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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, combinedwith 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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1
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

1



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, whichdescribes themacroscopicworldwe can see and intuitivelyunderstand, quantumphysics

describes the behavior of particles at themicroscopic 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 explainedwith 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

Schrödinger 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 Schrödinger

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
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are fundamental to the computers we use daily, rely on principles of quantummechanics. 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 the last 50 years a new technology inspiredbyquantummechanics has emerged calledquantum

computing. It all started in 1980s whenRichard Feynman, proposed the idea that classical computers

are inherently inefficient 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 computers1.

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 systems2,3,4,5, can also be useful in enhancing our technology particularly in cryptography6,

materials science7 and drug discovery8. 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 qubits9, trapped ions10, and neutral atoms11 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 focuswas ondeveloping laser techniques for trapping12, cool-
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ing13 andmanipulating atoms, and this technology allowed us to detect new phases of matter includ-

ing Bose-Einstein condensation14,15, 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 clocks16, 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%17. 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 tweezers18,19,20. Atoms can now be loaded, imaged, and subsequently,

deterministically rearranged into fully filled arrays of arbitrary geometries in 1D, 2D and even 3D21.

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

states22, where they behave like large electric dipoles, and, as such, they can interact very strongly

with each other. This feature has been explored extensively23, 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 87Rb24, 88Sr25 and 171Yb26.

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-
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tems with hundreds of atoms are routinely achieved27,28,29 and a recent demonstration included a

system size of even 6100 qubits30. Furthermore, it was demonstrated that this platform can be con-

trolled at the excess of99% 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-sequence31. 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 computation11.

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 rates32, 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 hundredmilliseconds to half a second. This issue is envisioned

to bemitigated in the future by operating neutral atom experiments in fully continuousmode, 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 idea33,34,35,

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 ofmilliseconds, is the computational speed bottleneck,

especially for error-correction methods requiring several mid-circuit readouts to be performed36.

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
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readout, and a method for single-atom loading and imaging in high magnetic fields to enable fully

continuous operationmode. Themethod for fast non-destructive readout utilizes tweezers filledwith

ensembles of atoms that collectively readout a single Rydberg qubit via Electromagnetically Induced

Transparency (EIT). This ideawas tested in two cases, whenRydberg 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 highmagnetic fields. We found that combination of fluo-

rescence imaging, responsible for detection, andD2EIT 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 understandRyd-

berg atoms. Chapter 4 describes Electromagnetically InducedTransparency, themain technique used
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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 5 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 5 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.
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2
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,
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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.

Whatmakes this platform so powerful and versatile is thewide-range of tools that have been devel-

oped for it over these decades. It beganwith pioneering efforts in creating laser cooling13 and trapping

techniques12, 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 effects, 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.
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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 andnitrogen. Toprevent this fromhappening, cold atomsneed to be generated in lowvacuum

pressure environments, typically ranging from 10−8 − 10−9 Torr pressure, or with ever increasing

system sizes, even stricter requirements of 10−12 − 10−13 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 × 10−10 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 thesis37 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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a)	Side	view	x-z	direction b)	Top	view

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 theRe-entrantViewports: Twoflat vertical6′′ viewportswere replacedwith

two re-entrant bucket windows, providing better optical access to the atoms in vertical direc-

tion, where now we can use up to NA = 0.65 lens at this window, compared to about NA

= 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-vacuummirror 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. Themain purpose of the glass cell was to allow for chamber to have two

parts that canbe separately controlled,which is useful for continuous loading techniques33,34,35.

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 J 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 18mm away from the atom’s plane, which is approx-

imately 50mm closer compared to where the glass was in the old vacuum chamber. This change

allowed us to use largerNA objectives to focus traps and image atoms, with maximal numerical aper-

ture we can use with this viewport up to about NA = 0.65. With this upgrade, we were able to

create arrays of optical dipole traps (tweezers) of waists smaller than 2 μm. 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 apertureNA= 0.4, as this was the highestNA objective commercially available with the large

enoughworking distance of 25mm. 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 (EdmundOptics 49-349,NA= 0.3) is mounted opposite each other along the y-axis, while
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a) b)

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 NA = 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, ourNA= 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 theseNA= 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 off-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

6mm 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 70× 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 experiments33,34,35. 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 bellowholding the ampule (SigmaAldrich 276332-1G) containing theRb source canbe 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 theMOT despite setting

all parameters correctly. We then heated the bellow to 60◦C as Vladan’s suspicion was that 87Rb

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, initialMOTwe 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 J Lesker viewportswasmotivated byZak’s observa-
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tions38. He compared beams transmitted through theKurt J 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 reference39 and Thibault’s thesis37.

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 thesewires 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 freedomof 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 atoms40. 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
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generating dipole traps have wavelength that is far detuned from themain 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 d in a polar-

izing electric field E, its energy is −E · 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 π out of phase with the applied field, yielding an increase in en-

ergy. Consequently, atoms in red-detuned laser fields will seek the field maximum where energy is

lowered, while atoms in blue-detuned fields will seek the field minimumwhere energy is increased40.

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-

mula12:

Udip =
3πc2

2ω30

Γ
Δ
I(r) (2.1)

where c is the speed of light, ω0 is the resonant atomic transition frequency, Γ is the transition

linewidth, Δ is the laser detuning from the atomic resonance and I(r) 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 atomswith, stronger trapping forceswill be achievedbyusingmore tightly focusedbeams

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:

ωr ∝
√

P
Δ

1

w2
b

and ωz ∝
√

P
Δ

1

w3
b

(2.2)

where P is the laser power, Δ is the laser detuning and ωb 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 μs. We firstmeasure the resonance position of the imaging lightwhen the

trap is on during the 10 μs imaging segment and then compare it to the resonance position when the

trap light is off. Tomeasure the trapping frequency,weuse a standardparametric heating technique41,

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-SEV500 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 in42. 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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a) b) c)

Figure 2.3: Trap characterization measurements: Trap depth and trapping frequency measurements for the approximately
2 μm traps initially used in the Rydberg detector project. a. Light shift measurements reveal trap depth of about 2.5MHz.
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 ωr = 2π 13 kHz
and longitudinal trapping frequency of ωl = 2π 1 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 SLMpattern is relatively slow, with switching times greater

than 1ms. In contrast, AODs have a much faster switching time of around 10 μs, which is highly ad-

vantageous in single-atom experiments for initial arrangement of atoms on arbitrary trap grids19,18

and for mid-circuit reconfiguration of atoms31. 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 commonpractice in the field. With this configurationwe 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-

tionwas too long, somuch so thatwe couldn’t proceedwith this problemandwehad 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 theRayleigh range expected for the new clippedwaist and it is dependent on the

amount of clipping. This means that when wematch the beamwaist 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 approximatelymatched 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 themost 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’smomentum 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.

atom photon
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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 ν moving in the opposite direction to an atom with velocity va 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 howmagnetic field gradient bends the internal energy level structure
of atom such that laser beam of fixed ν 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 vacuumchamber. 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 aswe cool them and thusDoppler effect getting smaller, whichwould

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 unconventionalMOTconfiguration. Instead of the standard three

orthogonal retro-reflected beams, we use three retro-reflected beamswhere 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

thisMOT configuration is the limited optical access we have to the vacuum chamber and the fact that

ourmicroscope objective (MitutoyoMPlan ApoNIRB 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 topMOT

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

thembeingmuch thinner, and as such, would be able to allow the adequate angles to be achievedwith

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

with the epoxy applied to the sides of the construction.

micro
scope

18mm

atoms

Window	size	
D	=	1.94’’

a) b) c) d)

Figure 2.6: Details of topMOT 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 howmicroscope
objective is mounted in our experiment: we use two 1′′ translational stages to adjust the x− y position of the microscope
and one 5‐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 mmdiameter, but for the topMOTconstruction, we use the largest beamwe 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 topMOT 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 wewanted 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 MOT, specifically

14 G/cm2, compared to the typical ∼10 G/cm2. 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, atomwill get a momentum-kick in the opposite direction that

will heat the atom,meaning that therewill exist a steady state down towhich atoms can be cooledwith

this method. This steady-state temperature, Doppler temperature, is 146 μK for 87Rb atoms43. This

atomic temperature would have been too high to make experiments in this thesis work, so we had to

developmore cooling techniques. In this experimentwe used following coolingmethods successfully:

polarization-gradient cooling13, non-degenerate Raman sideband cooling44, Lambda-gray molasses

cooling45 and D2 EIT cooling46. We also tried to make degenerate Raman sideband47 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 whywe 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 subgroup44.

In our experiment, polarization gradient cooling is implemented using the same beams as the

MOT beams, where this initially surprising cooling effect is explained in13. 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 μK 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 degenerate47 and non-

degenerate setting44 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 despitemanaging to achieve lower tem-

perature ensembles, that came at the cost of reduced atomnumber. The decrease in atomnumber had

a more negative impact on our final signal than the improvement gained from the lower temperature.

As a result, we decided not to use this cooling technique in the final measurement.

The lambda-graymolasses cooling techniquewas 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 method45 and we even optimized the sequence

with ourmachine learning package48. Althoughwe achieved around80% 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.
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Finally, the D2 EIT cooling technique46 was crucial for the experiment described in chapter 8.

Details of this technique are described in chapter 4.

a) b)

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 μK. 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 μK.

Tomeasure temperature of trapped ensemble atomswedoa time-of-flight (TOF)measurement49.

In this measurement we release the atoms from the trap just before a short, typically 10 μs 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 TOFmeasurements revealed around 30−40 μK temperatures for trap waists in the

range 2 − 5 μm and trap depth of about 2.5MHz. In contrast, to measure the temperature of sin-

gle atoms in the trap, we use the release and recapture technique50. 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, whichwas done inChapters 5, 7 and 8, but instead I will focus on themost commonly used

imaging techniques in our field, absorption and fluorescence imaging, which we used daily in our lab.

In simplewords the difference between absorption andfluorescence 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 thatwewant to image is positioned inbetween the imaging light and the camera. The atomswill

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.

Fromthis intuitive picture, one could come to awrong conclusion that absorption imagingwould

be better in detecting atoms compared to fluorescence imaging. However the opposite is true51, 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 shownFigure 2.8, and thus for absorption imaging one

needs to take an imagewith atoms followedby the imagewith 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 images38.
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Figure 2.8: Illustration 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 μs long, on-

resonance with atoms and we would typically send I ≤ 0.1 Isat of imaging laser intensity. This low

amount of intensity was limited by EITmeasurements, specifically self-blockade as described in chap-

ter 5 and its appendix. In contrast, fluorescence imaging of single atoms was much longer, typically

30 − 60ms long, about 50MHz 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− 1mmwaist with inten-

sity I∼ Isat 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.

depth	
of	field

With	irisNo	irisa) b) c)

Figure 2.9: Illustration 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.

Iwill note here one interesting imaging problemwehad, and solutionwe tried to find. Despite the

solution ultimately not helping, I believe this attempt is worthmentioning. This problemwas related

to us trying to improve our imaging SNR for the project in chapter 7. Wewere at the time using 2 μm

waist traps with our atomic cloud sizes being approximately σx = σy = 0.7 μm and σz = 8μm. We

observed a consistent issuewhere the estimated number of atomswas 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 themicroscope’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 effectively

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
√
2ωbπ

λ , where ωb is the

trapping beam waist and λ 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 μm, this factor is approximately 11.

For Rydberg detector experiment in chapter 7, the optimal micro-ensemble is a rrms ∼ 3− 4 μm

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 λ = 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 μm waist, with which we get ensembles of size σx = σy ∼ 2 μm and

σz = 32 μm. To compress atoms along the longitudinal direction we use two sheets of blue-detuned

770nm beams of waist 4 μm x32 μm. Two sheets are generated using one-dimensional AOD (AA

Opto-ElectronicsDTSX-400-800.850) and focused on the ensembles by in-vacuum lenses of numeri-

cal apertureNA= 0.2. Longitudinal size of the ensemble is dynamically compressedwith these sheets

by chirping theRF tones sent to theAOD,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 μm, and they are longitudinally squeezed using two sheets of blue‐
detuned 770 nm beams of waists 4μm x32 μm. Red‐detuned traps are generated using SLM, and blue‐detuned beams
are generated using one‐dimensional AOD.

atoms, so we had to come upwith 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 nmbeams 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 80ms, 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 1MHz corresponding to

30 μm separation. This is quite fascinating given that starting ensemble waist is 32 μm, meaning that

we can compress ensemble by factor of twowith this squeezingwithout loosing 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 NA= 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 μm, with 770 nm beam waist in longitudinal
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direction of 4 μm, meaning that atoms are then confined in the region 15 − 2 × 4 = 7 μm, making

longitudinal ensemble size∼ 3− 4 μm.

31



3
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 canbemade to interact stronglywhenpositioned very close to eachother, as seen inBose-Einstein

Condensate experiments. This approach has led to remarkable experiments, which explore quantum

phase transitions and entanglement in optical lattices2,3,4. 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 bemade to interact very stronglywith each other, in a technically

simpler way, by exciting these atoms into higher n 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,

andGHz 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 off

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 ofRydberg atoms are

well understood52,53 and here I will provide the most important information needed to understand

the experiments in this thesis.

ARydberg atom is an atom inwhich one of its valence electrons is excited to a very high principal

quantumnumber n, ranging from ten to even hundreds. The properties of these atoms scale with this

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

Enlj = − Ry
(n− δnlj)2

(3.1)
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where Ry is the Rydberg constant, n, l, and j are the principal, angular momentum, and total

angular momentum quantum numbers respectively, and δnlj 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 Šibalić52 andWeber53 to find thewavelengths atwhichwe 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⟩ =

n2a0, where a0 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 n3, meaning the

higher the principal quantum number n, the longer the electron can remain in that state.

Given these scalings, onemight think that working at very high nwould 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

excite an atom to state n scales as n−
3
2 . In these experiments, the quality of preparation often depends

on how quickly transitions can be driven, so lower n values are preferred in this case. Additionally,

at high n levels, Rydberg atoms behave almost like ions and become highly sensitive to electric fields,

with electric field sensitivity scaling as n7. This means that, experimentally, at these high n 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 n level for the experiment, it is important to consider the interaction

scaling aswell. Two atoms excited toRydberg states can interact either through resonant dipole-dipole

interaction or via Van derWaals interaction. In case of resonant dipole-dipole interaction, interaction
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strength at distanceR scales as C3 ∝ n4
R3 , and in case of van der Waals interaction as C6 ∝ n11

R6 .

Typically, in experiment, one choosesn level taking into account all these scalings,with interaction

strength and excitation drive scaling being the most important ones. In the experiments described in

this thesis, Rydberg states with n in the range 50− 100were 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 5S1/2 state to the 5P3/2

state, followed by a 480 nm laser to excite the atom from the 5P3/2 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 nmMoglabs 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. Themaster 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 signal54.

The second laser, the 480 nm laser, determines which Rydberg n level we couple to, as Rydberg

levels are typically quite separated, oftenbymanyGHzormore, depending on then level. The480 nm

laser, aTopticaTA-SHGPro1W, is derived froma frequency-doubled960 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
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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 Šibalić52 and tune 480nm laser such that

on the 200MHz 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 − 50MHz range, making sure we are still depleting MOT. We then adjust the EOM frequency

until we can see that TEM00 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 n levels as part of our experiments, partic-

ularly those discussed in chapter 7. The states I investigated throughout my PhD include:

62S1/2 → 62P1/2, 62P3/2

91S1/2 → 90P3/2, 91P3/2, 91P1/2

58S1/2 → 58P3/2

54D3/2 → 55P1/2, 55P3/2

54D5/2 → 55P3/2

74D5/2 → 75P3/2

36



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 n. In practice, this means that

if there is no control over the electric field in the experiment, one should work with low n, probably

lower than 70. But evenwith electric field control, caremust be takenwhen sending high-power lasers

through dielectric viewports. These viewports, being very close to the atoms (about 18mm), 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 them55.

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.
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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:

Vx = V1 + V2 + V5 + V6 − V3 − V4 − V7 − V8

Vy = V1 + V3 + V5 + V7 − V2 − V4 − V6 − V8

Vz = V5 + V6 + V7 + V8 − V1 − V2 − V3 − V4

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 nS states are shown in Figure 3.2.

a) b) c)

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 ofVx. b. Control light resonance shift
as a function ofVy. c. Control light resonance shift as a function ofVz.

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 performMW

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 5, 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 polarizedMW drive, multiple antennas can be used; in chapter 5,

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 MWRabi frequency and create polarized MWs. This was done by

adjusting the phase of theMWdrive 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 MWRabi frequency, it gives a reasonable estimate.

To prepare aRydberg atomwithin the ensemble, we use a three-photon process scheme involving

a 780 nm beam, a 480 nm beam, and aMW drive and more details can be found in Chapters 5 and 7

and their respective appendices. Most single atomRydberg experiments utilize a two-photon process

39



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 δ =

100MHz 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 n 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 |75P3/2,mJ = 3/2⟩ with C6 =

45GHz μm6, and we obtain a power-broadened linewidth of γ3ph ≈ 500 kHz, corresponding to a

blockade radius of
(
C6/γ3ph

)1/6
= 6.7 μm, 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 μs in the overdamped regime. Wedonot observeRabi oscillations consistentwith the preparation

of a |W⟩ state, in which fast dephasing on the order of a few hundred nanoseconds has been experi-

mentally observed56. We attribute our observations to fast dephasing of the collective |W⟩ state, thus

preparing a statistical ensemble consisting of a single Rydberg excitation randomly distributed within

the cloud with an upper-bounded-fidelity ofN/N+ 1, whereN is the number of atoms57.

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 n levels. Some examples of this includes coherence

time measurements, and that will be described in this section.

Before checking the coherence time, we firstmeasure the lifetime of an atom in theRydberg 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 n levels exhibiting longer lifetimes. Our measurement for the 62P3/2 level,

presented in Figure 3.3, reveals a lifetime of approximately 76 μs. To do this measurement, we first

prepare a single Rydberg atom within the ensemble in the desired Rydberg state, which in this case

was 62P3/2. We then wait for an extended period and use our detection method, as described in

chapter 5, to verify if the Rydberg atom remains in the desired state.

Coherence timebetween twoRydberg 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

a Rydberg atom and then perform a Ramseymeasurement. This involves applying two π
2 MWpulses

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 μs

coherence time between the 74D5/2 and 75P3/2 states.

a) b)

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 μs. b. Coherence time measurement for the 74D5/2 → 75P3/2 transition with the fitted
coherence time of approximately 12 μs.

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, wemanaged to obtain reasonably good coherence time and lifetime values, so we did not

pursue further improvements.
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4
Electromagnetically Induced Transparency

4.1 Introduction

Electromagnetically InducedTransparency (EIT) is a phenomenonwhere an optical medium, such as

an ensemble of 87Rb 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 5, 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 interference58,59,60.

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 notes40. In addition, Rydberg EIT has

been described in detail in various sources61, including the PhD theses of former graduate students

from this lab62,63,37. 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 EIT,wemust 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, χ. When light travels through the medium, the electric field E(z)

changes according to the following formula: E(z) = Eei k χ z/2. Here, the susceptibility χ can be a

complex quantity with both real and imaginary parts. Specifically, ℑ[χ] results in exponential atten-

uation or amplification of the beam intensity, while ℜ[χ] causes a linear phase shift of the field with

distance. This phase shift can be understood as a modification of the wavevector k 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:

H =


0 Ωp/2 0

Ωp/2 −iΓ− Δp Ωc/2

0 Ωc/2 −iΓr + Δp − Δc

 (4.1)

where Γ is the excited state decay rate (6MHz for 87Rb atoms), Γr is the Rydberg state decay rate

(typically a few kHz and can usually be neglected), Ωp and Ωc are the Rabi frequencies of the probe

and control fields, respectively and Δp and Δc 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, ρge. This leads us to the following formula for the susceptibility:

χ ∝
−iΓr + (Δp − Δc)

(Γ+ iΔp)(Γr + i(Δp − Δc)) +Ω2
c

(4.2)

From this expression, we can see that for negligible Γr and when Δp = Δc, the imaginary part of

the susceptibility vanishes. This implies that therewill 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 |5S1/2, F = 2,mF = 2⟩ state. The σ+ probe light couples them to the |5P3/2, F = 3,mF = 3⟩ state, from
where we use σ+ control light to couple them to the nD5/2 state or σ− 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 10MHz control
light drive applied on resonance (Δc = 0MHz) 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 10MHz. Here, EIT transmission occurs when Δp = Δc, 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 OD Γ
Ω2

c
. From this equation, it

is evident that the weaker the Ωc, the slower the light field propagates within the medium and when

Ωc = 0, the light can be completely stopped within the medium! This phenomenon of light storage

has been extensively explored both theoretically64 and experimentally65.
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4.3 Rydberg 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.

