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Zusammenfassung

Neutrale Atome bilden eine vielseitige Plattform fiir Quantensimulations-, Quanten-
computing und Metrologie-Anwendungen und sind fiir verschiedene atomare Spezies
etabliert. Die elektronischen Zustidnde werden hierbei mit Hilfe von Laserpulsen
kontrolliert, welche oftmals auf dem Ein-Teilchen-Level angewandt werden. Diese
Arbeit umfasst die schnelle Kontrolle von langlebigen Uhrenzustdnden in Strontium
basierend auf kohirenten Drei-Photon-Ubergéngen. Verglichen mit der direkten Ein-
Photon-Anregung wird hierbei eine deutlich schnellere Rabifrequenz bei deutlich
schwécheren Magnetfeldern erreicht. Durch Anlegen eines Magnetfeldes unter einem
bestimmten Winkel in Bezug zur linearen Polarisation der optischen Pinzetten wird
ein optisches Quitrit realisiert, welches neben dem Grundzustand 'Sy beide Uhren-
zustdnde Py und 3P, umfasst. Eine detaillierte Charakterisierung der Kohédrenz
des Feinstrukturqubits (bestehend aus den Zustdnden 3Py und 3P2/m],:0) zeigt eine

bemerkenswerte Kohédrenzzeit von 715(30) ms. Diese Demonstration zeigt, dass kom-
petitive Kohdrenzzeiten auch in Potentialen auf Basis von optischen Pinzetten erreicht
werden konnen, trotz der Existenz von Polarisationsgradienten und der Polarisa-
tionsabhéngigkeit des Potentials. Die Giite der Zwei- und Drei-Photon-Kopplungen
ist aktuell durch optisches Phasenrauschen limitiert und zutreffende Methoden zur
Charakterisierung, Modellierung und Unterdriickung von optischem Phasenrauschen
werden im Details diskutiert. Einzeln adressierbare Atome in optischen Potentialen
haben in den letzten Jahren eine umfassende und schnelle Entwicklung hinsichtlich der
Systemgrofien, Gattergtiten und kohdrenten “Mid-Circuit” Operationen erlebt. Eine
zentrale Herausforderung im Kontext von Neutralatom-Quantencomputern besteht in
der weiteren Skalierung bei gleichzeitiger Erhaltung der Adressierbarkeit. Die Kom-
bination von skalierbaren optischen Gitterpotentialen mit der Einzelplatzkontrolle
durch bewegliche optische Pinzetten eroffnet hier neue Moglichkeiten welche in dieser
Arbeit beschrieben und demonstriert werden. Wir zeigen, dass einzelne Atome in
einer einzelnen Ebene eines zwei-dimensionalen optischen Gitters, geladen direkt
aus einer Magneto-optischen Falle, mit Hilfe von optischen Pinzetten in beliebige
Konfigurationen sortiert werden konnen. Des Weiteren prasentieren wir ein Protokoll
tiir das iterative Sortieren von Atomarrays und demonstrieren den kontinuierlichen
Dauerbetrieb in dem Gitterpotential. Diese Techniken umgehen Skalierungslimitierun-
gen indem Atome iiber mehrere Ladezyklen erhalten bleiben und erdffnen vollig neue
Moglichkeiten zum Betrieb von Atomarrays. Um eine schnelle Bildverarbeitung zu
gewdihrleisten stellen wir einen Machine-Learning-Algorithmus basierend auf einem
Faltungsnetzwerk vor und demonstrieren die schnelle Rekonstruktion des gesamten
optischen Gitters und eine reduzierte Abhédngigkeit auf Rauschen der Eingangsbilder.
Abschliefiend stellen wir einen neuartigen Phasenmodulator basierend auf einer
Senkspiegelmatrix vor, welcher neue Mdoglichkeiten zur holografischen Strahlformung
mit schnellen Updateraten eréffnet und mit Wellenldngen bis in den ultravioletten
Bereich kompatibel ist.






Abstract

Neutral atoms are a ubiquitous platform for various quantum sciences with applica-
tions in quantum computing, simulation, and metrology across many different atomic
species. In these systems, control over the electronic states is given by suitable laser
pulses typically applied at the single-particle level. Here, we present fast coherent
control over the meta-stable clock states in bosonic strontium-88 using two- and three-
photon couplings. Compared to the direct single-photon drive on these transitions,
the realistically achievable Rabi frequencies are substantially higher at significantly
relaxed magnetic field strength. By applying a magnetic quantization axis under a
judiciously chosen angle with respect to the linear trap polarization, we realize an
optical qutrit comprising the ground state 'Sy as well as both clock states *Py and
3P,, and characterize in detail the coherence of the system. Remarkably, the observed
coherence time on the fine-structure qubit (given by the *Py and 3P2,m],:0 states) of

715(30) ms demonstrates, for the first time, that state-of-the-art coherences times are
compatible with tweezer-based polarizability-engineered trapping potentials, which
is applicable across a broad range of wavelength and atomic species. We identify
laser phase noise as the main limitation of the current operation fidelity and discuss
methods for characterizing, modelling, and compensating optical phase noise. The
multi-photon couplings not only allow for substantially faster Rabi frequencies under
realistic experimental conditions, but additionally offer controlled dissipation via the
3P, state, which we use to demonstrate a measurement-free qubit reset. Combined
with three-photon couplings to the 3P, clock state, we realize resolved sideband cool-
ing in an optical lattice potential and benchmark the fine-structure qubit at various
infrared wavelengths. In addition, we introduce a hybrid lattice-tweezer setup and
demonstrate the preparation of programmable atom configurations in a single plane
of the two-dimensional optical lattice potential. Using single-site addressing with
optical tweezers, we present a protocol for the iterative assembly of large-scale atom
arrays. Furthermore, we use the lattice-tweezer combination to continuously operate
a configurable atom array, which provides means to overcome scaling limitations by
repeatedly adding atoms to the system and enables entirely novel approaches to operat-
ing neutral-atom arrays. To enable reliable image processing with a fast reconstruction
of the lattice occupation, we introduce a novel algorithm based on a convolutional neu-
ral network, which provides a rapid and noise-resilient reconstruction compatible with
arbitrary lattice geometries. Moreover, we benchmark a new phase-only spatial light
modulator based on a micromirror array, which paves the way towards holographic
beam shaping at fast update rates compatible with a broad range of wavelengths,
including the ultraviolet spectral range.
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Chapter 1
Introduction

1.1 Applications of neutral atoms in quantum sciences

Neutral atoms are a versatile and ubiquitous platform for quantum simulation [1-6],
quantum computing [7-10] and metrology applications [11-13]. Trapped in optical
lattices, the coherent tunneling of atoms in the periodic potential can be used to
realize the Hubbard model, and access to the single-site density is given by established
quantum gas microscopy techniques [14-18]. Complementary to this approach, arrays
of optical tweezers provide highly configurable potentials, which can be used, for
example, to study spin models based on long-range Rydberg interactions [19-22].
Besides analog quantum simulation applications, atomic ensembles controlled at the
single-particle level are a powerful platform for quantum computing [23-25]. Various
species have been explored, and universal gate sets have been demonstrated as well as
first realizations of error-corrected logical qubits [26-28]. Additionally, the ultranarrow
linewidth of selected atomic transitions enables precision time keeping using atomic
clocks [29-33].

1.1.1 Analog quantum simulation

Hubbard simulators The (Fermi) Hubbard model (FHM) is a central tool for our
understanding of the properties of electrons in materials and covers a variety of inter-
esting quantum mechanical phases. To overcome the limitations of exact numerical
simulations of fermionic systems, quantum simulators have been invented, which
make use of neutral atoms in optical lattices to study the FHM in regimes challenging
for classical computers [1, 34]. Early experiments in the field observed the phase transi-
tion of a superfluid state to a Mott-insulating state, using bosonic atoms, by probing the
phase coherence of an atomic ensemble after time-of-flight expansion [35]. Direct access
to the site-resolved atom density, for bosonic as well as fermionic species, was demon-
strated by quantum gas microscopes using high-resolution imaging techniques [36-38].
The simultaneous readout of density and internal spin state allows for the extraction of
spin-charge-resolved correlation functions [39, 40], and anti-ferromagnetic long-range
order was detected in a repulsively interacting Fermi gas [41]. Using the spin- and
density-resolved detection, the coherent delocalization of a single hole within an an-
tiferromagnetic background was characterized, which gives rise to the formation of
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magnetic polarons [42, 43]. These quasiparticles locally distort the spin background,
which affects their mobility [44, 45]. Analog quantum simulation performed by quan-
tum gas microscopes is thus a powerful tool to test our understanding of the Hubbard
model in highly controllable setups [46, 47]. Despite the significant experimental
progress in preparing, controlling, and detecting individual atoms, the main bottleneck
lies in the accessible temperatures of the ensembles. Considering the optical lattice
material analogs, the achievable temperatures are typically far above room tempera-
ture, and following Ref. [48] correspond to about 700K for the cuprates, far too high to
uncover their superconducting properties [49]. Recently, significant progress towards
the preparation of cold ensembles was demonstrated [48], which offers access to probe
the physics of the FHM beyond the reach of numerical tools [50].

Furthermore, extended versions of the Hubbard model can be realized by utilizing
long-range interactions based on Rydberg or molecular dipolar interactions enabling a
variety of quantum-simulation experiments [51-57].

Rydberg-tweezer-based many-body simulators In addition to lattice-based systems,
neutral atoms are often used in combination with optical tweezer arrays, which provide
programmable trap configurations in one, two, and three spatial dimensions [58—
60]. Combined with long-range Rydberg interactions, these setups offer a powerful
platform for the analog simulation of Ising-type spin models [20, 21, 61], topological
phases [62, 63], atomic clocks [29], optimization tasks [64], anisotrophic XYZ models [65,
66], lattice gauge theories [67-69] and more.

1.1.2 Digital quantum computing

Neutral-atom-based quantum computing has recently experienced tremendous progress
and qubits have been realized in several alkali [23, 70] and alkaline-earth-like species [31,
71, 72] using different qubit implementations [73, 74] and universal gate sets have been
demonstrated [75, 76]. In these systems, single atoms are trapped in optical tweezer ar-
rays and individually addressed, either in stationary setups [77] or in combination with
mobile tweezers to coherently shuttle atoms [24, 78] for enhanced connectivity. Com-
pared to other platforms, the distinct advantage of the neutral-atom platform is given
by the excellent scalability, and the state of the art nowadays comprises several 1000
coherently controlled qubits [25, 70, 79], which can be addressed at the single-particle
level. Recently, the mid-circuit readout of atomic qubits was demonstrated in several
setups [27, 73, 80-83], based on rapid fluorescense imaging of ancilla atoms [75, 84, 85]
and supported by dual species setups [86] to minimize cross talk or based on meta-
stable qubits in alkaline-earth atoms. Realizing the computational subspace outside the
electronic ground state offers the additional advantage of (mid-circuit) erasure detec-
tion [87-89], to detect leakage errors, which is beneficial for quantum error correction
codes [90-92]. First realizations of logical qubits have been demonstrated with neutral
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atoms [26, 93] (and also other platforms [94]) and introduce the era of logical quantum
processors. Recently, the continuous operation of atom arrays was demonstrated,
which provides the means of handling the inevitable atom loss by coherently replacing
data qubits and ancillas [25, 95-97]. Combined with above-threshold gate fidelities
this opens up the exciting perspective of high-fidelity logical operations [26, 94] in
universally programmable machines with parameters beyond the capability of modern
supercomputers and requires further optimized setups and tailored error correction
codes [91, 98, 99]. To satisty the need for physical qubits in logical architectures,
future neutral-atom-based quantum processors might be based on interconnected
modules [100, 101].

1.1.3 Metrology

Besides quantum computing and simulation applications, the ultranarrow transitions
in neutral atoms are perfect systems for realizing clocks and provide the most precise
and accurate measurements of time [11] with uncertainties corresponding to less than a
second over the entire lifetime of the universe of 13.8 billion years. Owing to enormous
progress in laser development and their frequency stabilization, modern atomic clocks
operate close to the standard quantum limit [12, 13, 102]. Considering an idealized
system where the laser frequency is stabilized to an atomic resonance via Ramsey
spectroscopy, the fractional stability oy (7) for a Ramsey dark time T and averaging
duration 7 is given by (1.1). Here, weq corresponds to the transition frequency, N
denotes the number of atoms, and the scaling oy \/Lﬁ is known as the standard
quantum limit (SQL) [11].

1

UN(T) weg\/ﬁ (11)
To realize a low fractional uncertainty, experiments thus aim to maximize the atom
number and the interrogation duration. However, the ability of single-site control in
tweezer clocks opens up new possibilities of utilizing entangled quantum states in
metrological applications. For certain metrologically useful states [103-105] the clock
stability can be substantially improved o — {on approaching the Heisenberg limit
¢ \/LN [32, 106-108]. Similarly, the sensitivity of the LIGO gravitational wave detector

is improved using vacuum-squeezed photon states [109]. Generating suitable entan-
gled states is often discussed via the one-axis twisting (OAT) Hamiltonian H « J? with
the collective spin operator |, = % Y (77@. Here, the Pauli matrix 0’2@ acts on the i-th
atom and infinite-range interactions are required to accurately realize this Hamiltonian,
which was demonstrated with cavity-mediated interactions [110]. Similarly, OAT-like
interactions can be realized for atom arrays using Rydberg interactions [111]. Here,

Rydberg dressing, the off-resonant coupling to the highly-excited Rydberg state, can be
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used to induce long-range interactions at prolonged lifetimes and gives rise to an Ising-
type Hamiltonian [19]. For Rydberg blockade radii smaller than the system size, the
interaction is not OAT-like; however, Rydberg-mediated interactions nonetheless give
rise to entangled states, and metrologically useful states can be generated following
various proposals [103-105, 112, 113].

1.2 Preparation of atom arrays in optical lattices and
tweezers

Historically, neutral atoms have been prepared in the context of quantum simulation
applications by initially loading atoms into a trapping potential and cooling the atomic
gas to quantum degeneracy by means of evaporative cooling, either in magnetic or
optical traps [114, 115]. In this case, a Bose-Einstein condensate or degenerate Fermi
gas is subsequently loaded into an optical lattice, and an ensemble with one atom per
site can be realized [116] for suitably tuned tunneling rate and on-site interaction. This
top down approach exploits the self-assembly of atoms in Hubbard-regime lattices and
large-scale systems can be realized for several atomic species [36, 37, 55, 117-120].

Complementary to this approach, optical tweezer systems became a powerful
platform for quantum simulation and computing applications [19-28]. Here, the
distribution of the number of atoms loaded from a magneto-optical trap is typically
Poissonian, and the ensemble is projected onto either zero or one atom per site via
light-assisted collisions that give rise to pair-wise atom loss. The distribution of filled
sites in the tweezer array is, therefore, probabilistic with a typical filling fraction of
approximately 50 % unless enhanced loading schemes are utilized [72, 121]. In order
to deterministically prepare atom arrays in these systems, active resorting protocols
are used, where the ensemble is initially imaged nondestructively to allow for the
subsequent rearrangement of atoms using mobile optical tweezers, typically controlled
with acousto-optic deflectors [20, 58, 59]. In this bottom up assembly, arbitrary atom
configurations in two or even three spatial dimensions can be prepared [60, 122] and
continuously operated [25, 95-97].

Recently, the single-site control of optical tweezers was applied to rearrange atoms
in an optical lattice potential to generate configurable starting conditions for quantum
walk experiments [123]. Combining the single-site control of optical tweezers with the
scalability of optical lattices offers new possibilities for the generation of scalable atom
arrays [96].

1.3 This thesis

This thesis presents building blocks for generating large-scale atom arrays of strontium
in optical lattice and tweezer potentials, which offer new approaches to scaling up
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neutral atom arrays for applications in quantum simulation, computing, or metrology.
In addition, we realize an optical qutrit, demonstrate a state-of-the-art coherence
time in the engineered trapping potentials, and characterize fast three-photon-based
manipulations of the long-lived clock states.

Outline

In Chapter 2 we introduce our hybrid lattice-tweezer experiment and discuss the most
important properties of strontium. In particular, we give an overview of the rich
level structure of strontium and estimate the polarizability of the electronic states for
various optical trapping potentials. Throughout the thesis, we will often encounter
tailored trapping conditions, where we make use of sufficiently strong magnetic fields
applied under specific angles with respect to the linearly polarized light field in order
to suppress differential light shifts on certain transitions. This chapter contains a
discussion of engineered trapping potentials and introduces the toolbox offered by our
experiment.

In Chapter 3, this is applied to the creation and detailed characterization of an
optical qutrit in strontium-88, which contains the electronic ground state 'Sy, as well as
both meta-stable clock states 3Py and 3P,, separated by optical transition frequencies.
Using phase-coherent two- and three-photon transitions, we realize optical control
over all qutrit states and carry out a detailed characterization of the coherence times.
Remarkably, we experimentally demonstrate state-of-the-art coherence times on the
fine-structure qubit, which are en-par with alkali-based qubit systems, using XY-4
dynamical decoupling sequences. We characterize the effect of polarization gradients
across the tweezer array and provide a detailed discussion of techniques suitable for
the characterization, modelling and suppression of laser phase noise, which is the main
limitation so far.

In Chapter 4 we present high-fidelity and low-loss imaging of strontium atoms
in a scalable optical lattice setup using the repulsive Sisyphus cooling mechanism.
Combined with stationary and mobile optical tweezer potentials, we demonstrate the
repeated transfer of atoms between the trapping potentials and introduce a protocol
for an iteratively assembled atom array in optical lattices. This provides the means to
continuously operate atomic arrays with programmable shape and overcomes scaling
bottlenecks in atom-array setups. We demonstrate resolved sideband cooling in the
lattice potential based on a three-photon transition to the long-lived 3P, clock state.

In Chapter 5, a fast and noise-resilient atom detection algorithm based on a deep
convolutional neural network is presented. We introduce a new algorithm, which is
compatible with arbitrary lattice geometries and characterize its performance, reaching
a full-frame lattice reconstruction with 30.000 sites in 15ms.

In Chapter 6, we introduce a new type of phase-only spatial light modulator based
on micromirror arrays, which extends the applicability of holographic beam shaping



6 1. Introduction

into the ultraviolet spectral range and opens interesting perspectives towards dynamic
and parallelized light modulation, for example, for parallel rearrangement of atoms
along arbitrary trajectories.

We conclude in Chapter 7 and present a short outlook on several exciting directions
for future experiments.
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Chapter 2

A hybrid lattice-tweezer quantum gas
microscope

To carry out experiments with neutral atoms, methods and procedures have been
developed to trap, cool and control individual atoms in table-top experiments using
light [124-126]. Early research in the field of atomic, molecular and optical (AMO)
physics has established laser cooling and trapping techniques [127, 128] of bulk atomic
gases and building on decades of research we can nowadays detect and control atom
arrays at the single particle level [58, 59, 129, 130]. In this chapter, we present the
experimental apparatus and summarize the most important laser systems to realize
the single-site control. In addition, the properties of the optical trapping potentials are
discussed, and suitable laser cooling techniques are summarized.

2.1 Level structure of strontium

The level structure of strontium, shown in Fig. 2.1, contains several transitions making
it an intriguing candidate for quantum computing and simulation as well as metrology
applications [131, 132]. Due to the presence of two valence electrons, the level structure
partitions into a singlet and triplet subspace. This gives rise to fast transitions within
each subspace and slow, narrow transitions connecting them. The 461 nm transition
with a linewidth of approximately 31 MHz enables fast high-resolution imaging, and is
used in the first stage of magneto-optical trapping. This transition is not entirely closed,
and atoms may decay to the !D, state with a probability of approximately 1 : 50000,
from where they populate the long-lived P, clock state [133, 134]. To repump atoms
back into the cooling cycle, we apply beams at 707 nm and 679 nm. This transfers the
population into the 3P; state from where the atoms decay further to the ground state.

In addition to the stable ground state, strontium features two metastable clock
states 3Py and 3P,, which have versatile use cases for quantum computing, simulation,
and metrology applications. For example, the ultranarrow 'Sy <+ 3Py transition
at 698 nm is used for ultraprecise atomic clocks and can be used to implement a
qubit [31, 32, 135]. Chapter 3 provides a detailed discussion of an optical qutrit encoded
in the ground and both clock states, and presents all-to-all control realized via two-
and three-photon transitions. Considering a subset of this qutrit, given by the two
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Figure 2.1: Strontium-88 level diagram. The wavelengths relevant for this work are
shown, where arrows denote a laser resonant with the respective transition. For optical
pumping, we exploit that atoms decay from higher-lying states. The relevant decay
channels used for that purpose are shown and other decay channels are suppressed for
simplicity. In addition to the 1Sy ground state, bosonic strontium offers two meta-stable
clock states, 3Py and 3P,.

clock-states alone, realizes the so-called fine-structure (FS) qubit in strontium, for
which we have demonstrated a universal gate set [75, 136]. Here, the two-qubit gates
make use of a direct single-photon excitation from the clock states to Rydberg states in
order to implement a controlled phase (CZ) gate. In comparison to alkali atoms, where
two-photon excitations to Rydberg S-states are used [137], the direct single photon
excitation sidesteps imperfections such as off-resonant scattering and strong light shifts
associated with the intermediate state. To implement a state-resolved detection of the
FS states, we sequentially repump and image them [75]. This makes use of a repumper
at 497 nm to repump >P; atoms into the ground state.

To cool atoms within the optical potentials, we use the narrow intercombination
line at 689 nm with a linewidth of 7.4 kHz. This linewidth is well below the typical
trap-induced differential light shift, enabling multiple laser cooling techniques, which
are discussed in Section 2.1.3.
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2.1.1 Polarizability

Controlling arrays of neutral atoms relies on trapping them in far-off-resonant dipole
traps. Precise knowledge of the trapping potential is required to assess the feasibility
of measurements and estimate the scalability of realistic experimental setups. In this
section, we calculate the atomic polarizability [134, 138-140].

The potential U generated by an optical trapping potential is proportional to the
spatially-dependent intensity I, and is characterized by the state-dependent polariz-
ability ag;, which is determined by the wavelength of the trapping light.

xsr

 2cep

Here, ¢ denotes the speed of light and €; denotes the vacuum permittivity. It is common
to express the polarizability in atomic units a 47 = agy/ 47‘(6()(18, where ag denotes the
Bohr-radius, and in the following we will quote polarizabilities in atomic units. Optical
dipole trapping relies on the off-resonant interaction of the light field with the atomic
dipole moment and the resulting polarizability can be computed as a sum over all
such couplings for all relevant atomic transitions. For a trapping light frequency w
and electronic state @y with energy Ey and dipole matrix element Dy, the bare scalar
«p (2.1), bare vector a1 (2.2) and the bare tensor polarizability a; (2.3) are defined as:

%0() :3(2j2+ 1) ; s (_EkEO_) |1<;;D)%|1_)0qu)k>|2 (2.1)
=" \/(J'+1)6(j2]'+1) Lo {{ ] oo

e e o2
o) =t gl D R R e

(2.3)

The total polarizability for the electronic state with quantum numbers j and m; is then

given by (2.4).

3m7 —j(j+1)
j(2j=1)

m.
X = Keore + X0 + X1 2—]] 2Im(eyey) +an (2.4)

Here acore is an offset added to fit calculations to experimentally measured polarizabil-
ities. The contribution of the vector polarizability depends on the polarization of the
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Figure 2.2: Polarizability for different electronic levels in linearly polarized trapping
potentials. In the green wavelength regime (a), the polarizability is higher compared
to the IR regime (b). The m;-dependence is caused by the strong tensor-polarizability
contribution.

light field, which is often parametrized by the so called “ellipticity angle” y defined by
(2.5) for the normalized polarization vector € = (e, €y, )T,

2Im(eyey) = sin (27) (2.5)

To compute the polarizability, we prepare a tabulated list of transition frequencies and
matrix elements', taken from Ref. [142], and compute the sum over all available states.

Linearly polarized optical traps For linearly polarized traps, the vector polarizability
does not contribute, and only the scalar and tensor polarizability determine the polariz-
ability of the state. In these cases, it is still possible to tune the effective polarizability of
electronic states with | # 0 by applying a magnetic quantization axis under a suitable
angle with respect to the linear light polarisation [138].

