapping.

The D2 line transitions are highly versatile and are also used for polarization gradient

cooling (PGC) and fluorescence imaging. Therefore, this laser must have a highly tunable

and dynamically adjustable frequency since the optimal laser frequency differs for each of
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Figure 3.3: A simplified schematic illustration of the 852 nm MOT cycler and
repump optics layout. This figure was created using Alexander Franzen’s Component Li-
brary [102]. For clarity, the schematic omits several components, such as polarization optics,
shutters, and detailed beam routing, which are important parts of the actual experimental
setup.

these applications. This tunability is achieved by offset phase locking the cycler laser to the

repump laser. The repump laser is provided to our experiment by the dual-species atom

array experiment [103, 104, 105], where it is locked to the 6S1/2 F=3 to 6P3/2 F′=3x4

crossover resonance via saturation absorption spectroscopy. The offset phase lock enables

dynamic and precise adjustment of the cycler laser frequency with respect to the repump

over a broad frequency range by adjusting the frequency of a reference tone provided to the

lock box.

Our MOT laser system consists of a high-power distributed Bragg reflector (DBR) laser

head, laser controller, and offset phase lock servo, all sourced from Vescent Technologies,

Inc. The repump laser provided by the dual-species array lab is also a Vescent DBR laser

that is amplified with a tapered amplifier (TA) before being fiber-coupled and relayed to our

experiment.

A schematic of the MOT optics layout depicting the cycler and repump beam paths is
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shown in Fig. 3.3. Approximately 1 mW of each laser is tapped off and sent to a 10 GHz

beatnote detector stabilize the cycler laser frequency via the offset phase lock. An additional

∼2 mW is tapped off from the cycler beam to use as a reference for the 1470 nm laser

frequency stabilization, described in Chapter 3.1.3. Next, around 20 mW of the cycler is

tapped off to be used in generating fast pulses for our telecom photon generation scheme.

The remainder of the cycler beam power is then split into several paths where it is mixed

with the repump laser and then fiber coupled for delivery to the vacuum chamber.

The MOT optics on the vacuum chamber side, which further shape and direct these

beams are described in Chapter 3.2.3. The acousto-optic modulators (AOMs) on the beam

paths that lead to the experiment are used for fast switching and optical power control of the

beam, whereas the AOMs on the locking beam paths are primarily used to provide frequency

shifts.

3.1.2 D1 Line Laser System

The caesium D1 line, corresponding to the 895 nm transition between the 6S1/2 and

6P1/2 states, also plays an important role in our experimental protocols. This transition is

addressed using a Toptica DL pro external cavity diode laser (ECDL). A simplified schematic

of the optical layout for this laser system is shown in Fig. 3.4.

The optics layout is divided into three main branches. The first branch, tapped off by

the first beamsplitter in the schematic before the EOM, routes the majority of the optical

power towards the experiment via an optical fiber. For some experiments, this beam passes

through additional fiber-based infrastructure to enable fast pulse generation as described in

Chapter 5.1.4. The AOM on this path is used for fast optical switching of the beam and

provides control over the optical power routed to the experiment.

The remaining two branches are dedicated to frequency stabilization of the 895 nm laser

and 1360 nm laser respectively. The 895 nm laser is locked via a compact saturation ab-
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Figure 3.4: A simplified schematic of the 895 nm D1 line optics layout. This
diagram illustrates the three main branches routing light to the experiment, to a saturation
absorption lock for the 895 nm laser, and to the 1360 nm locking setup. This figure was
created using Alexander Franzen’s Component Library [102].

sorption spectroscopy setup, providing a stable atomic reference. Both branches share a 10

MHz free space electro-optic modulator (EOM) from Qubig, which modulates the 895 nm

beam to generate sidebands necessary for the generation of both independent error signals.

The AOM on these paths provides a frequency shift identical to the one applied on the

experiment branch, ensuring that the light routed to the experiment remains on resonance

with the atomic transition after frequency stabilization.

3.1.3 Laser Systems for Excited State Transitions

In addition to the D line transitions, our experiment requires addressing two excited-

state transitions from the 6P1/2 and 6P3/2 levels to the 7S1/2 state at 1360 nm and 1470

nm respectively. Frequency stabilizing lasers to these transitions is slightly more involved

since the 6P states are not significantly populated in a thermal atomic vapor. While an

optical cavity can provide a viable reference, directly referencing the atomic transition can

be desirable with regard to cost-effectiveness and stability. We implement a double resonance

optical pumping (DROP) spectroscopy scheme inspired by the electromagnetically induced
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transparency (EIT) locking scheme presented in Ref. [106]. This enables us to directly

reference these two lasers to their respective atomic transitions, leveraging our already locked

D line lasers. A schematic depicting the optical layout for these systems is shown in Fig.

3.5.

In this setup, our frequency stabilized ground-state "probe" laser counter-propagates

with an excited-state "coupling" laser through a vapor cell. The probe beam is modulated

using an EOM. The probe beam transmission through the vapor cell is is split off with

an appropriate dichroic and monitored on a photodiode. As the coupling beam frequency

is scanned, a change in the probe transmission signal indicates the two-photon resonance

condition. Demodulating the probe transmission signal from the photodiode at the EOM

frequency yields an error signal which is used to stabilize the coupling laser.

If the probe laser is detuned from the atomic resonance, as can be the case with our 852

nm cycler, then additional care must be taken to accurately determine the frequency of the

excited state laser. Even with wedged windows on the glass cell, a small, slightly misaligned

backreflection can lead to a second, weaker peak in the spectrum due to flipped sign of the

Doppler shift of the backreflected beam [107]. Additionally, the main peak feature shifts

away from the true double-resonance by ∆c = ∆p(λp/λc) due to the wavelength dependence

of the magnitude of the Doppler shift [107].

The observed signal in this configuration has contributions from both EIT and DROP.

EIT is a coherent phenomenon in which the atomic vapor becomes transparent to the probe

by trapping the atomic population in a dark eigenstate of the driven system. DROP, on the

other hand, induces transparency as population is optically pumped into a second, uncoupled

ground state [108].

In the 852/1470 nm system, a transparency feature consistent with this explanation is

observed, as expected. Interestingly, however, for the 895/1360 nm system, the double-

resonance condition results in increased absorption of the probe beam, rather than increased
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Figure 3.5: A simplified schematic reviewing the excited state frequency stabi-
lization system. This layout is used to frequency stabilize the 1360 nm and 1470 nm lasers,
referenced to the D1 and D2 line lasers respectively. The secondary path from the coupling
laser traverses a double-passed AOM in a cat’s eye retroreflection configuration to increase
its frequency tuning range and improve the robustness of the beam path to misalignment
from the fiber core as the AOM drive frequency is tuned. The other AOM on the coupling
beam path to the vapor cell is optional and can be used to further shift or increase the
frequency range accessible to the laser. This figure was created using Alexander Franzen’s
Component Library [102]
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transmission. While this does not interfere with the generation of the error signal for our

purpose of frequency stabilization, it does represent a deviation from the expected increased

transmission behavior observed in similar configurations, such as the 852/575 nm two-photon

transition to the 11S1/2 state [109], the 895/761 nm two-photon transition to the 8S1/2 state

[110], and the 852/795 nm two-photon transition to the 8S1/2 state [111].

Another study of the 852/1470 nm two-photon transition to the 7S1/2 state observed both

increases and decreases in the probe transmission depending upon which D2 line hyperfine

resonance the 852 nm laser was locked to [101]. This was attributed to electromagnetically

induced absorption (EIA) for level configurations where the transition pathway is not cycling.

Further work may yield deeper insight into the underlying mechanism at play. Example

spectra taken for several level configurations are shown in Fig. 3.6.

3.1.4 Optical Tweezer Laser System

Our optical tweezers are generated by a custom-built 935 nm laser constructed by Haley

Nguyen during her time as an undergraduate researcher in the lab. This wavelength was

chosen because it is the magic wavelength for the D2 line of caesium, meaning that the 6S1/2

state and 6P3/2 states experience the same AC Stark shifts from this wavelength. Thus, this

atomic transition frequency is independent of the intensity of the optical tweezers.

This laser is sent through an external optical isolator before it is amplified by a Moglabs

TA with ∼2 W of output optical power. The TA output is then focused through an AOM

which is used for intensity stabilization and control of the laser power as well as fast optical

switching, for example in drop recapture temperature measurements. We couple this beam

into an air-gapped high power optical fiber to clean up the suboptimal spatial mode of the

TA output. This fiber also serves to route the beam to the experiment side of the optical

table. A beam sampler at the fiber output taps off a small fraction of the beam for our

tweezer intensity stabilization.
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Figure 3.6: Example DROP spectroscopy spectra for various two-photon transi-
tions in the counter-propagating configuration. a, Here, our 895 nm laser is locked to
the 6S1/2 F=3 to 6P1/2 F’=3 transition and the 1360 nm laser frequency is scanned across
the 7S1/2 hyperfine splitting to reveal two drops in transmission. b, Same as a, however,
in this case the 895 nm laser is locked to the 6S1/2 F=3 to 6P1/2 F’=4 transition. c, Here,
we keep the 895 nm laser locked to the 6S1/2 F=3 to 6P1/2 F’=4 transition and replace
the 1360 nm coupling beam with a 761 nm couping beam to excite up to the 8S1/2 level,
noting a peak in the transmission spectrum accompanied by two drops in transmission, a
typical lineshape for these spectra [110]. d, Here, we return to the 7S1/2 doubly excited
state, and replace the probe beam with the 852 nm D2 line laser, locked to the 6S1/2 F=3
to 6P3/2 F’=3 transition. The x-axis is not calibrated to frequency here, but the scan is a
narrow scan about the F=4 → F’=5 → F”=4 transition, which is quite weak in this case as
the ground state laser is not close to resonance. e, Same as d, but the 852 nm laser is locked
to the 6S1/2 F=3 to 6P3/2 F’=4 transition. f, Same as d, but the 852 nm laser is locked to
the 6S1/2 F=3 to 6P3/2 F’=5 transition.
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Figure 3.7: A simplified schematic layout of the optical tweezer laser system. The
remainder of the optical path, to the AODs and 4f system, is shown in Fig. 3.12. This figure
was made using Alexander Franzen’s Component Library [102]

The remainder of the beam continues on to a pair of crossed acousto-optic deflectors

(AODs) from AA-Optoelectronics, which split the beam into an array of optical tweezers.

The AODs are driven by the amplified outputs from a first-generation Quantum Machines

OPX, discussed further in Chapter 3.4.

The beam then traverses a 4f optical system which relays the tweezer beams to the

vacuum chamber through a custom 0.6 NA objective from Special Optics, which is anti-

reflection coated for each of our laser wavelengths. A schematic of the pre-optical fiber

layout is presented in Fig. 3.7. A simplified schematic of the optical tweezer layout up to

the tweezer intensity feedback loop is shown in Fig. 3.7, while the remainder of the beam

path is depicted in Fig. 3.12 along with the rest of the chamber side beam delivery optics.

Optimal Filling Fraction

The filling fraction, or truncation ratio, of a Gaussian beam relative to the back aperture

of an objective lens significantly influences both the optical power transmission and the

effective numerical aperture (NA) of the lens, thereby altering the focal spot size and axial

focal depth. These effects have been extensively studied in the context of microscopy [112,

113] and play a particularly important role for optical tweezers as well [114]. The NA
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of an objective lens is typically specified under the assumption of uniform filling of the

back aperture with a "top-hat" beam profile or a plane wave input, however, Gaussian

beams are much more common in experiments. Experimentally, uniform filling can be well

approximated by overfilling the back aperture with a Gaussian input beam whose diameter

has been expanded to exceed the diameter of the aperture. This approach trades off optical

power efficiency due to clipping of the beam at the input aperture in order to maximize the

effective NA and retain a diffraction-limited focal spot.

If we define the filling fraction as the ratio of the 1/e2 diameter of the Gaussian beam to

the diameter of the back aperture, we can examine the transmission as a function of the filling

fraction as in Fig. 3.8. Here, we can see that even for a filling fraction of 1, approximately

14% of the optical power is lost to clipping. Underfilling the back aperture increases the

power transmission, yet reduces the effective NA of the lens leading to an increase in the

focal spot size. This effect is often encapsulated into a spot size factor, or K-factor, which

can be calculated numerically. Several empirical polynomial fits to the K-factor are available

in the literature, and are plotted in Fig. 3.8 [115, 116, 117]. At a filling fraction of 1, the

1/e2 beam waist is increased by ∼11% relative to the theoretical value obtained with uniform

filling.

Accounting for these effects, we can calculate the resulting tweezer trap depth as a func-

tion of the filling fraction. The results, plotted in Fig. 3.8, suggest an optimal range of

0.92 ± 0.05. Across this range, all estimates agree that the trap depth remains within 1%

of the theoretical optimum. These findings are consistent with the literature, for example,

Ref. [114] finds an optimal filling fraction of 0.9 ± 0.05 for trapping microspheres with some

dependence upon the diameter of the microsphere. Based upon these findings, we designed

our optical tweezer microscope to slightly underfill the back aperture of our objective lens.
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a) b)

Figure 3.8: Optimizing trap depth as a function of the objective lens filling frac-
tion. a, Power transmission of a Gaussian beam through a circular aperture as a func-
tion of the filling fraction. b, Various polynomial fits of the K-factor or spot size factor
[116, 117, 115]. c, Normalized trap depth as a function of the objective filling fraction
accounting for both the power transmission and change in focal spot size. The first approx-
imation is calculated from the formula for the peak irradiance of the focal plane derived in
Ref. [115], normalized to assume uniform input power. The remaining curves are calculated
from the ratio of the power transmission to the square of the spot size from each of the
K-factor fits in b.
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Figure 3.9: A realistic rendering of our vacuum chamber with the front flange
removed made in Blender. Here, the free-space coupling beam path is shown explicitly.

3.2 Vacuum Chamber

An ultrahigh vacuum (UHV) environment is essential for our experiments, as collisions

with background gas particles will eject atoms from the optical tweezer traps. In recent

years, many atom array experiments have opted for a modular vacuum chamber design,

separating the "source cell" from the "science cell" with a differential pumping tube. The

motivation for this arrangement is to minimize the background pressure in the science cell

near the atom array and decouple that local pressure from the operation of the atom source.

In order to generate reasonable atomic flux through the differential pumping tube, a 2D

MOT is typically created in the source cell, a push beam guides these atoms through the

differential pumping tube into the science cell, where they are captured and further cooled

in a 3D MOT. These two cells tend to be made entirely of glass to maximize optical access.

Our vacuum system, on the other hand, foregoes this design in favor of a more traditional
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steel chamber. The primary motivation for this choice was to have a simple and robust

mounting structure for our nanophotonic chip. While nanophotonics have been mounted in

glass cells on long mounting arms [118] as well as via silicate bonding directly to the wall of

the glass cell [94], it is much more straightforward to construct a mounting system in a steel

chamber. Our mount consists of a pair of groove grabbers that attach to the interior of the

chamber connected by two metal rods that hold a modified commercial scanning electron

microscope (SEM) mount. This modified SEM mount clamps down with a screw to hold our

chip.

