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Single Atom Detection via Transparency Techniques

ABSTRACT

Over the last decade, atom arrays have emerged as a powerful platform for quantum technolo-
gies, enabling applications in simulation, computation, metrology and sensing. While having many
unique features especially useful for quantum computing, there are areas where this platform can be
improved, and this thesis presents tools developed to enhance its speed. The first tool developed is a
fast non-destructive qubit readout, intended for improving computational speed of this platform, in
particular, mid-circuit measurements. This method utilizes tweezers filled with ensembles of atoms
to collectively readout a single Rydberg qubit via Electromagnetically Induced Transparency (EIT)
improving readout speed by several orders of magnitude compared to conventional methods. We
test several configurations of these ensemble detectors and provide an understanding of the under-
lying physical mechanisms in each scenario. The second tool developed is a method for single-atom
loading and imaging in high magnetic fields, based on combination of fluorescence imaging, respon-
sible for detection, and D2 EIT cooling, responsible for preserving the atoms during detection. This
tool, combined with continuous loading technique, has the potential to reduce the experimental cycle
time of the neutral atom platform by several orders of magnitude. While work in this thesis primarily
focused on developing more efficient quantum computing apparatus for single atom arrays, an acci-
dental discovery during this research led to the creation of a Bose-Einstein Condensate (BEC) inside
a micro-ensemble using only polarization gradient cooling (PGC). This finding challenges the long-
held belief that PGC alone is insufficient to generate BEC, and illustrates the non-linear nature of the
research process, where interesting discoveries can occur unexpectedly.
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Introduction

Physics stories often start with researchers having a clear goal in mind and working linearly towards
achieving that specific goal. However, in reality, it is often difficult to fully and very clearly motivate
why we do what we do until things get done. One explanation for why we do what we do, that I
believe is certainly true, is that we, as humans, have an inherent desire to make tools, build things, and
understand and explore the universe we live in.

This thesis follows a similar pattern: we have a general vision of our future goals and the type of



device we aim to construct. However, intrinsically, we are also very motivated by the development of
tools and equipment needed to reach these goals, and we become fascinated by learning about how
our universe works, and in the case of this thesis, how our quantum universe works.

Quantum physics has been an intriguing topic for more than a century now. Unlike classical
physics, which describes the macroscopic world we can see and intuitively understand, quantum physics
describes the behavior of particles at the microscopic level, where particles no longer behave determin-
istically, but can also show their probabilistic nature. It first emerged as a way to explain a few puz-
zling experiments in late 1800s, early 1900s that could not be explained with classical physics including
black-body radiation and the photoelectric effect. These experiments motivated theoretical develop-
ments that laid the foundation for quantum mechanics, introducing the concepts such as quantized
energy and discrete packets of light called photons.

Theory of quantum mechanics continued to be developed further in 20s and 30s that gave us
famous formulations and postulates, that we use every day in lab. Some famous concepts include
wave-particle duality, which proposes that particles, such as electrons, exhibit both wave-like and
particle-like properties; the Heisenberg uncertainty principle, which states that it is impossible to si-
multaneously know both the position and momentum of a particle with absolute precision; and the
Schrodinger wave equation which describes how the quantum state of a physical system changes over
time. Majority of these concepts were observed and utilized in my experiments, with the Schrédinger
equation being one that I've likely written at least a hundred or several hundred times throughout my
PhD.

One might question the importance of studying a field that seems so detached from everyday ex-
periences. Why would it be helpful to know that electron can behave both like particle and like wave,
when in real life we mostly experience it as a particle. However, this perception is far from right, and
this can be appreciated only in hindsight. We now know that understanding the "unseen” quantum

nature of the microscopic world has revolutionized our modern technology. Semiconductors, which



are fundamental to the computers we use daily, rely on principles of quantum mechanics. Lasers, es-
sential for the functioning of the internet and various communication technologies, also depend on
quantum properties. Furthermore, medical diagnostic tools like magnetic resonance imaging (MRI),
operate based on quantum mechanics. These are just a few examples of how studying quantum me-
chanics has led to the development of technologies that are integral to contemporary life.

In thelast o years a new technology inspired by quantum mechanics has emerged called quantum
computing. Itall started in 1980s when Richard Feynman, proposed the idea that classical computers
are inherently ineflicient at simulating quantum systems due to the exponential growth of compu-
tational resources required and he introduced the concept of quantum computing, where quantum
bits (qubits) could exist in superpositions and be entangled, allowing quantum computers to perform
many calculations simultaneously. He motivated the use of quantum computers to simulate quan-
tum physics problems more efficiently than classical computers*.

Since then, serious theory and experimental efforts have been invested in this direction. At this
point we believe that quantum computing, apart from answering physics questions by simulating
complex systems>3>*5, can also be useful in enhancing our technology particularly in cryptography®,
materials science” and drug discovery®. These goals provide motivation for such system to be built,
but as history thought us, developing this technology will probably also result in tools we cannot even
predict today.

Currently, numerous systems have demonstrated qubit behavior, but only a few have demon-
strated high level of controllability at scale, which is essential for creating a practical quantum com-
puter. Among these, superconducting qubits?, trapped ions *°, and neutral atoms '* stand out. Each
of these systems has followed a different development path over the years and has their own advantages
and disadvantages, but the platform of choice in this thesis is the neutral atom platform.

Neutral atoms have been studied for the longest out of qubit candidates, long before quantum

computing gained traction. Initially the focus was on developing laser techniques for trapping '*, cool-



ing '* and manipulating atoms, and this technology allowed us to detect new phases of matter includ-
ing Bose-Einstein condensation '#'5, where a collection of atoms behaves like a single wave, exhibiting
quantum mechanical properties on a macroscopic scale. Additionally, this technology improved the
accuracy of atomic clocks 16 which are important for GPS, telecommunications, and fundamental
physics tests.

Until recently, neutral atoms have not been considered serious candidates for quantum comput-
ing due to several inherent challenges. For example, trapping individual atoms in optical dipole traps
(tweezers) has a stochastic filling probability, typically of 50 % *7. If we want to fill out a specific array
of traps, with stochastic filling, that would result in different configurations of arrays filled for each
experimental run. For quantum computing, this means that the computation results would need to
be post-selected for a certain circuit connectivity, which would severely limit the platform’s scalability
and the feasibility of achieving a quantum speedup. This problem was largely overcome by applying

real-time feedback to optical tweezers %>

. Atoms can now be loaded, imaged, and subsequently,
deterministically rearranged into fully filled arrays of arbitrary geometries in 1D, 2D and even 3D *'.

Another significant challenge with neutral atoms is that they are inherently neutral, and thus,
they do not interact with their environment much, making it difficult to create two-qubit gates for
which interaction is essential. To overcome this, neutral atoms can be excited to high-lying Rydberg
states**, where they behave like large electric dipoles, and, as such, they can interact very strongly
with each other. This feature has been explored extensively **, but two-qubit gate fidelity remained
at around 80 — 90 % for some time. Recently, with technical improvements in laser control and
excitation schemes, excess of 99 % fidelity for both single-qubit and two-qubit gates was achieved in
several platforms including 3"Rb>#, 88Sr>5 and 171 Yb>¢.

These developments have unlocked very unique features of neutral atoms that are particularly

useful for quantum computing. For example, with deterministic loading, large scales with neutral

atoms can be achieved, making scalability one of the platform’s strongest attributes. Nowadays sys-



2829 and a recent demonstration included a

tems with hundreds of atoms are routinely achieved*”
system size of even 6100 qubits*°. Furthermore, it was demonstrated that this platform can be con-
trolled at the excess of 99% gate fidelities at these large scales. The initial challenge of stochastic loading
led to the development of tools, that now allow for another unique feature of the system where com-
puting architectures can be modified mid-sequence®’. The high quality level of control, paired with
re-configurable architecture at scale, facilitated recent demonstration of encoded logical qubits — a key
milestone towards error-corrected logical qubits and fault-tolerant computation ''.

While all these features make neutral atom platform very appealing, there are areas for improve-
ment, especially in platform speed. Compared to typical experimental cycle times of superconducting
qubits, ranging from microseconds to milliseconds, neutral atom speeds are on the order of seconds,
which is considerably slower. This speed can limit the platform’s applicability to problems requir-
ing faster data rates**, and experimental drift occurring on this timescale can negatively affect qubit
control fidelities. Hence, improving these systems such that they operate at fast timescales remains an
important goal.

The major limitation to the platform’s speed is the loading and preparation of fully filled arrays
of single atoms, typically taking several hundred milliseconds to half a second. This issue is envisioned
to be mitigated in the future by operating neutral atom experiments in fully continuous mode, which
would require developing methods to continuously load and image atoms at high magnetic fields.
Recent efforts towards continuous loading of atoms have validated the promise of this idea®>3#+33,
but single-atom loading and imaging in high magnetic fields have yet to be demonstrated for alkali
atoms. On the computational side, gate operations are typically shorter than a microsecond, but the
slow qubit readout, usually taking several tens of milliseconds, is the computational speed bottleneck,
especially for error-correction methods requiring several mid-circuit readouts to be performed *°.

The work in this thesis focused on developing tools to improve the speed of neutral atom plat-

form. Specifically, we developed a fast, non-destructive imaging technique intended for mid-circuit



readout, and a method for single-atom loading and imaging in high magnetic fields to enable fully
continuous operation mode. The method for fast non-destructive readout utilizes tweezers filled with
ensembles of atoms that collectively readout a single Rydberg qubit via Electromagnetically Induced
Transparency (EIT). This idea was tested in two cases, when Rydberg qubit is placed inside the ensem-
ble detector and when placed outside. Our study shows that detection works in both cases, though
with better fidelity when qubit is placed inside the ensemble. We also found that physics mechanism
behind detection is different in two cases, driven by the competition between Rydberg blockade and
Rydberg exchange interaction mediated by the same dipole-dipole interaction. While modifying the
setup to host both single atom tweezers and ensemble detector tweezers, we worked on resolving the
issue of single atom loading and imaging in high magnetic fields. We found that combination of fluo-
rescence imaging, responsible for detection, and D2 EIT cooling, responsible for preserving the atoms
during detection, fixes this problem. While developing this quantum computing apparatus we stum-
bled upon a physics observation, that was not in our original goal, as we accidentally created Bose-
Einstein condensation using the simplest form of cooling, polarization gradient cooling (PGC), over-

turning a long-held paradigm that PGC alone is insufficient for reaching quantum degeneracy.

1.1 THESIS OVERVIEW

This thesis is structured as follows: the first three chapters provide the theoretical and experimental
background necessary to understand the experimental results presented in the subsequent four chap-
ters.

Chapter 2 provides theoretical understanding and experimental techniques for trapping, cool-
ing and imaging of neutral atoms, including methods specific to our setup, such as generating round
micro-ensemble arrays. Chapter 3 provides theory and experimental background to understand Ryd-

berg atoms. Chapter 4 describes Electromagnetically Induced Transparency, the main technique used



for both detection methods explored in this thesis. Theoretical background is provided for both the
resonant case, explored in Chapters 5 and 7, and the off-resonant case important for cooling used in
Chapter 8.

The subsequent chapters focus on experimental results. Chapters s and 7, along with their re-
spective appendices, provide one story together, of using Rydberg EIT on micro-ensemble arrays to
speed up the readout process of single atoms in a non-destructive way, useful for the mid-circuit mea-
surements. Chapter s provides a result where Rydberg atom was prepared inside the detector micro-
ensemble, while in Chapter 7, Rydberg atom was prepared and positioned outside of the detector
micro-ensemble. Chapter 7, specifically in its appendix, also provides a theoretical model explaining
the difference in detection mechanism between Chapter 5 and Chapter 7, governed by the compe-
tition between Rydberg blockade and Rydberg exchange interaction mediated by the same dipole-
dipole interaction.

Chapters 6 to 8 were conducted in a completely renovated setup, including a new vacuum cham-
ber that I, alongside my team mates, assembled in late 2020 and early 2021. Chapter 6 details ac-
cidental discovery of Bose-Einstein condensate while attempting to generate arrays of small micro-
ensembles, intended for the use in Chapter 7, and optimizing their density via machine learning. Fi-

nally, Chapter 8 provides our results on achieving single atom loading and imaging in high magnetic

fields.



Theory and Experimental Techniques for

Neutral Atom Experiments

2.1 NEUTRAL ATOMS INTRODUCTION

Over the last 40 years, the cold atom platform has emerged as one of the leading experimental systems

for studying quantum phenomena. During this time, the community has made significant progress,



resulting in key discoveries such as the Bose-Einstein Condensate and the development of highly pre-
cise atomic clocks. These advancements have paved the way for the use of cold atom systems in con-
structing small-scale quantum computers.

What makes this platform so powerful and versatile is the wide-range of tools that have been devel-
oped for it over these decades. It began with pioneering efforts in creating laser cooling > and trapping
techniques '*, which provided essential tools for isolating and controlling small collections of atoms
and even individual atoms. This progress allowed us to cool these atoms to ultra-low temperatures,
where atoms behavior can be dominated by quantum eftects, leading to the first experimental real-
ization of the Bose-Einstein condensate. While laser techniques and controls were being developed,
laser technology was also improving, and combination of these gave us very precise lasers and very
advanced controls for manipulating internal states of atoms leading to a development of very precise
atomic clocks. In the last decade, addition of various diffraction tools, has sparked another revolu-
tion in the field, where precise arrangement of arrays of single atoms on arbitrary grids, extending to
sizes of several hundred and even thousands of atoms is now possible. The integration of these tools
has allowed the neutral atom community to venture into the quantum computation and quantum
simulation space, establishing itself as one of the forefront platforms of quantum computing research.

In this chapter, I will introduce all these instrumental tools for cold atom experiments that my
teammates and I developed, which enabled the experiments in this thesis. Starting with an empty
table and an open vacuum chamber, I was fortunate to be involved and lead the development of these
tools from scratch. This chapter is organized as follows: First, I will provide a brief introduction to
the standard techniques in the field and detail how we implemented them in our system, including
the design and assembly of the vacuum chamber, laser trapping, laser cooling, and standard imaging
techniques such as absorption and fluorescence. Finally, I will present some specific, non-standard,
techniques we developed for our system, such as the method for generating micro-ensembles with

small aspect ratios, which was crucial for the fast non-destructive Rydberg detection project.



2.2 VACUUM CHAMBER

The first step in every cold atom experiment sequence is laser cooling and trapping. Unfortunately,
typical optical dipole traps are not very deep, meaning, if these traps were generated in atmospheric
pressure environment, atoms that we want to trap, in this thesis case 87Rb atoms, would be easily
ejected out of the trap due to collisions with surrounding atoms, including atoms from the air such as
oxygen and nitrogen. To prevent this from happening, cold atoms need to be generated in low vacuum
pressure environments, typically ranging from 1078 — 107 Torr pressure, or with ever increasing
system sizes, even stricter requirements of 10712 — 10713 Torr pressure levels are needed. To get a
sense how low this pressure is, this pressure level is comparable to the pressure found between the
Earth and the Moon!

To reach this low pressure level, standard techniques in the community involve using series of
pumps including roughing pump, turbo pump, ion pump and titanium sublimation pump, that we
also used to create our own vacuum. However, using these techniques alone would not get us to the
pressure levels needed for these experiments. In order to do that, one needs to additionally bake the
vacuum chamber at high temperatures for few days while pumping, to get rid of any buildup of the
material on the chamber walls, that would otherwise limit the vacuum pressure that can be achieved.

By applying all these techniques, we achieved a vacuum pressure of 2 x 1071 Torr, which was
sufficient for our purposes. Pressure level that we achieved was constrained by the temperature at
which we baked the chamber, that was limited by the in-vacuum components, in particular achro-
matic lenses, as it will be described below.

In the middle of COVID-19, in late 2020 and early 2021, we assembled a new vacuum chamber
for our experiment, completing the baking process on January 26, 2021. The new vacuum chamber is
an upgraded version of the vacuum chamber as described in Thibault’s thesis *” with the full assembly

presented in Figure 2.1. The majority of upgrades focused on improving the optical access to the
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Figure 2.1: Schematic of an upgraded vacuum chamber: a. Side view of the chamber showing glass cell and the steel
chamber (main chamber) connected via differential pumping stage. Bellow that holds Rb ampule is connected to the glass
cell side via valve that controls the level of Rb atoms in the glass cell and the main chamber. b. Top view of the chamber
illustrating the angle at which the glass cell is oriented relative to the main chamber. This view also shows the cross-nipple
with a 45° in-vacuum mirror that was added to allow optical access along the y direction that was not available before
the upgrade.

atoms and eliminating obsolete components from the old chamber. The main upgrades include:

1. Substitution of the Re-entrant Viewports: Two flat vertical 6” viewports were replaced with
two re-entrant bucket windows, providing better optical access to the atoms in vertical direc-
tion, where now we can use up to N4 = 0.65 lens at this window, compared to about N4

= 0.25 that was available without this upgrade.

2. Removal of Channeltron: The obsolete Rydberg detector, channeltron, was removed, and a
flat 2.75"” viewport was added at that flange, which allowed for optical access along y direction

that was not available before the upgrade.

3. Cross-Nipple Addition: A cross-nipple with a 45° in-vacuum mirror was added to allow for

the optical access on the other side of the chamber along the y direction.

4. Lens Cage Mount: A four lens cage mount with four new in-vacuum lenses was installed to

improve optical access to atoms along the x and y direction.
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5. Electric Field Plates: New electric field plates were mounted on the lens-cage mount, and

these plates were essential in zeroing of electric fields for Rydberg atom experiments.

6. Glass Cell Addition: A glass cell with a differential-pumping stage was added, connecting it
to the main chamber. The main purpose of the glass cell was to allow for chamber to have two

parts that can be separately controlled, which is useful for continuousloading techniques **3435.

7. Rubidium Source: We changed the rubidium source for the new chamber from dispensers to
ampule that is held inside the bellow connected via valve to the glass cell. We also installed two

dispensers inside the steel chamber that are currently not in use.

8. Side Viewport Replacement: The six side Kurt ] Lesker 1.33” viewports were replaced with

MPF viewports, which provide significantly lower laser beam aberrations.

Re-entrant windows (MPF Products Inc. A20460-1) in Figure 2.2 were designed such that when
mounted on the chamber, glass windows are 18 mm away from the atom’s plane, which is approx-
imately 50 mm closer compared to where the glass was in the old vacuum chamber. This change
allowed us to use larger NA objectives to focus traps and image atoms, with maximal numerical aper-
ture we can use with this viewport up to about N4 = 0.65. With this upgrade, we were able to
create arrays of optical dipole traps (tweezers) of waists smaller than 2 um. Objective we used for all
the experiments described in this thesis is Mitutoyo M Plan Apo NIR B 20X 378-867-5 with nu-
merical aperture NA = 0.4, as this was the highest N4 objective commercially available with the large
enough working distance of 25 mm. The bottom re-entrant window has one set of electric field plates
mounted on them, and the upper re-entrant window has both the second set of electric field plates
mounted as well as the 4-lens cage mount. Details on electric field plates and their connections are
given in chapter 3.

The cage lens mount, shown in Figure 2.2, contains four lenses arranged in two pairs. First pair

of lenses (Edmund Optics 49-349, N4 = 0.3) is mounted opposite each other along the y-axis, while
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Figure 2.2: Re-entrant viewport and lens cage mount: a. A re-entrant viewport image displaying the viewport with its
four screw holes, where the cage mount is attached. b. CAD drawing of that re-entrant window showing how it looks like
with lens cage mount attached to it. The drawing also illustrates how the electrodes are mounted on the cage by being
soldered between the lens mounts. Attached to the top re-entrant window is the cage mount featuring all four lenses and
the four electrodes, while the bottom re-entrant window holds only additional four electrode plates.

the other pair of lenses (Edmund Optics 49-787, NA = 0.2) are mounted opposite each other along
the x-axis. All in-vacuum lenses used are achromats, intentionally chosen for their ability to produce
significantly lower levels of aberrations compared to single aspheric lenses. Our N4 = 0.2 lenses
have very low aberrations and are utilized for focusing side trap, side sheets, and side control light for
Rydberg excitation and detection experiments. On the other hand, our N4 = 0.3 lenses have higher
amount aberrations, which can sometimes result in star-like patterns and irregularly shaped traps,
particularly when used for imaging high optical density (OD) ensembles, as described in section 2.6.
With that being said, this is acceptable for our purposes, since these NA = 0.3 lenses are not used for
beam focusing but solely for diagnostic imaging and not for scientific experimental data. One thing
to note about these cage lenses, that we noticed only when assembling the vacuum chamber, is that
when we center light on side viewports, then light is not perfectly centered on the lenses. When light
along this direction is centered on the lenses, the light will then be slightly oft-centered on the side
viewports. We believe that this misalignment is due to lower tolerance level in the machining of the
old vacuum chamber, but this issue didn’t prevent us from aligning these beams properly.

The glass cell and differential pumping stage can be seen in Figure 2.1 and these have not been in
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use for any of the experiments in this thesis. The original plan was to use this cell to create a magneto-
optical trap (MOT) that would then be transferred to the main chamber, as we were uncertain at the
time whether we can create a stable MOT in the main chamber using MOT construction design as
described in section 2.4. The differential pumping stage, looks like a straw and it is 12 cm long with
6 mm diameter. It is mounted on 1.33” diameter flange of the main chamber on one side and a glass
cell on the other side. From conductance calculations, we estimate that the pressure in the glass cell
is approximately 70X higher than in the main chamber. Although this upgrade was not used for
any of the experiments in this thesis, having the system with two separate regions where atoms can
be independently manipulated with light and magnetic fields — glass cell and the main chamber, is a
necessary setup to have that can allow for continuous loading experiments**3#+35. By incorporating
these components, we have prepared the system for future experiments that require continuous atom
loading, thereby enhancing the versatility and capability of our experimental apparatus.

The bellow holding the ampule (Sigma Aldrich 2763 32-1G) containing the Rb source can be seen
in Figure 2.1. Initially, after baking the chamber and a couple of weeks later when we connected the
coils and set up the optical paths to create a MOT, we were unable to detect the MOT despite setting
all parameters correctly. We then heated the bellow to 60° C as Vladan’s suspicion was that 8"Rb
is still coating the walls of the chamber and that is why we cannot see MOT in the main chamber,
and heating the ampule can help in coating the walls faster. He was totally right. This bake lasted
for a day, and after that we never heated the bellow again. In addition to the ampule, we also have
two Rubidium dispensers (SAES Getters, RB/NF/4.8/17 FT 10+10) in the main chamber that we
degassed during the bake. We confirmed that they work, initial MOT we got in February 22 2021 was
done with dispensers, but since then we didn’t use them much as we had sufficient rubidium source
just from the ampule alone. The dispensers are still connected to the chamber and the feedthroughs
connecting to them are labeled.

The decision to replace the six side 1.33” Kurt ] Lesker viewports was motivated by Zak’s observa-
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tions*®. He compared beams transmitted through the Kurt ] Lesker viewports with those transmitted
through the MPF viewports and found that the MPF viewports exhibited significantly lower aberra-
tions. Our tests confirmed these findings, and as a result, the current side viewports in the setup are
MPF Q24175.

For assembling the vacuum chamber, cleaning vacuum components, and the pumping proce-
dure, we followed the standard protocols as described in the bible reference *” and Thibault’s thesis 7.
We incorporated a few modifications not described in these references and in the thesis so far. Com-
pared to Thibault’s thesis, we used vacuum compatible Kapton tape to tape down the wires connect-
ing the electrodes to the chamber’s feedthroughs to ensure that these wires are not blocking the optical
access to atoms. In addition, given our choice of achromatic in-vacuum lenses, the glue on these lenses

limited the maximum baking temperature to about 120° C.

2.3 LASER TRAPPING

Interactions between atoms and light affect the internal degrees of freedom of atoms by changing their
electronic states. Since photons carry both energy and momentum, these interactions can influence
the motional states of the atoms as well. This principle is used daily in cold atom experiment labs,
where lasers of various wavelengths and beam shapes are used to create either dissipative or conser-
vative forces on the atoms*°. Dissipative forces are used to cool atoms to low temperatures, while
conservative forces are used to trap atoms in specific positions. In this section, I will focus on the con-
servative forces, specifically optical dipole traps also known as optical tweezers. These traps leverage
the dipole interaction to confine atoms in potential wells created by the intensity gradients of laser
light. The next section will address dissipative forces, specifically laser cooling techniques, without
which atoms would not have low enough energy to be trapped inside of these optical dipole traps.

Optical dipole traps use highly focused laser beam to trap and move atoms in space. Laser beams

IS5



generating dipole traps have wavelength that is far detuned from the main atomic absorption lines res-
onance — D1 and D2 transition, transitions to the first and second excited states respectively. When
atoms are illuminated with light of large detuning, they behave in light field similarly to how electric
dipoles behave in electric field. If we consider the atom as a polarizable classical dipole  in a polar-
izing electric field E, its energy is —F - d. Applied fields with frequencies below the resonance will
induce a dipole which oscillates in phase with the field, yielding a decrease in energy. Excitation above
resonance induces a dipole which is 7z out of phase with the applied field, yielding an increase in en-
ergy. Consequently, atoms in red-detuned laser fields will seck the field maximum where energy is
lowered, while atoms in blue-detuned fields will seek the field minimum where energy is increased +°.
This ”seeking” of field maximum or field minimum is how atoms get trapped with laser light, and the
sign of detuning defines whether atoms will be trapped by light, red-detuned beams, or antitraped by
light, blue-detuned beams. In this experiment we used both types of laser beams - commonly used
red-detuned beams to trap atoms as will be explained in this section, but also the less commonly used -
blue-detuned beams, that we applied to squeeze atoms inside the red-detuned trap as will be explained
in more detail in section 2.6.

Apart from qualitative description of optical dipole traps as given above, these are also very well
understood quantitatively. The trap potential that these beams create is given by the following for-

mula >

3z® T

iy = ——=—1(r 2.1
»= g 210 (1)
where ¢ is the speed of light, wg is the resonant atomic transition frequency, I' is the transition
linewidth, A is the laser detuning from the atomic resonance and /(7) is the intensity of the beam. The

trapping force can be derived from this potential as its spatial gradient, which in turn depends on the

spatial gradient of the light intensity. This means that if we have chosen the wavelength of the laser we
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want to trap atoms with, stronger trapping forces will be achieved by using more tightly focused beams
with higher light intensity gradients. For all the experiments described in this thesis, Gaussian beams
were used to generate optical dipole traps. In these beams, atoms behave like harmonic oscillators and
oscillate around the beam center. The radial and longitudinal trapping frequencies for a Gaussian

beam trap have the following dependencies on trap waist and power:

P1 P1
w, X Kw—g and w, Kw—g (2.2)

where Pis the laser power, A is the laser detuning and wy, is the beam’s waist.

