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Abstract

Controlled quantum systems have the potential to make major advancements in tasks rang-
ing from computing to metrology. In recent years, quantum devices have experienced
tremendous progress, reaching meaningful, intermediate-scale sizes and demonstrating ad-
vantage over their classical counterparts. Still, sensing, learning, verifying, and hopefully
mitigating errors in these systems is an outstanding and ubiquitous challenge facing all

modern quantum platforms.

Here we review and expound upon one such platform: arrays of Rydberg atoms trapped in
optical tweezers. We demonstrate several key advancements, including the first experimental
realization of erasure conversion to prepare two-qubit Bell states with a fidelity in excess
of 0.999, and to cool atoms to their motional ground state. We further showcase the tools
of universal quantum processing via arbitrary single-qubit gates, fixed two-qubit gates, and
mid-circuit measurement, and discuss applications of these techniques for metrology and

computing.

Then, we turn to the many-body regime, generating highly entangled states with up to 60
atoms through analog quench dynamics. We reveal the emergence of random behavior
from unitary quantum evolution, and uncover a universal form of quantum ergodicity
linking quantum and statistical mechanics. We exploit these discoveries to verify the global
many-body fidelity and then realize practical applications like parameter estimation and
noise learning. Finally, we compare against both state-of-the-art quantum and classical
processors: we introduce a new proxy for the experimental mixed state entanglement which
is comparable amongst all quantum platforms, and that reflects the classical complexity of

quantum simulation.
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CHAPTER1

Introduction

The central goal of this thesis is to address the seemingly fraught task of veri ably controlling
guantum systems with high delity, despite explicitly attempting to do so in a regime where
we both cannot fully measure the quantum state, and where no classical computer could
possibly represent its complexity. To that end, we begin here by broadly describing the
eld of quantum science, the importance of controlling such systems, the myriad of ways
researchers are attempting to do so, and nally by outlining our contributions to this
continuing, monumental e ort.

1.1 BACKGROUND

The theory of quantum mechanics can seem paradoxical in many ways, not least of which
because though it underlies the last century of technological progress, it is strangely in-
visible in our day-to-day lives. Indeed, in many ways quantum mechanics is alien to our
usual sensibilities and intuition. For instance, quantum particles can be in two places at
once 6uperpositioh and multiple such particles can be correlated so extremely that their
individuality is subsumed into one collectiventanglement These “spooky' aspects of

the theory disturbed even its originators [1] and it was not until the 1970s that experiments
began conclusively demonstrating the validity and unavoidability [2] of these phenom-
ena [3, 4]. These early e orts were recognized by the Nobel Prize in Physics in 2022 and in
the decades since those pioneering discoveries, the eld of experimental quantum science
has ourished.

The drive to study quantum mechanics is fundamentally interesting it has proven time
and time again one of our most accurate theories of how the universe works but much
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of the modern fervor within the eld is practically minded. In the early 1980s, physicist
Richard Feynman [5], amongst others [6, 7], suggested that the quantum world may be
too complex to simulate accurately on an ordinary, or classical, computer. Then from
the 1990s continuing until today, a series of landmark results [8 13] have found classical
computational problems in a wide variety of disciplines which are extremely challenging to
solve on classical computers, but can be solved e ciently by carefully engineering quantum
systems, oguantum computeydgor a very exhaustive list of applications, see Ref. [14].

Importantly, these advantages are not because quantum computers are simply faster versions
of ordinary computers but because they operate on fundamentally di erent principles,
which are integrally linked to the “spooky' characteristics of quantum theory [15]. For
instance, whereas ordinary computers are compodeitsathich are either O or 1, the most

basic of quantum computers are composedu@Entum bitsor qubits Qubits can also be

either O or 1, but also any superposition of the two you can think of a qubit as an arrow

in three-dimensional space that can point up or down (1 or 0), but also forward, backward,
left, right, or any other direction. We write the state of the qubif as= ¢yj0i + c¢jli,

wherecy andc; are complex numbers which tell us how closely the arrow is pointing
upwards (1) or downwards (0).

While we may represent the state Mf bits with N real numbers, representing multiple
qubits is markedly more complicated. For instance, the most general state of just two
qubits is a superposition of all possible combinations of the individual qupiis,=

Coj00 + ¢;jOli + ¢j10 + c3j1li, which requires us to kno® = 4 complex numbers.

To describeN qubits require2¥ complex numbers. For a system composed of only

N = 60 qubits, the memory required for a classical computer to represent the quantum
state is around ten exabytes, or roughly the entire storage capacity for all of Google. This
exponential scaling underscores the di culty of studying quantum systems with classical
computers, but also represents great potential, because with only 60 qubits, we can access a
state space equivalent to quintillions of classical bits. Though this alone does not guarantee
the computational power of quantum computers, careful engineering and control over the
state of a few qubits allows us to encode and solve the problems of interest mentioned
previously.

The trouble, then, is simply to control 60 qubits.

1n contrast, in terms of clock speed they are between a thousand to a billionstimnes



1.2 THE CHALLENGE OF QUANTUM SCIENCE

The possibility and promise of quantum computers to solve so many problems of broad
interest has sparked a worldwide, ongoing race to develop such a system with substantial
academic, governmental, and industrial investment. As of now, however, no such practically
relevant device has been created. The chief reason for this comes down to a phenomena
known asquantum decoherendé&6, 17]. Without belaboring the explanation too much

here understanding decoherence fundamentally and practically will be a major thrust of
this work decoherence is essentially the loss of information about the state of a system
due to its interactions with the environment.

Imagine trying to prepare an intricate meal. Working alone, you know exactly which and
how many ingredients are cooked in what order, and after following the recipe, the dish will
come out perfect. Now imagine, however, that whenever you open the lid of the pot to add
your ingredients, a crowd of onlookers can do so as well, each adding some random spice
to the pot. Very soon, the preparation will be spoiled, and the nal product ruined. There
is a paradoxical relationship: we want an isolated system which allows us to control it, but
allows nothing else to do so. Further, the larger and longer the recipe, the more times we
must open the lid, and thus the more opportunities for the dish to be ruined. Controlling
guantum systems is essentially hampered by a too-many-cooks-in-the-kitchen scenario.

However, where the metaphor breaks down, and where one of the central challenges of
guantum science lies, is that while the dish can tasted and immediately deemed rotten, it is
incredibly di cult to tell how, or even if, the quantum programming has gone awry. This

is because measuring quantum statgsogective This means that though the state may be

in a complex superposition @' components, reading out the state of the system randomly
selects one of those components, with probabilities controlled by the particular quantum
program [18, 19]. Thus, quantum computers are inherently probabilistic entities, which are
then further complicated by probabilistic errors. As a point of reference, while classical
computers make one error ever§f’ operations, even the best-performing current quantum
devices hover around error rates0of % per operation.

This di culty was recognized since the conception of the eld, spawning the vast subject
of quantum error correctiofi20 23]. In these protocols, quantum information is protected
from decoherence by entangling the states of many qubits, and sharing information be-
tween them such that local errors show clear signatures when measured projectively. By
interspersing checks throughout the program to verify no errors have taken place and
ideally correcting them if detected the program can thus be run error-free. However,
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to realize a net gain the underlying error rates of the quantum device must be su ciently
small [24, 25] and the number of available qubits must be su ciently large, in addition to
other technical requirements such as repeated, mid-circuit readout. While there has been
signi cant progress on these fronts, no large-scale, error-corrected system with practical
rami cations has been demonstrated. Still, creating such a fully error-corrected device
seems to be the only reasonable way to reliably realize the power of quantum computation.

Thus, the major goals of the eld currently are generally summarized as: 1) better under-
stand the physical errors mechanisms a ecting a given quantum system, 2) measure and
validate the performance of a device a ected by these error sources, 3) correct or other-
wise eliminate the errors. Similarly, making progress on these fronts is the overarching
goal of this thesis, with several novel contributions speci cally towards error characteriza-
tion [26, 27], detection [26, 28], veri cation [29 31], and elimination [26, 32]. Though
many of our results will be intentionally generally applicable to any quantum system, we
will show experimental demonstrations of our techniques with a state-of-the-art array of
atoms trapped in optical tweezers, for which we demonstrate enhanced scalability [33]
and improved delities for single-qubit [28, 32, 34], two-qubit [26, 32, 34], and many-
gubit operations [26, 29, 31]. Ultimately, through application of our techniques, we will
demonstrate our system is controlled with such high- delity that it is beginning to enter the
regime ofquantum advantagevhere classical computers become incapable of replicating
the quantum experimental results [31].

1.3 QUANTUM PLATFORMS

Since the 1990s, many candidate platforms have been in development which are attempting
to achieve the dream of useful guantum computing. While these various approaches di er
in substantial, practical ways, they face the same fundamental tension between isolation and
control. In this crowded landscape, a new challenger has emerged in the last decade and
rmly established itself: Rydberg atom array§35, 36]. Though many of the techniques

and ideas we will discuss in this thesis are explicitly general to many quantum platforms,
most of our experimental demonstrations will come using a state-of-the-art Rydberg atom
array. We describe details of the platform and its various error mechanisms in Chapter 2.
A key facet to note, however, is that like other quantum platforms, Rydberg atom arrays can
be used for performing universal gate-based quantum computation [37 40], or to study a
rich assortment of spin-models [31, 41 47].

This distinction is important. There are essentially two modalities in which controlled
guantum systems can be operated, eithigital or analog The same distinction can be
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made classically: when trying to simulate how a particular plane will y, for instance, one
might either program the dynamical equations into a computer (digital), or build a wind
tunnellreplicating those dynamics and test scale models (analog).

Digital quantum devices, which are sometimes distinguished as more proper quantum
computers, oquantum processor®perate much like digital classical computers. They
implement a discrete, universal gate-set, which then can be used to program any unitary
circuit of interest [15, 49]. In the modern noisy, intermediate-scale quantum [50] (NISQ)
era, however, compilation overhead can be ine cient [51, 52], and can increase error
rates [53] for instance due to limited native expressivity [54]. Errors a ecting these systems
can often be abstracted into tractable forms [55 58], though this analysis is potentially
fraught with oversimpli cation of the physical dynamics.

Analog quantum devices, also callgdantum simulatorsmplement particular problems

of interest by mapping them directly into the native continuous dynamics of the particular
guantum system [36, 59 65]. This idea of using a quantum system to essentially simulate
itself was the original idea of Feynman [5]. This approach largely eliminates overhead, at
the cost of restricting the explorable space of problems, and making theoretical analysis in
general more complex [66].

In this thesis, we explore both modalities. A major focus on this work is the particular
problem of how to verify that a quantum simulator is giving trustworthy results. This task,
already di cult in the digital case, is made far harder by the continuous nature of analog
dynamics and errors. While historically quantum simulators have been treated as error-
agnostic machines, with a concentration on low-order, supposedly-robust observables [59,
66], our goal explicitly is to validate the performance of these systems at all-orders. Our
interest in digital quantum processors will mainly stem from their potential to dramatically
improve the performance of quantum metrological systems, such as atomic clocks [28, 39].

1.4 OUTLINE

Now, we brie y summarize the remainder of this thesis. Overall our work is broadly split
into three di erent parts.

In Part | we focus on systems of just a few atoms to further de ne the Rydberg atom
array platform including its native strengths and weaknesses. In particular we will describe
various errors a ecting the system, and will then immediately describe how some of them
may be molli ed through a newly-realized error mitigation technique knowrerasure

TPer von Neumann, who called wind tunnels computing devices of the so-called analogy type [48]
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conversion67, 68]. We shall discuss how this technique enabled our record achievement
of 0:999 entanglement- delity between two Rydberg atoms [26], in addition to a myriad

of bene ts such as improved quantum simulation [26], cooling to the motional ground
state [32], and even enhanced loading of an optical tweezer array [33]. Finally, we will
discuss how Rydberg atom arrays can be endowed with a set of universal quantum operations
including arbitrary single-qubit gates [28], xed two-qubit gates [32], and mid-circuit
measurement [32]. Such operations are particularly useful for our system which can also
function as precise atomic clock [69], as we demonstrate with concrete and practical methods
for improving quantum metrology using digital quantum computing techniques [28].

In Part Il we move to the realm of the many-body and ponder how to verify the performance of
large quantum systems without incurring an exponential cost due to their exploding Hilbert
space dimension. To start, we dive into the worldafdom state ensemblesnd discuss

newly discovered ways in which randomness emerges from natural, unitary Hamiltonian
time dynamics [27, 29]. Such discoveries open new questions about the connections
between quantum mechanics and statistical mechanics, with many interesting theoretical
discoveries [27, 70, 71]. Exploiting the chaotic nature of this emergent randomness, we then
devise protocols [29, 30] for measuring the global many-body delity with relatively few
measurements for systems with less than roughly 30 atoms. Besides enabling benchmarking
of large quantum systems, we discuss several important implications of this technique for
Hamiltonian estimation and noise learning, amongst others.

In Part Il we enter the beyond-classically-exact regime and face the nebulous task of bench-
marking quantum systems when no classical reference is possible [31]. We will discuss why
existing evaluation protocols fail because of the analog nature of errors a ecting our system,
but will propose and implement an extension of our many-body delity estimation through

a many-pronged comparison against mapyproximateclassical algorithms with varying
degrees of entanglement. We successfully estimate the delity roughly ten percent to
prepare a system of sixty atoms into a state with nearly maximal entanglement entropy. We
then showcase a novel protocol for estimating the actual mixed state entanglement [72].
This allows for mutual comparison amongst state-of-the-art quantum platforms, with which
we nd we are competitive. Finally, we evaluate the classical cost of quantum simula-
tion, demonstrating both the present computational power of our system, and the long-term
potential of highly entangled analog quantum simulators more generally [59].

In total, the contributions of this thesis span the gamut from single atoms to many-body
systems, with advancements both theoretical and experimental in the elds of quantum
computing, simulation, information science, and metrology.
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Rydberg atom arrays



Prelude

Understanding and minimizing the e ect of errors s critical to the future of quantum science,
both in the near [50] and far [24] term. Rydberg atom arrays have emerged as an exciting
platform with vast scalability [73] combined with high delity operations [26, 39, 74, 75];
still there is much progress yet to be made. In the following chapters, we describe our
contributions to this ongoing e ort.

To start, we reiterate the key features of atom arrays, and of our experiment [76] speci cally.
We present a comprehensive summary and overview of the various major error sources
a ecting these systems, and explain how they may be realized in a numerical model which
closely replicates experimental observations. With this model in hand, we introduce and
demonstrate a new tool in the quantum toollemasure conversiof67, 68], which we apply

to improve quantum simulation [26], to cool atoms to their motional ground state [32], and
even to improve system sizes (through a classical sense of erasure conversion). Through
this, we demonstrate a record two-qubit entanglement delity with neutral atoms, with
higher delities a question of technical improvements which we understand well.

Then we parlay these improvements to demonstrate the tools of universal quantum compu-
tation with neutral atom arrays. Speci cally, we show arbitrary single-qubit gates [28],
xed two-qubit gates [32, 39], mid-circuit measurement [32], control of a potentially
bosonic degree of freedom [26], and even the controllable generation of so-called hyper-
entanglement [32]. With these tools we can tackle largely any computing task, but we turn
our attention to metrology, and demonstrate how the marriage of an atomic clock and a
guantum computer can yield improved sensing performance [28].



CHAPTERZ

Experimental setup and error modeling

In this chapter, we describe the main experimental workhorse of this resedRghparg

atom array Rydberg atom arrays have been established for nearly a decade, and as such there
are various excellent resources available to learn about their basic physics. In particular,
we recommend reviews in Refs. [35, 36], and for a wealth of experimental and theoretical
information one can scarcely do better than consulting Refs. [76, 77].

In particular, Ref. [76] a previous thesis from our group at Caltech is an excellent expo-
sition of the basics of the platform, and additionally contains comprehensive descriptions
about our speci ¢ experiment. In this work, we will omit many such details, and so if ever
in doubt on a technical aspect of basics of the platform, Ref. [76] is a good place to start.

2.1 TRAPPING AND CONTROLLING SINGLE ATOMS

Central to the success of any quantum platform are the qubits which compose it. In Rydberg
atom arrays, the qubits of choice are singh@itralatoms (neutral as opposed to ionic species
which have been explored in detail in the study of trapped ion quantum computers [78]).
The key bene ts of the platform are plentiful, starting with its innate scalability. Single
atoms are sourced from a magneto-optical trap of tens of millions of atoms, and loaded into
a user-con gurable array of tightly focused { m waist) laser beams, known as optical
tweezerd All atoms (qubits) are identicdl meaning limitations on achievable system
size originate mainly from how many optical tweezers can be created with available laser

IThe invention [79, 80] of which was recognized by the Nobel Prize in Physics in 2018.

ZThis is an oft repeated claim, but is really not that true while atoms themselves are identical, true
uniformity requires their environment, including their trapping conditions, be uniform as well. Such metrics
are typically hard to make better than 8:1% homogeneity level [81]
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power: experiments with several hundred [42, 43] or even a few thousand such traps [82 84]
are readily achievable, and recently a landmark, state-of-the-art demonstration of a twelve
thousand trap array lled with over six thousand atoms was demonstrated [73].

Still, having many atoms counts for very little if the delity of controlling them is poor.
Many factors a ect the delity of the platform, but the most basic is loss of atoms from their
traps. Such lossy type errors are a subset of the broader clésskafjeerrors. In order

to minimize such e ects, atoms are trapped in optical tweezers in a vacuum chamber at a
pressure of 10 *? Torr, or about the atmospheric pressure on the surface of the Moon (a
billionth of a millionth of Earth's atmosphere). This results in few collisional interactions
with background gas molecules, leading to innate trapping lifetimes on the order of tens of
minutes [73, 85] (even hours in cryogenic environments [86]).

With atoms rmly held in place, the internal electronic state of the atoms can then be
manipulated with microwave or laser sources to perform single qubit gates, again with high
delity (>0:999. The state of the atoms can be detected by uorescence imaging while
atoms remain trapped, and high-resolution microscopy techniques pioneered over the last
twenty years [87, 88] enable fully resolving atoms spaced by a few micron. Further, the
optical tweezer array geometry is programmable in near real-time, meaning atoms can be
rearranged into largely any con guration desired in one [81], two [43, 89, 90], or even
three [91, 92] dimensions.

In order to generate entanglement, we must make multiple qubits interact, which we accom-
plish through excitation to high-enerdydberg statesWhen in the Rydberg state, atoms
experience a long-range, distance-dependent interaction based on a second-order induced
dipole e ect. In the early 2000s, this interaction was recognized as a potent resource due to
the so-calledRydberg blockadenechanism [93, 94]. As the simplest example, when two
atoms are close enough together (a few micron separation), excitation of one to the Rydberg
state is allowed, but the energy of the doubly-excited state can be shifted dramatically. This
precludes occupation of such doubly-excited states, meaning when the two atoms are simul-
taneously driven to the Rydberg state the result is a single Rydberg excitation shared across
the two atoms, i.e. an antiferromagnetic Bell state; we will explore this process in great
detail in Chapter 3. When operating in a digital modus, this enables a variety of schemes
for performing high- delity controlled-phase gates [39, 74, 75, 95] (as we will explore and
discuss in Chapter 4).
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2.1.1 The Rydberg Hamiltonian

The Rydberg interaction has further rami cations for systems with more than two atoms.
In this work, we will almost always consider a one-dimensional chain of atoms with ideally
uniform spacing. As such, the Rydberg Hamiltonian is well approximated by

X X Cs X A N
= = X ) ~6 1
A S Nt SRR (2.1)

i i i>j

describing a set of interacting two-level systems, labeled by site indieeslj, driven
by a laser with Rabi frequency and detuning , with h being Planck's constant. The
interaction strength is determined by the so-callgctoe cient and the lattice spacing.
Operators aréix = (j1i;h0j; + jOi;hlj;)=2 andn; = j1i;hlj;, wherejOi; andjli; denote the
electronic ground and Rydberg states at isitespectively.

The Rydberg blockade mechanism is still of central importance in this case. For typical
parameters, the nearest neighbor interaction strer@ghaf) is a few hundred MHz, as
compared to typical achievable Rabi frequencies of a few MHz. As such, simultaneous
excitation of neighboring atoms to Rydberg states are strongly suppressed. To rst order the
blockade reduces the Hilbert space dimension f@nto Fib(N +2)  1:62V, where Fib

is the Fibonacci function (see Appendix C). This means that for a system dizeatfims,

the e ective Hilbert space size is only that of0:7 N qubits. In this case the Hilbert space

is complete [96], but becomes non-factorizable, i.e. if you bipartition a system of Rydberg
atoms with Hilbert space dimension djih) into two halves, left and right with Hilbert space
dimensions dirfH_) and din{HR), respectively, then diflH_) dim(Hr) 6 dim(H).

This has practical rami cations for the growth of entanglement in these systems, while also
enabling e cient classical simulation methods in some cases [97, 98].

Often, we will parameterize the time-axis during evolution under the Rydberg Hamiltonian
in terms ofcycles given byte,qe = 2 = . This timescale is chosen asis the dominant
energy-scale in the system, after the blockading nearest neighbor interaction energy. As
such, entanglement growth in the blockaded Hilbert space is primarily constrained [31] by

tcycle-

2.2 STRONTIUM

Through the many iterations of the Rydberg atom array platform, many atom species have
been utilized. At the outset, it is important to note that as of now, there is no clear consensus
as to which element is "best,' and in fact it may be that none can actually hold the crown.
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Figure 2.1:Relevant level structure of strontium a, Strontium in the periodic tableb,c,

Simpli ed level structures of strontium with selected transitions labeled along with their
wavelength, highlighting states important to this work of this thesis; for a more complete
version, see for instance Ref. [107]. In general, for many purposes of this thesis we will
be concerned with an e ective two-level qubit subspace de ned betweerbdfe °P,

clock state and thé&s61s 3S; Rydbergstate. Additional levels are for instance used for
atom trapping, imaging, and cooling, as well as detection of the Rydberg state through
autoionization [34]. As the exception, in Chapter 4 we will focus on the qubit de ned
betweerbs? 1S, and the clock state, in order to realize a universal digital quantum processor
with strontium atoms. We operate in the sideband resolved regime for the ultranarrow clock
transition, which allows us to address individual motional transitions. We will use this
ability to great e ect for atom cooling as well as mid-circuit measurement in Chapter 4.

Each choice of element comes with pros and cons, both to the complexity of control required,
and the richness of physics attainable.