RydbergEIT in this experiment primarily involved coupling the5S1/2 state to thenS1/2 ornD5/2

states through the intermediate 5P3/2 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 1mm 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 themicroscope 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 alignedwith the traps created by the SLM such that it intersects them. Then, we align the 480 nm

beamto the side trapbeam, depleting atoms in the side trapfirst and afterwards those in the SLMtraps.
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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. MarkusGreinermade

motorizedmirror 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 optimizingRydberg EIT, particularly at highRy-

dberg n 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 n = 91, we observed a 20MHz 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.

a) b) c)

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 inZak’s thesis38 to pumpour ground state atoms into the

|5S1/2, F = 2,mF = 2⟩ state. Figure 4.2a shows howRydberg 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 affects 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 light66. 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-

perimentswe usedmainlynS1/2 andnD5/2 states forRydber EIT. Figure 4.2c shows typicalMWEIT

signal. For experiment in chapter 7, we used this signal only to calibrate the MW drive. This signal

can also be used to create polarizedMW drives as done in chapter 5.

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 90s, early 2000s67 and it was experimentally tested on

ions also around that time68, and more recently to cool down single neutral atoms46.

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 EIT spectrum shown

inFigure 4.3b. Atoms inside the trap canbe effectivelymodeled as harmonic oscillators. In a harmonic

trap, there are many potential levels n 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 5S1/2 level are |f⟩ = |F = 2,mF = 1⟩ and |g⟩ = |F = 2,mF = 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 δ, the dressed state |̃f, n− 1⟩ can be made resonant with
|g, n⟩, for the probe detuning that sets |g, n⟩ → |f, n⟩ on EIT resonance. b. Blue‐detuned EIT absorption spectrum
showing two strong absorptions atΔp = 0− δ, corresponding to the |̃e⟩ state, andΔp = Δc + δ, corresponding to the
|̃f, n⟩ state. c. Zoomed‐in level diagram around Δp = Δc. This data shows that with the choice of δ =

Ω2
c

4Δc
= ν (where

ν is the trapping frequency), atoms predominantly absorb light on the ”red‐sideband” (|g, n⟩ → |̃f, n− 1⟩), which cools
atoms, rather than on the ”blue‐sideband” (|g, n⟩ → |̃f, n+ 1⟩), which would heat atoms.

state. Theprobe light thenprobes transitions fromthis level to the excited state |e⟩ = |F = 2,mF = 2⟩

of the 5P3/2 state.

Figure 4.3a shows that strong control light Ωc, blue-detuned by Δc, dresses the |f⟩ and |e⟩ states

into AC Stark shifted states |̃f⟩ and |̃e⟩, 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 (Δp = Δc) and setting the AC Stark shift δ = Ω2
c

4Δc
= ν (where ν is the trapping frequency), one

can make the |g, n⟩ → |̃f, n− 1⟩ transition resonant with this probe frequency. Once in |̃f, n− 1⟩

state, atoms will qickly decay to |g, n− 1⟩, which causes atoms starting from |g, n⟩ states to predom-

inantly transition to |g, n− 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 Δp = Δc, atoms predominantly scatter photons

off of the ”red-sideband” that cools atoms, while the |g, n⟩ → |f, n⟩ transition remains on pure EIT

resonance andhence does not scatter light. The ”blue-sideband” transition |g, n⟩ → |̃f, 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” absorption69. 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.

50



5
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 computation70,22,71,72.

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 atoms19,18,21,73,28,45,20, Rydberg-atom arrays have been used to sim-

ulate quantum spin models22 with more than 250 qubits74,75,76,77 to perform multiple-qubit gate

operations78,79,80,81,82,83, or to create large maximally entangled states84. While these quantum simu-

lation and computation systems can operate on microsecond time scales, they could benefit substan-

tially from faster qubit preparation anddetection, as both the array preparationprocess and the optical

state readout in most systems require several to many milliseconds19,18,21. 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 processing85.

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 (τ ∼ 0.1 ms) process that has only moderate fidelity86, and the

state-dependent removal of atoms followed by relatively slow (τ ∼ 10 ms) fluorescence imaging of

the remaining atoms87,74,83,88 with relatively high fidelities of F ≳ 0.95. Fast high-intensity fluores-

cence detection within 20 μs 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 byGünter et al.90 to use Rydberg interactions in com-

binationwith electromagnetically induced transparency (EIT)91,92 for collectively enhanced imaging.
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Thismethod has previously been used to observe Rydberg dynamics93 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 interactions94,95,96.
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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 |r′⟩ through a three‐photon process involving the preparation beam (Ωp, orange), the control beam (Ωc, blue), and
a microwave field (ΩMW, grey). The detunings from the two intermediate states are Δe = δr = 2π × 100 MHz.
The preparation of a single atom in |r′⟩ is ensured by the strong interaction between two atoms in |r′⟩ 70. b. A probe
field (orange, waist size wp = 4.5 μm) in combination with the control field (wc = 12.5 μm) couples atoms to the
Rydberg state |r⟩. Under conditions of EIT (Δe = δr = 0), high transmission through the atomic medium results in a
large number of detected photons (left). On the other hand, if the Rydberg state |r′⟩ is populated by an atom (right), then
the strong interaction between |r⟩ and |r′⟩ removes the EIT condition, resulting in a significant reduction of transmitted
photon number due to absorption by the ensemble. The interaction Vrr′ contains both dipolar‐exchange (Vex) and van‐
der‐Waals components (VvdW) (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.97,98) 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 |↑⟩ ≡ |r′⟩ = |91P3/2,mj = 3/2⟩ and |↓⟩ ≡ |r⟩ = |92S1/2,mj = 1/2⟩,

perform qubit rotations with a loss of contrast δC ≤ 2 × 10−3 per 2π pulse, and read out the state

optically. Harnessing the collective effect of Rydberg blockade81, the state preparation and detection
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are performed inTp = 3 μs andTd = 6 μs with fidelities of Fp = 0.93±0.02 and Fd = 0.92±0.04,

respectively. The qubit coherence time of τc = (15 ± 5) μs, measured with a Ramsey sequence, is

much longer than the π rotation time of 90 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, yieldingN 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 mechanism99,74. 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 theN atoms in the ensemble is simultaneously switched

on or off90.

5.4 Experimental parameters

Our experimental setup is illustrated in Fig. 8.1a. A small ensemble with root-mean-square (rms)

size of
√
⟨r2⟩ ≈ 6 μm containing typically N ∼ 400 laser-cooled 87Rb atoms is prepared inside a

two-beam optical dipole trap with waist sizes w1 = 10 μm and w2 = 20 μm (see Appendix A for

details). The trapped atoms are optically pumped into the hyperfine and magnetic sublevel |g⟩ ≡

|5S1/2, F = 2,mF = 2⟩ that is coupled via a two-photon process involving the transitions |g⟩ ↔

|e⟩ ≡ |5P3/2, F = 3,mF = 3⟩ (probe beam Ωp) and |e⟩ ↔ |r⟩ (control beam Ωc) to the Rydberg

state |r⟩ ≡ |92S1/2,mj = 1/2⟩.

5.5 Detection results

To prepare a single atom in the Rydberg state |r′⟩ inside the ensemble, the probe laser and microwave

field are detuned by Δe/(2π) = δr/(2π) = 100MHz from their respective transitions, and in com-
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bination with the control field drive a three-photon transition |g⟩ ↔ |e⟩ ↔ |r⟩ ↔ |r′⟩ (see Fig.

8.1a). By changing the powers of the two optical fields within ∼3 μs, while keeping the microwave

field constant, a process similar to stimulated Raman adiabatic passage (STIRAP) 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 Γ3/(2π) = 0.6 MHz of the three-

photon transition is much smaller than the energy shift |ΔE|/h ≳ 10 MHz at the rms distance

d0 ≡
√
2⟨r2⟩ ≈ 8 μm between two atoms in their |r′⟩ 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

suppressed99,74. While the |r′⟩ 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.

(c)(a) (b)

Figure 5.2: a. Histogram of the transmitted probe photon number for state detection performed in 6 μs. Grey and orange
histograms correspond to the presence and absence of an atom in Rydberg state |r′⟩ ≡ |↑⟩, respectively. The solid lines
in a, b indicate a theoretical model that for the presence (absence) of an atom in |↑⟩ assumes random sudden loss of the
Rydberg atom in |↑⟩ (sudden decay of the slow‐light polariton into a Rydberg state) at a rate 0.035 μs−1 (0.015 μs−1).
The dashed line indicates the detection threshold that gives us the highest fidelity of differentiating two distributions.
The control Rabi frequency is Ωc/(2π) = 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 6μs measurements in the same run of the experiment. Gray
(orange) points represent transmission data when we prepare (do not prepare) the |↑⟩ 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 theRydberg state |r′⟩with

an effective |↑⟩ state. When the two-photon transition is resonantwith the intermediate state (Δe = 0,
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see Fig. 8.1a), the transmittedprobe light serves forRydberg state detection90 under conditions ofEIT

91,92. If an atom in |↑⟩ is present, the excitation of a Rydberg polariton to the state |r⟩ 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 Vrr′ = C6/R6 ± C3/R3, where C6/h = 6310 GHz μm6

and C3/h = 23.6GHz μm3 (see Appendix A). This interaction energy shifts the EIT resonance and

results in a lower transmission of the probe beam for the state |↑⟩.

Fig. 5.2a shows the observed photon count histograms of the transmitted light in a 6-μs detection

window with and without an atom in |↑⟩. 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

transmissionT|↑⟩ for |↑⟩ increases with time, whereas the high transmission without an atom in |↑⟩ is

almost constant, and decreases only slowly. The latter may be explained by a decay of the slow-light

|r⟩-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 T|↑⟩, on the other

hand, can be explained by a light-induced loss process of the Rydberg atom in |↑⟩ during detection,

which leads to a sudden increase in transmission at a random time. The observed signal reduction is

primarily associated with the control light, and is too fast to be explained by photoionization100,101 or

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 |↑⟩ 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 |↑⟩ (i.e., an atom in |r′⟩) of Fp = 0.93±0.02 (see Appendix A

for details). The detection fidelity (probability of correctly identifying the underlying state |↑⟩) after

removing the state preparation error is then Fd = 0.92± 0.04.
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Fig. 5.2c demonstrates that we can perform repeated (’non-destructive’) measurements on the

system, where a second 6-μs 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 ofG = 17± 1 in 6 μs, somewhat

larger than the gain ofG = 10 in 30 μs achieved in the Rydberg system of Ref.95.

5.6 Rydberg 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 {|↑⟩ , |↓⟩}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 μs) 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 |↑⟩ (atom in |r′⟩) 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 |↑⟩, respectively.

Fig. 5.3 shows Rabi oscillations with the full sequence of state preparation, qubit rotation, and

detection. The trap light is turned off during the sequence to avoid light shifts of the states. We use

two microwave antennas with adjusted relative phase and amplitude to suppress the π polarization

component of the microwave field that can couple atoms in |↓⟩ to the magnetic sublevelmj = 1/2 in

the 91P3/2 manifold, offset by 17MHz in an applied magnetic field of 9G. The remaining coupling

to other magnetic sublevels limits the maximum Rabi frequency on the |↑⟩ ↔ |↓⟩ transition to ≲

5MHz. The Rabi oscillations show no observable damping on the 6 μs timescale, corresponding to a
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Figure 5.3: A microwave field at a frequency f0 = 4814.2 MHz is applied to drive Rabi oscillations between |↑⟩ and
|↓⟩ at an oscillation frequencyΩ/(2π) = 5.3MHz. Each point is an average of∼ 150 repetitions. The error bars are
the standard deviation of the mean. The fitted contrast loss per 2π pulse is δC < 2× 10−3. The relevant energy level
diagrams are shown on the right.

contrast loss per 2π pulse of δC ≤ 2× 10−3.

5.7 Probability that single Rydberg atom is prepared

Theobserved contrast of theRabi oscillations canbeused todetermine theprobability that two excita-

tions in |r′⟩were simultaneously created in the ensemble. Due to the large interaction energy between

two atoms in |r′⟩ and |r⟩, the Rabi oscillations with two excitations would very quickly wash out on a

time scale h/Vrr′(d0) ∼ 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 π/2 pulses are applied with a temporal separation τ between them, and
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their relative phase is scanned to obtain aRamsey fringe at given τ. Fig. A.2 displays the contrast of the

Ramsey fringes as a function of Ramsey time τ. By fitting the contrast to a Gaussian decay function,

we obtain the e−2 dephasing time as (15 ± 5) μs. 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 atoms102. 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-state97. 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 atom103.

Figure 5.4: Ramsey measurements consisting of two π/2 pulses separated by a time τ. The phase of the second π/2
pulse is scanned to obtain a Ramsey fringe. The contrast of the Ramsey fringe is plotted as a function of τ. The solid curve
is a fit to a Gaussian decay functionAe−(τ/T∗

2)
2

, yielding a dephasing time T∗
2 = (15± 5) μs and A = 0.88± 0.04.

Inset: Ramsey fringe at τ = 1000 ns.
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5.9 Conclusion andOutlook

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 canbe improved bymodifying the preparation sequence (seeAppendixA)

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-

tion104 could lead to loss. Givenour current average atomic density of ⟨n⟩ = 2×1011 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 |r⟩ state. This loss is mainly caused by the control light in the detection stage,

and thus could bemitigated 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 10 μs, this

configuration could allow for a non-destructive, fast qubit readout with detection fidelity over 99%, a

crucial tool necessary for implementing quantum error correction85. In addition, such a readout can

also enable studies of quantum feedback105, quantum Zeno effect106, quantum jumps107, and can

act as a fast probe of Rydberg super-atom dynamics108.

The detection scheme can be readily implemented in different Rydberg platforms75,22,21, where

a single atom would be replaced by a small ensemble, as demonstrated in Ref.109. 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.
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6
Bose-Einstein condensation by polarization

gradient laser cooling

6.1 Introduction

Quantum degenerate gases provide an attractive platform for testing fundamental physics110,111 and

simulating various quantum many-body systems112,113. 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 temperatures13,114. At this point, the gas is trappedwith a typical occu-

pation per quantum state (phase space density, PSD) of∼ 10−6, limited by detrimental light-induced

processes such as photon reabsorption heating and atom loss. Subsequently, to reach the degener-

acy, evaporative cooling115 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 faster116,117,118,119,44,120. The main obstacle to overcome is light-induced col-

lisional loss at higher atomic densities and within the Bose Einstein condensate (BEC)121. 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-

ing light116, even demonstrating the first continuous creation of a BEC117. For alkali atoms, without

a convenient narrow transition, Raman cooling can be employed tomimic a narrower transition using

an additional laser field to adjust the effective transition linewidth114,122,123. This approach has en-

abled laser cooling to quantum degeneracy in Rb119,44 and Cs124, 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 87Rb 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 formation125,126,127,128.

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 (λ = 808 nm) focused to various beam waists (w0 = 2 − 5 μm) through a microscope objec-

tive lens (Mitutoyo M Plan Apo NIR B 20X 378–867–5, numerical aperture NA= 0.4), with the

trapping beam slightly tilted (∼ 3◦) away from normal incidence on the objective.

87Rb atoms are loaded into the dipole trap from a magneto-optical trap (MOT). The experi-

mental sequence consists of a 500-ms-longMOT cooling and loading stage, followed by a 40-ms-long

MOT compression stage at increasedmagnetic field gradient, during which atoms are loaded into the

dipole trap. The dipole trap depth is typicallyU/h = 8MHz (i.e. U/kB = 400 μK), with measured

radial and axial vibration frequencies of ωr/(2π) = 18 kHz and ωz/(2π) = 0.8 kHz, respectively.

The various parameters (laser intensities and frequencies, bias magnetic fields along x, y, z, 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)48, which has been

used previously for improving laser cooling to Bose-Einstein condensation120. 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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In-situ

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 (λ = 808 nm) is slightly misaligned on a microscope objective
lens with numerical apertureNA = 0.4, resulting in small‐scale corrugations of the trapping potential with waist w0 ≈
3.5 μm. 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

|5S1/2, F = 2⟩ → |5P3/2, F = 3⟩ transition, and of the repumper laser on the |5S1/2, F = 1⟩ →

|5P3/2, F = 2⟩ transition, themagnetic fieldsBx,By,Bz, and the gradient of themagnetic quadrupole

field. The parameters during the different time bins are connected via linear ramps, except for the laser

frequencies, which are jumped in < 1ms (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 inAppendix 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 forces129,130 and

losses121, the algorithm ramps down the intensity of the repumper laser by a factor of∼ 300, which
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transfersmost of the atoms into the F = 1manifold, and reduces photon scattering. Additionally, the

algorithm increases the MOT laser detuning from the |5S1/2, F = 2⟩ → |5P3/2, F = 3⟩ transition

to−180MHzduring the final time bin to produce colder temperatures via blue-detuned PGCon the

|5S1/2, F = 2⟩ → |5P3/2, F = 2⟩ transition131. The algorithm further increases the magnetic field

gradient to∼ 25G/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 asmany asN = 2300 atoms into amicroscopic dipole trapwith beamwaistw0 = 3 μm, at a tem-

perature of T ≈ 40 μK, well below the Doppler temperature of 140 μK, while the recoil temperature

is 360 nK. Note that such temperatures and densities have been achieved with PGC alone120, while

lower temperatures (e.g. 10 μK) have been reported only at the expense of lower atomic density127.

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

made to load only a single atom132.