Our custom Kimball Physics stainless steel vacuum chamber has two 4.5-inch ConFlat

(CF) flanges with re-entrant "bucket" windows (MPF Products), enabling our objectives to

lie within their 15.6 mm working distance of the chip mounted at the center of the chamber.

Our objectvies are glass corrected for the 3.5 mm thick glass used for the windows. The

orthogonal axes are 2.75-inch CF flanges, one of which is modified and extended into a tube

to facilitate mounting of our NextTorr Z200 combination ion-getter pump. The chip mount

is positioned directly in front of the pump. Opposite to it is another 2.75-inch re-entrant

window which is used for free-space coupling of light into and out of our nanophotonic cavities

as described in Chapter 3.3.1.

On the bottom of the chamber, a 2.75-inch electrical feedthrough is mounted to the cham-

ber. Two SAES alkali caesium dispenser wires are mounted to the electrical feedthrough and

dispense atoms directly toward the chip and MOT region, just a few centimeters away. Only

one dispenser is operated at a time, while the second functions as a backup. The dispensers

are independently controllable and share a ground connection. A 2.75-inch viewport on the

top of the chamber is used to view the inside of the chamber with a small camera for align-

ment or to inject UV light into the chamber for light induced atomic desorption (LIAD).

Five additional 1.33-inch conflats protrude along the diagonals, four of which are used for

MOT beams. The fifth connects to a gate valve which is used for the initial pump down
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Figure 3.10: Background limited lifetime of atoms in optical tweezers prior to the
chip and mount installation. The exponential fits yields a lifetime of 59.7 ± 1.2 seconds
and a loading probability of 0.552 ± 0.004, typical for the experiment.

from atmospheric pressure with a combination roughing and turbo pump.

In lab tours over the years, many visitors to the lab have expressed surprise that we

simply dispense caesium into the main chamber and load directly into a 3D MOT. They

have expressed the concern that this would compromise our vacuum considerably. However,

this has not been a limitation in practice. We primarily attribute this to the small internal

volume of our chamber, which is further reduced by the re-entrant windows. Before installing

the chip and its mount into the chamber, we measured background limited lifetimes in our

optical tweezers of approximately one minute as seen in Fig. 3.10. After mounting the chip,

which partially clips our MOT beams, we increased the dispenser current in order to trade

off the MOT loading rate with the background pressure. We primarily operated at a point

where our MOT loaded in 100 ms and the atomic lifetimes in the tweezers was approximately

14 seconds as seen in Fig. 4.8.
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d) e) f)

Figure 3.11: Photographs of our vacuum chamber at various stages of construc-
tion. a, Chamber with the front flange removed. The caesium dispensers are visible at
the bottom of the chamber. The gate valve is angled towards the camera at the top left
of the photo. b, The nanophotonic chip is mounted on its modified SEM mount secured
into the rectangular base plate by two vented set screws. The base plate is mounted on two
horizontal rods which are secured in place by two groove grabbers at the edges of the open
chamber flanges. A laser level reference is used to assist in alignment. c, The fully assem-
bled chamber on a Kimball mount. d, The fully assembled chamber with the magnetic field
coils and MOT optics constructed. One axial MOT beam reflects off of the 2-inch mirror
in the background and propagates along the axis of the objectives which have not yet been
installed in this photo. The diagonal MOT beams are delivered via the optics mounted to
the two small breadboards affixed to the two large posts next to the chamber. They are
retroreflected by mirrors mounted on the white 3D printed angled mounts. e, A view of the
nanophotonic chip along the optical tweezer axis with the objectives removed. f, The fully
assembled chamber with the objective telescope assembly mounted on its translation stage.
The manual screw which adjusts the focus of the tweezers has since been replaced with a
piezoelectric screw for our auto-focusing protocol.
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3.2.1 Magnetic Field Coils

In order to control the magnetic field environment in our chamber, we have surrounded the

chamber with four pairs of magnetic field coils custom-built by Custom Coils, Inc. One pair

of coils is oriented along the optical tweezer axis and set up in an anti-Helmholz configuration

to generate the quadrupolar magnetic field gradient needed for the MOT. These gradient coils

are mounted just inside a slightly larger pair of coils arranged in a Helmholtz configuration

to provide a static offset field along this axis. Our high NA objectives are mounted such

that they extend through the centers of these two coil pairs into their respective re-entrant

windows. The final two pairs of Helmholz coils are oriented along the two orthogonal axes.

The pair along the axis defined by the SAES pump and coupling re-entrant are large and

square due to the geometric constraints surrounding the chamber. The coils along the vertical

axis are quite small and circular deviating slightly from an ideal Helmholtz condition. Despite

this, the magnetic field they produce is quite uniform over a roughly 1 cm region around our

atom array, though crosstalk between this pair of coils and the other axes is slightly more

pronounced and measurable in the experiment due to their geometry.

The three large pairs of coils are all mounted on custom 3D-printed mounts made of

glass bead infused nylon 6,6. These mounts are affixed to the optical table and the large

3D printed washers used to clamp them assist in holding the square coils in place. The final

small pair of coils along the vertical axis is also housed within similar 3D printed mounts,

which are instead secured and referenced to the chamber mounting structure directly. This

ensures that their central axis is well aligned to the center of the chamber. The vacuum

chamber itself is supported by a custom metal clamp on the 4.5-inch flange, on the tweezer

output side of the chamber. A secondary Kimball mount supports the chamber at the SAES

pump connection point as a redundancy, though this mount is not fully tightened to prevent

applying any torque on the chamber.
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3.2.2 Optics Layout

A simplified schematic of the beam delivery optical layout surrounding the vacuum cham-

ber is shown in Fig. 3.12. This diagram illustrates how many of the laser beam paths are

combined with dichroic mirrors and routed to the vacuum chamber along a single optical

axis through the tweezer input objective. This enables all of these beams to be delivered to

the atoms while they are trapped above the nanophotonic cavities.

These lasers include the 895 nm and 1470 nm beams used for the atom-telecom photon

entanglement scheme first described in Ref. [119] and summarized in Chapter 5.1, a 1064 nm

beam used for cavity frequency stabilization as described in Chapter 3.3.3, the 935 nm optical

tweezers, and the 852 nm axial MOT beams described in the next section. Addtionally, a

separate 852 nm beam from the fast pulse generation setup is merged into the MOT beam

path to achieve a higher Rabi frequency for use in the atom-telecom photon entanglement

protocol.

For imaging, we use a dichroic to separate out the atomic fluorescence from the main

input beam path. The atomic fluorescence is collected in reflection via the tweezer input

objective for improved stability and suppression of background light from the optical tweezers

near the imaging frequency. Our imaging is performed utilizing the background-free method

described in Chapter 4.2.

3.2.3 MOT

An unusual feature of our magneto-optical trap (MOT) is that two of the six beams are

input through the high NA objectives along the optical tweezer axis. This configuration

is atypical because it complicates standard fluorescence imaging. Specifically, the imaging

objective collects the counter-propagating MOT beam, which is significantly brighter than

the atomic fluorescence and at nearly the same frequency. This makes it difficult to isolate

the atomic fluorescence signal. Fortunately, the background-free imaging technique we de-
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Figure 3.12: A simplified schematic illustration of the optical beam delivery lay-
out around the vacuum chamber. This figure was made using Alexander Franzen’s
Component Library [102]. For an alternative depiction of this layout, see Shankar’s thesis
[120].
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veloped to address the similar challenge of bright scattering from our nanophotonic chip also

addressed this challenge.

Several alternative solutions to this challenge were considered but not pursued. The first

was to re-design the vacuum chamber geometry to support an eight-beam MOT, removing

the 852 nm beam path from the objective axis. Another solution involves implementing a

two-color MOT [121, 122], using 1470 nm light for the axial MOT beam. This wavelength can

be easily spectrally separated from the atomic fluorescence and our camera is not sensitive

to it. Other groups have addressed similar challenges by boring a hole through the center of

their objective or using a small mirror in the back focal plane to pick off focused MOT light

[123].

Delivering the MOT beams through the objectives introduces a couple of additional

design considerations. First, retroreflecting the beam on this axis is impractical due to the

loss of optical power traversing the objectives, which would cause an intensity imbalance

along the axial direction. In order to address this, we align two counterpropagating beams

outcoupled from separate fiber outcouplers through each of our objectives such that they

experience symmetric losses. Second, since the objectives themselves are strong lenses, it is

difficult to achieve a large collimated beam along this axis inside the chamber. As a result,

our diagonal MOT beams are approximately 1 cm diameter, while the axial MOT beams are

only around 1 mm in diameter.

Two floating broadboards perpendicular to the optical table are mounted onto two thick

posts secured next to the vacuum chamber. These breadboards contain fiber outcouplers,

polarization optics, and mirrors to align the diagonal MOT beams through the chamber. The

breadboard on the coupling beam side, opposite from the SAES pump, additionally combines

the 1470 nm beam used in our imaging protocol onto the MOT beam path for delivery into

the chamber. This 1470 nm beam is not focused down as tightly as the one routed through

the objective which is used in the telecom photon entanglement protocol. Both beams are
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Figure 3.13: A photograph of the axial MOT beam telescope assembly and
dichroic used for beam combining.

sourced from the same laser setup and a fiber-optical switch is used to control which path

the beam takes to the chamber.

The axial MOT beams are collimated by telescopes that reduce their beam sizes down

from almost 2 inches at the telescope input using an 80 mm focal length lens. The design of

this telescope was constrained by the need to incorporate a 2-inch diameter custom short-

pass dichroic between the first lens and the objective. This dichroic is used to combine many

other beam paths that must be focused inside the chamber and thus cannot traverse the

telescope. The fast pulse 852 nm beam path incorporates an additional lens before merging

with the MOT beam path such that it can be focused into the chamber. To minimize beam

clipping, the thickness of the dichroic mount was reduced in-house at the machine shop. The

entire telescope and dichroic assembly is self-referenced using a cage rod system and mounted

on a Newport 561-TILT two-axis tip-tilt stage atop a Newport 562-XYZ three-axis precision

translation stage. This configuration provides full five-axis control for precise alignment. A

photograph of the telescope and dichroic assembly can be seen in Fig. 3.13.

43



The objectives themselves are angled carefully to match the slight tilt angle of the re-

entrant window glass. Similarly, when mounting the nanophotonic chip, its angle is adjusted

to match the glass angle such that all three components, the objectives, the glass, and the

chip, are as close to coplanar as possible.

Our MOT beams are partially clipped inside the chamber by the chip and its mounting

structure. Initially, it was unclear to what degree this would compromise the performance

of the MOT. Fortunately, we found that while this clipping renders the MOT slightly more

sensitive to the beam alignments, it nonetheless cools and traps atoms reliably. The clipping

is primarily on one side of the MOT, introducing an escape pathway for some atoms where

the cooling is not as effective and causing it to load at a slower rate. Experimentally, we

found that the MOT itself is quite robust to the ratio of intensities between the axial and

diagonal beams, however, the efficiency of loading atoms from the MOT into the optical

tweezers is highly sensitive to this ratio.

3.2.4 Custom Oven

Replacing the nanophotonic chip requires venting the vacuum chamber to atmospheric

pressure, a process that necessitates re-baking to restore UHV conditions. This challenge

has been addressed in the literature with a load-lock chamber design where the chamber is

partitioned into sections by a valve [124]. This design enables the user to maintain UHV

in the main section of the chamber while venting only the partitioned section during chip

replacement. We instead opted to keep our chamber as small and compact as possible. We

designed and built a custom oven to streamline and automate the baking process of the fully

assembled chamber following a chip replacement.

Our first bake was performed using heating tapes controlled manually by variable AC

transformers. The heating tape was wound around a layer of thermal insulation surround-

ing the chamber and further encases in a second layer of thermal insulation. This approach,
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a) b)

Figure 3.14: Photos from our initial, manually controlled bakeout. a, Thermocouples
were attached to the chamber before it was encased in a layer of aluminum foil and fiberglass
insulation. Heating tapes, manually controlled with variable AC transformers, were wrapped
around the insulation layer. b, An additional layer of aluminum foil and fiberglass insulation
encases the heating tapes.

while effective, was clearly not a sustainable solution for future bakes as the process was quite

tedious. This was largely due to our chamber’s thermal constraints, which require limited

heating and cooling rates under 10◦C per hour and minimal thermal gradients across the

chamber, particularly across the glass-to-metal transitions of the windows. These require-

ments demanded constant monitoring and frequent fine adjustments to the transformers to

ensure slow, even heating and cooling of the chamber.

To address this, we designed and built a custom oven to automate the baking process.

The oven is constructed from half-inch thick aluminum walls bolted together with 1/4"-20

screws. Custom silicone heater pads (Phoenix Thermal Supply) with integrated, internal

Type J thermocouples are affixed to the outer surface of each wall using a high tempera-

ture 3M adhesive. These heaters were designed with cutouts aligned to feedthrough holes

machined into the oven walls. These holes were designed to accommodate the vacuum tub-

ing connection from the chamber to the roughing and turbo pump for the initial pump
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down, electrical feedthroughs to power our NextTorr Z200 combination ion-getter pump,

and additional thermocouples to monitor the temperature profile across the chamber and

oven interior. The heaters can operate continuously at 190-200◦C and up to 230-240◦C for

short periods. At high temperature, the temperature profile across the over interior is highly

uniform with a typical peak thermal gradient of less than 3-5◦C, comparable to the accuracy

of our Type J thermocouples.

The heaters are controlled by a commercial ramp-and-soak PID controller (Omega Plat-

inum Series CN8DPT-444), which outputs DC pulses to several solid-state relays (Omega

SSRL240DC25) that regulate the 120 V AC power supplied to the heaters. This setup al-

lows the user to program temperature over time profiles, automating the entire bake process,

including gradual ramps to the target temperature, extended high-temperature holds, and

slow cooldowns. A monitoring system alerts the lab team via email and Slack if temperature

readings exceed preset limits or if thermal gradients across the oven interior become too

large. This system reads in thermocouple temperatures using a Measurement Computing

USB-TEMP data acquisition system and the alerting is controlled via a remotely accessible

Grafana dashboard which logs the bake temperature profile.

As an additional safety measure, a high-temperature grounding wire is connected to the

oven walls to protect against an unlikely failure mechanism where the internal wiring of the

heaters short to the oven walls. Inline 15 A fact-acting ceramic fuses protect each heater

circuit and are designed to trip before the lab’s 20 A circuit breakers in case of a short.