By measuring the trap depth and trapping frequencies, one can fully characterize the quality of
the trap in the experiment. Typical measurements for our experiment are shown in Figure 2.3. To
measure the trap depth for atomic ensembles, we use absorption imaging (described in section 2.5)
with a typical duration of 10 us. We first measure the resonance position of the imaging light when the
trap is on during the 10 xs imaging segment and then compare it to the resonance position when the
trap lightis off. To measure the trapping frequency, we use a standard parametric heating technique *,
where by modulating the trap depth sinusoidally at specific frequencies, atoms can get heated out of
the trap. These modulation frequencies are twice the trap’s trapping frequency. In our experiment,
we perform several hundred milliseconds of oscillations to measure these frequencies.

The traps for the measurements in Figure 2.3 are created using an 808nm laser, with laser diode
Thorlabs VHG LD808-SEVsoo amplified by Toptica BoosTA Pro. To generate multiple traps, we
place either a spatial light modulator (SLM, Hamamatsu x13138-02) or an acousto-optic deflector
(AOD, AA Opto-Electronics DTSXY-400-800) at the Fourier plane in the laser path in a 4-f config-
uration, as described in#*. The primary difference between these two tools lies in their capabilities:
while AODs can only generate rectangular array patterns, SLMs can create arbitrary array patterns,

as depicted in Figure 2.4. Additionally, SLMs can correct for any beam aberrations by adjusting the
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Figure 2.3: Trap characterization measurements: Trap depth and trapping frequency measurements for the approximately
2 um traps initially used in the Rydberg detector project. a. Light shift measurements reveal trap depth of about 2.5 MHz.
b. c. Radial and longitudinal resonances respectively measured in parametric heating experiment. The loss feature is
observed at roughly twice the trapping frequency, from which we extract radial trapping frequency of w,, = 27 13 kHz
and longitudinal trapping frequency of w; = 271 kHz.

phase pattern of the reflected beam at the Fourier plane which AODs cannot do. However, this arbi-
trary control comes at a cost: changing the SLM pattern is relatively slow, with switching times greater
than 1 ms. In contrast, AODs have a much faster switching time of around 10 s, which is highly ad-
vantageous in single-atom experiments for initial arrangement of atoms on arbitrary trap grids**"®
and for mid-circuit reconfiguration of atoms*". In our detection experiment, we utilized this feature

to both squeeze atoms, as described in section 2.6, and control which ensembles were illuminated by

the laser beam at different parts of the sequence, as detailed in chapter 7.

Figure 2.4: Example of arbitrary beam patterns generated using an SLM: The data show absorption imaging measurements
where atomic ensembles are loaded into arbitrary beam potentials created by the SLM. This capability is unique to the
SLM; in contrast, AODs would only be able to generate the last pattern.

Here, I will note some issues we encountered during the first installation of the SLM in our exper-

iment. Initially, we chose the beam size such that the beam waist matched half of the SLM’s shorter

window size, a common practice in the field. With this configuration we couldn’t get the trapping fre-
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quency ratios to approximately match the expected beam waist after the microscope, no matter how
much correction we did with our SLM. More specifically, our ensemble size in the longitudinal direc-
tion was too long, so much so that we couldn’t proceed with this problem and we had to investigate the
issue. We found that when we clip the beam waist, Rayleigh range gets much longer, where it is even
few times bigger than the Rayleigh range expected for the new clipped waist and it is dependent on the
amount of clipping. This means that when we match the beam waist to the half of the SLM’s shorter
window size, we would clip the beam on the SLM, which would result in a larger Rayleigh range
than expected, creating smaller curvature in the longitudinal direction, which would cause smaller
longitudinal trapping frequencies and longer ensembles. By reducing the beam size to limit clipping
on the SLM, we were able to measure the correct Rayleigh range at the intermediate plane before the
chamber. Consequently, the observed trapping frequency ratios approximately matched the expected

beam waist after the microscope and our ensembles were looking shorter in longitudinal direction.

2.4 LASER COOLING

Outside of scientists circles, lasers are typically associated with burning things, like lasers used for
LASIK surgery, laser hair and tattoo removals. However, in cold atom experiments field, lasers are
actually used to cool atoms down, and they can do that very efficiently, cooling atoms down to nano-
Kelvin low temperatures!

The simplified picture of how the most simple cooling technique, Doppler laser cooling, works is
presented in Figure 2.5 and it relies on the Doppler effect and the fact that photons carry energy and
momentum. For this laser cooling to work, atom needs to move opposite to photon’s direction, so
that photon’s momentum kick will slow atom down, and in that way reduce atom’s kinetic energy. In
this case, in atom’s frame of reference, photon’s energy will be blue-shifted i.e. the atom will “think”

photon approaching it has higher energy than what it really has. Since atoms have a finite bandwidth
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of laser frequencies they can absorb, efficient laser cooling requires the laser light to be slightly red-

shifted, for optimal laser absorption accounting for the Doppler effect.
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Figure 2.5: Sketch of necessary ingredients for laser cooling of atoms using magneto-optical-trap: a. A photon with

frequency » moving in the opposite direction to an atom with velocity v, will slow the atom down via a momentum kick.
b. Because of the finite absorption linewidth of atoms and the Doppler effect, laser light must be slightly red-shifted to be
efficiently absorbed by the atoms. c. Sketch showing how magnetic field gradient bends the internal energy level structure
of atom such that laser beam of fixed ¥ can continue to cool slower and slower atoms. This gradient also traps atoms in
space.

To achieve laser cooling in all directions, the most common laser configuration involves three or-
thogonal, retro-reflected laser beams illuminating the atoms inside the vacuum chamber. This ensures
that for any direction an atom moves, there is a photon moving in the opposite direction to it. The
Doppler effect ensures that atoms preferentially absorb light moving opposite to their motion, as this
light is shifted closer to atomic resonance, while light moving in the same direction is shifted away
from resonance, preventing atoms from absorbing photons that would increase their energy. To ad-
just for the atoms slowing down as we cool them and thus Doppler effect getting smaller, which would
affect how efficiently atoms can absorb light, internal atomic states are changed using gradient coils,
such that at the center of the vacuum chamber slowest atoms will be on resonance with laser light
and will be cooled there, whereas hotter atoms will be more efficiently cooled a bit further away from
the center. This combination of gradient coils and laser light also creates a trapping area for atoms.
Constructing such configuration in setup constitutes the essential component of every cold-atom lab,
and this is called the magneto-optical-trap (MOT).

In our experiment, we have an unconventional MOT configuration. Instead of the standard three

orthogonal retro-reflected beams, we use three retro-reflected beams where two in-plane beams are or-
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thogonal and the out-of-plane beam is at 37° angle relative to the vertical. The reason why we have
this MOT configuration is the limited optical access we have to the vacuum chamber and the fact that
our microscope objective (Mitutoyo M Plan Apo NIR B 20X 378-867-5) that is used to create small
traps is covering majority of our re-entrant window and has back focal plane inside of the objective,
meaning it is difficult to generate collimated light though this objective. As such, our MOT beams
along the vertical direction are sent around the microscope objective to the chamber using top MOT
construction as shown in Figure 2.6. The idea behind this construction is to send a perfectly vertical
beam from outside the chamber to the construction, which then adjusts the light inside the cham-
ber to the required angle. The light is captured by the same construction at the bottom re-entrant
window, making the beam vertical again for retro-reflection. This construction was 3D printed and
made out of stainless-steel material. Four dichroic filters (Edmund Optics 69-218) were glued onto
the construction using UV-cured glue. The choice of dichroic filters over regular mirrors was due to
them being much thinner, and as such, would be able to allow the adequate angles to be achieved with

this construction. The construction was then secured to the main chamber using five-minute epoxy,

micro
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o

with the epoxy applied to the sides of the construction.

Window size
D=194"

Figure 2.6: Details of top MOT construction: a. Representation of the vertical re-entrant window with depiction of where
our microscope objective is relative to it. b. 3D printed model of MOT construction, printed out of plastic. In the main
chamber, MOT construction is printed out of stainless steel to have stronger support. c. Representation of how microscope
objective is mounted in our experiment: we use two 1"/ translational stages to adjust the x — y position of the microscope
and one H-axis stage to adjust the z direction and the angle of the microscope. d. Depiction of top MOT beam path. Light
is sent from the top around the microscope objective and retro-reflected at the bottom.
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In addition, apart from unconventional MOT configuration, we also use different parameters to
generate the MOT compared to most groups. For the in-plane MOT beams, we use fairly standard,
large beams of 25 mm diameter, but for the top MOT construction, we use the largest beam we could
possibly send along that direction, which is around 6 mm in diameter - much smaller than the typical
15 — 25 mm used in cold atom labs. We use approximately 35 mW of power in the 2D direction
per beam and around 5 mW in the top MOT direction. This power level is significantly higher than
the typical 10 — 20 mW total power used for all MOT beams in other experiments, but we opted for
these higher powers because we wanted to load a large number of atoms into the small volume defined
by our top MOT beam. Additionally, to stabilize our MOT against daily humidity and temperature
changes in the lab, we use a higher gradient for the gradient coil in the steady-state MO, specifically
14 G/cm?, compared to the typical ~10 G/cm?®. With these adjustments, our MOT remains very
stable even with humidity changes of 30 % and temperature changes of a few degrees. In extreme
cases like this, the MOT may shift slightly, but we can still load a similar number of atoms into our
traps.

The Doppler cooling method described thus far has a fundamental temperature limit to which
it can cool atoms down to, known as the Doppler temperature. On one hand, cooling happens as
higher-energy photons are emitted compared to the ones that are absorbed, but the emission process
itself, where atoms scatter a photon in random directions is also causing atoms to heat up, as with
release of photon in random direction, atom will get a momentum-kick in the opposite direction that
will heat the atom, meaning that there will exist a steady state down to which atoms can be cooled with
this method. This steady-state temperature, Doppler temperature, is 146 4K for 8"Rb atoms*3. This
atomic temperature would have been too high to make experiments in this thesis work, so we had to
develop more cooling techniques. In this experiment we used following cooling methods successfully:
polarization-gradient cooling >, non-degenerate Raman sideband cooling*#, Lambda-gray molasses

cooling*s and D2 EIT cooling *°. We also tried to make degenerate Raman sideband *” cooling work,
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however, we were unable to do this for ensembles. Most likely cause of this was the too-high atomic
densities of our ensembles, which is why we switched to doing non-degenerate Raman sideband cool-
ing on a D1 line as discovered was more suitable for these scenarios in different Vladan’s subgroup ++.

In our experiment, polarization gradient cooling is implemented using the same beams as the
MOT beams, where this initially surprising cooling effect is explained in"?. It was done in so called
compressed MOT stage, where MOT is compressed by ramping up the gradient coils to nearly twice
the steady-state level. Optimal parameters, discovered through machine learning, achieved temper-
atures around 40 K and even led to the formation of a Bose-Einstein Condensate (BEC). Detailed
methods and parameters are discussed in chapter 6 and its appendix. This cooling technique was
applied to all ensemble experiments and a modified version was used for single atom experiment in
chapter 8.

Raman sideband cooling was implemented in our experiment in both degenerate*” and non-
degenerate setting ** with the aim to cool micro-ensembles for the chapter 7 project. As mentioned,
only the non-degenerate case worked for our ensembles, but in the end, we ended up not using it to
obtain the final signal of our chapter 7 project. This is because despite managing to achieve lower tem-
perature ensembles, that came at the cost of reduced atom number. The decrease in atom number had
amore negative impact on our final signal than the improvement gained from the lower temperature.
As aresult, we decided not to use this cooling technique in the final measurement.

The lambda-gray molasses cooling technique was explored during the transition between projects
involving ensemble arrays in chapter 7 and single atom arrays in chapter 8. We wanted to improve
single-atom loading efficiency using this established method*> and we even optimized the sequence
with our machine learning package **. Although we achieved around 80% average single atom loading
efficiency for the array of traps, compared to standard loading of around 50% without this technique,
we did not adopt this technique for the experiments in chapter 8 due to its significant increase in cycle

time which we found to be an unnecessary cost to pay at that point in time.

23



Finally, the D2 EIT cooling technique4(’ was crucial for the experiment described in chapter 8.

Details of this technique are described in chapter 4.
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Figure 2.7: Temperature Characterization Measurements: a. Temperature measurement of atomic ensemble using the
time-of-flight technique. The data presented shows the temperature measurement in the radial direction of the trap, with
a fit revealing a temperature of approximately 26 K. A similar temperature is obtained when fitting the longitudinal size of
the ensemble. b. Temperature measurement of a single atom using release-and-recapture technique. This measurement
can only measure the radial temperature of single atoms inside the trap. A Monte Carlo simulation, which provides the fit
in this figure, reveals a temperature of approximately 50 UK.

To measure temperature of trapped ensemble atoms we do a time-of-flight (TOF) measurement *.
In this measurement we release the atoms from the trap just before a short, typically 10 us long, ab-
sorption imaging, varying the time between release and imaging. By fitting the size of the ensemble
at different points in time, we measure how quickly the atoms expand from the released trap, and
from there we can deduce the atomic temperature inside of trap. For experiments in chapter 6 and
chapter 7, typical TOF measurements revealed around 30 — 40 uK temperatures for trap waists in the
range 2 — 5 um and trap depth of about 2.5 MHz. In contrast, to measure the temperature of sin-
gle atoms in the trap, we use the release and recapture technique*°. This involves releasing the atom
from the trap for a varied period of time and measuring the likelihood of its recapture. Monte Carlo
simulation, simulating the likelihood of recapture based on trap parameters such as trap waist and

trapping frequencies, reveals the single atom temperature. Typical data for each technique is shown

in Figure 2.7.
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2.5 IMAGING

During my PhD, I had the pleasure of exploring various imaging methods for different purposes. A
significant part of my thesis work involved developing novel imaging techniques, such as fast non-
destructive imaging and high magnetic field imaging. In this section, I will not present these new
methods, which was done in Chapters s, 7 and 8, but instead I will focus on the most commonly used
imaging techniques in our field, absorption and fluorescence imaging, which we used daily in our lab.

In simple words the difference between absorption and fluorescence imaging is that in absorption,
the observed signal is the absence of light and in fluorescence, the observed signal is the presence of
light. Absorption imaging involves directing an image light into the camera, such that an ensemble of
atoms that we want to image is positioned in between the imaging light and the camera. The atoms will
absorb that light and scatter it in all directions, resulting in camera detecting reduced light intensity
compared to the case when the atoms are absent. In contrast, for fluorescence imaging, light is not
directed into the camera. Atoms absorb this light and scatter it in all directions, with the camera
capturing a small portion of this scattered light. Thus, in fluorescence imaging, the camera measures
the presence of light emitted from the atoms. This is illustrated in Figure 2.8.

From this intuitive picture, one could come to a wrong conclusion that absorption imaging would
be better in detecting atoms compared to fluorescence imaging. However the opposite is true’’, flu-
orescence imaging shows better signal-to-noise-ratio (SNR) compared to absorption imaging. Large
part for this is that, in fluorescence imaging, since signal appears only when the absorber is there, the
background is very clean. In contrast, for the absorption imaging, the background can have interfer-
ence fringes creating “fake” absorption lines as shown Figure 2.8, and thus for absorption imaging one
needs to take an image with atoms followed by the image with no atoms and divide the two to get rid of
interference fringes and achieve a better SNR. It is also common to use principal component analysis

(PCA) methods to additionally correct for fringes changing in time between the two images*.
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Figure 2.8: lllustration of the difference between absorption and fluorescence imaging: a. In absorption imaging probe
light is directed towards the camera, indicated by the orange arrow. The shaded region represents the fraction of scattered
light that does not reach the camera created by absorption of incident beam, leaving only small fraction of incident light
to be transmitted and small fraction of scattered light from atoms to be detected. b. In fluorescence imaging probe light is
directed away from the camera. The shaded region indicates the fraction of scattered light, collected by a lens, that reaches
the camera and generates the signal in fluorescence imaging. c. Data showing the influence of interference fringes on the
absorption imaging. The upper image is absorption imaging data referenced to a no-atom image, while the lower image
is not. This example shows how strong interference fringes affect the quality of the absorption imaging. d. Fluorescence
image of single atoms showing no fringing effects without taking reference image, illustrating a better signal-to-noise ratio
compared to absorption imaging.

In experiments described in this thesis we used absorption imaging to detect ensembles, and flu-
orescence imaging to detect single atoms. Our typical absorption imaging was 10 — 50 s long, on-
resonance with atoms and we would typically send 7 < 0.1 /g, of imaging laser intensity. This low
amount of intensity was limited by EI'T measurements, specifically self-blockade as described in chap-
ter 5 and its appendix. In contrast, fluorescence imaging of single atoms was much longer, typically
30 — 60 ms long, about 50 MHz red-detuned from the bare resonance (not taking into account the
trap light shift) and we would typically send 3 retro-reflected beams of 0.5 — 1 mm waist with inten-
sity  ~ I in each. When we did fluorescence imaging of ensembles instead, we did manage to do it
on resonance and in much shorter time with much lower laser intensity. At some point we tried to
do Rydberg EIT in fluorescence imaging on ensembles for Rydberg detection project in chapter 7,
with the goal of improving detection SNR by doing fluorescence imaging. In this case, we used low
intensity imaging light, that was on resonance during fluorescence. Despite being able to observe Ry-

dberg EIT in fluorescence imaging, our fluorescence detection suffered from atom loss more than the
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absorption measurement did, and we didn’t end up using this technique for that reason in the end.
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Figure 2.9: lllustration of the iris effect and corresponding experimental results: a. Demonstrates how light from ensem-
bles is collected by the full aperture of the lens, resulting in a small depth of field and atoms falling out of the field. b. In
contrast, by limiting the lens size, the Rayleigh range of the collected light can be extended, allowing efficient collection
from longer ensembles. c. Shows experimental results after adding an iris to the setup. While with clipping we were able
to observe larger ensembles in radial direction (because of lower resolution) and fit more atoms, the peak optical density
(OD) decreased, leading to a slight reduction in the signal-to-noise ratio (SNR). Thus, the addition of the iris did not im-
prove the imaging SNR.

I'will note here one interesting imaging problem we had, and solution we tried to find. Despite the
solution ultimately not helping, I believe this attempt is worth mentioning. This problem was related
to us trying to improve our imaging SNR for the project in chapter 7. We were at the time using 2 um
waist traps with our atomic cloud sizes being approximately 7, = o, = 0.7um and o, = 8um. We
observed a consistent issue where the estimated number of atoms was 2 — 3 times lower when imaging
along the vertical direction compared to the horizontal direction. This discrepancy was problematic
because vertical imaging was our preferred direction, as we could generate and detect 2D arrays of
atoms in this direction only. We realized that this issue was due to the large longitudinal size of our
atomic clouds, causing a significant portion of ensemble to fall outside the microscope’s depth of field
as depicted in Figure 2.9, unlike in horizontal imaging. To circumvent this, we tried to add iris in the
Fourier plane right before the camera, as we wanted to make our microscope objective of eftectively
lower NA, and extend the depth of field with clipping such that we allow light from the edges of
the cloud to hit the camera more efficiently. Our findings are given in Figure 2.9. Main takeaway is

that with clipping we were able to fit larger number of atoms, but ultimately because the peak OD
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decreased our effective SNR didn’t increase and it even decreased.

2.6 MICRO-ENSEMBLE GENERATION BY BLUE-DETUNED SQUEEZING

As explained in section 2.3, when atoms are trapped using optical tweezers, they are confined due to
the intensity curvature of the trapping light along both the radial and longitudinal directions. For
Gaussian-shaped beams, which are the only beams we used in this thesis, the trapping in the longi-
tudinal direction is weaker compared to the radial direction by a factor of V2 %, where wy, is the
trapping beam waist and 1 is the trapping beam wavelength. This means that the ensemble size in
the longitudinal direction will be larger than in the radial direction by the same factor. For a typical
red-detuned trap for 87Rb with a very small trap waist of 2 um, this factor is approximately 11.

For Rydberg detector experiment in chapter 7, the optimal micro-ensemble is a 7 ~ 3 — 4 um
round ensemble, which cannot be generated using only one Gaussian optical tweezer. To create such
round ensembles, we use the trap configuration presented in Figure 2.10. Initially, atoms are loaded
into red-detuned 1 = 808 nm tweezers generated by the spatial light modulator (SLM). We then use
two sheets of blue-detuned 770 nm traps to dynamically compress the atoms into smaller volumes.

Experimental details are the following. We first trap atoms from compressed MOT cloud using
red-detuned 808nm traps of 5 um waist, with which we get ensembles of size o, = 7, ~ 2 gm and
o, = 32 um. To compress atoms along the longitudinal direction we use two sheets of blue-detuned
770nm beams of waist 4 um x32 wm. Two sheets are generated using one-dimensional AOD (AA
Opto-Electronics DTSX-400-800.850) and focused on the ensembles by in-vacuum lenses of numeri-
cal aperture N4 = 0.2. Longitudinal size of the ensemble is dynamically compressed with these sheets
by chirping the RF tones sent to the AOD, which is consequently changing the distance between these
blue-detuned beams.

I’ll note here the alignment procedure of the blue-detuned beams, as these beams do not trap
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Figure 2.10: Schematic of a beam configuration setup used to generate round micro-ensembles: Ensembles are initially
loaded inside of red-detuned 808 nm traps of waist 5 #m, and they are longitudinally squeezed using two sheets of blue-
detuned 770 nm beams of waists 4/4m x32 um. Red-detuned traps are generated using SLM, and blue-detuned beams
are generated using one-dimensional AOD.

atoms, so we had to come up with a procedure to align them. To get initial alignment, we diffract only
one beam using AOD. We first sent 785 nm beam along that direction, that generates red-detuned
trap that will trap atoms. By looking at atoms in absorption imaging, we can adjust the position of
the traps and we adjust the home-built rotational mount holding the AOD, so that we assure that
as we squeeze, beams are only changing vertically and not horizontally. After this step is done, we
send 770 nm beam along this path. Given that we have achromatic lenses in this beam’s optical path
(including the in-vacuum lenses), our beam position with this change of wavelength will change a
bit, though not too much, so slight further alignment is necessary. For the next step, we send 785 nm
beam from the other side of the chamber and position it where the 770 nm beams should go. We then
adjust the alignment of 770 nm beam such that we deplete atoms loaded in 785 nm traps as good as
we possibly can. To finalize the alignment, we diffract two beams and adjust the alignment that allows
for the best squeezing of the 808 nm SLM traps.

Experimental results of squeezing are given in Figure 2.11 and they show how the atom number

inside the ensemble, as well as longitudinal and radial sizes fitted from side absorption imaging are
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Figure 2.11: Experimental results showing the effects of squeezing: Initially, traps are loaded inside a red-detuned 808 nm
trap, and they are longitudinally squeezed using two sheets of blue-detuned 770 nm beams. The red-detuned traps are
generated using an SLM, and the blue-detuned beams are generated using a one-dimensional AOD. a. Atom number as a
function of the end squeezing frequency. b. Longitudinal size (the size being squeezed) as a function of the end squeezing
frequency, showing that squeezing does indeed work. c. Radial size as a function of the end squeezing frequency. The
observed change in radial size is not real and it is an imaging effect that occurs at very high-density small ensembles, as
explained in the main text.

changing as a function of end separation between two sheets, i.e. frequency difference between them.
For all the measurements squeezing lasted 80 ms, chirping was done using DDS, where the number
of steps for the frequency chirping was also set to pre-optimized number of 80. We can see that atom
number starts to decrease when sheet frequency separation is approximately 1 MHz corresponding to
30 wm separation. This is quite fascinating given that starting ensemble waist is 32 zm, meaning that
we can compress ensemble by factor of two with this squeezing withoutloosing any atoms! For smaller
separations, we start to see atom loss as we squeeze, and interestingly, in radial direction, we start to
see an increase in size. To test if this observation is real, we repeat this squeezing measurement but we
use top absorption imaging instead, along the SLM beam direction, and in this case we don’t observe
any radial expansion in that direction. We attribute this increase in size” to the large aberrations of
the in-vacuum lenses of numerical aperture N4 = 0.3, supported by weird star-shaped size of the
ensemble present whenever ensemble density is very high. Because of this effect we also cannot fully
trust the final longitudinal size of the ensemble in Figure 2.11b. However, for all of our detection

measurement, final separation between sheets was 15 um, with 770 nm beam waist in longitudinal
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direction of 4 um, meaning that atoms are then confined in the region 15 — 2 x 4 = 7 yum, making

longitudinal ensemble size ~ 3 — 4 um.
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Theory and Experimental techniques for

Rydberg atoms

3.1 THEORY

As described in chapter 2, systems of cold neutral atoms have become one of the key platforms for

studying quantum phenomena. To study complex quantum systems, atoms need to interact, typi-
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cally with each other. Neutral atoms, by nature, do not interact strongly with each other. However,
they can be made to interact strongly when positioned very close to each other, as seen in Bose-Einstein
Condensate experiments. This approach has led to remarkable experiments, which explore quantum
phase transitions and entanglement in optical lattices »*#. These experiments, though groundbreak-
ing, come at the cost of high experimental complexity, requiring sophisticated cooling techniques and
advanced technical developments to observe atoms in close proximity.

Alternatively, neutral atoms can be made to interact very strongly with each other, in a technically
simpler way, by exciting these atoms into higher 7 energy levels, commonly known as Rydberg levels
or Rydberg states. When atoms are excited to these states, they behave like small electric dipoles, al-
lowing two atoms in these excited states to interact very strongly with each other. For example, one
can achieve interaction strengths of several tens of MHz at distances of several tens of micrometers,
and GHz interactions are possible at closer distances. The advantage of this approach lies in its techni-
cal simplicity. Positioning atoms at distances ranging from several tens of micrometers down to a few
micrometers can be readily achieved with diffraction-limited optics, as described in section 2.3. Ad-
ditionally, this method allows for on-demand, controllable interactions that can be turned on and oft
as needed during the experimental sequence. In the experiments described in this thesis, we used this
approach to get atoms to interact with each other. The properties and behaviors of Rydberg atoms are
well understood *5% and here I will provide the most important information needed to understand
the experiments in this thesis.