2.1.2 Engineered trapping potentials

In this section, we discuss the effect of a strong magnetic field applied under an angle 6
with respect to a linearly polarized optical trapping potential. For states with magnetic
quantum number m; = 0 this offers the possibility to tune the resulting polarizability
within certain boundaries. Under the combined action of electric and magnetic field,

Recently, tabulated transition wavelength and matrix elements as well as the resulting polarizabili-
ties for various electronic states in strontium were added to the PORTAL FOR HIGH-PRECISION ATOMIC
DATA AND COMPUTATION at https:/ /www1.udel.edu/atom/, which provides a convenient interface
to look up atomic data [141].
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the Hamiltonian of an atom with total angular momentum operator | is given by
H = Hp + Hg. Here, Hg = upgJ - B is the magnetic field part with Bohr-magneton 5
and Landé factor g, and the electric field Hamiltonian corresponding to the trapping
light is given by (2.6) [134].

(2.6)

He = ~L{ep <a0+at6<5'”(5'”—W“))

2](2] -1)

Considering linearly polarized trapping light, we have already set the vector contribu-
tion of the polarizability to zero. The amplitude of the electric field is related to the trap
depth via U = —%L|E|2. In order to find the eigenstates, we numerically diagonalize
the total Hamiltonian, which provides us with the resonance shift in combined electric
and magnetic fields.

Magic angle tuning fora | = 0 — | = 1 transition For sufficiently strong magnetic
quantization axes, the magnetic quantum number m; is defined with respect to the
magnetic field, and the decomposition in the frame of the electric field is given by a
basis rotation with angle 6 [134]. In this case, the eigenstate in the frame of the magnetic
field |0B) is given by:

0B) = |0F) cos 8 + 1/+/25sin <|1E> - \—1E>)

Given the strong tensor-polarizability in strontium, the total polarizability of |07)
can be tuned via the angle 6. Note that the polarizability remains unaffected for
the |J = 0) states in strontium like the 'Sy and 3P states. We can apply suitably
aligned magnetic fields, for example, to cancel differential light shifts between the
states 1S and Py ,, o [134, 138]. These so-called magic trapping conditions are useful
to implement direct resolved sideband cooling on the narrow intercombination line,
which we discuss in Section 2.1.3. The differential light shift between the |J] = 0) and
the [J = 1,m; = 0) state is then given by:

AE = Egcos? 0 + E; sin? 6 (2.7)
Here, E; (0‘]:1,|m]~\:i - zx]:o) denotes the light shift of the |] = 1, |m;| = i) state with

respect to the |J = 0) state. In this case, the magic angle is given by:

- E
GI]na}giC = arctan ( —E—2> (2.8)

The requirement for the existence of a magic angle is, therefore, that the polarizability of
the |[] =1, |m;| = 0) (|]] = 1, |m;| = 1)) state is stronger (weaker) than the polarizability
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of the |J = 0) state or vise versa. Due to the strong tensor-polarizability contribu-
tion, this constraint is fulfilled across a broad range of wavelengths as illustrated
in Fig. 2.3b. Note that additionally, the magnetic field has to be sufficiently strong for
this approximation to hold.

Magic angle tuning fora ] = 0 — | = 2 transition Fora ] =0 — | = 2 transition,
we can carry out a similar decomposition taking into account the additional |m;| = 2
Zeeman states and obtain:

0BY = }1(1 + 3cos(26)) [0F)

+%(x/§cos€sin9) (|1E> - |—1E>)

+\/gsin29 <|2E> - |—2E>>

The resulting differential light shift and magic angle are given by:

AE = 3(E; — Eg) sin? 0 + E (2.9)

) . Eg
GIJnagiC = arcsin ( _—3(E1 — EO)) (2.10)

Magic angle tuning on the 'Sy <> 3P2,m].:0 transition is feasible in strontium for a broad
range of wavelengths in the IR regime, as shown in Fig. 2.3b.

2.1.3 Cooling techniques

Cooling atoms trapped in optical potentials makes use of the narrow intercombina-
tion line at a wavelength of 689 nm. Because of the narrow transition linewidth of
[sp, /270 = 7.4 kHz, the light shift induced by the trapping potential [AU|/% > Tsp,
typically exceeds the linewidth. Therefore, the resonance condition depends on the
position within the potential giving rise to the Sisyphus cooling mechanism. In the fol-
lowing, we provide a semi-classical discussion of the cooling mechanism and explain
its applicability. A visualization of the different regimes is shown in Fig. 2.3a.

If the ground-state polarizability exceeds the excited-state polarizability, hot ground-
state atoms can be predominantly excited on the slope of the potential. Since typical
trap frequencies wy > T'sp, exceed the decay rate, the atoms can significantly move
within the excited state potential before decaying back to the ground state. For a decay
event occurring further towards the trap center, the potential energy difference of
the ground-state potential, at the excitation and decay position, is removed from the
system. However, if the decay happens further outwards compared to the point of
excitation, the potential energy difference is added as kinetic energy. The choice of the
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Figure 2.3: Overview of laser cooling techniques. a To cool atoms trapped in optical
potentials, we use light resonant with the 'Sy <+ ®P; intercombination transition, and
depending on the trap-induced light shifts, apply three different cooling techniques.
The repulsive and attractive Sisyphus cooling techniques exploit that the differential
light shift exceeds the transition linewidth of about 7.4 kHz and the resonance con-
dition thus depends on the position. Repulsive Sisyphus cooling is applicable if the
polarizability of the ground state exceeds the polarizability of the excited state. In this
case, hot ground-state atoms explore a certain volume of the trap and can be predomi-
nantly excited on the slope of the potential. If the decay occurs further towards the trap
center, the resulting potential energy difference is removed from the system. In the
inverse case, where the excited-state polarizability exceeds the ground-state polariz-
ability, attractive Sisyphus cooling can be realized. In magic trapping conditions, with
vanishing differential light shift, direct resolved sideband cooling allows cooling the
atoms into the motional ground state. See the main text for a more detailed discussion.
b Magic trapping conditions can be realized across a broad range of wavelengths by
applying a sufficiently strong magnetic field under a suitable magic angle with respect
to the linear trap polarization. The magic angle for the 'Sy <> 3P1,mj:O (green) and for

the 1Sy < 3P2/m],:0 (red) transition is shown. The relevant wavelength 520 nm, 813 nm
and 1040 nm are indicated by dashed vertical lines.

cooling frequency can thus be understood as a repelling barrier for the atoms’ energy,
defining the name repulsive Sisyphus cooling [134, 138]. Atoms colder than a given
threshold, called the Sisyphus cap in the following, are further cooled, and hotter
atoms are heated. A careful adjustment of the cooling frequency is needed to generate
sufficiently cold ensembles and, at the same time, limit losses due to the repulsive
nature of the cooling mechanism.

For the inverse case, where the ground-state polarizability is smaller than the
excited-state polarizability, attractive Sisyphus cooling can be used [143]. Here, the
cooling frequency is adjusted to excite atoms in the trap center, and decay events further
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outwards of the trap result in cooling. This cooling mechanism is called attractive
Sisyphus cooling and provides cooling without temperature-dependent heating effects.
Exploiting either of the two Sisyphus cooling effects requires parameters that fulfill
|AU|/] > wiy > Tsp, [144].

To prepare atoms in the motional ground-state, we use direct resolved sideband
cooling, exploiting once again that wyr > I'sp . An efficient preparation of the ground
state requires magic trapping conditions with vanishing differential light shift AU = 0.
In this case, we can resolve the harmonic oscillator levels of the trap and can drive
the cooling sideband to lower the number of motional excitations from n — n — 1.
In the Lamb-Dicke regime, the decay back to the ground state preserves the number
of excitations such that excitations are sequentially removed [145, 146]. Realizing
the required magic trapping conditions relies on magic angle tuning, discussed in
Section 2.1.2. This technique is applicable to a broad class of wavelengths as shown
in Fig. 2.3b. Unfortunately, for linearly polarized traps with wavelength above 914 nm,
magic trapping conditions on the intercombination line are not available for strontium.
To provide ground-state cooling for atoms in the optical lattice at 1040 nm, we thus
need a different cooling strategy. In Section 4.5, we present resolved sideband cooling
based on a scalable three-photon process driving the 1Sy «» 3P2,m].:0 transition to
overcome this limitation.

2.2 Main experimental setup

To isolate the atoms from collisions with ambient particles, the experiment takes place
within an ultra-high vacuum apparatus. We use a rectangular glass cell (JapanCell
custom design) which offers large optical access from all sides. The atomic flux is
generated by a commercial source (AOSense Sr Beam Rev(C), starting with an atomic
oven that we typically operate at a temperature of 400 °C. The atoms are axially slowed
using a Zeeman slower and transversally cooled in a two-dimensional magneto-optical
trap (2D-MOT) section generated using in-vacuum permanent magnets. The Zeeman
window is heated to avoid accumulation of atoms on the inside of the Zeeman window,
which could otherwise limit the transmission of (near-)resonant light. Activating
the light in the 2D-MOT section provides transversal cooling and, at the same time,
deflects the atomic beam into a differential pumping tube pointing at the glass cell.
The vacuum is maintained by ion-getter pumps and one titanium-sublimation pump,
which we activated only once after closing the vacuum assembly. To facilitate work in
the close vicinity of the glass cell where the experimental setup is the most dense, we
mounted the entire vacuum apparatus on a translation stage (LinTech 251242-WC0-
2-5022-M00-C000-L00-E00-B00) as shown in Fig. 2.4. Thereby, the glass cell can be
removed, which provides access to the focal plane of the objectives. This possibility
turned out to be very useful for the installation of the high-resolution imaging system
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Figure 2.4: Computer rendering of the vacuum apparatus and objectives. The
vacuum apparatus consists of an atomic oven which provides, on demand, a stream
of precooled atoms, which travel through differential pumping tubes to the glass cell.
Two high-NA objectives are focused onto a common plane within the glass cell. The
vacuum is maintained by ion-getter pumps and one titanium-sublimation pump and
the entire vacuum assembly is installed on a translation stage.

and the suppression of initially present aberrations. We installed two high-resolution
objectives (Special Optics 57-31-24) with a numerical aperture (NA) of 0.65, which are
focused onto a common plane within the glass cell. The lower objective is used to
collect the fluorescence of the atoms and to image the atomic plane onto a camera. In
addition, the same objective is used to project tweezer arrays in the green wavelength
regime of 515nm - 520nm onto the atoms. Similarly, the upper objective is used
for the generation of tweezer arrays at various wavelengths in the red and infrared
regimes. Using a stack of longpass dichroics, we combine tweezer systems at 813nm
and ~689 nm, see Fig. 2.5a.

To facilitate modular development of the experiment, we designed a central mount-
ing structure that surrounds the glass cell. This monolithic “cube”-like structure,
shown in Fig. 2.5b, features multiple M6 threads, which act as mechanical support and
reference for additional attachments, which we added over time. For example, the
optics of the horizontal lattice, further discussed below, are directly attached to the
cube, and the objectives are supported by the same structure. In the direct vicinity
of the glass cell, we installed multiple magnetic field coils to realize the quadrupole
tield for magneto-optical trapping and apply fields under arbitrary orientations. This
is realized with one pair of water-cooled coils in Helmholtz configuration, which can
each generate a magnetic field of at least 15 G, currently limited by the power sup-
ply. The resulting field strengths are sufficient to exploit magic-angle tuning schemes
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discussed in Section 2.1.2. An additional pair of coils with horizontal orientation in
(anti-)Helmholtz configuration is used to generate the quadrupole field for the MOT
and to apply strong magnetic fields of several 100 G to open the ultranarrow clock tran-
sition in strontium. The material of the mechanical coil support (TECAFORM) exhibits
a resistivity that allows for a rapid dissipation of patch charges, while suppressing
eddy currents.

The objectives are located within the vertical coils about 1 mm above the glass
cell and are each attached to a piezo-positioner (Mad City Labs Nano-Z2100) with
a travel range of £50 um to enable a computer-controlled finetuning of the focal
plane. The objective scanners are subsequently mounted in a custom-developed 5-axis
stage, which controls the tilt of the objective with respect to the glass cell as well
as the position. We use fine-threaded screws (Radiant dyes Model 5 with 150 um
per revolution) to precisely adjust the angle of the objectives to better than 0.01°, as
discussed in Section 2.2.2, which is an important requirement to suppress coma. To
suppress vibrations that might occur during the switching of the magnetic field coils,
the mechanical support of the coil assembly and the cube are fully separate and are
resting on heavy sand-filled posts. Multiple optical modules are attached to the cube,
for example, to retroreflect MOT beams, to attach horizontal breadboards around the
glass cell, and to support a vertical shallow-angle lattice and tweezer systems above
the upper objective. The following sections provide a short summary of the most
important systems to realize single-particle trapping and detection.

2.2.1 A power-efficient folded optical lattice

Scaling up neutral-atom arrays offers new possibilities for quantum computing, sim-
ulation, and metrology applications. Typically, gases with several million atoms or
more can be readily trapped, and the remaining challenge is to prepare scalable arrays
without sacrificing the single-site control. Since individual atoms are typically trapped
in off-resonant dipole traps, the optical power requirements grow with system size. A
scalable method for generating a large-scale array of traps is given by optical lattices,
generated by interfering laser beams. In this section, we discuss the horizontal lattice
setup installed in the experiment.

We implement a horizontal two-dimensional lattice at a wavelength of 1040 nm.
The light of an external-cavity diode laser (Toptica DLpro) is used to seed a Ytterbium-
doped fiber amplifier (Azur Light Systems ALS-IR-1036-50-A-CC-SF (now Toptica)),
which delivers up to 45 W of power. The light is passed through an acousto-optic mod-
ulator (AOM) for switching and is delivered to the experiment via a photonic crystal
tiber (Alphanov LMA-PM-15 with SMA-6 connectors). The setup on the experiment
side is shown in Fig. 2.6a. To protect the fiber against back reflections, the collimated
light is sent through an isolator, and the power is monitored with a photodetector,
which is used to actively stabilize the power. Using a cylindrical telescope, the beam
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Figure 2.5: Main experimental setup. a Sketch of the main components of the appa-
ratus. Two high-resolution objectives are focused onto a common plane within the
glass cell. The bottom objective is used for fluorescence imaging of atomic ensem-
bles, which are imaged onto a qCMOS camera. At the same time, tweezer arrays at a
wavelength of ~520nm are projected onto the atoms using the same objective. The
top objective is used for the generation of additional tweezer systems at wavelengths
in the red and infrared, which are combined using a stack of dichroic mirrors. In
the horizontal plane, we generate an optical lattice and globally apply various beams
for optical (re-)pumping, cooling, pushout, imaging, and single- and two-qubit gate
operations. b Computer rendering of the central part of the experiment. The glass
cell is connected to the vacuum apparatus and is surrounded by multiple pairs of
magnetic field coils in Helmholtz configuration. In addition to three pairs of bias coils,
we installed another horizontally oriented pair for the generation of strong magnetic
tields and the quadrupole field required for magneto-optical trapping. To facilitate a
modular development of the experiment, we designed a central mounting structure
surrounding the assembly. This “cube”-like structure features multiple M6 threads,
which are used to mount, for example, the lattice optics and act as the starting point for
tuture developments. The objectives are each attached to a piezo-based Z-positioner,
which is mounted in a 5-axis stage for angle and position control. The mechanical
supports of the cube and the coil assembly are entirely independent to avoid that
vibrations caused by the switching of the coils or the water cooling affect the optical
systems.
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Figure 2.6: A power-efficient folded optical lattice. a The optical setup of the hori-
zontal folded lattice is shown. The light at a wavelength of 1040 nm is delivered via
a photonic-crystal fiber and is sent through an optical isolator. The optical power
is monitored with a photodetector, and a cylindrical telescope is used to prepare an
aspect ratio of 1:5 before the beam is focused onto the atoms. b The optical lattice
is generated by focusing the beam to a horizontal (vertical) focus of 100 pm (20 pm).
Subsequently, the beam is recollimated and focused again onto the atoms before it is
retro-reflected. This gives rise to 4-fold interference of the vertically polarized beam,
which provides a power-efficient two-dimensional single-plane optical lattice. The
beams interfere under a half-opening angle of 26.5°, which gives rise to an asymmetric
lattice spacing with an aspect ratio of 1:2. ¢ The intensity of the resulting lattice pattern
is shown in units of the single-beam intensity. Due to 4-fold interference, we expect a
16-fold enhanced intensity, however, due to reflection losses on the uncoated glass cell,
the effective enhancement is reduced. We reach a typical trap depth of about 1.5 mK
at about 11 W of optical power. Note that the effect of losses on the lattice contrast is
negligible.

is shaped into an aspect ratio of 1:5, before the light is focused down to a horizontal
(vertical) focus of 100 pm (20 um). The transmitted beam is recollimated and focused
again onto the atoms from a different direction, as shown in Fig. 2.6b. Finally, the beam
is collimated again and retro-reflected, which gives rise to 4-fold interference in the
crossing volume of all beams. Generating a stationary lattice requires phase stability
between the individual beams after the interferometer is opened by the incident beam.
To minimize mechanical drifts, we mount all optics of the lattice interferometer to the
same monolithic structure. Indeed, we observe that the lattice phase drifts by one site
on the time scale of approximately 6 hours if the experiment is thermalized and runs
continuously. These drifts of the lattice phase have to be tracked and corrected to allow
for tweezer-based single-site addressing as discussed in Section 4.2.3.

We interfere the lattice beams under a half-opening angle of arctan(1/2) = 26.5°,
which gives rise to a lattice geometry with an aspect ratio of 1:2. At our wavelength of
1040 nm, the resulting lattice spacings in the two horizontal directions are 1.15 pm and
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Figure 2.7: Alignment of the high-resolution objectives. a To minimize coma aberra-
tions, the angle of the objective has to be precisely set with respect to the glass cell. We
measure the angle interferometrically, exploiting that the last objective surface is flat.
A collimated input beam with diameter of about 1 cm is launched onto the objective,
and reflections from multiple surfaces of the glass cell and the objective interfere. A
tilt of the objective lens with respect to the glass cell results in an interference pattern
with a regular lattice structure, and the periodicity provides information on the tilt
angle. b Aligning the imaging and tweezer systems onto the optical axis defined by
the objective requires a guiding beam to center the optical components. The centration
of the guiding beam on the optical axis is crucial to align all optics onto a common axis.
To center the guiding beam, we observe the reflections from the inner curved surfaces
of the objectives. In case of a well-centered beam, the resulting interference pattern
forms concentric rings (I, which are distorted for a decentered beam ).

0.57 pm, respectively. Because of the 4-fold interference, we would in principle expect
a 16-fold enhanced intensity in comparison to the single-beam intensity. However,
due to reflection losses at the uncoated glass cell, the effective intensity enhancement
is approximately 7-fold, see Fig. 2.6c. Remarkably, despite the strong losses of the
retro-reflected beam, the lattice contrast is not significantly reduced, making this setup
a robust and power-efficient implementation for large-scale optical lattices. The scaling
perspectives of this design are further discussed in Section 4.4.4.

Resolving the lattice spacing of 0.57 pm requires a suitable high-resolution imaging
system. In the following, we discuss the alignment strategy of the high-NA objectives
in our apparatus in order to minimize optical aberrations.

2.2.2 A high-resolution imaging system

In addition to the high-resolution fluorescence detection of neutral atoms on the short
lattice spacings, the objectives are used to generate stationary and mobile optical
tweezer arrays. To ensure high-quality potentials and provide high spatial resolution
in detection, we require a diffraction-limited imaging system. A critical parameter for
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achieving this is given by the angle of the objective lens with respect to the surfaces
of the glass cell. A Zemax simulation of the objective reveals that angles as small as
0.02° result in significant coma. Initially, we adjusted the angle of the objective with
respect to the glass cell by observing the residual reflection of a small laser beam and
adjusted the objective tilt such that the reflection of the objective overlapped with the
reflection from the glass cell after a few meters of propagation. A more precise method
for setting the relative angle is given by an interferometric measurement. We launch a
collimated laser beam with a diameter of about 1 cm from the top onto the glass cell and
objective. The reflections of the various flat surfaces interfere and give rise to a periodic
intensity modulation depending on the tilt direction, which is caused by the position-
dependent phase difference A®(x) = 27w6(x) /A (see Fig. 2.7a). The lattice spacing is
determined by the position-dependent path-length difference 6(x) = 2sin(p)x + dy
and the tilt angle f. Measuring the lattice spacings L = A/(2sin(p)) with a camera,
thus, provides information about the tilt angle and a residual tilt of B = 100 prad
corresponds to a periodicity of about 2.5 mm at our probe wavelenth of 520 nm. We use
an uncoated fused-silica substrate in the experiment to separate the incoming beam
from the reflection. The residual reflection of the substrate is used as a probe beam,
as shown in Fig. 2.7a, and access to the interference pattern is conveniently given in
transmission of the glass piece.

Besides the angle between the objective lens and the glass cell, the optics of the
tweezers and imaging systems have to be precisely aligned. To facilitate an accurate
positioning, we set up a guiding beam aligned with the optical axis of the objective
lens. Aligning the guiding beam is again based on observing the reflections from the
objective. Here, we exploit the interference of reflections from various curved surfaces
within the objective. These reflections give rise to a pattern of interferometric rings if
the beam is centered on the objective. For a decentered guiding beam, the reflection
exhibits an interference pattern of non-concentric rings, which is shown in Fig. 2.7b.
Subsequently, the optical components of the imaging system are positioned with
respect to the centered guiding beam.

To characterize the performance of our imaging system, we make use of the ability
to remove the vacuum apparatus and insert a dummy vacuum window of exactly
the same thickness and a test target (Technologie Manufaktur TC-RT01) into the focal
plane of the objective, where we make use of the interferometric alignment technique
to fix the angles of the glass plate. The test target features various line pairs with
well-defined spacings, which can be used to accurately measure the magnification of
the imaging system. Furthermore, it includes multiple sets of pin-holes, including
one at a sub-wavelength diameter of 250 nm with which we estimate the point-spread-
function of the system. To ensure that the camera field of view and the position of the
optical tweezer arrays overlap, we insert the test target and observe the reflection of
the tweezer array from the metallic test target. Here, the target is illuminated from the
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top to image a pattern onto the camera, and the tweezer array is projected onto the
same plane backwards through the objective. Observing the target pattern as well as
the reflection of the tweezer array provides the means to overlap their fields of view
and approximately focus them onto the same plane, which drastically simplifies the
search for the first signal using atoms in tweezers.

Stationary and mobile optical tweezer arrays

To generate stationary tweezer arrays, we use a liquid-crystal-on-silicon spatial light
modulator (LCOS-SLM) and configure arbitrary array configurations by generating
suitable phase masks. A collimated laser beam is reflected from the SLM (Hamamatsu
X15213-02R and X15213-16R), and the SLM plane is subsequently relayed onto the
backfocal plane of the objective. The imprinted spatial phase profile then determines
the intensity distribution in the focal plane. Details of our SLM-based tweezer setups
can be found in Ref. [136], and we generate holographic phase patterns following
established algorithms [147-149].

To generate mobile optical tweezers, we use acousto-optic deflectors (AOD) and
configure the deflection angle with a suitable radio-frequency signal. Two crossed
AODs are installed in a Fourier plane of the system such that the deflection angle
translates to programmable positions, which enables control over the tweezer depth
and trajectory.

2.2.3 Laser systems and experimental sequences

Trapping, cooling, and manipulating atoms within the vacuum apparatus relies on
lasers, which generate either an off-resonant dipole trapping potential or provide a
resonant excitation. We have constructed various laser systems, tabulated in Tab. 2.1,
to provide a versatile experimental toolbox. This section provides an overview of
the available laser systems and contains a short summary of the typical experimental
sequence. The control system in the experiment is given by an Adwin timing system
(Jager Messtechnik GmbH ADwin-Pro II-BM), which is programmed via the in-house
developed control software Qcontrol.