The heaters draw significant power, as the top and bottom pair of heaters are rated at

910 W each, the right and left wall heaters are 490 W each, and the front and back wall

heaters are 980 W each. This totals approximately 40 A of current draw at 120 V AC,

assuming a unity power factor. The system is therefore distributed across four independent

electrical circuits, each drawing less than 15 A. Overall, this oven significantly reduces the

manual effort required for baking by completely automating the process and ensuring that
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Figure 3.15: Images of the custom aluminum oven used for automated baking. a,
The fully sealed oven mounted on a cart with two of the heater/wall feedthroughs visible. b,
The electrical control box with the lid removed. The six solid-state relays are each mounted
on heatsinks in the back and the PID control box can be seen in the front right. c, The two
layer cart assembly with the blue data acquisition module resting on top of the oven. d,
The vacuum chamber mounted inside the oven with the SAES pump power provided by the
feedthrough in the top left and the roughing and turbo pump connection connected to the
gate valve and routed out via the feedthrough on the right. Kapton tape is used to affix the
thermocouples in place inside the oven.
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Figure 3.16: An example temperature over time profile from an automated oven
bake. a, The temperature readings over time recorded by the PID controller plotted along-
side the setpoint over time. A small transient deviation is marked as a glitch. b, The PID
controller duty cycle, or the fraction of time for which the heaters are active, with its rolling
mean overlaid. The PID began to ring about the setpoint with a peak to peak amplitude
of about 10 degrees over the course of two hours before re-stabilizing at the indicated glitch
region for this bake.

the thermal requirements of the chamber are met throughout each bake.

3.3 Nanophotonic Chip

This section provides a brief high level overview of the key design features of our nanopho-

tonic chip. For an in-depth discussion of the chip design principles and nanofabrication

process, refer to Shankar Menon’s thesis [120].

The nanophotonic chip is fabricated from commercially sourced wafers consisting of a

330 nm thick layer of silicon nitride atop a 500 µm thick silicon base layer (Silicon Valley

Microelectronics). The photonic crystal cavities are patterned into the silicon nitride layer
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Figure 3.17: SEM images of the nanophotonic chip displaying the cantilevered
nanophotonic cavities overhanging the edge. a, The red box marks the devices, fabri-
cated at the top from the silicon nitride layer of the chip, above the silicon base layer. The
silicon base layer is undercut beneath the devices by etching the chip from the side. b, An
SEM image of the cavities taken from the angle marked by the red arrow in a. This figure
was originally published in the Supplementary Information of our paper, Ref. [31].

using electron beam lithography. The wafer is diced such that the cavities are aligned to

the edge of the chip structure. The silicon base layer is completely undercut from the device

region, leaving behind the cantilevered cavities overhanging the edge of the chip. The final

lateral dimensions of the chip are approximately 2 mm × 7 mm.

The semi-open chip geometry, with the cavities overhanging from the 2 mm edge, is a

key feature enabling integration of the chip with our free-space atom array. The undercut

of the silicon base layer is also essential as it prevents the optical tweezers from heating and

reflecting off of the base layer while translating the atoms to load them onto the cavities.

The chip edge hosts ∼150 cavities spaced by 11 µm. These cavities are divided into

three sections, of 50 cavities each, with each section hosting a slightly different design. The

number of holes used to define the Bragg reflector on the outcoupling edge of the photonic

crystal cavities varies across the sections. Increasing the number of holes enhances the

reflectivity of the Bragg mirror, improving the quality factor of the resonance and reducing

the outcoupling efficiency. The three sections allow us to experimentally explore this trade-off

without replacing the chip.
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3.3.1 Free-space Coupling

We couple light in and out of our nanophotonic cavities via free space. This section

reviews the main concepts of our coupling technique, while a more detailed discussion can

be found in Shankar Menon’s thesis [120].

Two common methods used to couple light to nanophotonic devices utilize tapered fibers

and lensed fibers. In the tapered fiber approach, direct contact is made between the tapered

fiber and the nanophotonic. As the fiber diameter adiabatically decreases, the optical mode

shifts from being well contained within the fiber core into the evanescent field surrounding the

fiber. This evanescent field can strongly overlap with the nanophotonic mode and faciliate the

efficient transfer of optical power into the nanophotonic device. In the lensed fiber approach,

a lensed fiber tip is carefully aligned microns away from the end facet of the nanophotonic

device to focus light and inject it into the end facet. Both of these methods can achieve high

coupling efficiencies [90, 125, 126, 127, 128].

For our system, which emphasizes scalability of both the atom array and the number of

cavities on the chip, these methods pose significant practical challenges. Accomodating tens

to hundres of fiber feedthroughs, alongside the inevitable reduction in optical access and

further obstruction of beam paths in the chamber, is impractical. A piezo-actuated stage

inside the chamber to enable re-positioning of fewer fibers to new cavities is conceivable,

though this would require significantly increasing the size and complexity of our chamber.

Instead, we decided to pursue a free space coupling technique inspired by the methods

developed in the Kimble group [94]. Unlike their Y-coupler designs, we opted for a simpler

tapered waveguide geometry where adiabatically tapered waveguide regions are appended

to the outcoupling edge of our photonic crystal cavities. The end width of these tapered

waveguides is chosen to maximize the modal overlap of the ejected mode and a focused

Gaussian beam provided by a coupling lens. This coupling lens is mounted outside the

vacuum chamber on a 5-axis translation stage, similar to the system used for our high NA
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optical tweezer objectives.

Theoretically, this simple tapered waveguide method can achieve coupling efficiencies

exceeding 90%, as indicated by the Lumerical FDTD simulations shown in Fig. 3.18. Ex-

perimentally, we have measured coupling efficiencies as high as 64% in our nanophotonic

characterization setup, though we have been limited to lower coupling efficiencies around

20% in the vacuum chamber. We identified the geometric constraints limiting this number,

caused by an inability to bring the optimal coupling lens close enough to the chip. In the most

recent chip replacement and vacuum bake, we exchanged the re-entrant window for a longer

version to address this. This approach provides us with the flexibility to switch between

cavities completely externally and offers future scaling compatibility with multiplexing. For

example, a fiber array paired with an appropriate telescope can map the outcoupling edges of

multiple cavities to the fiber array. Alternatively, the light could be routed through on-chip

waveguides or outcouplers for external coupling.

3.3.2 Nanophotonic Characterization Microscope

In order to characterize our nanophotonic chips and provide feedback to iterate on the

nanofabrication process, we designed and built a custom microscope equipped with a short

wavelength infrared (SWIR) camera (Raptor Photonics Owl 640 M). The SWIR camera

enables the user to see the telecom wavelength coupling beam, which standard silicon based

camera sensors are insensitive to, and precisely align it to the cavities. The characterization

setup can also operate utilizing tapered optical fibers for coupling to the cavities.

The characterization setup consists of two high-precision translation stages (Newport

562-XYZ), enabling independent positioning of the chip and the coupling apparatus with

respect to the microscope objective lens. One stage hosts a mounting structure for the chip,

while the other contains the coupling optics, either a free space coupling lens or a mount for a

tapered optical fiber. For imaging and alignment, we use a 0.42 NA NIR-coated commercial
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Figure 3.18: Free-space coupling of light to the nanophotonic crystal cavities.
a, Schematic illustration of an adiabatically tapered waveguide appended to the photonic
crystal cavity and the ejected mode profile. b, A typical cavity reflection spectrum from a
cavity mounted on the chip inside our vacuum chamber taken via this free space coupling
technique. c, Simulated intensity profile of a diffraction-limited focal spot from a 0.17 NA
lens. The top panel shows a line cut along the Y axis at Z=0 and the dashed horizontal line
indicates the 1/e2 amplitude. d, The simulated profile of the second TE mode supported
by the end of the waveguide taper with the corresponding line cut displayed along the top
panel as in b. e, The estimated coupling efficiency from Lumerical FDTD simulations as a
function of the NA of the coupling lens and the end width of the taper. This plot assumes
a constant waveguide thickness of 330 nm. Parts b–e are adapted from our published work,
Ref. [31].
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microscope objective lens (Boli Optics) along with a 200 mm focal length microscope tube

lens (Thorlabs). We introduce an LED light source with a 50/50 beamsplitter positioned in

the infinity space between the objective and the tube lens.

Our photonic crystal cavities are designed to be near resonant with the caesium transition

between the 6P3/2 and 7S1/2 states at 1359.2 nm. Around this wavelength, strong water

vapor absorption lines appear in our spectra due to vibrational modes of water molecules.

These manifest as cavity-like dips in the reflection spectra. They appear very similar to

cavity resonances with quality factors in the tens of thousands, complicating the process of

identifying true cavity resonances. To mitigate this challenge, we have thoroughly character-

ized these absorption features and mark them on our cavity scans to avoid misidentification.

As expected, the magnitude of these absorption features depends strongly on the free space

propagation length, making them significantly less pronounced when coupling via tapered

fibers.

3.3.3 Cavity Frequency Stabilization

In order to couple atoms to the cavities, the cavity resonance must match the atomic

transition frequency. We therefore require the ability to tune and stabilize the cavity res-

onances while they are mounted inside the vacuum chamber. We employ an established

thermal tuning method which uses an external laser to heat the cavities and redshift their

resonances [24]. This technique provides a tuning range of ∼2 nm in our system, though

the frequency shift is inherently unidirectional towards longer wavelengths since the cavities

can only be heated with this method. The underlying mechanism exploits the temperature

dependence of silicon nitride’s refractive index.

In our implementation, we aim a 1064 nm laser (Aerodiode 1064LD-1-1-2) at the base

of the cavity. This choice of wavelength may seem unusual considering silicon nitride’s

large bandgap corresponding to ultraviolet wavelengths around 230-275 nm, rendering the
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a) b)

Figure 3.19: Photographs of our nanophotonic characterization microscope. a,
The full microscope setup with two high precision three-axis translation stages beneath the
objective. Here, a ThorCam is used for imaging at the top of the microscope assembly,
which has since been upgraded to a SWIR camera that is sensitive to the telecom coupling
beam wavelength. b, A zoomed in view of the original tapered fiber, which has since been
swapped out for a free space setup similar to the one used in our experiments. The steel
mounting surface held in the rotation mount shown here has also since been upgraded to an
SEM mount similar to the one used in our chamber.
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material largely transparent to this beam. However, by aiming at the base of the cavity,

this beam can transmit through the silicon nitride layer and effectively heat the silicon base

layer underneath since silicon has a much smaller bandgap, corresponding to ∼1107 nm.

This heat is then transferred via direct thermal contact to the cavity, tuning its resonance.

In this way, we avoid fabricating heater pads onto our cavities as in Refs. [91, 24]. The

use of 1064 nm light is also advantageous as it is quite far red-detuned from our caesium

transitions, minimizing its impact on our experiments beyond heating of the cavities.

We actively stabilize the cavity resonances using a PID feedback loop controlled by a

QNimble Quarto. This feedback is based on the cavity reflection signal. The 1360 nm probe

beam we use to monitor to the cavity reflection is of a sufficient power to induce an asymme-

try in the cavity resonance, allowing us to use the long tail of the reflection signal for locking

slightly off resonance. Ideally, this lock would be engaged at all times, though this would

require a secondary cavity mode, as demonstrated in Ref. [91]. Instead, our system freezes

the cavity lock mid-sequence upon an external trigger signal. Meanwhile, a fiber-optical

switch re-routes the coupling beam pathway from injecting the probe beam to collecting

telecom single photons for detection on our superconducting nanowire single-photon detec-

tor (SNSPD). The custom programmed PID logic enables a user-controllable offset in the

setpoint upon freezing the lock to counteract any thermal changes introduced by the optical

tweezer translating to aim directly at the cavity and to shift the cavity directly onto res-

onance for atom-cavity coupling. We briefly explored alternative PDH and dither locking

schemes to lock the cavity directly on resonance instead of the side of fringe lock described

here. However, we struggled to obtain a high quality error signal after demodulating due

to the weak intensity of the cavity reflection signal, even after employing a highly amplified

photodetector.
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Figure 3.20: Plots depicting cavity stabilization and drift. a, The shift of the cavity
resonance frequency as a function of the applied 1064 nm heating laser power. This is the
underlying mechanism used for our cavity frequency stabilization. b, The effect of LIAD
in restoring the cavity resonance frequency over time following a long-term redshift due to
caesium adsorption on the cavity surface. c, An example time trace of our cavity frequency
stabilization. The QNimble Quarto contorller begins by scanning the heating laser power,
controlled by the PID output via an AOM, and monitors the cavity reflection signal. After
the scan, the controller identifies the cavity resonance, jumps the heating laser setpoint close
to the user-specified setpoint, and engages the PID.
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3.3.4 Cavity Limits

Inside the vacuum chamber, the absence of air removes convective cooling as a mechanism

for heat dissipation from the cavities. Therefore, the cavities can only dissipate heat via

radiation or conduction through the bulk of the chip. This results in reduced thermal limits

with respect to those observed in our characterization setup. To understand these limits

under operational vacuum conditions, we conducted destructive testing of our nanophotonic

cavities in October 2024, a few months before our chip replacement upgrade in January 2025.

These tests involved resonantly driving the cavities with 1360 nm light via the coupling probe

beam path as well as heating them to their limits with our 1064 nm heating laser. The results

of these tests are detailed in Tables 3.1 and 3.2.

We found that coupling more than ∼1.5 mW of 1360 nm light into the cavities risked

approaching the failure thresholds of 2-2.5 mW. To ensure safe operation, we typically operate

using sub-milliwatt powers for the coupling beam. For the heating laser, the failure thresholds

varied quite broadly depending upon the precise beam alignment. When focused directly

on the photonic crystal cavity, powers around 140 mW were sufficient to physically break

the cavity in half. Aiming the laser at the base of the cavity, as we do in typical operation,

increased this limit. In one case, a cavity lost its resonance after being heated with ∼220

mW of 1064 nm light. This cavity’s resonance had redshifted by a maximum of 3.4 nm before

it broke and the cavity never showed any physical sign of breakage except that it’s resonance

no longer appeared in its reflection spectra after this event. To ensure non-destructive

operation, we generally restrict our heating laser power to less than 100 mW and limit the

applied frequency shifts less than 1-2 nm. These precautions maintain a comfortable margin

below the observed destructive limits, minimizing the risk of damage during experiments.
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Cavity ID Limit Notes
5 2.54 mW Set laser on resonance, increase laser output in 0.1 dBm steps

until breaking point.
6 2.05 mW Set laser to scan from 1355-1375 nm to ensure we cross the

resonance, increase laser power by 1 dBm steps until breaking
point.

7 2.59 mW Set laser to scan from 1370-1372 nm to avoid the cavity
resonance, increase laser power by 1 dBm steps until breaking

point.

Table 3.1: For each of these cavities, we investigated the maximum power limit of the 1360 nm
probe beam. All cavities physically broke in half right around the center of the cavity mode.
The optical powers quoted are measured just out of the optical fiber and do not account
for the coupling efficiency into the cavities which was not optimized for these experiments.
Therefore, these are generous upper bounds and the probe beam should be kept far from
these limits to ensure the cavity does not break under high coupling efficiency conditions.

3.3.5 Cavity Degradation

The long term stability of the photonic crystal cavity resonances is critical for reliable

operation of experiments coupling atoms to nanophotonics. Based on our experiences in

lab and anecdotal accounts from colleagues working on similar experiments, the observed

long-term drift behavior and the efficacy of experimental techniques used to counteract these

drifts vary widely. Here, we summarize the key phenomena observed with our cavities over

the past several years.