6.3 BEC observation in a time of flight measurement

Following theM‐LOOP-optimized trap loading, the atoms are held in the dipole trap for an additional

50 − 300ms to allow the ensemble to thermalize, with typical estimated two-body collision rates of

Γc ≈ 2.2×103 s−1 at peak densitiesn0 ≈ 5×1013 cm−3 of the thermal cloud. 1 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

1During this 50 − 300ms 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 Tx = 2Kx/kB = 36(2) μK and Tz = 2Ky/kB = 42(2) μK, while the dense peak

expands anisotropically with much lower kinetic energies 2K(0)
x /kB = 1.4(2) μK and 2K(0)

z /kB <

0.2 μK. In particular, the expansion in the axial (z) direction is too small to be resolved by the imaging

system. This anisotropic expansion—well-below the expansion rate of the thermal gas— is a hallmark

signature of BEC formation15. A bimodal fit reveals an observed condensate fraction of up to 11%.
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<latexit sha1_base64="FPtIBRWz95ox+bQ0LKpbiFZmJqI=">AAACD3icbZBLSwMxFIUzPmt9VV26CbZK3ZQZKepKCm5cVrAP6Awlk6ZtaDIzJHekdeg/cONfceNCEbdu3flvTNtZaOuBwMc59xLu8SPBNdj2t7W0vLK6tp7ZyG5ube/s5vb26zqMFWU1GopQNX2imeABqwEHwZqRYkT6gjX8wfUkb9wzpXkY3MEoYp4kvYB3OSVgrHbuxAU2BCWTwkMBF8mQE3GKo1DzSYxbBVfGBemN27m8XbKnwovgpJBHqart3JfbCWksWQBUEK1bjh2BlxAFnAo2zrqxZhGhA9JjLYMBkUx7yfSeMT42Tgd3Q2VeAHjq/t5IiNR6JH0zKQn09Xw2Mf/LWjF0L72EB1EMLKCzj7qxwBDiSTm4wxWjIEYGCFWmA4ppnyhCwVSYNSU48ycvQv2s5JyXyrflfOUqrSODDtERKiIHXaAKukFVVEMUPaJn9IrerCfrxXq3PmajS1a6c4D+yPr8AaRIm8Y=</latexit>

z (axial) position [µm]

<latexit sha1_base64="MSe0TgWqsyrOxSfcWmwAoz+EJkY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAr8XGSgBePEc0DkiXMTibJkNnZZaZXCEs+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K4ilMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go9up33zi2ohIPeI45n5IB0r0BaNopYezC7dbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+6lQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJ47zsXZYr95VS9SaLIw9HcAyn4MEVVOEOalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/WcONLw==</latexit>�50
<latexit sha1_base64="XCChJL/1e8KJGmRIA68AH28cN/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHrTjLk=</latexit>

0
<latexit sha1_base64="Wbpg9GXT9D8llJG226ElT9pMY34=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMYh6QLGF2MpsMmZ1dZnqFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPVy4vXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2aXTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RC8xZeXSfOs6l1Wz+/PK7WbPI4iHMExnIIHV1CDO6hDAxiE8Ayv8OaMnBfn3fmYtxacfOYQ/sD5/AHwQIz4</latexit>

50

<latexit sha1_base64="y68SxV2ulTsszeTUoa8WdgYCE4g=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVop6k4MVjRfsB7VKyabYNzWaXZFYoS3+CFw+KePUXefPfmLZ70NYHCY/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6cGtuv1yxf5zkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+arTsmZVQYkjLV9Cslc/d2R0ciYSRTYyojiyCx7M/E/r5tieO1nQiUpcsUWg8JUEozJ7G4yEJozlBNLKNPC7krYiGrK0KZTsiF4yyevktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WpQUn7zmGP3A+fwBTso0r</latexit>

0.0

<latexit sha1_base64="6JWvO7eRh5soh61x3d1igx7R3rg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqCcpePFY0X5AG8pmu2mXbjZhdyKU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmhakUBj3v2ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1wdDvzW09cG5GoRxynPIjpQIlIMIpWevBcv1eueK43B1klfk4qkKPeK391+wnLYq6QSWpMx/dSDCZUo2CST0vdzPCUshEd8I6lisbcBJP5qVNyZpU+iRJtSyGZq78nJjQ2ZhyHtjOmODTL3kz8z+tkGF0HE6HSDLlii0VRJgkmZPY36QvNGcqxJZRpYW8lbEg1ZWjTKdkQ/OWXV0nzwvUv3ep9tVK7yeMowgmcwjn4cAU1uIM6NIDBAJ7hFd4c6bw4787HorXg5DPH8AfO5w9VNo0s</latexit>

0.1

<latexit sha1_base64="SQWbyJdLPPtP3gEJrA7qZhUzhxY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKUU9S8OKxoq2FNpTNdtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1PBtfG8b6ewtr6xuVXcLu3s7u0flA+PWjrJFMMmS0Si2iHVKLjEpuFGYDtVSONQ4GM4upn5j0+oNE/kgxmnGMR0IHnEGTVWuvfcaq9c8VxvDrJK/JxUIEejV/7q9hOWxSgNE1Trju+lJphQZTgTOC11M40pZSM6wI6lksaog8n81Ck5s0qfRImyJQ2Zq78nJjTWehyHtjOmZqiXvZn4n9fJTHQVTLhMM4OSLRZFmSAmIbO/SZ8rZEaMLaFMcXsrYUOqKDM2nZINwV9+eZW0qq5/4dbuapX6dR5HEU7gFM7Bh0uowy00oAkMBvAMr/DmCOfFeXc+Fq0FJ585hj9wPn8AVrqNLQ==</latexit>

0.2
<latexit sha1_base64="4XiHKv8wxRBiwg+0HcpjoaJ9iOo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0ikqCcpePFYwX5AGspmu2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NyKGCS5ZCzgI1k01I0kkWCca3878ziPThiv5AJOUhQkZSh5zSsBKQQ/YE0RxTtxpv1rzXG8OvEr8gtRQgWa/+tUbKJolTAIVxJjA91IIc6KBU8GmlV5mWEromAxZYKkkCTNhPj95is+sMsCx0rYk4Ln6eyIniTGTJLKdCYGRWfZm4n9ekEF8HeZcphkwSReL4kxgUHj2Px5wzSiIiSWEam5vxXRENKFgU6rYEPzll1dJ+8L1L936fb3WuCniKKMTdIrOkY+uUAPdoSZqIYoUekav6M0B58V5dz4WrSWnmDlGf+B8/gB0RJFd</latexit>a.

<latexit sha1_base64="otxyvzZ8hY1pcYUtwWZsEL0v4K4=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFYxX5AG8pmO2mXbjZhdyOU0H/gxYMiXv1H3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD57bL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m186JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseGUbAje8surpHVR9S6rtftapX6Tx1GEEziFc/DgCupwBw1oAoMQnuEV3pyx8+K8Ox+L1oKTzxzDHzifP+osjPQ=</latexit>

10

<latexit sha1_base64="ZJhV9hS+V50arOWhzxeFbWkBKJc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxiq2FNpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n3N7ZcrbtWdg6wSLycVyNHsl796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7fJQGjOUE4soUwLeythI6opQxtOyYbgLb+8Stq1qndRrd/VK43rPI4inMApnIMHl9CAW2hCCxiE8Ayv8OaMnRfn3flYtBacfOYY/sD5/AHrsYz1</latexit>

20

<latexit sha1_base64="tQjSdN4zB6g9NEDmhmH27ij7TI4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0ikqCcpePFYwX5AGspmu2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NyKGCS5ZCzgI1k01I0kkWCca3878ziPThiv5AJOUhQkZSh5zSsBKQQ/YE0RxTt1pv1rzXG8OvEr8gtRQgWa/+tUbKJolTAIVxJjA91IIc6KBU8GmlV5mWEromAxZYKkkCTNhPj95is+sMsCx0rYk4Ln6eyIniTGTJLKdCYGRWfZm4n9ekEF8HeZcphkwSReL4kxgUHj2Px5wzSiIiSWEam5vxXRENKFgU6rYEPzll1dJ+8L1L936fb3WuCniKKMTdIrOkY+uUAPdoSZqIYoUekav6M0B58V5dz4WrSWnmDlGf+B8/gB3UJFf</latexit>c.

<latexit sha1_base64="TOTKhrU9PI5RJhAcb8lrhG+OzXk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD57r9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wdYQo0u</latexit>

100
<latexit sha1_base64="Wbpg9GXT9D8llJG226ElT9pMY34=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMYh6QLGF2MpsMmZ1dZnqFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPVy4vXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2aXTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RC8xZeXSfOs6l1Wz+/PK7WbPI4iHMExnIIHV1CDO6hDAxiE8Ayv8OaMnBfn3fmYtxacfOYQ/sD5/AHwQIz4</latexit>

50

<latexit sha1_base64="XCChJL/1e8KJGmRIA68AH28cN/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHrTjLk=</latexit>

0
<latexit sha1_base64="XCChJL/1e8KJGmRIA68AH28cN/I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHrTjLk=</latexit>

0
<latexit sha1_base64="CdrVEtt+q1SH8guRTksGbnIYKEs=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KokW9SQFLx4r2A9oY9lsN+3STTbsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSqGW8wJZVuB9RwKWLeQIGStxPNaRRI3gpGt1O/9cS1ESp+wHHC/YgOYhEKRtFKnS6KiBviuY8XvVLZrbgzkGXi5aQMOeq90le3r1ga8RiZpMZ0PDdBP6MaBZN8UuymhieUjeiAdyyNqd3kZ7OTJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2hC8xZeXSfO84l1WqvfVcu0mj6MAx3ACZ+DBFdTgDurQAAYKnuEV3hx0Xpx352PeuuLkM0fwB87nDx5bkH0=</latexit>

⇥103

<latexit sha1_base64="cbw8bmGAk3Thne9BuEpxPjkzwE4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyG+DhJwIvHiOYByRJmJ7PJkNnZZaZXCCGf4MWDIl79Im/+jZNkD5pY0FBUddPdFSRSGHTdbye3tr6xuZXfLuzs7u0fFA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Mbz1xbUSsHnGccD+iAyVCwSha6aFy4faKJbfszkFWiZeREmSo94pf3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfuqUnFmlT8JY21JI5urviQmNjBlHge2MKA7NsjcT//M6KYbX/kSoJEWu2GJRmEqCMZn9TfpCc4ZybAllWthbCRtSTRnadAo2BG/55VXSrJS9y3L1vlqq3WRx5OEETuEcPLiCGtxBHRrAYADP8ApvjnRenHfnY9Gac7KZY/gD5/MHYWGNNA==</latexit>

250

<latexit sha1_base64="lI/GvdxrD5hmRBDtxe8MrHnKgNI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPVy4bq9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZqRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5N+kJzhnJsCWVa2FsJG1JNGdp0SjYEb/HlZdI8q3qX1fP780rtJo+jCEdwDKfgwRXU4A7q0AAGA3iGV3hzpPPivDsf89aCk88cwh84nz9eWo0y</latexit>

500

<latexit sha1_base64="qSt+1oY9Nc1aBjYoWA9iSXCJmLY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKNJ4k4MVjRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5aMYJ+hEdSB5yRo2VHqqXbq9YcsvuHGSVeBkpQYZ6r/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5qVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDan3CZpAYlWywKU0FMTGZ/kz5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf88ippXpS9q3LlvlKq3WRx5OEETuEcPKhCDe6gDg1gMIBneIU3RzgvzrvzsWjNOdnMMfyB8/kDaP+NOQ==</latexit>

750
<latexit sha1_base64="lB/6aeITVt+5fCQpsuYwpAWOyFc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0ikqCcpePFYwX5AGspmu2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NyKGCS5ZCzgI1k01I0kkWCca3878ziPThiv5AJOUhQkZSh5zSsBKQQ/YE0RxHrnTfrXmud4ceJX4BamhAs1+9as3UDRLmAQqiDGB76UQ5kQDp4JNK73MsJTQMRmywFJJEmbCfH7yFJ9ZZYBjpW1JwHP190ROEmMmSWQ7EwIjs+zNxP+8IIP4Osy5TDNgki4WxZnAoPDsfzzgmlEQE0sI1dzeiumIaELBplSxIfjLL6+S9oXrX7r1+3qtcVPEUUYn6BSdIx9doQa6Q03UQhQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AF1ypFe</latexit>

b.

<latexit sha1_base64="TOTKhrU9PI5RJhAcb8lrhG+OzXk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD57r9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVL3Lau2+Vqnf5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wdYQo0u</latexit>

100
<latexit sha1_base64="Wbpg9GXT9D8llJG226ElT9pMY34=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMYh6QLGF2MpsMmZ1dZnqFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPVy4vXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2aXTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RC8xZeXSfOs6l1Wz+/PK7WbPI4iHMExnIIHV1CDO6hDAxiE8Ayv8OaMnBfn3fmYtxacfOYQ/sD5/AHwQIz4</latexit>
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High-density peak

Figure 6.2: a. TOF distribution after 400 μs 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 Tx = 2Kx/kB = 36(2) μK and Tz = 2Kz/kB = 42(2) μK along x and z,
respectively, withN = 2.7(1)× 103. The high‐density peak expands anisotropically with much lower kinetic energies

of expansion 2K(0)
x /kB = 1.4(2) μK and 2K(0)

z /kB < 0.2 μK. The gray shaded region (below 4 μm2) 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∼ 10−3, 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

form125,126,127,128,133. 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 PSDd within the

dimple increases exponentially with the depth of the dimple128:

ln(PSDd/PSD) =
Ud/(kBT)

1 + (Vd/V)eUd/(kBT)
. (6.1)

Here,Ud is the additional trap depth provided by the dimple, andV,Vd are the volumes of themacro-

scopic and dimple traps, respectively. The expression is an approximation assuming box-shaped trap-

ping potentials and Vd/V ≪ 1. For smaller volume ratios Vd/V, a weaker dimple potential is suffi-

cient to create a BEC. The largest possible increase in phase space density is PSDd/PSD ∼ V/Vd,

obtained for a dimple depth of Ud/(kBT) ≈ ln(V/Vd). For our parameters, this implies that a

volume ratio Vd/V ≲ 10−3 is needed, in combination with an additional dimple potential depth

Ud ≈ 6.9kBT ≈ h× 5.5MHz.

The smallest characteristic structure size of the interference speckle pattern can be estimated as

δxd ∼ λ/(2 × NA) ≈ 1.2λ, yielding a maximum volume ratio (and hence local PSD increase)

of V/Vd ∼ 2π2w4
0/λ

4 ≈ 1.5 × 103, matching what is required to explain the BEC formation.

For the thermal gas inV, the chemical potential calculated from its temperature and atom number is

approximatelyUd ≈ h× 5.5MHz, 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 w0 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: whilewe observe BEC formation in a dipole trapwithw0 = 3.5 μm,

no condensation was observed for waists w1 = 2.4 μm or w2 = 4.5 μm. For the smaller beam waist

w1, higher light-induced loss during the loading stage134 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 w2, 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 ofmisalign-

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 undermore 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 μmwaist and

observed BEC formation when the trap separation was chosen to lie in the range 3.3− 3.7 μm, 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 dimples135,136. 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 sameM‐LOOP-optimized loading sequence and subsequently ramp up

or down the dipole trap depth within 20ms, and finally hold the atoms in the trap for an additional

20ms 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 BECpersists in-trap over timescales of a few hundredmilliseconds, we observe

atom loss from the condensate during TOFmeasurements (see Fig. 6.3c). 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 equilibriumbetween scattering into and out of the condensate. DuringTOF, how-
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B
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)

<latexit sha1_base64="DRaAAucgzXEl5U7ww/C0Eqi/1WA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHxXjLo=</latexit>

1

<latexit sha1_base64="TouhIHP1Py2H2Rnrf0vk58PkhkY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUU9S8OKxiq2FNpTNdtIu3WzC7kYopf/AiwdFvPqPvPlv3LQ5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvsn8xydUmsfywUwS9CM6lDzkjBor3ddK/XLFrbpzkFXi5aQCOZr98ldvELM0QmmYoFp3PTcx/pQqw5nAWamXakwoG9Mhdi2VNELtT+eXzsiZVQYkjJUtachc/T0xpZHWkyiwnRE1I73sZeJ/Xjc14ZU/5TJJDUq2WBSmgpiYZG+TAVfIjJhYQpni9lbCRlRRZmw4WQje8surpF2rehfV+l290rjO4yjCCZzCOXhwCQ24hSa0gEEIz/AKb87YeXHenY9Fa8HJZ47hD5zPH7IZjM8=</latexit>

2

<latexit sha1_base64="xEMwumy3qQ+WOfCYNDxpTna5KpU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6pe9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9q7KlXqlVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD39fjLw=</latexit>

3

<latexit sha1_base64="uADts9qy6BMZhUYNznve61VGZSI=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp6kkKXjxWsB/QhrLZTtq1m03Y3Qgl9Bd48aB49Td589+4bXPQ1gcDj/dmmJkXpoJr43nfTmljc2t7p7zr7u0fHB5V3OO2TjLFsMUSkahuSDUKLrFluBHYTRXSOBTYCSd3c7/zjErzRD6aaYpBTEeSR5xRY6WH+qBS9WreAmSd+AWpQoHmoPLVHyYsi1EaJqjWPd9LTZBTZTgTOHP7mcaUsgkdYc9SSWPUQb44dEbOrTIkUaJsSUMW6u+JnMZaT+PQdsbUjPWqNxf/83qZiW6CnMs0MyjZclGUCWISMv+aDLlCZsTUEsoUt7cSNqaKMmOzcW0I/urL66R9WfOvavVq47YIowyncAYX4MM1NOAemtACBggv8AbvzpPz6nwsG0tOMXECf+B8/gAWcYuT</latexit>

4

<latexit sha1_base64="6zP0HM+kwIRzC9A8n5xFmbsm+Mk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfJwk4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv5rSdUmsfywYwT9CM6kDzkjBor1S97xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOi7F2VK/VKqXqbxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4JnjL4=</latexit>

5

<latexit sha1_base64="0jxypQdFN1wnh6lAIzoD4Ls1waU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0bSFNpTNZtMu3eyG3Y1QQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZF6acaeO6305pbX1jc6u8XdnZ3ds/qB4etbXMFKE+kVyqbog15UxQ3zDDaTdVFCchp51wfDvzO09UaSbFo5mkNEjwULCYEWys9OAPokG15tbdOdAq8QpSgwKtQfWrH0mSJVQYwrHWPc9NTZBjZRjhdFrpZ5qmmIzxkPYsFTihOsjnp07RmVUiFEtlSxg0V39P5DjRepKEtjPBZqSXvZn4n9fLTHwd5EykmaGCLBbFGUdGotnfKGKKEsMnlmCimL0VkRFWmBibTsWG4C2/vEraF3Xvst64b9SaN0UcZTiBUzgHD66gCXfQAh8IDOEZXuHN4c6L8+58LFpLTjFzDH/gfP4AJWSNtQ==</latexit>

Ud

<latexit sha1_base64="+Jvb1XB6FjQsih/icgiZAOSZBs4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvXis0LSFNpTNdtMu3WzC7kQopb/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1MpDLrut1NYW9/Y3Cpul3Z29/YPyodHTZNkmnGfJTLR7ZAaLoXiPgqUvJ1qTuNQ8lY4up/5rSeujUhUA8cpD2I6UCISjKKV/FHvjjR65Ypbdecgq8TLSQVy1Hvlr24/YVnMFTJJjel4borBhGoUTPJpqZsZnlI2ogPesVTRmJtgMj92Ss6s0idRom0pJHP198SExsaM49B2xhSHZtmbif95nQyjm2AiVJohV2yxKMokwYTMPid9oTlDObaEMi3srYQNqaYMbT4lG4K3/PIqaV5Uvavq5eNlpXabx1GEEziFc/DgGmrwAHXwgYGAZ3iFN0c5L86787FoLTj5zDH8gfP5Aw9JjjE=</latexit>

kBT
<latexit sha1_base64="ZO63VIvgZSgizSlhx26fLOD92kk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarb75Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC+q3mW11qxV6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AbRrjN8=</latexit>

V
<latexit sha1_base64="Z/zXvK0/47rUssjKVkH05aKxRlo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePFY0X5AG8pms2mXbjZhdyKU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmBakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzXiTJTLRnYAaLoXiTRQoeSfVnMaB5O1gdDvz209cG5GoRxyn3I/pQIlIMIpWemj1w3654lbdOcgq8XJSgRyNfvmrFyYsi7lCJqkxXc9N0Z9QjYJJPi31MsNTykZ0wLuWKhpz40/mp07JmVVCEiXalkIyV39PTGhszDgObGdMcWiWvZn4n9fNMLr2J0KlGXLFFouiTBJMyOxvEgrNGcqxJZRpYW8lbEg1ZWjTKdkQvOWXV0nroupdVmv3tUr9Jo+jCCdwCufgwRXU4Q4a0AQGA3iGV3hzpPPivDsfi9aCk88cwx84nz8m6o22</latexit>

Vd

<latexit sha1_base64="4XiHKv8wxRBiwg+0HcpjoaJ9iOo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0ikqCcpePFYwX5AGspmu2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NyKGCS5ZCzgI1k01I0kkWCca3878ziPThiv5AJOUhQkZSh5zSsBKQQ/YE0RxTtxpv1rzXG8OvEr8gtRQgWa/+tUbKJolTAIVxJjA91IIc6KBU8GmlV5mWEromAxZYKkkCTNhPj95is+sMsCx0rYk4Ln6eyIniTGTJLKdCYGRWfZm4n9ekEF8HeZcphkwSReL4kxgUHj2Px5wzSiIiSWEam5vxXRENKFgU6rYEPzll1dJ+8L1L936fb3WuCniKKMTdIrOkY+uUAPdoSZqIYoUekav6M0B58V5dz4WrSWnmDlGf+B8/gB0RJFd</latexit>a.
<latexit sha1_base64="tQjSdN4zB6g9NEDmhmH27ij7TI4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0ikqCcpePFYwX5AGspmu2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NyKGCS5ZCzgI1k01I0kkWCca3878ziPThiv5AJOUhQkZSh5zSsBKQQ/YE0RxTt1pv1rzXG8OvEr8gtRQgWa/+tUbKJolTAIVxJjA91IIc6KBU8GmlV5mWEromAxZYKkkCTNhPj95is+sMsCx0rYk4Ln6eyIniTGTJLKdCYGRWfZm4n9ekEF8HeZcphkwSReL4kxgUHj2Px5wzSiIiSWEam5vxXRENKFgU6rYEPzll1dJ+8L1L936fb3WuCniKKMTdIrOkY+uUAPdoSZqIYoUekav6M0B58V5dz4WrSWnmDlGf+B8/gB3UJFf</latexit>c.

<latexit sha1_base64="lB/6aeITVt+5fCQpsuYwpAWOyFc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0ikqCcpePFYwX5AGspmu2mXbnbD7kQsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXjet1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NyKGCS5ZCzgI1k01I0kkWCca3878ziPThiv5AJOUhQkZSh5zSsBKQQ/YE0RxHrnTfrXmud4ceJX4BamhAs1+9as3UDRLmAQqiDGB76UQ5kQDp4JNK73MsJTQMRmywFJJEmbCfH7yFJ9ZZYBjpW1JwHP190ROEmMmSWQ7EwIjs+zNxP+8IIP4Osy5TDNgki4WxZnAoPDsfzzgmlEQE0sI1dzeiumIaELBplSxIfjLL6+S9oXrX7r1+3qtcVPEUUYn6BSdIx9doQa6Q03UQhQp9Ixe0ZsDzovz7nwsWktOMXOM/sD5/AF1ypFe</latexit>

b.