Early experiments utilized alkali atoms which are the historical workhorse of the atomic
physics community due to their largely hydrogenic level structure. Such alkali-based
experiment are still in use in modern, state-of-the-art experiments, but in recent years
a second-generation of experiments has been developed which utilize alkaline-earth(-like)
atoms such as strontium [99 102] or ytterbium [103 106]. These elements have two valence
electrons, which leads to a somewhat more complex level structure, but which enables a
variety of striking applications. Ours is one of these original experiments [99] (alongside
Refs. [100, 103]), and utilizes the bosonic strontium-88 species.

Strontium has a number of enticing advantages. Its two valence electrons lead to a level
structure composed of both singlet and triplet electronic states; the level structure of states
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relevant to this work are shown in Fig. 2.1. The absolute ground state is the singlet state
552 1S,. Within the singlet manifold, the only transition of major importance for our
purposes is the broad transition §85p P, which is used for MOT cooling, as well as
atomic imaging [76].

The more interesting transitions are those between the singlet and triplet manifolds, which
are only weakly-allowed due to spin-orbit interactions, leading to narrow linewidths. For
instance, the transition betweds? 'Sy $ 5s5p 3P, is only 7 kHz broad (much narrower

than typical trap frequencies of 70 kHz, and as such can be used for atomic cooling
schemes such as sideband [99] or Sisyphus [85] cooling to near the motional ground state,
in addition to providing a second stage of MOT cooling [76, 99].

Perhaps the most interesting transition in strontium is that shtSy $ 5s5p 2Py. This
transition is in fact double-forbidden (both due to the required spin-ip, as well as by
the apparent violation of angular momentum conservation), and for bosonic isotopes like
strontium-88 is approximately [108] enabled only through application of a strong magnetic
eld to e ectively admix 3P, and 3Py [109]. Once prepared idPy, the atom has an

e ectively in nite lifetime compared to typical experimental timescales, though in reality is
limited to around 1 s due to technical e ects like Raman scattering from the trapping light.
It is for this reason that the transition1Bj is the basis for the current most precise atomic
clocks in the world [110, 111], which use this ultra-narrow transition (employing fermionic
isotopes rather than bosonic) to stabilize the frequency of lasers locked to state-of-the-art
high nesse cavities. ThuspP, is often called thelock stateand thebs? 1Sy $ 5s5p 3Py
transition is similarly called thelock transition we will employ this parlance throughout

this work.

Strontium has thus been studied in a metrological context for several decades. In fact, one of
the earliest works of our experiment [69] (alongside Ref. [112]) was to demonstrate running
such an optical atomic clock using a tweezer array with various bene ts such as single atom
resolution and reduced deadtime. In Chapter 4, we will extensively discuss utilizing the
clock transition to enable digital quantum computation schemes and to realize enhanced
metrological protocols. However, for much of the rest of this work, we will disregard this
myriad of interesting physics, and will instead solely employ the clock state because of its
long-lived, metastable nature.

The long lifetime of the clock state is important because when making atoms interact
through the Rydberg interaction, we ideally want to excite them to isotropic Rydberg
orbitals. However, given that the absolute ground state of our system is also s&ch an
state, this cannot be accomplished with direct photon excitation (and even if it could, such
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excitations would be 218nm, a very inhospitable wavelength to work with). Thus, atypical
experimental sequence will begin by rst transferring all atoms to the clock state, which is
then treated as a metastable ground state from which single photon Rydberg excitation can
take place. We note that this is fundamentally di erent than the typical approach of most
alkali atom arrays, which do not have access to such a long-lived, metastable state, and so
instead generally rely on two-photon transitions to enable Rydberg interactions. We note
that the long lifetime of the clock state will additionally be integral to our implementation of
error mitigation techniques known asasure conversigras shall be discussed in Chapter 3.

Besides preparation, alkaline-earth atoms also feature a unique bene t in terms of Rydberg
state readout. This is because only one of the two valence electrons will actually be
excited to the high-lying Rydberg orbital, leaving the other valence electron in the low lying
manifold. However, this secondary electron can also be excited to an intermediate energy
state which quickly leads to electron-electron interactions which ionize the atom, termed
autoionization(Fig. 2.1c). The resulting ion is dark to the normal uorescence imaging
transitions, and is typically quickly expelled from the optical tweezer due to stray electric
elds. In contrast, our normal uorescence imaging detects atoms in the clock state with
high delity. Thus, we can perform state discrimination between the clock and Rydberg
states by rst performing Rydberg excitation, then applying an autoionizing pulse, and nally
imaging. We demonstrated this e ect in Ref. [34], and showed it could reach discrimination
delities in excess of 0.999. Further, the autoionizing transition is particularly well adapted
for performing single site control on Rydberg excitations via targeted light shifts [113],
though we do not use this capability in this work.

To summarize, in a typical experimental sequence atoms are rst loaded Bsths,

state, and then cooled on the narrow-lBg 'Sy $ 5s5p 2P, (689 nm) transition close

to their motional ground state. When studying analog quantum evolution in the clock-
Rydberg manifold, atoms are then initialized to 8%8p 3P, (698 nm) clock state through

a combination of coherent drive and incoherent pumping. We treat the clock state as a
metastable qubit ground staj@i,, and subsequently drive to tbe61s3S;; m;=0 (317 nm)
Rydberg statg,li. Following Hamiltonian evolution, state readout is performed using the
autoionizing transitiorbs61s 3S;; m;=0 $ 5p;-,61S;-, (408 nm,J=1;m;= 1) which
rapidly ionizes atoms in the Rydberg state leaving them dark to our uorescence imaging.
Atoms in the clock state are pumped into the imaging cycle, allowing us to measure
qubit state with atomic uorescence measurements orbtieSy; $ 5s5p 1P; (461 nm)
transition. The result of each measurement isitatring for N atoms,z 2 f0;1g N,
where e.gz = 100101001 We can repeat measurements many times to accrue many such
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bitstrings, from which we make inferences and observations about the many-body physics
we wish to study.

2.3 ERRORS FOR RYDBERG ATOM ARRAYS

The Rydberg Hamiltonian (Eqg. (2.1)) is the paradigmatic model for our experiment. How-
ever, in practice quantum systems are not perfectly isolated and can undesirably interact
with their environment. This could either be due to control parameters in the Hamiltonian
drifting over time (e.g. as the laser intensity randomly uctuates) or coupling to extrinsic
guantum degrees of freedom (e.g. spontaneous decay of excited states).

Much of the experimental work of this thesis is focused on the problem of identifying the
signatures of these errors using experimental data, for instance by measuring the delity
of performing a given quantum operation, but it is equally important to develop a well-
constructed error model to understand the impact of errors in realistic scenarios. We set out
to de ne such an error model here, which we will reference and use extensively throughout
the remainder of this work. After incorporating all known error e ects, we generally
nd our error model agrees very well with experiment even on the level of many-body
bitstring probability distributions, for instance typi ed by studying the di erence between
probability distributions during quench evolution of the experiment versus either error-
free or error-model simulation (Fig. 2.2). While in this Section we take a descriptivist
approach to the matter of noise modelling, in Chapter 7 we approach it both theoretically
and experimentally from the perspective of learning noise sources directly from their e ects
on quantum many-body observables.

At the outset, it is important to note that there are many ways of simulating open system
dynamics in quantum systems, for instance through master equation-based approaches which
explicitly consider time evolution of the experimental mixed state under appropriate jump
operators. While such an approach is e ective for simple and small systems, it requires
manipulating thei" elements of the density matrix which is prohibitive for larger systems.

We wish to use our error model for large system20atoms), and include the entire gamut

of complex error sources. As such, we forgo the master equation, and instead perform our
open system dynamics simulations using a Monte Carlo wavefunction [114] approach.
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Figure 2.2: Quantitative evaluation of ab initio error model: Kullback-Leibler (KL)
divergence of bitstring probability distributions between the ten-qubit Rydberg experiment
and an error-free model (blue square) andabnnitio error model (red circle). When the
experimental data is benchmarked against an error-free model, the KL divergence increases
over time since the presence of decoherence e ects and control imperfections are not taken
into account in the error-free model. In the case of the error model, however, we nd a
signi cant reduction in the KL divergence between the experiment and error mod#| at
times.

2.3.1 Summary

As shown in Eq. (2.1), the Rydberg Hamiltonian is well approximated by
X X X nin;
H = S n; + Cs ’

i i i>j

X0 x0}5
where the interatomic spacing is writtenjas  %; |.

To a good approximation, error sources in the experiment can be written via the following
transformations (where notations are de ned in subsequent sectiong,Reig.a low-pass
function given by an AOM bandwidth)

oot ot g D)+ act i)+ p( p)+ Ss)(T) (2.2)
| LP[] (2.3)
Lot et gl )F all D+ §p(T) (2.4)
I LP[]+ (2.5)
x ! ai+ O(T) (2.6)

In the following, we shall explain each of these terms, categorizing them largely by the source
of the error. In practice, we typically account for all such errors, though the relevance of any
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Figure 2.3:Errors in Rydberg atom arrays. Various physical error sources a ecting the
Rydberg atom array pipeline. Here we list the general structure and components of our
error model, and throughout the text we will describe each error source, including ways in
which to calibrate and mollify their e ects. Above, blue boxes are error-free operations,
while red boxes denote possible error cases

given error can vary dramatically with the type of experiment being performed (Fig. 11.1).
A general owchart for how such errors are captured in a typical sequence is shown in
Fig. 2.3, and a summary of major error sources and general information about them is
shown in Table 2.1. Further, we note that several, but not all, of these errors are covered in
one way or another in Ref. [115].

First, a few important notes.

1) Throughout we will often distinguish between correlated and uncorrelated noise
sources. Bycorrelated we generally refer to spatial correlation, i.e. a noise source which
a ects all atoms in a joint manner. While this is not the same as a high-weight error (i.e. a
non-factorizable error acting on multiple qubits), it does lead to spatial correlations in the
experimental mixed state.

2) Our error model includes numerdesakageerrors, errors which leave the qubit subspace,
such as decay to a di erent manifold or imperfect state preparation. To account for such
errors, we could assume a higher dimensional particle subspace like a qutrit or higher.
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Spatially- Time-
Noise channel correlated? dependent? Intensity Frequency

DC intensity
AC intensity
DC frequency
AC frequency
Poynting
Doppler shifts
Beam sampling
Interaction variation - -
Spontaneous decay - -

Table 2.1: Error sources. Note that in general most intensity noise sources also can
impart frequency noise if the system experiences a self-light-shift. Given that most error
source have a unigue set of truth values, they can be isolated and measumesitwetomic
signals through measurement of on-site observables and connected correlation functions.

However, doing so would become quite computationally expensive. Instead, we take a
semi-classical approach. We still treat each atom as a qubit, but additionally store a ag
array (linear in system size) stating if the qubit has leaked or not. If the qubit does leak,
we make it inert, turning o all associated Hamiltonian terin§he quantum state vector

is then not a trustworthy reference, and so cannot be used for calculating state overlaps etc.
Still, we can still incorporate such e ects into measurements of many-body delity, etc. via
the ag vector, and the simulation results are still accurate on the level of bitstring samples.

3) We will typically make a frozen-core type approximation, whereby many error sources
are assumed to be static on the timescale of typical experiments. We will try to point out
such cases.

4) As a combination of points (1) and (3) above, many of the noise sources we consider are
explicitly non-Markovian and in some cases are high-weight. Such errors can have dramatic
e ects not only on the delity of performing quantum operations, but can also non-trivially
change how delity decays during erroneous evolution, a matter we shall discuss at length
in Chapter 8.

IWe make the explicit assumption that atoms which leak out of the qubit subspace cannot reenter, for
which we see no evidence to the contrary on the level of observables we study.
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2.3.2 Laser errors

Some of the most signi cant error sources a ecting the neutral atom quantum platform
arise from imperfect control of lasers which are used for performing atomic excitation. In
general (and simplifying somewhat), a laser's output has a stochastically varying amplitude
and frequency, both of which can be largely captured through a power spectral density
(PSD). Here, we break this PSD up into two basic parts: DC or low frequencies, and AC
or high frequencies. While there is no rm de nition of what makes for DC noise or

AC noise, we generally consider AC noise to arise from the the portion of the PSD with
frequencies higher than a typical experimental duty cycle, while the DC noise arises from
the portion of the PSD with frequencies lower than the typical experimental duty cycle.
Thus, we often will describe DC noise as shot-to-shot because it is roughly constant
throughout a single experimental realization, but can vary from one such realization to the
next. As a general note, the laser is generally applied equally across the entire array, thus
making such errors correlated.

Frequency noise
To best understand frequency noise arising from the laser, we consider its two components
(DC and AC) separately.

DC frequency noise The DC frequency noise is symbolized byy.( ). There are
multiple ways to estimate this contribution, but we nd the simplest, and likely most
accurate is to directly use an atomic signal. In particular, we import techniques from atomic
clocks [69] to lock the frequency of the Rydberg transition directly to the atoms. Using as
low a Rabi frequency as possible (to narrow the transition's spectral width), we perform
two-point locking [69], feeding back to the frequency of an AOM driving the transition
(Fig. 2.4a). By recording the locked error signals over time, we have very ne resolution of
the shot-to-shot transition frequency variations. While these variations are a convolution
of both laser frequency noise and thermal noise, the laser frequency noise can be extracted
either by assuming the thermal noise from independent measurements (discussed below), or
by looking at connected correlation functions of the in-lock signal. Connected correlation
functions subtract o the e ect of uncorrelated noise sources, like thermal noise, leaving
only correlated laser noise. We typically ndthe DC frequency variation is largely Gaussian,
with a standard deviation of , from which we sample for ouab initio error model. The

DC frequency noise can also be cross-checked via comparison to sensitive atomic signals
like Ramsey spectroscopy.
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Figure 2.4: Measuring laser phase noise. aSimpli ed setup of our Rydberg laser,
featuring a seed laser which is then ampli ed via tapered ampli er (TA) before passing
through two doubling cavities. The resulting power i800 mW (though with a more
recent upgrade to an RFA system, we achieve 1W). Also shown are the PDH locking
setup for stabilizing the laser frequency, and the intensity stabilization setup post-laser.
b. We perform PDH locking to a high- nesse ( nesse of 14000, linewidth of 110 kHz)
cavity. Modulation is provided by an EOM which generates sidebands at both low and high
frequencies. High frequency sidebands allow us to tune the locked frequency across the
entire cavity FSR. The low frequency provides the PDH locking modulation, while also
providing a stable frequency reference for converting from voltage to frequenéye take

long voltage time traces of the in-lock PDH signal, which we then convert to frequency via
the slope calibration ib. Then, we convert to a power spectral density which (accounting
for cavity-roll-o factors, see text), allows us to generate frequency noise traces for our
system.

AC frequency noise To account for time-dependent (AC) frequency noisgc(! ;t)),
we must have some estimate of the power spectral density (PSD)f the noise.

Our approach takes advantage of the fact that we lock the Rydberg laser to a stable frequency
reference, a high- nesse cavity (Fig. 2.4a). To lock to the cavity, light is modulated with

an EOM with two tones, a low-frequency (LF) tone at 20 MHz, and a high-frequency
(HF) tone ranging from 0 to 1.5 GHz. The HF tone allows us to span the entire free
spectral range of the cavity, while the LF allows us to lock the laser with Pound-Drever-
Hall (PDH) modulation [116]. In the unlocked state, the cavity rejection signal shows a
characteristic trimodal structure (Fig. 2.4b), with features separated by the LF modulation
frequency. By tting a linear slope to the central PDH feature (Fig. 2.4b, inset) this provides
an unambiguous conversion from voltage (as measured on an oscilloscope) to frequency
deviations of the laser.

We can then lock the laser, measure the continuous-time voltage, and convert it into fre-
guency. By taking the Fourier transform, we then arrive at the PSD (Fig. 2.4c). The PSD
can then be sampled to generate unlimited time-dependent frequency noise traces. See
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Ref. [117] for discussion of the technical speci cs of this process.

However, rst we multiply by the cavity roll-o factor [117, 118], as the error signal
underestimates high frequency noise because the cavity acts as an e cient low-pass lter.
The cavity roll-o factor is given by

1 L

F 2.7)

1
A= E* eai 2

wheref is the frequency = 14000is the nesse and= 110 kHz is the cavity linewidth.

In our particular circumstance, we need to perform further conditioning, given that we
measure frequency noise on the infrared laser light, which is then quadrupled through two
doubling cavities. This quadrupling up-converts the frequency noise, while the doubling
cavities act as e ective low-pass lIters on the light (which also converts frequency noise
into intensity noise).

Thus, the e ective cavity roll-o factor is given byG = CH(GhcGshg), WhereGeyg is

the roll-o for the fourth-harmonic generation (FHG) cavity, and similarly for the second-
harmonic generation cavity (SHG). For our particular laser, we nd the resulting PSD is
largely peaked arountiMHz, which we attribute to the servo bump of the PDH lock.

However, even with all this care, it is still entirely possible that the resulting PSD does not
correctly match the frequency noise seen by the atoms. There are a number of elements
between the laser PDH lock and the atoms themselves, and so this PSD should be considered
heuristic at best; still we nd that using it matches sensitive experimental observables quite
well. We note that there are means of directly measuring the frequency PSD through
so-called spin-locking methods [39], which can help to con rm the ndings here.

Intensity noise

As with frequency noise, we separate the contributions for intensity noise into slow, DC
intensity variations, and fast, AC variations. However, unlike the case of frequency noise,
we measure both fast and slow noise directly on a fast photodiode. In particular, we pick
o a small fraction of the light just before it reaches the atoms (Fig. 2.4a) and direct it
onto a fast avalanche photodiode (50 MHz bandwidth), being careful to to make sure the
measurement is not limited by the intrinsic noise of the sensor. The voltage measured is
directly proportional to the laser intensity, up to small o sets which can be subtracted o .

There are multiple ways in which we could analyze the resulting voltage signal, for instance
the most naive would be to simply take a very long time trace with the laser and AOMs
continuously on, perform the Fourier transform, and acquire the PSD down to very low
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Figure 2.5:Characteristics of intensity noise. aWe measure intensity noise traces on a
photodiode (schematic shown in Fig. 2.4). Each pulse (recorded at the normal experimental
duty cycle), is characterized by turn-on and -o dynamics, as well as a bulk pebidd/e

study uctuations in the bulk by fractional intensity variation, i.e. the standard deviation
of the pulse area over many trials aba_ given pulse lenbthdivided by the average pulse
area. The result decreases nearlfasT, the expectation for white noise, before settling

to a value around 0:007. We stitch multiple bulk measurements together (subtracting
o the mean for each) and take the Fourier transform to acquire the intensity noise power
spectral density. The resultis largely similar to that found from taking the Fourier transform
of a single long time trace (not shown), but in principle is more accurate to the AOM
thermalization dynamics at the experimental duty cycle.

frequencies. However, with some testing, we nd this is not the best approach to nd the
actual Rabi frequency at the atoms, because the noise spectra of a very long continuous
beam of light can be di erent than short pulses of light with a very low duty cycle, and the
latter is more accurate to the experiment. Thus we measure the intensity noise by running
the experiment at its normal duty cycle, and recording puls€$t), of varying length on

the photodiode (Fig. 2.5a).

DC intensity noise To nd the DC intensity noise, 4( i), we measure the®(t) for
various total pulse duration$,, and then calculate the fractional intensity uncertainty,

over iterationsj. We nd that the result decays nearly ﬂasp T, the expectation for white
noise, before settling to a value aroun@:007 (Fig. 2.5b). We further con rm this value

via auxiliary measurements on cameras and other photodiodes (not shown). We take this
long-time value as the DC intensity variation. To calculate the DC Rabi frequency we
approximate that | =2, which is true for small variations.

AC intensity noise To ndthe AC intensity noise, (! |;t), we consider the raw intensity
traces (V(t), and truncate them to only the bulk of the pulse (i.e. without turn-on and -0
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dynamics). We then stitch these fragments together, subtracting o the mean of each, and
take the Fourier transform to arrive at the intensity noise PSD (Fig. 2.5¢c). We note the result
is largely similar to the PSD found from just a single very long intensity noise trace on the
photodiode, but is in principal more accurate to the exact experimental thermalization. For
our particular system we nd the PSD peaks around a few hundred kHz, which we attribute
to the servo bump of the intensity stabilization system. However, it is also possible that
some of the AC frequency noise is converted into intensity noise via the doubling cavities
we employ downstream from the frequency stabilization setup (Fig. 2.4a).

AOM dynamics
In order to address the atoms, the laser beam is passed through a series of acousto-optic
modulators (AOMs) which control its intensity and frequeh(lyig. 2.4a). However, such
devices cannot modulate the laser in nitely quickly, even in order to turniton or o . For our
particular AOMs, and our particular beam waist inside the AOM, we nd a characteristic
response time of 35ns or 14 MHz bandwidth. Thus, any time-dependent variations in
laser intensity or frequency are essentially modulated by a low-pass Iter with that cuto
frequency (which we symbolize dP[] andLP[] ). Typically, we do not explicitly
account for this e ect in most error model simulations, but note that it can non-trivially
alter programmed pulse areas, and thus acts essentially as a form of miscalibration error.

There is a far more pernicious problem associated with AOM response dynamics than just
their slow bandwidth, though. As a brief review, AOMs essentially work by passing an
acoustic wave through a crystal, changing its refractive index with a periodic modulation.
This periodic modulation then acts as a grating to incoming light, di racting it and altering
its frequency slightly. An alternative picture is to consider the acoustic wave as a propagating
phonon mode, which then scatters o anincoming photon. For our purposes, the wave-based
picture is more helpful.

When an RF signal is sentto the AOM, itis transduced to the acoustic wave via a piezoelectric
element at one end of the crystal. The wave then propagates across the crystal at the nite
speed of sound. However, impingent laser beams have a nite extent, and thus there is a
nite time required for the acoustic wave to traverse the beam pro le. At very early times,
when the wave has not crossed the full pro le, the frequency will be Fourier broadened
signi cantly, which will then sharpen over time as the acoustic wave crosses the entire

IWe use two AOMs in order to vary the frequency while keeping the beam position constant. Such a task
is often accomplished with a double pass AOM setup, but UV AOMs are very sensitive to polarization, and
thus standard double pass methods are not immediately applicable. Itis possible to do double passing via the
use of prisms, or carefully aligned lens, with one such example shown in Ref. [119].
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Figure 2.6:Finite response time e ects of the AOM. a,b,The AOM for modulating the

laser intensity and frequency (see Fig 2.4a) has a nite response bandwidth due to the
time needed for the acoustic wave in the crystal to traverse the beam extent. This means
at early times the beam is signi cantly broadened along the modulation axis (though not
along the orthogonal axis), introducing a time-dependent, power-law intensity if the laser
is not perfectly aligned to the atoms. Because the angle of di raction from the AOM

is proportional to the frequency imparted, the e ectiralso leads to a time-dependent
frequencyf the beam is misaligned. For three di erent choices of alignment (well-aligned,
misaligned to the right, misaligned to the left) we show the experimentally measured center
frequency of the Rydberg excitation as a function of time. The misaligned cases converge
as a power-law towards the well-aligned case at late times. Accounting for these e ects thus
necessitates careful alignment, which we discuss in Appendix A.

beam. What this means is that at early times after turning on the AOM, the outgoing beam
will be broadened.