Magneto-optical trapping

Each experimental cycle starts with a pre-cooled cloud of atoms trapped in a MOT. We
realize a MOT on the broad Sy < !P; transition, which provides confinement for a
broad range of velocity classes of the atoms arriving from the Zeeman slower. The
corresponding laser system (Toptica TA SHG pro) is based on amplifying an external-
cavity diode laser (ECDL) at a wavelength of 922 nm with a tapered-amplifier (TA)
followed by resonant doubling in a bow-tie cavity. The generated power of up to 1.4 W
is distributed into individual beams for the Zeeman slower, 2D- and 3D-MOT, imaging
and more. Because of the broad linewidth of the 461 nm transition, the resulting
temperature is typically on the order of up to a few mK, which prevents efficient
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loading into trapping potentials. To reach lower temperatures, we subsequently
realize a sawtooth-wave-adiabatic-passage MOT on the narrow intercombination line
at 689 nm [150]. The laser system consists of an ECDL locked to an ultralow-expansion
(ULE) cavity. During both MOT stages, we additionally apply resonant repumping
light at 679 nm and 707 nm to repump atoms from the long-lived >Pj and °P; state,
respectively.

Trapping potentials

The apparatus features multiple systems for site-resolved trapping of atoms, which
cover various wavelengths. The optical power for the green tweezer system is gen-
erated by amplifying an ECDL-based laser with a Ytterbium-doped fiber amplifier
(YDFA) by second-harmonic generation in a single pass through a periodically-poled
magnesium-oxide-doped lithium-tantalate crystal. With about 30 W of IR power, the
system provides up to about 10 W of green light. Using a multi-grating crystal that
contains several different periodicities, the system covers the wavelength range of
515nm to 520 nm. For clock-magic trapping, we use an additional tweezer system at
a wavelength of 813 nm. Two-fiber lasers at 1550 nm and 1067 nm are used to seed
fiber amplifiers and the 1067 nm light is frequency doubled. It is subsequently used
in a difference-frequency-generation step with the 1550 nm light, resulting in about
3.5W of power at 813 nm. The entire laser system, including the non-linear frequency
conversion module, is commercially available (NKT Photonics). An additional tweezer
system is designed for the 'Sy tune-out wavelength at approximately 689.2 nm. We
use a Titanium:Saphir laser (Sirah Matisse CS), which provides up to 7W at this
wavelength. The optical lattice setup at a wavelength of 1040nm is powered by a
Ytterbium-doped fiber amplifier, which is seeded by an ECDL.

Cooling and optical pumping

To cool atoms in the optical potentials, as discussed in Section 2.1.3, we use light reso-
nant with the narrow intercombination line at 689 nm, which is provided by an ECDL.
The laser is locked to an ultralow-expansion (ULE) reference cavity with a Finesse of
about 50000. The cavity resonance drifts by approximately 7 kHz within one day, and
we compensate for this drift by recalibrating the resonance of the intercombination
line every morning. In addition, light at 716 nm and 688 nm and 497 nm is used for
optical (re-)pumping and provided by diode lasers. The shelving light at 688 nm and
the repumping light at 716 nm is locked to a reference cavity and the 497 nm laser is
stabilized to a wavemeter.

Single-qubit operations

We use a diode laser at 698 nm, to drive the ultranarrow clock transition. The laser is
locked to a high-finesse ULE reference cavity using the Pound-Drever-Hall technique
and is amplified by an injection-locked amplifier. The ULE resonance frequency drifts
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by about 5 Hz/min which quickly limits the available duration for data taking in the
absence of a suitable drift compensation. To correct for the laser frequency drift, we
create a beat signal between the 698 nm laser and an independently dedrifted frequency
comb. The correction is then applied by adjusting the RF frequency of the AOM used
to generate the light pulses. To realize coherent two- and three-photon transitions, we
utilize a set of lasers at 679, 688, 689 and 707 nm locked to the frequency comb. This
setup is discussed in more detail in Section 3.2.

Rydberg

To excite atoms from the 3Py clock state into Rydberg states, we use light at a wave-
length of 317 nm. Two fiber amplifiers provide high-power sources at 1570 nm and
1071 nm, which are used for the generation of red light at a wavelength of 633 nm,
which is subsequently doubled in a resonant enhancement cavity. We use the red light
to generate a PDH error signal with respect to a ULE cavity and apply the feedback to
the 1071 nm ECDL seed laser. The 1570 nm seed light is provided by a free-running
fiber-laser. A similar setup at a wavelength of 322 nm is used to excite atoms from 3P,
to Rydberg states.

2.3 Summary and outlook

This chapter gives a brief introduction to the experimental apparatus and the versatile
toolbox comprising multiple laser systems for trapping and state manipulation. In
addition, we summarized the main features of the strontium level structure and how
to engineer tailored optical potentials. In the following chapters, these considera-
tions are applied to demonstrate building blocks for scalable quantum computing
and simulation experiments. Chapter 3 contains a detailed characterisation of two-
and three-photon couplings to implement fast gate operations within a novel optical
qutrit. Here, we engineer the polarizability as described in Section 2.1.2. Furthermore,
Chapter 4 presents a technique for iteratively assembling and continuously operating
atom arrays in large-scale optical lattices. This technique combines the scalability of
the optical lattices architecture discussed in Section 2.2.1 with the single-site control
offered by optical tweezers and opens new possibilities for operating neutral atom
arrays. Finally, we utilize the three-photon couplings to demonstrate resolved side-
band cooling in the lattice potential using the magic-angle-tuned 'Sy <> 3P2,m],:0 clock
transition.
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Chapter 3

Fast two- and three-photon
single-qubit operations in strontium

3.1 Introduction

The level structure of strontium features two metastable clock states which are the
fundament of state-of-the-art atomic clocks [32, 151-153] and have applications for
quantum simulation [87] and computing [31, 89]. Direct coupling from the electronic
ground state is doubly dipole-forbidden, which gives rise to their long lifetime, but
also limits the achievable coupling rates on the clock transitions. In this chapter,
we present an alternative method for coherent manipulations based on three-photon
transitions mediated via two short-lived intermediate excited states [154, 155]. At our
trapping wavelength of 813 nm, we realize an all optical qutrit comprising the ground
state 1Sy as well as the clock states 3Py and 3P2,mj:0, demonstrate coherent all-to-all
couplings using two- and three-photon transitions, and characterize the coherence
time. We analyze the current limitations of the coupling fidelity, which are dominated
by laser phase noise, and discuss methods for the characterisation and feedforward
suppression of high-frequency laser phase noise. The demonstrated two- and three-
photon transitions, coupling the qutrit states, open up new possibilities, for example,
for a measurement-free qubit reset and three-photon-based sideband cooling discussed
in Section 4.5. The experimental results presented in this chapter are partially based
on the publication [71].

3.1.1  Opening the ultra-narrow clock transition

Driving the ultranarrow clock transition 'Sy <+ 3Py in bosonic isotopes directly requires
strong magnetic fields to open the transition by admixing the state °P;. In a suitable
reference frame, corotating with the laser at wavelength 698 nm, the Hamiltonian is
given by Eq. (3.1). Here, A is the detuning of the clock laser from resonance, Arg is the
tine-structure energy splitting between the states 3Py and 3Py, dgg9 denotes the dipole
matrix element on the intercombination line, Eggg refers to the clock-laser electric field
strength, B denotes the magnetic field strength and yrs = 0.816yp denotes the reduced
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matrix element for the magnetic dipole transition 3P, « 3P [156, 157].

H = —Arps |’P1) (°P1| — A PPy) (PP

+ <d689E698 |1SO> <3P1| —+ I‘I/lpsB |3P0> <3P1| + hC) (31)
This Hamiltonian resembles the form of a “resonant two-photon process” mediated
via the state °P; and we obtain the resulting Rabi frequency Q¢ = degg Egos lszF SS

proportional to the magnetic field strength B. For a realistic magnetic field strength
of 1000 G the admixture of 3P; population remains below 10~7, which typically limits
the achievable Rabi frequency on the clock transition to a few kHz for realistic laser
intensities. Applying strong magnetic fields experimentally is typically constrained
to one specific direction along the orientation of one pair of high-field coils, which
limits the compatibility of magic-angle tuning techniques with coherent manipulations
of the clock states. This motivates the development of alternative techniques to en-
able fast coherent manipulations on the ground-to-clock transitions at intermediate
magnetic field strengths. In the following, we introduce three-photon ground-to-clock
couplings mediated by off-resonantly coupling to the >P; and %S states, starting with
a description of the laser system.

3.2 A frequency-comb-based laser system for
coherent two- and three-photon transitions

To realize coherent two- and three-photon transitions, for coupling both Py and >P; to
each other and additionally to 'Sy, we require a laser system that provides mutually
phase-coherent light fields at the wavelength 679, 688, 689, 707nm. This section
describes the corresponding laser system, which is based on phase-locking all lasers
to a common frequency comb (Menlo Systems FC1500). The whole system contains a
ULE reference cavity (Menlo Systems ORS), acting as reference for a transfer laser at
a wavelength of 1542 nm, which is locked to the cavity via the PDH-technique [158].
The frequency comb, with its main oscillator operating in the near-infrared, is then
stabilized via phase-locking to the transfer laser. The spectrum of the frequency comb
consists of multiple comb teeth and is parametrized by the carrier envelope offset
(CEO) frequency fcpo and the repetition rate (REP) frpp, as shown in Eq. (3.2). The
CEO frequency is independently measured using a f — 2f interferometer, which is
based on frequency-doubling the entire spectrum. In case of a sufficiently broad
spectrum, where the n-th and the 2n-th component are present in the optical spectrum,
one obtains a beating signal at the CEO frequency when superimposing the light with
its frequency-doubled version.

fn = fceo + 1 frep (3.2)
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Figure 3.1: Frequency-comb-based laser system for coherent multi-photon couplings.
a A sketch of the laser system is shown. The stability of a ULE reference cavity is
transferred onto the frequency comb by first locking a transfer laser at 1542 nm to the
cavity and subsequently locking the frequency comb to that laser. We phase-lock 4
lasers at 679, 688, 689 and 707 nm to the comb to establish their mutual phase coherence.
The residual drift of the ULE reference cavity translates to a corresponding drift of
the frequency comb spectrum. We track this drift by measuring the comb’s repetition
rate and reference it to a long-term stable maser signal. This provides the means to
dedrift the comb as discussed in the main text. Each light field is controlled via an
acousto-optic modulator (AOM) in double-pass configuration, to control the intensity
and apply programmable phase modulations. b The residual non-linear drift of the
ULE reference cavity is shown, which translates to an equal drift of the frequency comb
spectrum. Using a reference cavity with crystalline mirror coatings (green, 2024) we
observe a substantially stronger non-linear drift compared to IBS-coated mirrors (blue,
2025).

At the same time, the beat frequency between the comb and transfer laser is used to
transfer the stability of the cavity onto the comb, which narrows the optical linewidth
of the individual comb tooth by applying feedback to the comb’s repetition rate. The
resulting frequency comb spectrum, thus, inherits the spectral properties of the cavity
and provides a reference for locking the lasers of interest [159-163]. For that purpose,
the spectrum has to be broadened to cover the red wavelength regime. This is achieved
in a so-called supercontinuum module that exploits self-phase modulation in a non-
linear fiber and provides beat detection ports by filtering out suitable wavelength
ranges [164].

Since the frequency comb is effectively referenced to the ULE cavity, it also inherits
the slow drift of the cavity. This drift can be understood as small and slow variations
in the cavity length and a corresponding modulation of the resonance frequency with
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a typical rate of a few Hertz per minute. While this drift rate is negligible in the case
of MHz-regime transition linewidth, it may become relevant when addressing the
ultranarrow clock transition. We therefore compensate for the ULE aging and dedrift
the entire frequency comb. Since the CEO frequency is independently stabilized, the
drift of the ULE cavity translates to small variations in the repetition rate. These
variations are approximately 1.2 - 10° smaller than the corresponding drift in the
optical domain. For a drift of a few 100 Hz in the optical domain, that occurs on the
timescale of a few minutes, we thus have to resolve a frequency variation of a few
100 pHz in the RF domain. The repetition rate is measured using a frequency counter,
which is locked to a long-term stable maser signal, and its deviation with respect to
a programmable target value acts as an error signal for the drift compensation. The
deviation is subsequently compensated by smoothly adjusting the target frequency of
the phase-lock between the transfer laser and comb. Using a software PID controller
to process the error signal, we thereby dedrift the entire comb spectrum and provide
a long-term-stable absolute frequency reference. We use this feature, for example,
to dedrift the clock-laser setup, which is locked to an independent ULE cavity. A
beat of the clock light and the dedrifted frequency comb accurately tracks the drift
of the clock-ULE cavity, which we subsequently compensate for by adjusting the RF
frequency of the AOM in the clock setup for each experimental repetition.

Successfully dedrifting the frequency comb requires a sufficiently slow cavity drift
rate to allow for sufficient averaging of the repetition rate frequency. In other words,
the servo bandwidth of the PID controller has to be purposefully limited to avoid the
addition of high-frequency noise that is not present in the intrinsically slow cavity
drift. Our setup initially used a ULE cavity with crystalline mirror coatings. In this
case, we observed a strongly non-linear drift behaviour of the cavity with local rates
as high as 100 Hz/min and above. These locally rapid and varying drift rates initially
limited the performance of the dedrifting, since they require a higher servo bandwidth
to be compensated. After exchanging the crystalline mirrors with standard ion-beam-
sputtering-coated (IBS) mirrors, we obtain a rather linear drift with substantially
smaller non-linear residuals, shown in Fig. 3.1b.

3.3 Realization of an optical qutrit in strontium-88

3.3.1 Three-photon coupling from the ground to the clock state

To benchmark the three-photon couplings from ground to clock states, we trap atoms
in a 9 x 9-site tweezer array at a wavelength of 813 nm. The setup is shown in Fig. 3.2a
including the objectives to generate the tweezer arrays and to image the atomic ensem-
ble. The light fields used to drive two- and three-photon transitions are delivered to
the experiment via a single polarization-maintaining optical fiber, which guarantees
a good spatial overlap of all colors. All light fields at wavelength 679, 688, 689 and
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Figure 3.2: Overview of the setup for coherent two- and three-photon couplings.
a The optical setup relevant for the characterisation of the two- and three-photon
couplings is shown. We trap atoms in a 9x9 spot tweezer array at a wavelength of
813 nm projected onto the atoms via the upper objective and detect the fluorescence
with the bottom objective. To drive multi-photon transitions, we apply mutually phase
coherent light fields at wavelengths 679, 688, 689 and 707 nm delivered from a common
polarization maintaining fiber. b A priori, the 3Py state and °P, state experience
different polarizabilities, causing a strong differential light shift between the fine-
structure qubit states. We engineer magic trapping conditions by applying a 19G
magnetic field under a suitable angle with respect to the linear tweezer polarization. ¢
Three-photon couplings from the ground to either of the clock states are mediated by
two intermediate states, namely the 3P, and the 3S; states. Here, we show the relevant
levels and the excitation path. Note that all beams are delivered with a common linear

polarization, which contains 7t and ¢ projections as discussed in the main text.
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707 nm have the same linear polarization, which is tilted about 55° out of the horizon-
tal plane. This ensures an approximately equal projection onto the three polarization
components 7,0, 0, with respect to the horizontally oriented magnetic field.

The experimental sequence starts by trapping atoms in a two-stage magneto-optical
trap before loading the tweezer array and inducing parity projection. Afterwards, we
cool atoms to their radial motional ground state using light on the intercombination
line at 689 nm [134, 138]. State-sensitive detection of the atoms is performed by pushing
out ground-state atoms via rapidly scattering photons at 461 nm before repumping
and imaging the remaining atoms.

To find the three-photon resonance, we first identify the individual single-photon
resonances for the 689, 688 and 679 nm light fields. We apply a magnetic field with
a strength of 19 G, which separates the m;-substates within 3Py by about +38 MHz
and choose a detuning of —6 MHz with respect to the 'Sy <« 3P1,mj:,1 transition.
This detuning is sufficient to suppress off-resonant scattering on the transition due
to its narrow 7.4 kHz-broad linewidth. To suppress off-resonant scattering on the 3S;
state, we detune the 688 and 679 nm light fields by 12 GHz to the red with respect
to the previously found single-photon resonances. The relevant electronic states and
laser couplings are shown in Fig. 3.2¢c, including multiple excitation paths due to
the presence of all polarization components for all colors. We purposefully apply
a Zeeman splitting much larger than the intermediate state detuning with respect
to 3P;, in order to avoid a destructive interference of excitation path mediated via
the 3P1,m]:i1 states [154]. To find the three-photon resonance, given by Eq. (3.3), we
account for the single-photon light shifts and obtain the resonance by varying the RF
frequency used to drive the 688 nm AOM.

1 (02 0?2
A679 = Aegs + Nego — 1 (ﬁ - ﬁ) (3.3)

Using optical powers of Pggg = 75 uW, Pegs = 8.2mW and Psy9 = 850 nW focussed
to a horizontal (vertical) waist of 240 pm (90 um), we obtain a Rabi frequency of
19.16(2) kHz, see Fig. 3.4a. In the following, we use three-photon 7r-pulses to initialize
atoms in the 3Py clock state. To identify triple-magic trapping conditions between the
states 1Sy, 3Py, and 3P2,m].:0, we probe the trap-induced differential light shift between

the fine-structure (FS) states 3Py and 3P2,m]:0. A more detailed theoretical discussion
of the three-photon coupling in 4-level approximation is provided in Appendix A.

3.3.2 Triple-magic trapping conditions

At our trapping wavelength of 813nm, the ground state 'Sy and the clock state 3Py
experience an equal trapping potential, which is unaltered by magnetic fields due to the
absence of total angular momentum | = 0. Realizing triple-magic conditions relies on
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tuning the polarizability of the 3P2/mj:0 to the same value by applying a magnetic field
in the horizontal plane under a suitable angle with respect to the tweezer polarization,
as sketched in Fig. 3.2b. To find the magic angle, we initialize atoms in *Py and perform
spectroscopy on the two-photon transition to 3P2,m]~:0 by varying the frequency of
the 707 nm light field. A state-selective detection between the FS states is done by
transferring the 3Py population to 'Sy using a three-photon 7-pulse combined with a
ground-state pushout.

To measure an approximate estimate of the magic angle, we initially record the
resonance frequency of the spectroscopy sequence as a function of trap depth. To get a
more precise characterization of the magic angle, we subsequently use a Ramsey-type
sequence. We apply two 71/2-pulses on the fine-structure states separated by a variable
waiting time, and fit the oscillation frequency. This Ramsey frequency is given by the
differential light shifts between the FS states, which are caused by the light shifts of
the two-photon Raman beams and contain a trap-induced contribution. To measure
the trap-induced contribution, we record the Ramsey frequency as a function of trap
depth, see Fig. 3.3a. The slope of the Ramsey frequency as a function of trap depth
represents the trap-induced differential light shift and is independent of the light shift
induced by the Raman beams. Repeating the measurement for various magnetic field
angles, shown in Fig. 3.3b, yields a magic angle of about 78.5° in the close vicinity of
expectations.

Magic-angle tuning for the 3P, clock state is applicable across a broad range of
wavelengths and can be used to realize qubits combined with either 'Sy or 3Py. The
expected magic angles for the two qubit candidates are shown in Fig. 3.3c and cross
at 813 nm where a qutrit can be realized. In Section 3.3.7 we characterize the trapping
conditions in our scalable optical lattice at 1040 nm and experimentally measure the
cut-off wavelength for magic-angle tuning of the FS states.

3.3.3 All-to-all optical control over the qutrit states

Under common triple-magic trapping conditions, control over the qutrit states is real-
ized by fast two- and three-photon couplings. Since the magnetic field is constrained
by the magic-angle conditions the available field strength in our experiment (and also
other typical cold-atom experiments) is limited. Currently, we can generate magnetic
tields with a strength of up to 19G in the correct orientation, which is insufficient
for direct single-photon driving of the ground-to-clock transitions. The three-photon
transfer is thus an important tool to use the qutrit in experiments.

To demonstrate coherent control over all qutrit states, we drive Rabi oscillations
between any pair of states as shown in Fig. 3.4. The three-photon coupling from 'Sy
to 3Py exhibits a rapid dephasing dominated by laser phase noise, see Fig. 3.4a. To
estimate the influence of laser phase noise, we record the phase noise power spectral
density (PSD) for each laser by analyzing the in-loop beat signal between the laser and
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Figure 3.3: Fine-structure magic angle spectroscopy. To realize triple-magic trapping
conditions, we apply a 19 G magnetic field in the horizontal plane under a specific
angle. a To find the magic angle, we measure the trap-induced differential light shift in
a Ramsey sequence by varying the waiting time between two fine-structure 77/2-pulses.
We obtain the Ramsey frequency (see inset) as a function of trap power, which provides
a differential measurement independent of the light shift induced by the Raman beams.
b The trap-induced differential light shift is detected as a function of the in-plane
magnetic field angle. For an angle of 78.5° with respect to the tweezer polarization,
the differential light shifts cancel, and we obtain triple magic trapping conditions
for 3Py and 3P2/mj:0. ¢ The magic angle is shown as a function of wavelength for the

3Py 3P2,mj:0 (purple) and 1Sy « 3P2/m]:0 (red) transition. At our wavelength of

813 nm, the 'Sy and 3P states experience magic trapping conditions independent of
magnetic fields, enabling triple-magic conditions.

the common frequency comb. The noise densities are plotted in Fig. 3.5a, showing that
the 688 nm laser exhibits significantly stronger noise than the other lasers. Given this
measurement, we approximate the effective noise density of the three-photon coupling
with the phase noise PSD of the 688 nm laser alone.

Estimating the effect of laser phase noise

Considering this noise density, we compute the expected dephasing of the Rabi oscilla-
tions in a two-level approximation. The Hamiltonian used for this simulation is given
by a resonantly-driven two-level system with a time-dependent phase term:

Q ,
H= 5 1) (e] e W) 4 hc. (3.4)

To compute the dephasing of the Rabi oscillations, we average over 1000 repetitions
of the simulation for different instances of the time-dependent phase ®(t). The phase
traces are characterized by the measured phase noise PSD S¢, and we initially inter-
polate the phase noise measurement to an equidistant spacing df. Samples of the
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time-dependent phase are then given by Eq. (3.5), where @ € [0,27) is a randomly
selected phase [165].

D(t) =) \/2Sepdf cos (27 ft + D) (3.5)
f

With this simple model, we estimate the expected dephasing of the three-photon
Rabi oscillations, which is shown as the solid red line in Fig. 3.4a. The simulation
has no free parameter, and the excellent agreement with the measurement indicates
that laser phase noise is currently the main limitation of the fidelity. In addition to
numerical simulations of the two-level Hamiltonian (3.4), a modelling based on the
linear response formalisms, which is discussed in Appendix B, provides an efficient
description of the influence of laser phase noise and provides additional information
about the importance of spectrally-resolved noise components.

Numerical simulations of the three-photon couplings

To estimate the fundamental limitations of the three-photon coupling at the experimen-
tal settings, we numerically simulate a noise-free system, taking the entire Zeeman
substructure of the 3P; and 3S; states into account together with the qutrit states 1g,,
3P,y and 3P,. The numerical simulation, visualized in Fig. 3.4a (gray line), includes all
dipole-allowed couplings for which we compute the corresponding Rabi frequencies
between states |Jo, mo) and |J1, m1) according to:

Qi:pq'Ei/h'Di'(]O ! h)

mo g —m
x/2]1 +1- (=1)Jotht]>=m, (3.6)

Here, p, is a polarization projection factor, ¢ = —1,0, 1 labels the polarization o™, 7, ot
of the light field (i = 679,688,689) and |- denotes the larger value of Jy, J; [166].

The Rabi frequency depends on the electric field strength E = /4P /(rtwocep) for
given power P and beam waist wy and the reduced dipole matrix element D =

\/ 3€9nA3T / (872) on the transition with the inverse lifetime I' and the transition wave-

length Ag. In addition to the unitary Rabi couplings, we also include incoherent decay
from the states 3S; and 3Py and simulate the dynamics via a Lindblad master equation.
The numerical simulation, which is in more detail discussed in Appendix C, indicates
that the three-photon coupling can be used at significantly higher fidelities, com-
pared to the demonstrated dephasing rate of 1/t = 3.9(1) kHz and the corresponding
Q/2m-17~409.