In our system, the primary source of resonance shifts over time appears to be the adsorp-

tion of caesium onto the cavity surfaces, resulting in a slow redshift of the resonances over

time. The rate of this effect clearly correlates with the rate at which caesium is dispensed

into the chamber. To counteract these shifts, we employ light-induced atomic desorption

(LIAD), using a high power ultraviolet LED to desorb caesium from the cavity surface and

blueshift the resonances back toward their original frequencies, as seen in Fig. 3.3.3. As ex-

pected, activating our dispensers, a process which is known to introduce background vapor

into the chamber, has also caused redshifts and slight quality factor reductions across our

cavities. These shifts were more robust against LIAD and must be accounted for in fabri-
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Cavity Alignment Limit Notes
8 Cavity Base N/A Did not break at max power of ∼337.5 mW.
8 Cavity Center 337.5 mW This cavity broke when we reached the maximum

power of the heating laser.
9 Cavity Center 277 mW N/A
10 Cavity Center 254 mW N/A
11 Cavity Center 142 mW N/A
12 Cavity Center 142 mW We let this cavity sit at each power for a few

minutes before increasing the power to ensure that
it had fully thermalized.

4 Cavity Base ∼220 mW For this cavity, we also tracked the resonance shift
as we varied the power. At ∼170 mW, we shifted
the resonance by 2.1 nm. At ∼195 mW, we shifted
the resonance by 2.8 nm. By ∼220 mW, the shift
had reached 3.4 nm, though it was not stable and
began to experience strong fluctuations. As we
continued to heat the cavity, the resonance was
lost and was not recoverable after turning off the
heating beam. The neighboring cavity also lost
any detectable resonance after this. Additionally,
at the highest heating powers, the cavity reflection
signal reduced, likely due to heating beam induced

misalignment.

Table 3.2: For each of these cavities, we investigated the maximum power limit of the 1064
nm heating beam. The optical powers are overestimated as they are measured before several
lossy dichroics.

cation. During our most recent chamber bake with the newest chip, we observed a nominal

and quite uniform 0.3 nm blueshift of the cavity resonances. This was not consistent with

the first chip and bake process, which maintained stable resonances through the bake.

From late 2022 to late 2024, the system was stable. We monitored these slow drifts

and occasionally applied LIAD to counteract them and reset the resonances. However, we

experienced two sudden, unexplained device failures which prompted us to upgrade and

replace the original chip. The first failure occurred while we were not actively monitoring

the cavity in question. Upon performing routine measurements, we noticed that the cavity

has physically broken off from the chip, though its neighboring devices all remained intact.
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The second failure, on the other hand, occurred during active monitoring of the cavity

resonance and was characterized by a rapid, irreversible redshift of the resonance. This shift

occurred over the course of approximately one day, much faster than the weeks to months

long timescale that we had seen from caesium adsorption and pushed the resonance past the

atomic resonance. Attempts to reverse this shift with LIAD, resonant driving of the cavity

with high probe powers, focused blue laser light, and heating with our 1064 nm laser were

all unsuccessful.

Unfortunately, these device failures affected the only two cavities on our original chip

that were within thermal tuning range of the atomic resonance. On the bright side, the

replacement chip now in use hosts many more cavities within thermal tuning range and is

thus much more robust for future experiments. For further detail characterizing the drifts

we observed at various stages of the experiment, see Shankar’s thesis [120].

3.4 Experiment Control

The control system that drives the experiment is composed of many interconnected hard-

ware and software components. The overarching framework is based upon repeated execution

of user-defined sequences of events with the ability to sweep experimental parameters across

repetitions to optimize and refine the system performance.

3.4.1 Experiment Control Hardware

The modular Adwin-Pro II system operates as the central "conductor" of our experi-

ments. At its core is the Adwin-Pro-CPU-T12 processor module, which executes programs

written in the ADbasic language and interfaces with the system’s input and output modules.

We utilize the AOut 8/16-B module, which provides eight ±10 V analog BNC outputs with

16-bit DACs and a 3 µs settling time, as well as the DIO-32 module, which provides 32 digital

TTL channels which can be configured as inputs or outputs, though we exclusively operate
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in output mode in our setup. Our system contains two of each of the output modules. We

additionally incorporate a digital buffer box to prevent voltage drops on the Adwin digital

channels by decoupling the load from the Adwin. This buffer box was built in-house and

designed by Ahmed Omran. The Adwin system coordinates the outermost layer of timing

control in our experimental sequences, providing triggers and analog voltages to control and

synchronize various additional hardware in the lab.

Additional control hardware utilized in our experiment includes the Quantum Machines

OPX, which drives our AODs for optical tweezer control, rearrangement, and loading atoms

onto cavities. The Quantum Instrumentation Control Kit (QICK) is an open source firmware

and software stack that enables the use of Xilinx RFSoC (radio frequency system-on-chip)

development boards as a control system for quantum experiments. We use this system for

our fast optical pulse generation as it has a very high sampling rate of ∼6 GHz on its output

DACs. We additionally employ several versatile, programmable controllers such as the Moku

Go and the QNimble Quarto as needed.

Our setup features a range of auxiliary control hardware for more specific applications

such as fast PID controller boxes from Newport, Timebase AOM drivers, as well as a range

of home built electronics modules constructed by Roberto Cohen during his time as under-

graduate researcher in our lab. We use the Laser Shutter System from Stanford Research

Systems for slow but high extinction ratio switching of our lasers. For our single photon

time tagging, we use a time tagger system from Swabian.

3.4.2 Experiment Control Software

Our primary interface for programming experiments and analyzing data is a custom

Python-based experiment control framework. During his year as a postdoc in our lab, Matteo

Pompili led the development of this framework. I had the privilege of collaborating closely

with him throughout the process and continuing to build upon it after his departure from
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the lab. This brief section does not do justice to this project that forms the backbone of our

experimental workflow.

Our framework not only facilitates programming and controlling the experiment, but also

supports real-time data visualization, crucial for debugging and monitoring experimental

progress. Our data is saved in HDF5 format, accompanied by metadata specifying the

sequences and experimental parameters used to generate the dataset. Our standardized

analysis and calibration pipeline ensured that processed data and plots are saved alongside

the unaltered raw datasets. We utilize a modular sequencing structure to enable additional

control hardware to be programmed along with each Adwin sequence as needed.

Our codebase heavily leverages the following open-source repositories:

• quantify-core: Underlies our data management and analysis infrastructure

• xarray: Enables user-friendly multidimensional data analysis

• pyqtgraph: Used for real-time data visualization

We also use the following open-source projects developed by Matteo Pompili:

• yamlpars: Provides a straightforward dot notation interface to our experimental pa-

rameters

• easypubsub: A lightweight interface to publish-subscribe functionality for inter-

process communication

• caniusethat: A user-friendly interface to remote procedure call (RPC) functionality

Lab conditions such as temperature, humidity, magnetic fields, and laser lock statuses

are monitored via a Grafana dashboard, enabling remote monitoring and alerting.
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CHAPTER 4

INTEGRATING AN ATOM ARRAY WITH A

NANOPHOTONIC CHIP

In the previous chapter, we reviewed the modules that collectively comprise our ex-

perimental apparatus. With this foundational understanding of the laser systems, vacuum

chamber design, semi-open nanophotonic chip geometry, and experiment control infrastruc-

ture, we shift focus in this chapter to discuss the methods used to operate an atom array in

close proximity to the nanophotonic chip.

We begin with a brief discussion of a typical framework for our experimental sequences,

followed by an explanation of one of the key elements of our system: background-free imaging.

We then describe our implementation of atom array rearrangement and provide further

details on our optical tweezer control system. These capabilities naturally enable us to load

atoms onto the nanophotonic cavities. Lastly, we present data characterizing this loading

and conclude with a discussion of the current status of the experiment. The content of this

chapter draws heavily from our published results in Ref. [31].

4.1 Experimental Sequences

The most generic experimental sequence for our system proceeds according to the follow-

ing steps:

1. Load a magneto-optical trap (MOT)

2. Turn off the magnetic field gradient and perform polarization gradient cooling (PGC)

3. Allow the remaining cold atom cloud to disperse while continuing PGC

4. Apply experiment-specific operations (if necessary)
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5. Image the atoms

6. Apply experiment-specific operations (if necessary)

7. Image the atoms (if necessary)

8. Ramp all equipment controls back to ambient setpoints

We typically load our MOT in 100-200 ms. During this step our cycler beam is approx-

imately 12 MHz red-detuned of the 6S1/2 F=4 → 6P3/2 F’=5 transition and our repump

beam is approximately 20.5 MHz red-detuned of the 6S1/2 F=3 → 6P3/2 F’=4 transition.

Each of the two diagonal MOT beams delivers 7-8 mW of cycler power and 0.2-0.4 mW of

repump power into the chamber with 1 cm beam diameters. The axial MOT beams deliver

1.2-1.3 mW of cycler power and 0.10-0.12 mW of repump power with 1 mm beam diame-

ters after telescope formed with the objective lens. The anti-Helmholtz magnetic field coils

are driven to generate an axial magnetic field gradient of ∼25 G/cm. By adjusting current

through the caesium dispenser, we can trade off between the MOT loading rate and the

background-limited lifetime in the chamber. We typically operate the system at a balanced

point where the MOT loads in 100 ms and measure background-limited lifetimes of about

14 seconds.

Following the MOT loading, we shut off the current to the gradient coils and sweep

the cycler laser frequency to a red-detuning of approximately 45 MHz while simultaneously

reducing its power by 80-90% over 10 ms. We additionally adjust the currents applied to

the offset magnetic field coils reposition the cold atom cloud with respect to the tweezers.

These parameters are optimized by maximizing the observed tweezer loading efficiency. We

remain at these PGC parameters and continue to apply the 852 nm light for an additional 50

ms to continue cooling and allow the remaining cold atom cloud to disperse from the array

region. At this point, our tweezers have stochastically loaded single atoms with an average

occupation across the array of 50-55%.
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From here, our experimental sequences branch into many different specific sequences de-

pending upon the goal of the experiment. Broadly speaking, we may apply some additional

control operations or proceed directly to imaging the array once the tweezers have been

loaded. This initial image of the array provides information used to determine the loading

configuration. We then proceed to apply any further experiment specific operations. A

second image of the atoms provides information about the atomic survival through the ex-

periment, which is often a proxy for other observables. Finally, we ramp all of our equipment

back to ambient setpoint values to keep the system thermalized and maintain stability over

time.

4.2 Background-free Imaging

The standard method of readout for atom arrays is fluorescence imaging, where the

desired observable is mapped onto to the presence or absence of an atom in each tweezer

site. This technique presents a particular challenge for experiments aiming to couple atoms

with nanophotonic structures due to the inevitable scattering of the imaging beams from the

nearby solid surface, which can be orders of magnitude brighter than the atomic fluorescence

signal.

Previous experiments have circumvented this challenge in various ways. Transmission and

reflection measurements of the nanophotonic device can be used to readout global system

information such as the number of atoms coupled to the structure [25, 28, 129, 130, 131, 132,

93, 133, 134, 91, 22, 21]. The advantage of these methods is that they are much faster than

imaging, to such a degree that cavity-based readout is being explored as a general fast readout

method for atom arrays [135, 136, 137, 138, 139, 140, 86]. The drawback of these methods

is that as the number of atoms coupled to the device scales, they can only provide global

system information rather than site-resolved atomic state information. Other approaches

including confocal microscopy [91], excitation via propagating waveguide modes [89], careful
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Figure 4.1: Images illustrating the scattering challenge and the successful imple-
mentation of our background-free imaging technique. a, Top: A single-shot fluores-
cence image taken using the standard 852 nm (D2) cycling transition near our nanophotonic
chip. Despite reducing the electron multiplying gain of our camera by two orders of mag-
nitude compared to the value used to image single atoms, the scattering detected is orders
of magnitude brighter than the atomic fluorescence, even of microns away from the devices.
Bottom: A single-shot image of atoms (marked by red boxes) taken using our background-
free technique. Both images were taken with a 40 ms exposure time. b, Averaged fluorescence
images of an 8×8 atom array both in the loading region (inset) and interleaved between the
photonic crystal cavity array. No post-processing has been applied beyond averaging across
the individual images. The devices are visible as shadows due to a small residual background
which we attribute to fluorescence at our imaging wavelength from the silicon base layer of
the nanophotonic chip. This figure is adapted from our published work, Ref. [31].
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Figure 4.2: Background-free imaging. a, A caesium fine level structure diagram il-
lustrating the background-free imaging technique. The atoms are doubly excited from the
6S1/2 ground state along the straight black arrows, through the 6P3/2 intermediate state.
The imaging pathway to the camera is spectrally filtered such that the camera only images
photons via the 895 nm decay path from the 6P1/2 level shown in red. Here, ∆852 is the
detuning from the bare 6S1/2 F=4→ 6P3/2 F′=5 transition and ∆1470 is the detuning from
the bare 6P3/2 F′=5 → 7S1/2 F′′=4 transition. b, The average number of detected photons
from each atom as a function of the two imaging laser detunings. The signal decays as the
852 nm laser approaches hyperfine resonances on each side of the plot due to resonant heat-
ing ejecting the atoms from the tweezers. c, A typical histogram of the number of detected
895 nm photons in a 4×4 pixel region of interest over a 40 ms exposure time in the loading
region. The bimodal distribution enables us to distinguish between the presence and absence
of an atom with a high fidelity &99.2%. This figure is adapted from our published work,
Ref. [31].
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background subtraction [89], and combined polarization and spatial filtering [96] have been

employed to achieve site-resolved readout. However, these methods are either limited in

scalability or rely upon specific system design features which do not generalize. Our goal

was to develop a general and scalable method that would enable single-shot, site-resolved

readout of an atom array in close proximity to arbitrary nanophotonic devices.

To illustrate the scale of the scattering challenge, we attempted to image our array

with the standard D2 line fluorescence imaging technique. In order to protect our electron-

multiplying charge coupled device (EMCCD) camera (Nüvü HNü 512) sensor from damage,

we reduce its electron multiplying (EM) gain by 2 orders of magnitude from 1000 to 10

for this test. Fig. 4.1 shows that the background due to the scattering is on the order of

hundreds to thousands of photons per pixel, even tens of microns away from the cavities,

with several pixels on the chip surface detecting over 350,000 photons each. For reference,

our typical atomic signal is on the order of ∼1.6 photons per pixel across a 4×4 pixel region

of interest for a total signal of approximately 25 photons per atom. At the higher EM

gain settings used to image single atoms, background light this bright would saturate and

potentially damage the camera sensor.

We developed a multichromatic, background-free imaging technique to suppress the effect

of this scattering from our nanophotonic chip, enabling single-shot readout of our atom array

close to our photonic crystal cavities [31]. This method works by driving a two-photon

transition to the 7S1/2 state via the 6P3/2 intermediate state using our 852 nm MOT beams

and an additional 1470 nm unidirectional imaging beam that co-propagates along one of

the diagonal MOT beam paths. The 7S1/2 state has two branching decay pathways via the

6P1/2 and 6P3/2 intermediate states, since the direct 7S1/2 to 6S1/2 transition is forbidden.