A Rydberg atom is an atom in which one of its valence electrons is excited to a very high principal
quantum number 7, ranging from ten to even hundreds. The properties of these atoms scale with this

principal quantum number 7. The binding energy of these Rydberg atoms is given by the formula:

Ry

Ej=——"—"s
I (= a2

(3.1)

33



where Ry is the Rydberg constant, #, /, and j are the principal, angular momentum, and total
angular momentum quantum numbers respectively, and dyy; is the quantum defect. These quantum
defects are well known for the atoms used in this thesis and we generally used this formula within the
software packages provided by Sibali¢ > and Weber 5* to find the wavelengths at which we should tune
our lasers to observe transitions from the ground state to Rydberg states.

Atoms excited to Rydberg states can exhibit strong interactions due to their large dipole matrix
elements, which arise from their significant size. The average size of a Rydberg atom is given by (r) =
n2ag, where aq is the Bohr radius. These large sizes result in enhanced dipole-dipole interactions.
Moreover, atoms in Rydberg states can have remarkably long lifetimes, on the order of hundreds of
microseconds, compared to the typical lifetime of atoms in the first excited state, which are on the

order of several tens of nanoseconds. In fact, the lifetime of a Rydberg state scales as 73

, meaning the
higher the principal quantum number 7, the longer the electron can remain in that state.
Given these scalings, one might think that working at very high » would be ideal for experiments,

but that is not always the case. One reason is that for a fixed laser power, the rate at which you can

3
excite an atom to state 7 scalesas 7z~ 2

. In these experiments, the quality of preparation often depends
on how quickly transitions can be driven, so lower 7 values are preferred in this case. Additionally,
at high # levels, Rydberg atoms behave almost like ions and become highly sensitive to electric fields,
with electric field sensitivity scaling as n". This means that, experimentally, at these high 7 levels, we
need to precisely zero the electric fields, which can sometimes be challenging. For example, electric
fields at the atom position can easily fluctuate due to proximity to dielectric materials, such as glass
windows, which can accumulate charge when exposed to high-power lasers that we typically use in
these experiments.

To find optimal Rydberg 7 level for the experiment, it is important to consider the interaction

scaling as well. Two atoms excited to Rydberg states can interact either through resonant dipole-dipole

interaction or via Van der Waals interaction. In case of resonant dipole-dipole interaction, interaction

34



4 nll

R6 -

strength at distance R scales as C3 o¢ %3, and in case of van der Waals interaction as Cg o«

Typically, in experiment, one chooses 7 level taking into accountaall these scalings, with interaction
strength and excitation drive scaling being the most important ones. In the experiments described in

this thesis, Rydberg states with 7 in the range 50 — 100 were explored.

3.2 FINDING RYDBERG TRANSITIONS

Here, I will briefly describe how we find Rydberg transitions in our experiments and the laser con-
figuration we used to do this. To excite a ground state atom to a Rydberg state, we use two-photon
excitation scheme. This involves using a 780 nm laser to excite atom from the 557 /5 state to the 5P3 /5
state, followed by a 480 nm laser to excite the atom from the 5P5 5 state to the nS or nD Rydberg
state. The 780 nm laser can be tuned using ground state atoms by, for example, finding resonance
in absorption imaging. This laser is typically beat-note locked or injection locked with the master
laser, 780 nm Moglabs Tunable Cat Eye Laser. We lock this master laser to an Ultra-Low Expansion
(ULE) cavity from Stable Laser Systems, with full-width half-maximum (FWHM) linewidth of ap-
proximately 40 kHz at this wavelength. The master laser linewidth is estimated to be 10 kHz using the
standard technique of determining the standard deviation of the voltage variation of the error signal
when the laser is locked, and then applying voltage-to-frequency conversion using the Pound-Drever-
Hall (PDH) lock signal 5+.

The second laser, the 480 nm laser, determines which Rydberg 7 level we couple to, as Rydberg
levels are typically quite separated, often by many GHz or more, depending on the 7 level. The 480 nm
laser, a Toptica TA-SHG Pro 1W, is derived from a frequency-doubled 960 nm laser. To lock this laser,
we send the 960 nm beam to the ULE cavity for PDH locking, achieving an estimated linewidth of
3 kHz. To simultaneously lock the 480 nm laser to the ULE cavity and tune it to the desired atomic

transition, we use an electro-optic modulator (EOM). By locking an EOM sideband of the 960 nm

35



laser to the ULE cavity and tuning the EOM frequency, we can shift the carrier frequency of the
480 nm laser to be on resonance with the atoms.

To find Rydberg transitions we use calculations from Sibali¢5* and tune 480nm laser such that
on the 200 MHz resolution wavelength meter, High Finesse WS6-200, we can see that we are in the
vicinity of that number. Then we further tune the frequency of the laser with atoms in the exper-
iment by depleting MOT. Once we find that wavelength, we start scanning the laser frequency in
20 — 50 MHz range, making sure we are still depleting MOT. We then adjust the EOM frequency
until we can see that TEM,, mode is transmitted through the cavity while atoms are depleted. With
that, we roughly have the EOM frequency that we will eventually use in the experiment, but further
fine-tuning is needed with atom signal at specific magnetic fields we will work at. For that, for all ex-
periments in this thesis, we used Rydberg laser to excite ensemble atoms in EIT configuration, and
then EIT transmission at 780nm resonance is what we would use to further tune the 960nm EOM
frequency.

During my PhD, we explored a wide range of Rydberg 7 levels as part of our experiments, partic-
ularly those discussed in chapter 7. The states I investigated throughout my PhD include:

6251 /2 — 62P) 3, 62P3)5

9181 /2 — 90Ps3 5, 91 P35, 91P; /5
58812 — 58P3 )9

54D3 /5 — 55Py 3, 55P3 /3
54Ds5 /5 — 55P3 /9

74D5/2 — 751)3/2
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3.3 ELECTRIC FIELD ZEROING

As mentioned in the theory part of this chapter, Rydberg atoms have a very high electric field polar-
izability, which strongly depends on the principal quantum number 7. In practice, this means that
if there is no control over the electric field in the experiment, one should work with low 7, probably
lower than 70. But even with electric field control, care must be taken when sending high-power lasers
through dielectric viewports. These viewports, being very close to the atoms (about 18 mm), can ac-
cumulate electric charge when exposed to high-power lasers, such as a 480 nm laser at hundreds of
mW for extended periods. This accumulated charge leads to uncontrolled fluctuations in the electric
field. If electric field control is not available, an alternative method was found by the community to
remove charges on the viewports by shining UV light on them 5.

Ideally, for Rydberg experiments, the chamber should be designed to include electric field con-
trol. In our experiment, this is achieved using eight in-vacuum electric field plates mounted on the
re-entrant viewport windows. The schematic of the electric field plate labeling and an image show-
ing how they are connected to the wires connecting them to the vacuum chamber feedthroughs are

provided in Figure 3.1.

a) Top electrodes Bottom electrodes  b)

Longer lab direction
towards doors

Shorter lab direction
towards computers

Figure 3.1: In-vacuum Electric Field Plates: a. Schematic of the top and bottom electrodes labeling. b. An image of the
bottom electrodes taken during the vacuum assembly. Wires were soldered onto the electrodes using vacuum-compatible
solder wire and connected to the chamber feedthroughs. During assembly, we confirmed that the electrodes are not
connected to the chamber wall, ensuring independent control for each electrode.
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Each plate is controlled by an analog output from a National Instruments NI 6733 PCI card.

These eight electrodes collectively control the electric fields in three directions according to the fol-

lowing formulas:

i+ Vot Vs+Ve—V3s—Vy—V7—TVs
Vi4+Vs+Vs+ Ve —Vo—V4—Vg— Vs

Vs +Ve+Vi+Vs—=V1—Voa—V3—TV4

To zero the electric fields, we perform Electromagnetically Induced Transparency (EIT) with Ry-

dberg atoms and measure how far off resonance the 480 nm control light is as a function of the field.

Typical dependencies observed for 7S states are shown in Figure 3.2.
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Figure 3.2: Electric Field Zeroing Data: This data was taken by varying the electric field in one direction and observing the
consequent resonance shift of the EIT. a. Control light resonance shift as a function of V.. b. Control light resonance shift
as a function of Vy c. Control light resonance shift as a function of V.

Once the electric field is zeroed out, and as long as no high-intensity 480 nm light is sent to the

experiment in steady-state for a long time, the electric field remains stable over many months.
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3.4 RYDBERG STATE PREPARATION USING MICROWAVE DRIVE

What has been described so far covers how we find Rydberg transitions using Rydberg EIT and how
we zero out the electric field. In this section, I will focus on how we prepare a Rydberg atom and
manipulate its state by driving microwave (MW) transitions between different Rydberg levels. Even
in our preparation scheme, we use MW drive, so I will first provide details on how we perform MW
driving before discussing the preparation scheme.

The microwave drive is applied using a MW antenna, which in our application was just an un-
terminated SMA cable. Initially, for the experiments described in chapter s, this antenna was not
fixed, which resulted in us needing to do frequent calibration of the MW drive. For the experiments
described in chapter 7, we fixed this issue by securing the antenna on a homemade stage, and this en-
sured long-term stability. To create polarized MW drive, multiple antennas can be used; in chapter s,
this was achieved using two antennas.

To calibrate the MW frequency, one can apply the MW drive while performing Rydberg EIT
and extract the MW drive frequency from the MW EIT triple-dip feature. This method was used
in chapter 5 to both calibrate the MW Rabi frequency and create polarized MWs. This was done by
adjusting the phase of the MW drive between the two antennas to decrease the coupling on transitions
driven by unwanted MW polarization. However, for ensembles with lower optical density (OD),
i.e.,, OD smaller than 2, like the ones used in chapter 7, this feature can be challenging to resolve. In
this case, we calibrated the MW Rabi by parking on the EIT transmission peak, scanning the MW
drive, and observing where the largest absorption signal was found. While this measurement does not
provide the most precise measurement of the MW Rabi frequency, it gives a reasonable estimate.

To prepare a Rydberg atom within the ensemble, we use a three-photon process scheme involving
a 780 nm beam, a 480 nm beam, and a MW drive and more details can be found in Chapters 5 and 7

and their respective appendices. Most single atom Rydberg experiments utilize a two-photon process
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without the MW drive to prepare a Rydberg atom. However, in our experiments, we require the
480 nm beam to be on resonance for the EIT measurement during ensemble readout, which would
typically be detuned in the two-photon single atom preparation case. Since this laser is directly locked
to the ULE cavity, we cannot easily change its frequency mid-sequence by a large amount. Instead,
we blue-detune the 780 nm laser and adjust MW frequency accordingly by the same amount § =
100 MHz to avoid populating the intermediate states, while keeping 480 nm fixed.

To prepare a single Rydberg atom inside of the ensemble, we choose high Rydberg 7 level and
we tune the preparation linewidth to be small enough to assure single Rydberg is being prepared.
For experiments in chapter 7 we prepare Rydberg atom in the state | 75P5 /5, 77 = 3/2) with Cg =
45 GHz ‘umﬁ, and we obtain a power-broadened linewidth of Y3ph = 500 kHz, corresponding to a
blockade radius of (C6 / 73ph) 1/6 = 6.7 um, which is sufficient to block the ensemble and ensure
only a single Rydberg atom is prepared. Our preparation scheme involves turning on all three beams
simultaneously, and we observe saturation of the preparation signal with a characteristic timescale of
~ 3 usin the overdamped regime. We do not observe Rabi oscillations consistent with the preparation
of a | W) state, in which fast dephasing on the order of a few hundred nanoseconds has been experi-
mentally observed 3°. We attribute our observations to fast dephasing of the collective | 7) state, thus
preparing a statistical ensemble consisting of a single Rydberg excitation randomly distributed within

the cloud with an upper-bounded-fidelity of N/N + 1, where Nis the number of atoms 7.

3.5 RYDBERG LIFETIME AND COHERENCE TIME MEASUREMENTS

Once the Rydberg atom is prepared within the ensemble, it can be addressed using a different MW
drive and manipulated between different Rydberg 7 levels. Some examples of this includes coherence
time measurements, and that will be described in this section.

Before checking the coherence time, we first measure the lifetime of an atom in the Rydberg state.
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Theoretically, lifetimes are expected to be on the order of hundred microseconds, depending on the
n level, with the higher 7 levels exhibiting longer lifetimes. Our measurement for the 623, level,
presented in Figure 3.3, reveals a lifetime of approximately 76 us. To do this measurement, we first
prepare a single Rydberg atom within the ensemble in the desired Rydberg state, which in this case
was 62P3 /5. We then wait for an extended period and use our detection method, as described in
chapter s, to verify if the Rydberg atom remains in the desired state.

Coherence time between two Rydberg states is typically shorter than the lifetime of each state, but
theoretically, it can be up to twice as long as the lifetime. To measure coherence time, we first prepare
aRydberg atom and then perform a Ramsey measurement. This involves applying two § MW pulses
on resonance with the transition we want to measure, and we vary the time interval between the two
pulses. A typical coherence time measurement, as shown in Figure 3.3, revealed approximately 12 us

coherence time between the 74 D5 /5 and 75.P3 5 states.
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Figure 3.3: Rydberg lifetime and coherence time measurements: Example of Rydberg lifetime and coherence time mea-
surements with Rydberg atoms held inside the dipole trap. a. Lifetime measurement for the 62P3/2 Rydberg state with
the fitted lifetime of 76 us. b. Coherence time measurement for the 74D5,5 — 75P3/5 transition with the fitted
coherence time of approximately 12 ps.

Both the coherence time and the lifetime measurements were done with the trap light on, which
can influence the results as the Rydberg atom is anti-trapped by the traps used for ground state atoms.
Despite this, we managed to obtain reasonably good coherence time and lifetime values, so we did not

pursue further improvements.
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Electromagnetically Induced Transparency

4.1 INTRODUCTION

Electromagnetically Induced Transparency (EIT) is a phenomenon where an optical medium, such as
an ensemble of 8"Rb atoms, becomes transparent to a resonant probe light within a narrow frequency
range in the presence of a strong coupling beam. Normally, in absence of the strong coupling beam,

the medium would absorb the resonant probe light. Initially, this might seem like a fascinating scien-
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tific curiosity, but EIT has numerous practical applications in the field of neutral atoms: from using
EIT to slow down and even stop the light, to studying optical non-linearity at a single photon level
to using it to cool atoms and ions more efficiently. In this dissertation, we used EIT for majority of
these applications. This chapter provides the necessary theoretical background and initial calibration
measurements essential for understanding the experiments in Chapters s, 7, and 8.

I will also note here that, technically speaking, many applications in this work were done in the
Autler-Townes regime rather than EIT. These two effects are very similar, and experimentally, they
produce similar looking results. On the surface level, the difference lies in the strength of the con-
trol field that modifies the absorption line of the probe light: in the Autler-Townes regime, the con-
trol light is strong, whereas, in the EIT regime, the control light is weaker, though still stronger than
the probe light. Additionally, EIT requires Fano interference, while the Autler-Townes effect comes

purely as a consequence of two dressed states, without relying on interference 58,59,60

4.2 THEORY

Theory of EIT has been extensively studied, and it is now even part of the regular curriculum for
AMO classes, with my go-to reference being Misha’s lecture notes*°. In addition, Rydberg EIT has
been described in detail in various sources®’, including the PhD theses of former graduate students
from this lab®>®>37. In this section, I will present the most important equations and conclusions
necessary to understand the context of this thesis, primarily drawn from the referenced sources.

In atomic physics, we typically examine how applied laser fields induce transitions within an
atomic system. However, to understand EI'T, we must also consider the impact that atoms have on the
applied field itself, which is particularly important when the field is applied to a collection of atoms.
An example from every day life where material alters the light is when light passes through a highly

opaque medium, light gets absorbed, and as such, the medium altered the light field. Similarly, when
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light encounters a water surface, it is refracted, traveling at a different angle and speed through the
water, thereby water changed the light field. In the same way, when an electromagnetic field, such as
a laser, is applied to atoms, it excites atomic transitions, inducing atomic dipole moments and these
dipole moments generate electric fields that influence the propagation of the laser field.

The property of a medium that determines how light is changed as it propagates through the
medium is called susceptibility, y. When light travels through the medium, the electric field £(z)
changes according to the following formula: E(z) = E¢*7%/2. Here, the susceptibility y can be a
complex quantity with both real and imaginary parts. Specifically, 3[y] results in exponential atten-
uation or amplification of the beam intensity, while 3[y] causes a linear phase shift of the field with
distance. This phase shift can be understood as a modification of the wavevector £ or a change in
the refractive index. If the applied field has a finite bandwidth, the frequency dependence of the sus-
ceptibility begins to matter, where the the susceptibility term proportional to the frequency will be
responsible for the group velocity of the field inside the medium.

To derive the susceptibility of a collection of atoms under a strong control drive probed by weak
probing field, we can treat each atom within the ensemble as a three-level system, with an example of
levels used in Rydberg EIT indicated in Figure 4.1. Systems driven in this manner can be described by

the following Hamiltonian:

0 Q,/2 0
H=[0Q,/2 —iT-A4, Q./2 (4.1)

0 Q/2 i, +A,—A

where T is the excited state decay rate (6 MHz for 3"Rb atoms), T, is the Rydberg state decay rate
(typically a few kHz and can usually be neglected), Q, and Q, are the Rabi frequencies of the probe
and control fields, respectively and A, and A, are the detunings of the probe and control fields.

One can solve this Hamiltonian in steady-state to obtain the atom’s density matrix. This requires
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assuming weak probe light such that we expect that most of atom’s population is in the ground state.
The atomic susceptibility will then be proportional to the coherence between the ground and excited

States, p.- This leads us to the following formula for the susceptibility:

—iI,+ (A]’ —A,)
I +i0,) T+ (A, — A)) + Q2

XX ( (4.2)

From this expression, we can see that for negligible I', and when A, = A, the imaginary part of

the susceptibility vanishes. This implies that there will be no attenuation of the probing field, meaning

the probe field will be transmitted. The conditions for transmission are also illustrated in Figure 4.1.
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Figure 4.1: EIT in a three-level system: a. Level diagram used for Rydberg EIT experiments. Atoms are optically pumped

into the |551/2, F =2, mp = 2) state. The " probe light couples them to the |5P3/27 F = 3, mp = 3) state, from

where we use ot control light to couple them to the nD5/2 state or o~ light to couple them to the nS1/2 state. b.

Example of a transmission curve through the atomic ensemble as the probe frequency is scanned, with a 10 MHz control
light drive applied on resonance (A, = 0 MHz) to an ensemble with optical density OD = 5. A transmission peak,
characteristic of EIT, is observed when the probe light is resonant with the atoms. c¢. Transmission curve showing EIT
when the control light is off-resonance by 10 MHz. Here, EIT transmission occurs when A, = A, as expected from the
susceptibility formula discussed in the main text.

From the real part of the susceptibility, one can derive the refractive index and determine the
group velocity of the light within the medium. In this way we can get that the delay time of a probe
pulse inside the medium, compared to a pulse traveling in a vacuum is ODQL[Q. From this equation, it
is evident that the weaker the Q,, the slower the light field propagates within the medium and when
Q. = 0, the light can be completely stopped within the medium! This phenomenon of light storage

has been extensively explored both theoretically** and experimentally 5.
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4.3 RypBERG EIT

In this section, I will provide some experimental details about Rydberg EIT, how this signal looks like
in experiment, what it depends on and how it can be optimized.

Rydberg EIT in this experiment primarily involved coupling the 551 /5 state to the 25} /5 or n.D5 /5
states through the intermediate 5P5 5 state. This is a two-photon process as shown in Figure 4.1,
where the first transition occurs at 780 nm and the second at 480 nm. For this experiment, both the
780 nm and 480 nm lasers were kept on resonance. Since the 780 nm light couples the ground state
to the excited state, resonance for this laser can be easily found using absorption imaging. To find the
resonance for the 480 nm laser, we followed the procedure described in section 3.2.

To optimize Rydberg EIT signal one needs to make sure that 480 nm laser beam is aligned prop-
erly (same for 780 nm beam, but that one is easier to align since it is 1 mm in waist), that electric field
is zeroed out properly and that atoms are correctly optically pumped.

To adjust the alignment of the focused 480 nm laser beam, we used different techniques depend-
ing on the 480 nm beam’s propagation path. When the control light was sent through an AOD and
co-propagated along the same direction as the traps generated by the SLM, as done in chapter 7, the
alignment process was more straightforward. In this case, we ensured that the 480 nm beam and the
traps were co-propagating before the microscope objective at various points. By adjusting the 480 nm
alignment in the intermediate image plane before the microscope, and ensuring that the trap beams
and 480 nm beams were perfectly aligned there, the beams were then perfectly aligned in the atomic
plane as well. However, if the 480 nm beam comes from an orthogonal direction relative to the trap
propagation, the alignment process is different. In this case, we used depletion method. Initially, we
align the 480 nm beam using a side trap that co-propagates with the 480 nm beam. This side trap is
first aligned with the traps created by the SLM such that it intersects them. Then, we align the 480 nm

beam to the side trap beam, depleting atoms in the side trap first and afterwards those in the SLM traps.
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It is important to mention here that this alignment process required motorized mirror mounts, and
fortunately Chi Shu, a graduate student in Vladan’s group, together with Prof. Markus Greiner made
motorized mirror mounts that were very cheap for us to build and that made this possible for our lab.

Electric field zeroing is another crucial aspect of optimizing Rydberg EIT, particularly at high Ry-
dberg 7 levels. When high-intensity 480 nm light (hundreds of mW) is left on for extended periods,
it can cause charges to accumulate on the re-entrant window. This accumulation can result in signif-
icant electric field changes, which can drastically alter Rydberg atom transitions. For instance, during
one experiment at 7z = 91, we observed a 20 MHz resonance shift due to such an electric field change.

We corrected this by zeroing out the electric field following the procedure described in section 3.3.
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Figure 4.2: Rydberg EIT in Experiments: a. Data illustrating the drastic effect of optical pumping (OP) on the EIT signal.
b. Example of nice-looking EIT data when all issues mentioned in the main text are resolved. The dark purple curve
represents the reference OD curve. c. Data showing the resolved MW EIT signal with characteristic triple dip feature.
This is contrasted with the EIT data to highlight that MW EIT shows transmission peaks where EIT has dips, and MW EIT
shows dips where EIT normally has transmission peaks.

Lastly, optical pumping of atoms into the appropriate state is crucial for achieving the best EIT
signal. We followed the procedure described in Zak’s thesis ** to pump our ground state atoms into the
581 /2, F = 2, mp = 2) state. Figure 4.2a shows how Rydberg EIT looks like when optical pumping
works compared to when it doesn’t. I will just mention here that this is not our best looking Rydberg
EIT data, as at that time we had an issue we realized only later on. It is noticeable from the data that
OD looks a bit slanted, which also aftects the EIT signal to look slanted. This distortion was due to

our ensembles being very small and dense, causing a lensing effect that bent the imaging light®°. At
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the time we took this data, our camera was looking at the atom plane a few micrometers away from
the center of the atomic ensemble, where OD appeared the largest. By adjusting the camera position,
we were able to obtain more level OD curves, resulting in significantly better looking EIT signals.
Figure 4.2b shows typical Rydberg EIT spectrum when all these issues are addressed. In our ex-
periments we used mainly 757 /, and #Dj / states for Rydber EIT. Figure 4.2¢ shows typical MW EIT
signal. For experiment in chapter 7, we used this signal only to calibrate the MW drive. This signal

can also be used to create polarized MW drives as done in chapter s.

4.4 EIT FOR COOLING

As mentioned Electromagnetically Induced Transparency can be used for cooling purposes as well.
The theory and idea was developed in the late 9os, early 200057 and it was experimentally tested on
ions also around that time®®, and more recently to cool down single neutral atoms 46,

In essence, EIT cooling can be intuitively understood as a process where the transition that typi-
cally heats atoms is made transparent using the EIT technique, while the transition that cools atoms
is made opaque i.e. has high absorption. As a result, atoms predominantly absorb the cooling light
and not the heating light, effectively reducing their overall energy.

To achieve EIT cooling, the control light needs to be blue-detuned, as will be explained shortly,
while the probe and control light are on two-photon resonance, resulting in the EI'T spectrum shown
in Figure 4.3b. Atoms inside the trap can be effectively modeled as harmonic oscillators. Ina harmonic
trap, there are many potential levels 7 that the oscillator can occupy, and when atoms are hot, they
occupy many of these levels.

The energy level diagram used for EIT cooling is shown in Figure 4.3a, where the ground states
of the 55 /5 level are |[f) = |F=2,mp=1) and |g) = |F= 2, mr = 2). In the EIT process, the

control light is stronger than the probe light and performs optical pumping, placing atoms into the |g)
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Figure 4.3: D2 EIT Cooling Scheme: a. Level diagram illustrating the transitions used for D2 EIT cooling. By choosing

blue-detuned control light that applies the right AC Stark shift J, the dressed state [ﬁ n— 1> can be made resonant with
g, 7), for the probe detuning that sets |g, z) — |f,#) on EIT resonance. b. Blue-detuned EIT absorption spectrum

showing two strong absorptions at A]) = 0 — 9, corresponding to the |E> state, and Ap = A, + 9, corresponding to the
2

[;", n) state. c. Zoomed-in level diagram around AP = A,. This data shows that with the choice of 0 = fA‘ = v (where

v is the trapping frequency), atoms predominantly absorb light on the "red-sideband” (|g, n> — UC, n— 1)), which cools
atoms, rather than on the "blue-sideband” (|g, n> — If, n+ 1)), which would heat atoms.

state. The probe light then probes transitions from this level to the excited state [¢) = |F = 2, mp = 2)
of the 5P3 5 state.