Coherent two- and three-photon couplings

In addition to the three-photon coupling from ground to clock state 'Sy «+ 3Py, we
realize a three-photon coupling between 'Sy «+ 3P2/mj:0 by substituting the 679 nm
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Figure 3.4: Three- and two-photon Rabi oscillations. a Three-photon Rabi oscillations
between the ground state 'Sy and the clock state >Py driven by three phase-coherent
light fields at 689, 688 and 679 nm. The red line shows an estimation of the expected
dephasing based on the independently measured laser phase noise. For a noise-free
system, we compute the expected dephasing due to off-resonant scattering (gray
trace). See the main text for details regarding the phase-noise modelling and numerical
simulations. b To drive three-photon couplings from Sy to 3P,, we substitute the
679 nm light field with a beam at a wavelength of 707nm. ¢ The meta-stable clock
states are connected by a two-photon process using the 679 and 707 nm beams, enabling
fast couplings. Here, the dephasing is also limited by laser phase noise as discussed
further in the main text.

light field with a phase-coherent beam at 707 nm. Using optical powers of Psg9 =
75uW, Psgg = 5mW and Pyp; = 900 pW, we observe a three-photon Rabi frequency of
10.27(3) kHz on this transition, see Fig. 3.4b. We attribute the dephasing again to laser
phase noise dominated by the excess noise of the 688 nm laser.

Scalability of the three-photon coupling We experimentally demonstrate a three-
photon Rabi frequency of 19.16(2) kHz using optical powers of Psgg = 75 tW, Pegg =
8.2mW and Psy9 = 850 pW focused to an elliptical waist of approximately 240 pm
(90 pm) along the horizontal (vertical) direction at detunings of Agg9 = 6 MHz and
Aesge79 ~ 12GHz. To estimate the feasibility of drastically enhanced three-photon
Rabi frequency, we consider scaling up the power of the 688 nm and 679 nm beams by
a common ratio f. In this case, the individual Rabi frequencies ()ggg 679 are enhanced
by a factor /B, implying that the three-photon Rabi frequency scales up linearly
()3 o« B. Since the single-photon scattering rates of the 688 and 679 nm beams depend
as well linearly on f, the scattering-induced infidelity per 7r-pulse is unaffected, until
off-resonant two-photon scattering on the 3P; state has to be considered. Realizing a
three-photon Rabi frequency of 1 MHz at our given beam waist and detunings, thus
corresponds to optical powers of approximately 410 mW at 688 nm, 43 mW at 679 nm
while maintaining the power of 75 uW at 689 nm [71]. This demonstrates the scaling
potential of three-photon couplings, and further Rabi frequency boosts are conceivable
by increasing the power of the 689 nm beam. However, compensating for the enhanced
off-resonant scattering in this case requires detuning the beam further, which gives
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rise to (destructive) interference of excitation paths mediated by different >P; Zeeman
levels [154]. To reach a Rabi frequency of approximately 1 MHz at equal beam waists,
the direct single-photon coupling would require a prohibitively high optical power of
1kW at a magnetic field strength of 1000 G.

Two-photon fine-structure manipulations Significantly faster coupling rates can be
realized by coupling the two clock states 3Py «+ 3P2m],:0 directly using a two-photon

process mediated via the excited 3S; state using light fields at 679 nm and 707 nm. Using
optical powers of only P7o; = 900 uW and Pg79 = 850 W (focussed to an elliptical
Gaussian spot with waists 240 um and 90 um), we obtain a Rabi frequency of 117 kHz
on two-photon resonance. For this measurement, the applied polarization, which is
angled by approximately 55° with respect to the quantisation axis, is suboptimal and
effectively lowers the achievable coupling rate. This polarization choice, however,
maximizes the three-photon coupling rates , and we choose to characterize the qutrit
system under common conditions. The two-photon fine-structure Rabi oscillations,
shown in Fig. 3.4c, exhibit dephasing on a timescale of 50.1(14) us obtained from an
exponential fit. To understand the limitations of the achievable coherence times in our
angle-tuned trapping potentials, we carry out a detailed benchmarking of the T; and
T times of the fine-structure qubit, which are discussed in the following.

3.3.4 Ramsey and spin-lock measurements

In order to bypass the excess phase noise of the 688 nm light field, we characterize the
coherence times of the FS qubit. For the measurements discussed here, we initialize
the atoms in the FS-subspace using a three-photon pulse in triple-magic conditions.
During the initialization, we use a trap depth of approximately 0.5 mK, which gives rise
to a radial trap frequency of 100 kHz. In this case, the three-photon pulse operates in
the sideband-resolved regime and provides a motional-state-preserving initialization
of the qubit register for the radial direction.

To measure the T; time of the system, we use a Ramsey sequence on the FS qubit
and vary the duration between two 7r/2-pulses. We observe Ramsey oscillations,
which probe the differential light shift induced by the two Raman beams. While the
two-photon coupling is resonant in the presence of both beams, their absence gives
rise to an effective detuning, which causes the Ramsey oscillations. Our measurement,
shown in Fig. 3.5b, reveals a tweezer-averaged T} time of 463(7) us obtained from an
exponential fit. This rapid drop in Ramsey contrast is caused by an inhomogeneous
distribution of the Ramsey frequency, i.e. a tweezer-dependent differential light shift,
which we discuss in more detail in Section 3.3.5. To understand the limitations of
the FS Rabi oscillations, we carry out a spin-lock measurement in comparison to the
Ramsey sequence. Here, we first apply a FS 71/2-pulse along the Y-axis of the Bloch

sphere, which transfers the system into the state |[+) = \% <|3P0> + |3P2,m/.:0>> aligned
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Figure 3.5: Fine-structure Ramsey and spin-lock measurement. a Phase noise power
spectral density measurements for the light fields at 688 nm (red), 689 nm (blue), 707 nm
(purple), and 679 nm (green). To estimate the noise densities, we analyze the in-loop
radio-frequency beat signal of the respective laser and the common frequency comb. b
Ramsey measurement on the fine-structure qubit carried out by varying the dark time
between two 71/2-pulses. The tweezer-averaged Ramsey contrast (green) rapidly drops
due to an inhomogeneous distribution of Ramsey frequencies (inset). In contrast, the
single-tweezer Ramsey contrast (gray squares) shows no noticeable drop on the shown
timescales. The inhomogeneous distribution of the Ramsey frequencies is caused by
polarization gradients across the tweezer array and is discussed in detail in the main
text. ¢ Comparison of Ramsey and spin-lock measurement. The Ramsey contrast
(green) decays exponentially with a time constant of Tz = 463(7) ps. For comparison,
the spin-lock measurement (red) exhibits decay with a time constant of 49(4) us. Here,
we first apply a 7t/2 pulse around the y-axis of the Bloch sphere to align the system in
the state |[+) along the x-axis. The subsequently applied x-drive stabilizes the system
before another 71/2 pulse closes the interferometer. This technique provides insight
into the laser phase noise as discussed in the main text.

along the X-axis. Subsequently, we turn on an X-drive, which stabilizes the system,
before another 77/2-pulse with variable analyzer phase translates the atomic phase
back to measurable populations. We measure the contrast of the fringe when varying
the analyzer phase for multiple X-drive durations. The spin-lock measurement, shown
in Fig. 3.5¢, exhibits a significantly faster dephasing than the Ramsey sequence on
a time scale of 7,, = 49(4) pus. The observation that the driven system (spin-lock)
dephases more rapidly compared to a sequence where the atoms spend most of the
time in the dark (Ramsey) indicates that laser phase noise is limiting the contrast of the
Rabi oscillations and hence the gate fidelity.
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Probing the noise density with spin-lock measurements

Going beyond the comparison to Ramsey sequences, spin-lock measurements can
be used to experimentally probe the phase noise of light fields at the position of the
atoms, and in our case, can be used to measure the two-photon phase noise power
spectral density directly. For sufficiently long probe durations, the exponential decay
rate I'yy = 1/ of the spin-lock can be directly related to the frequency noise power
spectral density [165] as given by Eq. (3.7). A spin-lock measurement can then be used
to measure the noise power spectral density at the Rabi frequency. Intuitively, this
can be understood in a dressed state picture, where the |+) and |—) eigenstates of the
driving field are separated energetically by the Rabi frequency (). The system remains
in the |4) eigenstate throughout the evolution unless phase noise at the Rabi frequency,
and hence at the energy splitting, drives the system into the |—) eigenstate.

Ty = m25,(Q/(2m)) (3.7)
So =S,/ f? (3.8)

In our case the measurement of 7, = 49(4) ps translates to a frequency noise power
spectral density of 2068(169) Hz?/Hz. To compare this result to the measurements
in Fig. 3.5a, we compute the phase noise power spectral density in units of dBc/Hz,
which is given by Lo = log,;, (Se/2) - 10 [167]. For the Rabi frequency of /2 =
117 kHz we obtain a phase noise PSD of approximately —71 dBc/Hz in good agreement
to the in-loop measurements in Fig. 3.5a. In conclusion, the spin-lock measurements,
which probe the out-of-loop phase noise at the atomic position, indicate that currently
laser phase noise is the main limitation for the two- and three-photon couplings, while
numerical simulations show that limitations due to off-resonant scattering allow for
substantially better fidelities. A detailed description of the linear response formal-
ism, used here to relate the spin-lock measurement to the frequency noise density, is
provided in Appendix B.

3.3.5 Coherence times

The fine-structure Ramsey measurement in Fig. 3.5b exhibits an ensemble-averaged
contrast decay on the time scale of 7r = 463(7) ps, caused by an inhomogeneous
distribution of Ramsey frequencies. Indeed, the contrast of a single tweezer shows no
noticeable dephasing on the experimentally-tested time scales of up to 700 ps, high-
lighting that the T, time is limited by a inhomogeneous trap-induced differential light
shift. Such inhomogeneities can be mitigated with dynamical decoupling techniques,
characterized by the measurements shown in Fig. 3.6. Using a single spin-echo pulse,
we obtain a T, time of T, = 36(2) ms on the FS qubit. The coherence time is further
boosted using a XY-4 dynamical decoupling sequence that makes use of alternating
rt-pulses around the X- and Y-axis of the Bloch sphere, as sketched in Fig. 3.6c. At
our trap depth of 46 uK we obtain a coherence time 7,5 = 97(6) ms, which is further
boosted to 14 = 346(37) ms upon lowering the trap depth to approximately 5 uK. We
additionally benchmark the coherence time for a XY-8 dynamical decoupling protocol
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Figure 3.6: Fine-structure coherence time in triple-magic conditions. a Comparison
of the measurements to benchmark the atom-laser coherence. We obtain a T, time
(green) of T = 463(7) us, measured with a Ramsey sequence, at a trap depth of
46 uK. Applying a single spin-echo, we obtain a T, time of 7, = 36(2) ms (olive-
green), which is further boosted using a XY-4 dynamical decoupling sequence reaching
T = 97(6) ms. At a lowered trap depth of 5uK we obtain an atom-laser coherence
time of 737 = 346(37) ms using a XY-4 sequence. The inset shows a single measurement
of the contrast obtained by varying the phase of the last 71/2 pulse. b To additionally
benchmark the atom-atom coherence time, we analyze correlations in the measurement
and compute a lower limit for the coherence time. The analysis is based on averaging
over all possible pairs of ¢g(?) correlation functions and can be formally related to the
off-diagonal entries of the density matrix; see the main text for details. To visualize
the measurement, we divide the 9x9-site tweezer array into a left and right portion
to correlate the excitation probability in each subset (insets). The eccentricity of the
titted ellips drops as a function of waiting time, which visualizes the drop in mutual
atom-atom coherence. ¢ Sketch of the pulse sequences used for benchmarking the
coherence time. The total waiting time, indicated by the black arrows, is varied.
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that makes use of more 7r-pulses; however, we obtain a low contrast and no noticeable
enhancement of the coherence times, which we attribute to the limited 7r-pulse fidelity.
We expect that longer coherence times are accessible using higher-order decoupling se-
quences and improved single-qubit gates. However, even the demonstrated atom-laser
coherence time of 346(37) ms opens up interesting quantum computing perspectives
due to the fast achievable coupling rates of several 100 kHz.

To benchmark the fundamental limits of the coherence time in tweezer-based angle-
tuned trapping potentials, we estimate the atom-atom coherence time following an
analysis presented in Ref. [32]. For a two-level system with states |g) and |e), a lower
bound of the atomic coherence is given by (3.9). Here, C, denotes the average of
the gsz) = (5;5;) — (Si)(S;) correlator across all pairs of tweezers with indices i and
j within a subset b, as defined by (3.10). The expectation value of the spin operator
S; with eigenvalues —1 (+1) for the states |g) (|e)) is obtained by averaging over all
repetitions of the experiment and over all phase values of the Ramsey-type sequence.

lpeg| = 1/ (Cp) /2 (3.9)
_ 1 (2)
= NN ;gii (3.10)

We obtain the expectation value (Cp) by dividing the tweezer array into subsets of
2 x 2 neighboring tweezer sites and average over all possible subsets. The resulting
lower bound for the atomic coherence time of 715(30) ms is obtained from a Gaussian
tit. To visualize the degree of mutual atom-atom correlations, we divide the tweezer
array into two parts and correlate the excitation fractions as shown in Fig. 3.6b. The
eccentricity of an ellipse fitted by a singular value decomposition visualizes the atomic
coherence time, which can exceed the atom-laser coherence time significantly.

Our measurements demonstrate that state-of-the-art coherence times can be real-
ized in systems of optical tweezer arrays that rely on magic angle tuning techniques
despite the presence of polarization gradients within the tweezers, which give rise to
position-dependent light shifts and motion-induced dephasing [168]. Demonstrating
competitive coherence times for these systems marks an important achievement due
to its applicability across a broad range of wavelengths and other atomic species. Our
measurements also show the relevance of polarization gradients across the array, which
are analyzed in Section 3.3.6.

Three-photon coherence times

In addition to the detailed benchmarking of the FS coherence time, we characterize
the coherence times currently achievable on the three-photon transfer, which are
summarized in Fig. 3.7a. We obtain a T, time on the 15, 3P2,m].:0 transition of

szz = 470(18) ps, measured with a Ramsey sequence. The T} time obtained for the
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Figure 3.7: Three-photon coherence time & spectroscopy. a Comparison of the three-
photon coherence times obtained in Ramsey- and spin-echo-type sequences. For the
three-photon coupling on the 'Sy ++ *Pg and 'Sy «» °P3 ;¢ transition, we obtain a

T; time of T;PO = 3.4(2) ms (red diamonds) and T;PZ = 470(18) ps (blue diamonds),
respectively. Using a spin-echo sequence, the resulting T, times are T;P 0 =14.8(22) ms

(red circles) and T;P 2 = 8.1(24) ms (blue circles), respectively. For comparison, the spin-
echoed T, time on the fine-structure states under equal conditions is T, = 36(2) ms
(olive-green circles). b Three-photon spectroscopy on the 'Sy 3P2/m]:0 transition in
triple-magic conditions. The carrier in the center is accompanied by a cooling (heating)
sideband on the left (right) offset by the trap frequency of about 100 kHz from the
carrier. The imbalance of the cooling and heating sidebands confirms that near ground-
state cooling is achieved with a mean residual excitation number of 7 = 0.14(4). A
tweezer-resolved analysis of the carrier frequency (inset) shows a tweezer-dependent
resonance shift that we attribute to polarization gradients across the array. ¢ Tweezer-
resolved spectroscopy of the three-photon 'Sy «+ 3P2,mj:0 resonance.

ground—to-3P2-clock transition resembles the T duration on the fine-structure qubit,
since both qubit choices are limited by the susceptibility of the 3P; state to polarization

gradients. This gets evident by the enhanced T; duration of T;PO = 3.4(2) ms observed

on the three-photon 15, < 3P transition, which is insensitive to a locally varying
3
polarization angle. Using a spin-echo sequence, the resulting T, times are Te =

14.8(22) ms and T;P 2 = 8.1(24) ms, respectively. This demonstrates that dynamical
decoupling sequences can also be applied to the three-photon couplings to mitigate
inhomogeneous effects and suppress the influence of low-frequency noise sources.
With improved phase noise densities, we expect also significantly enhanced atom-laser
coherence times on the three-photon couplings.
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3.3.6 Polarization gradients
Polarization gradients across the tweezer-array

To characterize the tweezer-dependent light shifts, we carry out precision spectroscopy
on the three-photon 180 > 3P2/m],:0 transition. Our measurements, shown in Fig. 3.7b,c,
resolve the radial motional sidebands of the tweezer array, which are offset by about
100kHz from the carrier. The three-photon spectroscopy confirms the efficiency of
the sideband cooling, reaching a mean residual number of motional excitations of
i1 = 0.14(4) corresponding to a radial ground-state occupation of 88(3) %. The tweezer-
resolved analysis reveals a tweezer-dependent shift of the carrier resonance, which
resembles the distribution of Ramsey frequencies already encountered in Fig. 3.5b.

The resonance shift is caused by a position-dependent polarization, which gives rise
to polarization gradients across the tweezer array. To estimate the local polarization tilt,
the tweezer-dependent resonance shift A fr.s at a given trap depth U is converted to a
polarization angle correction following Eq. (3.11). Here, v = 6.03kHz/ (mKmrad) /kg
is the measured slope of the light shift as a function of magnetic field angle, obtained
from the measurement in Fig. 3.3b.

A f res 1
Af = Uy v (3.11)

The observed resonance shift of a few kHz (see inset in Fig. 3.7b) translates to an
angular spread of about +1.6 mrad across the tweezer array as shown in Fig. 3.8a.
This distribution of locally varying polarizations is compatible with a small mismatch
of the tweezer optics from a telecentric configuration. The optical setup, sketched
in Fig. 3.8¢c, includes an SLM installed in the Fourier plane of the first lens with focal
length f;. Using a simple ABCD-matrix calculation, we estimate the effect of an
axial displacement 6 = d; — f1 # 0 onto the tilt ¢’ in the focal plane within the
paraxial approximation. The model includes the lenses with focal length f; and the
free propagation over distances d;. Assuming a centered input beam (r = 0), the tilt is
given by Eq. (3.12). Here, M = % = 3 is the magnification of the relay telescope that
images the SLM onto the back-focal plane of the microscope objective with focal length
f3 = 24 mm. Within our ABCD-matrix model, we find that the strongest sensitivity for
tilts in the focal plane is given by a displacement of the first lens, and neglect additional
deviations from a telecentric configuration.

M
o =22 (3.12)

f3
For the 9 x 9 tweezer array, the individual tweezers cover an angular spread of about
@ = £2.5mrad in the Fourier plane of the SLM system. This indicates a plausibel
mismatch of § ~ 5.3 mm with respect to a telecentric system in order to explain the
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Figure 3.8: Polarization gradients. a The tweezer-dependent resonance shift on the
15y < 3P2,m].:0 transition is caused by polarization gradients across the tweezer ar-
ray. Using the known sensitivity obtained from the magic-angle measurements, the
resonance shift is translated to a locally varying polarization angle. This position-
dependency is compatible with a small mismatch of the tweezer system from a telecen-
tric configuration. b In addition to gradients across the tweezer array, the polarization
within each tweezer exhibits gradients due to the high numerical aperture used to
focus the beam. We compute the local polarization numerically by solving the vector
Debye integrals and obtain the resulting differential light shifts for a ground-state trap
depth of 46 nK and magnetic field strength of 19 G. The white dashed ring indicates
the tweezer waist of about 700 nm and the inner solid ring indicates the root-mean-

square extent of the ground state |/ (£2_,). ¢ To generate the optical tweezer array,

we use a SLM installed in a Fourier plane of the imaging system. For a telecentric
configuration, the angle ¢’ in the focal plane is independent of the position. However,
for small deviations § = d; — f1 # 0 one obtains a position dependent angle and thus
a spatially-dependent polarization gradient.

polarization gradients across the tweezers. For a larger tweezer array the polarization
gradients across the array give rise to a larger spread of resonance frequencies and
would further reduce the ensemble-averaged T, duration, however, with an improved
axial alignment of the optical system, this effect can be eliminated. To provide a
sufficiently precise alignment, it is advisable to confirm the axial placement of the
lenses using an infinity corrected camera. To that end, one first prepares an infinity
corrected camera by imaging a target that is sufficiently far away. To avoid chromatic
shifts, a suitable filter is installed in front of the camera. We typically image a pattern,
like a tree, a sign, or a building, at a distance of several 10s of meters and lock the lens-
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camera-assembly to a fixed distance. Subsequently, the SLM can be placed precisely in
the Fourier plane by imaging the phase pattern through the first lens and the infinity-
corrected camera assembly. If the SLM shows a pattern with sharp corners, e.g., a
checkerboard pattern, the relative distance can be accurately set in order to generate a
sharp image.

In addition to polarization gradients across the tweezer array, each individual
tweezer exhibits a spatially varying polarization due to the high numerical aperture
of the focusing lens [146]. This gives rise to a spatially varying differential light shift,
which is discussed in the following.

Polarization gradients within each tweezer

To compute the energy landscape within each tweezer, we first compute the local
polarization by solving numerically the vector Debye integrals [169]. Afterwards, we
compute numerically the eigenstates of the Hamiltonian, which includes the l1ght field
and the magnetic field H = Hg + Hp. The magnetic part Hp = pip g ] - B contains
the coupling of the angular momentum operator ] to the magnetic field B with the
Bohr magneton g and the Landé factor g;. The electric field contribution is given
by Eq. (2.6) for the special case of a linearly polarized trap [138, 168]. Solving the
eigenstates numerically for our magnetic field strength of 19 G and a ground-state
trap depth of 46 K, we find the differential energy landscape shown in Fig. 3.8b. This
calculation shows that tweezer-arrays are susceptible to polarization gradients, which
give rise to sizeable differential light shifts even at shallow trap depth. Realizing
long coherence times in these systems thus requires cold ensembles to minimize the
inhomogeneous distribution of differential light shifts sampled by a thermal ensemble.

Importantly, our measurements have shown that long coherence times in tweezer-
based angle-tuned trapping potentials are feasible despite the polarization gradients
within each tweezer even in the absence of three-dimensional ground-state cool-
ing [168]. This is a decisive demonstration that makes the fine-structure qubit an
intriguing candidate for large-scale quantum computing. To minimize the effect of
polarization gradients, we envision trapping the atoms in optical lattices instead of
tweezer arrays. This not only minimizes polarization gradients, but also provides
a favourable scaling of the number of trapping sites with the available laser power,
which is discussed in Section 4.4.4. The following section provides a detailed character-
ization of the FS qubit at different trapping laser wavelength in the IR regime, where
high-power laser sources are readily available.

3.3.7 Fine-structure qubits trapped in IR wavelength

To characterize the fine-structure qubit for trapping wavelength in the infrared regime,
we first load single atoms into a tweezer array at a wavelength of 520 nm and subse-
quently implant the atoms into well-defined sites within our horizontal two-dimensional
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Figure 3.9: Fine-structure magic angle spectroscopy in an IR lattice. a To character-
ize the trapping conditions in the lattice, we repeat the Ramsey-based magic angle
spectroscopy and extract the trap-induced differential light shift as a function of the
magnetic field angle. At our wavelength, we expected a magic angle just below 90°;
however, we find that magic conditions on the FS qubit are not available at this wave-
length. To exclude an uncontrolled tilt between magnetic field and light polarization,
we vary the angle and even invert the polarity of the vertical coil pair to access angles
above 90° in our parametrization. b Ramsey oscillations between the fine-structure
states in the optical lattice at 1040 nm. To rule out that the rapid dephasing is caused by
an insufficient magnetic field strength, we measure the Ramsey frequency as a function
of field strength without changing the field angle. ¢ The Ramsey frequency probes the
trap-induced differential light shift, and a sufficiently strong magnetic quantization
axis is required for magic angle tuning. Here, a trap depth of about 75 uK is used, and
a magnetic field of at least 3 G is sufficient to define the quantization axis.

optical lattice. The loading procedure is in detail described in Chapter 4, and this sec-
tion instead focuses on the properties of the FS qubit.