We spectrally filter out the excitation wavelengths on our imaging pathway using several

bandpass filters (Semrock FF01-900/11-25) allowing only the atomic fluorescence at 895 nm

via the 6P1/2 decay channel to be detected on the camera. This effectively filters out all of the
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undesirable scattering background, recovering the ability to perform high fidelity, single-shot

readout of our array near the noise floor of our camera. Fig. 4.1 shows a direct comparison

of a single-shot image using this method next to the standard D2 line fluorescence test image

described above.

Although similar techniques have been employed in microscopy of biological samples

[112], for imaging atomic ensembles [141, 142, 143, 144, 145], and to image ions [146], it was

not clear that this method would be effective for imaging single atoms in optical tweezers.

Optical tweezer traps are much weaker than ion traps and this method causes additional

heating with respect to standard fluorescence imaging since more photons must be scattered

per photon detected. This increase in scattering arises from both the two photon excitation

required per potentially detected photon and the branching ratio of the 7S1/2 state, which

decays approximately 65% of the time towards the 6P3/2 state and approximately 35% of

the time towards the 6P1/2 state. Fortunately, these effects are not limiting and we are able

to achieve ∼99.2% imaging fidelity in our loading region a few tens of microns away from our

cavities. This number is calculated from the overlap of the signal and background fits to the

bimodal histogram of our atomic fluorescence as shown in Fig. 4.2. Averaged fluorescence

images of our array in the loading region as well as interleaved between our nanophotonic

cavity array can be found in Fig. 4.1.

Fig. 4.2 depicts the magnitude of the atomic fluorescence signal as a function of the

two imaging laser detunings. The 852 nm laser detuning along the x-axis is measured with

respect to the bare 6S1/2 F=4 to 6P3/2 F’=5 hyperfine transition. The 1470 nm laser

detuning along the y-axis is measured with respect to the bare 6P3/2 F’=5 to 7S1/2 F”=4

hyperfine transition. The magnitude of the detected signal exhibits an optimal point when

the 852 nm laser is in between the 6S1/2 F=4 to 6P3/2 F’=5 (0 MHz on the x-axis of the

plot) and the 6S1/2 F=4 to 6P3/2 F’=4 (-251 MHz on the x-axis of the plot) transitions.

The detected signal decays as the 852 nm laser approaches either of these resonances. We
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attribute this to atom loss form the tweezer due to resonant heating. As this laser approaches

a resonance, the atom is more likely to cycle between the ground state and the first excited

state, heating the atom without generating the 895 nm photons needed for our imaging.

When the laser is off-resonant from both of these transitions, the two-photon excitation can

become the dominant process leading to improved signal and reduced heating of the atoms.

The overall feature in the plot tracks the two photon resonance, though it is blue-shifted

from the bare two photon resonance by tens of MHz due to the AC Stark shift from the

tweezer, which stretches the two photon transition as the ground state is trapped while the

doubly excited state is slightly anti-trapped.

4.3 Rearrangement

With the ability to image atoms established, we can begin to rearrange them into defect-

free configurations. This is a necessary capability due to the stochastic loading process not

only for free space atom array operations but also to load atoms deterministically onto our

nanophotonic cavities. To begin rearranging, the stochastic initial loading pattern must be

identified via an initial image of the array. Then the atoms must be moved into their target

locations. Finally, we can verify whether this process was successful with a second image.

Currently, we are limited to one-dimensional rearrangement in our experiment, as we have

yet to incorporate a second set of optical tweezers via a spatial light modulator (SLM) to

facilitate 2D rearrangement protocols. However, we retain the ability to translate the entire

array to facilitate simultaneous loading onto our photonic crystal cavities.

A plot of our rearrangement data can be found in Fig. 4.3. In these experiments, we were

most limited by atomic loss from the tweezers. This can be broken down into two separate

effects, the first of which is 10-15% loss during the first image. Several pathways to improving

this metric include stroboscopic imaging, Raman sideband cooling to the motional ground

state before imaging to improve survival, and reworking the 1470 nm imaging beam path.
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Figure 4.3: One dimensional rearrangement of the atom array. Stochastically loaded
atoms (blue) are imaged and rearranged to fill the gaps in the stochastic loading pattern
(orange). Atom loss of 10-15% during the first image reduces the post-rearrangement atom
detection probability. The green line corrects the rearrangement curve for the imaging losses.
This figure is adapted from our published work, Ref. [31].

Currently, this beam is unidirectional. Modifying the layout to counterpropagate this beam

along all MOT axes will balance out the scattering and should reduce the heating rate. After

correcting our rearrangement curve for this loss, we can see that there is another 23% loss

that occurs during our rearrangement. This can be improved with improved characterization

and optimization of our tweezer intensities during motion as well as improving our frequency

chirp profiles. We currently chirp the AOD frequencies according to a symmetric, piecewise

quadratic profile, though a minimum jerk profile is likely to improve our atomic retention

during motion.
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4.3.1 Optical Tweezer Control System

We generate our optical tweezers by driving a pair of crossed acousto-optic deflectors

(AODs). The RF drive for each AOD is sourced from a Quantum Machines OPX, which

is amplified by high power RF amplifiers from Minicircuits. We generally operate the OPX

in one of two modes, which I will designate AWG Mode and Oscillator Mode. In AWG

Mode, we program the OPX very similarly to an arbitrary waveform generator, providing

the OPX with precalculated waveform samples for it to output. We generally use this mode

to generate large, static arrays for system characterization tests. In Oscillator Mode, we

take advantage of the OPX’s real-time parametric waveform generation, which we primarily

use for rearrangement, real-time control of our optical tweezers, and loading atoms onto our

nanophotonic cavities. We occasionally operate in a hybrid mode where one AOD is driven

statically in AWG Mode while the other is driven in Oscillator Mode. This hybrid modality

allows us to perform unidirectional translations of larger arrays without reaching the limit

on the number of oscillators supported by our first-generation OPX.

Fast Image Processing and Feedback

For applications such as rearrangement or loading atoms to cavities, we need to act mid-

sequence upon the information contained in the initial image which tells us the stochastic

loading pattern of the tweezer array. Processing this image on the computer and relaying the

tweezer occupation matrix back to the OPX would be prohibitively slow. In order to address

this potential cause for latency in the experiment, we utilize a module produced by Quantum

Machines called the Observe module. The Observe module eavesdrops on the CameraLink

communication line between our EMCCD and our computer and rapidly processes each

image into a tweezer occupation matrix based upon pre-calibrated region of interest and

threshold information. This processed tweezer occupation matrix is then communicated to

the OPX via a fast analog input channel. Once the OPX has received this information, it
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Figure 4.4: Schematic illustrating our optical tweezer control system. The Quantum
Machines OPX in the top right generates the multisine RF tones that drive the AODs. The
atomic fluorescence is imaged with our EMCCD. The data is relayed over a CamerLink
connection to the Quantum Machines Observe module, which rapidly processes the image
into a binary occupation matrix and relays this information to one of the OPX’s analog
input channels. The OPX drops tones corresponding to the unfilled tweezers and sweeps the
remaining tweezer frequencies to compress the array as shown in the spectrogram in the top
left. Part of this figure is adapted from our published work, Ref. [31].
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calculates which moves need to be made and execute the rearrangement of the array into a

defect-free configuration.

Optical Tweezer Optimization

The relative phases of the multisine tones used to drive the AODs are quite important

for at least two reasons. The first is related to the crest factor, or the ratio of the peak to

the root-mean-square value of the multisine tone. Since the control system has a maximum

output voltage, the generated waveform must be scaled such that the peak of the waveform

corresponds to the peak output possible from the system, otherwise the tone will be clipped

and undesired frequency components will be introduced. If the tone has a large crest factor,

then the bulk of the waveform will be scaled down drastically and may introduce noise and

distortions due to the finite bit depth of the system. From this perspective there are optimal

sets of phases for the sines that make up the AOD drive tone which result in a mimimal

crest factor.

Intermodulation effects, whereby amplifier nonlinearities as well as acoustic nonlinearities

in the AODs lead to the generation of sum and difference tones, are also phase dependent.

The second and third order tones generated via this mechanism can lead to interference

between the tweezer traps, causing crosstalk between the trap amplitudes and inhomogeneity

across the tweezer array [147].

In order to address these challenges, we seed random phases for our optical tweezers,

then run them through a crest factor minimization algorithm similar to the one presented

in Ref. [148]. We then test whether the optimized phases exhibit strong intermodulation

effects, and repeat this protocol until we find a set of phases that have a minimal crest factor

and do not suffer from intermodulation.

We homogenize our tweezer arrays based upon measurements of the atoms, feeding back

on either the atom-by-atom trap frequencies or the atom-by-atom optimal 1470 nm laser

74



4

-4

2

0

-2

-2 -1 1 20

5

10

15

20

St
ar

k 
sh

ift
 (M

H
z)

Z 
Po

si
tio

n 
(μ

m
)

Y Position (μm)

−1.0 −0.5 0.0 0.5 1.0
−0.5

0.0

0.5

1.0

1.5

Z 
Po

si
tio

n 
(μ

m
)

5
10

15

20

25

30

35

40

45

St
ar

k 
sh

ift
 (M

H
z)

Y Position (μm)

SiN waveguide crosssection

−2 −1 0 1 2
−4

−2

0

2

4

5

10

15

20

25

30

35

40

45

Y Position (μm)
Z 

Po
si

tio
n 

(μ
m

)

St
ar

k 
sh

ift
 (M

H
z)

Si3N4
z1

z2

z3

a) b) c)

Figure 4.5: Atom trapping potentials as measured by the AC Stark shift induced
on the D1 line transition. a, A plane slice of the AC Stark shift induced on the 895 nm
D1 line transition by a 2.4 mW, 935 nm optical tweezer with a 1.1 µm beam waist. b, The
modified standing wave trapping potential and D1 line AC Stark shift due to the partial
retroreflection of the same tweezer as in a from the silicon nitride nanophotonic cavity at
the origin. c, A zoomed in view of b. This figure is adapted from our published work, Ref.
[31].

frequency for our imaging. Both of these metrics depend directly upon the AC Stark shift

from the optical tweezer, making them good proxy measurements for the optical tweezer

intensities. We routinely achieve less than 3% variation across the array.

4.4 Loading Atoms onto Cavities

Now that we have demonstrated the ability to cool, trap, image, and rearrange atoms in

optical tweezers close to our nanophotonic cavities, the next step towards atom-nanophotonic

coupling is to bring the atoms close enough to the cavities that they can couple to the cavity

modes. Since the atoms will couple to the evanescent mode, which is exponentially decaying

with increasing distance from the cavity surface, they must be trapped within a few hundred

nanometers of the cavity surface in order to interact strongly with the cavity mode.

We employ a side loading procedure as has been previously demonstrated in Ref. [21].

We translate a one dimensional atom array which is already spaced by 11 µm to match the

75



cavity spacing in between the cavity array, then we translate it laterally until the tweezers

aim directly at the cavities. As the tweezer approaches the cavity, the trapping potential

distorts from the free space tweezer potential to a standing wave trapping potential above

the cavity caused by the partial reflection of the tweezer from the cavity. We currently do

this adiabatically, performing each of these moves over the course of 1 ms. However, in

practice this approach should be optimized for loading to each specific cavity.

Our cavity geometry does not support an adiabatic, continuous trapping potential during

loading. While the tweezer is aimed at the edge of the cavity such that only part of the beam

reflects from the cavity, the tweezer potential distorts in a way that does not stably trap the

atom. Due to this, we observe ∼40-60% loss of atoms from the tweezers during this loading

process. This is measured by loading the atoms onto the devices, holding the tweezer there

for a short time of 1 ms, and then moving the atoms back to the loading region to take a

high fidelity image of the survival. If we perform the same measurement, but only translate

the atoms between the devices rather than loading atoms into the standing wave traps, we

observe negligible losses, indicating that the majority of these losses are due to the side-

loading procedure.

We believe that our loading process can be further optimized by varying the speed,

angle, and AOD frequency chirp profile to encourage the atom to jump across this distorted

potential more reliably. Alternatively, redesigning our cavities with a different thickness can

enable stable, adiabatic loading with near perfect success probability [120, 21, 94].

4.4.1 Autofocus Protocol for Objective Z Positioning

The probability that an atom in free space successfully loads into the standing wave traps

as we translate the tweezer onto the cavity, as well as which of the standing wave intensity

maxima it loads into, depends strongly upon the distance between the focal plane of the

tweezers and the plane of the cavities. Ideally, the tweezer should be focused a bit below
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d) e) f)

Figure 4.6: Auto focus procedure. a, The initial coarse scan, used to identify the rough
position of the focus plane. b, The secondary fine scan, used to identify the maximum
focus score to counteract long term drift. c, The final optimization scan, demonstrating
the decreasing step size as the target position is approached. d, The initial blurry image
taken at the first position of the coarse scan in a. e, The image at the position of maximum
focus score from the fine scan in b. f, The final image taken at the target position in c,
corresponding to 80% of the maximum score from the fine scan in b. For a high resolution
scan across the entire focus feature, see Shankar’s thesis [120].

the cavities in order to maximum the probability of successfully loading the atom into the

closest standing wave trap where it couples most strongly to the cavity mode. We have

developed the following autofocusing procedure to reliably calibrate and set the Z position

of the tweezer input objective with respect to the plane of the cavities.

We image the cavities onto our EMCCD camera using the same imaging pathway that

we use to image our atoms. We set the EM gain on the camera to its minimum value and

translate a 900 nm LED into our optical tweezer path on a dual position optics mount trans-

lation stage (Thorlabs ELL6K) to illuminate the chip at our imaging wavelength. The LED

is driven with a constant current supply (Wavelength Electronics LDD200P) to maximize the

stability of its brightness. We adjust the objective lens position along the tweezer axis using

a Thorlabs PIA13 piezo-actuated screw controlled by a Thorlabs KIM101 piezo controller.
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The autofocus protocol proceeds via the following steps:

1. Retract the objective, moving it away from the chamber.

2. Perform a coarse scan of the objective position towards the chamber to locate the

rough position at which the cavities are focused.

3. Retract the objective just behind the focus to perform a second fine scan to accurately

calibrate the maximum focal score. The purpose of this step is to counteract any long

term drift related to the LED brightness or positioning.

4. Retract the objective and scan it forward, reducing the step size as the target position

is approached.

5. Stop when the focal score is within one standard deviation of the target position.

Perform another imaging check to ensure that the focal score is again within one

standard deviation of the target position. If this check succeeds, the procedure is

complete. If this check fails, continue moving the objective.

6. If we have passed the target position, return to step 4.

This multiscan procedure is necessary as our piezo-actuated stage is open-loop and ex-

hibits nonuniform step sizes and hysteresis. Therefore, we cannot simply perform one fine

scan and immediately translate the objective to the target position reliably. The scans are

performed by translating the objective and capturing ten images at each position. A focus

score is calculated for each image by first applying a bilateral filter to reduce the noise while

preserving the edges, calculating the Laplacian of the image, and finally taking the variance

of the Laplacian. This variance is a great proxy for the focus as it is large when edges in

the image are sharp, and it is small when edges in the images are blurred. We then take

the average the variances of the Laplacians across the ten images as our focal score and

calculate the standard deviation across the ten images. We specify the target position as
78



a fraction relative to the maximum focal score identified in the fine scan and additionally

specify which side of the focus should be targeted. As the objective position is translated,

the focal scores are calculated in real time, while the slope of the changing focal score and

its magnitude with respect to the maximum are used to keep track of whether the objective

is focused above or below the cavity plane.