We observe this e ect experimentally. Using a camera in an atom-equivalent focal plane
of the laser after the AOM, we record the beam pro le as a function of pulse duration
(Fig. 2.6ab). We nd that along the vertical axis (which is orthogonal to the AOM modu-
lation), the beam pro le has a constant tted waist at all times. However, for the horizontal
axis (which is parallel to the AOM modulation), the beam waist is greatly broadened at early
times and decays with a power law form over the course of over a hundred nanoseconds.
This means that if the beam is not well aligned to the atoms, the atoms will experience a
time-dependent intensity as the Fourier components of the modulation sharpen.

However, intensity variations over time are not the only problem; there ardratpeency
variations overtime. Thisis because the angle of di raction from the AOM is proportional to
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the frequency modulation of the light, so the broad beams at early times also have a frequency
gradient across their entire horizontal span. This e ect we also resolve experimentally
(Fig. 2.6¢). We intentionally misalign the atoms along the horizontal axis with respect to
the beam center, and measure the corresponding center frequency. We see a clear power law
convergence over time, much the same as for the beam waist in Fig. 2.6b, which narrows
towards the well aligned value at late times.

To sum up, the AOM introduces a time-dependent modulation due to the nite speed of
sound of the crystal, which leads to both time-dependent intensity and frequency variations
if the atom is misaligned by as much as a micron. Thus it is extremely important to
implement a robust alignment procedure (which we discuss in Appendix A) to waylay this
e ect. We note that alternatively one might consider using a ber coupled system which
would mix the spatially-dependent frequencies and intensities, thus transforming the well-
de ned detuning into a time-dependent frequency noise which might be preferred for some
applications. Fibers are di cult to make work at high power for UV lasers, though there is
some work in this regard [119 122].

Other e ects
Various other laser-based e ects can harm the delity of quantum operations, including the
intensity-dependent detuning, beam drifts, and calibration errors.

Light shifts The laser detuning experienced by the atoms is weakly dependent on the
laser intensity itself [34], and thus any variations in either programmed or erroneous

will produce a corresponding error in, with scaling coe cient . This e ect is often
called aself-light-shift

Poynting noise The laser is generally well-aligned to the atoms, but its exact position
(and angle) still uctuates on a shot-to-shot basis. This is known as Poynting instability
We measure such variations on a camera placed in a atom-equivalent focal plane of the
laser, and nd variations are on the order of a few hundred nanometer, as compared to beam
waist-radii of a few tens of micron. Besides this variation, we also generally assume a static
o set of around 200 nanometer due to imperfect alignment. Thus the e ectis small, though
stillaccounted for, and it also can have some amplifying e ects on temperature-based errors,
as we shall discuss.

1 still have never had a satisfactory answer as to whether this should be pointing , like where the laser is
pointing, or Poynting , like the energy ux vector. Given the ambiguity, | choose to use Poynting. However,
during the course of the revision of this thesis it was pointed out by Nick Hutzler that a perfectly stable beam
would still have Poytning uctuations if its intensity varied, and thus maybe pointing should be preferred.
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Calibration errors  While we spend great pains to consistently and accurately feedback

on the Hamiltonian parameters (see Appendix A), both the Rabi frequency (intensity) and

detuning (frequency) of the laser are subject to miscalibration control errors, denoted as
c and .. For many applications like many-body delity benchmarking such e ects

are somewhat minor, given that we can always accurately measure the actual parameters

realized by the experiment via situ procedures, as discussed in Chapter 6.

2.3.3 Temperature errors

Optical tweezers trap atoms in a nearly harmonic potential [123]. As such, to a good
approximation we can describe the movement of the atoms in terms of the motional Fock
basis in order to capture their position and velocities. However, the state of the atoms
is not pure; nite thermal excitations make the atomic motional state mixed, which can
be deleterious for various reasons. Signi cant research over the past twenty years has
been devoted to cooling atoms down to their motional ground state [124 130], and in our
experimentwith a little e ort we are able to reach motional ground state fractigqms af0%

purely through conventional means [85]. This fraction is then related to the approximate
temperature vigo(T) =1  exp( (~!)=ksgT)), wherekg is Boltzmann's constant and

I is the angular trapping frequentyWe recommend consulting Refs. [76, 117] for more
details on aspects of atomic cooling that we do not discuss here.

In Chapter 3.5 we will explore a novel measurement-based cooling scheme which allows
us to reach ground state fractions as higl9@&; but it is still worth it to carefully discuss

the pernicious e ects of temperature. Importantly, as opposed to laser errors, temperature
is an inhomogeneous error source, and as such its e ects are uncorrelated across the array.
We largely break these e ects up into three subcategoiegppler shifts beam sampling

e ects, andinteraction variations These e ects stem from the fact that thermal atoms
have nite and Gaussian position and velocity distributions, characterized respectively by
standard deviations

x = poy coth —— (2.8)

(2.9)

wherem is the atomic mass.

1See Ref. [76] for a nice table showing conversions between di erent thermal quantities.
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Doppler shifts
The rst, and simplest error source arises from Doppler shifts, denotecﬂ}gﬁ) arising
from the atoms nite thermal velocity distribution. Numerically, one samples a given
velocity, v, from Eqg. 2.9, and then calculates the Doppler shift viakK v, wherek is the
addressing laser's wavevector. See Ref. [117] for further details of this calculation. In our
system we nd Doppler shifts to be a few tens of kHz at typical temperatures. We note that
this description of Doppler shifts is valid in the sideband non-resolved regime, whereas in
the sideband-resolved regime one accounts for Doppler shifts via the Fock-state-dependent
Rabi frequency [76, 124].

Ostensibly, the velocity distribution which induces Doppler shifts could also lead to time-
dependent atomic motion, a ecting result we will discuss below. However, at typical
microkelvin temperatures the characteristic velocity,is 10nm/ s, meaning roughly 100
nanometer may be traversed over the course of aEXperiment. Because of this relatively
small value (the context of which shall become apparent shortly), we generally consider a
frozen-core approximation, and sample atomic velocities purely to calculate Doppler shifts.

Beam sampling

One of the most pernicious errors, and most often overlooked, a ecting atom arrays arises
from the e ect of the atom sampling di erent laser intensities, which weloaim sampling

EJ'S) (T). Atoms at nite temperature have a wavefunction spread, and thus on an approxi-
mately shot-to-shot basis they will sample di erent regions of the addressing laser. If the
addressing laser has a very large whist,, and is well aligned, this results in a somewhat
negligible e ect. However, if the addressing beam is misaligned, then the atom will sample
a linear slope of the Gaussian beam, and as such will be dramatically more sensitive.

The relative intensity variation for a given displacemegnis given by
(x)=1 e 20w’ (2.10)

Then, assuming the laser is well-aligned to the mean atomic position, we can convert
from the positional Gaussian probability distribution (characterized,pyo a probability
distribution of the intensit

! 0t (2.11)

P()= P
(1) 3

1
1 log(1 1)

IUnless otherwise noted, we will always mean waist-radius when simply referring to a laser waist.

2While basic, it bears repeating that the probability density function (PDF) of a function of a random
variable isnotthe same as the function applied to the PDF of the random variable. That statement is true on
the level of cumulative distribution functions, so accurate PDF transformations simply require judicious use
of the chain rule.



28

Figure 2.7:Intensity variation from beam sampling. a,b, The thermal positional spread

of the atoms leads to intensity variation. Numerical simulations, assuming a Gaussian
beam and thermal distribution of atoms, are in good agreement with our analytical formula
(Eqg. (2.11)) both when the position uctuations aeg ¢mall or @) large compared to the
beam waist.c, Beam misalignment can amplify the deleterious e ects of beam sampling
by leading to a larger e ective standard deviation of intensity uctuations.

bl o= (2.12)
|

where =4 2=wg, and where in the second-line we have approximated 1 during
the derivation (Fig. 2.7). For single atom Rabi oscillations with Rabi frequencthis
variation leads to approximate power-law decay envelogg o t=T)2) ¥ t %2 with
T = w3=(2 2). Incorporating a nite misalignmenk, the standard deviation &f( ;)
distribution is approximately

r
= 8W—);4+16;(722W’;2: (2.13)
Thus, the e ect of this noise channelincreases dramatically both as the beam waist decreases,
and as the beam alignment worsens (Fig. 2.7). In our case, characteristic length scales are
x 200nm (along the weakly-con ning axial direction), amg 20 m. Thus, keeping

the laser and atoms well-aligned (see Appendix A) is of paramount importance, as for
instance a 1 m beam misalignment can lead to nearly a 50% loss of single-atom Rabi
coherence, with similarly drastic e ects on the many-body delity. We also note that the
susceptibility to this e ect can be molli ed through the use of super-Gaussian addressing
beams [131].

Interaction variation
The position variations of the atoms do not only a ect their interaction with the addressing
beam, but also with each other due to the long-ranged Rydberg interaction. As such, each
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atom will have its position displaced by some amout(T) which needs to be taken

into account when calculating the atom-atom interaction strength. The impact of such
e ects falls of dramatically with distance between atoms and is further suppressed at short
distances due to the Rydberg blockade mechanism, because small changes in distance do
not substantively change the blockaded condition. Thus, it is most important to be aware
of this e ect when atoms are spaced just barely at or beyond the blockade radius from each
other. This is particularly possible in two-dimensional arrays like square arrays as one must
be careful of next-nearest-neighbor interactions (Fig. 11.4). Still for the one-dimensional
arrays we concern ourselves with here, this e ect can still lead to non-trivial delity loss.
This e ect necessarily introduces a force on the atoms, though a back-of-the-envelope
calculation suggests for our typical parameters it only results in a velocitylOfnm/ s,

and as such we typically employ a frozen-core approximation.

2.3.4 State preparation and measurement (SPAM) errors

The survival and detection delities of atoms in optical tweezers are in general very high,
with record values reaching or surpassing the 0.9999 level [26, 73, 85, 132]. Sitill, even
such high values can have a dramatic e ect on conclusions drawn from experimental data.
We direct the reader to Ref. [34] which discusses many of these ideas for the case of one
and two qubits.

Preparation errors
Typically all quantum circuits and simulations assume an input duciary state in the Hilbert
space. When qubits are de ned along the clock-Rydberg transition, this input state is for
instance thevacuumstate, or the all-zero stajéi N of N atoms. However, our ability to
prepare this state is limited by three e ects: atomic survival, imperfect transfer to the clock
state, and decay out of the clock state.

The atomic imaging survival in our system generally approaches the 0.9999 level [26, 85],
which is nearly vacuum-limited. Thus, we expect that the probability for atom loss is
relatively uniform across all times, without much regard for the dynamics a ecting the
atoms, such as imaging, cooling, etc. For most operations we perform, atoms are rst
rearranged, then imaged again to verify rearrangement has succeeded, and then there is a
wait time of 200ms before actual quantum operations. This wait time is largely limited

by the time needed to change magnetic elds. However, after we perform the quantum
operation, there i1 ms of wait time before the nal readout image; because of this
separation of timescales, we can assume that any atom loss @&farethe quantum
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operation. Such losses leave unidenti ed holes in the array, which can have dramatic
rami cations for quantum dynamics; we shall explore this e ect in great detail in Chapter 3
where we detect these errors throweghsure conversian

Beyond atomic survival, preparation is also limited by imperfect clock state preparation.

We generally are able to drive the clock transition coherently wittP98 delity [28, 39],

limited by frequency noise on the clock laser and atomic temperature. Further, we can
supplement clock state preparation with incoherent pumping [34], which enables close to
survival-limited preparation (though atoms which are pumped are also likely prepared in a
much hotter thermal state, which we do not explore the implications of).

Once prepared, there is generally a wait time of a few milliseconds before Rydberg excitation
to account for shutter opening times etc. and so some atoms will decay out of the metastable
clock state in that time. For bosonic strontium the lifetime of the clock state is conjectured
to be thousands of years [107], but in practice it is limited by Raman scattering from the
high-intensity trapping light [133]. Speci cally, the tweezer light at 813 nm can induce a
far o -resonant coupling to théS, excited state, which can then rapidly decay to any state

in the 3P; manifold. The rate of scattering is roughly proportional to the trap depth (i.e.
tweezer intensity), which we nd [33] to be 250(30)s/ K. At our normal trap depths this
amounts to a lifetime on the order ofl s.

Thus, we generally nd an overall preparation delity 0of0:997 per atom. Preparation
failure is a leakage error, for which we make the atom inert. There are two possibilities, that
the preparation error was from atom loss (which would be dark to our nal imaging), or
was from imperfect clock state transfer (which would likely be bright to our nal imaging);

in the former case, we switch the inert "qubit’ state {diato have it be properly accounted

for during readout.

Measurement errors
When the quantum state is measured, it collapses into a distinct basis state with a probability
given by the state vector. However, at this point a classical error channel can distort the
resulting bitstring. We distinguish two types of measurement errors: Rydberg detection
(autoionization) errors and imaging errors.

Autoionization errors  In order to distinguish Rydberg atoms from clock atoms, we apply
a short and powerful autoionizing pulse [26, 34]. This pulse ionizes Rydberg atoms with a
delity in excess ofF 5 = 0:999 though we note care must be taken to minimize wait times
between the end of Rydberg excitation and the start of the autoionization pulse otherwise
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Rydberg decay can mitigate the autoionization delity. If the autoionization pulse fails,
then it is essentially a classical amplitude-damping channel mapgihg Oi.

Imaging errors  The state of the atoms is read out through uorescence imaging by ideally
scattering many photons quickly, collecting them on a camera, and weighting them with a
precalibrated point-spread-function (PSF) naskhe basics of this process are discussed

in detail in Ref. [34], but essentially it amounts to two di erent detection delities: the
false positive delity o) for an atom in stat¢0i to be readout as a "0, and the false
negative delity (F1) for an atom in stat¢li to be readout as a 1. These delities are
typically balanced by using a threshold based approach [73, 99], accounting for the tweezer
lling fraction [34, 73], though we note more advanced imaging methods involving neural
networks may improve imaging delity [134, 135].

To account for both imaging and autoionization errors, we employ a transfer function
based approach. We rst take the absolute square of the quantum state vector to form the
population vector. Then, for each individual qubit in the array (see Appendix B for detalils),

we apply the transfer matrix
n #
F 1 FA)F+Fa(1 F
M = 1 ( A) 1 A( 0) . (2.14)
1 Fl FA Fo + (1 FA)(l Fo)
Note that if an atom is marked as inert, tlen 1. The resulting population vector then
is an accurate model for experimental observables.

2.3.5 Spontaneous decay errors

The Rydberg state is inherently short-lived, with lifetimes on the order of 10s,0ihere

the lifetime increases with increasing principal quantum number [76]. Due to its highly
excited nature, the Rydberg state has substantial branching ratio to decay along a number
of di erent pathways. As a simpli cation, we generally consider two possible channels:

1) spontaneous decay down to a low-lying energy manifold which is detected in our nal
image (bright-state decay), 2) blackbody radiation induced decay to a manifold which is
dark to our nal image, such as nearby Rydberg levels (dark-state decay). These processes

1n our work, besides the speci ¢ case of erasure conversion in Chapter 3 we always perform all images
with the same imaging parameters, i.e. the image used prior to rearrangement is the same as the image
used for nal readout. However, this is not really the most ideal strategy, as di erent images have di erent
requirements and sensitivities to detection delities and atomic survivals. For instance, in the nal readout
image we could stand to gain by ignoring atom survival and only maximizing photons scattered to improve
detection.
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Figure 2.8: Rydberg lifetime. a, Pseudo-level diagram of the Rydberg dynamics and
associated decay channels. During Rydberg evolution with Rabi frequertbg Rydberg

atom can decay into either a set of states which is "bright' to the imaging process (including
both the erasure images and the nal detectionimages), e.g states likéPssbpinto states

which are “dark’ to the imaging process, e.g. nearby Rydberg states. A small percentage
of decays into “bright' states can go directly intB, where they can be re-excited by

the Rydberg driving; note that such decays are dark in the erasure image, but bright in
the nal detection image.b, Measurement of the dark state decay lifetime, measured by
performing a -pulse on the Rydberg transition, waiting a variable amount of time, and
then returning atoms to the ground state (insefMeasurement of the bright state decay
lifetime, measured by performing a Rydbergpulse, waiting, and then performing an
auto-ionization pulse to destroy any remaining Rydberg or dark state excitations. Markers
are experimental data where error bars are often smaller than the marker sizes, and solid
lines represent exponential tsl, Aggregating data from our own study (Ref. [26], circles)
with that of Ref. [136] (squares) shows good agreement to the expected scaling [76] of the
Rydberg decay lifetimes with the principal quantum number. Note that bright state decay
and dark state decay have di erent expected scaling coe cients with Rydberg quantum
numbern, of n® andn?, respectively [76] .

are broadly summarized in Fig. 2.8. We note that all numerical values below are measured
for a principal quantum number of = 61. Dierent decay mechanisms have di erent
scaling withn (see Table 4.5 in Ref. [76] for a summary), but we note all our ndings are
consistent with that of Ref. [136] (Fig. 2.8d).

We simulate spontaneous decay processes using the quantum jump method [114] which
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Figure 2.9:3P, photo-ionization. a, We prepare atoms inftP, (a bright state), and then
perform continuous Rydberg driving. Atoms are lost from the trap at a rate which increases
with increasing Rabi frequency, The lifetime of atoms irfP, scales inversely with the
square of the Rabi frequency (i.e. scales inversely with the intensity of the Rydberg beam).
We attribute this to a photo-ionization process which can convert bright state decay into
dark state decay through prolonged Rydberg excitation, as shoavn in

employs non-Hermitian evolution in concert with probabilistic decay events. For each
time intervaldt, the decay channgii ! j fi occurs with probability ; jhijii (t)j2dt,
wherej (t)i is the quantum state at tinte If a quantum jump happens, we will apply the
projection operatojf ihf j to the state.

We nd the following lifetimes for the various decay channels (Fig. 2.8: 1) dark state decay
- = 85(5) s; 2) decay to theéssbp 3P; manifold - = 168(14)s and branching ratio
10% 30% 60%for J = 0; 1; 2. Further, atoms iAP; and®P, are photoionized by the Ryd-
berg drive (Fig. 2.9), with a Rabi-frequency-dependent timescale=d320 s= (  =MHz)?.

We note that we do not account for a potential major error source, namely correlated
spontaneous decay, as has been observed in Rydberg-dressed lattices [137], and which we
do see some signatures of. Essentially, when a Rydberg atom via blackbody radiation to a
dark state, the decay wavelength is much longer than the array lattice spacing. This leads to
a avalanche phenomena whatkatoms simultaneously decay. This e ect is pronounced
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when the lattice spacing is tighter. We do not explicitly take into account this e ect in our
error model, but note that doing so is likely not too di cult. To do so, if we detect a quantum
jump has occurred during evolution we would perform conditional nearest-neighbor checks.
Speci cally, we would introduce a new random number parameter, such that if there is a
dark state decay at sitewe draw two random numbers for sites 1 andi + 1. If either

of these random numbers is lower than a cons@grihen we project these sites into dark
states. If the projection occurs, we repeat the same process for thandi + 2 sites (and

S0 on) to capture the proliferation of dark states, and so on. In this schemeld likely

be calibrated directly against situ many-body measurements.
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CHAPTER3

Erasure conversion

Having described many of the error sources facing Rydberg atom array quantum simulators,
we now turn to discuss how to eliminate many of them using a new tool in the quantum
toolbox: erasure conversianThe de nition of erasure conversion is still somewhat in ux,

but fundamentally it means the direct detection of errors as they aecsitu during a
guantum algorithm, so that they may be heralded or corrected for. The speci cation that
this detection iddirect is key: we are not detecting errors via syndrome measurements,
as is standard in quantum error correction, but instead by reading o a per-qubit signal
which ags if that qubit has su ered an error. Our demonstration of erasure conversion
is the rst of its kind (alongside Ref. [75]) following the theoretical proposal of Ref. [68]
(and early discussions in Ref. [67]), and could have signi cant implications both for near
term quantum applications and for reducing the pseudo-threshold needed to achieve error
correction [68].

In this chapter, we will rst describe the importance of erasure conversion, and how it is
accomplished in atom arrays. We then describe several case studies of its application, such
as improving the preparation delity of two-qubit Bell states, and for improving quantum
simulation delities for large-range entangled states [26]. Using the principles of erasure
conversion, we then demonstrate a erasure-based method for cooling atoms to their motional
ground state [32], and show a measurement- and feedback-based method for improving atom
array loading, called dark-state enhanced loading [33].
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3.1 LOCATING ERRORS

Errors are rampant in quantum systems, and Rydberg atom arrays are no dierent. A
common, and lofty, goal of the eld is to achieve so-callador correction where many
physical qubits are aggregated in order to perform the functions of a soggéal qubit at

a much reduced error rate. While quantum error correction schemes can be quite involved,
their simplest classical analogs are quite intuitive. For instance, the simplest classical error
correcting code is the repetition code.

Say there is a single bit of information which is subject to a noisy channel. To improve the
transmission delity we can simply copy the bit several times, producing, say, 9 identical
bits total, and then send all the resultant bits through the channel. The receiver on the other
end then evaluates all simultaneously and uses majority vote to determine the bit value (i.e.
if eight of the transmitted bits are a 1, and only one is a 0, then it is more likely than

not that the true value is a 1). This approach, while relatively memory ine cient, is
quite e ective classically, and spiritually underlies many of the decoding mechanisms for
guantum error correction techniques.

Still, let's imagine error rates are slightly higher, and instead when we send our 9 identical
bits through the noisy channel the result is that ve are 1 and four are 0. We could still
apply majority vote, but the statistical signi cance is greatly reduced. For this reason, we
ideally want to have a method of pruning some of the bad bits so that we are less a ected
by their errors. If we can use some auxiliary information to be sure that all the 0 instances
came from erroneous transmissions, then we regain high statistical certainty in the aggregate
(logical) value. This process of locating where errors have occurred is precisely the point of
erasure conversion. Theoretical proposals for erasure conversion [68] discussed it explicitly
in the context of improving the ability of near term quantum computers to implement error
correction techniques.