In order to obtain the trap-induced differential light shift, we measure the Ramsey
frequency as a function of trap depth for various magnetic field angles, as already out-
lined before. According to theoretical estimates, shown in Fig. 3.3c, we expect a magic
angle in the close vicinity of 90°. At the trapping wavelength of 1040 nm we, however,
observe no zero-crossing of the light shift and obtain the lowest differential light shift
for a 90° angle, see Fig. 3.9a. Given the close vicinity to a right angle, this could, in
principle, be caused by a tilt of the coil assembly or the lattice polarization with respect
to each other. To test this experimentally, we change the polarity of the vertically-
oriented bias coils and benchmark angles above 90° in the chosen parametrization.
The measurement confirms that the lowest differential light shift is reached for right
angles, which confirms the correct orientation of coils and polarization and implies
that magic angle tuning of the FS qubit is not possible at a wavelength of 1040 nm.
The discrepancy to our theoretical estimates is caused by residual uncertainties of
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the polarizability on the order of O(10%). While these uncertainties are typically
negligible for the estimation of realistically feasible trap depth in experiments, they
sensitively affect the magic angles, which depend on the polarizability difference of
electronic states, see Eq. (2.8).

Magic angle tuning requires a sufficiently strong magnetic field to avoid a com-
petition of quantization axes with the electric field polarization. To rule out that the
measurement is limited by an insufficient field strength, we measure the Ramsey
frequency as a function of magnetic field strength, see Fig. 3.9b,c. The measurement
shows that a magnetic field strength of about 3 G is sufficient to define the quantization
axis at the trap depth of approximately 75 pK used here.

Despite the residual differential light shift of about 150 Hz /pK, we benchmark the
coherence time of the system. The T} time, measured with a Ramsey sequence, shows
a rapid dephasing on the time scale of 133(4) ps, obtained from an exponential fit.
To mitigate inhomogeneities, we apply a spin-echo pulse and observe significantly
longer coherence times shown in Fig. 3.10. The spin-echo contrast exhibits revivals
with a modulated amplitude that varies on the time scale of about 1 ms. We attribute
this modulation to an oscillation of atoms along the vertical direction, where the trap
frequency for this measurement was approximately 1.3 kHz. In this case, the spin-echo
sequence used here can give rise to rephasing, which counteracts the effect of the
residual inhomogeneous differential light shift given by the envelope of the lattice
beam. This measurement highlights the need for magic trapping conditions in order to
decouple the internal and the motional degrees of freedom.

To confirm the assumption that the differential light shift drops at lower wavelength,
we tune the lattice wavelength to 1032 nm and repeat the characterization of the FS
magic angle, see Fig. 3.9a. Indeed, at this wavelength, the light shift is reduced, which
indicates that magic angle tuning is feasible for some cut-on wavelength below 1032 nm.
Recently published ab-initio calculations predict a wavelength of 1010(170) nm, where
a magic angle of 90° is reached [141]. Due to the large uncertainty in the prediction, an
experimental validation is required. Unfortunately, our optical lattice system is limited
to wavelengths above 1032 nm because of the finite optical bandwidth of the high-
power Ytterbium-doped fiber amplifier. To carry out the spectroscopy with a tunable
light source, we make use of a Titanium:Saphir laser as described in the following.

Fine-structure 90° magic wavelength spectroscopy

In order to find the wavelength which provides magic trapping conditions for the FS
qubit under a magnetic field angle of 90°, we focus an IR probe beam to a waist of
20 um onto tweezer-trapped atoms. The tweezer array operates at a wavelength of
813 nm and the magnetic field is applied in the horizontal plane to generate FS-magic
trapping conditions with respect to the tweezer potential. Additionally, the probe beam
is provided with vertical polarization, which satisfies the right-angle constraint with
respect to the magnetic field. Using a Ramsey sequence, we measure the differential
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Figure 3.10: Fine-structure Ramsey measurement in the optical lattice. To bench-
mark the coherence time of the fine-structure qubit trapped in the optical lattice, at a
wavelength of 1040 nm, we implant individual atoms from the tweezer array into the
lattice and carry out a Ramsey sequence (green). Because of the residual light shift,
the atoms quickly dephase on a time-scale of 133(4) ps obtained from an exponential
tit. For comparison, we add a single spin-echo pulse, which considerably boosts the
coherence time (yellow). The contrast of the spin-echo sequence exhibits a modulation
on the 1 ms time scale, which we attribute to oscillations of the atoms along the vertical
direction of the lattice, where the vertical trap frequency is approximately 1.3 kHz. The
insets show the revival of the contrast due to the spin-echo.

light shift induced by the probe beam and calibrate the probe-induced trap depth via
shelving spectroscopy on the intercombination line. At the available laser power of up
to approximately 3 W, we can generate a trap depth of a few 10s of uK. To align the
beam initially, we couple resonant light at 689 nm into the probe beam fiber and align
the beam onto the atoms by addressing a Sisyphus heating resonance, which removes
atoms from the trap. The correct alignment is confirmed with a tweezer-resolved probe
shift measurement, from which we extract the beam waist at the atomic position. The
measurement is presented in Fig. 3.11a and reveals a 90° magic wavelength for the
strontium fine-structure states of 997(1) nm. This measurement provides the means to
benchmark theoretical calculations in order to provide more accurate estimations of
atomic polarizabilities. Furthermore, it implies that FS-magic trapping conditions can
be realized at wavelengths below 997(1) nm, which may guide future experiments in
this direction.

At this point, we can propose an efficient and robust architecture for quantum com-
puting applications that makes use of the FS qubit, see Fig. 3.11b. A vertically polarized
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Figure 3.11: Fine-structure 90° magic wavelength spectroscopy. a We measure the
wavelength for fine-structure magic trapping conditions for an angle of 90° between
the trap polarization and the magnetic field. Here, we trap atoms in a 9x9 tweezer array
at a wavelength of 813 nm and apply a magnetic field to generate magic conditions
with respect to the tweezer array. In addition, we superimpose a vertically polarized
probe laser beam at a variable wavelength and carry out a Ramsey sequence to obtain
the probe-induced differential light shift (blue dots). The normalization to trap depth
is done via shelving spectroscopy on the intercombination line, yielding a magic
wavelength of 997(1) nm. For comparison, the measurements in the optical lattice at
1040 nm and 1032nm are shown (green squares) in excellent agreement. The inset
shows the probe-beam-induced tweezer-resolved light shift on the intercombination
line, which confirms the correct centration of the probe beam on the tweezer array. b
The 90° magic wavelength offers the possibility for a simple and robust architecture. A
vertically polarized lattice provides fine-structure magic trapping conditions for any
in-plane-oriented magnetic field. This flexibility can be used to additionally generate
magic conditions for an in-plane polarized tweezer array, for example, at a wavelength
of 813 nm. Using an in-plane magnetic field to satisfy both magic angle constraints
has the advantage that the spurious effect of polarization gradients is suppressed,
compared to an out-of-plane field.

lattice at 997 nm is generated in a power-efficient folded configuration. Individual
atomic qubits are shuttled in the lattice geometry using tweezer arrays, for example,
operating at a wavelength of 813 nm. The magic angle constraint for the optical lattice
is conveniently fulfilled for any in-plane magnetic field. This freedom can be exploited
to generate, at the same time, magic conditions for the vertically propagating and
horizontally polarized tweezer array. Using an in-plane magnetic field is advantageous
since it suppresses the effect of spurious gradients with a spatially varying out-of-
plane polarization contribution. Such a setup combines the scalability of lattice-based
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systems with the single-site control of tweezers and the arbitrary connectivity enabled
by the coherent shuttling of atoms. Chapter 4 contains a discussion of the assembly
of atom arrays in optical lattice potentials. Recently, we demonstrated the coherent
transport of atomic FS qubits using a AOD-driven tweezer at a wavelength of 813nm,
which paves the way to utilizing the FS qubit in zone-based architectures.

The multi-photon couplings are not only advantageous due to their relaxed mag-
netic field strength requirements, but also offer new possibilities that are not available
in setups relying on direct single-photon transitions, such as the ability to realize a
probe-shift-free coupling. In the following, we discuss a protocol for a measurement-
free qubit reset exploiting the arbitrary two-photon control within the 3P; manifold.

3.3.8 Measurement-free qubit reset

When driving three-photon Rabi oscillations, as discussed in Section 3.3.3, the system
decoheres after some time to a mixed state which is no longer suitable for quantum
information processing. Here, we present a protocol for a measurement-free qubit
reset based on a dissipative reset via the state 3P;. For the three-photon 1S, < 3Py
qubit, we first drive three-photon Rabi oscillations. When the system decoheres we
couple the state >Py to 3P1/m],f 1 using a two-photon transfer via the phase-coherent

light fields at 679 nm and 688 nm. Subsequently, the atoms decay to 'Sy where the
population accumulates and thereby resets the qubit state. Afterwards, we resume the
three-photon oscillations as shown in Fig. 3.12b. To realize the reset we implement a
pulsed sequence of 1.1 ps-long two-photon pulses followed by a 50 ps waiting time
during which atoms decay. This pulsed protocol minimizes unwanted Rabi oscillations
during the reset in order to minimize off-resonant scattering from the intermediate
excited state 3S;. We demonstrate the reset with a proof-of-principle experiment shown
in Fig. 3.12a, where the residual 3Pj population is recorded as a function of the number
of reset pulses. With improved laser phase noise and a more accurate calibration of the
two-photon 3Py « 3P1,m].:_1 rt-duration, we envision that fewer cycles are needed to

reset qubits.

Applied to the FS subspace, the dissipative reset protocol outlined here offers the
possibility to selectively transfer the qubit states to 'Sy for state-resolved imaging.
Compared to alternative approaches based on repumping the 3P, directly, for example,
using light at a wavelength of 497 nm, the two-photon transfer is sensitive to the m;-
substate of 3P, which can be used to detect unwanted scattering events into 3P2,mj¢0.

Furthermore, the dissipative reset protocol may have application for recently proposed
measurement-free quantum computation [170].
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Figure 3.12: Measurement-free qubit reset. a To reset qubits without a projective
measurement, we apply a two-photon pulse coupling the 3Py state to 3P1,mj:,1 from
where they decay further to the electronic ground state. To avoid unwanted Rabi
oscillations between the two states, we demonstrate a pulsed qubit reset starting with
a 1.1 ps-long two-photon pulse followed by a 50 s waiting time during which atoms
decay. b We demonstrate a measurement-free qubit reset and drive three-photon
Rabi oscillations from 'S to Py until the system dephases. Afterwards, we apply the
dissipative reset and resume Rabi oscillations.

3.4 Towards a low-phase-noise laser system

The measurements presented in this chapter have shown that laser phase noise is an
important figure of merit for two- and three-photon transitions. This section provides
additional technical details regarding the measurement of phase noise power spectral
densities directly in the optical regime and presents techniques to reach substantially
lower noise densities using feedforward noise suppression.

3.4.1 Measuring phase noise

Estimating the effect of laser phase noise relies on accurate measurements of the
applicable noise densities in the experiment. Measuring phase noise can be done
via a comparison to an optical reference. In this case, the light field of interest is
superimposed with an optical reference, and the beat signal is recorded with a fast
photodetector. The phase noise density can then be extracted by analyzing the elec-
tronic signal of the photodetector, which, however, requires a suitable low-noise optical
reference. Practically, it is more convenient to measure the noise density of a light
tield directly in the optical domain using a fiber-coupled light field provided to a suit-
able analyzer. In this section, we characterize a home-built frequency noise analyzer
following Ref. [171].

The working principle is based on a delayed self-homodyne detection in an im-
balanced fiber-interferometer, and the setup is sketched in Fig. 3.13b. The input light,
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Figure 3.13: Phase noise measurement with an imbalanced fiber-based interfer-
ometer. a The phase noise power spectral density (PSD) of a test laser at 688 nm is
measured with different devices. The laser is phase-locked to an optical frequency
comb, and the phase noise PSD of the in-loop beat signal (green) is shown. For compar-
ison, the noise density is measured with a LWA-10k from Highfinesse (orange), which
exhibits a detection limit just slightly below the noise density. A lower detection limit
is reached by a fiber-interferometer-based analyzer from Highfinesse (purple) and our
home-built delayed self-homodyne interferometer (blue). The inset shows the same
data in frequency noise power spectral density units. b The working principle of the
delayed self-heterodyne interferometer is shown. The input light is separated into two
arms, which feature a path-length difference, before being recombined on a balanced
photodetector (PD). The signal of the PD depends on the relative phase of the interfer-
ometer arms. A linear dependency between output voltage and instantaneous laser
frequency is guaranteed with a low-bandwidth lock. ¢ Picture of the interferometer
setup. We mount all components in a metallic box, which makes the interferometer a
transportable, easy-to-use device for phase noise measurements in the optical regime.

delivered by a single-mode polarization-maintaining fiber, is split using a one-to-
two-port fiber beamsplitter (Thorlabs PN670R5A1). One arm of the interferometer
contains a 10m-long delay fiber and a fiber EOM (Jenoptik PM705), to control the
relative phase with respect to the reference arm, before the arms are combined in a
two-to-two-port fiber splitter (Thorlabs PN670R5A2). The output ports of the combiner
are connected to a balanced photodetector (Thorlabs PDB425A). The voltage measured
by the photodetector depends on the relative phase of the two interferometer arms
as given by Eq. (3.13). Here, 7 is the delay between the two interferometer arms and

Vyp denotes the peak-to-peak voltage of the interferometer. Using the approxima-

1do 1 S(H)=P(t=1)

tion v(t) = 5= %7 ~ 5- = , the interferometer-voltage is proportional to the
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time-dependent instantaneous laser frequency v(t) with the sensitivity s) = V,,7T.

V(t) = %vpp cos (27t0pT + D(t) — Dt — 7))

~ 2 Vo (1) — @(t — 1))

~ s X V(t) (3.13)

Since the PD voltage depends on the relative phase following a cos-dependency, which
we approximate linearly, the interferometer path length difference has to be actively
stabilized using a low-bandwidth lock. In the absence of activate feedback, we observe
phase drifts of 27t on timescales of about 1s, which are given by thermal fluctuations.
Without restricting the interferometer to the linear slope of an interference fringe, the
sensitivity is modulated, which prevents accurate phase noise measurements. To set
up a low-bandwidth feedback, we use a microcontroller (RedPitaya STEMlab 125-14)
which runs a software PID controller (PyRPL [172]) and apply feedback to the relative
phase via the fiber EOM. The output voltage of the RedPitaya is amplified using
an operational amplifier (OPA544), which can provide sufficiently high currents for
the 50 () input impedance. The entire interferometer is mounted in an aluminium
box (Thorlabs EC2030BR) featuring a fiber feedthrough and connections for various
electronic signals, as shown in Fig. 3.13c. Thereby, the interferometer becomes a
transportable device suitable for phase noise measurements directly from an optical
tiber. The phase noise results, shown in Fig. 3.13a, agree with reference measurements
taken with other devices.

The choice of the delay T determines the interferometer sensitivity. In principle,
a long delay is desirable to maximize the DC-sensitivity sg o« 7. However, the delay
also determines the frequency-dependency of the sensitivity (3.14), which exhibits
zero-crossings at integer multiples of 1/7.

sin (7tf7)

s(f) =so —

For example, at our delay length of approximately 12m (given by the 10 m fiber and
the fiber EOM, which are installed in the same path), we obtain the first zero-crossing
at about 16 MHz. Practically, a delay length of a few meters is thus a good choice and
causes only low losses of the optical power. Taking phase noise measurements requires
the interferometer to remain locked during the entire sampling duration, which is
currently limited by the finite dynamic range of the EOM. Using a fiber-stretcher,
based on a piezo-electric or a voice coil actuator, might provide better long-term stable
locking due to the larger dynamic range, which can ultimately be combined with
thermal control to keep the actuator close to its dynamic center.

To take measurements, we sample the interferometer voltage with an electrical
spectrum analyzer, ensuring that the interferometer is locked during the entire duration.

e~ ISt (3.14)
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Translating the output spectrum in units of a voltage noise PSD to a frequency noise
PSD, we divide by the sensitivity (3.14). In order to measure s( precisely, we observe
the output voltage for several seconds on an oscilloscope to obtain the peak-to-peak
voltage Vy,. The delay is measured by extracting the frequency of zero-sensitivity
directly from the spectrum. In the experiment, we read out the interferometer using
a digital oscilloscope (PicoScope PQ290) and compute the spectrum via Fast Fourier
Transform. In this setup, the outlined interferometer provides a low-cost solution
to monitor the phase noise power spectral densities of critical laser systems and can
generate updated measurements upon pressing a button to facilitate debugging and
monitoring on a day-to-day basis. The following section contains a discussion of a
new laser system optimized for coherent two- and three-photon transitions using a
feedforward phase noise suppression technique with respect to a high-finesse ULE
reference cavity.

3.4.2 Feedforward phase-noise correction

The phase noise PSDs of the comb-based laser system exhibit high noise levels in the
range around 100 kHz due to the low locking bandwidth. The bandwidth is partially
limited by the long cable and fiber length in the rack-based system and also suffers
from excess noise picked up in the lock chain. In this system, the stability of a high-
tinesse ULE reference cavity is transferred onto the comb by first locking a transfer
laser at 1542 nm to the cavity and subsequently phase-locking the frequency comb
to the transfer laser. In a third step, the lasers of interest are referenced to the comb,
implying that the noise density at each Fourier frequency is given by the worst phase
lock in the chain, which gives rise to excess noise.

Here, we describe a different approach based on locking all lasers to a 4-bore
high-finesse ULE reference cavity (Stable Laser Systems). The direct lock for each
laser avoids excess noise caused by lock chains and the usage of a 4-bore reference
cavity ensures a (mostly) common-mode drift of the lasers and provides a space- and
cost-efficient implementation. We use 4 ECDLs (DLpro Toptica) at wavelengths 679,
688, 689, and 707 nm which are locked to the cavity with a Finesse of about 100k using
the PDH technique. The cavity reflection is detected with a fast photodetector and the
demodulated error signal is fed into a fast PID-controller (FALC pro Toptica) using a
minimal cable length reaching a locking bandwidth of about 2.6 MHz.

The demodulated PDH error signal contains information about the instantaneous
laser phase as given in (3.15) and is used for feedback onto the laser current and piezo,
and is additionally used for feedforward noise suppression.

Vepn o EgJo(B)J1(B) sin (P(t)) (3.15)

Here, Eq denotes the electric field strength of the light field coupled to the cavity, J; is
the Bessel function of the first kind, and ®(t) denotes the laser phase. The feedforward
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Figure 3.14: Feedforward phase noise suppression. a Improved laser system for
coherent two- and three-photon transitions. We set up a 4-bore high-finesse ultralow-
expansion cavity (ULE) and stabilize 4 external cavity diode lasers (ECDL) via the
Pound-Drever-Hall (PDH) technique. The demodulated PDH error signal contains
information about the instantaneous laser phase and is used for feedforward noise
suppression. For that purpose, the light field is delayed in a 30 m-long delay fiber
before a correction signal with suitably chosen gain and delay is applied via a fiber
electro-optic modulator (EOM). The 4-bore cavity provides a cost and space-efficient
solution and a common-mode resonance drift. Locking directly to the cavity sidesteps
noise originating from the lock-chain required for comb-based systems and avoids
shot-noise-induced detection limits. b Comparison of the noise densities of different
laser systems and the effect of feedforward noise suppression. We analyze the noise
density of a laser at 707 nm locked to the 4-bore reference cavity using an optical
analyzer based on a delayed self-homodyne interferometer (red and green) and via a
beat signal with the frequency comb (blue and yellow). The servo-bump at a frequency
of 2.6 MHz is suppressed by 20-25dB when activating the feedforward suppression
(green, yellow). The noise densities obtained with respect to the frequency comb,
are detection-limited due to shot noise on the PD. ¢ Preliminary demonstration of
fine-structure Rabi oscillations at a Rabi frequency of 2.53 MHz.
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noise suppression is based on delaying the light field in a 30 m-long delay fiber, which
provides a delay of about 150 ns sufficient to obtain the demodulated and low-pass
tiltered error signal. Using a high-bandwidth DC-compatible power splitter, the error
signal is divided into two branches used for feedback and feedforward correction. The
feedforward noise suppression relies on applying a suitable signal to a fiber EOM.
In order to compensate for the noise, it is critical to choose an overall circuit gain of
unity and to combine the light field and the electronic correction signal with vanishing
differential delay at the position of the EOM. To realize this experimentally, we use the
setup sketched in Fig. 3.14a. The feedforward path is first low-pass filtered to suppress
spurious contributions at the PDH-modulation frequency and then fed into a variable
gain amplifier and a cable of adjustable length to match the delay with respect to the
light field. Using this technique, we obtain a 20-25dB suppression of the phase noise
PSD at the position of the servo-bump as shown in Fig. 3.14b. The noise densities are
substantially improved compared to the comb-based system and pave the way towards
MHz-regime coupling rates on the fine-structure qubit, as demonstrated in Fig. 3.14c.

Noise suppression

The suppression of the feedforward-corrected power spectral density S,ut/Si, =
|1 — G|? depends on the overall circuit gain G to ensure that the noise is neither under-
nor over-corrected. A deviation of about 3 % already limits the noise suppression to
30dB, and an even higher suppression of 40 dB requires the gain to be accurate at the
sub 1 % level. Since the PDH error signal (3.15) is proportional to the coupled optical
power, this constraint is often violated because of thermal fluctations, for example, due
to polarization rotation in fiber-optical components. Indeed, we observe a time-varying
noise suppression at the 25 dB level corresponding to power variations of a few %. To
mitigate this problem, we prepared an adaptive gain circuit [173], which provides a
voltage-controlled amplification to scale the overall gain inversely proportional to the
optical power transmitted through the cavity. This approach requires no additional
optical components and was shown to support a long-term stable noise suppression at
the 40 dB level [173].

Optimizing the feedforward parameters

To obtain the first indication for feedforward (FF) noise suppression, we make use of a
two-channel function generator, which we connect to the AC-coupled current modu-
lation port of the laser and directly to the feedforward EOM. We then modulate the
laser current at a frequency around or slightly above the servo-bump to purposefully
add noise, which we monitor with an imbalanced fiber interferometer. Subsequently,
we deactivate the current modulation and apply a similar modulation at the same
frequency to the FF-EOM and choose the modulation strength such that the noise
amplitude approaches the previously observed noise amplitude. Next, we activate
both signals and optimize their relative phase in order to counteract the current mod-
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ulation with the FF-EOM. The optimal suppression is reached by iteratively varying
the amplitude and phase of the signal provided to the EOM, which is simultaneously
monitored on an oscilloscope. Afterwards, the FF circuitry is connected to the EOM,
and the amplitude and delay are set to resemble the previously applied modulation.
However, now the signal is generated via the demodulated PDH error signal and the
FF electronics, which gives rise to broadband noise suppression. Finally, the param-
eters delay and gain are optimized based on the optically measured noise densities.
In addition to the interferometer-based characterization, it is convenient to interfere
the feedforward-corrected light field with the cavity transmission and monitor the
phase noise of the beat signal. Our setup includes the fiber-ports to realize suitable
beat signals; however, we have so far reserved the transmitted light for the purpose of
stabilizing the FF gain using the adaptive gain circuit.

The noise suppression in Fig. 3.14b is currently limited, likely by a detection noise
floor on the PDH reflection photodetector, which is above the shot noise limit [158].
Overcoming these limitations unlocks access to even lower noise densities down to
—120dBc/Hz and below to effectively remove phase noise from the relevant infidelity
budget of future setups. Alternatively, a feedforward noise suppression can also be
set up based on the noise density measured with the fiber interferometer. In this case,
the time-dependent voltage characterizes the instantaneous laser frequency, while
the high-bandwidth correction via an EOM acts on the laser phase. Setting up an
interferometer-based FF noise correction thus requires an integrator which can be
conveniently realized via a simple low-pass filter with a sufficiently low cut-off fre-
quency [171]. Compared to the PDH-based setup, this approach has the disadvantage
of a frequency-dependent gain limited in the low-frequency regime by the low-pass
tilter and by the interferometer-sensitivity at high Fourier frequencies, but provides a
flexible and low-cost solution to high-frequency noise suppression.