The images used for the focal score are restricted to a small region of interest on the

cavities themselves, not including the base of the chip, as we found that this generated a

sharper focal score feature and thus improved our targeting precision. Lastly, due to a small

angle that existed between the objective tweezer plane and the plane of the cavities, we could

shift the position of the peak by selecting a subset of the cavities to use for the focal score

calculation. This enabled us to speed up the autofocusing protocol by targeting a position

on the positive slope of the focal score peak, even though we actually focused a bit behind

the devices of interest.

Thermal Stability

The stability of the objective position along the axial direction is extremely important

in order to keep our cavity loading characteristics consistent during data collection. We can

always reoptimize the position by re-initiating our autofocus procedure, but it is crucial to

properly understand the timescale over which this becomes necessary. Initially, we experi-

enced inconsistent results and uncontrolled drifts occurring over the course of the day in lab.

We tracked this down to a single primary contributor: our MOT gradient coils. These coils

are very close to our objectives and are only driven during the MOT loading time. We found

that as we ran different experimental sequences, with varying MOT on/off duty cycles, this

would lead to notable drift of our tweezer objective with respect to the cavities.

We addressed this by calibrating an ambient intermediate current setpoint that mimics

the heat output from operating our experiment and drive the magnetic field coils at this
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setpoint when the experiment is not running. We then fixed our experimental sequences to

ensure a constant duty cycle of the MOT coils, by either extending the MOT loading time

or padding each repetition with additional waiting time as needed to maintain this constant

MOT on/off ratio. After implementing this procedure, we found that we could operate for

more than several days at a time without needing to adjust the focus, though we continued

to re-focus at least daily as the procedure is automated and takes only a couple of minutes

to run. This time is mostly limited by the stage movement time itself.

4.4.2 XY Positioning

In order to load atoms onto our nanobeam cavities, we must reliably translate our optical

tweezers from their loading positions in free space to aim directly at the cavities. The

precision required is on the order of hundreds of nanometers or better as the cavities are

only 1.1 µm wide, which is comparable to the diffraction limited spot size of our tweezers. In

order to automate the alignment of the tweezers to the cavities for loading, we take images

of both the cavities and a spaced out array of atoms. These two images allow us to calculate

mappings between the AOD drive frequencies, the pixel array of the camera sensor, and the

cavity positions in real space. This procedure operates following these steps:

1. Calculate an affine mapping between the AOD RF frequency space and the EMCCD

camera pixel space by uploading a known array of tones and averaging hundreds of

atom images to determine the atomic positions on the camera sensor.

2. Take image of the cavities on the EMCCD by illuminating them with a 900 nm LED.

3. Rotate the device image to correct for the angle between the camera sensor and the

nanophotonic chip.

4. Collapse the image vertically and convolve this one dimensional image with a step

function. The first peak of the convolution marks the base edge of the cavities.
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5. Take a column slice of the rotated cavity image along the centers of the cavity modes,

a known horizontal distance away from the base edge of the cavities.

6. Identify peaks in this column slice and fit them to Lorentzians in order to extract the

cavity center positions in camera pixel space.

7. Undo the image rotation and the affine mapping to retrieve the target positions in

AOD RF frequency space with sub-pixel, .337.4 nm) precision.

This procedure can also be used along with the known 11 µm spacing between the de-

vices to independently calibrate the imaging system magnification by enabling a comparison

between the real space distance between cavities and the camera pixel distance between

cavities. These steps are illustrated in Fig. 4.7.

4.4.3 Background-free Imaging on Cavities

We additionally investigated our ability to image the atoms while they are loaded directly

on top of our nanophotonic crystal cavities. This is particularly challenging as the lifetime

of the atoms is significantly reduced while they are loaded into the standing wave traps

formed by the reflected optical tweezer potential above the cavities. A detailed theoretical

investigation into the observed increased heating rates for nanofiber traps in the evanescent

field of two-color (one red-detuned attractive potential combined with one blue-detuned

repulsive potential) guided modes can be found in Ref. [149]. This work found that the

primary cause of the heating is optomechanical coupling between the atom and the flexural

mechanical modes of the waveguide structure. Similarly reduced lifetimes have also been

observed in other experiments using the type of reflected optical tweezer traps that we

employ [21, 24, 91]. Fig. 4.8 shows a comparison of our measured atomic lifetimes both in

free space and when loaded into the standing wave traps above the cavities.

Despite this additional challenge, we have demonstrated the ability to image our atoms

81



a) b)

c) d)

f)e)

Figure 4.7: XY calibration procedure to determine target positions on the cavities
to load the atoms. a, An averaged image of the atomic fluorescence from a large, spaced
out tweezer array. b, The automatically identified atomic positions boxed in red. c, A
rotated image of the cavities labeled with the base edge of the devices, the target column
slice along the centers of the cavity modes, and the transition from the cavities to the tapered
waveguides. d, The row-averaged one dimensional image of the cavities. Its convolution with
a step function is plotted as well (scaled down by a factor of 50 for visualization purposes).
The peak of the convolution is used to identify the base edge of the cavities. e, Lorentzian
fits (red) to the one dimensional column slice along the red target column line in c (blue). f,
The target positions for each cavity marked on the un-rotated device image. Note that the
images of the devices in c and f have been rotated by ∼90 degrees counter-clockwise with
respect to the images of the atoms in a and b. The cavities, while not visible, are positioned
at the bottom edge of the images depicted in a and b.
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Figure 4.8: Atom lifetimes. a, The lifetime of the atoms in the reflected optical tweezer
standing wave traps on top of the photonic crystal cavities. b, The atomic lifetime in free
space optical tweezers. This figure is adapted from our published work, Ref. [31].

in these traps using our background-free imaging method. However, the imaging fidelity is

reduced compared to imaging in free space. This reduction in fidelity is primarily due the

additional heating and increased atomic loss rate. More often in this case, the atoms are

ejected from their traps before enough photons have been detected on the camera to reliably

detect their presence. We anticipate that implementing Raman sideband cooling will improve

the imaging on cavity performance. Currently, we measure typical atomic temperatures of

approximately 50 µK after loading into the tweezers as calculated from a Monte Carlo fit to

a standard drop and recapture experiment shown in Fig. 4.9. Nonetheless, this capability

has proved to be a powerful diagnostic tool in our experiments.
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Figure 4.9: Drop and recapture measurement of the atomic temperatures. The
temperature is calculated by fitting a Monte Carlo simulation to the recapture probability
as a function of the tweezer drop time.

4.5 AC Stark Shift Measurements in Standing Wave Traps

When we first set out to demonstrate that we were loading into these standing wave traps,

we had not yet built the cavity frequency stabilization system necessary to lock our cavity

resonances to the atomic transition frequency. Without this system, probing the atom-cavity

interaction directly is not possible as the cavity is not co-resonant with the atom. Therefore,

we needed a different method to ensure that we were indeed loading atoms into the standing

wave traps above the cavities. We set out to test this by investigating the tweezer-induced

AC Stark shifts experienced by the atoms since the peak intensity of the closest standing

wave trap to the cavity is nearly double that of the free space tweezer, see Fig. 4.5. Our

optical tweezer wavelength of 935 nm is magic for the 6S1/2 to 6P3/2 transition at 852 nm,

meaning that the AC Stark shift induced for the 6S1/2 and 6P3/2 levels is equal in sign and

magnitude. Therefore, this specific transition frequency is insensitive to intensity variations

of the optical tweezer and thus cannot be used for this measurement. We instead probe the
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Figure 4.10: Imaging atoms on top of the cavities and measurements of the
modified trapping potential. a, An averaged fluorescence image from 15,000 images of a
1×9 array of atoms loaded onto the nanophotonic cavities, without rearrangement. An image
of the cavities is overlaid for illustrative purposes. b, The Stark shift induced on the D1 line
measured atom-by-atom as a function of position showing that the atoms are indeed loading
into the standing wave traps above the cavities. c, The orange and cyan points in b are
extracted from fits to blowout curves such as this one. The D1 blowout pulse laser frequency
is varied and most effectively ejects atoms from the traps when it is on resonance with the
Stark shifted transition. d, A histogram of the atomic fluorescence counts when applying
our background-free imaging method to image atoms in the standing wave traps on top of
the cavities. Here, we extract an imaging fidelity of 86% using a binarization threshold of 5
photons. e, The expected Stark shift survival curves for atoms trapped in each of the closest
three intensity maxima of the standing wave traps. We fit the experimental data in cyan
to a random sampling from the three dashed curves to extract an estimated loading ratio,
considering only the successful loading events, of 29% to the closest intensity maximum, 66%
to the second, and 5% to the third. This figure is adapted from our published work, Ref.
[31].
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AC Stark shift induced on the D1 line transition from the 6S1/2 state to the 6P1/2 state at

895 nm.

We measure this Stark shift by first loading the tweezers in the loading region, translating

these atoms in between the cavity array, and then translating them perpendicular to the

cavity axis to load the atoms from the side into the standing wave traps above the cavities.

We then apply an 895 nm laser pulse with varying frequency in order to eject the atoms from

the traps. This blow out pulse most effectively ejects the atoms when the laser is resonant

with the Stark-shifted atomic transition. Finally, we image the atoms to detect the atomic

survival rate. In Fig. 4.10, we plot survival curves averaged across a 1×9 array for both free

space tweezer traps as well as standing wave traps on the cavities. We extract the centers of

the survival curves as determined by fits for each individual atom as a function of the final

tweezer position where the 895 nm pulse was applied in Fig. 4.10. This data shows that the

observed increase in the Stark shift only occurs when the atoms are directly on top of the

devices in the standing wave traps.

We can also note that the large variation across the devices, which we attribute primarily

to a small angle which existed between the plane of the chip and the focal plane of the

objective. We have taken steps to minimize this angle with the new, replacement chip

currently in the chamber. This angle changes the loading distribution across the standing

wave intensity maxima. We performed Monte Carlo simulations sampling from the AC Stark

shifts expected for atoms loaded into each of the first few intensity maxima of the standing

wave potential. This model indicates that out of the ∼40-60% of atoms that successfully

jump the potential barrier into the standing wave traps, up to 29% make it into the desired,

closest trapping region, 66% make it into the second closest trapping region, and 5% make

it into the third closest trapping region. The loading process was optimized using the array

averaged data and should be readily improvable by optimizing with respect to loading to a

specific cavity.
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Figure 4.11: Atomic trajectories used to perform rearrangement and defect-free
loading to the cavity array. This figure is adapted from our published work, Ref. [31].

4.6 Defect-free Loading to Cavities

Finally, we can combine the capabilities demonstrated in this chapter and demonstrate

the ability to load defect-free arrays of atoms onto the nanophotonic cavities. This capability

is a critical milestone on the path to realizing controlled, scalable atom-photon interfaces

on a chip. We begin by loading our optical tweezer array stochastically and performing one

dimensional rearrangement into a defect-free configuration. Then we translate the defect-free

array laterally between the devices and then side load these atoms onto the nanophotonic

cavities following the example trajectory marked in Fig. 4.11. Finally, we image the atoms

on the devices to verify success. This experiment is performed in two ways: loading each

atom onto its own cavity or loading the small array onto a single cavity.

A schematic representation of the experimental sequence, averaged images of the atoms

loaded onto the cavities following this procedure, and examples of our best single-shot suc-

cesses are shown in Fig. 4.12. The success rate of this overall procedure is limited due to
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Figure 4.12: Rearrangement and examples of defect-free loading onto devices. a,
The experimental sequence used to perform these experiments. After loading the tweezers,
Image 1 detects the stochastic loading pattern which is used to rearrange the array before
it is translated over and onto the devices, where we take Image 2. b, Single-shot images of
our best example, loading a defect-free array of four initially loaded atoms successfully onto
four neighboring cavities. The averaged image of many attempts is shown on the right. A
reduced 25 ms exposure time was used to increase the atomic survival rate through the first
image for every image in this figure. c, Same as b, but instead of loading each atom to its
own cavity, we load them simultaneously onto the same cavity. This figure is adapted from
our published work, Ref. [31].

atomic loss during the first image, which is mitigated by decreasing the exposure time of this

initial image to 25 ms, as well as the losses experienced during rearrangement and side load-

ing onto the cavities. Nonetheless, we were able to successfully load rearranged, defect-free

arrays of up to four atoms to a set of neighboring cavities, one atom per cavity, and three

atoms onto a single device. These results lay a strong foundation for future experiments

coupling atoms to our nanophotonic devices.
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4.7 Current Status

Following the publication of our initial results last year, both of the near-resonant cavities

on our original chip broke, prompting Shankar to return to the cleanroom to fabricate a

new and improved chip. The updated chip design hosts significantly more cavities whose

resonances lie within our thermal tuning range of 1-2 nm red-detuned from the atomic

resonance. The new chip has been successfully mounted into our vacuum chamber where it

will serve as the foundation for our next round of experiments. Further details regarding the

new chip can be found in Shankar’s thesis [120].

Meanwhile, we continued to develop and refine our experimental capabilities to prepare

for future experiments probing atom-cavity coupling. This involved improving and testing

our cavity frequency stabilization setup as well as incorporating our single photon detectors

and time tagger into our experimental sequences and data analysis infrastructure. Our fast

pulse generation setup, used in the telecom-photon entanglement protocol and described in

the next chapter, was also upgraded with an automated minimization of the EOM’s DC bias

to improve the extinction ratio of the pulses.

Much of the effort in the lab since the start of 2025 has been focused on rebaking,

rebuilding, and realigning the system following the chip replacement. These efforts have also

provided an opportunity to transfer knowledge about the setup to the next set of graduate

students. Preparations are currently underway to move the entire experiment to Innsbruck,

where the next generation of experiments will continue.
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CHAPTER 5

FUTURE DIRECTIONS

With our successful realization of an atom array interfaced with a nanophotonic chip,

the foundation has been laid for a wide range of future experiments. In this chapter, we

outline two future directions exploring the diverse range of applications of integrated atom-

nanophotonic systems. The first is the development of a direct telecom quantum network

node, which we have been directly pursuing for some time. The second is the realization

of a waveguide QED quantum simulator, based upon theoretical insights and pioneering

experimental work from the Kimble group and others [58, 150, 22, 151, 152, 153].

5.1 Telecom Quantum Network Node

The nanophotonic cavities currently fabricated on our chip were designed specifically for

quantum networking. They are resonant with a telecom transition between two caesium

excited states to facilitate direct entanglement between the atom and a telecom photon.

This is desirable to circumvent the commonly implemented frequency conversion step in

quantum networking experiments, which tends to be quite lossy. In this section, we explain

the protocol and chart a path towards implementing this goal. The core ideas here were first

developed by my colleague Shankar G. Menon and presented in Ref. [119].