Figure 4.3a shows that strong control light Q,, blue-detuned by A,, dresses the |f) and |e) states
into AC Stark shifted states [}‘} and |¢), respectively. These states correspond to the two bright states
where absorption is high, shown in Figure 4.3b. By keeping the probe and control light detunings

equal (A, = A,) and setting the AC Stark shift 9 = fﬁ_ = v (where v is the trapping frequency), one

can make the |g, 7) — |f,2 — 1) transition resonant with this probe frequency. Once in |f, 7 — 1)
state, atoms will gickly decay to |g, » — 1), which causes atoms starting from |g, 7) states to predom-
inantly transition to |g, 7z — 1) states, as the scattered light does not change the vibrational frequency
level. This process results in the atoms reducing their energy by one vibrational level splitting with
each excitation event.

As shown in Figure 4.3c, with the choice of A, = A,, atoms predominantly scatter photons
off of the "red-sideband” that cools atoms, while the |g, z) — |f, z) transition remains on pure EIT

resonance and hence does not scatter light. The "blue-sideband” transition |g, 7) — []Nf, n + 1), which
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would predominantly heat atoms, has small absorption at this probe detuning but is much weaker
than the “red-sideband” absorption ®. This explains why blue-detuning is necessary for cooling, as it
allows the dressed states to be shifted upwards, allowing for cooling transitions to be resonant with

the right probe detuning while supressing the heating transitions.
ght p g p g g
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Fast, local Rydberg qubit detection

5.1 INTRODUCTION

Fast and reliable state initialization and readout of qubits are essential requirements for implement-
ing scalable quantum information systems. Recently, individually-controlled highly excited Rydberg
atoms have emerged as a promising platform for quantum simulation and computation”®*>7"7,

These systems are enabled by the strong coherent interaction between Rydberg atoms at distances
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exceeding several micrometers. In combination with the demonstrated ability to deterministically as-
semble large arrays of individual atoms "*%21:73:28:45:20 R ydberg-atom arrays have been used to sim-
ulate quantum spin models** with more than 250 qubits7#757%77 to perform multiple-qubit gate
operations”®79828 18285 | or to create large maximally entangled states*¢. While these quantum simu-
lation and computation systems can operate on microsecond time scales, they could benefit substan-
tially from faster qubit preparation and detection, as both the array preparation process and the optical

state readout in most systems require several to many milliseconds’®*%**

. Moreover, fast and high-
fidelity single-shot qubit readout without atom loss could enable a new generation of experiments

with error mitigation, such as quantum error correction and fault tolerant quantum processing®s.

5.2 FAST NEUTRAL ATOM DETECTORS

Prior approaches for individual Rydberg-qubit detection include state-dependent ionization and de-
tection of the ions, a relatively fast (z ~ 0.1 ms) process that has only moderate fidelity®°, and the
state-dependent removal of atoms followed by relatively slow (z ~ 10 ms) fluorescence imaging of
the remaining atoms®774#3#% with relatively high fidelities of F > 0.95. Fast high-intensity fluores-
cence detection within 20 gs with single-atom resolution has been achieved in Ref. 89 however, this
method as demonstrated is not compatible with atomic arrays, as it does not have the necessary spatial
resolution and also requires a large magnetic field. Both ion detection and fluorescence imaging are
destructive readout processes, and require a new atomic array to be prepared subsequently, further

limiting the cycle time of the quantum processor.

5.3 OUR DETECTION SCHEME BASED ON RYDBERG EIT

Our detection scheme is based on the proposal by Giinter ez 4/. °° to use Rydberg interactions in com-

bination with electromagnetically induced transparency (EIT)?"* for collectively enhanced imaging.
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This method has previously been used to observe Rydberg dynamics”* without, however, experimen-
tally achieving single-atom resolution. A similar approach has also been used to demonstrate a single-

photon switch and a single-photon transistor using Rydberg interactions 94:95,96
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Figure 5.1: Fast collective detector of a single Rydberg atom. a. State initialization. An atom is prepared in the Rydberg
state |/> through a three-photon process involving the preparation beam (Qp, orange), the control beam (), blue), and
a microwave field (Q 777, grey). The detunings from the two intermediate states are A, = 9, = 27 x 100 MHz.
The preparation of a single atom in |/> is ensured by the strong interaction between two atoms in |/> 7% b. A probe
field (orange, waist size w, = 4.5 pm) in combination with the control field (w, = 12.5 gm) couples atoms to the
Rydberg state \r) Under conditions of EIT (A, = 4, = 0), high transmission through the atomic medium results in a
large number of detected photons (left). On the other hand, if the Rydberg state |/> is populated by an atom (right), then
the strong interaction between |7) and |7/} removes the EIT condition, resulting in a significant reduction of transmitted
photon number due to absorption by the ensemble. The interaction V.~ contains both dipolar-exchange (V) and van-
der-Waals components (V1) (see SM).

In this work, we demonstrate high-fidelity preparation, manipulation and detection of a single-
Rydberg-atom qubit (and not a collective state as in Ref.?7%%) inside an atomic ensemble on the mi-
crosecond time scale. Starting with N' ~ 400 trapped ultracold 87Rb atoms, we prepare a qubit
between the Rydberg states |1) = [//) = [91P5 /5, m; = 3/2) and [|) = [r) =[928} /2, m; = 1/2),
perform qubit rotations with a loss of contrast dC < 2 X 1073 per 27 pulse, and read out the state

optically. Harnessing the collective effect of Rydberg blockade®”, the state preparation and detection
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are performed in T, =3us and T; = 6 us with fidelities of]*}, =0.93+£0.02and F; = 0.92+£0.04,
respectively. The qubit coherence time of 7, = (15 £ 5) us, measured with a Ramsey sequence, is
much longer than the 7 rotation time of 9o ns.

Our approach harnesses collective phenomena for speeding up both state preparation and detec-
tion. The preparation is accomplished by applying laser and microwave radiation to an ensemble of
N atoms, such that any atom can be excited to the Rydberg state, yielding N times faster excitation of
the first atom to the Rydberg state than for a single atom, while the preparation of a single excitation
is ensured by the Rydberg blockade mechanism ?7#. Similarly, the signal-to-noise ratio in optical de-
tection is collectively enhanced by a factor ~ N: Depending on the state of the single-atom Rydberg
qubit, the absorption of probe light by all of the NV atoms in the ensemble is simultaneously switched

on or off®°.

S-4 EXPERIMENTAL PARAMETERS

Our experimental setup is illustrated in Fig. 8.1a. A small ensemble with root-mean-square (rms)
size of \/@ ~ 6 ¢m containing typically N' ~ 400 laser-cooled 3"Rb atoms is prepared inside a
two-beam optical dipole trap with waist sizes w1 = 10 um and wo = 20 gm (see Appendix A for
details). The trapped atoms are optically pumped into the hyperfine and magnetic sublevel |g) =
581 /2, F = 2, mp = 2) that is coupled via a two-photon process involving the transitions |g) <>
le) = |5P5)9, F = 3, mp = 3) (probe beam Q,) and [¢) <> |r) (control beam Q) to the Rydberg

state |7) =[928 /9, m; = 1/2).

5.5 DETECTION RESULTS

To prepare a single atom in the Rydberg state |#/) inside the ensemble, the probe laser and microwave

field are detuned by A, /(27) = 9,/(27) = 100 MHz from their respective transitions, and in com-
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bination with the control field drive a three-photon transition |g) <> |e) <> |r) <> |//) (see Fig.
8.1a). By changing the powers of the two optical fields within ~3 us, while keeping the microwave
field constant, a process similar to stimulated Raman adiabatic passage (STIR AP) is realized (see Ap-
pendix A for details). This process is chosen over direct excitation because it is less sensitive to laser
noise and atom number fluctuations. The observed linewidth I's /(27) = 0.6 MHz of the three-
photon transition is much smaller than the energy shift |AE|/b 2 10 MHz at the rms distance
do = \/2(r?) ~ 8 um between two atoms in their |//) state in the ensemble (averaged over an-
gles, see Appendix A). This ensures that excitations of two or more atoms to the Rydberg state are
suppressed ?7+. While the |//) state has vanishing interactions along certain angular directions (see
Appendix A), the admixture of the spherically symmetric |r) state with the microwave field during

preparation may help increase the preparation fidelity.
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Figure 5.2: a. Histogram of the transmitted probe photon number for state detection performed in 6 us. Grey and orange
histograms correspond to the presence and absence of an atom in Rydberg state |7/> = |T> respectively. The solid lines
in a, b indicate a theoretical model that for the presence (absence) of an atom in |T> assumes random sudden loss of the
Rydberg atom in |1) (sudden decay of the slow-light polariton into a Rydberg state) at a rate 0.035 [w*l (0.015 /’”71)-
The dashed line indicates the detection threshold that gives us the highest fidelity of differentiating two distributions.
The control Rabi frequency is Q,/(27) = 25 MHz, and the probabilities for collecting and detecting a transmitted
probe photon are 0.90 and 0.47, respectively. (b) Time-resolved photon count rate during detection. (c) Correlation plot
of number of detected-photon counts in two consecutive 6us measurements in the same run of the experiment. Gray
(orange) points represent transmission data when we prepare (do not prepare) the |T> state. Vertical and horizontal lines
represent threshold counts for state discrimination.

Before discussing how we experimentally verify that only a single Rydberg atom has been pre-
pared, we first describe the detection process. In the following, we associate the Rydberg state /) with

an effective | ) state. When the two-photon transition is resonant with the intermediate state (A, = 0,
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see Fig. 8.1a), the transmitted probe light serves for Rydberg state detection ”° under conditions of EIT
9192 If an atom in |1) is present, the excitation of a Rydberg polariton to the state |7) at a distance
R requires an additional interaction energy that in the presence of both van der Waals and exchange
interactions is approximately given by ¥, = Cg/R% £ C3/R3, where Cg/h = 6310 GHz zm®
and C3/h = 23.6 GHz um? (see Appendix A). This interaction energy shifts the EIT resonance and
results in a lower transmission of the probe beam for the state [1).

Fig. 5.2a shows the observed photon count histograms of the transmitted light in a 6-¢s detection
window with and without an atom in |1). Even in such a short time, the two photon count distri-
butions can be clearly distinguished. The time-resolved average count rate (Fig. 5.2b) reveals that the
transmission 74y for [ 1) increases with time, whereas the high transmission without an atom in |1) is
almost constant, and decreases only slowly. The latter may be explained by a decay of the slow-light
|7)-polaritons to other Rydberg states, producing randomly a stationary atom in some Rydberg state,
that then blocks the EIT transmission. The increase in the average transmission 7]y, on the other
hand, can be explained by a light-induced loss process of the Rydberg atom in |1) during detection,
which leads to a sudden increase in transmission at a random time. The observed signal reduction is

100,101
’ or

primarily associated with the control light, and is too fast to be explained by photoionization
the repulsive ac-Stark shift (see Appendix A for details). We hypothesize that a small residual electric
field of a few 10 mV/cm mixes a |92S) component into the |91P) state, so that the control light can
couple the | 1) state, which contains a small component of [92S) in it, to the rapidly decaying |e) state,
causing a sudden loss of the atom in | ).

Modelling the system as a removal of blockade at a random time yields excellent agreement with
the photon count histograms observed at different detection times (see Appendix A). From this we
infer a preparation fidelity for the state 1) (i.e., an atom in |//)) of F, = 0.93 +0.02 (see Appendix A
for details). The detection fidelity (probability of correctly identifying the underlying state |1)) after

removing the state preparation error is then £; = 0.92 £ 0.04.
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Fig. s5.2c demonstrates that we can perform repeated (’non-destructive’) measurements on the
system, where a second 6-us measurement yields good agreement with the first measurement: The
average conditional probability for the second measurement to have the same outcome as the first
measurement is p = 0.79 £ 0.03 (see Appendix A for details). The detection system can also be
viewed as a single-atom transistor for light. We then achieve a gain of G = 17 & 1 in 6 us, somewhat

larger than the gain of G = 10 in 30 us achieved in the Rydberg system of Ref.”5.

5.6 RyYDBERG QUBIT WITHIN A MICRO-ENSEMBLE

We implement a qubit in our system by defining the state with a single atom in |r) as the |].) state.
Coherent rotations in the {|1) , |]) } manifold are induced by applying the microwave field. After a
qubit rotation, we detect the resulting state by turning on the coupling light slightly (1 ws) earlier than
the probe light, such that the state |r) is quickly de-excited by the strong coupling laser to the unstable
state |e), which decays by photon emission in 30 ns (see Fig. 8.1). Thus, as far as the detection process
is concerned, the state ||) (atom in |r)) is equivalent to having no Rydberg excitation at all, while the
state [1) (atom in |#/)) remains unaffected by the detection light, and leads to Rydberg blockade of
the probe transmission. If the photon count is above or below a chosen detection threshold (see Fig.
5.2a), we identify the qubit state as | ) or [1), respectively.

Fig. 5.3 shows Rabi oscillations with the full sequence of state preparation, qubit rotation, and
detection. The trap light is turned oft during the sequence to avoid light shifts of the states. We use
two microwave antennas with adjusted relative phase and amplitude to suppress the 7 polarization
component of the microwave field that can couple atoms in |{) to the magnetic sublevel 72; = 1/2in
the 91P3 /5 manifold, offset by 17 MHz in an applied magnetic field of 9 G. The remaining coupling
to other magnetic sublevels limits the maximum Rabi frequency on the [1) <> []) transition to

5 MHz. The Rabi oscillations show no observable damping on the 6 us timescale, corresponding to a
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Figure 5.3: A microwave field at a frequency fo = 4814.2 MHz is applied to drive Rabi oscillations between [1) and
|4} at an oscillation frequency Q/(27) = 5.3 MHz. Each point is an average of ~ 150 repetitions. The error bars are

the standard deviation of the mean. The fitted contrast loss per 27 pulse is 0C < 2 X 1073, The relevant energy level
diagrams are shown on the right.

contrast loss per 27 pulse of 0C < 2 x 1073,

5.7 PROBABILITY THAT SINGLE RYDBERG ATOM IS PREPARED

The observed contrast of the Rabi oscillations can be used to determine the probability that two excita-
tions in |#/) were simultaneously created in the ensemble. Due to the large interaction energy between
two atoms in |/) and |7), the Rabi oscillations with two excitations would very quickly wash out on a
time scale b/ V,,+(do) ~ 40 ns. From the observed contrast of the Rabi oscillation we conclude that

the probability for preparing two excitations is below 1%.

5.8 QUBIT COHERENCE TIME

We use a Ramsey measurement to characterize the coherence time of the Rydberg qubit embedded

inside the atomic cloud. Two 7/2 pulses are applied with a temporal separation 7 between them, and
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their relative phase is scanned to obtain a Ramsey fringe at given 7. Fig. A.2 displays the contrast of the
Ramsey fringes as a function of Ramsey time 7. By fitting the contrast to a Gaussian decay function,
we obtain the ¢~2 dephasing time as (15 & 5) us. Possible dephasing mechanisms include electric-
field fluctuations acting on the highly polarizable Rydberg states, magnetic field fluctuations, and
interactions between the Rydberg atom and the surrounding ground state atoms '°*. 'We also note
that neither the Rabi flopping nor the Ramsey measurement depend on whether we have encoded
the qubit in a single atom or collectively in a W-state”7. However, previous measurements involving
storage and retrieval of photons indicate that the collective state decoheres during preparation, such

that the qubit is ultimately encoded in a single atom '3.
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Figure 5.4: Ramsey measurements consisting of two 7[/2 pulses separated by a time 7. The phase of the second 7[/2
pulse is scanned to obtain a Ramsey fringe. The contrast of the Ramsey fringe is plotted as a function of 7. The solid curve
is a fit to a Gaussian decay function Ae_(T/T;)Q, yielding a dephasing time 75 = (15 £ 5) usand 4 = 0.88 &= 0.04.
Inset: Ramsey fringe at 7 = 1000 ns.
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5.9 CoNCLUSION AND OUTLOOK

In summary, by harnessing collective effects in a small atomic ensemble, we have demonstrated a
method for the rapid preparation and detection of a Rydberg qubit. The preparation and detection
fidelities demonstrated in this work can likely be further increased in the future. The preparation fi-
delity for a single excitation can be improved by modifying the preparation sequence (see Appendix A)
or using smaller ensemble size, since such ensembles would provide even higher energy cost for mul-
tiple excitation. The size of the ensemble cannot, however, be made arbitrarily small, since at higher
atomic densities, necessary to maintain the same optical depth OD ~ 1, Rydberg molecule forma-
tion '+ could lead to loss. Given our current average atomic density of () = 2x 10* cm ™3, reducing
the ensemble size by a factor of 2 should be possible, which would likely reduce the preparation error
by more than an order of magnitude.

Our demonstrated detection fidelity, on the other hand, is limited by the loss of the Rydberg
atom prepared in the |7) state. This loss is mainly caused by the control light in the detection stage,
and thus could be mitigated by using two ensembles, one for hosting the qubit and the other for detec-
tion, located within a blockade radius from each other. Assuming a measurement time of 1o us, this
configuration could allow for a non-destructive, fast qubit readout with detection fidelity over 99%, a
crucial tool necessary for implementing quantum error correction®s. In addition, such a readout can

106

also enable studies of quantum feedback 'S, quantum Zeno effect'°°, quantum jumps **7, and can

act as a fast probe of Rydberg super-atom dynamics "%,

The detection scheme can be readily implemented in difterent Rydberg platforms”5****, where
a single atom would be replaced by a small ensemble, as demonstrated in Ref. *®”. Alternatively, one
can place a small ensemble within the Rydberg blockade radius of each single atom for fast detection,

or even within the blockade radius of several single atoms for fast parity measurements, and possibly

even error correction. To suppress diffusion of the Rydberg atom between different ensembles due
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to the exchange interaction during detection, it may be necessary to adjust the lattice constant of the

array or the principal quantum numbers of the Rydberg states used.

61



Bose-Einstein condensation by polarization

gradient laser cooling

6.1 INTRODUCTION

Quantum degenerate gases provide an attractive platform for testing fundamental physics ''>**" and

simulating various quantum many-body systems''*'"?. In most experiments, highly efficient laser
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cooling, Doppler cooling, followed by polarization gradient cooling (PGC) takes an atomic gas from
room temperature to sub-mK temperatures ' 4. At this point, the gas is trapped with a typical occu-
pation per quantum state (phase space density, PSD) of ~ 1075, limited by detrimental light-induced
processes such as photon reabsorption heating and atom loss. Subsequently, to reach the degener-
acy, evaporative cooling "'’ is applied. The latter is a robust method requiring only favorable atomic
ground state collision properties, however, the process is slow and necessarily accompanied by a re-
duction in atom number.

Recently, alternative optical cooling techniques have been developed that can reach the quan-

tum degenerate regime faster ' ®*17:1 1811944,

129, The main obstacle to overcome is light-induced col-
lisional loss at higher atomic densities and within the Bose Einstein condensate (BEC)'**. For Sr
atoms, which feature a narrow optical transition, Florian Schreck and colleagues have made use of a
strongly inhomogeneous trapping potential to spectrally decouple the emerging BEC from the cool-
116

ing light

, even demonstrating the first continuous creation of a BEC''7. For alkali atoms, without
aconvenient narrow transition, Raman cooling can be employed to mimic a narrower transition using

an additional laser field to adjust the effective transition linewidth **#+**123

. This approach has en-
abled laser cooling to quantum degeneracy in Rb''>#* and Cs'*#, however, such techniques require
a higher degree of experimental complexity in addition to the PGC already necessary. It has been the
general consensus that optical cooling to Bose-Einstein condensation requires relatively sophisticated,
finely-tuned techniques, and cannot be accomplished by PGC alone.

In this work, we observe the direct formation of a Bose-Einstein condensate of 8”Rb atoms us-
ing only PGC inside a corrugated potential. The cooling is applied to atoms trapped inside a per-
turbed optical tweezer, which is formed by intentionally misaligning the trapping light through a
high-numerical-aperture microscope objective lens. A small fraction (up to ~ 11%) of the atoms

(N ~ 2500) forms a BEC, as revealed by a bimodal and anisotropic velocity distribution observed in

time-of-flight (TOF) imaging. The BEC formation was first discovered accidentally using a machine
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learning algorithm designed to maximize the atom number loaded into the misaligned microscopic
trap. For traps created by laser beams well-aligned to the microscope objective, we do not observe
a condensed component, but we consistently recover condensation in traps misaligned to the mi-
croscope. Furthermore, BECs can be generated controllably using a spatial light modulator (SLM)
to imprint a speckle-like phase pattern, or by superposing two closely spaced traps. We believe that
interference creates dimple structures in the trapping potential that lower the trap depth below the

chemical potential of the system, thus facilitating local condensate formation 125,126,127,128

6.2 EXPERIMENTAL SETUP AND MACHINE LEARNING OPTIMIZED TRAP LOADING

Experimental setup is shown in Fig. 8.1. The optical dipole trap is generated with a Gaussian laser
beam (1 = 808 nm) focused to various beam waists (wg = 2 — 5 um) through a microscope objec-
tive lens (Mitutoyo M Plan Apo NIR B 20X 378-867-5, numerical aperture N4 = 0.4), with the
trapping beam slightly tilted (~ 3°) away from normal incidence on the objective.

8TRb atoms are loaded into the dipole trap from a magneto-optical trap (MOT). The experi-
mental sequence consists of a 500-ms-long MOT cooling and loading stage, followed by a 40-ms-long
MOT compression stage at increased magnetic field gradient, during which atoms are loaded into the
dipole trap. The dipole trap depth is typically U/h = 8 MHz (i.e. U/kp = 400 ¢K), with measured
radial and axial vibration frequencies of ,/(27) = 18 kHz and w,/(27) = 0.8 kHz, respectively.

The various parameters (laser intensities and frequencies, bias magnetic fields along x, y, 2, and
magnetic field gradient) for the dipole trap loading during the MOT compression stage were op-
timized with an open-source, machine learning optimization package (M-LOOP)**, which has been
used previously for improving laser cooling to Bose-Einstein condensation '*°. In this work, we use
the number of atoms loaded into the dipole trap as our cost function. We divide the 40-ms-long

MOT compression stage into three time bins during which we allow M-LOOP to vary 27 parameters
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Figure 6.1: Schematic of the experimental setup for direct polarization gradient cooling to Bose-Einstein condensation
in a corrugated optical potential. The optical dipole trap (1 = 808 nm) is slightly misaligned on a microscope objective
lens with numerical aperture NA = 0.4, resulting in small-scale corrugations of the trapping potential with waist wg =
3.5 um. To maximize the phase space density and reach condensation, machine learning is used to increase the atom
number loaded into the trap by tuning the trap loading and cooling parameters (see text). A time-of-flight (TOF) absorption
image (right) shows a bimodal momentum distribution. The high-density peak contains , at most, 11% of the atoms

(N = 2300).

in total: the durations of the time bins, the beam powers and detunings of the MOT laser on the
5812, F = 2) — |5P3), F = 3) transition, and of the repumper laser on the |55, /o, F=1) —
|5.P3 2. F = 2) transition, the magnetic fields By, By, B;, and the gradient of the magnetic quadrupole
field. The parameters during the different time bins are connected via linear ramps, except for the laser
frequencies, which are jumped in < 1 ms (see Appendix B for details). Initial values of all parame-
ters for the MOT compression stage are carried over from the previous MOT loading stage and were
chosen by hand.

The optimized sequence obtained by the algorithm, presented in Appendix B, increased the num-
ber of loaded atoms by up to a factor of 5 compared to human optimization, while simultaneously
decreasing the temperature by a factor of 2.5, overall improving the phase space density by two orders
of magnitude. To increase the atomic density and reduce light-induced repulsion forces ***3° and

I21

losses '**, the algorithm ramps down the intensity of the repumper laser by a factor of ~ 300, which

65



transfers most of the atoms into the ' = 1 manifold, and reduces photon scattering. Additionally, the
algorithm increases the MOT laser detuning from the |58} /9, F'= 2) — [5P3/9, F = 3) transition
to —180 MHz during the final time bin to produce colder temperatures via blue-detuned PGC on the
5812, F = 2) — |5P39, F = 2) transition "*". The algorithm further increases the magnetic field
gradient to ~ 25 G/cm to achieve higher atomic density during dipole trap loading, while the chosen
bias magnetic field positions the atomic ensemble at the dipole trap location, maximizing the loading
efficiency. All of these are known techniques from human optimization. The algorithm manages to
load as many as /N = 2300 atoms into a microscopic dipole trap with beam waist wg = 3 gm, ata tem-
perature of 7"~ 40 K, well below the Doppler temperature of 140 ¢K, while the recoil temperature
is 360 nK. Note that such temperatures and densities have been achieved with PGC alone '*°, while
lower temperatures (e.g. 10 #K) have been reported only at the expense of lower atomic density **7.

This large atom number is remarkable given that under other loading conditions, such traps can be

made to load only a single atom 3.

6.3 BEC OBSERVATION IN A TIME OF FLIGHT MEASUREMENT

Following the M-LOOP-optimized trap loading, the atoms are held in the dipole trap for an additional
50 — 300 ms to allow the ensemble to thermalize, with typical estimated two-body collision rates of
I, &~ 2.2x10% s~! at peak densities 79 &~ 5x 1013 cm ™3 of the thermal cloud. * Absorption imaging
in-situ shows a local density peak inside the dipole trap, which indicates a corrugation in the optical
potential of the deformed trapping beam. The TOF measurement of the atomic-cloud expansion
(Fig. 6.2a) reveals significantly different expansions of the high-density peak and of the thermal cloud.

As shown in Fig. 6.2b, the thermal cloud expands isotropically in the radial and axial directions with

'During this 50 — 300 ms long thermalization stage, unforced evaporative cooling occurs, where 10-30%
of the atoms are lost while the temperature decreases by 10-20%. Despite this stage decreasing the phase space
density by at most a factor of 2, this stage alone does not play a significant role for the BEC formation.
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temperatures of T, = 2K, /kp = 36(2) uKand T, = 2K, /kp = 42(2) uK, while the dense peak
expands anisotropically with much lower kinetic energies 2K /kg = 1.4(2) uK and 2K /ks <
0.2 #K. In particular, the expansion in the axial (z) direction is too small to be resolved by the imaging
system. Thisanisotropic expansion — well-below the expansion rate of the thermal gas — is a hallmark

signature of BEC formation'S. A bimodal fit reveals an observed condensate fraction of up to 11%.
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Figure 6.2: a. TOF distribution after 400 us shows a high-density peak (gray shaded region) on top of the thermal cloud.
b. Variances of the thermal cloud (filled symbols), and c. the high-density peak (empty symbols) as a function of the TOF.
Purple and yellow markers correspond to expansion along the x (transverse) and z (axial) directions, respectively. The
thermal cloud fits to temperatures of 7, = 2K, /kg = 36(2) uK and T, = 2K, /kp = 42(2) uK along x and z,
respectively, with N = 2.7(1) x 103. The high-density peak expands anisotropically with much lower kinetic energies

of expansion 2K§O)//e3 = 1.4(2) K and 2K§0)//eg < 0.2 uK. The gray shaded region (below 4;4m2) indicates the
imaging resolution.