3.5 Summary and outlook

In this chapter, we have described the experimental realization and thorough charac-
terization of an optical qutrit in strontium-88, which contains the electronic ground
state 'Sy as well as both meta-stable clock states 3Py and 3P,, separated by optical
transition frequencies. Using two- and three-photon couplings, we have demonstrated
all-to-all optical control over the qutrit states in magic-angle tuned trapping potentials.
Here, the polarizability of the °P; state is tuned by applying a magnetic field under
a suitable angle with respect to the linearly polarized tweezer array. Compared to
the typically used single-photon clock excitation, the three-photon approach has the
distinct advantage of requiring only a weak magnetic field. This enables coherent
manipulations of the qutrit, since strong magnetic fields, required to drive the clock
transition with a single photon, are constrained to one direction in our apparatus
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and are thus incompatible with magic angle tuning. Coupling either of the P states
to a Rydberg state, we envision creating three-dimensional entanglement in future
studies [174].

Furthermore, the detailed benchmarking of the FS coherence demonstrates that
state-of-the-art coherence times are feasible in tweezer-based angle-tuned trapping
potentials despite the presence of polarization gradients within the trap. This technique
is applicable across a broad wavelength range and even different atomic species and
may enable new design choices of neutral atom processors for quantum simulation
and computing. Exploiting the long coherence time of the FS qubit, we recently
demonstrated a universal gate set on this meta-stable qubit, including a Rydberg-
mediated two-qubit controlled-phase (CZ) gate [75, 136].

In the following chapter, we discuss the assembly of scalable atom arrays using
combined lattice-tweezer potentials, which have been used for some experiments to
characterize the FS qubit at IR wavelengths. In addition, we will demonstrate a novel
sideband cooling technique based on the long-lived P, clock state, which utilizes
three-photon transitions in the lattice potential.
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Chapter 4

Large-scale atom arrays in an optical
lattice

4.1 Introduction

Neutral atoms in optical lattices are a powerful tool and have been successfully used,
for example, for the analog quantum simulation of the Hubbard model [16, 17]. The
simultaneous readout of density and internal spin state, enabled by quantum gas
microscopes, was demonstrated for bosons as well as fermions and allows for the
extraction of spin-charge-resolved correlation functions [36-38, 175], enabling a wide
variety of quantum-simulation experiments [51-55]. In these systems, the initial state
is typically realized as a Mott-insulating state with one atom per site. Starting with
evaporative cooling, a degenerate gas of atoms is loaded into a single lattice plane with
typical spacings of 0.5 — 1Tum. Under the action of on-site interaction and tunneling,
the atoms self-assemble in the optical lattice potential [17, 129, 176, 177].

Complementary to this approach, optical tweezer arrays offer a platform to prepare
individual atoms in configurable potentials, providing a versatile toolbox for the
simulation of spin models [61, 148, 178-180], lattice-gauge theories [67, 68] and for
digital quantum computing [20, 24, 26, 181]. Due to light-assisted collisions, the loading
of atoms in optical tweezers is a stochastic process with typically half the tweezer sites
remaining empty, and the preparation of defect-free ensembles relies on the direct
assembly of arrays with mobile tweezers [58-60]. Compared to lattice systems, the
interatomic spacings are typically larger and on the order of > 2 um, which enables
(cross-talk-free) addressing with focused laser beams.

In this chapter, we combine the scalability of optical lattice systems with the single-
site control offered by optical tweezers. We realize low-loss and high-fidelity imaging of
individual strontium atoms trapped in our 1040 nm lattice potential using the repulsive
Sisyphus cooling mechanism already introduced in Section 2.1.3, and demonstrate
a survival probability as high as 99.80(5) %. By superimposing individual tweezers
with specific lattice sites, we repeatedly transfer atoms between the lattice and the
tweezer potential. This enables new experimental protocols, for example, to prepare
the initial state of quantum walk experiments by implanting atoms at a configurable
location [123]. Furthermore, we demonstrate a novel protocol to iteratively assemble
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large-scale atom arrays in the optical lattice. This overcomes scaling bottlenecks of
tweezer-based systems by repeatedly adding atoms to the system. In addition, we
demonstrate continuous operation of arbitrary atom arrays where inevitably occurring
defects are refilled, maintaining an atom array of more than 1000 atoms for more
than 1 hour. Finally, we discuss the direct loading of our horizontal two-dimensional
optical lattice directly from a MOT and the preparation of sorted atom array in a
single lattice plane. This offers a new approach to generate scalable atom arrays for
quantum simulation, computing, and metrology applications. We demonstrate magic
trapping conditions for the 'Sy <+ 3P, transition at 1040 nm and introduce a sideband
cooling technique based on three-photon transitions in the lattice. Some of the results
presented in this chapter are based on the publications [96, 182].

4.2 Preparation and fluorescence imaging of
individual atoms

4.2.1 Imaging atoms trapped in green tweezers

Historically, the first trapping system of our experiment was given by a tweezer setup
at a wavelength of 518 nm, which exploits the enhanced polarizability in the visible
regime compared to the IR regime, see Fig. 2.2. To image atoms at this wavelength, we
scatter photons at 461 nm and simultaneously cool on the intercombination line. A
typical single-shot fluorescence image is shown in Fig. 4.1b for a rectangular tweezer
array of 19 x 21 sites. At the green trapping wavelength, cooling is feasible either via
repulsive Sisyphus cooling or resolved sideband cooling using the control given by
magic angle tuning on the 689 nm transition. We optimize the imaging parameter for
both settings in order to minimize atom loss; however, we find in both cases a residual
loss probability of approximately 5 %. The losses are likely limited by a trap-induced
ionization process, which drives electronic states other than the ground state above
the ionisation threshold in a two-photon process [183]. The observed loss probability
prevents the assembly of large-scale atom arrays.

4.2.2 Preparing and imaging atoms in the optical lattice

To remedy this issue, we installed a two-dimensional optical lattice in the horizontal
plane, which is introduced in Section 2.2.1. The optical lattice provides spacings of
1.15pm and 0.57 um in the two horizontal directions, and we adjust the tweezer
spacing to about 3.5 pm commensurate with the lattice grid, as shown in Fig. 4.1a. This
allows transferring the atoms from the tweezer array into the optical lattice, which is
generated at the wavelength of 1040 nm, and thereby sidesteps trap-induced ionisation
losses. By implanting atoms from the tweezer array into well-defined lattice sites,
we obtain images like Fig. 4.1c. At the lattice wavelength, the polarizabilities on the



4.2 Preparation and fluorescence imaging of individual atoms 61

TR

7040’7,77

¥ Objective 900080000800000¢ 0@ 88000808
an %X j 590000 : S9a2522252528002280;
z : SaBoe : s
\\
0« 5 =
XA}, o 461 nm X 3.5 um

X 3.5 um

d e f 2
T T T I
1.0 -@% K S 0.1
3P © [} & 8 c%
~ 77\ N, 7 L . i
NN AN AN 2z 081" o o 2 9 2 00 150 300
2 06 ¢ S 1 26l
1 Q o ° ® é? =6 Photon counts
S, o s 2
Q04 [ Q ~4 Q9
%) o 9} [<]
8 S %g Q4= o)
S 02 o S 4 2 3
Q S Q
0s @ [}
0.0 &Km@é) I L 1 2 ? L L L
0 5 10 15 200 400 600 800 1000
Cooling frequency (MHz) Exposure time (ms)

Figure 4.1: Fluorescence imaging in the lattice. a Sketch of the setup. To realize
low-loss high-fidelity imaging and prepare single atoms at well-defined lattice sites,
we first load atoms into tweezers and subsequently implant them into the optical lattice.
This is realized by carefully adjusting the tweezer spacings in order to make them
commensurate with the lattice spacings. b Fluorescence image of atoms trapped in the
optical tweezer array at a wavelength of 520 nm. ¢ Fluorescence image of atoms taken
in the optical lattice. The occupation resembles the shape of the tweezer array since
the lattice is loaded by implanting atoms from the tweezer array into the optical lattice.
Due to the weaker vertical confinement, the fluorescence shows a broader distribution
compared to images taken in the tweezers. d To cool the atoms during imaging, we
implement repulsive Sisyphus cooling on the intercombination line. At our trapping
wavelength of 1040 nm, the polarizability of the ground state exceeds the polarizability
of the 3P; state. Cooling is most efficient on the o-transition as evident from the
cooling frequency scan. e Scan of the cooling frequency for repulsive Sisyphus cooling.
We measure the survival probability of atoms during a fixed duration of imaging
conditions and obtain a survival probability as high as 99.80(5) %. f High-fidelity and
low-loss detection requires balancing the heating and cooling rates. We maintain an
approximately constant number of scattered photons and vary the scattering rate and
exposure time accordingly. For fast exposures, the cooling cannot compensate for the
heating, giving rise to enhanced losses. In the other extreme, for very low scattering
rates and long exposures, losses can be vacuum-limited (dashed line). The integrated
photon count in a given ROI shows a bimodal distribution (inset), used to obtain the
lattice occupation.
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intercombination line allow for repulsive Sisyphus cooling, and we choose the cooling
frequency in order to minimize atom loss during the exposure. The frequency scan,
shown in Fig. 4.1e exhibits a robust low-loss regime for a blue detuning of a few MHz
with respect to the free-space resonance. Note that the chosen frequency is red detuned
with respect to the light-shifted () resonance in order to realize the repulsive Sisyphus
cooling mechanism sketched in Fig. 4.1d. A second cooling feature, corresponding to
Sisyphus cooling on the 3P; 7t transition shows an enhanced loss probability, which
we attribute to simultaneous Sisyphus heating on the ¢ transitions.

In order to implement low-loss imaging, the scattering-induced recoil heating has
to be compensated by a sufficiently high cooling rate. At fixed cooling power and
frequency, we vary the scattering rate of the imaging beam while maintaining an
approximately constant number of detected photons. As shown in Fig. 4.1f, the loss
probability for short exposures rapidly rises, which corresponds to a setting where
the heating rate exceeds the cooling rate. On the other side, for very long exposure
times, the loss becomes vacuum-limited despite the vacuum-lifetime of about 270s. We
obtain the lowest loss probability for exposure times around 200 ms where the reported
loss is limited by hopping of hot atoms in the lattice potentials, which we classify as
lost with respect to the initially loaded site. The rather long exposure time is currently
required due to insufficient vertical trap frequency in the lattice potential. Since the
vertical confinement is only given by the Gaussian envelope of the lattice beam, the
atoms explore a volume beyond the depth of focus of the objective, which results in
an effective loss of photons. Additionally, the vertical motion of atoms broadens the
single-atom fluorescense distribution which is noticeable in Fig. 4.1b, c. Resolving the
lattice spacing down to 0.57 um in the presence of a broadened point-spread-function
requires a high signal-to-noise ratio, which further prolongs the imaging duration. With
stronger vertical confinement, we envision that high-fidelity and low-loss images are
feasible on shorter time scales. The outlook in Section 4.6 contains a short discussion
of suitable setups. These upgrades would also be beneficial for transferring atoms
between lattice and tweezer potentials, which we discuss in the following.

4.2.3 Repeated transfer of single atoms from tweezers to lattice

To characterize the transfer of individual atoms between the lattice and tweezer po-
tentials, we first load the tweezer array and sideband-cool the atoms to their radial
motional ground state. We then superimpose the lattice potential at maximal trap
depth of about 1.5mK and ramp down the tweezer intensity, thereby implanting
atoms at specifically chosen lattice sites. To return them to the tweezer potential, we
follow the sequence outlined in Fig. 4.2a starting with Sisyphus cooling in the lattice
potential alone with a depth of about 1.5 mK. Subsequently, we ramp up the tweezer
potentials to a depth of 0.3 mK and afterwards ramp down the lattice potential to
a residual depth of about 0.15mK. Again, we cool atoms in the combined optical
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Figure 4.2: Repeated transfer between lattice and tweezers. a Sequence for bench-
marking the repeated transfer from atoms between the tweezer and lattice potential.
The atoms are initially implanted into the lattice from the tweezer array and imaged.
Afterwards, the atoms are cooled in the deep lattice potential alone using repulsive
Sisyphus cooling. Subsequently, the lattice depth is lowered, and the tweezers are
superimposed, enabling cooling in the combined lattice and tweezer potential. Finally,
the lattice is ramped down, thereby transferring the atoms back to the tweezer array.
b Efficient repeatable tweezer-lattice transfer requires to carefully superimpose the
potentials. The lattice potential (blue) is given by an equidistant grid of lattice sites
with spacings 579(2) nm and 1187(18) nm along the x- and y-direction, respectively.
The tweezer-positions (green) are adjusted to overlap with every 6th and 3rd lattice
site, respectively. Long-term stable transfer between the potentials requires tracking
the phase drift of the lattice potential (see inset). We ensure a common mode drift
of the lattice and tweezer potential by applying a suitable diffraction grating to the
SLM. ¢ To benchmark the loss probability of the transfer, we carry out up to 80 transfer
rounds (green). Assuming an exponential scaling, we obtain the single-round loss
probability (blue) as low as 0.4 %. Here, the losses are dominated by an inhomogeneity
of the system, as evident from the tweezer-resolved loss probability (inset).

potential before smoothly switching off the lattice potential. At this point, the atoms
are again entirely trapped by the tweezer potential, which concludes one round of
tweezer-lattice-tweezer transfer. Currently, the potential transfer does not preserve
the temperature of the atoms that get heated during the process. However, being
trapped in the tweezer potentials, the atoms can be reinitialized in the motional ground
state via sideband cooling. We attribute the heating in parts to the strong mismatch of
vertical trap frequencies. While the tweezers typically provide a vertical trap frequency
of 20 — 30 kHz, the optical lattice reaches only about 7 kHz at full depth.

Nonetheless, the controlled parallel implantation of atoms at configurable sites
opens interesting perspectives to prepare initial states for quantum simulation exper-
iments in the optical lattice [123]. In addition, the ability to transfer atoms back to
the tweezer potentials decouples the power-demanding imaging procedure from the
rest of the sequence. This provides the means to overcome scaling limitations of the
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tweezer system given by the finite available laser power. Specifically, the tweezer
array may be operated at a shallow depth suitable for the physically-relevant part of
the sequence and can be transferred to the optical lattice for imaging. This technique
is compatible with arbitrary tweezer wavelengths and is favourable in cases where
high-power laser sources are not available or where the trapping wavelength is not
suitable for low-loss imaging.

Compensating slow drifts of the lattice phase

In our experiment, the phase of the optical lattice is freely drifting due to thermal
fluctuations of the path length in the lattice interferometer. This gives rise to a contin-
uous shift of the lattice sites with respect to the camera and also with respect to the
tweezer potentials. To ensure a long-term stable overlap of the potentials, we extract
the phase of the optical lattice from every image and store the result in a database for
monitoring and postprocessing purposes. To compensate for the drift, we predict the
lattice phase based on the recorded phase drift history and apply feedback to the global
diffraction grating displayed on the SLM. Thereby, the entire tweezer array is displaced
by a programmable amount to follow the drift of the optical lattice. Stabilizing the
relative phase is a crucial requirement in order to minimize losses during the transfer
as shown in Fig. 4.2b. When the experiment is thermalized and continuously running,
we observe drift rates as low as 1 lattice site in 6 hours, given by the passive stability of
the optomechanical setup. In addition to drifts of the optical lattice, we also observe
slow variations of the tweezer position with respect to the camera, which we attribute
to thermal expansion in the optical setup. The amplitude of these drifts reaches up to
600nm, and we compensate for the drift by calibrating the position of the tweezers
with respect to the camera in regular intervals. For that purpose, the control computer
is configured to automatically interrupt the running sequence in a configurable interval
of typically 30 min in order to run a calibration sequence. The data is automatically
analyzed with a predefined procedure, and an updated grating-to-position calibration
is written to a database and used for subsequent runs.

Transfer efficiency

Efficiently transferring atoms between the optical potentials requires precisely over-
lapping the tweezers with the center of the chosen lattice sites. In order to determine
the lattice and tweezer spacings, we average several images and compute the Fourier
transform, which exhibits peaks at multiples of the spacing in units of inverse camera
pixels. Similarly, the rotation angles with respect to the camera can be determined
by rotating the images in postprocessing and fitting the width of the peaks in the
Fourier spectrum for each rotation angle. The lowest width corresponds to the case
where the image is rotated along the eigenaxis of the optical potentials, which is used
to accurately overlap the orientations of the grid-like potentials [136]. Finally, the
remaining degree of freedom is given by a relative offset of the potentials.
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To benchmark the efficiency of the tweezer-lattice-tweezer transfer, we carry out
repeated rounds of transfers with up to 80 repetitions and record the loss probability of
atoms, as shown in Fig. 4.2c. After 80 rounds we obtain an accumulated loss of about
30 %, which translates to a per-round loss probability of 0.4 % assuming an exponential
scaling with run-independent loss probabilities. We observe that the per-round loss
probability drops with a growing number of repetitions, which indicates limitations
due to inhomogeneous effects. Indeed, we find that the losses after 80 round-trips
exhibit a strong spatial dependence. These spatially dependent losses may be caused
either by a suboptimal centration of the tweezer array in the lattice potential or an
insufficient alignment to the relative spacings, which could give rise to a finite beating
length modulating the losses as a function of position. Both effects can be readily
suppressed with an improved relative alignment of the potentials. Optical tweezer
arrays registered to individual sites of two-dimensional optical lattices facilitate new
methods to overcome scaling bottlenecks of pure tweezer systems, and in the following,
we discuss a protocol to iteratively assemble atom arrays.

4.3 Iterative assembly and continuous operation of
atom arrays in the optical lattice

Scalable arrays of neutral atoms are a powerful and rapidly developing platform for
several quantum technologies. For applications that require single-site addressing
with negligible cross-talk, atoms are usually trapped in optical tweezer arrays and
the feasible system size is typically limited by available laser power. Realizing large-
scale systems is possible by merging tweezer setups at slightly different wavelengths,
preferably in the infrared regime [70]. However, due to the finite transmission and
associated optical losses in the objective, further scaled-up versions require additional
developments, like a thermal management at the objective lens assembly.

4.3.1 Sequence for iterative assembly of atom arrays

Here, we present a different approach to scaling up atom arrays and introduce a
protocol to iteratively assemble atom arrays starting with a finite-sized tweezer-based
loading array. The experimental setup and sequence is outlined in Fig. 4.3 and Fig. 4.4.
We partition the optical lattice into two zones, a loading zone and a storage zone, and
repeatedly pick up atoms from the loading zone and position them in the storage
zone. Atoms in the loading zone are initially loaded into a 19 x 21-site tweezer array
at a wavelength of 520nm and implanted into the lattice potential. Because of the
tinite laser power, the number of tweezers available for loading atoms is limited, and
we use the iterative assembly procedure to overcome this limitations and provide a
continuously growing number of atoms in the storage zone. To this end, we pick up
atoms from the loading zone using an AOD-driven optical tweezer and position them
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Figure 4.3: Iterative assembly of atom arrays. a To iteratively assemble atom arrays
in the optical lattice, we partition the system into two zones. Atoms are repeatedly
implanted into the loading zone, which is superimposed with a tweezer array loading
individual sites. Using mobile optical tweezers, generated with acousto-optic deflectors
(AODs), the atoms are moved into the storage zone where subsequent experiments
can take place. b Sequence and timing diagram for iterative assembly. To restart a
new round, we first cool ground-state atoms and subsequently shelve them into the
long-lived 2Py state, before generating a new magneto-optical trap (MOT) to load the
potentials. To constrain the loading to a few selected sites in the loading zone, which
are shielded by the tweezers, we apply a selective heating pulse to empty unwanted
direct loading into unshielded lattice sites. Afterwards, the atoms are imaged, the
fluorescence image is deconvolved and processed, and the atoms are resorted. At this
point, we take another image to benchmark the resorting. ¢ The atom number in the
loading zone (red) and the storage zone (blue) is shown as a function of time during
the iterative assembly procedure. Using this technique, the atom array overcomes the
size limit given by the number of available atoms per round. In the storage zone, the
atoms are distributed following a configurable target distribution (insets). Here, we
purposefully choose a target containing blocks of atoms separated by free “corridors”
along which atoms can be shuttled.
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on programmable target locations in the storage zone. Technical details of the image
processing are discussed in Section 4.4, and here we initially focus on the experimental
protocol.

Images of the atom distribution in the storage zone are shown in Fig. 4.3c. We
purposefully choose a target pattern consisting of groups of atoms separated by free
corridors. Each target position is connected in at least one direction to a corridor to
facilitate the delivery of atoms from the loading zone to the target site along these
corridors, in order to minimize disturbances to stored atoms on nearby target sites.
We envision that groups of atoms can be shuttled as one unit in future studies and
may act, for example, as logical qubits or multiplexed copies of analog simulations.
When shuttling atoms, we choose a trajectory along the corridors to avoid collisions
with atoms along the way. Similarly, the role of the implanting tweezer array is to
provide atoms at addressable spacings in the lattice potential and to bypass the need
for initially separating atoms at short spacings. Modifications of the initial loading
procedure are conceivable, for example, to bypass the loading tweezer array in favour
of other trapping potential, such as a nearby or overlapped dipole trap. However, care
has to be taken to provide atoms at sufficiently large spacings to ensure a well-resolved
selection of single atoms for the transport. This is relevant, in particular for the loading
of a directly loaded lattice system, as discussed in Section 4.4, where the interatomic
distances are randomly distributed.

The experimental sequence used for the iterative assembly is shown in more detail
in Fig. 4.3c. Initially, we image the atoms in both the loading and the storage zone. To
obtain the site-resolved occupation in the lattice potential, we apply a deconvolution
algorithm [184] and compute the required moves to fill defects in the storage zone,
before the moves are carried out. Finally, we image the atoms again to conclude the
repetition. The iterative assembly protocol, in principle, allows adding an arbitrary
number of atoms; however, due to losses, the achievable atom number is limited. In
the steady state, the number of atoms added on each round is equal to the number of
atoms lost per round. Parametrized in terms of the resorting infidelity «, and the loss
probability per cycle a., the final atom number N is given by (4.1). Here, N;, denotes
the number of atoms loaded in each round.

1_ar

Neo = N; (4.1)

(1%

In our case, the amplification N /Ny, is approximately 10-fold, limited by the losses
per cycle, and significantly higher amplification factors are, in principle, feasible. In the
following, we discuss in more detail the experimental procedure to connect individual
resorting cycles.
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Data processing

For this proof-of-concept demonstration, the repetition rate was limited by the time
required for image processing and RF synthesis. Since then, we drastically reduced the
technical overhead on all relevant substeps. Chapter 5 presents a new atom detection
algorithm based on a deep convolutional neural network, which outperforms our
previous algorithm in terms of noise resiliance and provides a full-frame reconstruction
within less than 15ms. In addition, we significantly lowered the signal processing
duration of the RF generation, which is now based on an AWG PCI extension card
(Spectrum Instrumentation M4i.6631-x8). The recently published firmware option for
multi-carrier DDS-type signal synthesis (Spectrum Instrumentation M4i.66xx-DDS20)
allows to program a parametrized waveform in terms of signal frequency, amplitude
and phase for up to 23 channels.