5.1.1 Probing Atom-Cavity Interactions

Our next major experimental milestone, which we were preparing to implement before

the failure of our original cavity chip, is to directly probe the interaction between a single

atom and one of our telecom nanophotonic cavities. One straightforward way to probe this

interaction is to measure the Purcell enhancement of the decay from the 7S1/2 state to

infer the atom-cavity coupling strength g. This can then be used to calculate the atom-
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cavity cooperativity C, a key figure of merit comparing the ratio of coherent atom-cavity

interactions to the primary dissipative losses from the cavity and atomic decay.

This measurement is quite similar in spirit to our AC Stark shift measurements described

in the last chapter. After loading the atoms onto the cavities, the D1 line ejection pulse would

be replaced with a pulse of both 852 nm and 1470 nm light to excite the atom up to the

7S1/2 state. The atom will then preferentially decay into the coupled cavity mode, which

we would collect through our free space coupling pathway, routing the collected photons to

our single photon detector via an optical fiber. Constructing a histogram from the time

tags following this pulsed excitation would yield a decay curve with a decay timescale faster

than the known decay timescale for the 7S1/2 state, enabling us to extract the atom-cavity

coupling strength.

We have already developed the necessary experimental infrastructure to perform this

measurement, including the cavity frequency stabilization, fast pulse generation, and single

photon detection. The unfortunate failure of our original chip was especially disappointing

given how close we were to performing this measurement.

5.1.2 Telecom Single Photon Source

Beyond probing the atom-cavity interaction, this same experiment enables the system

to operate as a telecom-band single photon source. An autocorrelation measurement, per-

formed by routing the collected signal through a fiber beamsplitter to two channels of our

superconducting nanowire single photon detector (SNSPD), would allow us to verify the sin-

gle photon nature of the emission by plotting the second order correlation function g(2)(τ).

This photon source could be operated in "rapid-fire" mode, by continuously exciting the

atom as it is coupled to the cavity. Alternatively, the pulsed excitation approach described

above would enable on-demand generation of single photons.

This measurement will additionally provide us with an improved, faster method of opti-

91



mizing the proportion of atoms that load into the closest intensity maximum of the standing

wave traps above the cavities. The previous AC Stark shift measurements were quite slow

and relied on long data collection runs, whereas measurements of the collected telecom pho-

tons would provide clear information about the atom-cavity coupling and thus the distance

between the atom and the cavity.

5.1.3 Telecom Time-bin Entanglement Protocol

The current version of our nanophotonic chip is specifically designed to explore the pos-

sibility of directly entangling the hyperfine ground state of an alkali atom with a time-bin

telecom photon. This would lay the groundwork for a scalable quantum network composed

of atom array modules capable of operating over long distances spanned by optical fibers.

The original idea and proof of concept simulations for this application were developed and

presented in Ref. [119]. Additional information and further details on how this fits into a

larger picture of quantum networking can be found in Shankar’s thesis [120].

The general protocol starts assuming that we have our atom trapped in the closest inten-

sity maximum of the standing wave traps above the cavities and that the cavity resonance

is stabilized to match the atomic transition wavelength. We also require Raman hyperfine

state manipulation, which is currently being developed in the lab. The idea is to first prepare

a superposition of the 6S1/2 hyperfine ground states, apply an 852 nm laser pulse to excite

the portion of the atomic population in the 6S1/2 F=4 state to the 6P3/2 F’=5 state, which

is then further excited to the 7S1/2 F=4 state via a continuous 1470 nm beam. From here,

the cavity Purcell enhances the decay to the 6P1/2 F=4 level and we apply a final 895 nm

pulse to coherently map this population back to its original 6S1/2 F=4 ground state.

We follow this "diamond-scheme" pulse protocol with a Raman pulse to flip the hyperfine

qubit ground state populations and repeat the diamond-scheme pulse protocol once again.

At the end of the second pulse sequence, we will have prepared an entangled state where the
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correlation structure exists between the hyperfine ground state of the atomic qubit and the

time of emission (or time-bin) of the collected telecom photon. This time-bin entanglement

is robust to most optical fiber perturbations and provides a great method of encoding quan-

tum information for long distance entanglement generation and applications in quantum

networking. A core advantage of this scheme is that it directly entangles our atomic qubit

with a telecom photon with no need for frequency conversion. This atom-telecom photon

entangled state can be used to generate long-distance entanglement between two such atom-

cavity systems located far apart by measuring out the interfered photons at a beamsplitter

between the two quantum network nodes, erasing the which-path information and casting

the entanglement to the two atomic qubits.

5.1.4 Fast Optical Pulse Generation

One technical detail required to implement this scheme is that the pulses must be quite

fast, on the order of one nanosecond or ideally even shorter. This is due to the short lifetimes

of each of the three excited states that we route the atomic population through, which range

from 30 ns to 48 ns. Thus, the diamond-scheme pulse sequence must be fast compared to this

timescale in order to mitigate atomic decay mid-sequence which would destroy the entangled

state before it is prepared.

In order to generate the fast sub-nanosecond-scale pulses necessary for our telecom en-

tanglement protocol, we use an amplitude EOM (iXBlue NIR-MX800-LN-20) in series with a

semiconductor optical amplifier (Superlum SOA with an Aerodiode driver). The EOM pro-

vides high speed pulse shaping, while the SOA acts as a fast, high extinction ratio switch.

We require high extinction ratio to prevent dephasing of the atomic qubit due to small leak-

age when the pulses are switched "off." The SOA has an extinction ratio of ∼50 dB while

the EOM has a ∼20 dB extinction ratio, which would not be sufficient for our applications.

Yuhao Deng performed simulations of the dephasing effect that small leakage would have
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during the Raman pulse to flip the hyperfine qubit in between the two diamond-scheme pulse

sequences and developed this EOM and SOA solution to increase our extinction ratio to a

level that will not appreciably affect our projected entanglement fidelities. We control these

two devices with electronic control pulses generated by the QICK (Quantum Instrumenta-

tion Control Kit) running on the Xilinx ZCU216 RFSoC board. We amplify the EOM pulse

with an iXBlue DR-PL-20-MO pulse amplifier.

5.1.5 Multiplexing

One unique opportunity enabled by our chip architecture is the potential to implement

spatial multiplexing across the cavity array. By coupling multiple atoms to distinct cavities,

we can significantly increase the overall entanglement generation rate, an important metric

for scalable quantum networking.

This relies on our ability to independently frequency stabilize the cavities. Thus a mea-

surement of the degree of thermal crosstalk between nearby cavities is essential to accurately

determine the feasibility of this approach. If this crosstalk is limiting, then utilizing non-

neighboring cavities spaced further apart would present a short term path forward for proof

of principle experiments. Future versions of the chip could incorporate cavity specific heater

pads, such as those developed in Ref. [91, 24], to further mitigate this potential challenge.

Additionally, the coupling beam pathway will require some additional engineering to

separate out these multiplexed signals. One promising path to accomplish this would be to

use a telescope to map the outcoupling edges of the cavities to couple into a linear fiber

array. Alternatively, an AOD or SLM could be used to couple these multiple beam paths

into a single fiber, particularly if paired with time-multiplexed emission.

94



5.1.6 Rydberg Prospects

An important open question in the field regarding future efforts to incorporate Rydberg-

based two-qubit gates into atom-nanophotonic systems concerns the effect of the nearby

dielectric surface on the gate fidelity. To date, only one measurement of two-qubit Rydberg

gate fidelity as a function of the distance between the atoms and a nearby dielectric has

been reported [92]. This experiment was performed near a single nanophotonic crystal

cavity mounted at the end of a tapered optical fiber. The results suggest that the primary

detrimental effect was due to stray charges that had accumulated on the insulating optical

fiber.

It remains unclear how these effects will generalize to larger chip-based platforms like ours.

Optimistically, the grounded metal mounting structure used to secure our chip may provide

a better pathway for stray charges dissipation, mitigating the observed fidelity reductions.

On the other hand, the substantially larger dielectric surface of the chip may exacerbate the

charge noise effects and further reduce measured fidelities.

Future experiments investigating the degree to which the effects can be mitigated with

dynamical decoupling or whether continuous LIAD can help dissipate charges in real-time

are essential for future experiments aiming to couple atoms to nanophotonic structures.

5.1.7 Utilizing Chip Surface

The current version of our chip does not utilize the majority of the chip’s surface, leaving

room for significant enhancements of the chip’s functionality. Further developments on the

chip nanofabrication process could enable on-chip control, photon routing, beamsplitters, and

detectors. Alternative geometries coupling light to and from the system via grating couplers

on the chip surface could be explored. Two-dimensional nanophotonic structures such as

ring resonators [154] or two-dimensional photonic crystals [151, 155] could be incorporated

onto the chip surface as well. To facilitate loading atoms further onto the chip surface,
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Figure 5.1: Schematic depictions of atom waveguide coupling a, An illustration of an
array of atoms trapped in reflected optical tweezer traps coupled to a nanophotonic waveg-
uide. b, An illustration of the induced cavity mode that mediates atom-atom interactions
when the atom is excited and its transmission lies within the photonic bandgap of the pho-
tonic crystal waveguide (with the optical tweezers removed for clarity). This excitation can
hop to nearby atoms simulating a spin exchange Hamiltonian as discussed in the text.

atoms could be side-loaded from free space onto unpatterened cantilevered "loading tracks"

which provide a path for the atoms to follow towards the surface mounted nanophotonic

structures. Future extensions such as these represent an exciting path towards scalable

atom-nanophotonic systems.

5.2 Waveguide QED Quantum Simulator

Our experiment, incorporating arrays of individually trapped and controlled atoms with

a nanophotonic chip, is also particularly well suited to explore exciting directions exploring

quantum many body physics and waveguide-mediated interactions, a direction pioneered by

Jeff Kimble and colleagues [58, 150, 22, 151, 152, 153, 94]. These ideas represent only a small

part of the larger, rapidly growing field of waveguide QED with wide ranging applications

[59, 60, 61, 62, 63, 64, 65, 19].
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5.2.1 Band Gap Mediated Interactions

One interesting regime of operation for atom waveguide systems aligns the atomic tran-

sition close to the band edge, where the group velocity of the propagating modes is slow and

there exists a high local density of photonic states due to the van Hove singularity at the band

edge. This leads to enhanced, preferential decay into the photonic crystal guided modes and

strong atom-field coupling. An enhanced ratio of the decay rate into the waveguide relative

to the total decay to all other modes including free space Γ1D/Γ
′ ≥ 1 can readily be achieved

and is projected to reach Γ1D/Γ
′ ∼ 100 in the near future with experimental improvements

[156]. It is in this regime that phenomena such as collective dissipation and superradiance

are being explored in the literature.

An alternative regime with which to explore highly tunable quantum many body physics

arises when atoms are coupled to a nanophotonic crystal waveguide such that the atomic

transition is situated within the waveguide’s photonic band gap. A trapped atom coupled

to a waveguide in this regime induces a localized photonic cavity mode centered around the

atom with an exponentially decaying profile along the waveguide [157, 158]. This bound

photon state can mediate interactions with another nearby trapped atom [159, 160, 161].

A mapping between this system and the interaction Hamiltonian of the Jaynes-Cummings

model has been established and shown to agree well with exact numerical calculations based

upon the full electromagnetic Green’s function [58]. The interaction Hamiltonian describing

the effective dipole-dipole spin exchange between atoms trapped along the nanophotonic

waveguide takes the following form:

ĤBG ≈
~g2
eff

δeff

N∑
i,j

σ̂iegσ̂
j
gee
−|xi−xj |/Lu(xi)u(xj) (5.1)

Here geff is the effective coupling of a cavity with mode volume Vm = AeffL, where Aeff

is the effective transverse mode area of the band edge mode of the photonic crystal waveguide
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and L =
√
αωBE/kBE∆BE is the length scale of the exponentially decaying profile of the

bound photon state. We also have the effective detuning δeff = 2∆BE = 2(ωa − ωBE)

which is twice the detuning between the atomic transition and the band edge frequency

∆BE . The interaction length scale L depends on both the detuning of the atomic transition

into the band gap and α, the curvature of the band at the band edge, which can be well

approximated by a local quadratic fit. Lastly, the u(x) functions account for the Bloch

periodic mode profile of the guided modes.

What makes this Hamiltonian interesting to study is that the length scale of the inter-

actions is tunable by altering the detuning ∆BE . This can be accomplished via the same

heating laser induced thermal tuning we implement in our system [22, 91]. The interaction

strength can also be tuned by altering the interatomic distance. This is in direct contrast to

the typical Jaynes-Cummings spin exchange interaction, which is is not distance-dependent

within the cavity mode volume. Tunable, long-range interactions are a core requirement to

probe novel regimes of quantum many-body phenomena and this platform naturally provides

a route towards achieving this goal. One thing to note is that while the interactions here

are characterized by exponential decay, typically understood as short-range, they can ex-

hibit length scales approaching the length of the photonic crystal rendering them effectively

long-ranged.

5.2.2 Freezable Dynamics

The two primary dissipation channels to consider for this system are similar to those

of standard atom-cavity experiments: an atom in the excited state can decay, emitting a

photon either to free space or to a defect waveguide mode with total rate γ′ or the bound

photon can be lost due to imperfections in the photonic crystal with rate κ. The atomic

decay rate γ′ should be slightly less than the free-space atomic decay rate γ0 because decay

to modes along the waveguide are prevented due to the photonic band gap. The bound
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photon loss rate κ in these systems has yet to be measured, though it is expected to be

similar to that of photonic crystal cavities fabricated with the same techniques, as loss from

both systems is due primarily to fabrication imperfections [19, 162]. It has been shown that

since the excitation is predominantly atomic in nature with a small photonic component, the

photonic loss is suppressed to leading order by a factor of κ/4∆BE [58]. This term can be

neglected to first order as we expect ∆BE >> κ and we can slightly overestimate γ′ ' γ0.

One improvement to the setup involves considering an atomic Λ scheme whereby we

encode our spin in the metastable ground state manifold {|g〉, |s〉} where the |g〉 − |e〉 tran-

sition is coupled via the photonic crystal band edge as before with detuning ∆BE and

the |s〉 − |e〉 transition is off-resonantly driven by a Raman laser with Rabi frequency

ΩR and detuning δR satisfying |δR| >> |ΩR|. This leads to a spin exchange Hamil-

tonian of the same form as Equation (5.1) where the following replacements are made:

δeff = 2∆BE → 2∆ = 2(ωa − ωBE − δR); geff → geff = geff (ΩR/δR); σegσge → σsgσgs.

This scheme reduces the interaction strength and thus the timescale of the dynamics by a

factor of (ΩR/δR)2, yet also reduces the virtual excited state population and loss dynamics

by the same factor. Overall, this maintains a constant cooperativity [58]. Note that we must

also replace the factor of ∆BE in the equation for the bound photon length scale L with

the new ∆. This scheme is advantageous as it allows for dynamic control of the interaction

length scale L via the detuning of the Raman laser rather than relying upon precise control

over the band edge of the nanophotonic structure via thermal effects. It also enables the

interaction to be removed by turning off the Raman beam, “freezing" the state of the system

for readout, allowing for more precise probing of the system dynamics.