It is simplest to rst consider the most classical version of erasure correction, namely
atomic rearrangement. When atoms are loaded into an optical tweezer array they do so
stochastically, only lling a given site in the array with roughly a 50% probability. Consider
running an algorithm ol atoms, without implementing rearrangement protocols. In such

a case, the probability of success will be at %8t, as any missing atom guarantees failure.
Seemingly daunting, we know this impedance is immaterial, given that it is straightforward
to image the array before performing the operation, and rearrange [81, 89] to ensure a defect
free arrangement of olN atoms. In other words, we have prepared an array of atoms, then

it has undergone a noisy channel of stochastic lling, then we directly measure the errors,
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by imaging where the atoms are located, and subsequently we correct via rearrangement.

To be clear, there are distinctions and caveats to be drawn from this simple example, which
in some sense is an example of classical erasure conversion. We employ the following
de nitions: Classical erasure conversiomll qubits (bits) are readout (projected) for errors;
Quantum erasure conversiononly erroneous qubits are readout, while non-erroneous
qubits are not projectedylid-circuit erasure conversion the readout (and potentially
correction) is fast compared to the qubit coherence time. Clearly, atomic rearrangement
falls into the category of "classical' erasure conversion, per our de nitions. Still, it helps
to convey the basic point: if we can image where errors take place, and can do so in such
a way so as not to disturb error-free qubits we can potentially dramatically improve device
performance (and hasten the arrival of error corrected quantum systems [68]).

3.2 AN ATOMIC ERASURE CONVERSION IMPLEMENTATION

Here we describe how we perform the erasure imaging which allows us to detect site-resolved
leakage errors out of the qubit subspace spanned by the clock state and the Rydberg state.

Our basic protocol relies on the long-lived nature of the clock state, and the fact that both
improper preparation into the clock state or bright state decay (see Section 2.3.5) out of
the qubit manifold will typically result in erroneous atoms cascading iBto To exploit

this, we develop a very fast atom detection technique (previously showcased for freely
propagating lithium atoms [138]) which allows us to detect atom$Spnin a 20 s
timescale (Fig. 3.1a). The basic imaging technique, which is covered in great detail in
Ref. [138], essentially relies on scattering a large number of photons very quickly, and then
overcoming intrinsic camera noise through a combination of low-pass and binary lters on
the camera signal.

We highlight the characteristic features of this imaging scheme experimentally. We show
in Fig. 3.1b the survival probability of atoms #$, as a function of imaging time. After
4 s, more tharB0% of the atoms are lost. However, the number of detected photons
continues to increase: even though the kinetic energy of the atoms is too large to keep
them trapped, their mean position remains centered on the tweezers. In order to both avoid
any extra heating coming from the imaging beams and optimize imaging delity, we shine
two identical counter-propagating beams with crossqablarization and Rabi frequencies

=2 u 40MHz on the!S, ! !P; transition. This minimizes the net force on an atom,
and the crossed polarization avoids intensity interference patterns. Afters, the atomic
spread becomes too large and the number of detected photons plateaus.
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Figure 3.1:Fast imaging on the erasure detection subspace. &ketch of the involved
energy levels. We detect atomsli§, by strongly driving the!Sy $ 1P, transition. b,
Survival of atoms intSy (green) and number of detected photons (red) as a function of
the imaging time. We observe an increase of detected photons whereas the atoms are
already lost: even though the kinetic energy of the atoms is too large to keep them trapped,
their mean position remains centered on the tweezers thanks to the use of two counter-
propagating beams with equal power. Afte24 s, the atomic spread becomes too large

to measure a signi cant increase in detected photons. Inset: losse$Ppas a function

of time, expressed in number of fast images. The survival probability of an atéRy iis
99:99954(12)%or one image, consistent with its 5 second lifetinseTypical histograms

of the number of detected photons @4 s imaging. Using a slow, high- delity image

prior to the fast image, we can detect if a tweezer is empty (blue) or lled (red). The
typical detection delity which corresponds to equal error probability in detecting absence
or presence of an atom $8.0(1)%.

We note thatin our implementation, we explicitly scatter a very large number of photons very
quickly such that cooling the imaged atoms is not possible and they are almost inevitably lost
during the imaging proces While unfortunate, in this rst experimental demonstration

it is not too much of a bother, given that the only atoms that will be lost in this way are
those for which errors had occurred; speci cally these errors are leakage errors out of the
gubit subspace, which are anyway di cult to correct without replacing the atom. In the
future, it will be necessary to either perform these ultrafast images non-destructively for
instance using cavity-assisted readout [139], or to provide a steady stream of fresh atoms
via continuous loading techniques [33, 84, 140, 141].

The obtained detection histogram is shown in Fig. 3.1c. We present the results both for
empty (blue) and lled (red) tweezers, which we achieve by rst imaging the atoms using
usual, high survival imaging for initial detection in5®%loaded array, then perform the

fast image. We obtain a typical detection delity 6f980(1) of true positives and true
negatives, limited by the nite probability for atoms ##; to decay into'D, (Fig. 3.1a).

IThis is in contrast to our standard method of imaging, described at length in Ref. [76] which continually
cools atoms during imaging such that their survival is nearly vacuum-limited.
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We note this delity is somewhat dependent on the array spacing: atoms can travel over
relatively large distances during the violent imaging process, which we conjecture mixes
their imaging point-spread-functions more than in standard imaging. We are able to see
delities in excess 00:99 by spreading atoms further apart prior to imaging.

This imaging scheme is su ciently fast to avoid perturbing atoms$ma, as measured by
losses fron?P, as a function of imaging time (Fig. 3.1b, inset). We t the data (circles)
using a linear function (solid line), and obtain a los®®000046(12per image, consistent
with the lifetime of the®P, state [33] of 5s for the trap depth 045 K used during fast
imaging.

We note that current limitations to this the scheme are not yet fundamental, and there are a
number of technical improvements which could be made. First, the camera we use (Andor
iXon Ultra 888) has a quantum e ciency of 80% which has beenimproved in some recent
models. Further, we currently collect photons only from one direction, when in principle
photons could be collected from both objectives [38]. This would improve our estimated
total collection e ciency of 4% by a factor of 2, leading to faster imaging times with
higher delity (as more photons could be collected before that atoms were ejected from the
trap). Finally, but not exhaustively, the delity may be substantially improved by actively
repumping theéD, state back into the imaging manifold so as to not e ectively lose any
atoms via this pathway [142].

3.3 CASE STUDY: IMPROVING BELL STATE GENERATION

Having discussed the physical implementation of our erasure conversion scheme, we now
demonstrate it is practically useful on an important problem of interest, namely Bell state
generation resulting in delities competitive with other state-of-the-art platforms [143 146].
Bell states are the smallest example of entangled states, with applications in computing [15],
metrology [147], and communication [148].

First, we reiterate some of the basic physics at play. To controllably generate entanglement
between atoms, we employ Rydberg interactions [94, 149, 150]. When two atoms in close
proximity are simultaneously excited to high-lying electronic energy levels, called Rydberg
states, they experience a distance-dependent van der Waals inteXactid®s=r°, where

r is the interatomic spacing, arg} is an interaction coe cient. If the Rabi frequency,,

which couples the grounggi, and Rydbergjri, states is much smaller than the interaction
shift, =V 1, the two atoms cannot be simultaneously excited to the Rydberg state
(Fig. 3.2b, right), a phenomena known as Rydberg blockade. In this regime, the laser
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Figure 3.2:Erasure conversion for high- delity entanglement. a,Level structure used

in this work. We distinguish two subspaces: a qubit subspace in which the atoms interact
via their Rydberg states, and a measurement subspace used to detect leakage errors from
the qubit subspace with single-site resolution, realizing erasure convelsi®ketch of the

erasure conversion scheme, as applied to Bell pair generation. After arranging atoms into
pairs (top) we prepare themjigi, and entangle them via the Rydberg blockade mechanism
(right), denoted by a unitary operati@{t). Immediately afterwards, we auto-ionize atoms
injri, e ectively projecting the populations of the Bell states, and follow with a fast erasure
conversion image to detect leakage out of the qubit subspace during the preparation or
evolution periods. This is followed by the nal detection of atomsgn, yielding two
separate, independent images. We can discard data from pairs where atoms are detected in
the erasure-error image, termed erasure-excision in the following.

drives a unitary operatiof) (t), that naturally results in the two atoms forming a Bell state,
j fi= pl—é(jgri + jrgi), between the ground and Rydberg states (Fig. 3.2b).

3.3.1 Protocol

This Bell state generation has several major practical limitations. Of particular interest here
are leakage errors to the absolute ground st&g, The rst error of this type is imperfect
preparation of atoms ifgi prior to applyingO(t). The second arises from decay out of
the Rydberg state along multiple channels. We distinguish decay into “bright' states, which
we can image, and ‘dark’ states, which are undetected (Fig. 2.8). The former primarily
refers to low-lying energy states which are repumpetStpas part of the imaging process

or decay td'S, via intermediate states, while the latter mainly consists of nearby Rydberg
states accessed via blackbody radiation.

Our general procedure is shown in Fig. 3.2 (further detailed in Fig. 3.3). We rst re-
arrange [81, 89] atoms into pairs, coherently transfer theggitoand then perform the
entangling) operation. Immediately after, we auto-ionize the atoms to project the popula-
tions of the resultant state.

We then perform the fast erasure image; any atoms which are detected are concluded to be
the result of some leakage error process. Thus, we obtain two separate images characterizing
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Figure 3.3: Experimental sequence.Sketch of the experimental sequence including the
erasure detection for the Bell state generation experiment. We start by loading the atoms
into the desired geometry, then initialize the atomgyin perform the Bell state generation

or guantum simulation, and nally read out by auto-ionizing atonjsirand imaging atoms

in jgi. We utilize a single erasure detection, placed after auto-ionizing atomis in

a single experimental repetition, the nal image showing the ostensible redd|tarid the
erasure image revealing leakage errors with single-site resolution.

We note that this work is not a form of mid-circuit detection as no superposition states
of jgi andjri exist at the time of the erasure image. Instead, our approach is a noise
mitigation strategy via erasure-excision, where experimental realizations are discarded
if erasures are detected. Importantly, in contrast to other leakage mitigation schemes
previously demonstrated in matter-based qubit platforms [151 153], we directly spatially
resolve leakage errors in a way which is decoupled from the performed experiment, is not
post-selected on the nal qubit readout, and does not require any extra qubits to execute.

However, the coherence betweign andjri can in principle be preserved during erasure
detection for future applications; in particular, we see no signi cant di erence in Bell state
lifetime with and without the imaging light for erasure detection on (Fig. 3.5). We also
expect long-lived qubits encodedjgi to be unperturbed by our implementation of erasure
conversion [32, 68, 75, 104, 113], as we for instance demonstrate in Section 3.5 for the case
of a long-lived qubit encoded in the motional manifold.

3.3.2 Results

With a procedure for performing erasure conversion in hand, we now describe its impact
on Bell state generation. Experimentally, we only obtain a lower-bound for the Bell state
generation delity [34] (Fig. 3.6); the di erence of this lower bound to the true delity is
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Figure 3.4: Predicting in delities at the 10 ° level. a, Lower bounds for Bell state
delities with (blue) and without (red) the erasure-excision, and using incoherent pumping

to reduce preparation errors instead of erasure-excision (green). We present the results
for the raw data, corrected for measurement errors, and corrected for state preparation and
measurement errors (SPAM). All datais averaged over eight pairs of atoms which are excited
in parallel. Error bars represen68% con dence interval.b, SPAM-corrected Bell state

delity as a function of the ratio of interaction energy and Rabi frequeMy, . Error-

free simulations (blue line) show delities continually increase with increadirg, in
agreement with results from perturbation theory (dashed line). For large enough interaction
strength Y= > 50), other error sources become dominant, and we employ a noisy open
system dynamics simulation from which we obtain an estimate of the true delity (light
grey Il) and for the lower bounding procedure used in experiment (dark grey Il). We nd
good agreement between simulation and experimental results with erasure-excision (red
markers). c, Predicted Bell state delity foV= = 140 from simulations turning on a
single noise term at a time. Dominant limitations come from laser frequency and intensity
noise, as well as decay of the Rydberg state into dark states. We also show the results
when taking into account all errors, for both the true delity and the lower bound estimation
(right). The lower-bound signi cantly underestimates the true delity. Shaded arebs in

and error bars ic represent the standard deviation of the mean over 5000 trajectories.

discussed further below.

We rst coherently transfer atoms tmi as described before, and then consider three
scenarios (Fig. 3.4a). Inthe rst, as a baseline we perform the entangling uditaithout
considering any erasure detection results (red bars). In the second, we excise data from
any pairs of atoms with an observed erasure error (blue bars). Finally, we compare against
another strategy for mitigating preparation errors through incoherent repumping [34], but
without erasure detection (green bars). Notably, the raw value for the Bell state lower-
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Figure 3.5:Coherence preservation during erasure detection. a,b)e prepare the Bell

statej *i, and measure the relevant populations for Bell delity extractign+ P,y and

Pgyg (after an extra pulse) as a function of holding time. We perforn2a pulse in the

middle of the holding time to get rid of dephasing e ect due to e.g. Doppler e ect. We
present the results with (blue) and without (red) performing the erasure imaging during
the holding time. We observe no signi cant di erence between the two conditions, which
suggests that the erasure detection imaging light, in principle, does not destroy the coherence
of the Bell state.

bound with erasure-excision is0:9962(+10= 13), signi cantly higher than with the
other methods. This di erence mainly comes from erasure excision of preparation errors
and, to a much lower degree, Rydberg decay. These contribute at the levél ofL0 2
and1:2(3) 10 4, respectively.

Correcting for nal measurement errors, we nd a lower bound d9971(+10= 13),

which quanti es our ability to generate Bell pairs conditioned on nding no erasure events.
To quantify the quality of the Rydberg entangling operatih) itself, we further correct

for remaining preparation errors that are not detected in the erasure image, and nd a state
preparation and measurement (SPAM) corrected lower boun®®985(+7= 12).

To our knowledge, these bare, measurement-corrected, and SPAM-corrected values are,
respectively, the highest two-qubit entanglement delities measured for neutral atoms to
date, independent of the means of entanglement generation. While Bell state generation as
demonstrated here is not a computational two-qubit quantum gate, our results are indicative
of the delities achievable in Rydberg based gate operations.

3.3.3 Error modelling

Importantly, we understand remaining errors in the entangling operation as well the nature
of detected erasure errors from our detaiédmdinitio error model simulation for SPAM-
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corrected delities (Fig. 3.4). Parameters are not ne-tuned to match the measured Bell
state delity, and the model equally well describes results from many-body quench experi-
ments [29].

We identify limited interaction strength as a dominant e ect that restricted SPAM-corrected
entanglement delities in our previous work [34] (Fig. 3.4b); in particular, one major
di erence here is that we operate at smaller distance and hence Mrger In line

with experimental data (red markers), delities at large distances are limitégdp

1 g( =V)? obtained from perturbation theory (black dashed line).

For strong enough interactiod= > 50, corresponding to distances 3 m, other error
sources become limiting. In this short-distance regime, the experimental SPAM-corrected
delity lower-bound is in good agreement with the error model prediction 6f909881(3)

(dark grey ).

Our error model results show that the lower bound procedure signi cantly underestimates
the true delity (light grey Il), found to be0:99931(6) This e ect arises because the lower
bound essentially evaluates the delity 6fby a measurement after performifigtwice,
meaning particular errors can be exaggerated. Given the good match of the error model
and experimental delity lower bounds, we expect this e ect to be present in experiment as
well, and to underestimate the true SPAM-corrected delity by aBout10 4.

Atoms can decay frorfP, between state preparation and Rydberg excitation, which is 60 ms

to allow time for magnetic elds to settle. In previous work [34], we supplemented coherent
preparation with incoherent pumping &, immediately prior to Rydberg operations.
However, during the repumping process, atoms can be lost due to repeated recoil events
at low trap depth, which is not detected by the erasure image, and thus can lower the bare
delity. Even with SPAM-correction of this e ect, we expect the delity with repumping

to be slightly inferior due to an increased atomic temperature for pumped atoms.

As to the nature of the detected erasure errors for the Bell state generation, we nd that
preparation errors contribute the vast majority of erasure events compared to bright Rydberg
decay, and excising them has a more signi cantimpact on reducing in delities. In particular,
application of0 lasts for only 59ns, which is signi cantly shorter than the independently
measured bright state decay lifetimel&8(14) s (Fig. 2.8). The error model described

in Fig. 3.4b suggests that excising such errors results in an in delity reduction of only
1:2(3) 10 4. Conversely, preparation errors account fd&s 10 2 in delity per pair

due to the long time between preparationgnand Rydberg excitation (Fig. 3.3). Hence,

the gains in delity from erasure-conversion mainly come from nearly eliminating all
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preparation errors, which has the added bene t of signi cantly reducing error bars on the
SPAM-corrected values. Still, SPAM-corrected values might also bene t from the small
gain in eliminating the e ect of bright state decay, and from avoiding potential deleterious
e ects arising from higher atomic temperature in the repumper case.

The remaining in delity is a combination of multiple errors. In Fig. 3.4c, we report an
error budget for the most relevant noise source contributions to the Bell state in delity at
the experimentally chosevi= = 140 . Frequency and intensity laser noise are dominant
limitations, but could be alleviated by improving the stability of laser power, and reducing
its linewidth, for instance via cavity ltering [154]. Eliminating laser noise completely
would lead to delities of 0:9997in our model. The other major limit is Rydberg state
decay into dark states, which cannot be converted into an erasure detection with our scheme.
This decay is mostly blackbody induced [68, 155], and thus could be greatly reduced by
working in a cryogenic environment [86], leaving mostly spontaneous decay that is bright to
our erasure detection. Accounting for these improvements, it is realistic that Rydberg-based
Bell state generation in optical tweezers arrays could redcB999 delity in the coming

years.

3.3.4 Extraction of the Bell state delity

In order to extract the Bell state delities quoted in the main text, we use a lower bound
method [34] which relies on measuring the populations in the four possible Btatés,,

Pyg andP,, during a Rabi oscillation betweggg andj *i. The lower bound on Bell
state delity is given by:

rp——

P (P2 )2

_gr+rg + # + PgrP
where P? are the measured probabilities for the four state atand P, , is the
probability Py, + P,y measured at. In order to measure these probabilities with high
accuracy, we concentrate our data-taking around thed2 times (Fig. 3.6a), and t the
obtained values using quadratic functidr{§) = po+ p.(t p2)%. We rstdetail the tting
method, then how we obtain the four probabilities, and nally the extraction of the Bell
state delity from these.

Fgel (3.1)

rg;

Fitting method
We perform a t which takes into account the underlying Beta distribution of the data, and
prevents systematic errors arising from assuming a Gaussian distribution of the data. The
aim of the tis to obtain the three-dimensional probability density funct@(ipo; p:; p2)
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of f , using each experimental data pdike ned by its probability density functioR;(x),
wherex is a probability. In order to obtain a particular value@fpo; p1; p2), we look at
the corresponding probability density function vaRigf (t;)) for each data point, where
f(t) = B0+ Pu(ti  p2)?, and assign the product of eaBh(f (t;)) to the t likelihood
function:

Y
Qi p1sp2) = Pi(f (1)): (3.2)

We repeat this for variougo; p1; p»].

The result of such tting method is shown in Fig. 3.6b (black line), where we present
f(t) = po+ po(t p2)?for [po; pr; po] corresponding to the maximum value@€po; p1; po).

We emphasize that this results in a lower peak value than a standard tting procedure which
assumes underlying Gaussian distributions of experimentally measured probabilities (red
line). Choosing this lower peak value eventually will provide a more conservative, but more
accurate value for the Bell state delity lower bound than the naive Gaussian approach.

Obtaining the four probability distributions
Our method to obtain the probability density functions of the four probabilitie saaud 2
times ensures both that the sum of the four probabilities always equals one, and that their
mutual correlations are preserved. We rst extract the Beta distributié® dby gathering
all the data around the and2 times (Fig. 3.6¢). In particular, the mode of the obtained
Beta distribution at isP,, ' 0:0005 The distribution ofPg, .y andPyq are obtained by
tting the data in the following way. We perform a joint t ofy . g using a t function
f1(t), and onPyq using a t functionf,(t). The tfunctions are expressed as:

fi(t) = po+ pult  P2)% (3.3)
fa) =1 po Pr  put p2)% (3.4)

which ensures that the sum of the four probabilities is always equal to 1. We then calculate
the joint probability density functio®@i.2(po; p1; p2) of bothf,; andf, using the method
described above. In particular:

Y Y
Qua(Po;pip2) =  PITO(F(t))  PP(fa(th)); (3.5)
i i
whereP "' (P %) is the probability density function associated Wi} rq (Pgyq) for the
i-th experimental data point. In particular, we impose fisat 1 P, to avoid negative
probabilities. We show the resultir@,.»(po; p1; p2) in Fig. 3.6d as two-dimensional maps
along(po; p1) and(po; p2).
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Figure 3.6:Bell state delity measurement from blockaded Rabi oscillations. aProb-
abilities of measuring both atoms in the ground sijgand a single atom in the ground
statePgy + Py in the blockaded regime as a function of excitation tiragZoom over the
time, where we prepare the Bell state"i. We use a quadratic t function of the form
f(X) = po+ pu(Xx po)?to extract the population values atand2 times. c,d Fitting
method used to obtain the probability distributionsPaf Pyg, andPgy + Py at  and2
times. We rst experimentally obtain the Beta distribution of the probabiiyto observe
both atoms in the Rydberg state. We then perform a joint Bgnt+ P,y andPgg with the
samep; andp, t coe cients for both. We x the value of P, and condition the joint
t such that the sum of all probabilities is always equals to one. We repeat this process
for various values oP,,. The results shown here are 8, = 0:0005 which is the mode
of the obtained Beta distribution fét,,. The tting method uses the true, experimentally
measured Beta distribution of each data point. We obtain corresponding probability density
functions for eactP,,. We perform this method independently for bottand2 times.
e, Resulting Bell state delity lower bound using the probability density function®,pf
and Py + Py. We start by randomly drawing from tH®, distribution, then assign the
corresponding probability density function Bf, + Py, and draw a value from it. The
asymmetry betweeRy andP is obtained by averaging over each experimental data point,
and is assumed to be Gaussian. We repeat this process 1 million times for bath
2 times. We obtain the corresponding probability density functifrSPAM-corrected
Bell state delity lower bound distribution, obtained by correcting the probabilities after
randomly drawing them from their respective probability density functions.
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We then obtain the one dimensional probability density functiompdday integrating over

p1 andp, (see Fig. 3.6d). This provides the tted probability density functiorPgf, 4,
and henc®y, =1 P, Py Pgat time. We repeat this process for various values
of P, , forboth and2 times.

At the end of this process, we obtain di erent probability density functions for éxch
value. The asymmetry betwe®y, andP,y is obtained by taking the mean Bf, Py
at and2 times. We assume the underlying distribution to be GaussiaPy.as Py is
centered on 0, and can be positive or negative with equal probability.