4.3.2 Continuous operation

Maintaining atom arrays in optical potentials, while reloading a dedicated loading
zone, enables the continuous operation of atom arrays. This not only boosts the
number of atoms available for experiments, but also reduces the preparation time,
since on each round it is sufficient to fix defects rather than assembling an entirely new
array. The details of the protocol are outlined in Fig. 4.4. The cycle starts by creating
a magneto-optical trap, which is located at the same position as tweezer and lattice
systems. Therefore, both tweezer array and the optical lattice are loaded with atoms. In
order to avoid problems with uncontrolled loading in the storage zone and insufficient
inter-atomic distances, we need to restrict the loading to a few selected lattice sites
within the loading zone. To select suitable sites, we overlap them with green tweezers,
generating an extra tweezer-induced light shift on those sites. Subsequently, a selective
Sisyphus heating pulse removes ground-state atoms from lattice sites that are not
shielded by a tweezer. At the same time, we maintain the loading in sites protected
by the tweezer-induced light shift. We observe a contrast of approximately 30 dB and
maintain a loading fraction of 0.45 for the desired sites, see Fig. 4.4b. Subsequently, the
atoms in both zones are imaged, and newly loaded atoms are moved to the storage
zone to fill defects. At this point, the atoms are available for the experiment of interest
and can be reused for the next cycle due to the non-destructiveness of the imaging
process. To ensure that already existing atoms are not disturbed by the MOT of the
next cycle, we shelve atoms into the long-lived 3P, state. The MOT is created without
the 679 nm repumper, and the atoms are thus insensitive to the MOT light and the
magnetic quadrupole field. To shelve atoms we address the 15, <> 3P; resonance at
689 nm and additionally switch on a beam at 688 nm resonant with the 3P, & 35
transition and the 3P, repumper at 707 nm. In this configuration, the atoms accumulate
in the 3Py dark state. The efficiency of the shelving process, shown in Fig. 4.4a as a
function of the duration, saturates with a residual unshelved fraction of 3 %. This
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Figure 4.4: Continuous operation of atom arrays. The continuous operation of atoms
is divided into 5 steps, starting with the loading of atoms in the loading zone on the
first iteration. Creating a new magneto-optical trap gives rise to the loading of atoms in
the entire lattice potential. Using a selective heating pulse, atoms trapped in lattice sites
that are not overlapped with a tweezer are heated via Sisyphus heating and removed
from the trap. Afterwards, the atoms are arranged in the storage zone and imaged
nondestructively after using them for a sequence of interest. Subsequently, atoms in
the storage zone are shelved in the long-lived P state before the continuous loading
procedure repeats. a Efficiency of the optical shelving as a function of time. Using
beams at 689 and 688 nm, the atoms are excited to the S, state and decay back to the
3Pj-manifold. Using a repumper at 707 nm ensures that all atoms accumulate in °Py. b
Efficiency of the selective heating pulse. For a suitable laser detuning (dashed line) on
the intercombination line, we obtain a loading probability of approximately 0.45 for
lattice sites superimposed with a tweezer (red trace). At the same time, unprotected
sites (blue) exhibit a high loss probability with a contrast of about 30 dB. ¢ Fluorescence
image of atoms in the storage zone. We purposefully choose a target containing free
corridors along which atoms can be moved without disturbing neighboring sites.
Each target position is accessible from at least one direction without passing through
tilled sites. d The optical lattice is partitioned into two zones. Atoms are repeatedly
implanted in the loading zone and subsequently arranged in the storage zone.
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error sets the main limitation of the achievable array size in our iterative assembly
protocol and is attributed to an inhomogeneous distribution of the narrow 689 nm
resonance. Since the intercombination line is not magically trapped in the optical
lattice, the Gaussian envelope of the lattice beams give rise to spatially varying light
shifts, which limit the shelving efficiency. For the measurements presented here, the
three-photon couplings were not yet available, and alternative shelving procedures
are conceivable in future realizations. For example, the three-photon transfer from S
to 3P2,m].:0, where magic conditions can be realized in the lattice potential, could be

utilized to decouple atoms from the MOT fields. In this case, the leakage from 1P, into
the 3P, states could be suppressed by repumping the 1D, state directly, for example, at
a wavelength of 716 nm (see Fig. 2.1 for a reminder of the strontium level structure).

4.3.3 Move trajectories in the lattice

Compared to the established shuttling of atoms in optical tweezer arrays, the move-
ment of atoms in the lattice is complicated by the presence of additional lattice sites in
between the initial and the target position. This gives rise to a substantial trap depth
modulation during the transport, which heats the atoms and can lead to atom loss. This
gets evident from the measurement in Fig. 4.5b. If the trajectory is taken through the
center of lattice sites, we observe significantly higher losses compared to a trajectory
along the potential valley, where the modulation is the weakest. Conveniently, our
folded optical lattice provides asymmetric spacings, which give rise a long spacing
of 1.1 pm. This feature can be exploited by resorting algorithms in order to favour
moves along the minimal potential modulation, and the orientation of the loading and
storage zone already exploits this. To ensure an efficient transport, it is required to
maintain a sufficiently large distance from untargeted atoms at all times. We typically
choose a trap depth of the resorting tweezer to be approximately 10-fold deeper than
the lattice potential. At our tweezer waist of 472(3) nm, obtained from independent
characterizations of trap depth and radial sideband frequency, a distance of £1um
is sufficient to satisfy this requirement. To characterize the distance requirements,
we move a single tweezer linearly through the lattice and record the probability of
atom loss as a function of distance with respect to the tweezer trajectory, as shown in
Fig. 4.5c. This constraint is particularly relevant if the atoms are not initially positioned
on well-defined locations and can occupy arbitrary sites. In this case, it can be challeng-
ing to find a suitable trajectory, ideally with a small number of turns. Additionally, for
insufficient distances, the resorting tweezer may pick up neighboring atoms in addition
to the addressed site. If these atoms are implanted onto the same site, light-assisted
collisions during the next image will remove them from the trap. Furthermore, for
isotopes and species with non-vanishing on-site interaction, additional heating effects
may occur. Despite these technical difficulties, the direct sorting of atoms loaded into
a single lattice plane opens up new possibilities for the generation of scalable atom
arrays and is discussed in the following.
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Figure 4.5: Trajectories for sorting in an optical lattice. a Modulation of the potential
landscape for different trajectories within the lattice. Moving along the center of the
lattice sites (red) gives rise to a significantly stronger potential compared to a trajectory
in between sites (blue). b Success probability for different move trajectories as a
function of distance. The blue trace is measured for trajectories in between vertical
lattice sites, and the red trace is considering moves through the center (see (a)). ¢
Moving atoms within the potential landscape requires a minimal distance between
the mobile tweezer and the stationary atoms. Here, we show the loss probability of
atoms as a function of distance with respect to a moving mobile tweezer. A distance of
+1 pm is required to avoid unwanted loss.

4.4 Direct loading and resorting in a scalable optical
lattice

Lattice-based systems facilitate the creation of large-scale atom arrays [182]. In our
experiment, a single lattice plane is loaded directly from a MOT, and the scalability
is demonstrated by Fig. 4.6, which covers more than 20000 sites. In this section, we
discuss details of the site-resolved atom detection and show that the ensemble is parity-
projected in the lattice potential. Furthermore, we demonstrate the active sorting of
atoms within the lattice plane.

4.4.1 Site-resolved atom detection

To compute the site-resolved occupation of atoms in the lattice, we make use of
the algorithm presented in Ref. [184] and outline the steps here. Initially, we take
fluorescence images of atoms in the lattice after transferring the atoms from the tweezer
array. This ensures well-separated atoms, and we subsequently compute an estimate
of the point spread function (PSF) by averaging over filled sites, which are aligned to a
common center. To compute the convolutional kernel for the site reconstruction, the
Moore-Penrose inverse of the PSF is computed. Finally, during the reconstruction, the
algorithm computes an emission for each lattice site by convolving the lattice image
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20 pm

Figure 4.6: Fluorescence image of atoms in the optical lattice. The single-plane optical
lattice is generated by 4-fold interference of a laser beam at 1040 nm and atoms are
loaded directly from a magneto-optical trap. A fluorescence picture of the atomic
ensemble is shown, demonstrating the scalability of the optical lattice. The inset shows
a zoom-in, demonstrating the site-resolved detection.

with the kernel and integrating the ROI. The occupation matrix is then obtained by
thresholding the emission for each site. Noteably, the emission is proportional to the
brightness of atoms and depends linearly on the number of detected photons. Because
of the linear relation, the projected emission is a useful tool to study the occupation
statistics of atoms in the lattice. An example image snippet is shown in Fig. 4.7a and
reconstructed in Fig. 4.7b. To obtain the emission for each lattice site, the algorithm
initially detects the phase of the lattice grid with respect to the camera, which is
required to define the center coordinates for the subsequent analysis. This phase
detection is based on the position of individual and well-separated outlier atoms.

4.4.2 Parity projection in the optical lattice

Using the reconstruction algorithm, we obtain the histograms shown in Fig. 4.7c where
the bimodal structure, corresponding to the 0-atom and 1-atom peak, is clearly notice-
able. For the analysis shown here, we vary the MOT loading duration, which provides
the means to control the filling fraction of the lattice and take two consecutive images
by scattering photons on the 461 nm transition while simultaneously cooling the atoms
using repulsive Sisyphus cooling on the 689 nm transition. The histogram of the first
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Figure 4.7: Parity projection and site-resolved detection in the optical lattice. a
Section of a fluorescence image of atoms in the optical lattice used to obtain the site-
resolved occupation. b Occupation matrix of atoms in the lattice obtained from the
image in (a). The occupation per site is obtained by convolving the fluorescence image
with a suitable kernel and summing the resulting “emission” for each site. Due to the
linearity of the convolution, the emission is proportional to the number of detected
photons for each site. The occupation is then obtained by thresholding the emission,
which is shown here for the occupied sites. ¢ Emission histogram of images taken
in the lattice as a function of the MOT loading duration. The upper panel shows the
distribution before parity projection and the 0-atom and 1-atom peaks are merging.
After parity projection (lower panel), which takes place during the first image, the
peaks are separated, and the onset of the 2-atom peak is removed. This measurement
shows that individual atoms can be loaded directly from a MOT into a single plane of
the two-dimensional lattice.

image exhibits the onset of the 2-atom peak and shows a bridge between the 0-atom
and 1-atom peaks, which are both absent in the histogram of the second image. This
shows that, despite the weak vertical confinement in our lattice, the atomic ensemble
is parity projected and constitutes a scalable platform for individual atoms. To exploit
the scalability of lattice systems, for example in quantum computing applications, the
atoms have to be individually addressed and in the following we demonstrate the
tweezer-based resorting in the lattice potential.

4.4.3 Assembly of atom arrays at addressable spacings

To demonstrate the direct resorting of atoms loaded to a single plane of a two-
dimensional lattice in a proof-of-concept experiment, we configure the MOT loading
duration to realize a sparse filling, see Fig. 4.8a. This provides the means to tune the
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filling fraction of atoms loaded in the lattice potential and is used to equalize the
density of loaded atoms with respect to the chosen target pattern. The assembly of
atom arrays follows three steps.

1. State detection
Input: Image, Output: Occupation matrix (sites) and lattice phase

2. Resorting algorithm
Generate a list of moves from start coordinates s to the destination s7

3. Generate RF to perform the moves
Translate sites to frequencies and generate RF

When generating the RF frequencies to drive the acousto-optic deflectors, we have to
account for the phase drift of the lattice and compensate for variations of the frequency-
to-position mapping caused by thermal drifts in the apparatus. Starting with a position
in units of sites § of the lattice, we first compute the corresponding position in terms
of camera pixel coordinates j = M;_,, - 5+ pp. The transformation M;s ., takes into
account the lattice spacings and rotation angles and is provided to the reconstruction
algorithm. Translating the parametrization in terms of sites back to the pixel-space
on the camera accounts for the lattice phase (pp = Ms— - ®, with ® referring to the
lattice phases) and provides the means to compensate for drifts of the AOD frequency-
to-position calibration. To generate the RF driving signal, we subsequently translate
the positions to frequencies, which are parametrized by (4.2).

f=M, s F+fo (4.2)

While the sites-to-pixel mapping is completely known from the image itself, the pixels-
to-frequency mapping is subject to small drifts on thermal timescales. To track these
drifts, we repeatedly calibrate the AOD position on the atoms by generating a 3 x 3
tweezer array and computing an averaged fluorescence image of atoms trapped in
the tweezer array. We then obtain the center positions of the tweezers and fit Eq. (4.2)
to obtain an updated AOD calibration. On every resorting run, we query the latest
calibration from a database in order to counteract the slow drifts. The database logging
also allows a convenient visualization of the drift over time, and we observe drifts of
the AOD tweezer that correspond to a displacement of up to 600 nm throughout a day.

To carry out the moves, we typically start in the center of the array and then arrange
atoms further outwards. A typical set of moves is shown in Fig. 4.8c. For the first
demonstration shown here, we make use of a single tweezer only and perform around
1200 moves. Here, the initial loading aims to approximate the density of the target
pattern, and the algorithm is chosen to find the closest atom for each site. However,
depending on local variations of the loading, some sites remain empty due to an
insufficient number of atoms in the direct vicinity. The target definition used here
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Figure 4.8: Resorting a directly loaded single lattice plane. a Fluorescence image of
atoms after loading a single plane of the two-dimensional lattice directly from the MOT.
The filling fraction can be smoothly adjusted by varying the MOT loading duration.
b Fluorescence image of atoms after sorting. Here, we configured a target pattern
with spacings of approximately 3.5 um, corresponding to an occupation of every 6th
(3rd) site along the horizontal (vertical) direction. The chosen target ignores sites in
between the grid, which explains the presence of off-grid atoms in the central region.
¢ Visualization of moves used to resort atoms in the lattice. The target pattern (light
grey) is filled by sequentially moving atoms onto target sites, and the trajectories are
shown. The resorting starts in the center and advances further outwards (see colorbar),
containing about 1200 moves. d Filling fraction of the given target as a function of the
number of resorting rounds. After the first round of sorting, the atoms are imaged
again, and the sorting is applied again to fill defects. Note that the algorithm used here
does not guarantee that sites are filled if no atom is available in the close vicinity (see
inset in c). The colors correspond to individual repetitions of the experiment.
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ignores excess atoms in between the target sites, which explains the deviations from
a perfect rectangular grid in the final image, see Fig. 4.8b. Using more sophisticated
algorithms, we envision preparing defect-free arrays in the optical lattice system at
inter-atomic spacings suitable for cross-talk-free addressing through the objective.
Despite the imperfections at the algorithmic level, we benchmark the filling fraction
of the target positions as a function of the number of resorting attempts and reach a
typical filling of about 90 % as shown in Fig. 4.8d.

Loading and resorting a single plane of a two-dimensional optical lattice provides
the means to create large-scale atom arrays. Compared to tweezer-based systems, an
additional complication is given by the presence of densely-spaced intermediate sites
undesired for the final arrangement. To mitigate this issue, we propose a two-step
protocol for the assembly of individual atoms. In this case, the first resorting step after
imaging aims to equalize the density and separate individual atoms in order to allow
a well-defined rearrangement in a second step. To avoid that atoms at short relative
spacings are shuttled together, the dense areas are initially emptied, either by heating
atoms out of the trap using an intensity-modulated tweezer or by moving them out
of the region of interest. In a second step, starting with a new fluorescence image,
the successful separation of atoms can be confirmed before the actual sorting attempt
begins. This step may also benefit from presorting in the first round, to prepare free
corridors along which atoms can be moved. This lowers the number of turns and
hence boosts the success probability of the second round. In conclusion, overcoming
the complications imposed by the additional trapping sites offers access to a very
scalable platform and provides exciting opportunities for further optimizations. In the
following, we discuss a comparison of the scalability of lattice-based systems compared
to tweezer setups.

4.4.4 Scalability of lattice-based systems

For neutral-atom-based quantum information processors, available laser power typi-
cally limits the number of achievable qubits. Here, we summarize the scalability of
different approaches.

Tweezers

For tweezer-based approaches, each tweezer has to contain a certain power Piap to
generate the required potential Uiap. Generating tweezer arrays with phase-only
spatial light modulators requires a total laser power of

Pspm « N - u’crap

where N is the number of tweezers with a typical spacing of 2um and above. In
the case of AODs, where each tweezer corresponds to a radio-frequency tone, we
additionally have to consider the maximally allowed RF input power. For suitably
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chosen phases of the RF tones, the Crest ratio (also known as peak-to-average power
ratio) saturates at about 10. In this case, the average power still grows linearly with the
number of tweezers N, which implies that the RF power for each tone has to be scaled
with % to comply with the RF damage threshold. This lowers the diffraction efficiency
per tone, which has to be compensated by increasing the optical power. Assuming that
the diffraction efficiency is approximately linearly dependent on the RF power, we
obtain a scaling for the required optical power for AODs:

Paop ¢ 10N - utrap

Note that residual nonlinearities in the RF electronics or the AOD crystal give rise to
intermodulation, which lowers the diffraction efficiency. Furthermore, the diffraction
efficiency of both SLM and AOD-generated tweezers is non-uniform across the array.
To generate homogeneous tweezer arrays, the diffraction efficiency of the deep tweez-
ers has to be purposefully lowered to match the shallow tweezers. This is accompanied
by an additional effective loss of optical power. The drop in diffraction efficiency
depends on device-specific details and the system size. For example, for tweezer arrays
with a few hundred traps, we obtain a power efficiency of about 1/3 using an SLM
accepting 1%-regime residual inhomogeneities across the array.

Optical lattices

Optical lattices generate sites at shorter spacings depending on the lattice architecture
and wavelength. To allow for a fair comparison with the tweezer platform, we assume
that the atoms get resorted to "addressable spacings”, meaning that the spacing between
neighbouring qubits has to be large enough to allow for individual addressing with
sufficiently low crosstalk. In our case, suitable spacings of around 3.5 pm can be
realized using every 3rd and 6th site, which corresponds to a filling factor of about
5.5 %, but does not affect the scaling of the number of sites with laser power.

We assume an elliptical lattice beam and note that the intensity of the setup is
constant if the power scales with the horizontal waist P o« wy,, while maintaining a
constant vertical waist. For a 2D horizontal lattice, the area spanned by the lattice
scales as A o< w} __and the number of qubits grows with N & A. The required power
as a function of qubits, thus, scales as

1/2
P lattice & N

which holds for any lattice geometry. Note that the prefactor depends on the type of
lattice geometry (folded lattice, textbook retro-reflected lattice, shallow angle lattice).
For our lattice parameters with a vertical waist of 20 um the Rayleigh length is about
1.2mm. This shows that the horizontal waist could be, in principle, scaled up 10-fold,
which corresponds to a 100-fold increase in lattice area and demonstrates the scalability
of this setup.
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Textbook retro-reflected lattice We assume that the total power P is split into two
parts, one for each horizontal axis. The total potential is then given by

P
U o 2|2E|* = 2| 2\/;2 = 4P

This setup is, in principle, compatible with dynamic phase modulation schemes where
a spatial phase modulator is installed in the retro path to realize spatially-dependent
and dynamically modulated shifts of the lattice phase, which would allow for the
highly-parallelized displacement of atoms within the lattice potential.

Folded lattice This lattice setup exploits 4-fold interference of a single input beam,
which makes it particularly power efficient.

U « |[4E|* = 16P

Note that the achievable trap depth drops by a factor of approximately 2 if an uncoated
glass cell is used. In this case, the optical losses lower the trap depth, however, without
affecting the lattice contrast.

Shallow angle lattice In this setup, the lattice spacing a can be arbitrarily tuned by
adjusting the angle of interference 6 between the two arms:

i A
~ 2sin()

In addition, this type of lattice can be made robust against laser phase noise if the path
length difference between the interferometer arms is set to AL = 0 [185]; however,
the power efficiency is reduced, since the available power is distributed across 4 laser

beams.
/P
U o 22E> =2|2 le =2P

4.5 Resolved sideband cooling with three-photon
couplings

To support the creation of large-scale atom arrays, high-power laser sources have to be
used and a particularly robust and established technology is given by Ytterbium-doped
tiber amplifiers, which support wavelength just above 1 pm. To realize high-fidelity
operations in these systems, the atoms have to be sufficiently cold, which is usually
implemented via resolved sideband cooling. Unfortunately, in the case of strontium,
the intercombination line does not support magic trapping conditions for linearly
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Figure 4.9: Three-photon sideband spectroscopy. a To obtain magic trapping condi-
tions for the 1Sy <> 3P2,mj:0 transition, we measure the trap-induced light shift with
a Ramsey sequence at our wavelength of 1040 nm as a function of the angle between
the magnetic field and vertically polarized lattice. The solid line is a fit following
Eqg. (2.10). b Under magic conditions, we perform sideband spectroscopy (red) and
observe a heating sideband on the left of the carrier and a cooling sideband on the
right when varying the detuning of the 707 nm light field. Repeating the spectroscopy
after sideband cooling (blue) shows a suppression of the cooling sideband, however, at
the expense of an enhanced background caused by off-resonant scattering from 3S;.
¢ Estimation of the off-resonant single-photon scattering rate. The 707 and 688 nm
beams give rise to off-resonant scattering which effectively pumps population in the
3P2,m].7é0 states.

polarized traps at this wavelength, see Fig. 2.3b. At this wavelength, magic conditions
can be realized on the 'Sy <+ 3P1,m]:_1 transition for a suitable elliptical polarization
of the light field. Remarkably, the folded lattice geometry, in principle, supports a
well-defined ellipticity angle at the position of the lattice sites, given by the highest
intensities, but due to polarization rotations on the mirrors, we could not realize the
magic conditions experimentally.

Instead, alternative methods are required to carry out resolved sideband cooling,
and here we present an approach based on the P, clock state using a three-photon
drive, which is in detail introduced in Chapter 3.

4.5.1 Magic angle spectroscopy

To realize magic conditions, we apply a magnetic field with a strength of 19 G under a
variable angle with respect to the vertically polarized lattice and initially characterize
the resonance shift as a function of lattice trap depth. To perform a more accurate
characterization of the magic angle on the 'Sy <> 3P2/mj:0 transition, we use a Ramsey

sequence and extract the frequency of Ramsey oscillations as a function of the dark
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time between two 71/2-pulses. Repeating the measurement for different lattice trap
depths reveals the trap-induced differential light shift. The measurement is shown
in Fig. 4.9a and is fitted with Eq. (2.10) fora | = 0 — | = 2 transition.

4.5.2 Sideband spectroscopy & cooling

Under magic trapping conditions, we carry out sideband spectroscopy by varying
the frequency of the 707 nm beam and observe motional sidebands at detunings of
approximately 300 kHz with respect to the carrier, shown in Fig. 4.9b, which corre-
spond to the short lattice spacing collinear with the probe direction. Implementing
cooling with unitary operations alone is not possible, and instead, a dissipative step is
required. Here, we realize the dissipative “repumping” of atoms by coupling P, to
3Py, using a two-photon drive at 707 and 688 nm, from where the atoms decay back
to the ground state. To avoid heating due to dipole force fluctuations caused by the
non-magically-trapped °P; state, we purposefully detune the two-photon repump-
ing by 1MHz [186, 187]. Initially, we drive a three-photon 7r-pulse on the cooling
sideband to remove one motional excitation and subsequently reset the atoms via
3Py, as described in Section 3.3.8. Currently, the efficiency of this process is limited
by off-resonant scattering from the intermediate state 3S;, which gives rise to a high
baseline in the subsequent spectroscopy and corresponds to an effective loss of atoms
from the cooling cycle. In order to experimentally measure the off-resonant scattering
rate, we detune the 707 nm light field by 20 MHz and drive off-resonant three-photon
couplings, before the remaining ground-state atoms are pushed out. We obtain an
effective scattering rate of 10.2(2) Hz, plotted in Fig. 4.9c, which provides a plausible
explaination for the baseline in Fig. 4.9b, where we applied the sideband cooling for
about 30 ms. Alternatively, resonant repumping at 707 nm is conceivable, which would,
however, require multiple scattering events that would give rise to additional heating.
Instead, we choose to repump atoms via a two-photon pulse and expect to suppress
the scattering error using larger intermediate state detunings. Since the cooling tran-
sition is driven by a three-photon process, the effective power-broadened linewidth
can be accurately controlled via the applied laser power at intermediate magnetic
tield strength. Alternative couplings based on the single-photon coupling at 671 nm
would allow for only slow Rabi frequencies due to the weak coupling of the magnetic
quadrupole transition [188].

4.6 Summary and outlook

In this chapter, we demonstrated building blocks combining the scalability of opti-
cal lattice setups with the single-site control of tightly focused optical tweezers. By
choosing the tweezer spacings to be commensurate with the lattice grid, we implanted
atoms in parallel at individual lattice sites and presented the repeated transfer of
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atoms between the tweezer and lattice potential. This provides the means to decouple,
for example, the trap-depth-demanding imaging from the rest of the sequence and
facilitates the creation of larger tweezer systems at wavelengths where high-power
sources are not available.

Furthermore, we demonstrated the loading of a single lattice plane directly from a
MOT and rearranged atoms in the two-dimensional lattice system using AOD-driven
tweezers. This approach paves the way for the assembly of scalable atom arrays,
potentially beyond the current state-of-the-art of tweezer arrays and sidesteps thermal
issues in the objective lens occurring in tweezer-based approaches [70]. Additionally,
the precise positioning of atoms in the lattice offers new possibilities for experiments,
for example, to prepare an initial state for quantum walk experiments or to create
deterministically loaded tweezer arrays at 100 % filling by transfering atoms into the
tweezer array after presorting in the lattice.