6.4 DIMPLE HYPOTHESIS

What is staggering about this observation is that after our machine learning optimized cooling, atoms
inside of the large trap are at the phase space density of ~ 1073, three orders of magnitude away from
what is known is needed to cross the phase space density for condensation. However, from the time-
of-flight measurements presented in previous section, we know that BEC is formed inside of the trap,
and the question is how is this possible. At this point, the micrometer size of the trap along with the
slight misalignment of it on the microscope objective comes into play.

We hypothesize that interference in the aberrated trapping beam (from spurious reflections in

the microscope objective) creates corrugations in the potential (local trap dimples), where the local
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trap potential drops below the chemical potential (see Fig. 6.3a) such that a local condensate can
form '25:126:127:128:133 The stronger confinement of the local dimple relative to the macroscopic trap
enhances the local phase space density of atoms inside the dimple. When the volume of the dimple
is significantly smaller than that of the macroscopic trap, the phase space density PSD, within the

128,

dimple increases exponentially with the depth of the dimple

Ua/ (k5T)
1+ (Vd/V)gUd/(kBT) )

In(PSD,/PSD) = (6.1)

Here, U, is the additional trap depth provided by the dimple, and 7, V; are the volumes of the macro-
scopic and dimple traps, respectively. The expression is an approximation assuming box-shaped trap-
ping potentials and V;/V < 1. For smaller volume ratios ;/V, a weaker dimple potential is suffi-
cient to create a BEC. The largest possible increase in phase space density is PSD,;/PSD ~ V/V,
obtained for a dimple depth of U, /(kzT) ~ In(V/V,). For our parameters, this implies that a
volume ratio V;/V < 1073 is needed, in combination with an additional dimple potential depth
U; ~ 6.9%3T ~ b x 5.5 MHz.

The smallest characteristic structure size of the interference speckle pattern can be estimated as
oxg ~ A/(2 x NA) ~ 1.22, yielding a maximum volume ratio (and hence local PSD increase)
of V/Vy ~ 2z%wh/2* ~ 1.5 x 10%, matching what is required to explain the BEC formation.
For the thermal gas in 7, the chemical potential calculated from its temperature and atom number is

approximately Uy ~ b x 5.5 MHz, satisfying the BEC formation condition.
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6.5 DIMPLE HYPOTHESIS - EXPERIMENTAL TESTS

6.5.1 BEC FORMATION DEPENDENCE ON THE TRAP WAIST AND ALIGNMENT

We investigated the dependence of BEC formation on the dipole trapping beam waist wg and on the
misalignment angle between the incident beam and the optical axis of the microscope objective. We
found that the trap size is critical: while we observe BEC formation in adipole trap with wg = 3.5 um,
no condensation was observed for waists w1 = 2.4 um or wo = 4.5 um. For the smaller beam waist
w1, higher light-induced loss during the loading stage "*# into the tighter trap resulted in a smaller
loaded atom number N = 800, and smaller phase space density PSD for the thermal cloud, which
was too low to allow BEC formation. On the other hand, for the larger beam waist w9, the dimple
depth is likely too small to reach the chemical potential (Fig. 6.3a).

Once a proper dipole trap beam waist is chosen and the trap is misaligned, the formation of the
BEC is reproducible and robust. We verified that BEC formation persists at various angles of misalign-
ment, but the density peak can occur at different locations inside the trap; often, multiple high-density
peaks exhibiting anisotropic expansion in TOF are observed (see Appendix B). In contrast, when the
beam is aligned at normal incidence to the microscope objective, we observe only a thermal cloud,
without density anomalies or bimodal TOF distributions. This observation confirms that the right
misalignment of the beam, which comes with right amount of corrugation is needed in our trap to

reach the degeneracy.

6.5.2 BEC FORMATION ON-DEMAND USING SLM

In order to test our dimple hypothesis further and also create BECs under more controlled conditions,
we introduced an SLM in the optical path of the trapping beam. We were then able to observe on-

demand BEC formation for trapping beams well-aligned to the optical axis of the microscope in two
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different configurations of the SLM. First, we used the SLM to generate two traps of 2 um waist and
observed BEC formation when the trap separation was chosen to lie in the range 3.3 — 3.7 um, creat-
ing interference between the traps. Second, we also observed BEC formation when we introduced a
speckle-like pattern consisting of many diffraction orders generated by sine phase functions displayed
on the SLM, superimposing three waves with small wavenumbers (and thus small trap spacing in the
atom plane) and random phase offsets.

In both cases, we observed persistent BEC formation, but the condensate fractions were smaller
than in the data presented in Figs. 8.1 and6.2. However, with the capabilities introduced by an SLM,
we envision possibilities to engineer more complex optical potentials in which the BEC fraction can
be improved via the generation of sub-diffraction-limited dimples '>5"3¢. A gallery of different BECs

observed in various traps is shown in the Appendix B.

6.6 Loss oF BEC ATOMS DURING TIME-OF-FLIGHT

To further verify the BEC formation, we vary the classical phase space density (PSD) of the thermal
cloud and measure the corresponding condensate fraction (see Fig. 6.3b). To change the phase space
density in the trap, we use the same M-LOOP-optimized loading sequence and subsequently ramp up
or down the dipole trap depth within 20 ms, and finally hold the atoms in the trap for an additional
20 ms before TOF imaging. It is evident that higher (lower) PSD yields larger (smaller) condensate
fractions, as expected, since the hottest (thermal) atoms escape the trapping potential.

Notably, while the BEC persists in-trap over timescales of a few hundred milliseconds, we observe
atom loss from the condensate during TOF measurements (see Fig. 6.3¢). This atom loss during TOF
is consistent with two-body elastic collisions between non-condensed atoms from the larger trap and
condensate atoms (see Appendix B). In-trap, the atom number in the BEC remains constant because

there is a dynamic equilibrium between scattering into and out of the condensate. During TOF, how-
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Figure 6.3: a. Corrugations in the optical potential enable BEC formation when the additional trap depth U, drops below
the chemical potential . Interference of the trapping beam generates diffraction-limited structures of size = A, which can
exponentially enhance the local PSDy in the dimple (gray shaded region) with respect to the classical PSD of the thermal
cloud (blue shaded region). b. Fraction of atoms in the BEC peak as a function of PSD in the thermal cloud. The PSD is
tuned by ramping up or down the trap power following M-LOOP-optimized dipole trap loading. The data was taken after
a TOF of 100 ps for N = 3700(200), resulting in up to 200 atoms in the BEC. c. Number of atoms in the condensate
as a function of TOF delay shows fast loss as the cloud expands. In-trap, however, the condensate persists for hundreds
of milliseconds.

ever, the thermal cloud disperses quickly, and loss of atoms from the condensate cannot be recovered
via elastic collisions with the thermal atoms. At short TOF, the loss of the condensate may be fur-
ther enhanced due to the presence of thermal atoms confined within the dimple potential. As the
thermal cloud density decreases during TOF expansion, the loss from the condensate stops. A sec-
ond possible explanation for condensate loss in TOF is three-body loss *° (see Appendix B; note that
two-body inelastic collisions should be negligible since the algorithm prepares the atoms in the = 1
ground state.) However, the long BEC lifetime in-trap suggests that three-body loss is unlikely to be

the dominant loss mechanism on the time scale shown in Fig. 6.3c.

6.7 CONCLUSION AND OUTLOOK

In summary, we have, for the first time, observed the direct formation of a BEC using only regular
optical molasses (PGC) laser cooling, overturning a long-held paradigm that PGC is insufficient for
reaching quantum degeneracy. Given the similar properties among alkali atoms, we anticipate that

this technique can be applied to other atomic species suffering from large light-induced losses. The
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cooling is accomplished within a duration as short as 40 ms, which is an order of magnitude faster than
that achieved in other works*>>**®. While the total cooling duration was kept fixed in this work, we
envision possibilities of increasing the condensate fraction (or reducing the cooling duration) by vary-
ing the chosen cost function for the optimizer, to explore the known trade-oft between atom number
and temperature '*°. Additionally, the duration of MOT loading can be easily reduced by employing a
2D MOT, which would significantly improve the cycle time "*”. Combining this method with arrays

of optical tweezers 19,18

, it should be possible to create hundreds of small condensates simultaneously,
and purify them by lowering the trap power. This may constitute, e.g., a promising starting point for

atom interferometry’ 38,139 and other precision experiments with ultracold atoms.
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Long range detection of a single Rydberg
atom via hopping with Rydberg polaritons

7.1 INTRODUCTION

Interactions between atoms in high-lying energy states, also known as Rydberg states**, have played a

crucial role in recent discoveries and technological advancements. Manifesting in dipolar exchange '4°
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or blockade”* mechanisms, Rydberg interactions have enabled the generation of squeezed atomic
states > #"'4* for quantum metrology applications and the development of neutral atom quantum

24,26,25

processors with high-fidelity gates , supporting demonstrations of encoded logical qubits'*.
In the realm of fundamental physics, Rydberg interactions have enabled quantum simulations of
complex*”5 quantum many-body phases, and mediated effective interactions between photons via
Electromagnetically-induced transparency (EIT) 10365143,

The latter efforts have uncovered intriguing phenomena: for example, a photon can form a Ry-
dberg polariton®* and collide with a stationary Rydberg atom, resulting in either increased absorp-
tion'®? or a phase shift®>'#*. Such state-dependent effects have lead to demonstrations of single-
photon transistors and photonic gates mediated by atomic ensembles®+?59°. It was further pro-
posed'#* that precise control over the atom-polariton interaction parameters can be achieved by plac-
ing a single Rydberg excitation and an atomic ensemble hosting Rydberg polaritons in separate spatial
modes and controlling the distance between them. However, such a scheme had yet to be experimen-
tally realized.

Here, we demonstrate full control over the interaction between a stationary Rydberg atom pre-
pared next to propagating Rydberg polaritons, showcasing three distinct regimes: blockade, coherent
exchange, and incoherent (classical) hopping. We experimentally verify the expected behaviour in each
regime, and we investigate their utility for fast, long-range and non-destructive detection of Rydberg
atoms by observing, for the first time, coherent Rabi oscillations of a prepared Rydberg atom by non-
local detection with a neighbouring ensemble. Our results suggest that reliable, high-fidelity detection
applications should be explored predominantly in the blockade regime, in which the signal-to-noise
ratio is not limited by the population of Rydberg atoms. Since our scheme is readily scalable, we expect
our findings to support arrays of detector ensembles next to single atoms for next-generation neutral
atom quantum processors, while enabling novel methods to build quantum photonic networks '#5

and quantum random walks with inherent nonlinearity 146
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7.2 EXPERIMENTAL SETUP

Our experimental setup is illustrated in Fig. 7.1c. We load 8TRb ensembles in an array of dipole traps
(2 = 808nm, wy = 4.9 um) generated by a spatial light modulator (SLM). After loading, we dy-
namically compress the ensembles to reduce the axial cloud size and improve confinement with two
sheets of blue-detuned beams (A = 770 nm, wy = 4 um X 32 zm), generated by a one-dimensional
acousto-optic deflector (AOD). After these steps each dipole trap hosts an ensemble with ~ 200

atoms within o, = 2 pm, gy = 2.5um, 0, = 4 um.

A =480nm
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Figure 7.1: Preparation and detection scheme, and schematic of the apparatus: a. Three-photon scheme which prepares
a single Rydberg atom in the state |z’ P) = |75P3 5, m; = 3/2) within the ensemble. The first and third legs of the
three-photon transition (780 nm and microwave fields with Rabi frequencies )1, {)3) are detuned by & = +100 MHz
from resonance of their respective transitions, while the 480 nm light with Rabi frequency Q5 is on-resonance with
le) = |5P3 9, F = 3,mp = 3) — [nD) = |74D5 /5, m; = 5/2). b. Rydberg EIT scheme, in which both the probe
and control fields (with Rabi frequencies ), {),) are on-resonance with their respective transitions. c. Schematic of the
setup illustrates the trap configuration, which creates small ensembles using 808 nm SLM traps and 770 nm AOD beams.
A site-selective 480 nm control field (blue) is controlled via a two-dimensional AOD and co-propagates with the SLM
traps, while a global 780 nm probe field (not depicted) is sent through the microscope objective in the opposite direction.
(Zoom-in) Dipole-dipole interactions J'pp between a stationary Rydberg atom in |n/P> and travelling Rydberg polaritons
in |7zD> result in symmetric splitting of dressed states, in contrast to van der Waals interactions.

For our detection scheme, we perform absorption imaging of ensembles, with typical peak op-

tical densities OD ~ 2 per ensemble, with a probe beam which is sent through a microscope ob-
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jective (numerical aperture NA = 0.4). Fig. 7.1b illustrates the Rydberg EIT scheme: a weak
780 nm field (Q,/(27) ~ 100 — 300 kHz) probes the transition between the ground state |g) =
581 /2, F = 2, mp = 2) and excited state [¢) = [5P3 /9, F = 3, mp = 3), while a strong 480 nm con-
trol field (Q,/(27) = 5—20 MHz) couples |¢) to the Rydberg state [2D) = |74Ds /5, m; = 5/2). If
the probe and control fields satisfy the bare two-photon-resonance (while Q, < Q.), EIT conditions
are fulfilled and a probe photon entering an ensemble couples to a travelling dark state polariton *, re-
sulting in high transmission. However, the presence of a stationary Rydberg atom in e.g. |#’P), shifts
the states |2D) within the ensemble, thereby inhibiting dark state formation and leading to strong
probe absorption. In this work, the probe rate is maximized while ensuring at most a single polariton
is present in each ensemble, to avoid the effects associated with self-interactions *°>*47.

In the experiments presented below, we load 2—5 atomic ensembles, and increase the magnetic
field to 9 G in order to spectrally resolve the desired Rydberg 727 sublevel. One ensemble (the “prepa-
ration” ensemble) is used to prepare a single Rydberg atom in the state [#'P) = [75P;3 5, m; = 3/2)
via a three-photon transition and the Rydberg blockade mechanism '#* as illustrated in Fig. 7.1a. Al-
though the position of the prepared Rydberg atom within the ensemble is stochastic, the width of its
spatial distribution is an order of magnitude smaller than atom-polariton distances reported in this
work. We employ a global probe beam counterpropagating against the control beam, and perform
site-selective Rydberg preparation and detection with the control beam via a two-dimensional AOD.
For the relevant distances studied in this work, we observe control beam switching times selectively il-
luminating ensembles of < 10 us, which is sufficiently small compared to the lifetimes of the Rydberg
states. Thus, following the preparation of a single Rydberg atom in |’ P) inside a preparation ensem-
ble, the control AOD is switched to address neighbouring ensemble(s) (the “detection” ensemble(s))
and couple them to |2D) Rydberg polaritons. Further information about our ensemble preparation
process, Rydberg preparation and detection schemes, as well as more details about our apparatus, can

be found in Appendix C.
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7.3 INTERACTION MODEL AND REGIMES

The stationary Rydbergatom in |’ P) and the Rydberg polaritons coupled to |2.D) interact via dipole-
dipole interactions of the form Vpp(r) = C3/ 7, where ris the atom-polariton distance and Cs is the
interaction coefficient. Simulations >3 indicate that the interactions between the two states chosen in
this work are relatively isolated from other energy levels, thereby supporting interactions predomi-
nantly within this two-level manifold (see Appendix C for more information).

Depending on the distance between the stationary Rydberg atom and neighbouring Rydberg po-
laritons, three interaction regimes are expected: blockade, coherent exchange, and incoherent (clas-
sical) hopping. These regimes arise as a competition between polariton blockade and Rydberg ex-
change, both caused by the same native dipole-dipole interaction. The first regime occurs for short
distances within the blockade radius » < 7, which is the characteristic distance at which the dipolar
coupling strength is equal to the EIT linewidth Vpp(r;) = Tgrr'#°9". The strong interactions
in this regime prevents polariton formation within the neighbouring ensemble, resulting in strong
absorption of probe photons.

As the atom-polariton distance increases, the second regime emerges, in which the dipolar in-
teraction strength is not sufficiently large to induce blockade and polaritons will form. This regime
occurs for intermediate distances 7, < 7 < r;, where the hopping radius 7}, is defined as the distance at
which the interaction timescale equals the characteristic propagation timescale 7, of a single polariton
through the ensemble (i.e. group delay 7, o g—?) The hopping radius is related to the blockade radius
as 7, = \/ODyr,'*5, where OD), is the optical depth per blockade radius (in our case, OD;, = OD
since the ensemble is smaller than the blockade radius, and therefore 7, > 7, throughout this work).
In this regime, the dipolar interaction is faster than the group delay of Rydberg polaritons, which
leads to coherent exchange of Rydberg excitations |#'P) <+ |zD) between the atom and polariton.

In other words, initially-transparent Rydberg polaritons coupled |2D) within the ensemble evolves
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into stationary |’ P) states which induce subsequent probe photon absorption.

Finally, at distances larger than the hopping radius » > 7}, incoherent hopping occurs, in which
the interaction timescale is small compared to the group delay 7y In this case, upon the exit of the
polariton from the cloud, projection measurement is performed, projecting polariton into |’ P) state
with probability dependent on ¥pp(7) and 7,. A classical rate equation can accurately capture the

|n’ P) probabilistic leakage into the polariton ensemble with rate o z'; V2,(7) (see Appendix C).

7.4 CONTROL OVER THE RYDBERG ATOM-POLARITON INTERACTION REGIME

To our knowledge, Fig. 7.2 provides the first experimental observation of the transition between the
different interaction regimes. The Rydberg interaction strength was varied by changing the distance
between the preparation and detection ensembles (and thereby the atom-polariton separation). A
control coupling of Q. /(27) = 5.5 MHz was chosen to allow for all three regimes to be accessible by
our experiment. We measure the absorption of the detection ensemble and plot the contrast, defined
as the ratio of detected missing photons (absorbed photons) to the number of detected photons in the
absence of atoms (more information in Appendix C).

Within the blockade regime (» < 7;), the contrast in Fig. 7.2 is high and independent of the inter-
action strength, as polariton formation is blockaded due to strong dipolar interactions. Conversely,
at intermediate interaction strengths (7, < » < 7}), the contrast behaves non-monotonically which
is indicative of coherent exchange, as |’ P) population hops between the preparation and detection
ensemble. The minimum contrast observed within this region occurs at the distance at which, on aver-
age, afull flip-flop between |z’ P) and |n.D) can be completed in time equal to group delay time. At this
distance, in a perfect system, polariton would exit the ensemble "unperturbed”, as if it never interacted
with the Rydberg atom, resulting in no contrast. We attribute the limited visibility of non-monotonic

behavior to the lower OD value, positional dephasing and additional decay and decoherence mecha-
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Figure 7.2: Full interaction space: Absorption through the detection ensemble hosting |nD> polaritons (left ensembles;
shown above the plot) is plotted as a function of polariton interaction strength with a single Rydberg atom prepared in
|n’P> within the preparation ensemble (right ensembles). The Rydberg interaction strength was varied by changing the
distance between the preparation and detection ensembles. Our observations reveal three distinct regimes: blockade,
coherent exchange, and incoherent hopping. Illustrations above the graph depict the behavior in each regime. The left
and right vertical lines represent the interaction strengths at the hopping and blockade radius, respectively, for the control
Rabi frequency of Q[/(27r) = 5.5 MHz chosen for this data. A phenomenological theory curve closely matches the
observed data.

nisms in the Rydberg manifold. At larger distances (» > 7},), the contrast drops quadratically with
the interaction strength, consistent with probabilistic (classical) hopping of the |z’ P) population. The
observed data matches well with our phenomenological theory curve (see Appendix C) as shown in
Fig. 7.2), which captures all key features of our observations: the quadratic scaling in the classical hop-
ping regime, the non-monotonic behaviour in the coherent exchange regime, and the flat contrast in
the blockade regime.

We perform several additional experiments to qualitatively verify that hopping and blockade oc-
cur as expected. Since the blockade regime is a direct consequence of large interaction strengths and
is frequently observed 148,144,143 e provide detailed evidence in the Appendix C that this effect oc-
curs in the same way for spatially separated Rydberg atom and Rydberg polaritons. In the incoherent

hopping regime, we present evidence for |’ P) state population transfer from preparation ensemble
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Figure 7.3: Evidence of dipolar hopping: a. Detection contrast in the leftmost detector (green markers) increases with the
addition of an intermediate ensemble (purple markers), which mediates hopping between the Rydberg atom prepared in
the rightmost ensemble and the leftmost detector. b. Initial |n/P> Rydberg population in the prepared middle ensemble
(green) decreases following polariton propagation in the neighbouring detector ensembles (purple).

to detector ensemble through observations of increased absorption in the detection ensemble, as well
as decreased absorption in the preparation ensemble. In Fig. 7.3a, we show that the contrast observed
in the detection (leftmost) ensemble, following preparation of a single |’ P) excitation in the right-
most ensemble, increases when a “mediating” ensemble is present. The increase in signal (purple)
compared to the same experiment performed without the mediator (green) indicates that the |’ P)
state first hops to the mediating ensemble before hopping to the detection ensemble. Each process is
8 X faster compared to the hopping process between preparation and detection ensemble in absence
of the mediating ensemble, resulting in increased probability of finding |’ P) in the detector ensem-
ble. Next, we verify that the initial |#»"P) population in the preparation ensemble has decreased due to
hopping with neighbouring |2D) polaritons. With an array of three ensembles as shown in Fig. 7.3b,
we prepare a single |’ P) state in the middle ensemble, and measure how this population changes
by detecting that same ensemble via EIT. For various distances between preparation and detection
ensembles, it is evident that the initial |z’ P) population is reduced if |2D) polaritons travel through

neighbouring ensembles (purple) compared to the case when they are not (green; more information
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in Appendix C). These two experiments indicate that |z’ P) population is lost from its initial host,

preparation ensemble, and appearing in the detection ensemble, mediated by dipolar interactions.

7.5 NON-LOCAL READOUT OF A RYDBERG QUBIT USING RYDBERG POLARITONS

After exploring the full range of interaction regimes in our system, we investigate the Rydberg EIT
mechanism as a method for fast, non-destructive, and state-selective readout of a single Rydberg qubit
using a neighbouring detector ensemble (i.e. “non-local” detection). Parameters for the detector were
chosen by manual optimization, consisting of a higher control field (Q,/(27) = 20 MHz), an aver-
age optical density of &~ 1.5, approximately 200 atoms per ensemble, and a qubit-detector separation
of 20 um (more details in Appendix C). At higher control fields, which are preferred as higher probe
rates are possible, the blockade radius is smaller, and therefore it is impossible to operate our detec-
tor within the blockade regime, which would be ideal for detection (given our wy = 4.9 um dipole
trap waist and control Rabi frequency). Instead, our optimal readout results shown in Fig. 7.4a for
single-shot detection of a Rydberg qubit were achieved in the classical hopping regime. We achieved
a single-shot preparation and detection fidelity of 47(5) % for distinguishing between qubit states
within 30 us of readout. Since the detection scheme leads to minimal atom loss within the ensemble,
repeated preparation and readout sequences are possible. By performing this process with 20 repe-
titions of 10 us detection, we achieved a fidelity of 79(4) % as shown in Fig. 7.4b. Given that our
preparation method is not ideal (previous work has demonstrated ~ 90 % fidelity *+*), the actual de-
tection fidelity for a single shot is slightly higher, suggesting that our current repeated measurement
fidelity may exceed 90 %.

Using our repeated readout scheme, we demonstrate a non-local, state-selective detection of a
single Rydberg qubit using a neighbouring ensemble. We apply a global 5.214 GHz microwave field,

following selective preparation of |’ P) Rydberg atom just in the qubit ensemble. The microwave field
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Figure 7.4: Applications of Rydberg EIT as a non-local detector: a. Single-shot historgam for 30 us of readout. b. With
repeated preparation and detection with 20 repetitions of 10 ys detection, we achieve a fidelity of 79(4) %. c. State-
selective non-local detection of a Rydberg qubit, following global microwave drive, shows long-lived coherent Rabi oscil-
lations.

couples the |’ P) and |nD) states of the qubit ensemble, inducing Rabi oscillations between them at
a frequency of Qymw/(27) = 4.04(4) MHz. Meanwhile, the microwave field has no effect on the
detector ensemble, as all atoms are in the ground state at that time. After a variable microwave appli-
cation time, we detect the transmission through the detector ensemble positioned at distance 20 um
from the qubit as shown in Fig. 7.4c, demonstrating that our detection method is state-selective,
which has not been demonstrated previously in the non-local configuration.

For optimal single-shot detection of a single Rydberg atom, the atom must be placed as close as
possible to the detector ensemble to remain within the blockade regime, while maintaining high con-
trol field Rabi frequencies to allow for high probe rates. In our system, this was not possible, however,
we anticipate that this limitation could be addressed with the use of tightly-focused single-atom tweez-
ers and a separate set of detector ensemble traps. This choice would additionally allow a number of

other improvements expected to further enhance the signal. With these improvements, we estimate
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that detection fidelities of over 99 % are possible within tens of microseconds. The detection SNR
can be further improved by placing several detector ensembles within the blockade radius of the single
Rydberg atom. Such detector multiplexing is not useful in the coherent exchange regime, as the total
population (and thus, the total detection contrast) is conserved. Further details on optimal parameters

for single-shot readout, along with data on multiplexed detection, are provided in Appendix C.