Bell state delity
Now that we have the probability density function for all four probabilities and 2
times, we move on to the Bell state delity extraction. For botland2 , we perform a
Monte-Carlo sampling of the Beta distribution®f which then leads to a joint probability
density function forPg,.,y andPy,. We then sample from this, and use Eq. 3.1 to obtain
a value for the Bell state delity lower bound. We repeat this process 1 million times, and
t the obtained results using a Beta distribution (see Fig. 3.6e). We observe an excellent
agreement between the t and the data, from which we olffgipy  0:9962(+10= 13),
where the quoted value is the mode of the distribution, and the error bars re@#8%&ent
con dence interval.

We use the same method to obtain the measurement-corrected Bell delity, and the state
preparation and measurement (SPAM) corrected one. After drawing the probabilities from
the probability density functions, we infer the SPAM-corrected probabilities from our known
errors, described in detail previously [34]. During this process, there is a nite chance that
the sum of probabilities does not sum up to one. This comes from the fact that the probability
density functions and the SPAM correction are uncorrelated, an issue which is avoided for
raw Bell delity extraction thanks to the correlated t procedure described above. We
employ a form of rejection sampling to alleviate this issue by restarting the whole process in
the case of such event. We perform this 1 million times, and t the obtained results using a
Beta distribution (see Fig. 3.6f). We observe an excellent agreement between the t and the
data, from which we obtain a SPAM-corrected delffge; 0:9985(+7= 12), where the
quoted value is the mode of the distribution, and the error bars repré8&tton dence
interval.
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3.3.5 Interaction limitation for Bell delity

For the case of measuring two-qubit Bell state delities we se2 = 6:2 MHz. In-
teraction strengths in Fig. 3.4b are directly measured at inter-atomic separations of 4 and
5 m, and extrapolated via the predictédr® scaling to the level at 2.5m. Mean
atomic distances are calibrated via a laser-derived ruler based on shifting atoms in coherent
superposition states [28]. We calibrafg=2 = 230(25) GHz m ® using maximum-
likelihood-estimation (and associated uncertainty) from resonant quench dynamics [29],
which additionally calibrates a systematic o set in our global detuning.

We then estimate the theoretically expected Bell state delity using perturbation analysis.
Speci cally, resonant blockaded Rabi oscillation are described by

|q="' = E()el + )62) + VA, (36)

whereV = Cg=r° is the distance-dependent, interaction strength between two atoms
separated at distancésee Eq. 2.1). Since the two-atom initial ground staté))i = jgg,

has even parity under the left-right re ection symmetry, the Rabi oscillation dynamics can
be e ectively solved in an even-parity subspace with three basis statggiofrri, and

j = p%(jgri + jrgi). In the Rydberg-blockaded regime whé&fe , we can perform
perturbation analysis with the perturbation parameter = 2V and nd that the energy
eigenvectors of the subspace are approximated as

(I 3 zigg+( 1 E%)J fie( )i

JEqi
JE1 5
£ (L gt eieg +( 1+g+ ) tie( + A
T2
jEai  Zigg+ j Ti+(@  2=22)jmi
with their corresponding energy eigenvaluegef V( 2=2):E,  V( 2=2), and

Es V(@+ ?2),respectivell. Rewriting the initial state using the perturbed eigenbasis,
we solve

Fear = max jh “je "™j (0)i? (3.7)
to obtain the analytical expression of the maximum achievable Bell state dEfity, at a
given perturbation strength Keeping the solution up to the second order pive nd

5,_ ’

Fgar =1 2

5
1 3 5 (3.8)
obtained at = =p§ .

INote that the de nition ofE3 (both the eigenvalue and eigenvector) is slightly corrected here from the
version presented in Ref. [26].
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Figure 3.7: Experimental sequence.Sketch of the experimental sequence including the
erasure detection for the GHZ adiabatic preparation experiment. We start by loading the
atoms into the desired geometry, then initialize the atomgjiinperform the Bell state
generation or quantum simulation, and nally read out by auto-ionizing atoms iand
imaging atoms ifjgi . We perform two erasure images: one before appiig), and one

after auto-ionization.

3.4 CASE STUDY: GHZ STATE PREPARATION

Having demonstrated the bene ts of erasure-excision for the case of improving two-qubit
entanglement delities, we now show it can be similarly applied to the case of many-body
guantum simulation, demonstrating the utility of erasure detection for NISQ applications.
As part of this investigation, we distinguish erasure errors from preparation and Rydberg
spontaneous decay, the latter of which becomes more visible in a many-body setting and
for longer evolution times. Further, we show that erasure conversion can reveal otherwise
hidden correlations between errors.

3.4.1 Overview

As a prototypical example, we explore a quasi-adiabatic sweep i@tg@dered phase

(Fig. 3.8a) through the use of a varying global detuning [156] (Fig. 3.8b). In this ordered
phase, ground and Rydberg states form an antiferromagnetic (AFM) pattern, with long-range
order appearing at a quantum phase transition. Unlike previous examples [41, 157], we op-
erate in the e ectivelyattractiveinteracting regime of the Rydberg blockaded space [156],
which features a true two-fold degenerate ground state for systems with an even num-
ber of atoms, even for open boundary conditions, and without explicitly modifying the
boundary [157].

For performing many-body quasi-adiabatic sweeps, the detuning is swept symmetrically in
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Figure 3.8:Erasure conversion in quantum simulation. a, bWe perform quasi-adiabatic
sweeps withN = 26 spins in the e ective ground state manifold of an attractive Rydberg
Hamiltonian, starting from the initially disordered phase, and ending irZtherdered
phase. ¢, We perform two erasure images, one preceding the quantum simulation (to
detect preparation errors), and one following (to partially detect Rydberg decay edors).
The probability for detecting a preparation error (orange markers) remains constant while
the probability for detecting a decay error (green markers) grows in agreement with the
Rydberg lifetime and detection in delities (solid linesk, The total probability,Parm,
for forming either of the AFMZ, states is improved by performing erasure-excision on
all errors (blue markers), as compared to only on preparation errors (orange markers) or
performing no excision (pink markers). The sensitivityRagy with respect to a change in

also increases with erasure-excision (inset).

atangent pro le from +30 MHz to -30 MHz, while the Rabi frequency is smoothly turned on
and o with a maximum value of =2 =5:6 MHz. For an initially positive detuning, the

jri state is energetically favorable, making the all ground initial sigtg;:gg, the highest
energy eigenstate of the blockaded energy sector, where no neighboring Rydberg excitations
are allowed. For negative detunings, whigjieis energetically favorable, the highest energy
state uniquely becomes the symmetric AFM stgtggr:::gri + jrgrg:::irgi)= 2 in the
deeply ordered limit. Thus, considering only the blockaded energy sector, sweeping the
detuning from positive to negative (remaining in the highest energy eigenstate) is equivalent
to the ground state physics of an e ective Hamiltonian with attractive Rydberg interaction
and inverted sign of the detuning. This equivalence allows us to operate in the e ectively
attractive regime of the blockaded phase diagram of Ref. [156]. For our Hamiltonian
parameters, we use exact diagonalization numerics to identify the in nite-size critical
detuning using a scaling collapse near the nite-system size minimum energy gap [158].

Staying adiabatic during ground state preparation requires evolution over microseconds,
orders of magnitude longer than the two-qubit entanglement operation shown before, which



52

Figure 3.9:System size scaling of sweep delity. alotal probability for forming either of

theZ, states following the quasi-adiabatic sweeps presented in Fig. 3.8 of the main text, here
presented for the nal sweep time as a function of system size for full erasure-excision (blue
markers), preparation erasure-excision (orange markers), and the baseline (pink markers)
data.b, The ratio gain from using full erasure-excision grows as a function of system size,
both with respect to the baseline values (pink markers), and to the case of only excising
preparation erasures (orange markers). Solid lines are linear guides to theceyes.

a xed detection threshold of 5 photons, the number of erasure errors also increases as a
function of system size.

magni es the e ect of Rydberg decay. In order to di erentiate between leakage out of the
gubit manifold due to either preparation errors or Rydberg decay, we perform two erasure
images, one before the adiabatic sweep which captures preparation errors, and one after
(Fig. 3.8c). The second image allows us to measure Rydberg decay into the detection
subspace throughout the sweep. For a system sieoR6 atoms (Fig. 3.8d), we see the
number of detected preparation erasures (orange markers) stays constant over the course of
a3 ssweep; conversely, the number of detected decay erasures (green markers) grows over
time, in good agreement with the measured Rydberg lifetime and erasure image in delities
(green solid line).

With the ability to distinguish these e ects, we plot the total probability to form either of
the AFM statesPapv = P(jgrgr:::gri) + P(jrgrg::rgi) (Fig. 3.8e). At the conclusion

of the sweep, we ndParv = 0:33(2) without any erasure-excision (pink markers). By
excising instances with preparation erasures, this delity is improve@4d4(2) (orange
markers), and is then further improved@@9(2) by additionally excising Rydberg decay
erasures. The sharpness of the signal, exempli ed by the derivativesf with respect

to the detuning, is similarly improved near the phase boundary (Fig. 3.8e, inset). We also
observe that the gain iBary from erasure-excision increases with system size (Fig. 3.9).

We further explore how errors a ect quantities re ecting higher-order magnetization statis-
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Figure 3.10:Erasure conversion in quantum simulation. a,The probability distribution

for measuring a given AFM magnetization after the adiabatic GHZ-preparation sweep is
initially peaked at O in the disordered phase, before bifurcating when enteridg titease,
consistent with spontaneous symmetry breakimgdeep in either phase, erasure-excision
leads to a sharpening of the probability distribution (left, right). Around the phase transition,
we observe a close-to- at distribution (middle).

tics [159]. To this end, we explore the probability distribution to nd magnetic order of
di erent magnitude by studying the AFM magnetization operator, de ned as

M = ZA:N/_\ ZB:NB; (39)

whereZsg = P i2s 2,- is the total magnetization operator in sub-lattfe A (odd sites)

or S=B (even sites), respectivel{ys is the number of atoms in each sub-lattice, and

2,— = jrihrj j gihgj is the local magnetization at sife We plot the probability to nd a

speci ¢ eigenvalueM , of M as a function of detuning (Fig. 3.10a). While the valueblof

are initially tightly grouped arouni = 0 in the disordered phase, as the sweep progresses
the probability distribution bifurcates, forming two separate dominant peaks iZthe
phase, consistent with aforementioned two-fold spontaneous symmetry breaking across the
guantum phase transition. We nd that erasure-excision improves the sharpness of the
distribution in both the disordered a@d phases (Fig. 3.10b). Near the phase transition,
the distribution is close-to- at, consistent with order appearing at all length scales. We
note, though do not explore in more detail, that this observation is again consistent with the
emergence of microscopic critical phenomena [159 161].

These results demonstrate improvements in delity for preparation of long-range-ordered
ground states with erasure-excision in quantum simulation experiments, a rst proof-of-
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principle for utilizing erasure conversion in NISQ-type applications. Our demonstrated
improvements for analog quantum simulation of ground-state physics could be extended to
non-equilibrium dynamics, for example generating large entanglement entropy states [29],
with the potential to reach a quantum advantage over classical simulations [162]. We
envision erasure conversion will improve other tasks such as quantum optimization [163]
and potentially quantum metrology [164, 165].

3.4.2 Learning from erasure errors

Finally, we turn to studying a new tool enabled by our implementation of erasure conver-
sion: exploring the e ect of errors on experimental outcomes at a microscopic level and
studying correlations between di erent error sources, which is enabled by having three
separate images for a given experimental run (Fig. 3.11a). In particular, we consider the
joint probability distribution,P (!”; &): &), that atoms at siteis j, andk are detected,
respectively, in the preparation erasure image, the decay erasure image,), and the

nal state detection imagee§).

We again consider adiabatic sweeps intoZhephase as in Fig. 3.8, but now with a total
duration of 8 s. We rst studyP (&} Jrd) - Oje” = 0), equivalent to nding a Rydberg
excitation on sitg + d, conditioned on nding no preparation erasure on §itéNVe plot
this quantity (Fig. 3.11b, left) as a function of batland the sweep duration. We explicitly
average over choices pfand nd a signal essentially uniform i

However, if we instead consid@r(eg“d) = Oje” = 1), the probability to nd a Rydberg

excitation on sitg + d conditioned ordetectinga preparation erasure on sjtemarkedly

di erent behavior emerges (Fig. 3.11b, middle). For simplicity, we further post-select on
instances where only a single erasure is detected across the entire array. At intermediate
sweep times, we observe an AFM order forms around the preparation erasure error position.
We interpret the error as breaking the atom chain into two shorter chains; excitations will
naturally form at the system edges of these shorter chains in order to maximize the Rydberg
density in the attractive regime in which we operate. This e ectively pins the Rydberg
density around the error, which then establishes a preferred AFM order further out into
the array. Interestingly, the equivalent quantity for decay erasBr(é“’) =0je () = =1),

shows a more complex behavior.

To quantify this behavior more explicitly, we consider a variant of the AFM magnetization
(Eqg. 3.9) conditioned on the erasure location, where sublat{&) is now de ned as being
sites an odd (even) distance away from an erasure. In Fig. 3.11c we plot the mean AFM
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Figure 3.11: Learning from erasure errors. a, Post-processed [138] single-shot atom
uorescence images. After arranging the array (top panel) we use the fast erasure images
to learn how detected errors (middle panels) a ect detection outcomes (lower panel).
Conditional probability to detect no atom in the nal image as a function of sweep progress
and distance from a hypothetical erasure event. In the case of no erasures (left), the
resulting pro le is uniform. However, when conditioning on detecting a preparation erasure
(middle), the error breaks thi® symmetry by establishing a single AFM order. In the case

of conditioning on decay errors (right) the situation is more compie&FM magnetization

(see Eq. 3.9) as a function of time. Preparation erasures (orange markers) lead to a growth
of a single AFM order with Rydberg excitations predominantly on sub-laidee ned

as sites an odd distance from the erasure position). Decay erasures (green markers) follow
a similar trend at early times by acting as e ective preparation errors, but past the critical
point (vertical dashed line) their behavior reverses: a decay erasure spontaneously breaks
the two-fold symmetry, where the neighboring sites must have been in the ground state due
to the Z, structure, yielding Rydberg excitations on sub-latt®e d, For the maximum

sweep duration, the probability of detecting a Rydberg decay erasure (bars) is signi cantly
increased (decreased) from the baseline level (red Il) at a distance of one (two) away
from the site of a detected preparation erasure, induced by the altered Rydberg population
on these sites due to the crystal formatiorbjrindicating direct detection of correlations
between errors through erasure imaging.

magnetization for both the preparation (orange circles) and decay erasure (green circles)
cases. Preparation erasures develop a negative, single AFM order as they pin Rydberg
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excitations at odd distances away from the erasure.

Decay erasures behave similarly before the critical point, as Rydberg decay acts e ectively
as a preparation error. However, past the critical point, this behavior changes: decay now
acts as a measurement on the AFM superposition ground state, selecting one of these orders.
In this case, assuming perfett states, the neighboring sites must have been in the ground
state to detect a decay, meaning the AFM order is reversed from the preparation case. This
leads to data that rst dips to negative values and then grows to positive values past the
phase transition (green markers in Fig. 3.11c).

We also study correlations between preparation errors and Rydberg decay. In particular, a
preparation error forces atoms at odd intervals from the preparation erasure to have a higher
probability to be in Rydberg states, meaning they should also be more likely to decay. As
shown in Fig. 3.11d, we directly observe this e ect at the end of the sweep by considering
PEl*? = 1jé!) = 1), the probability to detect a decay erasure at a distahaway

from a preparation erasure. For= 1 (d = 2), this probability is signi cantly increased
(decreased) from the unconditional decay erasure probability, in line with the increased
(decreased) Rydberg population on these sites, which shows that errors are correlated.

We note that erasure-excision for preparation errors using the rst erasure image can be
considered heralding the subsequent quantum simulation on the presence of atoms in
tweezers in the correct initial state. For erasure-excision of Rydberg decay using the second
erasure image, we interpret the post-selected results as coming from a non-jump trajectory
in a Monte Carlo wavefunction approach [166].

Overall, insights into erasure-error correlations could be used to understand error processes
in NISQ devices in unprecedented detail, in particular if erasure detection could be made
time-resolved with respect to the many-body dynamics. This could also be used to study
post-measurement physics with erasure detection, such as measurement-induced phase
transitions [167, 168] and measurement-altered quantum criticality [169].

3.4.3 Statistics reduction due to erasure-excision

Our demonstration of erasure-excision explicitly discards some experimental realizations
(Fig. 3.9), which can be seen as a downside of the method. However, this is a controllable
trade-o : by adjusting the threshold for detecting an erasure error, we can balance gains
in delity versus losses in experimental statistics (as shown in Fig. 3.12) for whatever
particular task is of interest. In general, the optimum likely always includes some amount
of erasure-excision, as it is usually better to remove erroneous data than keeping them.
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Figure 3.12:Controlling delity gains from erasure-excision. Erasure-excision explicitly

trades improved experimental delity for a reduced number of experimental repetitions.
However, this process is controllable by adjusting the threshold used for detecting atoms
during erasure images. Changing the threshold essentially changes the false positive and
false negative rate for detecting erasures correctly (inset). We plot the total AFM probability
(green markers) after a sweep as in Fig. 3.8 of the main text, and vary the detection threshold
used for identifying erasures. For too high a threshold, many erasure events go unnoticed,
and so erroneous outcomes become relatively more prevalent, reducing the overall delity.
As the detection threshold is lowered, more true erasures, where an atom is actually present
in the erasure image, are correctly detected, which improves the delity. However, lowering
the threshold too far (in our case pash photons) increases the likelihood of seeing false
positive erasures; excising data based on these events discards experimental statistics with
relatively little gainin delity. In the main text, we select a detection threshold of 5 photons.

For erasure detection employed in the context of many-body quantum simulation, we adjust
the binarization threshold for atom detection to raise the false positive imaging delity to
0.9975, while the false negative imaging delity is lowered t@:6 (Fig. 3.8d); this is

done as a conservative measure to prioritize maximizing the number of usable shots while
potentially forgoing some delity gains (Fig. 3.12).

3.5 ERASURE CORRECTION COOLING

Next, we demonstrate that erasure conversion is not solely limited to improving quantum
simulation delities through detecting leakage errors. Speci cally, we showcase a new
measurement-based [170] cooling method which uses erasure conversion (and correction)
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to prepare atoms nearly deterministically in their motional ground state we term our
methoderasure correction cooling

This technique is species-agnostic and can be used to e ciently prepare motional ground
state atoms. While cold atoms are important for practically all applications, later in this
thesis (Chapter 4) we will discuss how high- delity motional puri cation as we perform
here enables new tasks in quantum information processing.

The mechanism behind erasure cooling is fundamentally reminiscent of the Maxwell's de-
mon thought experiment, and relies on (i) conversion of motional excitations into detectable,
localized erasure errors [170], and (ii) their active correction. Using such a technique, we
obtain a motional ground state occupatiorD&84(+4= 5), increased t®:995(+3= 4)

if post-selection is used rather than active correction. Importantly, we nd this new cooling
scheme systematically outperforms traditional sideband cooling, which we demonstrate ex-
perimentally in the case of shallow tweezers by comparing our results to simulations of an
idealized sideband cooling process.

3.5.1 Overview

To start, we describe erasure correction cooling (ECC). The basic principle relies on detect-
ing atoms in motion-excited states, while shelving motion-ground state atoms such that they
are not disturbed by measurement. From there, motional excitations can either be removed,
or selectively re-cooled. The results presented here concern the tightly-con ned, radial
direction of the optical tweezers; we also implemented ECC along the weakly-con ning,
axial direction, for which we nd similar results in Sec. 3.5.6.

Atoms are initialized in their ground electronic sta8 and initially cooled with Sisyphus
cooling [85] (a conventional form of laser cooling) to an initial motional ground state
population ofP; = 0:77(1). To perform ECC, we convert remaining motional excitations
into erasure errors (Fig. 3.13a) by working in gigdeband resolverkgime on the transition
between'S, and the metastable excited stdRy. The trapping wavelength is 813 nm to
achieve a magic trapping condition fc, and®Py.

We note that in all of the following, we will consider a single motional degree of freedom,
which is de ned along théSy; $ 3P, laser beam propagation axis. We use numerical
notation for motional states (e.gjOi for the motional ground state), and pseudo-spin
notation for electronic states (e.g#i is 1Sy andj"i is °Py); for the latter we will use

the terms spin, electronic state, and optical qubit interchangeably. We further denote their
tensor productas e.ghi j'i = j0;"i.
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Figure 3.13: Improving motional ground state preparation with erasure correction
cooling. a,b,After cooling the atoms with Sisyphus cooling, we apply spin-motion conver-
sion, which leaves atoms in a di erent pseudo-spin state depending on whether they do or do
not have motional excitations. To accomplish spin-motion conversion, we transfer the atoms
in j#i tothej"i state using a carrier pulse, which conserves the motional state of the atoms.
We then apply a blue sideband pulse, which performgnh& ! j n  1;#i transition,
wheren is the atom's motional level. We then detect atoms with motional excitations by
imaging the pseudo-spin stgt#, without perturbing atoms in the motional ground state,
which reside in"i . ¢, We correct tweezers containing atoms with motional excitations in
two di erent ways: (i) by reapplying Sisyphus cooling selectively on such atoms (reset), or
(i) by replacing such atoms using rearrangement (replacemdnth the reset case, the
erasure detection image is a slow and non-destructive image. After the image, we cool the
atoms again. Atoms ij0;"i are shelved from the Sisyphus cooling mechanism. We then
selectively transfer [33] the atoms which were imageg#irnto |"i . e, For the replacement
method, the erasure detection image is a combination of a slow, high survival image, and
a fast, low survival image. We then repeat a sideband pulse and a fast image in order to
improve the erasure cooling e ciency. We then |l the emptied tweezers with auxiliary
atoms which were measured to be in j@g'i state.

Erasure correction cooling then proceeds with the following steps (Fig. 3.13a,b): rst
we drive all atoms into the excited electronic state using the motion-presecaimigr
transition,jn; #i ! j n;"i, wheren is an arbitrary motional level. Second, we perform a
spin-motion couplingidebandransitionjn;"i$j n 1;#i, ideally leaving only motional
ground state atoms in the excited electronic state. We then perform uorescence imaging
of the ground electronic state, while leaving atom§iti unperturbed [26]. This means

that we directly image the location of motion-excited atoms, for which we can then perform
error correction.