<latexit sha1_base64="Kgwr6+TH5XHrj7Q/S+rlKf7cg7c=">AAAB73icbVBNSwMxEJ34WetX1aOXYBG8WHZtUY8FLx4r2A9o15JNs21oNrsmWaEs/RNePCji1b/jzX9jtt2Dtj4YeLw3w8w8PxZcG8f5Riura+sbm4Wt4vbO7t5+6eCwpaNEUdakkYhUxyeaCS5Z03AjWCdWjIS+YG1/fJP57SemNI/kvZnEzAvJUPKAU2Ks1HGdh/S8Oi32S2Wn4syAl4mbkzLkaPRLX71BRJOQSUMF0brrOrHxUqIMp4JNi71Es5jQMRmyrqWShEx76ezeKT61ygAHkbIlDZ6pvydSEmo9CX3bGRIz0oteJv7ndRMTXHspl3FimKTzRUEisIlw9jwecMWoERNLCFXc3orpiChCjY0oC8FdfHmZtC4q7mWldlcr16t5HAU4hhM4AxeuoA630IAmUBDwDK/whh7RC3pHH/PWFZTPHMEfoM8fcw2O5Q==</latexit>

10�3
<latexit sha1_base64="pNxQb1ZF2bIpVXZPmrOkbipptG4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2VXi3osePFYwX5Au5Zsmm1Ds8maZIWy9E948aCIV/+ON/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmklxbyYx9SM8FCxkBBsrdTz3IT2rTUv9csWtujOgZeLlpAI5Gv3yV28gSRJRYQjHWnc9NzZ+ipVhhNNpqZdoGmMyxkPatVTgiGo/nd07RSdWGaBQKlvCoJn6eyLFkdaTKLCdETYjvehl4n9eNzHhtZ8yESeGCjJfFCYcGYmy59GAKUoMn1iCiWL2VkRGWGFibERZCN7iy8ukdV71Lqu1u1qlfpHHUYQjOIZT8OAK6nALDWgCAQ7P8ApvzqPz4rw7H/PWgpPPHMIfOJ8/dJOO5g==</latexit>

10�4

<latexit sha1_base64="FM7mtgI/lYxbNBGOKN6gVtNvrUE=">AAACEXicbVDJSgNBEO2JW4xb1KOXxhCIlzgjQT1JMAieJEI2yAyhp9NJmvQsdNeIYZhf8OKvePGgiFdv3vwbO8shJj4oeLxXRVU9NxRcgWn+GKmV1bX1jfRmZmt7Z3cvu3/QUEEkKavTQASy5RLFBPdZHTgI1golI54rWNMdVsZ+84FJxQO/BqOQOR7p+7zHKQEtdbKFu05sA3sE6cXXN5UkOZ0TagEQkSS4YOdPOtmcWTQnwMvEmpEcmqHayX7b3YBGHvOBCqJU2zJDcGIigVPBkowdKRYSOiR91tbUJx5TTjz5KMF5rXRxL5C6fMATdX4iJp5SI8/VnR6BgVr0xuJ/XjuC3qUTcz+MgPl0uqgXCQwBHseDu1wyCmKkCaGS61sxHRBJKOgQMzoEa/HlZdI4K1rnxdJ9KVe+msWRRkfoGBWQhS5QGd2iKqojip7QC3pD78az8Wp8GJ/T1pQxmzlEf2B8/QKB+Z1p</latexit> N
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)

<latexit sha1_base64="lAxDXnGkM+izgSNs01Z1b8uCCL0=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxXvulJtVMu1qzyOApzCGVyABzdQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBd4SMrg==</latexit>

0
<latexit sha1_base64="w8X3qY/kDlhaeg1oQvvTUSCwJ8c=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexqfBwDXjxGMQ9IljA76U2GzM4uM7NCWPIHXjwo4tU/8ubfOEn2oNGChqKqm+6uIBFcG9f9cgorq2vrG8XN0tb2zu5eef+gpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6LSPJYPZpKgH9Gh5CFn1Fjp/sLtlytu1Z2D/CVeTiqQo9Evf/YGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m186JSdWGZAwVrakIXP150RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseGUbAje8st/Seus6l1Wa3e1Sv08j6MIR3AMp+DBFdThFhrQBAYhPMELvDpj59l5c94XrQUnnzmEX3A+vgHs8Yzt</latexit>

50
<latexit sha1_base64="qCXgQv39EHObnZjWkRc2CjmPyQE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz04Lluv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1buq1u5rlfplHkcRTuAUzsGDa6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBU840j</latexit>

100
<latexit sha1_base64="NWjRu21bvRh2ypxX7hkvnNhgd5I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqfBwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oNGChqKqm+6uIJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++5FrI2L1gJOE+xEdKhEKRtFK996F2y9X3Ko7B/lLvJxUIEejX/7sDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5scqAhLG2pZDM1Z8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3qX1dpdrVI/z+MowhEcwyl4cAV1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzdcjI0o</latexit>

150
<latexit sha1_base64="SAQQBlKp616n7b9njq9hGvKPYu4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6rHgxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6qLpuv1R2K+4cZJV4OSlDjka/9NUbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrErqWSRqj9bH7qlJxbZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTtCF4yy+vkla14l1Vave1cv0yj6MAp3AGF+DBNdThDhrQBAZDeIZXeHOE8+K8Ox+L1jUnnzmBP3A+fwBWeY0k</latexit>

200
<latexit sha1_base64="GkfgGvZDN1NvAls41bEuQJ8Zmbg=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYRH0cSLx4xyiOBDZkdZmHC7OxmpteEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSKFQdf9dnJr6xubW/ntws7u3v5B8fCoaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3c781hPXRsTqEccJ9yM6UCIUjKKVHiqXbq9YcsvuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/mp07JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjjT4RKUuSKLRaFqSQYk9nfpC80ZyjHllCmhb2VsCHVlKFNp2BD8JZfXiXNStm7Klfvq6XaRRZHHk7gFM7Bg2uowR3UoQEMBvAMr/DmSOfFeXc+Fq05J5s5hj9wPn8AXhKNKQ==</latexit>

250
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Figure 6.3: a. Corrugations in the optical potential enable BEC formation when the additional trap depthUd drops below
the chemical potential μ. Interference of the trapping beam generates diffraction‐limited structures of size≈ λ, which can
exponentially enhance the local PSDd 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 μs forN = 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 loss130 (see Appendix B; note that

two-body inelastic collisions should be negligible since the algorithm prepares the atoms in the F = 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 accomplishedwithin a duration as short as 40ms, which is an order ofmagnitude faster than

that achieved in other works120,118. 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-off between atom number

and temperature120. Additionally, the duration ofMOT loading can be easily reduced by employing a

2DMOT, which would significantly improve the cycle time137. Combining this method with arrays

of optical tweezers19,18, 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 interferometry138,139 and other precision experiments with ultracold atoms.
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7
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 states22, have played a

crucial role in recent discoveries and technological advancements. Manifesting in dipolar exchange140
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or blockade74 mechanisms, Rydberg interactions have enabled the generation of squeezed atomic

states29,141,142 for quantum metrology applications and the development of neutral atom quantum

processors with high-fidelity gates24,26,25, supporting demonstrations of encoded logical qubits11.

In the realm of fundamental physics, Rydberg interactions have enabled quantum simulations of

complex27,5 quantum many-body phases, and mediated effective interactions between photons via

Electromagnetically-induced transparency (EIT)103,65,143.

The latter efforts have uncovered intriguing phenomena: for example, a photon can form a Ry-

dberg polariton64 and collide with a stationary Rydberg atom, resulting in either increased absorp-

tion103 or a phase shift65,144. Such state-dependent effects have lead to demonstrations of single-

photon transistors and photonic gates mediated by atomic ensembles94,95,96. It was further pro-

posed145 that precise control over the atom-polariton interaction parameters can be achieved by plac-

ing a single Rydberg excitation and an atomic ensemble hostingRydberg 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 expectedbehaviour 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 detectionwith 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 ofRydberg 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 networks145

and quantum random walks with inherent nonlinearity146.
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7.2 Experimental setup

Our experimental setup is illustrated in Fig. 7.1c. We load 87Rb ensembles in an array of dipole traps

(λ = 808 nm, w0 = 4.9 μm) 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 (λ = 770 nm, w0 = 4 μm× 32 μm), generated by a one-dimensional

acousto-optic deflector (AOD). After these steps each dipole trap hosts an ensemble with ∼ 200

atoms within σx = 2 μm, σy = 2.5 μm, σz = 4 μm.

SLM
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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 |n′P⟩ = |75P3/2,mJ = 3/2⟩ within the ensemble. The first and third legs of the
three‐photon transition (780nm and microwave fields with Rabi frequenciesΩ1,Ω3) are detuned by δ = +100MHz
from resonance of their respective transitions, while the 480nm light with Rabi frequency Ω2 is on‐resonance with
|e⟩ = |5P3/2, F = 3,mF = 3⟩ → |nD⟩ = |74D5/2,mJ = 5/2⟩. b. Rydberg EIT scheme, in which both the probe
and control fields (with Rabi frequenciesΩp,Ωc) are on‐resonance with their respective transitions. c. Schematic of the
setup illustrates the trap configuration, which creates small ensembles using 808nm SLM traps and 770nm 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 780nm probe field (not depicted) is sent through the microscope objective in the opposite direction.
(Zoom‐in) Dipole‐dipole interactionsVPD between a stationary Rydberg atom in |n′P⟩ and travelling Rydberg polaritons
in |nD⟩ 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 (Ωp/(2π) ≈ 100 − 300 kHz) probes the transition between the ground state |g⟩ =

|5S1/2, F = 2,mF = 2⟩ and excited state |e⟩ = |5P3/2, F = 3,mF = 3⟩, while a strong 480 nm con-

trol field (Ωc/(2π) = 5−20MHz) couples |e⟩ to theRydberg state |nD⟩ = |74D5/2,mJ = 5/2⟩. If

the probe and control fields satisfy the bare two-photon-resonance (whileΩp ≪ Ωc), EIT conditions

are fulfilled and a probe photon entering an ensemble couples to a travelling dark state polariton64, re-

sulting in high transmission. However, the presence of a stationary Rydberg atom in e.g. |n′P⟩, shifts

the states |nD⟩ 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-interactions103,147.

In the experiments presented below, we load 2–5 atomic ensembles, and increase the magnetic

field to 9G in order to spectrally resolve the desired RydbergmJ sublevel. One ensemble (the “prepa-

ration” ensemble) is used to prepare a single Rydberg atom in the state |n′P⟩ = |75P3/2,mJ = 3/2⟩

via a three-photon transition and the Rydberg blockade mechanism148 as illustrated in Fig. 7.1a. Al-

though the position of the prepared Rydberg atomwithin 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 μs, which is sufficiently small compared to the lifetimes of theRydberg

states. Thus, following the preparation of a single Rydberg atom in |n′P⟩ inside a preparation ensem-

ble, the control AOD is switched to address neighbouring ensemble(s) (the “detection” ensemble(s))

and couple them to |nD⟩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 stationaryRydberg atom in |n′P⟩ and theRydberg polaritons coupled to |nD⟩ interact via dipole-

dipole interactions of the formVPD(r) = C3/r3, where r is the atom-polariton distance andC3 is the

interaction coefficient. Simulations53 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 stationaryRydberg atom and neighbouringRydberg 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 r < rb, which is the characteristic distance at which the dipolar

coupling strength is equal to the EIT linewidth VPD(rb) = ΓEIT 145,65,91. 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 rb < r < rh where the hopping radius rh is defined as the distance at

which the interaction timescale equals the characteristic propagation timescale τg of a single polariton

through the ensemble (i.e. group delay τg ∝ OD
Ω2

c
) The hopping radius is related to the blockade radius

as rh =
√
ODbrb 145, where ODb is the optical depth per blockade radius (in our case, ODb = OD

since the ensemble is smaller than the blockade radius, and therefore rh > rb 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 |n′P⟩ ↔ |nD⟩ between the atom and polariton.

In other words, initially-transparent Rydberg polaritons coupled |nD⟩ within the ensemble evolves
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into stationary |n′P⟩ states which induce subsequent probe photon absorption.

Finally, at distances larger than the hopping radius r > rh, incoherent hopping occurs, in which

the interaction timescale is small compared to the group delay τg. In this case, upon the exit of the

polariton from the cloud, projectionmeasurement is performed, projecting polariton into |n′P⟩ state

with probability dependent on VPD(r) and τg. A classical rate equation can accurately capture the

|n′P⟩ probabilistic leakage into the polariton ensemble with rate∝ τ2g V2
PD(r) (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 Ωc/(2π) = 5.5MHzwas 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 detectedmissing photons (absorbed photons) to the number of detected photons in the

absence of atoms (more information in Appendix C).

Within the blockade regime (r < rb), 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 (rb < r < rh), the contrast behaves non-monotonically which

is indicative of coherent exchange, as |n′P⟩ population hops between the preparation and detection

ensemble. Theminimumcontrast observedwithin this region occurs at the distance atwhich, on aver-

age, a full flip-flopbetween |n′P⟩ and |nD⟩ canbe completed in time equal to groupdelay time. At this

distance, in a perfect system, polaritonwould exit the ensemble ”unperturbed”, as if it never interacted

with theRydberg 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 ofΩc/(2π) = 5.5MHz chosen for this data. A phenomenological theory curve closely matches the
observed data.

nisms in the Rydberg manifold. At larger distances (r > rh), the contrast drops quadratically with

the interaction strength, consistentwithprobabilistic (classical) hoppingof the |n′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 observed148,144,143, we 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 |n′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 |n′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 |n′P⟩

state first hops to the mediating ensemble before hopping to the detection ensemble. Each process is

8× faster compared to the hopping process between preparation and detection ensemble in absence

of the mediating ensemble, resulting in increased probability of finding |n′P⟩ in the detector ensem-

ble. Next, we verify that the initial |n′P⟩ population in the preparation ensemble has decreased due to

hopping with neighbouring |nD⟩ polaritons. With an array of three ensembles as shown in Fig. 7.3b,

we prepare a single |n′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 |n′P⟩ population is reduced if |nD⟩ 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 |n′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 amethod for fast, non-destructive, and state-selective readout of a singleRydberg 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 (Ωc/(2π) = 20MHz), an aver-

age optical density of≈ 1.5, approximately 200 atoms per ensemble, and a qubit-detector separation

of 20 μm (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 w0 = 4.9 μm 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 μs 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 μs 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% fidelity148), 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 5.214GHzmicrowave field,

following selective preparationof |n′P⟩Rydberg atom just in thequbit ensemble. Themicrowavefield
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Figure 7.4: Applications of Rydberg EIT as a non‐local detector: a. Single‐shot historgam for 30μs of readout. b. With
repeated preparation and detection with 20 repetitions of 10 μs 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 |n′P⟩ and |nD⟩ states of the qubit ensemble, inducing Rabi oscillations between them at

a frequency of ΩMW/(2π) = 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 μm

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 fieldRabi frequencies to allow for high probe rates. In our system, this was not possible, however,

we anticipate that this limitation could be addressedwith 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 onoptimal 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

theuse of this state-selective scheme for fast, non-destructive readout of singleRydberg atom, inwhich

we demonstrate non-local detection of Rabi oscillation of a Rydberg atom via detector ensemble sep-

arated by 20 μm. 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 processors11,33,34,35. Future studies may also

utilize ourwork as a convenient infrastructure for quantumphotonic networks, supporting quantum

photonic gates and switches94,95,96; or for studies of quantum walks with inherent nonlinearity (in a

similar fashion to those demonstrated in146), where one or many Rydberg excitations can hop within

an array of ensembles.
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8
HighMagnetic 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 simulation27,5, computation24,25,26, preci-
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sionmetrology29,141,142, and sensing149. Such systems have demonstrated remarkable scalability, rou-

tinely featuring hundreds, and recently, thousands30,35, 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 operations24,25,26. This high level of control, combined

with a re-configurable architecture31, has facilitated recent demonstrations of encoded logical qubits

– a key milestone towards error-corrected logical qubits and fault-tolerant computation11. 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 10-100G) are often required for high-fidelity gate operations 150,26,34,151. For

alkaline-earth atoms with a convenient narrow-linewidth transition, single-atom loading and imaging

in a magnetic field has been demonstrated34,152. 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 −

10ms, 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 171Yb34, 88Sr35. 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) cooling153,154, Λ-enhanced gray molasses155,156, and EIT cool-

ing157, 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 traps158,159, 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 line67,160, enabling the preservation of atoms during detection, with which we achieve 99.6(3)%

readout fidelity in 70ms 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-

tecture161 or the zoned architecture11, 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 (λ = 808 nm) is

generated with a spatial light modulator (SLM) focused to beam waists of w0 ≃ 1.6 μm through

a microscope objective lens (NA = 0.4) with measured radial and axial vibration frequencies of

ωr/(2π) = 45 kHz andωz/(2π) = 4 kHz andACStark shift of23MHz (see details inAppendixD).

After initial magneto-optical-trap (MOT) cooling, loading, and compression stage optimized with
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machine learning48, as reported previously162, an ensemble of 87Rbatoms is loaded into each tweezer.

The magnetic gradient is then switched off, while the bias field along the x direction is increased to

2.3G 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 2.3G along the x‐axis. The
tweezers are illuminated with σ+ polarized control beam used for EIT cooling, with a counterpropagating σ+ polarized
fluorescence (imaging) beam. The π polarized EIT probe light propagates in parallel with themicroscope objective, entering
the chamber in the y − z plane at a 37◦ angle relative to the z‐direction. A secondary π beam is aligned along the y‐
direction. The repump light is generated as an EOM sideband on the EIT σ+ 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 σ+

polarized EIT control beam used for cooling (propagating along themagnetic field i.e. x-axis), a coun-

terpropagating σ+ polarized fluorescence imaging beam and π polarized EIT probe beam, aligned in

the y− z plane at a 37◦ angle relative to the z axis. An additional π 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 − 67MHz detuned from the |5S1/2, F = 2⟩ → |5P3/2, F = 3⟩ transi-

tion, the EIT control beam is+36MHz detuned from the |5S1/2, F = 2⟩ → |5P3/2, 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 condition46. A polarized repump beam addresses the |5S1/2, F = 1⟩ →

|5P3/2, F = 2⟩ transition, generated as a sideband on the σ+ 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, fromwhich

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

eachof the 10 traps. Thehistograms inpurple display the photoelectron counts detectedduring70ms

of imaging in high magnetic field, performed immediately after tweezers are loaded from the MOT

and the magnetic field is stabilized at 2.3G. 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 (17,132). Fig. 8.2c shows that the

characteristic time toprepare single atomsusing this imaging technique ismuch shorter than the imag-

ing duration required for high-fidelity readout. We measure the characteristic collisional timescale to

be 1.63 ± 0.07ms, with single atoms prepared reliably within 10ms.
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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 andmagnetic field is increased to 2.3G. 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 10ms. d. Single‐atom preparation probability as a function of imaging beam detuning from
Stark‐shifted |5S1/2, F = 2⟩ → |5P3/2, F = 3⟩ transition. We observe≈ 68(2)% loading probability for detunings
≲ 2U = 42MHz, as expected 45.

For our scheme, cooling beams are blue-detuned on the |5S1/2, F = 2⟩ → |5P3/2, F = 2⟩ tran-

sition, which enables possibilities for enhanced loading via blue-detuned light-assisted collisions45. 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 |5S1/2, F = 2⟩ → |5P3/2, F = 3⟩

transition, observing enhancement for detunings≲ 2U = 42MHz relative to the Stark-shifted line,

as expected 45. Moreover, the enhanced loadingwas achieved in anorder ofmagnitude faster time than

previous demonstrations on the D1 line45, with the characteristic single-atom preparation timescale

now observed within just 2 − 10ms. While Λ-enhanced grey molasses cooling has been previously

demonstrated on the D2 line163, 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,

89



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

bymerely holding atoms in tweezers for the same duration without applying any cooling and imaging

light), which indicates that the in-trap atom lifetime is themain contribution to loss. After correcting

for the trap lifetime, we find that the atom loss per image is 1.8(3)%.

a. b. c.