7.6 CONCLUSION AND OUTLOOK

In summary, we investigated the full dipolar interaction regimes between a stationary Rydberg atom
and travelling Rydberg polaritons, in which the interaction strength is varied via the inter-ensemble
separation. We observed three distinct regimes - blockade, coherent exchange, and incoherent hop-
ping, qualitatively verifying the expected behavior of our system for each of them. We further explore
the use of this state-selective scheme for fast, non-destructive readout of single Rydberg atom, in which
we demonstrate non-local detection of Rabi oscillation of a Rydberg atom via detector ensemble sep-
arated by 20 um. Although the readout fidelity achieved in this work is not high enough to be readily
used, we outline a pathway to improve it to 99 % level. With improved readout fidelity, interfacing
arrays of ensemble detectors with single atom arrays has the potential to significantly enhance neutral
atom quantum processors, as it may lead to orders-of-magnitude faster readout than current state-
of-the-art methods, efficient mid-circuit readout via the inherent non-destructive nature of Rydberg
EIT, and full compatibility with continuous array operation at a constant high magnetic field, as well
as with existing architectures for neutral atom quantum processors ' ">3>3+35_ Future studies may also
utilize our work as a convenient infrastructure for quantum photonic networks, supporting quantum
photonic gates and switches *+95:9¢; or for studies of quantum walks with inherent nonlinearity (in a
similar fashion to those demonstrated in '4®), where one or many Rydberg excitations can hop within

an array of ensembles.
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High Magnetic Field Loading and Imaging
of Single Atom Arrays

8.1 INTRODUCTION

Arrays of single neutral atoms excited to high-lying Rydberg states have emerged as a powerful plat-

form for quantum technologies, enabling applications in simulation >, computation *#>5*¢, preci-
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sion metrology *'#"*4*, and sensing '#. Such systems have demonstrated remarkable scalability, rou-
tinely featuring hundreds, and recently, thousands**?3, of individually trapped atoms. Even at these
large scales, precise control is maintained over quantum states and Rydberg interactions, resulting in
high-fidelity single-qubit and two-qubit gate operations 242520 Thjg high level of control, combined
with a re-configurable architecture?®’, has facilitated recent demonstrations of encoded logical qubits
— a key milestone towards error-corrected logical qubits and fault-tolerant computation '*. These de-
velopments highlight the neutral atom platform as a strong contender for quantum computer, and
expanding the control of these systems remains an important goal.

Due to the hyperfine structure of commonly-used atomic species (Rb, Yb, Sr), large magnetic
fields (on the order of 10-100 G) are often required for high-fidelity gate operations *5***3451_ For
alkaline-earth atoms with a convenient narrow-linewidth transition, single-atom loading and imaging
in a magnetic field has been demonstrated *#*>*. However, for alkali atoms without such a transition,
zero magnetic field is required for these processes, in particular, polarization gradient cooling (PGC),
which imposes a direct limitation on the speed of the neutral atom processor since magnetic field
switching for any mid-circuit measurement is necessary. This switching process usually takes ~ 1 —
10 ms, several orders of magnitude longer than typical qubit manipulations, thus rendering multiple
mid-circuit readouts lengthy and inconvenient. Additionally, the requirement for zero-field loading
and imaging prevents systems based on alkali atoms from operating in a fully continuous mode via
an optical-lattice conveyor belt, a technique recently demonstrated for 171y} 34, 88S¢35 Hence, the
requirement for zero magnetic field loading and imaging directly limits the duty cycle of the alkali-
atom quantum processor.

Alternative approaches to PGC for imaging and loading of single alkali atoms have been devel-
oped, including Raman (sideband) cooling '5*'54, A-enhanced gray molasses 155156 and EIT cool-
ing 57, however, these experiments were performed either at low magnetic fields or required long

imaging durations. Non-destructive imaging has been achieved in high magnetic fields at the cost of
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significantly deeper traps 158,159 which hinders scalability of tweezer arrays. Consequently, no com-
prehensive solution has been demonstrated thus far to support the essential operations of loading and
imaging of single alkali-atom arrays in high magnetic fields.

In this work, we demonstrate non-destructive, high-fidelity imaging of single atoms in a high
magnetic field at trap depths commonly used in alkali tweezer arrays. Our technique is based on a
combination of fluorescence imaging, responsible for single-atom detection, and EIT cooling on the
D2 line®”'%, enabling the preservation of atoms during detection, with which we achieve 99.6(3) %
readout fidelity in 70 ms with 98.2(3) % atom survival probability. With the same magnetic field
and combination of laser beams, we show that single atoms can be prepared in an array of tweezers
with a stochastic loading probability of 48(3) %, which can be enhanced to 68(2) % by adjusting
the laser detunings. In fact, our results are achieved despite the modest parameters of our microscope
objective lens, where with typical objectives used in state-of-the-art atom array experiments, an order-
of-magnitude speedup is readily expected. Importantly, our scheme works in 2D, cooling atoms in
both the axial and radial directions, and as such it is compatible with either the constant array archi-

tecture '®'

or the zoned architecture'*, making it applicable to a wide variety of experimental systems
and is an important step towards continuously-operating alkali-atom arrays for quantum information

applications.

8.2 EXPERIMENTAL SETUP

Our experimental setup is shown in Fig. 8.1a. An array of 10 optical tweezers (1 = 808 nm) is
generated with a spatial light modulator (SLM) focused to beam waists of wy ~ 1.6 um through
a microscope objective lens (NA = 0.4) with measured radial and axial vibration frequencies of

wy/(27) = 45kHzand w,/(27) = 4kHzand AC Stark shift of 23 MHz (see details in Appendix D).

After initial magneto-optical-trap (MOT) cooling, loading, and compression stage optimized with
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162 an ensemble of 8"Rb atoms is loaded into each tweezer.

machine learning* 8 as reported previously
The magnetic gradient is then switched off, while the bias field along the x direction is increased to

2.3 G for subsequent parity projection into single atoms and fluorescence imaging.
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Figure 8.1: Experimental setup and relevant energy levels: a. Schematic of our experimental setup, showing 10 traps
generated by an SLM focused through a microscope objective. The bias magnetic field is set to 2.3 G along the x-axis. The
tweezers are illuminated with o™ polarized control beam used for EIT cooling, with a counterpropagating ot polarized
fluorescence (imaging) beam. The 7 polarized EIT probe light propagates in parallel with the microscope objective, entering
the chamber in the y — z plane at a 37° angle relative to the z-direction. A secondary 7 beam is aligned along the e
direction. The repump light is generated as an EOM sideband on the EIT o1 control beam. b. Energy level diagram
showing the states involved in EIT cooling and the transition used for imaging.

Both operations (imaging and loading) are performed with the same beam configuration: a o'

polarized EIT control beam used for cooling (propagating along the magnetic field i.e. x-axis), a coun-
terpropagating o polarized fluorescence imaging beam and 7 polarized EIT probe beam, aligned in
the y — z plane at a 37° angle relative to the z axis. An additional 7 beam is aligned along the y-axis, as
it was found to improve our results, however, it is not strictly necessary (see Appendix D).

In Fig. 8.1b, the relevant Zeeman sublevels used for imaging and cooling are shown. The flu-
orescence imaging beam is — 67 MHz detuned from the [55) /9, F = 2) — [5P5/5, F = 3) transi-
tion, the EIT control beam is + 36 MHz detuned from the [551 o, F = 2) — |5P3 5, F = 2) transi-

tion, and the EIT probe light frequency is tuned to compensate the Zeeman splitting in the ground
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state and satisfy the EIT condition*®. A polarized repump beam addresses the |55 12, F=1) —
|5P; 5, F = 2) transition, generated as a sideband on the o control beam via a phase electro-optic
modulator (EOM). For more details on experimental parameters, including Rabi frequencies, and

calculation showing that we work far outside Lamb-Dicke regime see Appendix D.

8.3 RESULTS

Fig. 8.2a shows histograms of our imaging in high magnetic field for each of the 10 traps, from which
we extract an average fidelity of 99.6(3) % to distinguish a single atom from the background. During
70 ms of imaging, we detect on average 84(7) photoelectron counts per atom, consistent with our
estimated imaging beam scattering rate (see Appendix D) combined with our estimated total collec-
tion and detection efficiency (= 1 %), which is predominantly limited by our microscope objective
NA = 0.4 (collection of 3.3 %) and ~ 40 % transmission loss for our imaging wavelength of 780 nm
from the same objective.

In Fig. 8.2b, we show preparation of single atoms in optical tweezers in high magnetic field, for
each of the 10 traps. The histograms in purple display the photoelectron counts detected during 70 ms
of imaging in high magnetic field, performed immediately after tweezers are loaded from the MOT
and the magnetic field is stabilized at 2.3 G. The histograms in green show the photoelectron counts
collected from the subsequent image. These measurements indicate that the initial traps are loaded
with multiple atoms, but after one application of imaging, the following images display bimodal dis-
tributions — characteristic of stochastic loading of single atoms, with an average loading probability of
48(3) %, consistent with typical loading probabilities during PGC ('7*3*). Fig. 8.2c shows that the
characteristic time to prepare single atoms using this imaging technique is much shorter than the imag-
ing duration required for high-fidelity readout. We measure the characteristic collisional timescale to

be 1.63 £ 0.07 ms, with single atoms prepared reliably within 10 ms.
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Figure 8.2: Imaging and loading in a high magnetic field: a. Histograms of high B-field imaging obtained in 70 ms for 10
different traps. b. Histograms of two consecutive high B-field images. The first image (purple histogram) is taken after
ensembles of atoms are loaded into tweezers and magnetic field is increased to 2.3 G. The second image (green histogram)
is taken immediately after the first image. A bimodal distribution of the second image confirms that this imaging method
can be used to prepare single atoms in high magnetic fields with probability 48(3) %. c. Counts collected from EIT
imaging as a function of preparation duration saturates once a single atom has been prepared in a tweezer via light-
assisted collisions from EIT imaging beams. The fit reveals characteristic collision times of 1.63 & 0.07 ms, with single
atoms reliably prepared within 10 ms. d. Single-atom preparation probability as a function of imaging beam detuning from
Stark-shifted |55 /2, F' = 2) — |5P3 /5, F = 3) transition. We observe ~ 68(2)% loading probability for detunings
< 2U = 42 MHz, as expected *°.

For our scheme, cooling beams are blue-detuned on the |58 /o, F = 2) — [5P35, F = 2) tran-
sition, which enables possibilities for enhanced loading via blue-detuned light-assisted collisions**. In
Fig. 8.2d, we show enhanced single-atom loading probabilities of up to ~ 68(2) % by adjusting the
detuning of fluorescence imaging beam from red to blue on the [55 /o, F = 2) — [5P3/5, F = 3)
transition, observing enhancement for detunings S 2U = 42 MHz relative to the Stark-shifted line,
asexpected *5. Moreover, the enhanced loading was achieved in an order of magnitude faster time than
previous demonstrations on the D1 line*5, with the characteristic single-atom preparation timescale
now observed within just 2 — 10 ms. While A-enhanced grey molasses cooling has been previously
demonstrated on the D2 line '3, to our knowledge, our work presents the first observation of en-
hanced loading of single atoms on the D2 line, which does not require the use of additional D1 lasers.
A detailed investigation into fundamental limitations in deterministic loading is left for future work.

For imaging to be effective in the continuous assembly of an atomic storage array in a high mag-

netic field, it is essential to demonstrate that the imaging technique leads to low atom loss. In Fig. 8.3a,
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we measure the rate of atom loss by taking nine successive images. The purple markers show the
atom loss probability after each image, while gray markers indicate the baseline atom loss (observed
by merely holding atoms in tweezers for the same duration without applying any cooling and imaging
light), which indicates that the in-trap atom lifetime is the main contribution to loss. After correcting

for the trap lifetime, we find that the atom loss per image is 1.8(3) %.
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Figure 8.3: Imaging-induced atom loss and heating: a. Probability of atom loss as a function of number of consecutive
70 ms images. The purple markers show total atom loss, while the gray markers indicate in-trap atom loss in the absence
of cooling and imaging beams, indicating that the in-trap atom lifetime is the main contribution to loss. The inset displays
a histogram for the first (purple) and ninth (green) images of an atom in the same trap. b. Release and recapture mea-
surements obtained for 3 cases: after PGC (dark purple), EIT imaging (purple), and EIT cooling (no imaging; light purple).
Fitted data reveal temperatures of 7 = 371_51;5 uK after PGC, T'= 16'_"% uK after EIT imaging, and T = 91‘3 uK after
EIT cooling, which indicates that the addition of a fluorescence imaging beam increases temperatures compared to EIT
cooling alone. The inset displays atom loss probability as a function of probe EIT detuning and it shows the shift in optimal
EIT probe beam frequency when EIT is performed with fluorescence imaging due to the AC Stark shift from the imaging
beam. c. Atom loss probability as a function of imaging beam scattering rate, which shows a sudden increase when the
scattering rate matches the radial trapping frequency. This suggests that the imaging duration is limited by the radiation
pressure force from the imaging beam, which can be reduced by increasing the radial trapping frequency.

Next, we investigate the effects of our imaging, while identifying potential areas for improve-
ment. To determine if our imaging technique, which involves fluorescence and EIT cooling, is heating
atoms, we perform standard release and recapture measurements*° for three cases: (1) atoms cooled
using PGC, in zero magnetic field, (2) atoms cooled using EIT cooling in a high magnetic field, and
(3) atoms after one round of imaging (i.e. EIT cooling + single fluorescence imaging beam) at high
magnetic field. As shown in Fig. 8.3b, a temperature of 7' = 161‘% uK is achieved after applying one
imaging cycle, which is significantly colder than that achieved via PGC (7" = 37’_"5135 uK) and slightly

hotter than the EIT cooling temperature (no imaging beam) of 7" = 9f§ uK (see Appendix D). This
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indicates that the heating rate generated by the fluorescence imaging beam is not fully compensated
by our EIT cooling, suggesting that cooling between successive imaging sessions could prevent atoms
from being heated out of the traps. We note that to cool atoms effectively in the presence of the
imaging beam, the probe beam frequency is redshifted by 130 + 10 kHz compared to cooling in the
absence of imaging (inset in Fig. 8.3b), which is consistent with the AC Stark shift generated by our
detuned imaging beam (see Appendix D).

To investigate the speed limitation of our imaging technique, we scan the detuning of the fluores-
cence beam, as shown in Fig. 8.3¢, which effectively changes the scattering rate (see Appendix D). We
observe a sharp increase in atom loss for scattering rates above 4 x 10% s ™1, which is consistent with the
radial trapping frequency. Further experiments show that increasing the trap depth (thereby the trap-
ping frequency) enables higher scattering rates for a given atom loss probability. This implies that the
main limitation to the scattering rate is the momentum kick exerted by fluorescence photons on the
atoms. If multiple imaging photons are absorbed before the atom complete a full oscillation in the ra-
dial direction, it will be pushed out of the trap in the direction of the imaging beam. Our observations
indicate that increasing the trapping frequency with tighter tweezers generated via a higher—NA ob-
jective would allow for higher scattering rates without losing atoms, thereby enabling faster imaging.
Additionally, we anticipate that retroreflecting the imaging beam (and potentially the EIT control
beam) should also help reduce atom loss.

Finally, to verify that our loading and imaging technique works in 2D, we block the 7 light along
the y direction and find that the technique is also effective in two dimensions (see Appendix D for the
data and details of the measurement). This measurement demonstrates that our imaging technique is
compatible with continuous loading techniques via a conveyor belt, which require atom arrays to be

configured in a zoned architecture.
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8.4 CONCLUSION AND OUTLOOK

In summary, we show that a combination of fluorescence imaging with EIT cooling on the D2 line
enables single-atom preparation and non-destructive, high-fidelity imaging in high magnetic fields.
We achieve 99.6(3) % readout fidelity in 70 ms of imaging with 98.2(3) % survival probability and
single-atom preparation from an ensemble within 10 ms with 48(3) % stochastic loading. We demon-
strate that enhanced loading is possible on the D2 line, achieving up to 68(2) % probability to prepare
a single atom in an order of magnitude faster time compared to previously demonstrated enhanced
D1 loading schemes*S. Furthermore, we show that our loading and imaging technique can oper-
ate in two dimensions, which renders our method compatible with re-loading of atom arrays?>3+35
and zoned architectures for neutral atom quantum processors'"'. Although our experiments are per-
formed in a relatively small bias field of 2.3 G due to technical limitations, there is no inherent reason
why this technique cannot be extended to the higher magnetic fields necessary for high-fidelity quan-
tum gates '*°.

We believe our results can be significantly improved with modest technical upgrades, in particular,
an objective with a higher NA. Objectives typically used in atom-array experiments with NA = 0.65
would result in a fivefold increase in overall collection efficiency. Tighter tweezers (wy S 1 um) gener-
ated by this objective would enable a fourfold increase in trapping frequency (and correspondingly in
the scattering rate) for the same trap power. Consequently, we anticipate at least an order of magni-
tude reduction in imaging duration, which would also decrease imaging destructiveness by the same
factor. Tighter tweezers would result in higher collision rates and fewer atoms initially loaded into the
traps, thereby reducing the single-atom preparation time as well. Switching EIT cooling from the D2
line to the D1 line, which has been used to achieve ~ 90% single-atom loading probability via blue-
detuned light-assisted collisions in A-enhanced gray molasses*5, could further improve single-atom

loading probability.
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Our scheme is simple, applicable to a wide variety of atom arrays with various atomic species or
architectures and is robust compared to other optical cooling schemes in magnetic fields (i.e., Raman
sideband cooling“"*). Therefore, by implementing our method, atom arrays should be completely
compatible with a constant high magnetic field, which will introduce a speedup in their operation time

andisa prerequisite for their continuous operation for quantum information processing applications.
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Conclusion and Outlook

9.1 SUMMARY

In summary, this thesis presents two readout tools developed to enhance the performance of the neu-
tral atom platform. The first tool is a fast, non-destructive qubit readout intended for mid-circuit
measurements. This method achieves a three-orders-of-magnitude improvement in speed over con-

ventional fluorescence readout, reducing the readout time to tens of microseconds. It utilizes tweezers
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filled with ensembles of atoms to collectively readout a single Rydberg qubit via Electromagnetically
Induced Transparency. We tested this approach with the Rydberg qubit placed both inside and ad-
jacent to the ensemble detector and our study shows that detection works in both cases, with higher
fidelity achieved when qubit is placed inside the ensemble. We also find that the underlying physics
mechanism behind detection differs in these cases, driven by the competition between Rydberg block-
ade and Rydberg exchange interaction mediated by the same dipole-dipole interaction. While this
method proves to be fast and non-destructive, further work is needed to improve readout fidelity, and
our simulations suggest that this can be accomplished by creating a setup hosting tweezers of ensemble
atoms and tweezers of single atoms. The second tool developed is a method for single atom loading
and high-fidelity imaging in high magnetic fields, crucial for enabling the neutral atom platform to
operate in a fully continuous manner. Combined with continuous loading techniques, this method
has the potential to reduce the experimental cycle time of the neutral atom platform by several orders
of magnitude. The method was successfully demonstrated in two dimensions, making it compati-
ble with zoned architectures of neutral atom quantum computers and easily implementable in other
experimental setups. Additionally, we explored the use of machine learning in our experiment, a tech-
nique that is gradually becoming more adopted in neutral atom setups. Incorporating this tool led to
the accidental discovery of Bose-Einstein Condensate (BEC) formed using only polarization gradient

cooling (PGC), challenging the long-held belief that PGC alone is insufficient to achieve BEC.

9.2 OuTLOOK

This setup can be further developed towards our long-term vision of creating an efficient neutral atom
quantum computing platform. Achieving this vision requires incorporating systems capable of fast
mid-circuit qubit readout and a setup optimized for fast cycle times. In our envisioned system, fast

mid-circuit qubit readout would be done by integrating both single atom arrays and micro-ensemble
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arrays, which would function as ancilla detectors. To achieve fast cycle times, we can leverage the
multi-component structure of our vacuum chamber, which includes a glass cell and a main chamber
to perform continuousloading®*3#35. When combined with our developed technique for single atom
loading and imaging in high magnetic fields, it would enable fully continuous operation of the system.
Once such a system is built, it would open up opportunities to efficiently explore a wide range of

analog and digital computation problems.

9.2.1 ARRAY OF MICRO-ENSEMBLES NEXT TO AN ARRAY OF SINGLE ATOMS FOR FAST

MID-CIRCUIT READOUT

Asdiscussed in the chapter 7, and in more detail in its appendix, achieving 99 % readout fidelity in tens
of microseconds requires using a larger micro-ensemble to readout a single Rydberg atom placed inside
asmaller tweezer trap. Additionally, for this level of fidelity, single atom trap needs to be delivered into
the micro-ensemble, enabling readout inside the ensemble, as illustrated in Figure 9.1.

To accomplish this, we must create a setup where single atoms and large atom number ensembles
can coexist. Based on our experience with ensembles in the first part of this thesis and single atoms in
the latter part, we now understand how to achieve this integration. The main challenge is that generat-
ing a single atom within a tweezer, which initially loads multiple atoms, requires shining fluorescence
light to perform light-assisted collisions ">*. This process results in a single atom in very tight traps,
while the larger traps used for ensembles, are left with no atoms. Hence, in order to have single atoms
and large atom number ensembles coexist, the fluorescence light needs to be selectively applied only
to single atoms. By implementing a zoned architecture'', where ensemble traps are held in the read-
out zone and single atoms are delivered from either the storage or entangling zone to the ensembles
only for the readout, this issue can be alleviated. Then, the fluorescence beam can only be used to
illuminate the storage zone for single atom preparation, leaving the readout zone untouched.

An additional advantage of creating a hybrid setup containing both ensemble and single atom
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tweezers is that ensemble tweezers can be used to prepare single atoms in a faster way and with larger
loading probability than typical 50 % single-atom loading. This could be achieved by first prepar-
ing single Rydberg atom within the ensemble in several microsecond time as done in Chapters 5 and
7. Next, as Rydberg atoms are generally anti-trapped by optical dipole traps trapping ground state
atoms %5, ground state atoms can be moved away from the Rydberg atom within ten microseconds
with a tweezer formed by an AOD. This can be followed by de-excitation of the Rydberg atom into the
ground state and turning on another set of narrow-waist tweezers to hold this single de-excited atom.
This approach would enable the selective creation of single atoms from tweezers initially loaded with
multiple atoms, with the loading efficiency equaling the combined fidelity of preparing a single Ry-
dberg atom within the ensemble and its de-excitation. This fidelity could reach up to 95 % and be

achieved within just a few tens of microseconds. Illustration of this idea is presented in Figure 9.1.

a) b)
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Figure 9.1: Vision of a hybrid setup containing arrays of single atoms and ensembles a. Ensemble atoms can coexist with
single atom arrays by implementing a zoned architecture. Ensemble atoms are held in the readout zone, while single
atoms are prepared in the storage zone, by selectively illuminating them with fluorescence beams without affecting the
ensembles in the readout zone. Single atoms can then be delivered to the ensemble atoms for readout. b. lllustration of
the idea of using ensemble atoms in combination with Rydberg preparation method developed in this thesis to prepare
single atom inside the tweezer in shorter amount of time and potentially higher single-atom loading probability.

9.2.2 FAST CYCLE TIME SETUP

To create an efficient quantum computing platform, we need to decrease the main source of long cycle

times which is the single atom loading and resorting into fully filled arrays of tweezers. The solution to
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this problem can be accomplished by operating neutral atom platforms in a fully continuous way by
combining loading and single atom imaging in high magnetic fields, as we demonstrated in chapter 8,
with continuous loading technique via conveyor belt as demonstrated recently in 333435,

An essential component for implementing a continuous loading scheme is a two-part chamber de-
sign with independent laser and magnetic field control in each section. One part of the chamber would
maintain a constant magnetic field gradient necessary for creating a Magneto-Optical Trap (MOT)
and initially loading the conveyor belt. The second part of the chamber, science chamber, would
maintain a constant magnetic field without a gradient, which is necessary for quantum computation.
Atoms would be transported from the MOT chamber to the science chamber, where computation

would happen, via a lattice conveyor belt.

Computation region

a) b)

WHHI

Optical lattice Hi_gh-NA
conveyor belt Microscope
Objectives
Magneto-

Optical Trap
(MoT)

Figure 9.2: Vision of continuous loading in our setup a. Current design of our vacuum chamber, where glass cell would
be used as a chamber continuously producing 3D MOT, while the steel-chamber would be used as a science chamber for
guantum computation. b. Illustration of continuous loading, where atoms are transported from the MOT to the science
chamber via a conveyor belt. In our setup, another lattice intersects with this conveyor belt. Atoms are extracted from
this lattice using moving tweezers and placed inside the atomic array reservoir, forming a storage zone.

During the upgrade of our experiment, when we opened the vacuum chamber, we added a glass
cell to the main chamber. Initially, this addition aimed to resolve issues in generating the MOT as
described in section 2.2. However, even if the MOT worked without this component, we anticipated
that addinga glass cell would anyways be beneficial in reducing cycle times for these experiments. Con-

sequently, our current chamber design naturally accommodates the implementation of continuous
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loading, as illustrated in Figure 9.2a.