This correction can be done in two ways (Fig. 3.13c-e), eitherRéRetwhere we reapply
Sisyphus cooling with site-selectivity, or (Beplacementby discarding hot atoms and
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Figure 3.14:Erasure correction cooling in the radial direction a, Probability,Pg, for an

atom to be in the motional ground stg@i,, measured via sideband spectroscopy. We show
the results without erasure correction cooling, performing erasure correction with reset, and
erasure correction with replacemehtPost-correction motion-ground state probabiky,

as a function of intentionally varied motion-ground state probability after Sisyphus cooling,
PS. We show the results for both replacement (blue markers) and reset (red markers). The
replacement method is largely insensitive to the Sisyphus cooling e ciency. The green
dashed line is a guide to the eye which represents unity gaiy as a function of the trap
frequency . Our experimental erasure cooling results (blue markers) using the replacement
method are in good agreement withaminitio error model including known imperfections
(blue dashed line). We compare against two variants of sideband cooling, one usiRg the
state of strontium (green line), and one which is an idealization representing the ultimate
limit of sideband cooling for given trap and Rabi frequencies, and Lamb-Dicke factor. Our
experimental erasure cooling outperforms both sideband cooling variants in the regime of
low trap frequency, and an error-free simulation of erasure cooling is superior to sideband
cooling for all frequencies. Error bars represent the standard error of the mean.

replacing them with cold atoms using atom rearrangement. At the end of the correction,
we transfer any remaining atom pi to j"i using optical pumping to avoid any vacancy
defects in the array.

To assess the e cacy of ECC, we use a 39-tweezer array, and meBswi@ sideband
spectroscopy on thgfi ! j"i  transition (Fig. 3.14a). Starting frof; = 0:77(1) after
Sisyphus cooling, we obtain a nal motional ground state populafgr= 0:93(1) with

one round of reset, andy = 0:984(+4= 5) with replacement. The maximuf, after
reset is limited here by only doing one round of cooling, with a theoretical maximum of
Po= P+ PYPY 0:95. InFig. 3.14b we show the e cacy of ECC as a function of
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P{ obtained after Sisyphus cooling (allowing up to 3 rounds of reset cooling for the lowest
PQ values); in general we nd that ECC with replacement is especially insensitive to this

initial cooling temperature. If we post-select on erasure detection, rather than applying
active correction, we achiew®, = 0:995(+3= 4) (not shown).

Having demonstrated the e cacy of ECC for our particular experimental realization, we
now show that it outperforms even idealized, noise-free, conventional laser cooling in
certain realistic parameter regimes (Fig. 3.14c). We rst perform a noise-free simulation
of ECC (purple line), and compare it against two possible realizations of ideal sideband
cooling. The rst is against cooling on the commonly us&j ! 3P, intercombination

line [99, 100] (green line), while the second is against idealized sideband cooling performed
with in nitely small linewidth (red line), but including an e ective spontaneous decay in
order to remove entropy from the system [171].

We observe that across all trap frequencies, the idealized ECC always outperforms idealized
sideband cooling, but particularly so in the limit of low trap depth, where the sideband-
resolved condition!( ) breaks down. In this limit, sideband cooling e ciency becomes
limited by (i) the nite Rabi frequency (herg2 2:5kHz) used to cool the atoms, and

(i) photon recoil. Conversely, ECC is (i) less sensitive to errors coming from the nite
Rabi frequency because they can be partially erased, and (ii) not limited by photon recoil
since cooling does not rely on spontaneous emission from a cooling state. Instead, ECC is
primarily limited by tweezer-induced heating during error correction, as seen in both exper-
imental (blue points) andb initio error model results (dashed line) accounting for known
noise sources. Importantly, fox (2 ) . 24kHz, the experimental ECC implementation
outperforms sideband cooling 8, ! 3P, and outperforms even the idealized sideband
cooling for!=(2 ). 12kHz.

We stress that this regime of relatively low trap frequency is particularly relevant for the
tweezers' weakly con ning, axial direction. Furthermore, whilst a high trap frequency
enables large sideband-cooling e ciency, it also limits the achievable number of physical
gubits for a xed laser power. Our results demonstrate that the same cooling can be achieved
practically at a much lower trap depth, potentially opening the door to greatly expanding
the size of tweezer arrays.

Our scheme for erasure correction cooling (i) presents a practical advantage in cooling
e ciency for our setup, and (ii) can outperform sideband cooling in general, which we
demonstrated experimentally in the regime of low trap frequency.
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3.5.2 The mechanism of erasure correction cooling

Here we detail the erasure correction cooling (ECC) mechanism in greater detail. We start
with the erasure detection of motional excitations, then describe the two methods employed
to perform error correction.

The erasure detection is described in Fig. 3.13. After cooling the atoms with Sisyphus
cooling using théP, level, we transfer the atomsj#i to thej"i state using a carrier pulse,
which conserves the motional state of the atoms. We then apply a blue sideband pulse which
performsthgn;"i!'j n 1;#i transition, wherea is the atom's motional level. Atoms in

j0;"i are not transferred back pgi. We then selectively image atomsj#i, which allows

us to spatially resolve the position of motional excitations in the array. We then correct for
these errors using two methods: re-using the same atoms by selectively cooling them again
(reset) or replacing them with auxiliary atoms in {Bg"i state (replacement).

We rst detail the reset method (Fig. 3.13d). In this case, the erasure detection is a slow,
high survival image with a duration @bms [85]. After the image, we cool the atoms in

j#i again through Sisyphus cooling, while atomg@n"i are shelved from this cooling.

We then use movement-induced phase shifts [33] (described in Chapter 4) to selectively
transfer tg"i the atoms which were previously imaged#n. This process can be repeated
several times in order to improve the erasure cooling e ciency.

The erasure detectionimage in the case of the replacement method (Fig. 3.13e) is a combina-
tion of a high survival, slow image [85] with a duration2@ms and a fast, low survival [26]

image with a duration o4 s. We perform this combination in order to maximize the
imaging delity while minimizing the misidenti cation of Raman scattering events from
thej"i state to thg#i state. We then perform another blue sideband pulse and a fast image
in order to minimize the e ect of tweezer-induced heating during the erasure detection,
which improves the eventual erasure cooling e ciency. Due to the fast image, the tweezers
holding atoms in#i are empty. We |l them with auxiliary atoms which were measured to

be in thejO; "i state.

We ramp down the tweezers depth t@l0 K, which corresponds to one-tenth of their
nominal depth in order to reduce the e ect of tweezer-induced heating such as Rayleigh
scattering. In particular, we also observe that rearrangement-induced heating strongly
depends on the tweezers' depth, and is minimized for s tweezer depth in the ra@ge

40 K. This rearrangement-induced heating is identi ed to be coming from (i) the nite
probability that an atom is heated during transportation, and (ii) tweezers depth oscillations
during atom movement due to intermodulation of the varying frequencies in the acousto-
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optic de ector used to generate the tweezers [81], although we leave a quantitative analysis
of these e ects to future work.

3.5.3 Cooling simulations

Here we provide details on the cooling simulations results presented in Fig. 3.14c. We
rst describe sideband cooling on tR@, level of strontium, then the idealized sideband
cooling, and nally both idealized and noisy erasure cooling using replacement.

In all cases, we simulate the following one-dimensional Hamiltonian
1 T | - e
H =~ (2a+ 5) = qih o+ o= ( e @ jih#j + h.c); (3.10)

where @ (a) is the creation (annihilation) operator acting on the motional levelss
the trapping frequency, is the detuning, is the Lamb-Dicke factor and is the Rabi
frequency. We set= I, and use a basis of ten motional states.

Ideal sideband cooling on*P;
We perform a simulation of sideband cooling on jffe;; m; = 0i state. Here we assume
ideal conditions, namely: (i) we assume no laser noise, (ii) we set a Rabi frequency 500
times smaller than the cooling state linewidth, and (iii) we consider cooling only in a single
direction, but take into account the dipole radiation pattern in 3D (more details below).

We solve the Master equation in which we take into account spontaneous emission from the

"I state and its associated momentum kick which follows a dipole pattern distribution:
z

i~@ = (H HY)+i~ dD()cc:

WedeneH =H I~ jiih"j,andc = e "WesOjgih'j. Here, is the density matrix

of the spin and motional states,= 2 7:4kHz is the linewidth of3P,, D( ) =

3sir?( )=(8 ) is the dipole radiation pattern for the transition of interesthe angle of
emission with respect to the quantization axis. The dipole emission pattern takes this simple
form thanks to considering cooling on tji®,; m; = Oi state.

We use as an initial condition a thermal distribution of motional states with mean vibrational
leveln = 1. We set = =500 and perform the simulation for 1000 Rabi cycles. This
ensures that we reach the system's steady state, and that the e ect of the ont¢he nal
motional state populations is negligible.

We note that in this work, we do not perform a simulation of cooling in the three directions
of space, even though we take into account the dipole emission pattern in 3D. We assume
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that there is no thermalization between the di erent axes; if such cross-axis thermalization
did exist it would lead to a higher temperature than we nd here.

Idealized sideband cooling
We consider sideband cooling on an idealized cooling transition, which is de ned as having
an in nitely narrow linewidth ( = 0 ), but still having the ability to decay to the spin
ground state. We set= 2 2:5kHz and assume that the di erence in energy between
the spin states is given by a wavelengtt66Bnm, which would correspond to cooling on
the3P, state of strontium. We initialize the system in a thermal distribution with1, and
perform the following simulation. We evolve the system's state for a duration corresponding
to a sideband pulse. We then project the state oo in order to mimic spontaneous
decay. During this event, a momentum kick is provided to the atom following the radiation
dipole pattern described earlier. We repeat this process 100 times, which ensures that we
reach the system's steady state.

Idealized erasure correction cooling using replacement
The idealized erasure correction cooling simulations are similar to the idealized sideband
cooling. We set =2 2:.5kHz and initialize the system in a thermal distribution with
n = 1. We then perform the following simulation. Startingjin, we evolve the system's
state for a duration corresponding to a sidebangulse. In order to simulate a perfect
erasure detection and replacement, we get rid of the populatjgn, iand re-normalize the
population of the various motional levelsjiln . We repeat this process 100 times, which
ensures that we reach the system's steady state.

Noisy simulation of erasure correction cooling using replacement
We nally describe the simulation of erasure correction cooling using replacement including
relevant imperfections. We solve the Master equation described earlier in which we take
into account the nite lifetime of théP, state, and the tweezer-induced heating rate, which
we implement by adding a jump operator acting on the motional states; the tweezer-induced
heating is independently measured as an increase in mean vibrational nurits#bg .
We initialize the system in a thermal distribution wifl = 0:77, and simulate the sequence
described in Fig. 3.13. We assume a perfect imaging delity in the erasure detection but
take into account the tweezer-induced heating during the imaging and replacement times.
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Figure 3.15:Limits of sideband cooling and erasure correction cooling aThe limit in
sideband cooling e ciency is due to the o -resonant coupling to motional levels which are
not the ground staten(> 0), either (i) in the opposite pseudo-spin state as the initial one
jn; i, or (ii) in the same spin staje; #i via an o -resonant two-photon procesds, In the
case of erasure correction cooling, o -resonant coupling to the opposite spinrstéies
detected and hence does not contribute to the nite e ciency. The limit is the o -resonant
two-photon transition tgn; "i . ¢, Simulated e ciency of ideal ECC1  P£C (red line),

and di erence between sideband cooling and ECC e ciend®$  PSC (green line), as

a function of trap frequency. We t the data using (! ) = A(1=!)B, with A andB as
free parameters (dashed lines). The obtained exponeni aré:9(1) for 1 P§C and

B =2:9(1) for P§¢ PgC, which is consistent with our expectations.

3.5.4 Fundamental limits simulations

Previously, we experimentally showed that erasure correction cooling using the replacement
method leads to high& than a simulation of idealized sideband cooling (SC), for a speci ¢
range of parameters. Here we explain why, on a fundamental level, this new cooling
mechanism leads to a larges than SC for any trapping frequency. We further determine
the scaling of the ECC e ciency in the sideband resolved and Lamb-Dicke regimes, as a
function of the trap frequency.

We start by describing the fundamental limits of sideband cooling. We assume that the
atoms are initialized if0O; #i, and that we drive a red sideband transition in order to cool

the atoms. In this situation, sideband cooling has a nite probability to actually heat the
atoms via o -resonant couplings to any motional statg'i . Note that in the deep Lamb-

Dicke regime, spontaneous emission does not lead to a change in motional state, and thus
o -resonant coupling tq0; #i does not impact the nite cooling e ciency.
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These o0 -resonant couplings a ectthe system in two qualitatively di erentways (Fig. 3.15A):
(i) the o -resonant coupling ips the initial pseudo-spin state to repghi with probability

Pip, and (ii) an o -resonant two-photon process which transfers the atonms, #i and

n > 0, with probabilityPsame The values oPj, andPsamedepend on the Rabi frequency,
Lamb-Dicke factor, and trap frequency, and are detailed below. The eventual fundamental
limit in SC is therefore the sum of these two contributions:

PoSC =1 P ip Psame

whereP{C is the fundamental limit of thii population with sideband cooling.

We now turn to the case of ECC, and consider o -resonant coupling out of the initial state
j0;"i (see Fig. 3.15B). For ECC, o -resonant coupling to opposite spin sfatés does

not impact the ECC cooling e ciency: any atom transferreg#ois detected and replaced,
which can be e ectively seen &, = 0. The fundamental limit is thus given only by the
pseudo-spin conserving, o -resonant two-photon transif@ri ! j n;"i , which cannot

be converted into an erasure in our scheme. We therefore get:

Pcl)zc =1 Psame

wherePE€ is the fundamental limit ifOi population with erasure correction cooling.

We note that the value &s;meiS the same in both cooling methods, as the action employed
to cool the atoms ared sideband pulse is exactly the same for both methods. We therefore
obtain that

P Ps = Pip;

meaning thaPEC is an upper bound fdP .

Scaling of P, and Psamewith !
We further comment on the scaling Bf, and Psame With the trap frequency , in the
sideband resolved (! ) and Lamb-Dicke ((2n+1) 1) regimes. For simplicity, we
will assume in the following that the atoms are initialized in jiestate and that we drive
a red sideband transition to tife state. Note that the results obtained below are also true
if the atoms are initialized ijf'i .

Under these assumptionB,, to lowest order arises from o -resonant coupling via the
jO#i '] L transition, with strength and detuning proportional tb. We therefore
obtain ()2 )

I

e I3
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where we used / 1:p T,

Psamet0 lowest order arises from o -resonant coupling viajgti ! j 0;"i transition, with
strength(1 ~ 2) and detuning proportional to. Once this o -resonant transition
happens, the on-resonance red sideband trang@jarnl j 1;#i transfers the atoms back
to the same spin state, but in a higher motional level. We therefore obtain

|~

Psame/

N

We can therefore extract the scaling of idealized sideband cooling and erasure correction
cooling in the sideband resolved and deep Lamb-Dicke regimes. In particular, we obtain
2
1 Pl g3

and

|~

PeC PoCl

w

We verify these scalings using our numerical simulations results of idealized SC and ECC
(Fig. 3.15v), which are also presented in Fig. 3.14c. We consider the ECC de derfe§*

(green solid line) as well as the di erence between SC and ECC e cienBEs Pg°

(red solid line). In both cases, we t our results with the functigh) = A(1=!)® (dashed
lines), whereA andB are free parameters. The obtained exponent8arel:9(1) for

1 P§C andB = 2:9(1) for P  P§C. These results are consistent with the formulas
derived above.

3.5.5 Erasure correction cooling on other platforms

Here we show that ECC is, in principle, applicable to any tweezer platform, and detail
which states can be used for tj# andj"i when implementing ECC. Our present work
uses strontium, and a generalization to other alkaline-earth(-like) atoms is trivial, so we
focus on platforms using molecules and alkalis (Fig. 3.16).

As discussed previously, the two key ingredients to implement ECC are (i) driving sideband
transitions betweef#i andj"i , and (ii) the ability to selectively detegti while j"i is
shelved. These ingredients are present in both molecules and alkalis.

For molecules (Fig. 3.16a), good candidates are two di erent rotational states, such as
j#i = X2 *:N =1 andji = X? *;N = 3 in calcium uoride. Sideband transitions

can be achieved through Raman processes, and selective imagingsaichieved through
driving the closed-transition tA? _,, for whichj"i is shelved.
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Figure 3.16: Erasure correction cooling in other platforms. a, Good candidates in
molecules, using the example of calcium- uoride.Good candidates in alkalis, using the
example of rubidium.

For alkalis (Fig. 3.16b), good candidates are two di erent hyper ne states, sugh as
|5S1=;F = 2;mg = 2i andj"i = j55,5;F = 1;mg = 1i in rubidium 87. Sideband
transitions can be achieved through a Raman process, and selective imagfgisof
achieved through driving the closed-transition3Bs-,; F = 3; mg = 3i, for whichj"i is
shelved.

In principle ECC is also applicable to ion-based platforms, for which post-selection on
detected erasures has been recently reported [170]. Furthermore, ECC should also work for
neutral atoms and molecules trapped in optical lattices by using the reset method combined
with local addressing in order to perform the local rotations [172].

3.5.6 Erasure cooling in the axial direction

The erasure cooling results presented previously concern one of the tightly-con ning radial
direction. We here show that the method also applies to the axial direction, enabling this
new cooling mechanism to be used to perform 3D cooling in principle. The overall method

is the same as described earlier, and the only di erence lies in the direction of the sideband
driving beam with respect to the tweezer axis. We use a beam that propagates in the same
direction as the tweezer, allowing us to drive sideband transitions on the axial direction of
the tweezers, for which the trapping frequencgis 10:7kHz.

The results are shown in Fig 3.17. We start with a motional ground state population
Py = 0:40(2)after Sisyphus cooling, which is lower than the radial direction due to the lower
trapping frequency. Applying erasure correction cooling, we olRgir 0:982(+9= 18)

after erasure detection and post-selection Rywd 0:925(+13= 25)with active correction

using the replacement method. These results are also better than what can be achieved
using sideband cooling on tRB; transition for this trapping frequency, showing a practical
advantage in using erasure correction cooling over sideband cooling.
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Figure 3.17: Erasure correction cooling in the axial direction. Probability Py for an

atom to be in thgOi state measured via sideband spectroscopy, in the axial direction of
the tweezers. We show the results without erasure correction cooling, performing erasure
conversion with post-selection (not correction), and with correction using the replacement
method.

3.6 DARK-STATE ENHANCED LOADING

Finally, we detail another application related to erasure conversion, namely using our ability
to non-destructively locate defects in the array to perform feedback to improve array loading.
This is a measurement- and feedback-based approach, and thus it is broadly reminiscent of
classical erasure correction techniques like atomic rearrangement.

3.6.1 Overview

The central problem at hand is that while neutral atoms and molecules trapped in optical
tweezers have become a powerful tool for quantum science, the maximum achievable
system sizes of such arrays are often limited by the stochastic nature of loading into optical
tweezers. This limits most experiments to a typical loading probability of only 50%. Here
we present a species-agnostic method for dark-state enhanced loading (DSEL) based on real-
time feedback, long-lived shelving states, and iterated array reloading. We demonstrate this
technique with a 95-tweezer array®8r atoms, achieving a maximum loading probability

of 84.02(4)% and a maximum array size of 91 atoms in one dimension. Our protocol is
complementary to, and compatible with, existing schemes for enhanced loading based on
direct control over light-assisted collisions [104, 173 177], and we predict it can enable
close-to-unity lling for arrays of atoms or molecules.

In typical experiments, a magneto-optical trap (MOT) or large-waist optical dipole trap
(ODT) containing a cloud of atoms is overlapped with a set of tweezer potentials which
each capture an ensemble of atoms. Traps are then illuminated to induce light-assisted
collisions and pairwise loss [35, 178, 179], resulting in a typical loading delity of 50%

( 35% for molecular tweezer arrays [180, 181]). Through direct control of the collisional
process [173, 174], the array-averaged lling has been raised as high as 74-80% for arrays



70

Figure 3.18:Dark-state enhanced loading a.A scheme for dark-state enhanced loading
(DSEL) of an optical tweezer array. (1) Atoms (or molecules) are initially stochastically
loaded into a tweezer array, and imaged to determine their locations. (2) Atoms are
transferred to a long lived shelving state which is dark to the loading dynamics, and (3)
occupied traps are ramped down in depth to limit reloading. (4) The loading procedure
is repeated, stochastically reloading the unoccupied deep traps while leaving the shelved
dark-state atoms una ected, and (5) all atoms are returned to the ground state for an e ective
increase in lling fraction. The procedure can be repeated for successively higher lling
fraction. b. DSEL is feasible to implement in arrays of alkaline-earth atoms (clock state
shelving, e.g. Sr), alkali atoms (hyper ne state shelving, e.g. Rb), or molecules (rotational
state shelving, e.g. CaF); the latter two both require tweezers be loaded from an ODT, rather
than directly from a MOT. In this work we show an experimental demonstration with the
alkaline-earth specié€$Sr.

of alkali species [175 177] and 93% for Yb [104]. While tweezer rearrangement can be
used to eliminate remaining holes, the success probability and rearrangement time both
scale poorly with the number of initial defects in the array [81, 89, 90], making methods
for improving the initial loading not just impactful in terms of increasing atom number, but
also in terms of increasing overall operational delity.

It is this context that we present our new, species-agnostic protocol for dark-state enhanced
loading (DSEL), which we note is the rst such demonstration of any enhanced loading
protocol for strontium atoms. Our protocol is illustrated in Fig. 3.18a. In the initialization
step, an array of atoms is loaded stochastically and imaged to identify the occupied traps.
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Atoms are then shelved into a state which is both dark to the loading dynamics and long-
lived. Occupied traps are ramped down in intensity through real-time feedback, and the
process is restarted by regenerating the MOT or ODT which stochastically reloads the deep,
unoccupied traps, while leaving the dark-state atoms in shallow traps unperturbed. The result
is a theoretically 25% higher loading fraction (for an initial loading probability of 50%); the
process can then be repeatedly in nitely for successively higher loading delity. We note
thatiterative loading techniques have been used to demonstrate continuous reloading of dual-
atom tweezer arrays, though without increasing the lling fraction of either species [140].
The ingredients necessary to implement DSEL are accessible in arrays of alkaline-earth
atoms, alkali atoms, or molecules (Fig. 3.18b), as we discuss further below.

3.6.2 Method

The experimental setup we use to implement DSEL is our standard aff&§raftoms [69,

85, 99]. In brief, atoms are initially captured by a 461 nm (blue) MOT based on the
15p$ 1P transition (Fig. 3.19a). With a small probability, some atoms can decay from
P,! 1D, [99] and then into eithetP, or P, [182]. Atoms inP, are repumped with
707 nm light through théS; state to®P;; from there they can decay back8,, closing

the MOT cycle. Atoms are typically also repumped oufB§ as there is a pathway from
3p,! 3Py during repumping.