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 T = 37+15

−8 μK after PGC, T = 16+3
−3 μK after EIT imaging, and T = 9+2

−2 μK 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 andEIT cooling, is heating

atoms, we perform standard release and recapture measurements50 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 T = 16+3
−3 μK is achieved after applying one

imaging cycle, which is significantly colder than that achieved via PGC (T = 37+15
−8 μK) and slightly

hotter than the EIT cooling temperature (no imaging beam) of T = 9+2
−2 μK (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. 8.3c, which effectively changes the scattering rate (see Appendix D). We

observe a sharp increase in atom loss for scattering rates above4×105 s−1, which is consistentwith 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 π 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 70ms of imaging with 98.2(3) % survival probability and

single-atompreparation froman ensemblewithin 10mswith 48(3)% stochastic loading. Wedemon-

strate that enhanced loading is possible on theD2 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 schemes45. 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 arrays33,34,35

and zoned architectures for neutral atom quantum processors11. Although our experiments are per-

formed in a relatively small bias field of 2.3G 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 gates160.

Webelieve our results canbe significantly improvedwithmodest 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 (ω0 ≲ 1 μm) 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 Λ-enhanced gray molasses45, 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 cooling164). Therefore, by implementing our method, atom arrays should be completely

compatiblewith a constant highmagnetic field,whichwill introduce a speedup in their operation time

and is a prerequisite for their continuous operation for quantum information processing applications.
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9
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 ofmicroseconds. 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

mechanismbehind detection differs in these cases, driven by the competition betweenRydberg 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 ofmachine 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

toperformcontinuous loading33,34,35. When combinedwithourdeveloped technique for single atom

loading and imaging in highmagnetic 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 inmore detail in its appendix, achieving99% readout fidelity in tens

ofmicroseconds requires using a largermicro-ensemble to readout a singleRydberg atomplaced inside

a smaller 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, wemust 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 nowunderstand how to achieve this integration. Themain challenge is that generat-

ing a single atomwithin a tweezer, which initially loads multiple atoms, requires shining fluorescence

light to perform light-assisted collisions132. 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 architecture11, 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

atoms165, ground state atoms can be moved away from the Rydberg atom within ten microseconds

with a tweezer formedby anAOD.This can be followedby de-excitation of theRydberg 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.
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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. Illustration 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 themain source of long cycle

timeswhich 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 highmagnetic fields, as we demonstrated in chapter 8,

with continuous loading technique via conveyor belt as demonstrated recently in33,34,35.

An essential component for implementing a continuous loading scheme is a two-part chamber de-

signwith independent laser andmagnetic field control in each section. Onepart of the chamberwould

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.
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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
quantum 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 theMOTworked without this component, we anticipated

that adding a glass cellwould 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, theMOT

chamber, glass cell in our case, will maintain a constant magnetic gradient field to continuously pro-

duce a 3DMOT.Atoms from the center of the glass cell would be transported to the science chamber,

located 36 cm away, using a lattice beamwith a waist of approximately 300− 400 μm. This beam has

a sufficiently large Rayleigh range to cover the distance between the chambers. The lattice would span

approximately 600− 800 μm of the microscope’s field of view, which is significant given that typical

fields of view for large numerical aperture microscopes are about 1mm. 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 μm) sent through one of the

ports in the x−y plane of the science chamber, falling within themicroscope’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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A
Supplement for chapter 5

A.1 Experimental setup

87Rbatoms are collected in a three-dimensionalmagneto-optical trap (MOT)and loaded into a crossed

optical dipole trap createdwith two orthogonal far-detuned laser beams atwavelengths 852 nm (prop-

agating along z) and 1064 nm (propagating along y) with waist sizes 10 μm and 20 μm, respectively,

providing individual trap depths of typically U852/h = 2 MHz and U1064/h = 20 MHz. The
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trap vibration frequencies are ωx/(2π) = 5.7 kHz, ωy/(2π) = 3.0 kHz and ωz/(2π) = 4.8 kHz.

The probe propagates in the xy plane at an angle of 16◦ to the y axis. The cloud is cooled to 80μK

using polarization gradient cooling, resulting in root-mean-squared (RMS) sizes of x0 = 2.4 μm,

y0 = 4.6 μm, z0 = 2.9 μm for the ensemble. The rms distance between two atoms in the ensemble

is then d0 =
√
2(x20 + y20 + z20) = 8.4 μm. The total absorption on the |5S1/2, F = 2,mF = 2⟩ →

|5P3/2, F = 3,mF = 3⟩ transition corresponds to N0 = 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

σ0 = 3λ20/(2π), where λ0 = 780 nm is the wavelength of the probe transition. We apply a magnetic

field of 9G 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 off 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 |↑⟩ ≡ |91P3/2,mj = 3/2⟩ is performed with a

three-photon STIRAP-like process as described in the main text. The detunedmicrowave field mixes

a small component of |r⟩ into |r′⟩, 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 fp = 4916.1MHz that maximizes the preparation probability.

TheRydberg blockade effect is essential for limiting theRydberg excitation to one atom inside the

ensemble. Since the blockade radius is proportional to Ω−1/3
c , the probability to have more than one

excitation inside the ensemble will increase if the control Rabi frequency Ωc is too high. We optimize
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Ωc by monitoring the transmission of the probe light during the detection stage (Fig. A.1b), and

choose the value Ωc = 2π × 2.4MHz 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 |r⟩ 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 |↑⟩ state
vs. microwave frequency relative to fp = 4916.1 MHz. Atoms are prepared in the Rydberg state |↑⟩ by means of a
three‐photon STIRAP‐like process. (b) Photon counts integrated over a 10 μs window in detection stage as a function
ofΩc, the coupling of the |e⟩ → |↓⟩ transition during the preparation stage. For smallΩc, the low coupling rate leads
to a small population in the Rydberg state. AsΩc increases, the average preparation to |↑⟩ increases as well. Once the
whole ensemble is blockaded photon counts reduce by 34%. To avoid multiple excitations, We choose to work with
Ωc = 2π × 2.4MHz, 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 themain text, the rising slope of the transmission during detection suggests a

non-zero loss rate for the |r′⟩ atom inside the ensemble. To obtain insight into the lossmechanism, we

compare three different experimental sequences: (1) keeping both the probe and control light beams

on for∼ 30 μs (green curve in Fig. S2), (2) turning on the control light 20 μs earlier than the probe

light (purple curve), and (3) turning both control and probe light on at the same time, but 20 μs 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 |r′⟩ during the detection stage. Green points represent the data where both control
and probe light are turned on for 35 μs, purple points represent the data when control light was on for the entire 35 μs
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 μs. From the photon rate level of each sequence we can conclude that control light has the
most effect in increasing the loss of the |r′⟩ 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 |r′⟩ 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 |r′⟩, possibly due to coupling of the Rydberg state to

the unstable 5P3/2 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

maybe related to the autoionizationprocess that can occurwhen theRydberg polaritonwithRydberg

excitation component in |r⟩ collides with the Rydberg atom in |r′⟩166,167,168,169.

We have verified that photoionization rate from the control beam is too small. According to
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Ref.100, the expected photoionization rate under our conditions is Γpi ≈ 340 s−1, two orders of

magnitude smaller that the observed rate constant Γtr = 3.5 × 104 s−1 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 92S Rydberg state to the 91P state so that

the state can be coupled with the control laser to 5P3/2, from where it decays to the ground state.

𝑡 = 2.5𝜇𝑠 𝑡 = 3.5𝜇𝑠 𝑡 = 4.5𝜇𝑠 𝑡 = 5.5𝜇𝑠

𝑡 = 6.5𝜇𝑠 𝑡 = 7.5𝜇𝑠 𝑡 = 8.5𝜇𝑠 𝑡 = 9.5𝜇𝑠

Figure A.3: Measured distributions at varying start times of probing window with an integration time of 6 μs. These
distributions are fit using our theoretical model to obtain loss rate and preparation fidelity. The inferred preparation
fidelity is Fp = 0.93± 0.02

Wemodel the loss of the Rydberg atom in |r′⟩ 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). Ourmodel has four free parameters: the photon rates in the presence

and absence of an atom in |r′⟩, respectively, the loss rate for the state |r′⟩, and the fidelity of initially

preparing the atom in |r′⟩. We fit the experimental data for various detection times, as shown in Fig.

A.3, and find a loss rate constant of Γtr = 0.035 μs−1, and a preparation fidelity of Fp = 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 0.015 μs−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 μs−1 for the measurements shown in the main text.

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 μs and 8 μs). 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 Fd = 0.92 ± 0.04 in a 6 μs readout window,

and for 30 counts as a detection threshold. If we perform subsequently a secondmeasurement in 6 μs

with the same threshold, we find for this window a detection fidelity of 0.81 ± 0.04 (≈ F2d). Fig. 2c

of the main text shows the correlations between the twomeasurements; the results are summarized in

Table I.This correlationbetween consecutivemeasurements is a signature of quantumnondemolition
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measurements (QND) (170,171), 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± 0.03.

Measurement Prepare |↑⟩ No |↑⟩ preparation
Detect |↑⟩ No |↑⟩ detection Detect |↑⟩ No |↑⟩ 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. |↑⟩ preparation and detection refer to the preparation of
an atom in the Rydberg state |91P3/2,mj = 1/2⟩ = |r′⟩. Both the first and second measurements last for 6 μs. The
error (standard deviation) for each element in the table is 0.04.

A.5 Measurements of Rabi oscillations

We use specific magnetic sublevels |r′⟩ = |91P3/2,mJ = 3/2⟩ and |r⟩ = |92S1/2,mJ = 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 9G to lift the Zeeman degener-

acy, which results in a Zeeman splitting between neighboringmagnetic sublevels of∼ 17MHz for the

|91P3/2⟩manifold, and∼ 25MHz for the |92S1/2⟩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 π-polarized transition |92S1/2,mJ = 1/2⟩ ↔ |91P3/2,mJ = 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 σ− transition.

The normalized population of |r′⟩ shown in theRabi oscillationmeasurements (Fig.3 in themain

text) is corrected by the preparation infidelity (1 − Fp) and the detection infidelity (1 − Fd). The

measured probability p̃(r′) of detecting |r′⟩ is related to the actual probability p(r′) by the following

relation: p̃(r′) = Fp[(1 − Fd) + (2Fd − 1)p(r′)], 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 Fp and Fd, and re-scale the observed state probabilities.

A.6 Rydberg blockade

Preparation blockade: During our preparation stage, we couple atoms to the |r′⟩ state. A pair of

atoms in this state will experience an anisotropic van derWaals interactionVr′r′ = C6(θ)/|R|6, where

R is the distance between the pair of atoms and θ is the angle the between the pair of atoms and the

quantization axis (Fig. A.5a). From this interaction we can estimate the effective blockade radius

Vr′r′(rB(θ)) = ℏΓ3/2 where Γ3 is the full width half maximum of our 3-photon resonance, Γ3 =

2π × 0.6 MHz. We estimate a blockade radius of about 12 μm along the quantization direction

(θ = 0). The resulting blockade volume has an ellipsoid shape with an aspect ratio of 1.6, as shown

on Fig. A.5b. The average blockade radius of the ellipsoid is rB = 15 μm.

𝑅

(b)(a)

Figure A.5: Rydberg blockade during preparation: (a) Interaction energy ΔE between two atoms in state |r′⟩ as
a function of separation R at θ = 0 calculated from exact diagonalization of the interaction Hamiltonian. The
fitted van der Waals interaction coefficient is C6 (θ = 0) = 2π × 1.94 THz · μm6, which results in a block‐
ade radius of rB (θ = 0) = 12 μm. (b) rB (θ) vs. θ. 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.ThiscurvewasobtainedbyperturbativelycalculatingC6(θ).
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Detection blockade: During the detection stage, we couple our ground state atoms to the |r⟩

state. Since r and r′ have different parity they are dominated at large distances by dipole-dipole inter-

actions (∼ R−3), while at small distances are dominated by van derWaals interactions (∼ R−6). The

dipole-dipole interaction induces the formation of symmetric and anti-symmetric molecular states

(|±⟩ = |rr′⟩ ± |r′r⟩ /
√
2). The blockade radius during the detection stage is defined as V±(rB±) =

ℏΓEIT/2, with ΓEIT being the EIT linewidth. The estimated blockade radius for each branch are

rB+ = 12.7 μm and rB− = 6.2 μm respectively. The estimated blockaded radius is therefore the

average radius from both branches rB = 9.4 μm.

Figure A.6: Rydberg blockade for |rr′⟩ during detection: (a) |rr′⟩ pair state interaction energy ΔE vs. separation R
at θ = 0 calculated from exact diagonalization of the interaction Hamiltonian. The dipole‐dipole interaction induces
the formation of symmetric (red) and anti‐symmetric (green) states |±⟩ = (|rr′⟩ ± |r′r⟩)/

√
2. Black dashed lines

correspond to the fitted modelA/R6 ± B/R3, where the fit givesA = C6/h = 6310 GHz · μm6 and B = C3/h =
23.6 GHz · μm3.
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B
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 NBEC/NTotal = 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 w0 =
3.5 μm (no SLM) after 50 μs TOF. b. Misaligned dipole trap shown in‐situ with the trapping beam slightly clipped on the
SLM aperturea. 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 μs TOF. d. Well‐aligned trapping potential generated by interfering two traps with
waist ω0 = 2 μm separated by 3.5 μm after 20 μs TOFb.
a The trapping light consists of a Gaussian beam with 1/e2 diameter 2ω0 = 12.5mm incident on an SLM

with aperture size 12.8mm× 15.9mm. Without accounting for effects of clipping the beam, the Gaussian
trap waist at the atom plane is ω0 = 2.5 μm. SLM model number: Hamamatsu x13138‐02.

b 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 theM‐LOOP package, whichworks well for a large number of variables in parameter spaces

withmany localminima. 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 works48,172,120.

We choose 27 input parameters for our optimization sequence, consisting ofMOTand repumper

laser intensities and frequencies, bias magnetic fields along x, y, z, and magnetic field gradient. The

laser intensities and biasmagnetic 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 byM‐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 theMOT 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 Isat = 1.67
mW/cm2 (Clebsch‐gordan for stretch transition).
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include an extra parameter for each laser detuning at the beginning of the sequence (8 parameters).

The detunings are defined with respect to the |5S1/2, F = 2⟩ → |5P3/2, F = 3⟩ transition for the

MOT laser, and the |5S1/2, F = 1⟩ → |5P3/2, 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 (40ms). 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,

whereN is the fitted atomnumber. 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 μm, the

horizontal RMS size is< 8 μm); 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.3 Definition of classical phase space density

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

PSD =
1

3
Ntotal

ℏ3ω2rωz
(kBT)3

(B.1)

whereNtotal 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 ωr and ωz are the radial and axial vibration frequencies,

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

manifold.
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B.4 Hyperfine states of atoms

The optimized algorithm prepares the atoms predominantly in the F = 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 F = 1with respect

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

P(F = 1)

P(F = 2)
=

IMOT

IRepump

(
ΔRepump

ΔMOT

)2

=
22

9.7× 10−3

(
−9MHz
84MHz

)2

= 27, (B.2)

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

the end of the optimized cooling sequence.

B.5 Dipole trap extinction measurements

To ensure that the BEC is fully released during TOF, we checked the extinction of the dipole trap

power whenmonitored on a photodiode. In sequence, the extinction is estimated to be> 1.7× 103,

limited by the resolution of the oscilloscope used to measure the photodiode voltage. For a typical

trap depth of∼ 8MHz, this suggests a residual trap depth of< 4.7 kHz during TOF, or< 0.2 μK,

which is insufficient to confine the BEC along the radial direction.
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B.6 Three-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 εr is dominated by the interaction

energy, such that εr = 2μ/7, where μ is the chemical potential173. Our measurements yield μ/h =

98(14) kHz. From this we can obtain the peak density in the TF regime, nTF = μ/g, as well as the

geometric mean of the local trap frequencies ω̄, using μ = ℏω̄
(
15Na/ā

)2/5, where ā =
√

ℏ/(mω̄),

N = 250 is the atom number in the condensate, a = 5 nm the scattering length, and g = 4πℏ2a/m.

We obtain nTF = 1.4(4)× 1016cm−3 for the peak condensate density and ω̄/(2π) = 21(6) kHz for

the local trap frequency.

To verify the three-body loss hypothesis, we use themeasured condensate release energy per parti-

cle εr/h = 28 kHz to calculate the chemical potential μ = (7/2)εr and atomic density173. Under the

Thomas-Fermi approximation, we have for the peak density nTF = μ/g, where g = 4πℏ2a/m, with

a = 100a0 being the 87Rb scattering length, a0 the Bohr radius, and m the atomic mass. We find

nTF = 1.4 × 1016 cm−3, corresponding to a three-body loss rate Γ3 = K3 n2TF = 8(3) × 103 s−1.

Here, we have used the loss coefficient K3 = 4(2) × 10−29 cm6s−1 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 Γobs = 4.3(3) × 103 s−1 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. 6.3c, are elastic two-body collisions. For the thermal cloud, the estimated two-body collision

rate is Γ2,th = 2.2 × 103 s−1. From the condensate fraction and volume ratioVd/V, we can estimate

the condensate density nBEC ≈ 8 × 1015 cm−1 and therefore an effective two-body rate between

thermal and BEC atoms of≈ 28 × 103 s−1 at zero TOF, which drops to≈ 0.5 × 103 s−1 at 100 μs
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TOF. This is roughly consistent with the TOF–averaged loss rate Γobs.

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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C
Supplement for chapter 7

C.1 Experimental Setup

Ourmachine-learning-enhanced ensemble loadingprocedure is previously described in ref. 162, which

enables loading of (up to) a factor of 5 higher in atom number and 2.5 lower in temperature com-

pared tomanual optimization. The trapping light (λ = 808 nm) generated by the SLM (Hamamatsu

x13138-02) is focused through our commercial microscope objective (MitutoyoM Plan Apo NIR B
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20X 378–867–5, NA = 0.4) to a 1/e2 beam waist of w0 = 4.9 μm.

After loading, each trap contains≈ 1500 atoms, however, the longitudinal size of the ensemble

(RMS size σz = 32 μm) ismuch larger than typical Rydberg blockade radius. Therefore, we compress

the ensembles axially with two sheets of blue-detuned beams (λ = 770 nm) generated with a one-

dimensional AOD (DTSX-400-800.850). This compression is performed over 80ms by stepping the

AODRF frequencies generated by a DDS (AD9959), starting from a separation of 135 μm (which is

sufficiently large to prevent effects on initial trap loading) and ending at 15 μm. After holding atoms

in-trap for 20ms, we find that each trap contains ≈ 200 atoms with σx = 2 μm, σy = 2.5 μm,

σz = 4 μm,which is determined through absorption imaging (HamamamtsuORCA-QuestC15550-

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 9G 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 4ms with σ+ polarized light on F = 2 → F′ = 2 to the dark state |g⟩ =

|5S1/2, F = 2,mF = 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

Wechoose toworkwithn = 75, which is sufficiently large forRydberg blockade during state prepara-

tion and detection, without significantly increasing the self-blockade effect of Rydberg polaritons 103.
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Toprepare a singleRydberg excitationwithin an ensemble,weuse a global780 nmbeam, a5.214GHz

microwave (MW) source, and a 480 nm site-selective addressing beam (w0 = 2.3 μm), 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 δ = 100MHz to avoid popu-

lating the intermediate states.

Our preparation scheme and parameters used in this experiment are similar to those described

in148. We prepare a single Rydberg atom in the state |75P3/2,mJ = 3/2⟩ with C6 = 45GHz μm6,

and we observe a power-broadened three-photon linewidth of γ3ph/(2π) ≈ 500 kHz, correspond-

ing to a blockade radius of
(
C6/γ3ph

)1/6
= 6.7 μm, 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 μs in

the overdamped regime. We do not observe collective oscillations consistent with the preparation of a

|W⟩ state, whichwe attribute to fast dephasing of the |W⟩ state (a fewhundred nanoseconds has been

experimentally observed 56). Therefore, we prepare a statistical ensemble consisting of a single Ryd-

berg excitation randomly distributed within the cloud with an upper-bounded-fidelity ofN/N+ 1,

whereN is 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 σ+ 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 σ+ polarized 780 nm probe beam (w0 = 1mm) counter-propagates along

the tweezer axis. For three-photon preparation, the linearly polarized 780 nm beam (w0 = 1mm)
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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 cable174.