To briefly further motivate the long-term potential of this platform as a quantum many-

body simulator, it has been shown that with additional Raman lasers, these interactions can

be designed to approximate power law decay quite well over relevant experimental length

scales [58]. Introducing local energy shifts via a magnetic field gradient or AC Stark shifts
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along with sidebands to the Raman beams, which can be introduced for example with electro-

optic modulators, allows for the realization of pairwise, tunable interactions and a very

broad class of spin Hamiltonians [150]. Topological order in 1D chains can be introduced via

Floquet driving [163]. In addition, extending this physics to 2D photonic crystals enables

the study of 2D topologically nontrivial models [150, 151].

5.2.3 Waveguide Designs

Here we present some photonic crystal waveguide designs compatible with the tunable

atom-atom interactions discussed above.

TE Mode Design

Let us begin by considering a typical nanophotonic crystal waveguide structure consisting

of a periodic array of holes in silicon nitride. We choose silicon nitride for the same reasons

we use it in our current experiments: it has well-established nanofabrication techniques,

a suitably large electronic band gap of ∼5 eV to avoid issues with our atomic addressing

beams, good mechanical properties, and a low refractive index that allows the evanescent

fields to extend farther from the structure, increasing the coupling to nearby trapped atoms.

In order to realize the desired tunable atom-atom interactions, we must design our structure

such that it has a single band edge closely aligned with our atomic transition frequency, which

we choose to be the D2 line of caesium at 351.725 THz (852 nm). We must simultaneously

consider the standing wave traps formed by our partially reflected optical tweezer since

the dimensions of the waveguide, especially the thickness, appreciably affect this trapping

potential and the distance between the atom and the waveguide surface [21, 119]. Let’s

assume we use the same 935 nm wavelength for the tweezers, which is magic for the caesium

D2 line. The design parameters depicted and detailed in Figure 5.2 align the lower transverse

electric (TE, y-polarized) band edge with the caesium D2 transition as desired. The band
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Figure 5.2: A silicon nitride waveguide design featuring a width of 775 nm, a
thickness of 125 nm, and a periodicity of 325 nm. The elliptical holes have
major and minor radii of 200 nm and 80 nm respectively. a, XY slice through the
z = 0 plane of the electric field profile of the relevant TE band edge mode at 852 nm. b,
YZ slice of the electric field profile of the TE band edge mode through the plane centered
on the dielectric portion of the waveguide, halfway between the holes. c, TE band structure
depicting the lowest two TE bands indicating the desired alignment of the lower band edge
with the caesium D2 transition. d, TM band structure depicting the lack of any band edges
near the caesium transition.
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Figure 5.3: Trapping potential above the nanophotonic crystal waveguide pre-
sented in Fig. 5.2 a, XZ plane slice at y = 0. b, YZ plane slice centered between the
waveguide holes of the reflected optical tweezer trap intensity profile. The gray region with
black border indicates the waveguide.

structure of the transverse magnetic (TM, z-polarized) modes is also shown, however, the

atom primarily couples to the nearby TE band edge modes due to the van Hove singularity

in the density of states, and thus the approximately linear dispersion of the TM mode at the

atomic transition frequency can be safely neglected.

Figure 5.3 depicts the trapping field intensity profile sliced along the XZ and YZ planes.

These simulations were performed assuming we focus 935 nm light slightly below the waveg-

uide with a 0.5 NA objective. Focusing slightly below the waveguide rather than directly

on its top surface increases the relative intensity at the first maximum without appreciably

altering the standing wave profile or trapping distance. This specific design yields a conser-

vative trapping distance of 240 nm. This is quite far from the limit of ∼100 nm beyond which

the atom will likely crash into the waveguide due to attractive surface forces for realistic laser

intensities [21, 19]. Further details on reducing the trapping distance will be discussed in

the following section along with projected improvements to the coherent interaction strength

and dynamics.

Equipped with the band structure and trapping distance, we are in a position to examine

the guided mode electric field profile at the band edge as shown in Figure 5.2 and to calculate

the effective mode area Aeff and the band curvature α. We calculate the effective mode
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Figure 5.4: Plots of the effective mode area used to calculate the effective atom-
waveguide coupling. a, The effective mode area used to calculate geff as a function of the
atomic position near the waveguide. b, A slice along y = 0 as a function of the atom-surface
distance.

area as a function of the atomic position r as in Ref. [93] with the following equation where

a is the lattice constant of the waveguide and the integration runs over the unit cell along

the waveguide and from −∞ to ∞ in the transverse plane:

Aeff (r) =

∫
ε(r′)|E(r′)|2d3r′

aε(r)|E(r)|2
(5.2)

Here, we note that the effective mode area increases as the atomic position moves farther

from the waveguide and thus the coupling geff ∝ 1/Aeff decreases as expected. The effective

mode area as a function of the atomic position is depicted in Figure 5.4. We calculate α by

fitting the band near the band edge to the quadratic form given above to find α = 3.7.

From here, there is one more detail to consider before simulating the Hamiltonian in

Equation 5.1 for this specific set of experimental parameters, which is to discuss the detun-

ing ∆, which determines the length scale of the interactions. In the atom-atom interaction

scheme without the additional Raman laser, this detuning is controlled via an external heat-

ing laser that shifts the frequency of the band edge. Previous experiments have demonstrated

the ability to tune this value to within an uncertainty of ∼5 GHz [22]. Initial results with

our cavity frequency stabilization setup imply that this can be even more tightly controlled.
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Figure 5.5: Two atom excitation exchange dynamics mediated via the waveguide
design presented in Fig. 5.2 a, Assuming ∆BE = 15 GHz and geff = 0.327× 2π GHz.
b, Assuming ∆BE = 30 GHz and geff = 0.388 × 2π GHz. The coupling values geff were
calculated using the mode area corresponding to a trapping distance of 240 nm. Here we
have chosen the interatomic distance to be 10 unit cells or 3.25 µm.

In the spirit of making conservative predictions, we shall proceed to simulate our interac-

tions with ∆BE = 15 GHz and ∆BE = 30 GHz, which are reasonable experimental values.

More precise control and smaller effective detunings could be possible by utilizing the Raman

scheme as the laser detuning can be very precisely controlled, though due to the constant

cooperativity and consistent scaling of both interaction strength and loss mechanisms, it

suffices to simulate the bare atom situation to get a feel for the competition between the

coherent interactions and dissipation.

With this complete experimental design, we simulate our atom-atom interactions for the

two atom case in order to characterize the system. As mentioned previously, we neglect the

highly suppressed bound photon loss channels and take γ′ ' γ0. The results of the simula-

tions are shown in Figure 5.5. The exchange dynamics are clearly visible and competing with

dissipation. Keeping in mind that these design parameters have all been taken to be quite

conservative and that there is much room for improvement, this is a good starting point

for an initial feasibility study. The next section explores some further details and potential

avenues towards improving these parameters along with some simulations of the projected

improvements.
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TM Mode Design

Here I briefly review some important details about trapping near nanophotonics. The

scheme presented above is somewhat rudimentary and neglects the effects of attractive

Casimir-Polder surface forces. In this specific trapping scheme, we are safely trapped quite

far from the surface, and these forces should not pose an issue and may in fact prove to be

helpful by slightly reducing our trapping distance and thus increasing our coupling. As our

coupling geff is extremely sensitive to the atom-surface distance due to the exponential de-

cay of the guided mode fields outside the waveguide and our atom-atom interaction strength

is proportional to g2
eff , a final design should not be so conservative. The trapping distance

should be minimized as much as possible while maintaining a stable trapping potential, fully

accounting for these surface force effects. To provide a general sense of scale and justify ne-

glecting these forces here, we can use the approximate equation for the potential experienced

by an atom near a planar dielectric surface VCP ≈ −C4/(d
3(d+ λ̄) [164, 165]. Here, d is the

atom-surface distance, λ̄ is the length scale below which the potential transitions to 1/d3

and is given by the atomic transition wavelength divided by 2π. Lastly, C4 is the coefficient

of the 1/d4 potential, which can be approximated as C4/kB ≈ 5 nK µK4 for caesium near

silicon nitride [165, 166, 167]. At the trapping distances in this proposal, the scale of this

potential is ∼1-3 kB µK, while our trap depths are ∼2-4 kB mK for reasonable tweezer

intensities ∼1 mW.

In addition, the trapping potential can be further modified by utilizing the nearly lin-

ear TM mode band. Alternative trapping schemes relying upon red-detuned (attractive)

and blue-detuned (repulsive) guided mode fields have been used to create stable traps

near dielectric surfaces and even incorporate these surface forces as part of the trap de-

sign [25, 26, 28, 30, 155]. With regard to the specific design above, changing the thickness

to pull the reflected optical tweezer trap closer to the surface results in the electric field

profile of the trapping potential penetrating the holes of the waveguide. This in itself is not
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Figure 5.6: An alternative silicon nitride waveguide designed to utilize the TM
mode band edge featuring a width of 800 nm, a thickness of 220 nm, and a
periodicity of 370 nm. The elliptical holes have major and minor radii of 300
nm and 120 nm respectively. a, XY slice through the z = 0 plane of the electric field
profile of the TM band edge mode. b, YZ slice centered between the waveguide holes of
the electric field profile of the TM band edge mode. c, TE band structure depicting the
lowest two TE bands showing the lack of band edge near the caesium D2 transition. d, TM
band structure depicting the desired alignment of the caesium transition to the lower band
edge mode. Initial simulations show that the contribution of the upper band edge should be
negligible despite the reduced band gap compared to the TE-based design.
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(a) Here we assume a tweezer power of 1.5
mW and an atomic temperature of 10 µK.

(b) Here we assume a tweezer power of 1 mW
and an atomic temperature of 50 µK.

Figure 5.7: The atomic spatial distribution in the reflected tweezer trap above the redesigned
TM waveguide. The edges of the visible atom clouds are chosen such that the probability to
find the atom within the visible region is ∼90%.

a problem provided that the atomic confinement is strong enough in the z-direction near the

first intensity maximum that the atom does not crash into the waveguide. However, if this is

pushed too far and the atom is brought even closer, additional intensity maxima form at the

edges of the waveguide holes, providing a route to crashing and rendering the trap unstable.

One method to resolve this issue is by sending blue-detuned light through the waveguide

TM mode, creating a larger potential barrier between the atom and the surface in order

to prevent crashing and to re-stabilize the trap while maintaining a reduced atom-surface

distance. It is also possible to pull the atom closer to the surface by launching a red-detuned

mode into the waveguide to provide an additional attractive force to pull the atom closer to

the surface, though a careful balance must be struck to maintain a stable trapping config-

uration. Utilizing a combination of these methods should allow for significant reduction of

the trapping distance compared to the conservative design presented in the previous section.

Another proposal puts forth the idea to use superpositions of higher order Laguerre-

Gauss beams rather than the typical Gaussian beams for reflected tweezer traps to reduce

trap volume [153]. Increasing the confinement of the atom in the trap not only allows the trap

to be brought closer to the surface of the waveguide but also reduces the range of couplings

that the atomic wavepacket samples as it explores the trapping region at a given temperature
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Figure 5.8: Two atom excitation exchange dynamics for the TM design. a, ∆BE =
15 GHz and geff = 0.524× 2π GHz. b, ∆BE = 30 GHz and geff = 0.623× 2π GHz. Here
we have chosen the interatomic distance to be 10 unit cells or 3.7 µm.

[91]. In addition, the reflections of these beams, which can be generated using a spatial light

modulator, have much higher relative intensities in the closest intensity maximum, increasing

the probability of loading into the desired trapping region.

The other main method by which geff can be increased beyond trapping the atom

closer to the surface is by coupling to a mode that extends farther from the surface. One

example is shown in Figure 5.6 where the physical design of the waveguide has been altered

to align the lower TM band edge with the caesium D2 line. The TE modes are also shown to

demonstrate that we are still in a regime where the coupling is primarily to the single desired

band edge. These TM modes are advantageous when the waveguide is thin enough as their

mode profile predominantly exists above and below the waveguide and thus extends much

farther from the surface, increasing the coupling. With this specific set of design parameters

the polarization of the Gaussian trapping beam must be rotated by & 60◦ with respect to the

waveguide axis in order to create a stable trapping potential. Choosing a 60◦ polarization

leads to stable trapping 180 nm above the waveguide surface. Figure 5.7 depicts the thermal

atomic spatial distribution in 3D with this trapping scheme for two different temperature

and tweezer power cases. The significant improvement to the coherent atom-atom dynamics

relative to the initial design is shown in Figure 5.8. This improvement can be made even
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more substantial if the curvature of the TM band can be reduced to be closer to that of

the TE modes discussed above. This TM band has α = 8.4, which increases the interaction

length L and thus the mode volume, leading to slightly lower coupling than with flatter band

edges.

Additional improvements can be made by reducing dissipation rather than by focusing

on increasing the coupling. One method by which this can be achieved is to embed the

waveguide in a 2D photonic crystal slab such that the atomic transition lies within the band

gap for all wavevectors in the plane. By reducing the available modes that the atom can

decay into, the atomic decay rate while coupled to the nanophotonic can be reduced relative

to the free-space decay rate by up to a factor of nearly 1
2 [168].
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CHAPTER 6

CONCLUSION

This thesis has presented the design, construction, and operation of a novel experimental

platform that integrates a reconfigurable atom array with a nanophotonic chip hosting an

array of over 100 telecom-band nanophotonic crystal cavities. By combining two essential

tools in atomic physics, optical tweezer arrays and cavity-enhanced light-matter interactions,

this work lays a foundation for scalable, chip-integrated atomic systems.

Three essential features underlie the success of this platform. First, our semi-open chip

geometry enables the operation of a free-space atom array, mere microns away from an array

of cantilevered nanophotonic crystal cavities overhanging the edge of the chip. This design

facilitates sufficient optical access for laser cooling and allows for straightforward side-loading

of atoms into standing wave traps above the cavity surfaces. Second, our background-free

imaging technique overcomes the scattering challenge due to the nearby dielectric surface,

enabling parallel, site-resolved, single-shot readout via fluorescence imaging in close proxim-

ity to the nanophotonic chip. Third, we demonstrate free-space coupling of light to and from

the photonic crystal cavities, opening the door to future multiplexing experiments leveraging

the large array of cavities fabricated on our chip.

Using these capabilities, we have demonstrated essential atom array experimental tech-

niques such as rearrangement, unhindered by the nearby chip. We have also laid the ground-

work for the next phase of experiments probing atom-cavity coupling by implementing a ther-

mal cavity frequency stabilization protocol, integrating fast, sub-nanosecond optical pulse

generation, and incorporating single-photon detection and time tagging infrastructure. Look-

ing ahead, we have outlined several promising paths forward including quantum networking

directly in the telecom-band, spatial multiplexing across the cavity array, quantum simu-

lation protocols enabled by coupling atom arrays to nanophotonic crystal waveguides, and

further detailed investigations of Rydberg interactions near dielectric surfaces.
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This work fits into a broader effort to build hybrid quantum systems that combine the

unique strengths of distinct platforms. Here, we have focused on improving the scalability of

integrated atom-nanophotonic systems, moving beyond the single-device, few-atom regime

towards the many-atom, many-device regime. This step marks an important milestone on the

path to distributed, modular quantum information systems and novel regimes of quantum

many-body physics leveraging engineered photonic environments.
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