Atoms are transferred from the blue MOT to a cold and dense 689 nm (red) MOT based on
the narrow!Sy$ 3P, transition. From there, an acousto-optic de ector (AOD) generates
an arbitrary one-dimensional con guration of optical tweezer traps (813 nm); by tuning
the electrical input to the AOD we control the number of tweezers, their spacing, and their
relative intensities [81]. With a typical depth of 47, optical tweezers are overlapped
with the red MOT, loaded with an ensemble of atoms, and then illuminated with 689 nm
light to induce light-assisted collisions [183, 184]. The transitions tdBheand3P; states

can then be respectively used to image and cool the atoms with high delity [85].

A key feature of the low-lying energy landscape of Sr is #ig state. This state is
metastable [108], enabling applicationsin metrology [69, 110,111, 185, 186] and itunderlies
proposals for alkaline-earth based neutral atom quantum computers [68, 187]. WWRgn in
atoms are dark to light involved in imaging, cooling, and MOT loading. In (Fig. 3.19b) we
demonstrate this concept directly with three consecutive single-shot uorescence images. In
the rst, all atoms are in the absolute ground state, and uoresce under the 461 nm imaging
light; during all images, 689 and 707 nm light is also active for cooling and repumping,
respectively. Second, the central atom is locally excitedRg making it dark to the
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Figure 3.19: DSEL in strontium. a. Low-lying state manifold fo®8Sr. Of particular
importance is théP, state which is long-lived, and dark to imaging, cooling, and MOT
dynamics. b. Consecutive, single-shot uorescence images of: (top) all atoms initially
in the ground state; (middle) select atoms locally shelved via frequency-selective motional
sideband driving tdP, and thus hidden from imaging; (bottom) all atoms brought back
to the ground state, indicating the survival of ftigy atoms. In all images 461, 689, and
707 nm light is illuminating the arrayc. 3P, state population (orange) &t K trap depth

while the blue and red MOT light is on, showing a 23(4) s lifetime. In contrast, atoms in
1S, (grey) at this trap depth are quickly heated and expelled from the trap in less tisan 2
with the MOT light on (inset).

subsequentimage. Local addressing is accomplished by lowering the central trap frequency
by a factor of two and driving the motional blue sideband with a frequency selective pulse.
Ramped down trap frequencies aréd0 kHz, relative to 80 kHz for the non-ramped down
traps, and a Rabi frequency of 2 kHz. Finally, all atoms are repumped to the ground state
and imaged once more, demonstrating thatfgatoms have survived.

The lifetime of atoms in théP, state is limited by Raman scattering from the high-intensity
trapping light [133]. We nd a lifetime of 23(4) s for 8K deep traps while light used for
generating the red and blue MOTs is active (Fig. 3.19c) and 0.58(4) s at our typical trap
depth of 470 K (not shown). At both trap depths the lifetime is una ected by disabling
the MOT light (not shown). In contrast, scattering from the MOT light quickly heats and
ejects atoms in théS, state, limiting their trapped lifetime in 8K deep tweezers to less
than 2 s (Fig. 3.19c¢); this amounts to an e ective increase in lifetime by a factor ¥

when shelving intéPq.

Isolation from other transitions, in combination with a long lifetime, mak&san ideal
candidate for the dark-state required by DSEL. However, during the standard MOT loading
cycle, 3Py is explicitly repumped. In practice, we nd that under our typical conditions,



73

loading without théP, repumper incurs only a 0.7(4)% drop in loading probability; through
optimization of the blue MOT density it is likely that this minor penalty could be further
reduced.

3.6.3 Results

We show the results of DSEL for a 95-tweezer array in Fig. 3.20a. With an initial loading
probability of 45.88(5)%, after a single cycle of DSEL we achieve 68.43(5)%, which then
saturates to 84.02(4)% after ve cycles of DSEL (the zeroth cycle is the initial standard
loading). We show exemplary uorescence images from a single set of DSEL cycles in
Fig. 3.20b, demonstrating the cycle-to-cycle growth of array lling, resulting in a maximum
of 91 trapped atoms. Note thatin Fig. 3.20b, atoms are additionally rearranged to the middle
of the array between each cycle.

We see the e ect of DSEL starts stagnating after around 2 cycles, limited by the probability
that a shelved atom survives and still is present after a cycle of DSEL, which we designate
as the cycle-to-cycle survivahy. Assuming the loading process is only controlled by this
cycle-to-cycle survival and by the per-cycle loading probability, we predict the total
loading probabilityf , after DSEL cycles is given by

X 1 (p fo) ™

f =f fo) = f
() ojzo(po 0) T (o Fo)

(3.11)

wherej is a cycle index. For the 95-tweezer array, we nd our results are well described by
Eq. (3.11) withf o = 0:46andpy = 0:93(Fig. 3.20a, inset).

For a smaller 39-tweezer array with improved atomic survival and dark transfer e ciency,
the cycle-to-cycle probability is improved fiy3  0:97 (Fig. 3.20c, upper). We ngy is
primarily controlled by imperfect transfer &P, (transfer to*P, is performed coherently,

as incoherent pumping leads to atomic heating, and increased loss.), decay of the atoms out
of 3Py, and atom survival (Fig. 3.20c, upper). This is because if atoms are not transferred
to 3Py, or if they decay back to the ground state, then they will be ejected from the traps
during the MOT dynamics, leading to loss (Fig. 3.19c¢).

Traps are ramped down immediately following transfer in order to extend the lifetime of
atoms in*Py and limit this e ect. However, traps cannot be ramped down arbitrarily low as
the probability for atoms to remain trapped, regardless of electronic state, decreases below
a certain trap depth (Fig. 3.20c, upper) due to their temperature [188]. Ultimately we nd
an optimum of these e ects at a trap ramp down factor of 1/60 (a trap depthl€j;&t this
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Figure 3.20:Continuous and record enhanced loading with DSEL. aDSEL results in a
95-tweezer array. Shown in the main plot are histograms of the lling fraction of the array
after each successive repeated loading cycle. The zeroth cycle is the standard, non-enhanced
loading with a loading fraction of 45.88(5)%, while after ve DSEL cycles a maximum of
84.02(4)% is achieved. Inset: Average and standard deviation of the Iling fraction as a
function of loading cycle (markers), compared against the prediction from Eq. (3.11) based
on a per-cycle loading delity of 0.46, and a cycle-to-cycle survival probability of 0.93
(pink line, see text).b. Exemplary single-shot uorescence images from a single set of
DSEL cycles, showing the largest-achieved 91 atom array. Sites above the atom-detection
threshold are circled in black, while those below the threshold are circled in blue. Note that
atoms are additionally rearranged to the middle of the array between each cycle, though this
is not required.c. Cycle-to-cycle survival (red markers) is limited by imperfect dark-state
transfer delity (blue Il), dark-state lifetime (purple line), and vacuum-limited survival
(open markers) during the reloading cycle, here 280 ms; x-error bars indicate uncertainty
in the exact ramp-down trap depth due to a uctuating bias on a photodiode used for
stabilization. The combination of these e ects is shown as a pink line. An optimum in
survival emerges at a ramp-down factor of 1/60th (a trap depth #f)8At this trap depth,

the probability of reloading an already occupied tweezer(sl% (bottom). Data irc are

taken in a 39-tweezer array with higher delity survival and dark-state transfer compared to
the 95-tweezer array imandb.

trap depth we additionally nd the probability of tweezer reloading &1% (Fig. 3.20c,
lower), limiting the probability for new atoms to be loaded into already occupied traps.

Having demonstrated DSEL experimentally, in Fig. 3.21a we plot the results of Eq. (3.11)
as a function of total number of cycles for varigusat a xed fy = 0:5, and include the
in nite cycle limit of:

1

f(l )= fom:

(3.12)
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Figure 3.21: Limits of DSEL. a Predicted total lling fraction from Eq. (3.11) with
varying number of DSEL cycles,, and a xed per-cycle lling fraction,f; = 0:5. b
Total lling fraction after DSEL for various cycle numbers, per-cycle lling fractioris,

and cycle-to-cycle survival probabilityy; fo values greater than 0.5 are achievable by
combining DSEL with existing methods for directly controlling the collisional processes
during loading [104, 173 177].

We nd that the nal lling fraction saturates, with the saturation level varying with

To understand this behavior, we plot the lling as a functionpgffor 1, 5, and in nite

cycles in Fig. 3.21b. There we show the results for varfeuanging from 0.3 to 0.9, given
thatf, can be increased with existing methods for enhanced loading based on control over
light-assisted collisions [104, 173 177].

In the many cycle limit, we nd that DSEL is limited primarily bgo; for po approaching

1, Eq. (3.12) reduces at lowest orderftd ) 1+ (py 1)=fo. Even with perfect initial
loading € = 1), this further simpli es directlytd (1 ) po. Onthe other hand, g = 1

thenf (1 ) = 1, no matter the value df. Intuitively, this is because the gain from DSEL
stems from accurately learning information from atomic imaging to reduce loading entropy.
If that information is erroneous, i.e. i is low, then there can be relatively little gain (and

if pop <f o, applying DSEL can even lead to a loss of atoms). On the other hand, the gain is
maximized when the information gained from imaging the array is most accurate, i.e. when
Po is maximized. With state-of-the-art imaging survival [85], dark-state transfer [34, 119],
and optimized MOT loading timegy> 0:99is likely achievable.
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3.6.4 Discussion

Though demonstrated here only for the alkaline-earth atom Sr, DSEL is feasible to imple-
ment for both alkali and molecular tweezer arrays (Fig. 3.18b). For the case of laser-coolable
molecules, such as CaF, the MOT is typically transferred to an ODT to increase molecule
densities [180]; molecules are then cooled into tweezer potentials -¢g@oling on the

jX 2 1iN=1i$j A2 1;J=1=2;+i transition. In this case, the dark-state for DSEL
could be another long-lived rotational state, suciNa2, which is far-o resonant from

this cooling procesk

In the alkali case, such as with Rb, the dark-states would be a long-lived hyper ne manifold
such ag==1; however, because it is di cult to form the initial MOT without repumping
from these states, it may be necessary to rst transfer from the MOT into an ODT, similar
to the molecule case. Atoms can be cooled from the ODT into tweezers using e.g. the
jJF =2;mF =2i$j F = 3;mF = 3i transition, to whichF =1 shelved atoms would be
dark [189].

Loading directly from an ODT may prove bene cial in general, besides the particular
application to the molecular and alkali cases. This is because once the ODT is formed, it
can be moved away while the tweezer array is imaged, and then the two can be overlapped
once more to perform DSEL without the need to repeat the entire MOT sequence. This
could greatly reduce one of the main limitations of DSEL, namely the increased experimental
runtime.

Importantly, DSEL can be implemented with practically no impact on experiment duty cycle
by reusing atoms from one iteration of the experiment to the next. Typical experimental
sequences end in a stage of readout, which can then be followed by transferring any
remaining atoms to the dark-state before preparing the next experimental repetition. This
e ectively passes atoms from one experimental iteration to the next by implementing a
1-cycle version of DSEL. Such an approach has since been realized in Ref. [141], which
essentially implements DSEL in a two-dimensional array of strontium atoms for thousands
of cycles.

If a species has internal structure to its dark-state, coherence could feasibly be maintained
within that manifold during DSEL, similar to an approach utilizing dual-species arrays [140].
For instance, the multiple hyper ne sublevels 3, in fermionic alkaline-earth species

WWe especially acknowledge discussions with molecule-experts Arian Jadbabaie, Loic Anderegg, and
Yicheng Bao, and thank them for their insights and suggestions
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could be used to shelve atoms while performing mid-circuit replacement of lost atoms [68,
190].

We emphasize that though here we have implemented DSEL in one dimension, the basic
principle is applicable to arbitrary-dimensional systems, as long as there is su cient control
over the trap depths of individual traps (or regions of traps) during real-time feedback. This
is possible with either crossed AOD, time-multiplexed, or holographic techniques, as are
typically used for two-dimensional array generation [99, 103, 191 194]. It can also be
achieved with bichromatic trapping potentials [141].

We nally note a natural extension to DSEL by adding more tweezers to the array on each
round of loading. Tweezer arrays are typically limited in scale by available laser power
needed to perform loading and imaging with high delity, but following DSEL atoms can
be held in shallow traps, allowing for the total laser power to be redistributed to generate
more total traps, and thus increasing the array size. With such a protocol, e ective loading
delities greater than 1 (relative to the original number of traps) could be realized, and the
requirement thapy < f o could be softened.

In summary, we have proposed and demonstrated a protocol for enhancing the lling fraction
of an optical tweezer array through dark-state enhanced loading. This protocol achieved a
lling fraction of 84.02(4)% in a 95-tweezer array and yielded an array with 91 atoms; to
our knowledge this is the rst such enhanced loading demonstrated with a Sr atom array,
and the largest one-dimensional array of atoms in optical tweezers to date. Importantly, our
protocol is scalable, complementary to existing enhanced loading schemes, and species-
agnostic. Ultimately, consistent creation of larger arrays will have bene ts for metrology,
guantum simulation, and tests of quantum advantage in optical tweezer systems.
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CHAPTER4

Tools of a universal guantum processor

Having described the Rydberg Hamiltonian, its error sources, and means to mitigate those
errors, much of the rest of this thesis will focus on what we can learn from such a system
operating in an analog context. However, importantly, Rydberg atom arrays also can be
operated in aligital modus, where continuous operations are replaced by a discrete, gate-
based approach. While such digital quantum computers are currently limited by noise and
compilation times, with the advent of error correction such systems will be universal in their
capabilities. Even in the modern day, Rydberg atom arrays operating as digital quantum
processors have shown impressive results [37 40] thanks to a slew of utilities such as high-
delity single- and two-qubit gate operations [39, 74, 75, 95, 104, 154, 195], mid-circuit
measurement [32, 40, 106, 139, 196, 197], and more.

In this chapter we will demonstrate these tools of universal quantum computation. In almost
all prior cases with atoms, such demonstrations were performed with a long-lived hyper ne
or nuclear qubit, while in our case our long-lived qubit will be composed of the absolute
ground state and the metastable clock state. This is thoistanral qubit which brings with it

a distinct set of challenges and advantages. This is especially important because such optical
transitions, especially in strontium [110, 111], constitute the basis for state-of-the-art optical
atomic clocks [198]; by combining a digital quantum processor with such a pristine clock
system, even greater metrological capabilities could be achieved [28, 39, 136, 147, 199
201].

Speci cally, we rst demonstrate arbitrary, parallel, single-site addressing for an optical
transition via sub-wavelength controlled moves of tweezer-trapped atoms [28]. Our method
is robust, and easily scalable to larger arrays while maintaining high- delitesOc#99,

and with essentially zero crosstalk. Next we will demonstrate mid-circuit measurement
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and state shelving by coherently manipulating the motional degrees of freedom in optical
tweezers [32]. Our method is applicable to all tweezer platforms, but especially important for
bosonic strontium arrays due to the lack of otherwise readily available shelving states. Then,
we will demonstrate two-qubit gates on pairs of optical qubits via transient excitation to
Rydberg states, and will show the formation of optical Bell pairs. We will combine these two-
gubit gates with our motional shelving techniques to genérgier-entanglemefiz02, 203]

by preparing a simultaneous Bell state of motional and optical qubits. This is the rst such
demonstration of hyper-entanglement for any matter-based (i.e. non-photonic) qubit, and
could be the basis for a number of important tasks in quantum information science.

Finally, we combine this diverse and universal set of tools to demonstrate applications
in quantum metrology for potentially exponentially improving the capabilities of atomic
clocks [28]. First, we use our arbitrary local addressing scheme to implement single-shot,
dual-quadrature readout of Ramsey interferometry using two atomic ensembles simultane-
ously, and show an enhancement of the usable interrogation time at a given error probability.
This scheme can be even further improved through the use of many more ensembles of atoms
evolving with di erent phase sensitivities, as has been long studied theoretically. Realizing
such schemes could be done in many ways, including local dynamical decoupling [200, 201],
mid-circuit measurement and reset [200, 201], and via creation of registers of entangled
states [147, 199]. We rst show the local dynamical decoupling technique, using local
single-site control to evolve three ensembles with variable phase sensitivities. Then we
discuss our ongoing work to combine this technique with entangled states of clock qubits,
and show a proof-of-principle [39].

Ultimately our results demonstrate that digital quantum processing is not only viable in
strontium-based atom arrays, but is practical and immediately useful. We foresee that in
future years as this digital processing modus becomes more re ned, state-of-the-art quantum
metrology may be performed using versions of our techniques demonstrated here.

4.1 LOCAL ADDRESSING WITH ATOM SHIFTS

Here we show local control of optical transitions in a tweezer array clock [69, 112, 186] by
using rearrangement techniques [37, 81, 89, 204 206] on atoms in superposition states to
precisely control the position-dependent phase imprinted by light-matter interaction. The
scheme [187, 207] is experimentally simple and highly robust as it relies solely on the
relative stability of tweezer positions and does not involve any auxiliary addressing beams.
Using this technique, we demonstrate arbitrary, parallel, single-site-resolved optical qubit
rotations with high delity. Later in this thesis we will discuss this approach in the context of
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Figure 4.1:Single-site addressing with movement-induced phase shifts. We consider

two atoms individually trapped in optical tweezers, both initially in the electronic ground
state. Traveling light emitted from a global laser beam applie aotation to both atoms,

and is disabled, but remains phase coherent with the atomic transition. One of the atoms is
then moved by half the laser wavelength from its initial position, rotating the e ective

local laser frame by an angle= . When the laser drive is restarted to apply anoth@r

pulse, the moved atom now rotates back to the ground state, while the static atom rotates to
the excited statec. Control over the atom displacementx, is equivalent to arbitrary local
rotations of the laser drive by = k x about theZ-axis. c. We implement this protocol

with an array of8Sr atoms utilizing the ultra-narrow8,$ P, transition with = 698:4

nm for global driving.d. Top: with an array of 39 tweezers in one dimension, we apply the
protocol inb, shifting every odd site (purple markers) in the array while leaving all even
sites static (blue markers) during the dynamics. Bottom: a sinusoidal oscillation emerges
in the excited state population of the shifted sites, with a period of 699(1) nm.

building better atomic clocks, but our technique for implementing local, parallel rotations

about arbitrary axes might also nd use in neutral atom quantum computing platforms
utilizing optical transitions [68, 187], where local coherent control of optical qubits has

not been demonstrated before this work. More generally, our results point to a future
of fully programmable neutral atom optical clocks that incorporate features of quantum
computers [39].

The basic principle of our scheme is illustrated in Fig. 4.1a. We consider two atoms both
initially in the ground electronic statgi , interacting with a global laser beam characterized

by wavevectok = 2 = , and wavelength, propagating along the array axis. With the
globally applied laser, we create an equal superposition stgeafid the excited statgli ;

in a Bloch sphere picture, this corresponds te & rotation around the-axis (X ( = 2)).

The laser beam is then extinguished with an optical modulator, but remains phase coherent
with the atomic transition. Using atom rearrangement techniques [37, 81, 89, 204 206],
one of the atoms is shifted from its original position by, applying an e ective phase shift
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of =k x (seeEq. (4.1)). InFig. 4.1a, we rst consider the special casexofE =2,

or equivalently a rotation around the-axis ¢( )) for the shifted atom (Fig. 4.1a).
Subsequently, we apply a second gloX4l= 2) rotation with the same laser as before; the
shifted atom now rotates back j{d because of the movement-induced phase shift, while
the unmoved atom completes its rotationa

The main principle behind this scheme is a locally controlled change of the relative phase
between the atomic dipole-oscillation and the phase of the laser while the atom is in a
superposition state; in essence, our scheme realizes a locally controlled Ramsey sequence
with global driving. Similar techniques have been used in the context of ion trap experiments
with two ions [207], but not in a scalable fashion, as is possible with tweezer arrays [187].

We show an experimental demonstration with &@r optical tweezer array experiment [29,

69, 99]. We employ a one-dimensional array of 39 optical tweezers generated via an acousto-
optic de ector (AOD) driven by an arbitrary waveform generator (AWG). This allows for
precise control over the relative tweezer positions at the nanometer level, enabling arbitrary
Z( ) rotations (Fig. 4.1b). Global driving is performed on the ultra-nart@$ 3P,

optical clock transition with a transition wavelength of 698:4 nm (Fig. 4.1c).

In a rst experiment, we apply a ( = 2) operation globally to the entire array, then shift
every odd site by the same distance, apply another globaf ( = 2) rotation, and nally
measure the excited state population in both the shifted and unshifted sub-arrays. The
excited state population of shifted ators, shows sinusoidal oscillations with a period of
699(1) nm as a function of x, consistent with=2 = x= , where is the transition
wavelength. The quoted error on this measurementis purely statistical, and ignores potential
systematic error arising from the independent distance calibration performed with an optical
resolution test target. We note that the present measurement is likely a far more precise and
accurate distance calibration tool, and could nd use as an e eatigtu laser-based ruler

with applications for precision determination of distance-dependent inter-atom e ects, such
as Rydberg interactions.

To quantify the phase shift delity, we focus on a narrow region around= , corre-
sponding to & (2 ) rotation (Fig. 4.2a). A quadratic tt®s( x) shows a maximum value

of Ps = 0:9940(5) (not corrected for state preparation and measurement (SPAM) errors),
consistent with the mean excited state population of unshifted at®nrs,0:9942(2) in

the same range. Correcting for the bXre ) delity (red dashed line) of 0.9956(1) shows
the shift operation is performed with a delity of 0.9984(5). We note that applying SPAM
correction on the bare delities maintains the shift delity largely unchanged as it is calcu-
lated from the ratio of the two. The ratio of the shifted to unshifted delities is 0.9998(5),
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Figure 4.2:Fidelity of local addressing c. Focusing on the region aroundx =  (grey

shaded region in Fig. 4.1d), we nd the shifted atom shows no measurable loss in delity

compared to the unshifted atoms. Correcting for the bare delity for performing a global

X () rotation (red dashed line, 0.9956(1)), we nd the shift operation is performed with a

delity of 0.9984(5). The ratio of the shifted to unshifted delities is 0.9998(5), suggesting

that the dominant source of error comes from global laser phase noise during the nite wait

time required to perform the shift, rather than the movement itself.he shift to apply a

Z(2 ) rotation can be performed without noticeable loss of delity down to shift times of
20 s; data ine are taken with a shift time of 32s, in addition to an extra wait time of

34 s to account for nite jitter in the control timingsc. From data in Fig. 4.1d, we nd

the crosstalk to the static atomd04.(2)%, consistent with 0. To verify this, we check for

any residual linear phase shifts by repeating that experiment with a global phase shift of

=2 on the nal Ramsey pulse which yields linear sensitivity to small phase shifts. We nd

the unshifted atom's phase to still be consistent with zero over a range of more than one

wavelength.

suggesting that the dominant source of error comes from global laser phase noise during
the nite wait time required to perform the shift, rather than the movement itself. We study
the delity to perform theZ(2 ) rotation as a function of the shift time (Fig. 4.2b), and

nd that the delity remains constant down to shift timesf= 20 s; data in Fig. 4.2a

were taken witlig = 32 s, plus an additional 34s of wait time to account for jitter in the
subsequent control timings. Timing improvements could be made by implementing more
sophisticated atom movement pro les [208]. Importantly, for all shift distances in Fig. 4.1d,
the excited state population of the neighboring unshifted atoms is nearly constant, showing
crosstalk of only0:1(2)% (Fig. 4.2c).