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 μs due

to our choice of a large beam at the AOD (w0 = 2.6mm). For all experiments presented in this work,

the light is turned off beforeAOD switchingwith the use of an additional AOMto 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 μs before EIT detection. The

control beam detuning in the atom plane has spatial dependence of 344 kHz/10 μm. Given that our

three-photon preparation linewidth (γ3ph/(2π) ≈ 500 kHz) is significantly smaller than our EIT

detection linewidth (on the order of Ωc/(2π) = 5 − 20MHz 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 μm), 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 Choice of Rydberg states: D− P vs. S− P

Typical Rydberg atom array experiments choose a principal quantum number n 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-

free-path of atoms can be on the order of∼ 1 μmfor densities of∼ 1012 cm−3 162, in which resonant

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 fields175,176. 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 147.

As a result, we choose to work with Rydberg polaritons in the state |74D5/2,mJ = 5/2⟩ with

C6 ≈ −1600GHz μm6, 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 103. Additionally, the prepared

Rydberg state |75P3/2,mJ = 3/2⟩ strongly interacts with polaritons, where C3 = 11.15GHz μm3

for θ = 90◦, corresponding to a large blockade radius of
(
2C3/γEIT

)1/3
= 10.4 μm for typical

Ωc/(2π) = 20MHz used in this work. Despite the anisotropy ofD 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 forD − P states in comparison to S − P states (calculated with the “pairin-

teraction” software53) is shown in Fig. C.1.

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” software53). The states are chosen so that both the D and S states
share the same Rydberg n 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.5 Full interaction space experiment

As described in the main text, the full interaction space measurements shown in Fig. 2 were obtained

by varying the separationbetween thepreparation anddetection ensembles for a fixed controlRabi fre-

quency of Ωc/(2π) = 5.5MHz. 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 Ωp/(2π) ≈ 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 μs state preparation in one ensemble, 10 μs switching

of the control AOD frequency, followed by 10 μs detection in the neighbouring ensemble. Despite

the long lifetime of the prepared Rydberg state (225 μs), we find that waiting 100 μs 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 μm,

prepared a Rydberg atom in the left ensemble, and performed detection of both ensembles with a

global, linearly polarized 480 nmbeamwhich propagates along the transverse axis of traps. At this dis-

tance, the dipolar interaction strength is 14.8MHz53. Whendetection is performedwithΩc/(2π) =

23MHz (rb = 9.9 μm), 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 Ωc/(2π) = 8MHz

(rb = 14.1 μm), 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.

distance0 11.7

23 MHz

8 MHz

DP

P

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 parametersΩc/(2π) = 8MHz (purple bars) andΩc/(2π) = 23MHz (green bars). When
the distance between ensembles is smaller than the blockade radius (purple panel;Ωc/(2π) = 8MHz), 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 preparedRydberg 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 themiddle ensemble in 3 μs of time, (2) the 480 nmAOD frequency was switched to address

the outer neighbouring ensembles within 10 μs, (3) EIT detection light illuminated neighbouring en-

sembles for 10 μs, thereby exciting Rydberg polaritons, (4) the 480 nmAOD frequency was switched

back to address themiddle ensemble within 10 μs, and finally, (5) the Rydberg population in themid-

dle ensemble was measured via EIT detection in 10 μs 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 themaximum contrast observed for this

dataset (at 13.3 μm).
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C.8 Parameters affecting detection fidelity

Theparameter 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. Themost important parameters affecting the detector, as described below,

include probe photon collection efficiency, optical density (OD), control Rabi frequency, Rydberg n

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 theuseof amicroscopeobjectivewithbetter transmission at ourprobewavelengthof780 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 effect103, the maximum probe rate scales

inversely with OD (proberate = Ωc/OD). However, a higher OD increases the maximum signal

contrast C = (1 − e−OD), which we define as the maximum normalized probe photon absorption.

Considering both factors, the overall detection SNR scales as
√
proberate × C, which is maximized

for OD in the range of 0.9− 1.7.

ControlRabi frequency: since the probe rate scales asΩc/OD, higher controlRabi frequencies are

preferable. However, increasing the control Rabi frequency also reduces the blockade radius, given by(
2C3/γEIT

)1/3. We empirically find that a control Rabi frequency on the order of 20MHz is optimal

for balancing these effects.

Rydberg n level: the aforementioned two factors influence our choice of Rydberg level as well. At
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lower n, higher probe rates are permitted due to smaller self-blockade interactions103. On the other

hand, better detectorperformance is achieved in theblockade regime,whichnecessitates a larger block-

ade radius. Therefore, the optimal n is the smallest n 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 μm beam waist for the detector ensemble and a ∼ 1 μm waist for the qubit,

separations of≈ 7− 8 μm can be achieved. With Ωc/(2π) = 20MHz, the blockade regime can still

be achieved for relatively low n (e.g. 54D5/2) at this distance. By implementing only these changes

– lower n 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 envisionmoving 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 SNRwould 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 ν =

5.214GHz during preparation, which is +100MHz detuned from the |74D5/2,mJ = 5/2⟩ →

|75P3/2,mJ = 3/2⟩ transition. During Rabi driving, the microwave field is on-resonance at ν =

5.114GHz.

We perform “non-local” microwave Rabi oscillations consisting of the following: we prepare a

single Rydberg atom in the qubit ensemble in 3 μs, 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 100MHz source with a high-

frequency source set to 5.214GHz. The difference frequency is on-resonance with the microwave

transition, which can be quickly turned off using low-frequency electronics on the 100MHz source.

For the data in Fig. 4c, multiple repetitions per sequence, as described previously, was used.

TheMWfieldused in thisworkwasnotpolarized. Our simulations suggest that this is theprimary

reason we did not achieve full contrast in the Rabi oscillations shown in Fig. 4c, which is consistent

with imperfect population transfer to the |74D5/2,mJ = 5/2⟩ state. Nevertheless, coherent Rabi

oscillations persist for durations> 13 μs, 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, wemeasured the coherence time while driving the

|75P3/2,mJ = 3/2⟩ ↔ |74D5/2,mJ = 5/2⟩ transition. This was done using a Ramsey sequence,

with two resonant π/2 pulses and a variable delay time in-between. The data, shown in Fig. C.3a,

reveals a coherence time of 12(3) μs, 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 μs). The “non-local” MW Rabi oscillation experiment, as described previously,

confirms that the coherence time exceeds 10 μs.

a. b.

Figure C.3: Coherence time and long Rabi oscillations: a. Contrast observed in a Ramsey sequence with microwave driving
of the |75P3/2,mJ = 3/2⟩ ↔ |74D5/2,mJ = 5/2⟩ transition. From the fitted curve, we extract a coherence time
of T∗

2 = 12(3) μs. b. “Non‐local” Rabi oscillation experiment shows that the prepared Rydberg atom can be driven
coherently using a microwave field for longer than 12 μs.

C.11 Multiple Rydberg detectors experiment

One unique feature of this detector compared to free-space and cavity-based fluorescence imaging

methods is thatmultiple 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, whereN 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 r = 19 μm, which lies in the classical

hopping regime for the control Rabi frequency Ωc/(2π) = 20MHz 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 μm 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 Our phenomenological 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 = pblock · Cblock +

(1− pblock) · Chop, whereCblock is the contrast expected from blockade of polariton formation given

the polariton-Rydberg atom interaction strength and the EIT linewidth, Chop is the contrast signal

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

pblock is further defined as pblock =
VPD(r)
ΓEIT , where for distances VPD(r)

ΓEIT > 1, pblock is set to 1.

The blockade contrast, Cblock, 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, Chop 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 τd =
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γODΩ2
c
, during which the polariton and Rydberg atom interact with VPD(r) = C3/r3. When the

polariton exits the ensemble, the Rydberg atom and the polariton are described by the entangled state

Ψpolariton, atom = α |DP⟩+β |PD⟩. The polariton can then exit the ensemble as a transmitted photon,

which is then detected by the camera with a probability of α2, 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 β2, 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 β2 = 1−cos(2π·2VPDτd)
2 . We also assume that the hopping between

the polariton and the Rydberg atom is imperfect and that the contrast decays with rate Γd. This is

expressed as β2 = 1−e−Γdτd cos(2π·2VPDτd)
2 . 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 μs used

in this measurement. The hopping contrast, Chop, 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/μs (experimental value ∼ 0.7 ph/μs).

The control Rabi frequency is fitted to be Ωc/(2π) = 4.98MHz (experimental value Ωc/(2π) =

5.5MHz), 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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D
Supplement for chapter 8

D.1 Experimental Setup

Anarray of optical tweezers is generatedwith a spatial lightmodulator (SLM;Hamamatsu x13138-02)

focused through a microscope objective lens (MitutoyoM Plan ApoNIR B 20X 378–867–5, NA =

0.4). The experimental sequence consists of a 100-ms-longmagneto-optical-trap (MOT) cooling and

loading stage, followed by a 40-ms-longMOT compression stage, during which an ensemble of 87Rb
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atoms is loaded into each tweezer. Themagnetic 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 σ+ polarized EIT control beam used for cooling is addressing |5S1/2, F = 2,mF = 1⟩ →

|5P3/2, F = 2,mF = 2⟩ transition with measured Rabi frequency of Ωc/(2π) = 7.5MHz. For a

single-photon detuning of Δ/(2π) = 36 MHz (relative to trap-shifted line) used for cooling, the

estimated AC Stark shift of the control light is given by δAC/(2π) = Ω2
c /4Δ = 390 kHz. The

expected Fano linewidth γ2ph/(2π) = 2δAC(Γ/Δ) = 130 kHz is similar to the observed linewidth

of ≈ 150 kHz, which is larger than the trapping frequencies (ωr/(2π) = 45 kHz and ωz/(2π) =

4 kHz), indicating that we are operating well outside the Lamb-Dicke regime.

The π polarized EIT probe beam addresses |5S1/2, F = 2,mF = 2⟩ → |5P3/2, F = 2,mF = 2⟩

transition. The probe beam aligned in the y − z plane has measured Rabi frequency of Ωp/(2π) =

0.52MHz, while the probe light aligned along the y direction has Ωp/(2π) = 0.79MHz.

The fluorescence imaging beam is σ+ polarized and −67MHz detuned (relative to trap-shifted

line) from |5S1/2, F = 2,mF = 2⟩ → |5P3/2, F = 3,mF = 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× 105

s−1, consistent with 130 ± 10 kHz AC Stark shift observed in inset of Fig. 3b of the main text. A

polarized repump beam addresses the |5S1/2, F = 1⟩ → |5P3/2, F = 2⟩, generated as a sideband on

the σ+ control beam via a phase electro-optic modulator (EOM; iXblueNIR-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 simulations50. 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 5 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 0 and

200 μK, with a 1 μK resolution. Trap parameters assumed in the simulation (as extrapolated from

measurement at lower powers) are wavelength (λ = 808 nm), radial trapping frequency (ωr/(2π) =

45 kHz) , axial trapping frequency (ωz/(2π) = 4 kHz), trap depth (U = 0.91mK) and trap waist

size (w0 = 1.6 μm). The final atomic distribution is sampled 10000 times per release time for each

temperature, determining a loss eventwhen the trapdepth at thefinal 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 100 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 2DHigh 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 π 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 200ms

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 belts33,34,35.

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 23MHz (i.e. trap depth of 18.2MHz). We note that EIT imaging

could be improved at lower trap depths by optimizing parameters for the corresponding trap depth.

134



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.

135



References

[1] Richard P. Feynman. Simulating physics with computers. International Journal of Theoretical
Physics, 21(6):467–488, Jun 1982.

[2] Waseem S. Bakr, Jonathon I. Gillen, Amy Peng, Simon Folling, andMarkus Greiner. A quan-
tum gas microscope for detecting single atoms in a hubbard-regime optical lattice. Nature,
462:74–77, 2009.

[3] Rajibul Islam,RuichaoMa, PhilippM.Preiss,M.EricTai, AlexanderLukin,MatthewRispoli,
andMarkus Greiner. Measuring entanglement entropy in a quantummany-body system. Na-
ture, 528:77–83, 2015.

[4] Anton Mazurenko, Christie S. Chiu, Geoffrey Ji, Maxwell F. Parsons, Márton Kanász-Nagy,
Richard Schmidt, Fabian Grusdt, Eugene Demler, Daniel Greif, andMarkus Greiner. A cold-
atom fermi-hubbard antiferromagnet. Nature, 545:462–466, 2017.

[5] G. Semeghini, H. Levine, A. Keesling, S. Ebadi, T. T. Wang, D. Bluvstein, R. Verresen,
H. Pichler, M. Kalinowski, R. Samajdar, A. Omran, S. Sachdev, A. Vishwanath, M. Greiner,
V. Vuletić, and M. D. Lukin. Probing topological spin liquids on a programmable quantum
simulator. Science, 374:1242–1247, 2021.

[6] PeterW. Shor. Polynomial-time algorithms for prime factorization and discrete logarithms on
a quantum computer. SIAM Journal on Computing, 26(5):1484–1509, 1997.

[7] Javier Argüello-Luengo, Alejandro González-Tudela, Tao Shi, Peter Zoller, and J. Ignacio
Cirac. Analogue quantum chemistry simulation. Nature, 574(7777):215–218, Oct 2019.

[8] Nick S. Blunt, Joan Camps, Ophelia Crawford, Izsák Róbert, Sebastian Leontica, Arjun
Mirani, Alexandra E. Moylett, Sam A. Scivier, Christoph Sünderhauf, Patrick Schopf, Ja-
cobM. Taylor, and Nicole Holzmann. Perspective on the current state-of-the-art of quantum
computing for drug discovery applications. Journal of Chemical Theory and Computation,
18(12):7001–7023, Dec 2022.

[9] Frank Arute, Kunal Arya, Ryan Babbush, Dave Bacon, Joseph C. Bardin, Rami Barends,
Rupak Biswas, Sergio Boixo, Fernando G. S. L. Brandao, David A. Buell, Brian Burkett,

136



YuChen, ZijunChen, BenChiaro, RobertoCollins,WilliamCourtney, AndrewDunsworth,
Edward Farhi, Brooks Foxen, Austin Fowler, Craig Gidney, Marissa Giustina, Rob Graff,
KeithGuerin, SteveHabegger,Matthew P.Harrigan,Michael J. Hartmann, AlanHo,Markus
Hoffmann, Trent Huang, Travis S. Humble, Sergei V. Isakov, Evan Jeffrey, Zhang Jiang,
Dvir Kafri, Kostyantyn Kechedzhi, Julian Kelly, Paul V. Klimov, Sergey Knysh, Alexander
Korotkov, Fedor Kostritsa, David Landhuis, Mike Lindmark, Erik Lucero, Dmitry Lyakh,
Salvatore Mandr√†, Jarrod R. McClean, Matthew McEwen, Anthony Megrant, Xiao Mi,
Kristel Michielsen, Masoud Mohseni, Josh Mutus, Ofer Naaman, Matthew Neeley, Charles
Neill, Murphy Yuezhen Niu, Eric Ostby, Andre Petukhov, John C. Platt, Chris Quintana,
Eleanor G. Rieffel, Pedram Roushan, Nicholas C. Rubin, Daniel Sank, Kevin J. Satzinger,
VadimSmelyanskiy, Kevin J. Sung,MatthewD.Trevithick, AmitVainsencher, BenjaminVilla-
longa, TheodoreWhite, Z. JamieYao, PingYeh,AdamZalcman,HartmutNeven, and JohnM.
Martinis. Quantum supremacy using a programmable superconducting processor. Nature,
574(7779):505–510, Oct 2019.

[10] J. Zhang, G. Pagano, P. W. Hess, A. Kyprianidis, P. Becker, H. Kaplan, A. V. Gorshkov, Z.-
X. Gong, and C. Monroe. Observation of a many-body dynamical phase transition with a
53-qubit quantum simulator. Nature, 551(7682):601–604, Nov 2017.

[11] Dolev Bluvstein, Simon J. Evered, Alexandra A. Geim, Sophie H. Li, Hengyun Zhou, Tom
Manovitz, Sepehr Ebadi, Madelyn Cain, Marcin Kalinowski, Dominik Hangleiter, J. Pablo
Bonilla Ataides, Nishad Maskara, Iris Cong, Xun Gao, Pedro Sales Rodriguez, Thomas
Karolyshyn, Giulia Semeghini, Michael J. Gullans, Markus Greiner, Vladan Vuletić, and
Mikhail D. Lukin. Logical quantum processor based on reconfigurable atom arrays. Nature,
626(7997):58 – 65, 2024.

[12] Yurii B. Ovchinnikov Rudolf Grimm,MatthiasWeidemüller. Optical dipole traps for neutral
atoms. Advances In Atomic, Molecular, and Optical Physics, 42:95–170, 2000.

[13] J. Dalibard and C. Cohen-Tannoudji. Laser cooling below the Doppler limit by polarization
gradients: simple theoretical models. J. Opt. Soc. Am. B, 6(11):2023–2045, Nov 1989.

[14] K. B. Davis, M. O. Mewes, M. R. Andrews, N. J. van Druten, D. S. Durfee, D. M. Kurn, and
W. Ketterle. Bose-einstein condensation in a gas of sodium atoms. Phys. Rev. Lett., 75:3969–
3973, Nov 1995.

[15] M.H.Anderson, J.R. Ensher,M.R.Matthews,C.E.Wieman, andE.A.Cornell. Observation
of bose-einstein condensation in a dilute atomic vapor. Science, 269(5221):198–201, Jul 1995.

[16] Andrew D. Ludlow, Martin M. Boyd, Jun Ye, E. Peik, and P. O. Schmidt. Optical atomic
clocks. Rev.Mod. Phys., 87:637–701, Jun 2015.

[17] Nicolas Schlosser, Georges Reymond, Igor Protsenko, and Philippe Grangier. Sub-poissonian
loading of single atoms in amicroscopic dipole trap.Nature, 411(6841):1024–1027, Jun 2001.

137



[18] Daniel Barredo, Sylvain De Léséleuc, Vincent Lienhard, Thierry Lahaye, and Antoine
Browaeys. An atom-by-atom assembler of defect-free arbitrary two-dimensional atomic arrays.
Science, 354(6315):1021–1023, 2016.

[19] Manuel Endres, Hannes Bernien, Alexander Keesling, Harry Levine, Eric R Anschuetz,
Alexandre Krajenbrink, Crystal Senko, Vladan Vuletic, Markus Greiner, and Mikhail D
Lukin. Atom-by-atom assembly of defect-free one-dimensional cold atom arrays. Science,
354(6315):1024–1027, 2016.

[20] Hyosub Kim,Woojun Lee, Han-gyeol Lee, Hanlae Jo, Yunheung Song, and Jaewook Ahn. In
situ single-atom array synthesis using dynamic holographic optical tweezers. Nature commu-
nications, 7(1):1–8, 2016.

[21] Daniel Barredo, Vincent Lienhard, Sylvain De Leseleuc, Thierry Lahaye, and Antoine
Browaeys. Synthetic three-dimensional atomic structures assembled atom by atom. Nature,
561(7721):79–82, 2018.

[22] Antoine Browaeys and Thierry Lahaye. Many-body physics with individually controlled ryd-
berg atoms. Nature Physics, pages 1–11, 2020.

[23] M. Saffman, T. G. Walker, and K. Mølmer. Quantum information with rydberg atoms. Rev.
Mod. Phys., 82:2313–2363, Aug 2010.

[24] Simon J. Evered, Dolev Bluvstein, Marcin Kalinowski, Sepehr Ebadi, Tom Manovitz,
Hengyun Zhou, Sophie H. Li, Alexandra A. Geim, Tout T. Wang, Nishad Maskara,
Harry Levine, Giulia Semeghini, Markus Greiner, Vladan Vuletić, and Mikhail D. Lukin.
High-fidelity parallel entangling gates on a neutral-atom quantum computer. Nature,
622(7982):268–272, 2023.

[25] Pascal Scholl, Adam L. Shaw, Richard Bing-Shiun Tsai, Ran Finkelstein, Joonhee Choi, and
Manuel Endres. Erasure conversion in a high-fidelity rydberg quantum simulator. Nature,
622(7982):273–278, Oct 2023.

[26] Shuo Ma, Genyue Liu, Pai Peng, Bichen Zhang, Sven Jandura, Jahan Claes, Alex P. Burgers,
Guido Pupillo, Shruti Puri, and JeffD.Thompson. High-fidelity gates andmid-circuit erasure
conversion in an atomic qubit. Nature, 622(7982):279 – 284, 2023.