To perform continuous loading in our chamber, we planned the following steps. First, the MOT
chamber, glass cell in our case, will maintain a constant magnetic gradient field to continuously pro-
ducea 3D MOT. Atoms from the center of the glass cell would be transported to the science chamber,
located 36 cm away, using a lattice beam with a waist of approximately 300 — 400 zm. This beam has
asufficiently large Rayleigh range to cover the distance between the chambers. The lattice would span
approximately 600 — 800 zm of the microscope’s field of view, which is significant given that typical
fields of view for large numerical aperture microscopes are about 1 mm. To optimize for the micro-
scope field of view, the large lattice would need to be tilted to avoid covering the entire field of view.
We would intersect this large lattice with a smaller lattice (waist 20 — 30 #m) sent through one of the
ports in the x — y plane of the science chamber, falling within the microscope’s field of view. This way,
atoms will first be transported from the MOT chamber to the small lattice using the large conveyor
belt. The small lattice will then deliver atoms to the microscope’s field of view, where they can be

extracted from the lattice into the storage area using AOD tweezers, as illustrated in Figure 9.2b.
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Supplement for chapter s

A.1  EXPERIMENTAL SETUP

8TR b atoms are collected in a three-dimensional magneto-optical trap (MOT) and loaded into a crossed
optical dipole trap created with two orthogonal far-detuned laser beams at wavelengths 852 nm (prop-
agating along z) and 1064 nm (propagating along y) with waist sizes 10 #m and 20 um, respectively,

providing individual trap depths of typically Ugso/h = 2 MHz and Ujoea/h = 20 MHz. The
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trap vibration frequencies are w,/(27) = 5.7 kHz, w,/(27) = 3.0 kHz and ,/(27) = 4.8 kHz.
The probe propagates in the xy plane at an angle of 16° to the y axis. The cloud is cooled to 80uK
using polarization gradient cooling, resulting in root-mean-squared (RMS) sizes of xg = 2.4 pm,
Yo = 4.6 um, zg = 2.9 um for the ensemble. The rms distance between two atoms in the ensemble
is thendy = \/W = 8.4 um. The total absorption on the |58 /o, F = 2, mp = 2) —
|5P5 /9, F = 3, mp = 3) transition corresponds to Ny = 440 atoms if we assume that the atomic
cross section is reduced by various broadening mechanisms by a factor of 2 from its maximum value
oy = 323 /(27), where 19 = 780 nm is the wavelength of the probe transition. We apply a magnetic
field of 9 G along the direction of propagation of the probe beam to define the quantization axis and
split the magnetic sublevels of the Rydberg states. The optical dipole traps are turned oft during state
preparation, rotation, and detection to prevent broadening of the transition due to inhomogeneous

light shifts of the ground and Rydberg states.

A.2 PREPARATION OF AN ATOM IN THE RYDBERG STATE

The preparation of the atom in the Rydberg state 1) = [91P3/5, m; = 3/2) is performed with a
three-photon STIR AP-like process as described in the main text. The detuned microwave field mixes
a small component of |7) into |#/), and the ramping of the two optical fields allows an adiabatic pas-
sage towards the target dressed state. To optimize the state initialization stage, we fix the frequencies
of the probe and control laser beams, and scan the microwave frequency. Fig. A.1a displays the trans-
mission of probe light during the detection stage as a function of the microwave frequency used for
state preparation. We choose f, = 4916.1 MHz that maximizes the preparation probability.

The Rydberg blockade effect is essential for limiting the Rydberg excitation to one atom inside the
ensemble. Since the blockade radius is proportional to Q. 1/ 3, the probability to have more than one

excitation inside the ensemble will increase if the control Rabi frequency €. is too high. We optimize
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Q. by monitoring the transmission of the probe light during the detection stage (Fig. A.1b), and
choose the value Q, = 27 X 2.4 MHz that corresponds to the onset of saturation. In the future, we
can further improve the preparation fidelity by a modified preparation scheme, where we ramp down
the microwave power at the end of the preparation process, to avoid a small possibility of projecting

the state onto |7) due to the sudden turn-off.
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Figure A.1: Optimization of Rydberg Preparation : (a) Spectrum of the 3-photon resonance absorption to the |T> state
vs. microwave frequency relative to_}fg = 4916.1 MHz. Atoms are prepared in the Rydberg state |1) by means of a
three-photon STIRAP-like process. (b) Photon counts integrated over a 10 s window in detection stage as a function
of €, the coupling of the |e> — |J,> transition during the preparation stage. For small )., the low coupling rate leads
to a small population in the Rydberg state. As (), increases, the average preparation to \T) increases as well. Once the
whole ensemble is blockaded photon counts reduce by 34%. To avoid multiple excitations, We choose to work with
Q, = 27 X 2.4 MHz, the value of which corresponds to the beginning of the saturated transmission level.

A.3 Loss oF THE RYDBERG ATOM AND CREATION OF RYDBERG IMPURITY DURING

DETECTION

As shown in Fig. 2(b) in the main text, the rising slope of the transmission during detection suggests a
non-zero loss rate for the |#/) atom inside the ensemble. To obtain insight into the loss mechanism, we
compare three different experimental sequences: (1) keeping both the probe and control light beams
on for ~ 30 us (green curve in Fig. S2), (2) turning on the control light 20 us earlier than the probe

light (purple curve), and (3) turning both control and probe light on at the same time, but 20 us later
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than in case (1) (tan curve).
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Figure A.2: Three different experiment sequences, as illustrated by the schematic figures on the right, are used to inves-
tigate the mechanisms for the loss of |/> during the detection stage. Green points represent the data where both control
and probe light are turned on for 35 us, purple points represent the data when control light was on for the entire 35 us
and probe light is turned on only for the last 15us. Tan points represent the data when both control and probe light are
turned on only for the last 15 us. From the photon rate level of each sequence we can conclude that control light has the
most effect in increasing the loss of the |7/ state, and hence the transmission over time.

For sequences (1) and (3), the photon transmission levels at the time when the probe is turned on
are approximately the same. This excludes the possibility that the loss of |#/) is due to the expansion
of the gas or to other environment noise during the detection stage. On the other hand, there is a
significant difference between the data for sequences (2) and (3). The larger loss for situation (2) indi-
cates that the control light beam induces loss of |//), possibly due to coupling of the Rydberg state to
the unstable 523/ state, as explained in the main text. However, there is some remaining difference
between the transmission for sequences (1) and (2), which suggests a smaller additional loss during
detection that requires both the control and the probe light to be applied. The extra loss mechanism
may be related to the autoionization process that can occur when the Rydberg polariton with Rydberg
166,167,168,169.

excitation component in |7) collides with the Rydberg atom in |//)

We have verified that photoionization rate from the control beam is too small. According to

103



Ref. ", the expected photoionization rate under our conditions is I',; ~ 340 s~ 1, two orders of
magnitude smaller that the observed rate constant I';, = 3.5 X 10% s~ for the transmission curve.
Furthermore, the repulsive ponderomotive potential of the control beam is too small by three orders
of magnitude to explain the increase in transmission with time. On the other hand, a dc electric field
of 20-40 mV/cm could provide enough admixture of the 925 Rydberg state to the 91P state so that

the state can be coupled with the control laser to 5P3 /5, from where it decays to the ground state.
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Figure A.3: Measured distributions at varying start times of probing window with an integration time of 6 us. These
distributions are fit using our theoretical model to obtain loss rate and preparation fidelity. The inferred preparation

fidelity is 7, = 0.93 = 0.02

We model the loss of the Rydberg atom in |/} during detection as a sudden change in the trans-
mission. We assume that this occurs randomly with constant probability. We then use this model to
predict the expected histogram of probe photon counts at various detection times and compare it to
the experimental data (Fig. A.3). Our model has four free parameters: the photon rates in the presence
and absence of an atom in |#/), respectively, the loss rate for the state |#/), and the fidelity of initially
preparing the atom in 7). We fit the experimental data for various detection times, as shown in Fig.
A.3,and find aloss rate constant of T';,, = 0.035 ys_l, and a preparation fidelity of F, = 0.93 £0.02.
The model also captures the average rise in transmission that we observe, as shown in Fig. 2(b) of the

main text.
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We use a similar model to fit the photon histogram for no atom initially prepared in the Rydberg
state, where we assume that a Rydberg impurity is created at random times due to the decay of the
Rydberg polariton during detection. This process manifests itself as a sudden increase in probe trans-
mission. We fit the histogram and the average transmission to find a Rydberg impurity creation rate
of o.o15 s~ 1.

The creation of the Rydberg impurity, combined with the self-blockade effect, limits the max-
imum probe photon rate. While a higher photon rate is preferred for faster detection, the fidelity
eventually reduces as the probe photon rate increases. Fig. S4 plots the detection fidelity at various

photon rates. We choose a photon rate of 8 ﬂS’l for the measurements shown in the main text.

=
o

Detection Fidelity
o
[ee]

<
o)}

5 10 15 20 25
probe photon rate (ps™1)

Figure A.4: Fidelity of detection as a function of the detected probe photon count rate with optimized readout time for
each data point (between 3 s and 8 4s). The data have been corrected for the preparation fidelity.

A.4 REPEATED (NON-DESTRUCTIVE) DETECTION

In the main text we provided our readout fidelity of ; = 0.92 £ 0.04 in a 6 us readout window,
and for 30 counts as a detection threshold. If we perform subsequently a second measurement in 6 us
with the same threshold, we find for this window a detection fidelity of 0.81 + 0.04 (= F3). Fig. 2c
of the main text shows the correlations between the two measurements; the results are summarized in

TableI. This correlation between consecutive measurements is a signature of quantum nondemolition
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measurements (QND) ('7°,'7"), and under ideal conditions we would not expect the measurement
to induce any change in the state. The average conditional probability that the second measurement

yields the same result as the first measurement is 0.79 3= 0.03.

Measurement Prepare | 1) No |1) preparation
Detect [1) | No |1) detection | Detect |1) | No [1) detection
first 0.92 0.08 0.10 0.90
second 0.76 0.24 0.19 0.81

Table A.1: Results for repeated (non-destructive) measurement. \T> preparation and detection refer to the preparation of
an atom in the Rydberg state |91 P59, m; = 1/2) = |+). Both the first and second measurements last for 6 us. The
error (standard deviation) for each element in the table is 0.04.

A.S MEASUREMENTS OF RABI OSCILLATIONS

We use specific magnetic sublevels |7/) = |91P3 /9, m; = 3/2) and |r) =[928} 9, m; = 1/2) to de-
fine our qubit. However, there is also the possibility of off-resonant coupling to other magnetic sub-
levels, especially at high Rabi frequency. We apply a magnetic field of 9 G to lift the Zeeman degener-
acy, which results in a Zeeman splitting between neighboring magnetic sublevels of ~ 17 MHz for the
|91P3/5) manifold, and ~ 25 MHz for the [92S] /) manifold. To reduce the coupling to other tran-
sitions by the the microwave field, we use two radio frequency antennas whose relative amplitude and
phase are tuned to suppress the z-polarized transition [92S} o, m; = 1/2) <> |91P3/9, m; = 1/2).
We observe a suppression by a factor of 10 compared to a single antenna. In the future, a third mi-
crowave antenna can be added to also eliminate the ¢ transition.

The normalized population of |//) shown in the Rabi oscillation measurements (Fig.3 in the main
text) is corrected by the preparation infidelity (1 — £,) and the detection infidelity (1 — F). The
measured probability p(7) of detecting |#/) is related to the actual probability p(+) by the following
relation: p(#¥) = F[(1 — F;) + (2F; — 1)p(#')], which is used to remove the preparation and

readout error. Moreover, during the 2-hour measurements of the Rabi oscillations, there were drifts
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in alignments, which affected the averaged transmitted probe photon number. To account for such
long-time drift, we added two extra reference measurements: one without microwave driving field,
and another one without preparation stage. These two measurements allow us to monitor any slow

drift of £}, and Fy, and re-scale the observed state probabilities.

A.6 RYDBERG BLOCKADE

Preparation blockade: During our preparation stage, we couple atoms to the |#/) state. A pair of
atoms in this state will experience an anisotropic van der Waals interaction V,.,» = Cg(8)/|R|®, where
R is the distance between the pair of atoms and @ is the angle the between the pair of atoms and the
quantization axis (Fig. A.sa). From this interaction we can estimate the effective blockade radius
Vi (rp(8)) = hI'3/2 where I's is the full width half maximum of our 3-photon resonance, I's =
27 x 0.6 MHz. We estimate a blockade radius of about 12 zm along the quantization direction
(¢ = 0). The resulting blockade volume has an ellipsoid shape with an aspect ratio of 1.6, as shown

on Fig. A.sb. The average blockade radius of the ellipsoid is 73 = 15 gm.
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Figure A.5: Rydberg blockade during preparation: (a) Interaction energy AL between two atoms in state |/> as

a function of separation R at § = 0 calculated from exact diagonalization of the interaction Hamiltonian. The
fitted van der Waals interaction coefficient is Cg (f =0) = 27 x 1.94 THz - um®, which results in a block-
ade radius of 75 (0 =0) = 12 um. (b) 7 (6) vs. 6. Due to the anisotropy of the atomic wave-functions

involved, the resulting interaction resembles an ellipsoid with aspect ratio of 1.6, with the semi-major axis at
90fromourquantizationaxis. ThiscurvewasobtainedbyperturbativelycalculatingCe (9).
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Detection blockade: During the detection stage, we couple our ground state atoms to the |7)
state. Since 7 and 7/ have different parity they are dominated at large distances by dipole-dipole inter-
actions (~ R™3), while at small distances are dominated by van der Waals interactions (~ R~°). The
dipole-dipole interaction induces the formation of symmetric and anti-symmetric molecular states
(|£) = ') £ |#7) /V/2). The blockade radius during the detection stage is defined as Vi (rpL) =
hI'grr/2, with Tgr being the EIT linewidth. The estimated blockade radius for each branch are
rp+ = 12.7 um and 73— = 6.2 pm respectively. The estimated blockaded radius is therefore the

average radius from both branches g = 9.4 pm.

R [pm]

Figure A.6: Rydberg blockade for |r7/) during detection: (a) |7#/) pair state interaction energy AF vs. separation R
at & = 0 calculated from exact diagonalization of the interaction Hamiltonian. The dipole-dipole interaction induces
the formation of symmetric (red) and anti-symmetric (green) states |[+£) = (|r#/) & |#/7))/+/2. Black dashed lines
correspond to the fitted modeIA/R6 + B/RS, where the fit gives 4 = Cg/h = 6310 GHz - ‘um6 andB=Cs/bh=
23.6 GHz - um?.
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Supplement for chapter 6

B.1 GALLERY OF OBSERVED BECs

Formation of BEC is observed in various trap configurations, as shown in Fig. B.1.The second ab-
sorption image shows a cloud with Nggc/Nrou = 11%, which is the largest condensate fraction
observed in this work. Note that all figures in chapter 6 and here show different datasets taken over

the span of several months.
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Figure B.1: Gallery of BECs. BEC formation is observed in a: a. Misaligned dipole trap with Gaussian beam waist wg =
3.5 um (no SLM) after 50 us TOF. b. Misaligned dipole trap shown in-situ with the trapping beam slightly clipped on the
SLM aperture®. c. Well-aligned dipole trap with a speckle-like phase pattern imprinted on the trapping light using an SLM
(see main text for details) after 100 us TOF. d. Well-aligned trapping potential generated by interfering two traps with
waist wg = 2 um separated by 3.5 gm after 20 us TOFY.

The trapping light consists of a Gaussian beam with 1/€ diameter 2wy = 12.5 mm incident on an SLM

with aperture size 12.8 mm X 15.9 mm. Without accounting for effects of clipping the beam, the Gaussian

trap waist at the atom plane is wg = 2.5 #m. SLM model number: Hamamatsu x13138-02.

The two traps are generated by the SLM in which the difference between blazing angles of the phase pattern

maps onto the desired separation on the atom plane.

B.2 MACHINE LEARNING OPTIMIZATION

To maximize the number of atoms loaded into the dipole trap, we use the neural network learner
included in the M-LOOP package, which works well for a large number of variables in parameter spaces
with many local minima. The neural network learner is comprised of three randomly initialized neural
networks, each with 5 hidden layers of 64 neurons. These neural networks, in conjunction with a
differential evolution algorithm, learn to map the input parameters to the output cost as summarized
in previous works *%17212°,

We choose 27 input parameters for our optimization sequence, consisting of MOT and repumper
laser intensities and frequencies, bias magnetic fields along x, y, 2, and magnetic field gradient. The
laser intensities and bias magnetic fields are split into three time intervals, and they are linearly ramped

between the chosen values as determined by the algorithm (15 parameters). Due to technical con-

straints on the laser detunings, the frequencies are jumped discretely without ramping; therefore, we
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Figure B.2: Optimized control parameters determined by M-LOOP. The initial values shown in the gray shaded region were
set by hand (carried over from the prior MOT loading sequence), whereas the colored lines show the values chosen by
M-LOOP during the MOT compression sequence. The 27 parameters were allowed to vary independently to minimize the
cost function C = —N, where N is the fitted atom number. Parameters were ramped linearly over three fixed time steps
(excluding the detunings). The intensities shown are the sums over all MOT (repumper) beams, where we use /,,, = 1.67
mW/cm?2 (Clebsch-gordan for stretch transition).



include an extra parameter for each laser detuning at the beginning of the sequence (8 parameters).
The detunings are defined with respect to the |58 /9, F = 2) — |5P3/, F = 3) transition for the
MOT laser, and the |58} /o, F = 1) — [5P3 5, F = 2) transition for the repumper laser. We include
only a single parameter across the sequence for the quadrupole gradient coil (since the relaxation time
of Eddy currents is expected to be comparable to the sequence length), which decreases the complexity
of the input parameter space (1 parameter). Finally, we allow the length of each time bin to vary (3
parameters) such that the total duration of the sequence is fixed (40 ms). See Fig. B.2 for the optimized
control parameters.

The M-LOOP package allows the outputs of the learner to be constrained for sparse parameter
spaces (or spaces where the signal-to-noise ratio is too low to reliably compute the cost), through the
use of a trust region. This feature prevents any parameter from changing by more than a specified
fractional amount from the current best value during each new prediction. We choose a trust region
of 0.2. Implementation of this feature played a critical role in fast convergence of the algorithm to the
optimal parameter, due to the narrow range of parameters that ensures a reasonable number of atoms
remain in the trap at the end of the sequence.

For our cost function C, we choose to maximize the number of atoms loaded in the dipole trap,
which is obtained from absorption images of the optical depth. Specifically, we choose C = —N,
where NNis the fitted atom number. We assume a single run of the experiment successfully loads atoms
if the fit parameters of the atom cloud are realistic (i.e. the vertical RMS size is within 15 — 40 gzm, the
horizontal RMS size is < 8 zm); otherwise, we assume the fit has failed and we set the cost function
to zero to penalize the run. The atom number as a function of run number is shown in Fig. B.3 for a

typical optimization routine.
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Figure B.3: The atom number increases with run number of the neural network learner, implying that the algorithm is
learning the parameters that maximize the atom number (or minimize the cost). The atom number is set to zero when the

fitted parameters of the atom cloud are unrealistic.

B.} DEFINITION OF CLASSICAL PHASE SPACE DENSITY

The classical phase space density of the thermal cloud is given by:

1 h3 2
PSD = = Nyl ok (B.1)
3 (ksT)

where Ny, is the total number of atoms in the dipole trap, T'is the fitted temperature of the ther-
mal cloud obtained from TOF imaging, and w, and w, are the radial and axial vibration frequencies,

respectively. The factor of 1/3 accounts for the three Zeeman sublevels of the 7 = 1 ground state

manifold.
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B.4 HYPERFINE STATES OF ATOMS

The optimized algorithm prepares the atoms predominantly in the = 1 hyperfine manifold by its
choice of laser powers and detunings. During the final time-bin, the ratio of scattering rates from the
MOT laser with respect to the repumper laser (and hence the population ratio in /' = 1 with respect

to F = 2 of the ground state manifold) is calculated as:

P(F: 1) o [MOT <ARepump)2
P<F: 2) [Repump Anor

22 —~9MHz”
- 9.7x 1073 \ 84 MHz

=27, (B.2)

which confirms that ~ 97% of the atoms are in the ' = 1 hyperfine manifold of the ground state at

the end of the optimized cooling sequence.

B.s DIPOLE TRAP EXTINCTION MEASUREMENTS

To ensure that the BEC is fully released during TOF, we checked the extinction of the dipole trap
power when monitored on a photodiode. In sequence, the extinction is estimated to be > 1.7 x 103,
limited by the resolution of the oscilloscope used to measure the photodiode voltage. For a typical
trap depth of ~ 8 MHz, this suggests a residual trap depth of < 4.7 kHz during TOF, or < 0.2 K,

which is insufficient to confine the BEC along the radial direction.
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B.6 TurEE-BODY LOSS IN TOF

The observed condensate expansion energies and atom number imply that the condensate is in the
Thomas-Fermi (TF) regime, where the release energy per particle €, is dominated by the interaction
energy, such that &, = 2u/7, where ¢ is the chemical potential 7. Our measurements yield /b =
98(14) kHz. From this we can obtain the peak density in the TF regime, z77 = u/g, as well as the
geometric mean of the local trap frequencies @, using ¢ = ha (15Na /) 2/ ° wherez = V] (ma),
N = 250 is the atom number in the condensate, 2 = 5 nm the scattering length, and ¢ = Arh2a /m.
We obtain 777 = 1.4(4) x 10'0cm ™3 for the peak condensate density and @/ (27) = 21(6) kHz for
the local trap frequency.

To verify the three-body loss hypothesis, we use the measured condensate release energy per parti-
clee,/h = 28 kHz to calculate the chemical potential x = (7/2)e, and atomic density '7?. Under the
Thomas-Fermi approximation, we have for the peak density 7 = /g, where ¢ = 4wh%a/m, with
a = 100aq being the 87Rb scattering length, 2 the Bohr radius, and 7 the atomic mass. We find
nrr = 1.4 x 1016 cm™3, corresponding to a three-body loss rate I's = K3 n%F = 8(3) x 103571,
Here, we have used the loss coefficient K3 = 4(2) x 1072 cm% ™! for distinguishable atoms, as-
suming that condensates are formed in all three magnetic sublevels of the F = 1 manifold. The
calculated loss rate is consistent with the observed loss rate Top, = 4.3(3) x 103 s™! for the con-
densate during TOF. However, as discussed in the main text, the persistence of the condensate and
thermal cloud in-trap for hundreds of milliseconds suggests we are overestimating the density in the
condensate, and the most likely explanation for the loss of condensate atoms during TOF, as shown
in Fig. 6.3¢, are elastic two-body collisions. For the thermal cloud, the estimated two-body collision
rateisT'p g, = 2.2 X 103 s~1. From the condensate fraction and volume ratio 7/ V, we can estimate

the condensate density #pgc ~ 8 X 10'% cm ™! and therefore an effective two-body rate between

thermal and BEC atoms of = 28 x 10 s~! at zero TOF, which drops to a2 0.5 x 10%s~!at 100 s
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TOF. This is roughly consistent with the TOF-averaged loss rate I'y.

B.7 ATOM NUMBER FITTING PROCEDURE

To obtain the atom number from our absorption images, we restrict (by eye) the vertical (or horizon-
tal) axis to an interval containing the high-density peak(s) within the cigar-shaped cloud. By integrat-
ing along the other axis, the bimodal distribution is clearly visible in the resulting one-dimensional
profile. For images that appear to contain only one BEC, we fit the resulting data to the sum of two
Gaussian distributions, which describes a high-density component on top of a broad thermal com-
ponent. The atom numbers within each component are then determined using the fit parameters
(specifically, the optical depths and the RMS sizes). The residuals between the raw data and the bi-
modal fits give an estimate for the errorbars on the estimated atom number in the BEC.

For images that appear to contain multiple BECs, we fit the broad thermal component to a sin-
gle Gaussian distribution, which is then subtracted from the data. The residuals depicting the high-
density peaks are assumed to be BEC atoms, whose spatial extent is distinguished (by eye) from the
remaining density fluctuations of the broad thermal background. These residuals are then integrated
to give the number of atoms in the BEC. The main source of systematic errors is dominated by the
finite offset of these residuals, which depends on the Gaussian fit to the thermal cloud. We assume
the noise in this choice of offset is given by the RMS noise (standard deviation) on the background

thermal distribution.
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Supplement for chapter 7

C.1  EXPERIMENTAL SETUP

Our machine-learning-enhanced ensemble loading procedure is previously described in ref. 102 which
enables loading of (up to) a factor of 5 higher in atom number and 2.5 lower in temperature com-
pared to manual optimization. The trapping light (4 = 808 nm) generated by the SLM (Hamamatsu

x13138-02) is focused through our commercial microscope objective (Mitutoyo M Plan Apo NIR B
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20X 378-867—5, NA = 0.4) to a 1/¢? beam waist of wy = 4.9 m.

After loading, each trap contains ~ 1500 atoms, however, the longitudinal size of the ensemble
(RMS size 7, = 32 um) is much larger than typical Rydberg blockade radius. Therefore, we compress
the ensembles axially with two sheets of blue-detuned beams (1 = 770 nm) generated with a one-
dimensional AOD (DTSX-400-800.850). This compression is performed over 80 ms by stepping the
AOD REF frequencies generated by a DDS (AD9959), starting from a separation of 135 um (which is
sufficiently large to prevent effects on initial trap loading) and ending at 15 gm. After holding atoms
in-trap for 20 ms, we find that each trap contains ~ 200 atoms with o, = 2um, o, = 2.5 um,
o, = 4 pum, which is determined through absorption imaging (Hamamamtsu ORCA-Quest C15550-
20UP). The choice of a large trap waist and subsequent compression is motivated by the goal to max-
imize the number of atoms within the blockade radius to improve collective Rydberg EIT imaging.

Note that we find it is preferable to keep the traps on throughout the remainder of the sequence
— namely, during the Rydberg preparation and detection process. Our trap depth (= 1MHz) is
sufficiently small such that effects of Rydberg line-broadening or anti-trapping of the Rydberg state
are less detrimental compared to diffusion of ground-state atoms when traps are turned off.

After ensemble compression, we increase the magnetic field to 9 G along the propagation axis of
the tweezer light, which defines the quantization axis for the remainder of the sequence. We optically
pump the atoms in 4 ms with ¢ polarized light on F = 2 — F = 2 to the dark state |[g) =
581 /2, F = 2, mp = 2), while repumping with unpolarized light on F = 1 — F = 2 (both optical

pumping and repump lasers address the D2 line).

C.2 THREE-PHOTON PREPARATION

We choose to work with z = 75, which is sufficiently large for Rydberg blockade during state prepara-

tion and detection, without significantly increasing the self-blockade effect of Rydberg polaritons .
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To prepare asingle Rydberg excitation within an ensemble, we use a global 780 nm beam, a5.214 GHz
microwave (MW) source, and a 480 nm site-selective addressing beam (wy = 2.3 um), which is
used to selectively illuminate either preparation or detection ensemble. Since the 480 nm light is on-
resonance, we blue-detune both the 780 nm and MW frequencies by & = 100 MHz to avoid popu-
lating the intermediate states.