Arbitrary rotation patterns can be imprinted on the array by shifting all of the atoms by
varying distances such that rotations aboutzfsxis with tweezer-resolved phasg, are
applied (Fig. 4.3a). We show the results of time-resolved Ramsey spectroscopy for four
di erent choices of single-site addressing patterns, demonstrating arbitrary, site-revolved,
and paralle? rotations (Fig. 4.3b). Such addressing patterns could be used to negate vari-
ations in the transition frequency across the array, for instance due to gradients in magnetic
eld or from the nite di erences in tweezer wavelengths as generated by an AOD [69].
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Figure 4.3: Arbitrary, parallel, local rotations. c. We implement site-resolved phase
shifts, j, during the dark timet, of standard Ramsey interrogation by inserting arbitrary
and parallel shifts of various distances to the array of atomndResults of this operation
as a function of Ramsey timex{axis) for di erent tweezers in the array{axis). The
corresponding programmed phase-shift pattern is shown on the right of each sulcgure.
By applying multiple globaK ( = 2) pulses (grey blocks), in tandem with local movement
shifts (same color scale as &), arbitrary local rotations can be performed. We show a
demonstration by rotating an array of six atoms, initially injibie= | Zi state, in parallel

to the six cardinal stateg (Zi;j+Zi;j Yi;j+Yi;j] Xi;j+Xi), achieving an average
delity of 0.984(2) (blue bars), and 0.987(2) after state preparation and measurement
(SPAM) correction (tan bars), limited by globfl( =2) delity and decoherence during
the time needed for movemert. Bloch sphere visualizations of the states measured with
guantum state tomography

Combining these single-sité( j) rotations with a series of glob ( = 2) pulses allows

for rotations abouany axesnot just thez-axis. As a demonstration (Fig. 4.3c,d), we choose

a set of 6 contiguous atoms, initially in the ground state (denoted hgreza3, and rotate

them each in parallel into the six statesZi;j+Zi;j Yi;j+Yi;j Xi;j+Xi, with an
average delity of 0.984(2) (0.987(2) SPAM-corrected), as determined by state tomography
(described below). The dominant limitations to this value are likely from global drive
in delity and dephasing during the nite shift times. We further note that this technique
can readily be extended to realize robust pulses not just to realize the cardinal states [209]
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We note that while here we have demonstrated our protocol on a one-photon optical tran-
sition, it could be used to induce a similar e ect for two-photon Raman transitions, for
instance between hyper ne states, assuming the two beams are counter-propagating. Fur-
ther, the movement-induced phase-shifts employed here rely solely on a relative change
in tweezer position, in contrast to alternative techniques that apply additional addressing
beams [38, 154, 172, 210, 211], where the phase shift is proportional to a local address-
ing beam's intensity. While the addressing beam intensity and alignment are prone to
drifts on experimental time scales, relative atom movements are ultimately derived from
the radiofrequency electronic output of an AWG, which is precise, consistent, and robust.
We emphasize our results did not utilize noise-compensating composite pulse sequences
and that all data were taken without any system realignments or recalibrations of the atom
movements.

4.1.1 Light-matter interaction Hamiltonian

After applying the rotating-wave-approximation, the light-matter interaction Hamiltonian
considered in this work is given by [129]

B = %(jOihlje‘kx + jlihGje **): 4.1)

where is the Rabi frequency is the global laser wavevectot,is the atomic position
along the beam propagation axi8; is the ground state andi is the excited state. Atom
displacements by x correspond to phase shifts of= k X, as described in the main text.

Note the choice of the phase for the initi{ = 2) rotation is a local gauge freedom, and
thus all atoms in the array can be said to experience the rotation about the same local
axis, e.g. thex-axis, despite the spacing between atoms generically not being perfectly
commensurate with the driving wavelength. When the atom is shifted, it can be thought of
as changing ! X cos( )+ i¥ sin( ). For the case of only a single globl rotation

after the movement, this is equivalent to an e ecti€€ ) rotation of the quantum state;
however, in general if multiple globa operations are performed, the equivalence with an

e ective Z rotation breaks down.

4.1.2 Operation delities

Error modeling suggests that the global ) delity of 0.9956(1) is primarily limited by:
measurement errors (see below), nite temperature (the average motional occupation of the
atoms along the radial axisms 0:2, leadingto & 10 2in delity)), and frequency noise
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on our laser; the latter of these we believe is also the dominant limitation to our Ramsey
coherence time. The Rabi frequency i2:5 kHz for all measurements in this work, which
allows for fast operations compared to the timescale of decay fRy{ 550 ms [33]).
Measurement errors are dominated by the vacuum-limited atom survival during imaging
(0.9995(4)), the imaging delity for detecting the presence of an atom (0.9997(2)), and
the likelihood of ejecting atoms iS5y from the tweezers to perform state discrimination
(0.9967(5)) before the nal imaging. We note that not all of these measurement errors
contribute equally, and their relative importance generically depends on the amount of
excited state population in the measured state.

The wavelength of the oscillations. in Fig. 4.1d is found from tting the excited state
population of shifted atoms with a sinusoid of the foArsin(2  x= o5 + B, from which

we determine the quoted value afsc = 699(1) nm. Per our independent calibration of
distances within the array, we expect there is an additiodalm of systematic uncertainty

on this measurement. Further systematic uncertainty could arise if the beam propagation is
not perfectly coaxial with the array. The crosstalk delity@f(2)%is found by tting the
unshifted atom excited state populations in Fig. 4.1d with a sinusoid of the same period as
was determined for the shifted atoms; the quoted crosstalk is then the ampAfuafahis
sinusoid. We also check for any residual linear phase shifts by repeating this experiment
with a global phase shift of 2 on the nal Ramsey pulse which yields linear sensitivity to
small phase shifts (Fig. 4.2c). We nd the unshifted atoms phase to still be consistent with
zero over a range of more than one wavelength.

To determine the delity of arbitrary local rotations (Fig. 4.3c), we perform quantum state
tomography by reading out the produced states inxthg- andz- bases by rotating the
state with a global= 2 pulse of a given global laser phase as necessary. The delity is
then estimated withh = h agef | targel , Where is the experimental state determined by
guantum tomography. Due to the choice of the six arbitrary rotations, the delity estimation
coincides with the population of the excited state or the ground state along the corresponding
axis. For instance, the delity gf+ Yi is determined by the population of the excited state
when the prepared state is rotated and measured ig-t@sis. In order to access the
intrinsic in delity induced by arbitrary local rotations, we extract SPAM errors and correct
them. SPAM sources are dominated by the same detection in delities as for the global
X (=2) delity (see above), and the nite SPAM-corrected readou® pulse delity of
0.9982(4).
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4.2 MID-CIRCUIT READOUT

Over the last few years, tremendous e orts have been pursued in a wide array of quantum
platforms to develop e cient quantum information carriers [145, 212 215]. In particular,

for neutral atom based platforms, quantum information has so far been encoded in electronic
or nuclear states [36, 75, 95, 216]. However, there is another manifold in which information
can be encoded: thmotional statef a trapped atom. Here we demonstrate how mid-circuit
measurement can be accomplished in arrays of strontium atoms via shelving coherent spin
superposition states into the motional manifold where they are protected for tens or even
hundreds of milliseconds.

The motion of atoms trapped in nearly-harmonic potentials, such as optical tweezers, is
guantized [217, 218], and acts essentially as a bosonic degree of freedom, similarly to aux-
iliary bosonic states in ion traps [219, 220] and superconducting circuits [221, 222]. Recent
experiments exploiting this resource have demonstrated squeezing of motional states [217]
and creation of a quantum register of fermion pairs [218]. Unlike electronic or nuclear
states, motional states do not interact directly with electromagnetic elds and are thus ro-
bust to environmental e ects [223]. Further, their bosonic nature may be used to implement
guantum error correction schemes with bosonic degrees of freedom such as Gottesman-
Kitaev-Preskill (GKP) codes [220, 224], or as a resource for studying lattice gauge theo-
ries [225, 226].

Building from the e cient preparation of arrays of motional ground state atoms in Section
3.5, we demonstrate key tasks in quantum information processing using motional states.
We rst demonstrate coherent transduction of electronic superposition states into the two
lowest energy motional states along a single tweezer axis, with a one-way delity of
0:993(3), post-selected on erasure detection. We then combine this with local addressing
via selective trap depth control [33] in order to perform mid-circuit readout of a tweezer
array [106, 139, 196, 197, 223]. To our knowledge, this is the rst such demonstration on
an optical transition; furthermore, it relies only on local tweezer depth control, and does
not require multiple species [223], nuclear states [106, 197], or a cavity [139]. Importantly,
as part of this study, we also demonstrate mid-circuit erasure detection [75], utilizing
metastable motional state superpositions which have a coherence time much longer than
our mid-circuit detection time.

Assuming perfectly harmonic trapping, the manifold of motional states for a single principal
axis acts as a bosonic degree of freedom with an in nite ladder of states. We will focus on
the case of controlling only a single motional degree of freedom, and in particular focus
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on the lowest two levels, which we refer to as thetional qubit The isolation of these

two motional states is achieved due to driving sideband transitions which only couple the
motional ground state to the rst excited state, and therefore higher energy levels are not
populated. Extensions of our scheme and results are readily generalized to control over all
three axes, and to control over higher energy states in the motional manifold, which may
enable various new applications [220] not explored directly in this work. We will use a trap
frequency (equivalently, motional qubit energy spacing)yof2 ) ' 355kHz.

4.2.1 Preparing motional superposition states

We rst show the preparation of a coherent superposition state of the motional qubit via
transduction from an optical qubit (Fig. 4.4a). Essentially, the preparation and readout
of this state is a form of Ramsey interrogation, with the addition of spin-motion coupling
inserted into the Ramsey dark time. We rst perform ECC to isolate aton@s'in. We then

form a spin-superposition state by performing-2 pulse on the carrier, and transduce this
superposition onto the motional qubit by performing spin-motion coupling via sideband
driving. This yields the statg+;0i = #5(j0i + jli) j'i . We then leave this state
unperturbed for a duration during which it will evolve coherently, and then read its state
by reversing the sideband and carrier driving.

We plot the resultant signal, given as the probabiftyfor the atom be irfj#i after the
entire sequence (Fig. 4.4b). We observe Ramsey oscillations at a frequetc$(8) kHz,
consistent with the programmed trap frequency, as is expected for the motional qubit.

Importantly, after the transduction, a coherent motional qubit state is sensitive to dephasing
largely only from noise on the trapping laspower (which controls the relative qubit
energy spacing). This is in contrast to optical qubits, which may dephase due to noise on
the addressing lasérequencyoften limiting the coherence time for optical qubits based on
ultranarrow transitions [69]. We demonstrate this insensitivity by xing 100 s, and

then vary the laser phase between each preparation or readout pulse (Fig. 4.4c). We observe
that Py is apparently insensitive to laser phase variation between the two sideband pulses
(green points), while the atom is in a motional superposition state. By contrast, signi cant
sensitivity is observed with respect to phase variation between the carrier and sideband
pulses (red and blue points and lines), as during that time the atom is in a sensitive optical
superposition state. In practice, however, the time between the carrier and sideband pulses
is short enough to avoid signi cant dephasing.

Thus, our results show that motional levels can be used to store information in a subspace
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Figure 4.4:Spin-motion transduction and mid-circuit readout. a, Sketch of the protocol

used to transfer a coherent superposition of pseudo-spin states into a superposition of
motional states. After cooling the atoms and preparing the spin-superpositiojOstate

we apply a sideband pulse which drivesj@g#i ! j 1;"i transition, allowing us to obtain

the motion-superposition stagte; "i . We then revert the process in order to read out the
coherence of the created stabeProbability to obtain the atom j#i as a function of holding

time inj+;"i . We observe an oscillation with frequen8$:3(3) kHz, consistent with our
trapping frequenci= (2 ) ' 355kHz. c,Probability to obtain the atom j#i as a function

of the phase di erence between the pulsesinThe atom is sensitive to the laser phase
while in a pseudo-spin superposition state. However, when in the motion-superposition
statej+;"i , the atom is not sensitive to the laser phase, and is hence insensitive to laser
phase noised, Sketch showing local pseudo-spin coherence preservation using motional
state shelving. We prepare ti& +i state and locally shelve some atoms iptqQ"i by
lowering their trap depth [33] and applying site-selective sideband drive. We detect atoms
in j#i to project the unshelved atoms injth or j"i . The shelved atoms are not a ected

by the detection, hence the coherence is preserved within the motional stabdsained
pseudo-spin coherence for the shelved atoms after the sequence descdib®deinbtain

a bare one-way transduction delity 6f943(3), further increased t0:993(3)with erasure
detection and excisiorf, Motional coherence in an echo sequence as a function of shelving
time. We obtain a typical=ecoherence time of 100ms, which is long compared to our

fast detection time a24 s. Error bars represent the standard error of the mean.

that is insensitive to phase noise [115] on the laser which drives the optical qubit transition.
Other extrinsic noise sources, such as environmental magnetic and electric eld noise
should behave similarly, assuming they minimally a ect the trap frequency. This overall
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insensitivity makes the demonstrated motional qubit a promising storage subspace for
guantum information, which we discuss in the following.

4.2.2 Mid-circuit readout with motional state shelving

Having demonstrated our capability to prepare motion-superposition states, we now show
that this can be used to perform mid-circuit readout [106, 139, 196, 197, 223] (Fig. 4.4D),
which is a necessary step in error correcting codes [227], and which enables various
near term applications such as measurement-based generation of long-range entangled
states [228, 229] and enhanced metrology [200].

To do so, we rst divide the atom array into two ensembfeandB. We apply a global
carrier = 2 pulse on both ensembles to preparejthe i state. We then selectively lower
the trap depths iB, while holdingA constant [33]. This induces a reduction in trap
frequency for atoms iB, and thus changes the motional qubit energy spacing. We can then
selectively apply sideband driving only to the ensentblenence transferring only atoms

in B into thej+;"i state [33], leavindA largely unperturbed.

We then apply a global, fast detection of atoms in the electronic ground state [26], which
projects the spin state of atomsAn while preserving the coherence of atomsBin We

nally unshelve atoms irB, and read out their coherence (Fig. 4.4e). The shelving and
unshelving procedure is designed to apply a motional echo composed of four sideband pulses
in order to eliminate shot-to-shot uctuations of the trap depth (Fig. 4.5). We obtain a bare
contrast oD:79(1) after performing these four sideband pulses, which corresponds to a state
preparation and measurement (SPAM) corrected one-way, optical-to-motion transduction
delity of 0:943(3) This delity can be further improved thanks to erasure conversion of
atoms inB. If the transduction fails, then atoms 1 are detected during the fast image,
which we then excise to obtain an overall contrag2:6%72(10)which corresponds to a one-

way transduction delity 0f0:993(3). We note that as the fast image has negligible impact
on the coherence of motional statesBn this protocol demonstratesid-circuit erasure
detection which has only been recently demonstrated with ytterbium atoms in neutral atom
systems [75].

We measure the coherence time of the motional states for atoBigfig. 4.4f) using a
motion-echo sequence, and obtain a typicatime of 100ms, which is long compared

to our imaging time o4 s using our fast detection scheme [26]. This coherence time
is thought to be limited by tweezer-induced Rayleigh scattering and tweezer intensity
uctuations; we expect these results should be improvable by using better stabilization
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Figure 4.5: Motional-echo sequence. Sketch of the motional-echo sequence used in
Fig. 4.4e, here assuming the phase accumulated during the wait ts@xactly a multiple
of 2 solely for presentation simplicity.

technigues, although we leave such a study to future work.

These high transduction delities, combined with the relatively long motional state coher-
ence time as compared to coherent manipulation and detection duration, make this new
shelving method an appealing alternative to other recently demonstrated schemes for mid-
circuit detection in tweezer-based platforms [106, 139, 196, 197, 223]. As opposed to other
schemes, our method does not require any speci ¢ electronic or nuclear structure, besides
the presence of a sideband resolved transition, and is applicable for alkaline-earth as well as
both molecular and alkali species. Further, so far the demonstrated schemes for mid-circuit
readout require an auxiliary laser to address speci ¢ atoms in the array. In our case, the
single-site addressability only requires single tweezer depth control [33], which is a built-in
feature of most tweezer platforms. We note this is fundamentally di erent than methods
which protect atoms from imaging light via detuned narrow-line imaging [102], and o ers
many distinct advantages we discuss below.

4.2.3 Motional coherence and motional-echo sequence

Here we describe the motional-echo sequence we use for the results presented in Fig. 4.4e.
The sequence is similar to the one presented in Fig. 4.4a, and is further detailed in Fig. 4.5.
In the absence of such an echo sequence, we nd relatively short motional coherence
times of up to 5ms, limited by both trap frequency inhomogeneities across the array, and
shot-to-shot uctuations in trap frequency.

The scheme proceeds as follows: (1) we prepare the motion-superpositioptstatas
described in the main text. (2) The state is then allowed to evolve for a durati@®)

We then convert the state back into the electronic manifold, and apply a casplse,

which exchanges the populationsjin andj#i. (4) The state is then transduced back into

the motional manifold, meaning that e ectively we have exchanged the populatigfis in
andjli. (5) The state then evolves for time realizing e ectively a standard spin-echo
sequence. Erasure-excision is performed on this sequence by performing a fast image just
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before steps (2) and (5), and post-selecting on detected atoms.

The motional-echo sequence used to obtain the results of Fig. 4.4e consists of four sideband
pulses. In order to derive the one-way transduction dekyy = 0:993(3) quoted

in the main text from the bare measured contrasFgf = 0:972(10) we assume that

each sideband pulse is independent from the previous ones, meaging F3,,. This
assumption is reasonable as we perform erasure detection between sideband pulses, which
both suppresses any potential coherent superposition bef@g&randj1;"i , and also

ejects any atom left ij#i.

Finally, we note that the fundamental limit to the motional coherence time would stem from
Rayleigh scattering. This scattering rate was calculated [133] for the fernfi@®ii¢o be
aboutl0 #s 1 atatrap depth of a single recoil enetdy= E, ; for comparison we typically
operate at a trap depth bf 25CE, ( 130CE, during imaging).

4.3 ENTANGLEMENT AND HYPER-ENTANGLEMENT

As the nal tool of our universal quantum processor, we demonstrate entangling gates
between long-lived qubits. In particular, we will use transient Rydberg excitation to entangle
two clock qubits, with applications in quantum computing and quantum metrology, as
we will discuss. In this particular demonstration our entanglement delity was limited
to roughly 90% for unimportant technical reasons, but in more recent studies we have
improved the two-qubit gate delity to th8:997 level [39], as measured via randomized
benchmarking.

Further, we will showcase how we can combine multi-qubit entanglement with coherent,
independent manipulation of electronic and motional degrees of freedom to generate a
hyper-entangledtate [202, 203, 230], i.e. a state of two atoms which is entangled across
two degrees of freedom. This has the potential to enable various applications such as hyper-
parallel quantum computation [202], entanglement puri cation [203, 231], or superdense
coding [232, 233]. Further, hyper-entanglement could be used to implement two-copy
interference protocols [234] using a single system, where one copy is encoded in motional
states, and the other one in the electronic degree of freedom. Our scheme is naturally
extensible to control over all three motional axes, allowing up to four Bell states worth of
entanglement (one electronic, three motional) to be stored in a single pair of atoms. Given
the long-lived nature of the motional entanglement, one could perform quantum computation
tasks in the spin degree of freedom, and quantum memory tasks on the motional degree of
freedom.
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Building upon the single qubit control showcased in the previous sections, we now turn
to generate entanglement between motional states of atoms in separate tweezers. We rst
demonstrate the preparation of motion-entangled Bell pairs, i.e. two atoms whose center-
of-mass motion is entangled while their spin state is separable. Second, we demonstrate the
simultaneous hyper-entanglement of multiple degrees of freedom per particle [202, 203].
Here, these multiple degrees of freedom are the electronic state of the atoms and their
motion along a single axis.

A natural extension of our work is to use the full bosonic degree of freedom to implement

guantum error correction schemes [220, 224], or to study lattice gauge theories [225, 226].
Further, the controlled entanglement of the motion of atoms separated at mesoscopic dis-
tances could lead to entanglement-enhanced tests of short-length gravitational e ects [235].

4.3.1 Entanglement

We entangle the center-of-mass motion of two atoms by combining spin-motion conversion
and spin-spin interactions mediated via excitation to high-lying Rydberg states (Fig. 4.6a).
Starting with two atoms if0;"i , we rst apply a spin= 2 pulse in order to prepare each in

jO; +i, for which we denote the two-atom statej@§; ++ i. We then apply a controlled-Z

gate through Rydberg interactions [39, 74, 75, 95, 119]. A = pulse rotates the state

into the spin-entangled Bell staje0, *i = pl—szOi (J## + )™ ). We then perform
spin-motion transduction, obtaining a state which is spin-separable, but motion-entangled,
joMo= p%(jOO' +j12) ™

We characterize the resulting state by performing a parity measurement on the motional
degree of freedom (Fig. 4.6b). This consists of evolution under the trapping potential for a
variable amount of time, which induces a phase di erence between di erent motional states,
followed by spin-motion transduction for readout. We observe an oscillation frequency of
I=(2 )' 720(5)kHz, consistent with the expectation of twice the trap frequency (green
markers).

We also generate the odd parity Bell state [P5] ;"™ = pl—i(jOJj +j10) j™i by alter-

ing the spin= 4rotationto yield the spin entangled stfdg, *i = pl—EjOO' (#" +j"#i),
followed by transduction to the motional state. In this case, we do not observe a parity os-
cillation, since the energy gap betwg@ii andj10 is given only by the small di erence

in trap frequency between the two traps (Fig. 4.7).

Combining the contrast of the parity oscillation with the measured populations in the
statesjO0 andjlli, we obtain a motional Bell state delity for the staje™;™i of
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