[27] Sepehr Ebadi, Tout T. Wang, Harry Levine, Alexander Keesling, Giulia Semeghini, Ahmed
Omran, Dolev Bluvstein, Rhine Samajdar, Hannes Pichler, Wen Wei Ho, Soonwon Choi,
Subir Sachdev, Markus Greiner, Vladan Vuletić, and Mikhail D. Lukin. Quantum phases
of matter on a 256-atom programmable quantum simulator. Nature, 595(7866):227–232,
2021.

138



[28] Daniel Ohl de Mello, Dominik Schäffner, Jan Werkmann, Tilman Preuschoff, Lars Kohfahl,
Malte Schlosser, and Gerhard Birkl. Defect-free assembly of 2d clusters of more than 100
single-atom quantum systems. Phys. Rev. Lett., 122(20):203601, 2019.

[29] Guillaume Bornet, Gabriel Emperauger, Cheng Chen, Bingtian Ye, Maxwell Block, Marcus
Bintz, Jamie A. Boyd, Daniel Barredo, Tommaso Comparin, Fabio Mezzacapo, Tommaso
Roscilde, Thierry Lahaye, Norman Y. Yao, and Antoine Browaeys. Scalable spin squeezing
in a dipolar rydberg atom array. Nature, 621(7980):728–733, 2023.

[30] Elie Bataille KonH.LeungXudongLvManuel EndresHannah J.Manetsch, GyoheiNomura.
A tweezer array with 6100 highly coherent atomic qubits, 2024.

[31] Dolev Bluvstein, Harry Levine, Giulia Semeghini, Tout T Wang, Sepehr Ebadi, Marcin
Kalinowski, Alexander Keesling, Nishad Maskara, Hannes Pichler, Markus Greiner, Vladan
Vuletic, and Mikhail D. Lukin. A quantum processor based on coherent transport of entan-
gled atom arrays. Nature, 604:451–456, 2022.

[32] Han-Sen Zhong, Hui Wang, Yu-Hao Deng, Ming-Cheng Chen, Li-Chao Peng, Yi-Han Luo,
Jian Qin, Dian Wu, Xing Ding, Yi Hu, Peng Hu, Xiao-Yan Yang, Wei-Jun Zhang, Hao Li,
Yuxuan Li, Xiao Jiang, Lin Gan, Guangwen Yang, Lixing You, ZhenWang, Li Li, Nai-Le Liu,
Chao-Yang Lu, and Jian-Wei Pan. Quantum computational advantage using photons. Science,
370(6523):1460–1463, Dec 2020.

[33] Alex J. Matthies, Jonathan M. Mortlock, Lewis A. McArd, Adarsh P. Raghuram, Andrew D.
Innes, Philip D. Gregory, Sarah L. Bromley, and Simon L. Cornish. Long-distance optical-
conveyor-belt transport of ultracold 133Cs and 87Rb atoms. Phys. Rev. A, 109:023321, Feb
2024.

[34] M.A.Norcia,H.Kim,W.B.Cairncross,M. Stone, A.Ryou,M. Jaffe,M.O.Brown,K.Barnes,
P. Battaglino, A. Brown, K. Cassella, C. A. Chen, R. Coxe, D. Crow, J. Epstein, C. Griger,
E. Halperin, F. Hummel, A. M.W. Jones, J. M. Kindem, J. King, K. Kotru, J. Lauigan, M. Li,
M. Lu, E.Megidish, J.Marjanovic,M.McDonald, T.Mittiga, J. A.Muniz, S.Narayanaswami,
C. Nishiguchi, T. Paule, K. A. Pawlak, L. S. Peng, K. L. Pudenz, A. Smull, D. Stack, M. Ur-
banek, R. J. M. van de Veerdonk, Z. Vendeiro, L. Wadleigh, T. Wilkason, T. Y. Wu, X. Xie,
E. Zalys-Geller, X. Zhang, and B. J. Bloom. Iterative assembly of 171yb atom arrays in cavity-
enhanced optical lattices, 2024.

[35] RenhaoTaoHendrikTimmeStepanSnigirev ImmanuelBloch JohannesZeiher FlavienGyger,
Maximilian Ammenwerth. Continuous operation of large-scale atom arrays in optical lattices,
2024.

[36] YueWu, ShimonKolkowitz, Shruti Puri, and JeffD.Thompson. Erasure conversion for fault-
tolerant quantum computing in alkaline earth rydberg atom arrays. Nature Communications,
13(1):4657, Aug 2022.

139



[37] Thibault Peyronel. Quantum nonlinear optics using cold atomic ensembles. 2013.

[38] Zachary Vendeiro. Raman cooling to high phase space density. 2021.

[39] T. Q. O. Birnbaum, K. Group. Ultra-high vacuum chambers. 2005.

[40] M.D. Lukin. Modern atomic and optical physics ii lecture notes. 2016.

[41] Vasiliy Makhalov, Kirill Martiyanov, Tatiana Barmashova, and Andrey Turlapov. Precision
measurement of a trapping potential for an ultracold gas. Physics Letters A, 379(4):327–332,
Feb 2015.

[42] F. Nogrette, H. Labuhn, S. Ravets, D. Barredo, L. Béguin, A. Vernier, T. Lahaye, and
A. Browaeys. Single-atom trapping in holographic 2d arrays of microtraps with arbitrary ge-
ometries. Phys. Rev. X, 4:021034, May 2014.

[43] Daniel A. Steck. Rubidium 87 d line data, 2001.

[44] Alban Urvoy, Zachary Vendeiro, Joshua Ramette, Albert Adiyatullin, and Vladan Vuletić.
Direct laser cooling to Bose-Einstein condensation in a dipole trap. Phys. Rev. Lett.,
122(20):203202, 2019.

[45] M. O. Brown, T. Thiele, C. Kiehl, T.-W. Hsu, and C. A. Regal. Gray-molasses optical-tweezer
loading: Controlling collisions for scaling atom-array assembly. Phys. Rev. X, 9:011057, Mar
2019.

[46] Chang Hoong Chow, Boon Long Ng, Vindhiya Prakash, and Christian Kurtsiefer. Fano res-
onance in excitation spectroscopy and cooling of an optically trapped single atom. Phys. Rev.
Res., 6:023154, May 2024.

[47] KermanAndrew J. Raman sideband cooling and cold atomic collisions in optical lattices. 2002.

[48] P. B. Wigley, P. J. Everitt, A. van den Hengel, J. W. Bastian, M. A. Sooriyabandara, G. D. Mc-
Donald, K. S. Hardman, C. D. Quinlivan, P. Manju, C. C. N. Kuhn, I. R. Petersen, A. N.
Luiten, J. J. Hope, N. P. Robins, andM. R. Hush. Fast machine-learning online optimization
of ultra-cold-atom experiments. Scientific Reports, 6(1):25890, May 2016.

[49] PaulD. Lett, RichardN.Watts, Christoph I.Westbrook,WilliamD. Phillips, Phillip L.Gould,
and Harold J. Metcalf. Observation of atoms laser cooled below the doppler limit. Phys. Rev.
Lett., 61:169–172, Jul 1988.

[50] C.Tuchendler, A.M.Lance,A.Browaeys, Y.R.P. Sortais, andP.Grangier. Energydistribution
and cooling of a single atom in an optical tweezer. Phys. Rev. A, 78:033425, Sep 2008.

[51] Erik W. Streed, Andreas Jechow, Benjamin G. Norton, and David Kielpinski. Absorption
imaging of a single atom. Nature Communications, 3(1):933, Jul 2012.

140



[52] Adams C.S. Weatherill K.J. Šibalić N., Pritchard J.D. Arc: An open-source library for calcu-
lating properties of alkali rydberg atoms. Computer Physics Communications, 220:319–331,
2017.

[53] Sebastian Weber, Christoph Tresp, Henri Menke, Alban Urvoy, Ofer Firstenberg, Hans Peter
Büchler, and Sebastian Hofferberth. Tutorial: Calculation of Rydberg interaction potentials.
J. Phys. B: At. Mol. Opt. Phys., 50(13):133001, 2017.

[54] R. W. P. Drever, J. L. Hall, F. V. Kowalski, J. Hough, G. M. Ford, A. J. Munley, and H.Ward.
Laser phase and frequency stabilization using an optical resonator. Applied Physics B, 31:97–
105, 1983.

[55] C. Klempt, T. van Zoest, T. Henninger, O. Topic, E. Rasel, W. Ertmer, and J. Arlt. Ultraviolet
light-induced atom desorption for large rubidium and potassiummagneto-optical traps. Phys.
Rev. A, 73:013410, Jan 2006.

[56] D. Maxwell, D. J. Szwer, D. Paredes-Barato, H. Busche, J. D. Pritchard, A. Gauguet, K. J.
Weatherill, M. P. A. Jones, and C. S. Adams. Storage and control of optical photons using
rydberg polaritons. Phys. Rev. Lett., 110:103001, Mar 2013.

[57] JensHoner, R. Löw,HendrikWeimer, Tilman Pfau, andHans Peter Büchler. Artificial atoms
can do more than atoms: Deterministic single photon subtraction from arbitrary light fields.
Phys. Rev. Lett., 107:093601, Aug 2011.

[58] Tony Y. Abi-Salloum. Electromagnetically induced transparency and autler-townes splitting:
Two similar but distinct phenomena in two categories of three-level atomic systems. Phys. Rev.
A, 81:053836, May 2010.

[59] Petr M. Anisimov, Jonathan P. Dowling, and Barry C. Sanders. Objectively discerning autler-
townes splitting from electromagnetically induced transparency. Phys. Rev. Lett., 107:163604,
Oct 2011.

[60] Anindya Rastogi, Erhan Saglamyurek, Taras Hrushevskyi, Scott Hubele, and Lindsay J.
LeBlanc. Discerning quantum memories based on electromagnetically-induced-transparency
and autler-townes-splitting protocols. Phys. Rev. A, 100:012314, Jul 2019.

[61] Christoph Tresp. Rydberg polaritons and rydberg superatoms-novel tools for quantum non-
linear optics. 2017.

[62] Aditya Vignesh Venkatramani. Quantum nonlinear optics: controlling few-photon interac-
tions. 2020.

[63] Qiyu Liang. Strongly interacting photons via rydberg-rydberg interactions. 2017.

[64] M. Fleischhauer andM.D. Lukin. Dark-state polaritons in electromagnetically induced trans-
parency. Phys. Rev. Lett., 84:5094–5097, May 2000.

141



[65] Jeff D. Thompson, Travis L. Nicholson, Qi-Yu Liang, Sergio H. Cantu, Aditya V. Venkatra-
mani, Soonwon Choi, Ilya A. Fedorov, Daniel Viscor, Thomas Pohl, Mikhail D. Lukin, and
VladanVuletić. Symmetry-protected collisions between strongly interacting photons.Nature,
542(7640):206–209, Feb 2017.

[66] Stetson Roof, Kasie Kemp, Mark Havey, I. M. Sokolov, and D. V. Kupriyanov. Microscopic
lensing by a dense, cold atomic sample. Optics Letters, 40(7):1137–1140, Apr 2015.

[67] GiovannaMorigi, Jürgen Eschner, and Christoph H. Keitel. Ground state laser cooling using
electromagnetically induced transparency. Phys. Rev. Lett., 85:4458–4461, Nov 2000.

[68] C. F. Roos, D. Leibfried, A.Mundt, F. Schmidt-Kaler, J. Eschner, and R. Blatt. Experimental
demonstration of ground state laser cooling with electromagnetically induced transparency.
Phys. Rev. Lett., 85:5547–5550, Dec 2000.

[69] Regina Lechner, Christine Maier, Cornelius Hempel, Petar Jurcevic, Ben P. Lanyon, Thomas
Monz, Michael Brownnutt, Rainer Blatt, and Christian F. Roos. Electromagnetically-
induced-transparency ground-state cooling of long ion strings. Phys. Rev. A, 93:053401, May
2016.

[70] Mikhail D Lukin, Michael Fleischhauer, Robin Cote, LM Duan, Dieter Jaksch, J Ignacio
Cirac, and Peter Zoller. Dipole blockade and quantum information processing in mesoscopic
atomic ensembles. Phys. Rev. Lett., 87(3):037901, 2001.

[71] M Saffman. Quantum computing with atomic qubits and rydberg interactions: progress and
challenges. Journal of Physics B: Atomic, Molecular and Optical Physics, 49(20):202001, 2016.

[72] MMorgado and S Whitlock. Quantum simulation and computing with rydberg-interacting
qubits. AVS Quantum Science, 3(2):023501, 2021.

[73] Aishwarya Kumar, Tsung-Yao Wu, Felipe Giraldo, and David S Weiss. Sorting ultracold
atoms in a three-dimensional optical lattice in a realization of maxwell’s demon. Nature,
561(7721):83–87, 2018.

[74] Hannes Bernien, Sylvain Schwartz, Alexander Keesling, Harry Levine, Ahmed Omran,
Hannes Pichler, Soonwon Choi, Alexander S Zibrov, Manuel Endres, Markus Greiner, et al.
Probing many-body dynamics on a 51-atom quantum simulator. Nature, 551(7682):579–
584, 2017.

[75] Alexander Keesling, Ahmed Omran, Harry Levine, Hannes Bernien, Hannes Pichler, Soon-
won Choi, Rhine Samajdar, Sylvain Schwartz, Pietro Silvi, Subir Sachdev, et al. Quantum
kibble–zurek mechanism and critical dynamics on a programmable rydberg simulator. Na-
ture, 568(7751):207–211, 2019.

142



[76] Sepehr Ebadi, Tout T. Wang, Harry Levine, Alexander Keesling, Giulia Semeghini, Ahmed
Omran, Dolev Bluvstein, Rhine Samajdar, Hannes Pichler, Wen Wei Ho, Soonwon Choi,
Subir Sachdev, Markus Greiner, Vladan Vuletic, and Mikhail D. Lukin. Quantum phases
of matter on a 256-atom programmable quantum simulator, 2020.

[77] Pascal Scholl, Michael Schuler, Hannah J.Williams, Alexander A. Eberharter, Daniel Barredo,
Kai-Niklas Schymik, Vincent Lienhard, Louis-Paul Henry, Thomas C. Lang, Thierry Lahaye,
Andreas M. Läuchli, and Antoine Browaeys. Programmable quantum simulation of 2d anti-
ferromagnets with hundreds of rydberg atoms, 2020.

[78] L Isenhower, E Urban, XL Zhang, AT Gill, T Henage, Todd A Johnson, TG Walker, and
M Saffman. Demonstration of a neutral atom controlled-not quantum gate. Phys. Rev. Lett.,
104(1):010503, 2010.

[79] TM Graham, M Kwon, B Grinkemeyer, Z Marra, X Jiang, MT Lichtman, Y Sun, M Ebert,
and M Saffman. Rydberg-mediated entanglement in a two-dimensional neutral atom qubit
array. Phys. Rev. Lett., 123(23):230501, 2019.

[80] Harry Levine, Alexander Keesling, Giulia Semeghini, Ahmed Omran, Tout T Wang, Sepehr
Ebadi, Hannes Bernien, Markus Greiner, Vladan Vuletić, Hannes Pichler, et al. Paral-
lel implementation of high-fidelity multiqubit gates with neutral atoms. Phys. Rev. Lett.,
123(17):170503, 2019.

[81] D Jaksch, JI Cirac, P Zoller, SL Rolston, R Côté, and MD Lukin. Fast quantum gates for
neutral atoms. Phys. Rev. Lett., 85(10):2208, 2000.

[82] Harry Levine, Alexander Keesling, Ahmed Omran, Hannes Bernien, Sylvain Schwartz,
Alexander S Zibrov, Manuel Endres, Markus Greiner, Vladan Vuletić, and Mikhail D
Lukin. High-fidelity control and entanglement of rydberg-atom qubits. Phys. Rev. Lett.,
121(12):123603, 2018.

[83] Ivaylo S Madjarov, Jacob P Covey, Adam L Shaw, Joonhee Choi, Anant Kale, Alexandre
Cooper, Hannes Pichler, Vladimir Schkolnik, Jason R Williams, and Manuel Endres. High-
fidelity control, detection, and entanglement of alkaline-earth rydberg atoms. Nature Physics,
2020.

[84] Ahmed Omran, Harry Levine, Alexander Keesling, Giulia Semeghini, Tout T Wang, Sepehr
Ebadi,Hannes Bernien, Alexander SZibrov,Hannes Pichler, SoonwonChoi, et al. Generation
and manipulation of schrödinger cat states in rydberg atom arrays. Science, 365(6453):570–
574, 2019.

[85] Simon JDevitt,William JMunro, andKaeNemoto. Quantum error correction for beginners.
Reports on Progress in Physics, 76(7):076001, 2013.

[86] Thomas F Gallagher. Rydberg atoms, volume 3. Cambridge University Press, 2005.

143



[87] Alpha Gaëtan, Yevhen Miroshnychenko, Tatjana Wilk, Amodsen Chotia, Matthieu Viteau,
Daniel Comparat, Pierre Pillet, Antoine Browaeys, and Philippe Grangier. Observation of
collective excitation of two individual atoms in the rydberg blockade regime. Nature Physics,
5(2):115–118, 2009.

[88] A. Fuhrmanek, Y. R. P. Sortais, P. Grangier, andA. Browaeys. Measurement of the atomnum-
ber distribution in an optical tweezer using single-photon counting. Phys. Rev. A, 82:023623,
Aug 2010.

[89] Andrea Bergschneider, Vincent M. Klinkhamer, Jan Hendrik Becher, Ralf Klemt, Gerhard
Zürn, Philipp M. Preiss, and Selim Jochim. Spin-resolved single-atom imaging of 6Li in free
space. Phys. Rev. A, 97:063613, Jun 2018.

[90] G Günter, M Robert-de Saint-Vincent, H Schempp, CS Hofmann, S Whitlock, and MWei-
demüller. Interaction enhanced imaging of individual rydberg atoms in dense gases. Phys. Rev.
Lett., 108(1):013002, 2012.

[91] Michael Fleischhauer, Atac Imamoglu, and Jonathan P Marangos. Electromagnetically in-
duced transparency: Optics in coherent media. Reviews of modern physics, 77(2):633, 2005.

[92] AK Mohapatra, TR Jackson, and CS Adams. Coherent optical detection of highly excited
rydberg states using electromagnetically induced transparency. Phys.Rev. Lett., 98(11):113003,
2007.

[93] GGünter, H Schempp,MRobert-de Saint-Vincent, VGavryusev, SHelmrich, CSHofmann,
SWhitlock, andMWeidemüller. Observing the dynamics of dipole-mediated energy transport
by interaction-enhanced imaging. Science, 342(6161):954–956, 2013.

[94] Simon Baur, Daniel Tiarks, Gerhard Rempe, and Stephan Dürr. Single-photon switch based
on rydberg blockade. Phys. Rev. Lett., 112(7):073901, 2014.

[95] HannesGorniaczyk, ChristophTresp, Johannes Schmidt, Helmut Fedder, and SebastianHof-
ferberth. Single-photon transistormediated by interstate rydberg interactions. Phys. Rev. Lett.,
113(5):053601, 2014.

[96] Daniel Tiarks, Simon Baur, Katharina Schneider, StephanDürr, and Gerhard Rempe. Single-
photon transistor using a förster resonance. Phys. Rev. Lett., 113(5):053602, 2014.

[97] M.Ebert,M.Kwon,T.G.Walker, andM. Saffman. Coherence and rydbergblockadeof atomic
ensemble qubits. Phys. Rev. Lett., 115:093601, Aug 2015.

[98] Nicholas LR Spong, Yuechun Jiao, Oliver DWHughes, Kevin J Weatherill, Igor Lesanovsky,
and Charles S Adams. The robustness of a collectively encoded rydberg qubit. arXiv preprint
arXiv:2010.11794, 2020.

144



[99] E Urban, Todd A Johnson, T Henage, L Isenhower, DD Yavuz, TGWalker, and M Saffman.
Observation of rydberg blockade between two atoms. Nature Physics, 5(2):110–114, 2009.

[100] M Saffman and TGWalker. Analysis of a quantum logic device based on dipole-dipole inter-
actions of optically trapped rydberg atoms. Phys. Rev. A, 72(2):022347, 2005.

[101] Sarah E Anderson and Georg Raithel. Ionization of rydberg atoms by standing-wave light
fields. Nature communications, 4(1):1–7, 2013.