Our preparation scheme and parameters used in this experiment are similar to those described
in'#*. We prepare a single Rydberg atom in the state |75P3 5, m; = 3/2) with Cs = 45 GHzum®,
and we observe a power-broadened three-photon linewidth of 5 /(27) ~ 500 kHz, correspond-
ing to a blockade radius of <C6 / 73ph) e = 6.7 um, which is sufficient to block the preparation of
multiple Rydberg excitations. All three legs of the three-photon transition are turned on simultane-
ously, and we observe saturation of Rydberg population with a characteristic timescale of ~ 3 us in
the overdamped regime. We do not observe collective oscillations consistent with the preparation of a
| W) state, which we attribute to fast dephasing of the | I7) state (a few hundred nanoseconds has been
experimentally observed 5¢). Therefore, we prepare a statistical ensemble consisting of a single Ryd-
berg excitation randomly distributed within the cloud with an upper-bounded-fidelity of N/N + 1,

where Nis the number of atoms 57.

C.3 SITE-SELECTIVE PREPARATION AND DETECTION USING AOD ON THE CONTROL

FIELD

As written in the main text, site-selective preparation and detection are performed using a 480nm
AOD on the o polarized control beam, which co-propagates with the trapping light (see Fig. 1c of
the main text). The remaining fields used for preparation and detection are global beams. For EIT
detection, the resonant o polarized 780 nm probe beam (wy = 1 mm) counter-propagates along

the tweezer axis. For three-photon preparation, the linearly polarized 780 nm beam (wg = 1 mm)
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propagates along the transverse axis of traps. The microwave (MW) field used for preparation and
Rabi driving is an unpolarized field generated by a stub-terminated SMA cable '7#.

To selectively prepare a Rydberg atom in one ensemble and perform subsequent readout using a
neighbouring ensemble, we switch the 480 nm AOD frequency mid-sequence, which takes 8 us due
to our choice of a large beam at the AOD (wy = 2.6 mm). For all experiments presented in this work,
the light is turned off before AOD switching with the use of an additional AOM to prevent ensembles
from being illuminated by control light while AOD frequency is being stabilized. In our sequence,
we perform state preparation, switch the AOD frequency, and wait 10 us before EIT detection. The
control beam detuning in the atom plane has spatial dependence of 344 kHz/10 um. Given that our
three-photon preparation linewidth (y,, /(27) ~ 500kHz) is significantly smaller than our EIT
detection linewidth (on the order of Q,/(27) = 5 — 20 MHz throughout this work), we tune the
control beam on-resonance for the preparation of a single ensemble. For the distances investigated in
this work (up to 40 zm), the finite two-photon EIT detuning is small compared to the linewidth, and

we experimentally verify that this does not have a significant effect on our results.

C.4 CHoOICE OF RYDBERG STATES: D — Pvs. S — P

Typical Rydberg atom array experiments choose a principal quantum number 7 and tweezer spacing
such that the system operates in the van-der-Waals regime, where the Rydberg blockade is dominated
by coupling to one isolated Rydberg state. However, within small mesoscopic ensembles, the mean-

=3 162 in which resonant

free-path of atoms can be on the order of ~ 1 um for densities of ~ 1012 cm
dipole-dipole interactions between many pair states can lead to complicated energy landscapes. Col-
loquially known as the “spaghetti” regime, isolating a pair of Rydberg states to engineer clean dipolar

interactions is challenging in atomic ensembles and requires careful choice of Rydberg states and ex-

ternal electric/magnetic bias fields'75'7°. For example, interactions between Rydberg polaritons at
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short distances can lead to finite populations in other degenerate Zeeman sublevels, thus leading to a
reduction in EIT transmission over the course of probing +7.

As a result, we choose to work with Rydberg polaritons in the state [74Ds 5, m7 = 5/2) with
Ce ~ —1600 GHz m®, while ensuring the probe rate is sufficiently low to avoid exciting more than
one polariton in the cloud at a given time to prevent self-blockade '>>. Additionally, the prepared
Rydberg state |75P; /9, 717 = 3/2) strongly interacts with polaritons, where C3 = 11.15 GHz zm?®
for § = 90°, corresponding to a large blockade radius of (2Cs3/ygr) Y3 = 104 um for typical
Q./(27) = 20 MHz used in this work. Despite the anisotropy of D states, D — P interactions gen-
erally show much cleaner dipolar splitting and larger interaction strengths in comparison to S — P
interactions, particularly for the distances reported in this work. An example showcasing the purity

of exchange interactions for D — P states in comparison to S — P states (calculated with the “pairin-

teraction” software*?) is shown in Fig. C.1.
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Figure C.1: DP vs SP: An example showcasing the purity of exchange interactions for D — P states in comparison to
S — P states (calculated with the “pairinteraction” software %), The states are chosen so that both the D and S states
share the same Rydberg 7 level, while the P states in each case are selected to maximize interaction strength, reflecting

the selection criteria that would be used in experimental settings.
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C.S FULL INTERACTION SPACE EXPERIMENT

As described in the main text, the full interaction space measurements shown in Fig. 2 were obtained
by varying the separation between the preparation and detection ensembles for a fixed control Rabi fre-
quency of Q,/(27) = 5.5 MHz. As the distance between the two ensembles was varied, the 480 nm
AOD frequencies were adjusted to ensure proper illumination of each ensemble during site-selective
preparation and detection. The probe rate was optimized to achieve the highest photon rate while
minimizing self-blockade effects, which resulted in Q, /(27) ~ 130 kHz.

To improve the SNR, each data point was averaged 75 times, obtained by performing 80 repeti-
tions (per MOT loading cycle) consisting of 3 us state preparation in one ensemble, 10 us switching
of the control AOD frequency, followed by 10 us detection in the neighbouring ensemble. Despite
the long lifetime of the prepared Rydberg state (225 us), we find that waiting 100 xs between each
repetition is sufficient since the Rydberg states are anti-trapped by ground state atoms trap light.

In Fig. 2 of the main text, we plot the contrast, which is defined as the reduction in normalized
transmission through the detection ensemble, as a function of the inter-ensemble dipolar interaction
strength. This contrast is upper-bounded by the height of the EIT resonance, which is ~ 0.4 of the

normalized probe field transmission.

C.6 EVIDENCE OF RYDBERG BLOCKADE

To demonstrate that the blockade regime can be achieved with two mesoscopic ensembles, we per-
formed the experiment shown in Fig. C.2. We loaded two ensembles at a separation of 11.7 um,
prepared a Rydberg atom in the left ensemble, and performed detection of both ensembles with a
global, linearly polarized 480 nm beam which propagates along the transverse axis of traps. At this dis-
tance, the dipolar interaction strength is 14.8 MHz5%. When detection is performed with Q. /(27) =

23 MHz (7, = 9.9 um), the right ensemble is outside the blockade radius of the prepared Rydberg
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atom (in the left ensemble) and the observed detection contrast is much smaller in the right ensem-
ble compared to the left, as expected (shown in green). On the contrary, when Q,/(27) = 8 MHz
(75 = 14.1 pm), we find that the observed contrast in left ensemble doesn’t change while the contrast
in the right ensemble increases to a level similar to the one of the left ensemble (as shown in purple).
Since the left ensemble is blockaded, as Rydberg atom is prepared at that site, and the right ensemble
detects a similar signal, meaning that the signal is independent of distance, this indicates the involve-
ment of the blockade effect at the right ensemble.

These measurements were taken with multiple repetitions per MOT loading cycle (as described

in the previous section), and the probe rate was similarly maximized for each control Rabi frequency.
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Figure C.2: Rydberg blockade evidence: The bar graphs show the observed signal in each ensemble following preparation
of a Rydberg atom in the left ensemble. Following preparation, simultaneous readout of both ensembles is performed for
two control Rabi detection parameters Q. / (27) = 8 MHz (purple bars)and Q. /(27) = 23 MHz (green bars). When
the distance between ensembles is smaller than the blockade radius (purple panel; Q,/(27) = 8 MHz), the observed
signal is the same in both ensembles. Since the Rydberg atom is only prepared in the left ensemble, in which it is detected
via blockade effect, achieving a similar contrast signal in both ensembles indicates the involvement of the blockade effect
at the right ensemble as well.
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C.7 EVIDENCE OF DIPOLAR HOPPING: EXPERIMENTAL DETAILS

To confirm that the prepared Rydberg excitation has hopped into a neighbouring ensemble (as shown
in Fig. 3b), the experimental sequence consisted of the following: (1) a Rydberg excitation was pre-
pared in the middle ensemble in 3 us of time, (2) the 480 nm AOD frequency was switched to address
the outer neighbouring ensembles within 10 s, (3) EIT detection light illuminated neighbouring en-
sembles for 10 s, thereby exciting Rydberg polaritons, (4) the 480 nm AOD frequency was switched
back to address the middle ensemble within 10 gs, and finally, () the Rydberg population in the mid-
dle ensemble was measured via EIT detection in 10 s and plotted in the bar graph. In other words,
the bar graph shows the Rydberg population in the middle ensemble at the end of the sequence, de-
pending on whether the control light is turned on in step 3 (purple) or not (green), thus serving as a
differential measurement of whether the generation of polaritons in neighbouring ensembles affects
the stationary Rydberg population in the middle ensemble. Evidently, the population in the mid-
dle ensemble drops in the presence of Rydberg polaritons (purple; which is normalized to the green
reference measurement). As a sanity check, we perform the same experiment without loading neigh-
bouring ensembles, in which case we do not observe suppression in signal when control light is turned
on in step 3, and we conclude that our observation cannot be explained by e.g. crosstalk due to finite
size effects of our site-selective control beams. This confirms that the observed loss of Rydberg pop-
ulation in Fig. 3b is due to interactions of the prepared Rydberg atom with neighbouring Rydberg
polaritons, which leads to dipolar hopping. As before, these measurements were taken with multi-
ple repetitions per MOT loading cycle (as described previously). Note that for the data presented in
Fig. 3a, the signal represents detection contrast normalized to the maximum contrast observed for this

dataset (at 13.3 gm).
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C.8 PARAMETERS AFFECTING DETECTION FIDELITY

The parameter space of this detector is quite complex. Next, we analyse the effect of each parameter on
the performance of the detector and propose changes necessary to achieve a readout fidelity of 99.3%
in future implementations. The most important parameters affecting the detector, as described below,
include probe photon collection efficiency, optical density (OD), control Rabi frequency, Rydberg 7
level, and the distance between the detector and the prepared Rydberg atom.

Probe photon collection efficiency: one simple upgrade that would enhance the detector’s perfor-
mance is the use of a microscope objective with better transmission at our probe wavelength of 780 nm.
Our current objective transmits 62 % of our probe photons, however, objectives with &~ 90 % trans-
mission are readily available, which would increase our detected photon rate by ~ 50 %), thereby
enhancing the SNR by ~ 22 %.

Optical depth: we empirically determined that the optimal OD for this detector lies within the
range of 0.9 — 1.7 due to the competition between two factors: the probe rate, and maximum signal
contrast due to probe photon absorption of the ensemble. The number of photons detected scales
with the incident probe rate, however, due to self-blockade effect '3, the maximum probe rate scales
inversely with OD (proberate = Q./OD). However, a higher OD increases the maximum signal
contrast C = (1 — ¢~©P), which we define as the maximum normalized probe photon absorption.
Considering both factors, the overall detection SNR scales as \/M x C, which is maximized
for OD in the range of 0.9 — 1.7.

Control Rabi frequency: since the probe rate scales as Q. /OD, higher control Rabi frequencies are
preferable. However, increasing the control Rabi frequency also reduces the blockade radius, given by
(2Cs3/7gr1) 3 We empirically find that a control Rabi frequency on the order of 20 MHz is optimal

for balancing these eftects.

Rydberg n level: the atorementioned two factors influence our choice of Rydberg level as well. At
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lower 7, higher probe rates are permitted due to smaller self-blockade interactions***>. On the other
hand, better detector performance is achieved in the blockade regime, which necessitates a larger block-
ade radius. Therefore, the optimal 7 is the smallest 7 for which the interaction strength at the inter-
ensemble distance is on the order of the control Rabi frequency. Therefore, this parameter should be
determined once the distance between the detector and qubit ensembles is selected.

Considering these constraints, we hypothesize that the optimal detector configuration involves
placing a large detector ensemble adjacent to a tightly-focused tweezer which confines a single-atom
qubit. Assuming a 5 um beam waist for the detector ensemble and a ~ 1 um waist for the qubit,
separations of &~ 7 — 8 um can be achieved. With Q,/(27) = 20 MHz, the blockade regime can still
be achieved for relatively low 7 (e.g. 54D5/2) at this distance. By implementing only these changes
— lower 7 level, closer detector-qubit distance, and improved microscope objective transmission — we
expect to achieve &~ 78 % detection fidelity in this setup. We estimate this by scaling both the signal
and noise by the appropriate factor proportional to the expected probe rate enhancement from these
changes.

To push the fidelity further, we envision moving the single-atom tweezer inside the detector prior
to the state preparation and detection process. By preparing the qubit atom in a different hyperfine
state (e.g. F = 1), we can prepare the qubit atom in a Rydberg state (and subsequently detect it) with-
out disturbing nearby detector atoms. This approach allows a large detector ensemble to be operated
within the blockade regime. Therefore, if the detector trap radius is doubled (and assuming the num-
ber of atoms increases fourfold), the signal would increase fourfold, and the SNR would double. With
these improvements, we estimate that a fidelity of ~ 99% can be achieved. In a dual-species setup,
with the right choice of Rydberg levels for each species, one can predominately have van der Waals
interactions instead of exchange interactions, which can further minimize hopping and improve de-

tection fidelity.
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C.9 MICROWAVE RABI OSCILLATION: EXPERIMENTAL DETAILS

The microwave (MW) field used for preparation and MW Rabi oscillations is a global field at » =
5.214 GHz during preparation, which is +100 MHz detuned from the |74Dj5 /5, m; = 5/2) —
|75P3 9, m; = 3/2) transition. During Rabi driving, the microwave field is on-resonance at » =
5.114 GHz.

We perform “non-local” microwave Rabi oscillations consisting of the following: we prepare a
single Rydberg atom in the qubit ensemble in 3 gs, switch the 480 nm AOD frequency while apply-
ing the resonant MW field for a variable duration, and perform readout of the detector ensemble.
To achieve fast switching of the high-frequency MW field, we mix a 100 MHz source with a high-
frequency source set to 5.214 GHz. The difference frequency is on-resonance with the microwave
transition, which can be quickly turned off using low-frequency electronics on the 100 MHz source.
For the data in Fig. 4¢, multiple repetitions per sequence, as described previously, was used.

The MW field used in this work was not polarized. Our simulations suggest that this is the primary
reason we did not achieve full contrast in the Rabi oscillations shown in Fig. 4¢, which is consistent
with imperfect population transfer to the |74D5 /o, m; = 5/2) state. Nevertheless, coherent Rabi

oscillations persist for durations > 13 us, as shown in Fig. C.3b.

C.10 RYDBERG COHERENCE TIME

To ensure that the prepared Rydberg within the ensemble has a sufficiently long coherence time to
interact with the neighbouring Rydberg polariton, we measured the coherence time while driving the
|75P3 /9, m; = 3/2) <> |74Dj /9, m; = 5/2) transition. This was done using a Ramsey sequence,
with two resonant 7/2 pulses and a variable delay time in-between. The data, shown in Fig. C.3a,
reveals a coherence time of 12(3) us, which is sufficient to allow coherent oscillations between the

stationary Rydberg atom with neighbouring Rydberg polaritons within a duration of the group de-
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lay (shorter than 1 us). The “non-local” MW Rabi oscillation experiment, as described previously,

confirms that the coherence time exceeds 10 us.
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Figure C.3: Coherence time and long Rabi oscillations: a. Contrast observed in a Ramsey sequence with microwave driving
of the |75P3 /9, m; = 3/2) < |74D5 9, m; = 5/2) transition. From the fitted curve, we extract a coherence time
of T’g = 12(3) us. b. “Non-local” Rabi oscillation experiment shows that the prepared Rydberg atom can be driven
coherently using a microwave field for longer than 12 us.

C.11  MULTIPLE RYDBERG DETECTORS EXPERIMENT

One unique feature of this detector compared to free-space and cavity-based fluorescence imaging
methods is that multiple detectors can be employed to read out a single qubit. In the blockade regime,
it is expected that each detector would observe the same signal, thus enhancing the imaging SNR by
a factor /N, where N is the number of detectors.

Even though we were unable to reach the blockade regime in our system for optimal readout, we
demonstrate this technique as a proof-of-principle. We prepare multiple detector ensembles equidis-
tant from the qubit ensemble, as shown in Fig. C.4, and we observe that the SNR per ensemble drops
with the addition of more detectors. In other words, the total detection SNR summed over all de-
tectors remains constant. These observations further support the occurrence of Rydberg excitation
hopping from the qubit to ensemble detectors at distances of » = 19 zm, which lies in the classical

hopping regime for the control Rabi frequency Q./(27) = 20 MHz used in this measurement.
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Figure C.4: Multiple Rydberg detectors experiment: Multiple ensemble detectors (purple) are prepared at a distance of
19 pm from the qubit ensemble (green). The bar graph displays the detection SNR per ensemble as a function of the
number of detectors, which decreases with the addition of more detectors. However, after summing over all detectors,
the total detection SNR remains constant (not shown in the figure). This observation supports the occurrence of hopping
at these distances.

C.12 OURPHENOMENOLOGICAL THEORY

In this section, we describe the phenomenological theory used to derive the fitted curve shown in
Fig. 2 of the main text. Our model is based on the competition between polariton blockade and spin-
exchange interactions, both caused by the same dipole-dipole interaction. The contrast, i.e. normal-
ized amount of absorbed photons, in the theory is described by the equation C = ppjock = Chlock +
(1 — polock) - Chop»> Where Cyjock is the contrast expected from blockade of polariton formation given
the polariton-Rydberg atom interaction strength and the EIT linewidth, Cyp is the contrast signal

expected from hopping, and pypjock is the probability that a polariton will be blocked. The probability

Vpp(r)
Terr 2

Vep(r)
Lerr

where for distances

Pblock is further defined as ppjock = > 1, prlock is set to 1.

The blockade contrast, Cyjock, is defined as the constant contrast, due to blockade of polariton
formation, which is a free parameter in the theory curve, found to be approximately 0.23. This value
coincides with the saturated contrast observed in Fig. 2 of the main text for large control Rabi values.

The hopping contrast, Cj,p is a bit more complicated and it is defined in the following way. We

assume that the polariton is present inside the cloud over a duration given by the group delay 7, =
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y%?, during which the polariton and Rydberg atom interact with Vpp(r) = Cs/ 7. When the
polariton exits the ensemble, the Rydberg atom and the polariton are described by the entangled state
Y polaricon, atom = @ |[DP)+B|PD). The polariton can then exit the ensemble as a transmitted photon,
which is then detected by the camera with a probability of a2, projecting the detector ensemble into
a state with no Rydberg excitations for the next incident photon. Alternatively, the polariton can
be projected into the P state with a probability of 8%, which causes the next incident photon to be
blocked. Thus, our theory assumes that until the P state has hopped into the detector ensemble,
the contrast in that ensemble is zero (i.e. photons are transmitted). Once the P state has hopped,
the contrast in that ensemble will be a constant, given by the blockade level contrast, as the local P
state will block subsequent photons from entering. The probability that the P state is projected into
the polariton cloud is given by g = w. We also assume that the hopping between
the polariton and the Rydberg atom is imperfect and that the contrast decays with rate I';. This is

1—¢"d%d cos(27-2V L g
expressed as §% = =~ CO;( m2Vr74) By combining the above probability with the probe rate, we

calculate the duration it takes for the P state to hop within the EIT detection duration of 10 s used
in this measurement. The hopping contrast, Cpp, is then equal to the fraction of time the P state
was present in the detector ensemble. We note here that we also took into account that the Rydberg
fraction of the polariton is not unity, by multiplying the fraction with the probability above.

Using this model, we fit the data with free parameters that ultimately match the experimentally
estimated values. The probe rate is fitted to be ~ 0.94 ph/us (experimental value ~ 0.7 ph/us).
The control Rabi frequency is fitted to be Q,/(27) = 4.98 MHz (experimental value Q,/(27) =
5.5 MHz), and the optical depth (OD) is fitted to be OD = 1.54 (experimentally observed peak OD

is approximately 2, with an average OD of approximately 1.35).
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Supplement for chapter 8

D.1  EXPERIMENTAL SETUP

An array of optical tweezers is generated with a spatial light modulator (SLM; Hamamatsu x13138-02)
focused through a microscope objective lens (Mitutoyo M Plan Apo NIR B 20X 378-867-5, NA =
0.4). The experimental sequence consists of a 100-ms-long magneto-optical-trap (MOT) cooling and

loading stage, followed by a 40-ms-long MOT compression stage, during which an ensemble of 8TRb
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atoms is loaded into each tweezer. The magnetic gradient is then switched off, and the bias field along
the x direction is increased to 2.3 G. All measurements in this work are performed in this constant
magnetic field.

The ot polarized EIT control beam used for cooling is addressing |55 s F=2,mp=1) —
|5P3 /9, F = 2, mp = 2) transition with measured Rabi frequency of Q,/(27) = 7.5 MHz. Fora
single-photon detuning of A/(27) = 36 MHz (relative to trap-shifted line) used for cooling, the
estimated AC Stark shift of the control light is given by dac/(27) = QZ2/4A = 390 kHz. The
expected Fano linewidth y, /(27) = 29ac(I/A) = 130 kHz is similar to the observed linewidth
of ~ 150 kHz, which is larger than the trapping frequencies (»,/(27) = 45kHz and w,/(27) =
4 kHz), indicating that we are operating well outside the Lamb-Dicke regime.

The 7 polarized EIT probe beam addresses |55 /2, F = 2, mp = 2) — |5P3 5, F = 2, mp = 2)
transition. The probe beam aligned in the y — 2 plane has measured Rabi frequency of Q,/(27) =
0.52 MHz, while the probe light aligned along the y direction has Q,/(27) = 0.79 MHz.

The fluorescence imaging beam is o polarized and —67 MHz detuned (relative to trap-shifted
line) from |58 j9, F = 2,mp = 2) — [5P3)5, F = 3, mp = 3) transition. We estimate the scatter-
ing rate of this beam from the laser power and beam waist sent to the experiment to be ~ 1.0 x 10°
s~1, consistent with 130 + 10kHz AC Stark shift observed in inset of Fig. 3b of the main text. A
polarized repump beam addresses the |58 /o, F = 1) — [5P5 /5, F = 2), generated as a sideband on
the & control beam via a phase electro-optic modulator (EOM; iXblue NIR-MPX800-LN-05-00-P-

P-FA-FA).

D.2 MONTE CARLO TEMPERATURE FIT DETAILS

We extract the temperature of the single atoms through a release and recapture method, fitted using

Monte-Carlo simulations*°. After imaging and verifying the distribution of single atoms in the array,
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traps are switched off, allowing the atoms to diffuse. The traps are switched back on after the release
time, and the probability of losing an atom during that time is recorded. Each data point was repeated
40 times, with an average number of s atoms.

A Monte-Carlo simulation takes into account gravity and the trap parameters and calculates an
expected loss probability curve as a function of release time for different temperatures between o and
200 K, with a 1 ¢K resolution. Trap parameters assumed in the simulation (as extrapolated from
measurement at lower powers) are wavelength (4 = 808 nm), radial trapping frequency (»,/(27) =
45 kHz) , axial trapping frequency (w./(27) = 4kHz), trap depth (U = 0.91 mK) and trap waist
size (wg = 1.6 um). The final atomic distribution is sampled 10000 times per release time for each
temperature, determining a loss event when the trap depth at the final position is smaller than the atom
kinetic energy. A weighted least square value between the measured and simulated loss probability
curves is used to determine the most likely temperature in experiment.

The statistical error in the temperature is calculated by taking into account the variance in the
measured data (each data point is averaged 40 times) and attempting to fit 1oo times. The systematic
error is calculated by assuming ~ 10 % variance in trap parameters. Fitting appears to be most sen-
sitive to variations in the trap waist. For the fitting of the temperatures after cooling or after imaging
while cooling, the systematic error dominates. For the temperature of atoms directly after PGC, a

combination of systematic and statistical errors determines the total error.

D.3 2D HiGgH B FIELD IMAGING

To verify that our loading and imaging technique is compatible with zoned architectures, it is impor-
tant to demonstrate its effectiveness in 2D. For the following measurements, we block the 7 probe
light propagating along the y direction, ensuring that the 2D imaging involves only the x and z (axial)

directions (see Fig. 1a of the main text). Since the axial direction is much more weakly confined, we
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find it is much more important to cool with the probe beam along the z direction compared to y, as
atoms can escape more easily from recoil heating along the axial direction. Histograms from 200 ms
of imaging are shown in Fig. D.1. Without 3D cooling, it is necessary to adjust imaging parameters
to minimize atom loss, primarily by reducing the imaging power by a factor of 2. As a result, readout
becomes significantly slower and of lower fidelity (89(1) %). However, as described in the main text,
with modest technical improvements (namely, a better microscope objective lens), the imaging dura-
tion can be substantially shortened to reduce atom loss, and fidelities at the 99 % level are anticipated.
This demonstrates that our imaging technique functions in two dimensions, making it compatible

with zoned architectures and prospects for continuous reloading via optical conveyor belts>3%35,
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Figure D.1: High B field imaging in 2D: Histogram distribution of high B-field imaging performed in 2D. The data, col-
lected over 200 ms for 10 different traps, shows an average fidelity of 89(1) % in distinguishing a single atom from
the background. Both the speed and readout fidelity can be significantly improved with the use of a higher-performance
microscope objective lens.

D.4 IMAGING DEPENDENCE ON TRAP DEPTH

We investigate the dependence of atom loss on the tweezer depth. Our results in Fig. D.2 indicate
that deeper traps should help retain atoms, with 1.8(3) % loss achieved at typical trap depths used
in alkali-atom-array experiments. The data was obtained by varying the trap depth while keeping the
parameters for cooling and imaging (such as laser detunings and powers) fixed, which were previously
optimized for an AC Stark shift of 23 MHz (i.e. trap depth of 18.2 MHz). We note that EIT imaging

could be improved at lower trap depths by optimizing parameters for the corresponding trap depth.
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Figure D.2: Imaging dependence on trap depth: Data showing atom loss probability during a single imaging application as
a function of trap depth. The results indicate that our imaging technique is effective for trap depths commonly used in
atom array experiments, and that deeper traps can further enhance atom retention.
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