[102] Michael Schlagmüller, Tara Cubel Liebisch, Felix Engel, Kathrin S. Kleinbach, Fabian
Böttcher, Udo Hermann, Karl M. Westphal, Anita Gaj, Robert Löw, Sebastian Hofferberth,
Tilman Pfau, Jesús Pérez-Ríos, and Chris H. Greene. Ultracold chemical reactions of a single
rydberg atom in a dense gas. Phys. Rev. X, 6:031020, Aug 2016.

[103] Thibault Peyronel, Ofer Firstenberg,Qi-YuLiang, SebastianHofferberth, AlexeyV.Gorshkov,
Thomas Pohl, Mikhail D. Lukin, and Vladan Vuletić. Quantum nonlinear optics with single
photons enabled by strongly interacting atoms. Nature, 488(7409):57–60, 2012.

[104] Vera Bendkowsky, Björn Butscher, Johannes Nipper, James P Shaffer, Robert Löw, and
Tilman Pfau. Observation of ultralong-range rydberg molecules. Nature, 458(7241):1005–
1008, 2009.

[105] Clément Sayrin, Igor Dotsenko, Xingxing Zhou, Bruno Peaudecerf, Théo Rybarczyk,
Sébastien Gleyzes, Pierre Rouchon, Mazyar Mirrahimi, Hadis Amini, Michel Brune, et al.
Real-time quantum feedback prepares and stabilizes photon number states. Nature,
477(7362):73–77, 2011.

[106] Giovanni Barontini, LeanderHohmann, FlorianHaas, Jérôme Estève, and JakobReichel. De-
terministic generation of multiparticle entanglement by quantum zeno dynamics. Science,
349(6254):1317–1321, 2015.

[107] ZK Minev, SO Mundhada, Shyam Shankar, Philip Reinhold, Ricardo Gutiérrez-Jáuregui,
RJ Schoelkopf, Mazyar Mirrahimi, HJ Carmichael, and MH Devoret. To catch and reverse
a quantum jumpmid-flight. Nature, 570(7760):200–204, 2019.

[108] Johannes Zeiher, Peter Schauß, SebastianHild, TommasoMacrì, Immanuel Bloch, andChris-
tian Gross. Microscopic characterization of scalable coherent rydberg superatoms. Phys. Rev.
X, 5:031015, Aug 2015.

[109] YWang, S Shevate, TMWintermantel, MMorgado, G Lochead, and SWhitlock. Preparation
of hundreds of microscopic atomic ensembles in optical tweezer arrays. New J. Phys., 6:54,
2020.

[110] Alexander D Cronin, Jörg Schmiedmayer, and David E Pritchard. Optics and interferometry
with atoms and molecules. Reviews ofModern Physics, 81(3):1051, 2009.

145



[111] Kai Bongs, Michael Holynski, Jamie Vovrosh, Philippe Bouyer, Gabriel Condon, Ernst Rasel,
Christian Schubert, Wolfgang P Schleich, and Albert Roura. Taking atom interferometric
quantum sensors from the laboratory to real-world applications. Nature Reviews Physics,
1(12):731–739, 2019.

[112] Immanuel Bloch, Jean Dalibard, and Wilhelm Zwerger. Many-body physics with ultracold
gases. Rev. Mod. Phys., 80(3):885, 2008.

[113] Immanuel Bloch, Jean Dalibard, and Sylvain Nascimbene. Quantum simulations with ultra-
cold quantum gases. Nature Physics, 8(4):267–276, 2012.

[114] Mark Kasevich and Steven Chu. Laser cooling below a photon recoil with three-level atoms.
Phys. Rev. Lett., 69:1741–1744, Sep 1992.

[115] Wolfgang Ketterle and N.J. Van Druten. Evaporative cooling of trapped atoms. volume 37 of
Advances In Atomic, Molecular, and Optical Physics, pages 181–236. Academic Press, 1996.

[116] Simon Stellmer, Benjamin Pasquiou, Rudolf Grimm, and Florian Schreck. Laser cooling to
quantum degeneracy. Phys. Rev. Lett., 110(26):263003, 2013.

[117] Chun-Chia Chen, Rodrigo González Escudero, Jiří Minář, Benjamin Pasquiou, Shayne Ben-
netts, and Florian Schreck. Continuous Bose–Einstein condensation. Nature, pages 1–5,
2022.

[118] Gregory A. Phelps, AnneHébert, Aaron Krahn, SusannahDickerson, FurkanÖztürk, Sepehr
Ebadi, Lin Su, and Markus Greiner. Sub-second production of a quantum degenerate gas,
2020.

[119] Jiazhong Hu, Alban Urvoy, Zachary Vendeiro, Valentin Crépel, Wenlan Chen, and Vladan
Vuletić. Creation of a Bose-condensed gas of 87Rb by laser cooling. Science, 358(6366):1078–
1080, 2017.

[120] Zachary Vendeiro, Joshua Ramette, Alyssa Rudelis, Michelle Chong, Josiah Sinclair, Luke
Stewart, Alban Urvoy, and Vladan Vuletić. Machine-learning-accelerated Bose-Einstein con-
densation. Phys. Rev. Res., 4:043216, Dec 2022.

[121] K. Burnett, P. S. Julienne, and K.-A. Suominen. Laser-driven collisions between atoms in a
Bose-Einstein Condensed Gas. Phys. Rev. Lett., 77:1416–1419, Aug 1996.

[122] Andrew J. Kerman, Vladan Vuletić, Cheng Chin, and Steven Chu. Beyond optical molasses:
3d raman sideband cooling of atomic cesium to high phase-space density. Phys. Rev. Lett.,
84:439–442, Jan 2000.

[123] J. Reichel, O.Morice, G.M. Tino, andC. Salomon. Subrecoil raman cooling of cesium atoms.
Europhysics Letters, 28(7):477, dec 1994.

146



[124] Pablo Solano, YihengDuan, Yu-TingChen, Alyssa Rudelis, ChengChin, andVladanVuletić.
Strongly correlated quantumgas prepared by direct laser cooling. Phys. Rev. Lett., 123:173401,
Oct 2019.

[125] TinoWeber, JensHerbig,MichaelMark,Hanns-ChristophNagerl, andRudolfGrimm. Bose-
Einstein condensation of cesium. Science, 299(5604):232–235, 2003.

[126] Toshiya Kinoshita, TrevorWenger, andDavid SWeiss. All-optical Bose-Einstein condensation
using a compressible crossed dipole trap. Phys. Rev.A, 71(1):011602, 2005.

[127] DizhouXie, DongyueWang,WeiGou,Wenhao Bu, and Bo Yan. Fast production of rubidium
Bose–Einstein condensate in a dimple trap. JOSA B, 35(3):500–503, 2018.

[128] DM Stamper-Kurn, H-J Miesner, AP Chikkatur, S Inouye, J Stenger, and W Ketterle. Re-
versible formation of a Bose-Einstein condensate. Phys. Rev. Lett., 81(11):2194, 1998.

[129] S. L. Cornish, N. R. Claussen, J. L. Roberts, E. A. Cornell, and C. E. Wieman. Stable 85Rb
Bose-Einstein condensates with widely tunable interactions. Phys. Rev. Lett., 85:1795–1798,
Aug 2000.

[130] E. A. Burt, R.W. Ghrist, C. J. Myatt, M. J. Holland, E. A. Cornell, and C. E.Wieman. Coher-
ence, correlations, and collisions: What one learns about bose-einstein condensates from their
decay. Phys. Rev. Lett., 79:337–340, Jul 1997.

[131] G. Salomon, L. Fouché, P.Wang, A. Aspect, P. Bouyer, andT. Bourdel. Gray-molasses cooling
of 39K to a high phase-space density. Europhysics Letters, 104(6):63002, jan 2014.

[132] YinHsien Fung, Pimonpan Sompet, andMikkel F. Andersen. Single atoms preparation using
light-assisted collisions. Technologies, 4(1), 2016.

[133] D Jacob, E Mimoun, L De Sarlo, MWeitz, J Dalibard, and F Gerbier. Production of sodium
Bose–Einstein condensates in an optical dimple trap. New Journal of Physics, 13(6):065022,
jun 2011.

[134] A Fuhrmanek, R Bourgain, Yvan RP Sortais, and Antoine Browaeys. Light-assisted collisions
between a few cold atoms in a microscopic dipole trap. Phys. Rev.A, 85(6):062708, 2012.

[135] Michael Berry, Nikolay Zheludev, Yakir Aharonov, Fabrizio Colombo, Irene Sabadini,
Daniele C Struppa, Jeff Tollaksen, Edward T F Rogers, Fei Qin, Minghui Hong, Xiangang
Luo, Roei Remez, Ady Arie, Jörg B Götte, Mark RDennis, AlexMHWong, George V Eleft-
heriades, Yaniv Eliezer, Alon Bahabad, Gang Chen, ZhongquanWen, Gaofeng Liang, Cheng-
long Hao, C-WQiu, Achim Kempf, Eytan Katzav, andMoshe Schwartz. Roadmap on super-
oscillations. Journal of Optics, 21(5):053002, apr 2019.

147



[136] Edward T. F. Rogers, Jari Lindberg, Tapashree Roy, Salvatore Savo, John E. Chad, Mark R.
Dennis, and Nikolay I. Zheludev. A super-oscillatory lens optical microscope for subwave-
length imaging. NatureMaterials, 11(5):432–435, 2012.

[137] SaptarishiChaudhuri, SanjuktaRoy, andC. S.Unnikrishnan. Realization of an intense cold rb
atomic beam based on a two-dimensional magneto-optical trap: Experiments and comparison
with simulations. Phys. Rev. A, 74:023406, Aug 2006.

[138] Mark Kasevich and Steven Chu. Atomic interferometry using stimulated raman transitions.
Phys. Rev. Lett., 67:181–184, Jul 1991.

[139] Holger Müller, Sheng-wey Chiow, Sven Herrmann, Steven Chu, and Keng-Yeow Chung.
Atom-interferometry tests of the isotropy of post-newtonian gravity. Phys. Rev. Lett.,
100:031101, Jan 2008.

[140] Sylvain de Léséleuc, Vincent Lienhard, Pascal Scholl, Daniel Barredo, Sebastian Weber, Nico-
lai Lang, Hans Peter Büchler, Thierry Lahaye, and Antoine Browaeys. Observation of a
symmetry-protected topological phase of interacting bosons with rydberg atoms. Science,
365(6455):775–780, 2019.

[141] William J. Eckner, Nelson DarkwahOppong, Alec Cao, AaronW. Young,WilliamR.Milner,
John M. Robinson, Jun Ye, and Adam M. Kaufman. Realizing spin squeezing with rydberg
interactions in an optical clock. Nature, 621(7980):734–739, 2023.

[142] Jacob A. Hines, Shankari V. Rajagopal, Gabriel L. Moreau, Michael D. Wahrman, Neomi A.
Lewis, Ognjen Marković, and Monika Schleier-Smith. Spin squeezing by rydberg dressing in
an array of atomic ensembles. Phys. Rev. Lett., 131:063401, Aug 2023.

[143] Kritsana Srakaew, Pascal Weckesser, Simon Hollerith, David Wei, Daniel Adler, Immanuel
Bloch, and Johannes Zeiher. A subwavelength atomic array switched by a single rydberg atom.
Nature Physics, 19(5):714–719, May 2023.

[144] Julien Vaneecloo, Sébastien Garcia, and Alexei Ourjoumtsev. Intracavity rydberg superatom
for optical quantum engineering: Coherent control, single-shot detection, and optical π phase
shift. Phys. Rev. X, 12:021034, May 2022.

[145] Mohammadsadegh Khazali, Callum R. Murray, and Thomas Pohl. Polariton exchange inter-
actions in multichannel optical networks. Phys. Rev. Lett., 123:113605, Sep 2019.

[146] Andreas Schreiber, Aurél Gábris, Peter P. Rohde, Kaisa Laiho, Martin Štefaňák, Václav Po-
toček, Craig Hamilton, Igor Jex, and Christine Silberhorn. A 2d quantumwalk simulation of
two-particle dynamics. Science, 336(6077):55–58, Apr 2012.

[147] C. Tresp, P. Bienias, S. Weber, H. Gorniaczyk, I. Mirgorodskiy, H. P. Büchler, and S. Hof-
ferberth. Dipolar dephasing of rydberg d-state polaritons. Phys. Rev. Lett., 115:083602, Aug
2015.

148



[148] WenchaoXu, Aditya V. Venkatramani, SergioH. Cantú, Tamara Šumarac, Valentin Klüsener,
MikhailD. Lukin, andVladanVuletić. Fast preparation and detection of a rydberg qubit using
atomic ensembles. Phys. Rev. Lett., 127:050501, Jul 2021.

[149] Charles S Adams, Jonathan D Pritchard, and James P Shaffer. Rydberg atom quantum tech-
nologies. Journal of Physics B: Atomic, Molecular and Optical Physics, 53(1):012002, 2019.

[150] Katrina Barnes, Peter Battaglino, Benjamin J. Bloom, Kayleigh Cassella, Robin Coxe, Nicole
Crisosto, Jonathan P. King, Stanimir S. Kondov, Krish Kotru, Stuart C. Larsen, Joseph
Lauigan, Brian J. Lester, Mickey McDonald, Eli Megidish, Sandeep Narayanaswami, Ciro
Nishiguchi, Remy Notermans, Lucas S. Peng, Albert Ryou, Tsung-Yao Wu, and Michael
Yarwood. Assembly and coherent control of a register of nuclear spin qubits. Nature Commu-
nications, 13(1):2779, May 2022.

[151] Neville Chen, Lintao Li, William Huie, Mingkun Zhao, Ian Vetter, Chris H. Greene, and Ja-
cob P. Covey. Analyzing the rydberg-based optical-metastable-ground architecture for 171Yb
nuclear spins. Phys. Rev. A, 105:052438, May 2022.

[152] William Huie, Lintao Li, Neville Chen, Xiye Hu, Zhubing Jia, Won Kyu Calvin Sun, and
JacobP.Covey. Repetitive readout and real-time control of nuclear spin qubits in 171Yb atoms.
PRX Quantum, 4:030337, Sep 2023.

[153] B. J. Lester, A.M.Kaufman, andC.A.Regal. Raman cooling imaging: Detecting single atoms
near their ground state of motion. Phys. Rev. A, 90:011804, Jul 2014.

[154] Y. S. Patil, S. Chakram, L. M. Aycock, and M. Vengalattore. Nondestructive imaging of an
ultracold lattice gas. Phys. Rev. A, 90:033422, Sep 2014.

[155] Karl N. Blodgett, David Peana, Saumitra S. Phatak, Lane M. Terry, Maria Paula Montes, and
Jonathan D. Hood. Imaging a 6Li atom in an optical tweezer 2000 times with Λ-enhanced
gray molasses. Phys. Rev. Lett., 131:083001, Aug 2023.

[156] Jackson Ang’ong’a, Chenxi Huang, Jacob P. Covey, and Bryce Gadway. Gray molasses cooling
of 39K atoms in optical tweezers. Phys. Rev. Res., 4:013240, Mar 2022.

[157] Elmar Haller, James Hudson, Andrew Kelly, Dylan A. Cotta, Bruno Peaudecerf, Graham D.
Bruce, and Stefan Kuhr. Single-atom imaging of fermions in a quantum-gas microscope. Na-
ture Physics, 11(9):738–742, Sep 2015.

[158] B.Nikolov, E. Diamond-Hitchcock, J. Bass, N. L. R. Spong, and J. D. Pritchard. Randomized
benchmarking using nondestructive readout in a two-dimensional atom array. Phys. Rev. Lett.,
131:030602, Jul 2023.

[159] MinhoKwon,Matthew F. Ebert, ThadG.Walker, andM. Saffman. Parallel low-loss measure-
ment of multiple atomic qubits. Phys. Rev. Lett., 119:180504, Oct 2017.

149



[160] Chang Hoong Chow, Boon Long Ng, Vindhiya Prakash, and Christian Kurtsiefer. Fano res-
onance in excitation spectroscopy and cooling of an optically trapped single atom. Phys. Rev.
Res., 6:023154, May 2024.

[161] T. M. Graham, Y. Song, J. Scott, C. Poole, L. Phuttitarn, K. Jooya, P. Eichler, X. Jiang,
A. Marra, B. Grinkemeyer, M. Kwon, M. Ebert, J. Cherek, M. T. Lichtman, M. Gillette,
J. Gilbert, D. Bowman, T. Ballance, C. Campbell, E. D. Dahl, O. Crawford, N. S. Blunt,
B. Rogers, T. Noel, and M. Saffman. Multi-qubit entanglement and algorithms on a neutral-
atom quantum computer. Nature, 604(7906):457–462, Apr 2022.

[162] Wenchao Xu, Tamara Šumarac, Emily H. Qiu, Matthew L. Peters, Sergio H. Cantú, Zeyang
Li, AdrianMenssen, Mikhail D. Lukin, Simone Colombo, and Vladan Vuletić. Bose-einstein
condensation by polarization gradient laser cooling. Phys. Rev. Lett., 132:233401, Jun 2024.

[163] SaraRosi, Alessia Burchianti, StefanoConclave, Devang S.Naik, GiacomoRoati, Chiara Fort,
and FrancescoMinardi. λ-enhanced greymolasses on the d2 transition of rubidium-87 atoms.
Scientific Reports, 8(1):1301, Jan 2018.

[164] David PeanaMeng Raymond Chen Jonathan D. Hood Saumitra S. Phatak, Karl N. Blodgett.
A generalized theory for optical cooling of a trapped atom with spin, 2024.

[165] S. Zhang, F. Robicheaux, andM. Saffman. Magic-wavelength optical traps for rydberg atoms.
Phys. Rev. A, 84:043408, Oct 2011.

[166] FRobicheaux. Ionization due to the interaction between two rydberg atoms. Journal of Physics
B: Atomic, Molecular and Optical Physics, 38(2):S333, 2005.

[167] Wenhui Li, Paul J Tanner, and Thomas F Gallagher. Dipole-dipole excitation and ionization
in an ultracold gas of rydberg atoms. Phys. Rev. Lett., 94(17):173001, 2005.

[168] Martin Kiffner, Davide Ceresoli, Wenhui Li, and Dieter Jaksch. Quantum mechanical calcu-
lation of rydberg–rydberg autoionization rates. Journal of Physics B: Atomic, Molecular and
Optical Physics, 49(20):204004, 2016.

[169] Michiteru Mizoguchi, Yichi Zhang, Masaya Kunimi, Akira Tanaka, Shuntaro Takeda,
Nobuyuki Takei, Vineet Bharti, Kuniaki Koyasu, Tetsuo Kishimoto, Dieter Jaksch, et al. Ul-
trafast creation of overlapping rydberg electrons in an atomic bec and mott-insulator lattice.
Physical Review Letters, 124(25):253201, 2020.

[170] Philipp Neumann, Johannes Beck, Matthias Steiner, Florian Rempp, Helmut Fedder,
Philip R. Hemmer, Jörg Wrachtrup, and Fedor Jelezko. Single-shot readout of a single nu-
clear spin. Science, 329(5991):542–544, 2010.

[171] Vladimir B Braginsky and F Ya Khalili. Quantum nondemolition measurements: the route
from toys to tools. Reviews ofModern Physics, 68(1):1, 1996.

150



[172] A. D. Tranter, H. J. Slatyer, M. R. Hush, A. C. Leung, J. L. Everett, K. V. Paul, P. Vernaz-Gris,
P. K. Lam, B. C. Buchler, and G. T. Campbell. Multiparameter optimisation of a magneto-
optical trap using deep learning. Nature Communications, 9(1):4360, Oct 2018.

[173] Franco Dalfovo, Stefano Giorgini, Lev P. Pitaevskii, and Sandro Stringari. Theory of bose-
einstein condensation in trapped gases. Rev.Mod. Phys., 71:463–512, Apr 1999.

[174] Sylvain de Léséleuc, Daniel Barredo, Vincent Lienhard, Antoine Browaeys, and Thierry La-
haye. Optical control of the resonant dipole-dipole interaction between rydberg atoms. Phys.
Rev. Lett., 119:053202, Aug 2017.

[175] Thad G. Walker and M. Saffman. Consequences of zeeman degeneracy for the van der waals
blockade between rydberg atoms. Phys. Rev. A, 77:032723, Mar 2008.

[176] Sylvain de Léséleuc, SebastianWeber, Vincent Lienhard, Daniel Barredo, Hans Peter Büchler,
Thierry Lahaye, and Antoine Browaeys. Accurate mapping of multilevel rydberg atoms on
interacting spin-1/2 particles for the quantum simulation of ising models. Phys. Rev. Lett.,
120:113602, Mar 2018.

151