Moreover, the combination of tweezers and lattice potentials facilitates new pro-
tocols for the generation of atom arrays, and we demonstrated a protocol for the
iterative assembly and continuous operation of atom arrays. This provides the means
to overcome scaling limitations by repeatedly adding atoms to the system and relies
on the low-loss imaging introduced at the beginning of this chapter. Exploiting the
presence of long-lived metastable states in strontium, this protocol also enables the
continuous operation of atom arrays, which substantially reduces the timing overhead
of experiments, since the resorting has to fix only the defects instead of assembling an
entirely new ensemble.

Finally, we presented a new method for resolved sideband cooling of strontium
at IR wavelength, where magic trapping conditions for linearly polarized traps are
not available on the intercombination line. Instead, we made use of a three-photon
coupling from the 1Sy ground state to the 3P, clock state. This technique is compatible
with intermediate magnetic field strength, which facilitates creating magic trapping
conditions on this transition. Combined with the site-resolved assembly of atom arrays,
this paves the way towards assembled Hubbard systems. Here, the sideband-resolved
two-photon coupling of 3P, to 3P; may be exploited in future experiments to realize
algorithmic cooling protocols or for erasure detection of atoms out of the motional
ground state. To create atom arrays in a Hubbard-regime optical lattice, the vertical
confinement has to be enhanced. The following section provides a brief discussion of
possible setups.

4.6.1 Improved vertical confinement

The measurements presented in this chapter would benefit from a stronger vertical
confinement, for example, to suppress broadening of the single-atom fluorescence
distribution and to match the vertical trap frequencies of tweezers and lattice. In
our system, the confinement in the vertical direction is entirely given by the Gaussian
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envelope of the beam, which could be focused to a smaller vertical waist of about 10 pm
in order to provide a higher vertical trap frequency. However, a stronger vertical focus
limits the Rayleigh length of the beam and reduces the scalability of the system. At
our lattice wavelength of 1040 nm and the 20 um vertical waist, the resulting Rayleigh
length is about 1.2 mm. The demonstrations presented in the chapter are thus scalable
up to 100-fold larger areas and associated atom numbers.

Enhanced vertical confinement can be realized by superimposing the lattice with
a vertically tightly-focused and highly elliptical light sheet [120]. However, this ap-
proach is limited to intermediate system sizes due to the diffraction-limited divergence
inherent to tightly-focused Gaussian beams.

Alternatively, shallow-angle lattices are a promising approach where the angle
of interference provides the means to choose the lattice spacing, which can even be
smoothly adjusted in “accordeon-type” setups [189, 190]. Choosing the lattice spacing
requires a trade-off between the strength of the vertical confinement in terms of its trap
frequency (favoured by short spacings) and the ability to load only a single plane. If
the lattice spacing is too short, atoms might be loaded into multiple planes, and the
subsequent preparation would require an involved “slicing” procedure in a vertical
magnetic field gradient [188]. Considering a sequence of vertical confinement steps
using, for example, a combination of optical potentials, the atoms can finally be loaded
into a retro-reflected optical lattice, which provides the strongest vertical confinement.
Generating such a lattice in the presence of two vertically oriented objectives may rely
on a hole in the center of the objective lenses [179].

4.6.2 Perspectives for parallel assembly

For the resorting demonstrations presented in the chapter, we have, for simplicity,
used only a single AOD-driven tweezer. In order to speed up the resorting process,
future experiments can exploit multiple tweezers to move atoms in parallel along the
eigenaxis of the AODs. In this case, the eigenaxes of the AODs are ideally aligned
with the eigenaxes of the lattice to allow for parallelized moves within the lattice grid.
However, even in this case, the ability to perform moves in parallel is limited by the
inherent properties of the AOD-based setup, which prevents arbitrary parallelized
moves beyond the grid spanned by the AODs. Recently, an alternative approach
for parallelized atom shuttling was demonstrated, which relies on fast LCOS-SLMs.
Here, the tweezer position can be arbitrarily programmed holographically, and atoms
can be moved by smoothly displacing atoms in several steps [191-194]. Currently,
the achievable resorting durations are limited by the update rates of commercially
available light modulators, with the fastest devices operating at rates of about 1kHz
(Meadowlark HSP1K-488-850-PC8-TCS4). Recently, a new type of spatial light modu-
lator, based on microelectromechanical system (MEMS) phase-only light modulation,
was introduced [195]. This device makes use of a micromirror array (MMA) to imprint
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a configurable phase mask onto a laser beam and is described further in Chapter 6.
Currently, the update rate of the MMA is limited as well to 1kHz, which may be
increased further, approaching the rates achievable with DMD setups.

The main data-processing bottleneck in our apparatus is, however, currently given
by the deconvolution and state detection algorithm. In the following chapter, we
present a scalable reconstruction algorithm based on a deep convolutional neural
network, which exploits the parallel execution on modern graphics cards and offers a
fast noise-resilient reconstruction applicable to arbitrary lattice geometries.
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Chapter 5

A deep learning algorithm for scalable
deconvolution

5.1 Introduction

Detecting the atomic distribution in optical lattices is a ubiquitous requirement of quan-
tum gas microscopes and has been used very successfully, for example, to simulate the
Hubbard model. Compared to systems based on optical tweezers, the interatomic spac-
ings are significantly smaller and are typically of the order of 500 nm or, in some cases,
even below at the 300 nm level [196]. In most setups, this gives rise to a substantial
overlap of the single-atom fluorescence emitted from neighboring sites, which com-
plicates the site-resolved detection. For sufficiently localized atoms, the fluorescence
distribution can be understood as a convolution of the point-like atom position with
the point-spread-function (PSF) of the imaging system. The inverse operation, termed
deconvolution, aims to recover the point-like distribution and is mathematically based
on the convolution theorem, which states that the Fourier transform of the fluorescence
image is given by the product of the Fourier transform of the point-like distribution
with the Fourier transform of the PSE. However, in the presence of experimental noise,
for example, the fundamentally given Shot noise, the division in the reciprocal space is
ill-defined, and several methods have been invented to mitigate this [197].

In this chapter, we introduce a novel deconvolution algorithm based on a deep
convolutional neural network (CNN). Combined with a state-detection postprocessing
algorithm, this offers a fast and noise-resilient approach to obtain the site-resolved
lattice occupation.

5.2 Learning predictions of the site-resolved
occupation

Previous work on neural networks for quantum optics image processing is based
on network architectures which provide directly a site-resolved classification at the
output [198-200]. To build a scalable network architecture, we work exclusively with
convolutional elements and choose an input dimension of the first layer of 64 x 64
pixels, substantially smaller than the full-frame camera ROI. The small input dimension
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limits the number of parameters and ensures a fast execution of the network and the
usage of convolutional layers allows for a straightforward upscaling to larger ROIs.

Inspired by previous work [198, 200], we train an encoder network to translate
image snippets with dimensions of 64 x 64 pixels to site-occupations on a 8 x 16
output grid. The network architecture is based on a modified U-Net [201] and the
working principle is illustrated in Fig. 5.1a. For training, we take a few hundred images
and reconstruct the lattice occupation with our reference algorithm, introduced in
Section 4.4.1. We then draw randomly selected, but mutually corresponding snippets
from the image and the occupation matrix and train the network to produce the
occupation snippet given the image. The final layer of the network makes use of
a Sigmoid activation function and the training loss function is given by a binary-
crossentropy loss to minimize the Kullback-Leibler divergence between the generated
and reference probability distribution [202].

5.2.1 Comparison to the reference algorithm

Compared to the reference algorithm, described in Section 4.4.1, the neural network
approach can capture new effects. As shown in Fig. 5.1b the background noise level
(see the two marked regions) depends on the presence of atoms surrounding an empty
area. If several atoms are present in the vicinity of an empty ROI, the background
level is substantially higher compared to larger empty areas. We attribute this to the
insufficient vertical confinement and the corresponding long tail of the single-atom
fluorescence distribution. Similarly, the brightness of atoms seems to depend on the
distance to other atoms, and groups of atoms seem to exhibit superradiance, a collec-
tive emission, which occurs when the interparticle spacing approaches the transition
wavelength [203]. The linear kernel-based approach of our reference algorithm [184]
cannot capture this non-linear behaviour, but the network may learn a suitable non-
linear mapping to allow for a more accurate reconstruction. While the supervised
training approach used here inherently implies that the network learns to reproduce
the reference algorithm, it may still produce more accurate predictions, in particular,
in densely filled areas. In addition, the learned reconstruction can be made more
noise resilient by purposefully adding random noise to the images during training.
This so-called noise regularization prevents overfitting and forces the model to learn
relevant features. At the same time, it also favours robustness of the model against
noise. Since fluorescence images of atoms have limited signal-to-noise ratios, it also
serves as a data augmentation technique if only a limited number of images is available.
Furthermore, to ensure that the detection is not limited by possible imperfections of the
reference algorithm, unsupervised training approaches are feasible and are discussed
in more detail in Section 5.5.1.

While the training is based on small image snippets, we typically need to reconstruct
a larger lattice ROI. Applying the convolutional network to a larger image directly
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Figure 5.1: Image to site translation with a neural network. a The data processing
of a convolutional encoder network is shown, which translates images to occupation
matrices. The input of the network is given by a 64 x 64 pixel area of the image, and a
set of learned convolutional kernels and non-linear activation functions is applied. The
output of the network is given by an 8 x 16-sites output representing the occupation
matrix. b Snippet of a fluorescence image of atoms loaded directly into the optical
lattice. The brightness of atoms and the background level vary depending on the
local filling fraction. Areas surrounded by atoms (1) exhibit a higher background
level than empty areas (2), indicating a large extent of the single-atom fluorescence
distribution likely caused by insufficient vertical confinement. Atoms in the close
vicinity of other atoms appear brighter, which we attribute to superradiant effects and
the overlap of their fluorescence distribution. This observation motivates the usage
of convolutional neural networks to learn the detailed fluorescence distribution and
potential nonlinear effects. ¢ Comparison of the occupation matrix obtained from
the encoder network (blue dots) with the output of the reference algorithm (orange
crosses). The two occupation matrices exhibit a spatially varying shift. In the upper left
part, the results are shifted horizontally by two sites. Further towards the center, the
shift is reduced to an offset of one site , and in the lower right area of the occupation,
the shift appears along the vertical direction. Since the encoder network has an input
(output) area of only 64 x 64 pixels (8 x 16 sites), it fails to generate a phase-coherent
grid when applied to a larger area. See the main text for a more detailed discussion.
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produces a correspondingly larger occupation matrix. The result is shown in Fig. 5.1c
compared to the output of the reference algorithm. Remarkably, the two occupation
matrices exhibit a spatially varying phase shift. In the upper left area, the occupation
matrices are horizontally shifted, and the lower right area exhibits a vertical shift.
This discrepancy is caused by difficulties of the neural network to “phase-coherently”
stitch together smaller areas. The data presented during training includes only small-
scale areas, where residual phase shifts, caused, for example, by the rounding in the
site-to-pixel translation, are not relevant. However, for large-scale images, a small
mismatch of the learned lattice spacing may give rise to a locally varying lattice phase
and a resulting position-dependent mismatch of the assigned lattice site. This problem
is inherent to all setups where the lattice spacing is incommensurate with the pixel
spacing, and prior work [198] has used upsampling to reduce the effect of rounding.
Here, we follow a different approach and instead separate the deconvolution from the
state detection. The first step aims solely to provide a deconvolved image, and the
second step subsequently assigns the emission to a lattice site. We make use of machine
learning techniques for the first step only and employ a postprocessing algorithm to
guarantee a phase-coherent lattice grid across the entire ROL

5.3 Learned deconvolution of fluorescence images

Separating the deconvolution from the state detection, where the emission is assigned
to individual lattice sites, has the distinct advantage of sidestepping rounding issues
for incommensurate site-to-pixel translation. In addition, this approach is applicable
to arbitrary lattice geometries, including kagome or triangular lattices, which would
otherwise require entirely new network architectures.

5.3.1 Training

To learn the deconvolution, we again take images and reconstruct them with the
reference algorithm. Afterwards, we compute the center pixel for all occupied sites and
activate a single pixel at this location. Specifically, we set all pixels to zero and set the
center position of occupied sites to one, as shown in Fig. 5.2a. We extend the previously
used encoder network by a suitable decoder network to generate an output of 64 x 64
pixels and train the network to generate the sparsely filled outputs. At this point, the
deconvolution task is formulated as an image-to-image translation task , and various
publications describe suitable network architectures and training strategies [204-206].
To favour the binary output of the network, we again use a Sigmoid activation function
in the final layer and train with binary cross-entropy loss. Before presenting the images
to the network, the data is normalized to a mean of zero and a standard deviation
of unity in order to facilitate the convergence of the training. During inference, we
similarly subtract the image mean and divide by the standard deviation of the image.
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Figure 5.2: Deconvolution with a convolutional neural network. Instead of a full
state detection, we train an autoencoder network to carry out the deconvolution alone
without assigning the emission to specific lattice sites. a Layout of the autoencoder
network used to carry out the deconvolution. An image snippet with 64 x 64 pixels
is provided to an encoder network, which uses layers of convolutional kernels and
non-linear activation functions to shrink the spatial dimensions while extending the
depth before a decoder network the spatial dimensions of the input. The network is
trained to provide a deconvolved version of the input image where only individual
pixels are activated that correspond to the round center position of the atom. The
images are taken from the training dataset. b Fluorescence image of atoms in the
lattice provided to the input layer of the autoencoder network. Since the network is
based entirely on convolutional operations, it is easily applicable to any input image
dimension. ¢ Output of the network for the input in (b) after completed training.
The lattice structure is noticeable, and the emission can subsequently be assigned to
individual lattice sites as described in the main text. The network architecture used
here can be applied to arbitrary lattice geometries.
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Applying the network to a large-scale lattice image yields the output shown in
Fig. 5.2c. Again, the output exhibits rounding issues, caused by the incommensurabil-
ity of the pixel and lattice spacing, which distributes the output emission across more
than one pixel. However, in this case, the rounding errors occur on the pixel level, and
multiple pixels can still uniquely be assigned to the correct lattice site. To compute
the site-resolved occupation, the deconvolved image has to be divided into individual
ROIs corresponding to the lattice sites, and defining the lattice ROIs requires knowl-
edge of the lattice phases. In the following, we discuss a postprocessing algorithm to
detect the lattice phase and compute the occupation matrix.

5.3.2 Postprocessing algorithm

To obtain the occupation matrix, we first need to identify the shift of the lattice grid
with respect to the camera in order to uniquely fix the ROIs for each site. Extracting
the phase relies on comparing the deconvolved image to a set of precomputed masks,
which are computed for various x- and y-phases considering unity filling. Specifically,
we assume that all sites are filled and compute the center pixel in the image ROI for
each site, which we subsequently set to one in a background of zeros. These masks are
computed for each combination of lattice phase for the x- and y-direction, where we
typically take 20 discrete points within the range [—0.5,0.5). At our lattice spacings
of approximately 4 (8) pixels along the horizontal (vertical) image direction, we can,
in principle, only distinguish an equal number of different phases. However, at large
ROlIs, the rounding to the closest pixel gives rise to a noticeable difference due to the
incommensurability of the lattice and pixel spacing.

Phase detection

The resulting set of reference masks R;j; is a four-dimensional matrix, where the
tirst two indices i, j represent the two spatial image dimensions and the indices k, /
correspond to the phases in the x- and y-direction, respectively. To estimate the lattice
phase, we compute the overlap of the deconvolved image I;; with the reference mask:

O = Y Rijut Iij
i
The overlap is shown in Fig. 5.3a and exhibits a well-defined optimum obtained from
the smoothly varying overlap and the phase is subsequently extracted as the point

of highest overlap. Indeed, we confirmed that the resulting phases are in excellent
agreement with the results obtained from our reference algorithm.

Emission per lattice site

To compute the emission for each lattice site, we define ROIs with dimensions of 3 x 3
pixels centered on each site of the deconvolved image. The usage of ROIs ensures
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Figure 5.3: Phase detection & emission per site. a To obtain the phase of the optical
lattice, we compare the autoencoder to a set of precomputed masks where only the
center positions of the lattice sites are activated depending on the phases along the
x- and y-directions. For each pair of phase values, we compute the product of the
mask and the deconvolved image and sum it, thereby measuring the overlap of the
output with the given mask. This overlap is shown here as a function of the phases,
and the identified optimum is marked with a red cross. These phases are subsequently
used to define the ROIs of the lattice sites on the deconvolved image. b Knowing the
phases of the optical lattice, we compute for each lattice site a region of interest (ROI)
of 3 x 3 pixels centered on the site coordinates. We then sum the emission for each
ROI and show a histogram of the emission per site. The occupation is obtained by
thresholding the emission. The insets show annotated snippets of the raw image (left)
and the deconvolved image (right), where the green boxes indicate occupied sites.

that small shifts of the emission in the deconvolution (see Fig. 5.3c) are still assigned
correctly to their corresponding lattice sites. We then sum over the ROI and obtain the
histogram over single-site emissions shown in Fig. 5.3b, which shows a highly bimodal
distribution. We observe the highest number of occurrences at near-zero emission
corresponding to empty sites and obtain the 1-atom peak centered at unity. Note that
the dynamic range of the deconvolved image is bound within (0, 1), because of the
Sigmoid activation function of the last layer. However, since we sum over small ROIs
to obtain the emission, we can, in some cases, obtain integrated values larger than
unity. Note that the emission obtained here is a non-linear function with respect to the
image and can thus not be understood in terms of the number of photons per site.
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Figure 5.4: Noise resilience and timing of the reconstruction. a To benchmark the
autoencoder network, we compare the noise resilience to our reference algorithm
described in Chapter 4. For a set of test images, we first compute the occupation for
each algorithm, which acts as a reference. We then add random noise from a Gaussian
distribution with standard deviation ¢ and reconstruct the image again. The infidelity
is computed with respect to the reference image obtained in the absence of excess noise.
The autoencoder (green) shows a significantly reduced infidelity than the reference
algorithm (blue). Error bars denote the standard deviation. b To benchmark the
execution time of the autoencoder network, we select regions of interest of variable size
from the set of images and measure the execution time. Here, the network is running
on an A5000 GPU from Nvidia, which allows reconstructing more than 30000 sites in
less than 15 ms. The error bars denote the standard deviation.

5.4 Benchmarking of the autoencoder network

To characterize the performance of the autoencoder network, we benchmark the noise
resilience in comparison to the reference algorithm. Initially, we reconstruct a few
images and store the resulting occupation matrices. We then add random noise to the
image, perform another round of reconstruction, and compare the resulting occupation
to the reference case obtained in the absence of additional noise. For occupation
matrices m and 1, we define the fidelity as F = 2 Yij min;;/ (Zi/]- mij )i nij> and plot
the infidelity 1 — F in Fig. 5.4a. The comparison shows that the autoencoder-based
state detection is substantially more noise resilient and exhibits an error probability
that is suppressed by up to an order of magnitude for small to intermediate noise
amplitudes. This demonstrates an advantage of machine learning techniques over
single-kernel-based approaches, where the noise-resilience can be supported during
training, for example, via noise regularization as discussed above. For realistic noise
models, denoising routines may be developed further based on trainable networks,
which exploit correlations across individual pixels.
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Besides the ability to handle noise and reconstruct realistic images, the processing
duration is another important figure of merit. For benchmarking purposes, we com-
pute the average execution duration for ROIs of variable area, as shown in Fig. 5.4b.
We obtain a slope of approximately 0.3 ps/site and an offset of about 3.5 ms attributed
to the data transfer onto the GPU. The timings shown here include the conversion of
the image into a suitable tensor object and the full state reconstruction, including the
autoencoder-based deconvolution and the execution of the postprocessing algorithm.
Reconstructing more than 30000 lattice sites in, on average, less than 15ms, demon-
strates the scalability of this approach and unlocks the processing of million-site-scale
images within less than one second.

5.5 Summary and outlook

In this chapter, we introduced a novel atom detection algorithm based on a deep
convolutional neural network suitable for reconstructing the occupation in densely
filled optical lattice system. We separate the deconvolution from the site-resolved state
detection and train an autoencoder-type network to provide deconvolved images of
the point-like distribution of atoms. This approach mitigates position-dependent shifts
of the occupation matrix, caused by the incommensurability of the lattice and pixel
spacings and ensure that the outlined protocol is applicable to any lattice geometry,
including, for example, kagome and triangular lattices.

To extract the site-resolved lattice occupation, we introduce a postprocessing al-
gorithm, which assigns the emission on the deconvolved image to their individual
lattice sites and provides an occupation matrix by thresholding the emission. Com-
pared to our linear kernel-based reference algorithm, we find a substantially improved
resilience against random noise, caused by the noise regularization employed during
training. We envision that realistic noise models, tailored to describe the noise pro-
cesses of camera readout and photon scattering, may serve as helpful extensions to
train denoising layers in future CNN setups.

For the demonstration here, we used a supervised training approach, making use
of the reference algorithm to produce a set of mutually corresponding images and
occupation matrices. While the resulting network fulfils our requirements in terms
of robustness against noise, execution time, and scalability, some applications might
require an entirely unsupervised approach if other reconstruction algorithms are not
applicable. In these cases, it would be desirable to train a network without a dataset of
mutually corresponding pairs of images and occupation matrices.

5.5.1 Unsupervised training

In the context of image-to-image translation, various unsupervised training algorithms
have been invented to transfer images from one type to another. The translation
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from noisy fluorescence images to clean (potentially binary) deconvolved images
can be understood in this setting as translating images from the noisy class to the
clean class. If supervised techniques are not feasible due to the absence of a suitable
reconstruction algorithm, we can still generate pairs of real images accompanied by
generated deconvolved versions, which are not mutually corresponding. In this case,
the images are taken from the experimental dataset, and the deconvolved versions
are randomly generated following the known lattice spacings and angles, but without
reflecting the occupation of the actual fluorescence image. The resulting dataset
contains snippets of both classes (fluorescence images and deconvolved images), and
the network is trained to translate from one class to the other one; however, in such
a way that images are mutually corresponding. This type of unsupervised image-to-
image translation is realized, for example, by the CycleGAN algorithm [205] or the
Contrastive Unpaired Translation (CUT) approach [206].

Training a neural network to translate images to resemble a certain type requires, in
principle, a suitable loss function to guide the training. However, designing a suitable
function to measure the similarity with the desired outcome is, in most cases, very
difficult. Instead, the loss function itself can be learned during training following
the concept of Conditional Generative Adversarial Networks (cGAN) [204]. Here, a
discriminator network is trained together with the translating network to distinguish
between images taken from the desired target class and the output of the translator
network. As the training proceeds, the discriminator gets better at distinguishing
generated and real images from the target class, thereby forcing the translating network
to produce more realistic outputs. Applied to our deconvolution task, this would, so
far, allow for the generation of authentic occupation matrices, however, without any
correspondence to the provided images. If the forward translation is combined with
another translating network for the backward translation process, the combination
can be further trained to provide cycle-consistent results, thereby enforcing a mutual
correspondence of the images from the two classes. In summary, a deconvolving
network can be trained using a set of atomic fluorescence images and randomly
generated deconvolved samples. To avoid the overhead of the backwards translation,
the CUT algorithm makes use of an autoencoder setup, and the training is based on
maximizing the mutual information of image patches from both classes in the latent
space of the encoder network [206].

In conclusion, the deconvolution approach presented in this chapter can be ex-
tended to operate in a purely unsupervised manner. This would provide a simple-to-
use setup for experimentalists, where the creation of a tailored reconstruction algorithm
would be feasible upon pressing a button.



95

Chapter 6

Holographic tweezer generation with
micromirror arrays

6.1 Introduction

Optical tweezers are a powerful tool for the study of quantum-mechanical many-body
systems and the construction of neutral-atom-based quantum information processors.
For stationary tweezers, the array is often generated using liquid-crystal-on-silicon
spatial light modulators (LCOS-SLMs), where incident light is reflected after passing
through a liquid crystal layer. With suitable control voltages applied to a grid of pixel
electrodes, the refractive index is altered locally, which gives rise to a programmable
phase pattern imprinted onto the laser beam. In this setup, nearly arbitrary intensity
distributions in the focal plane of an objective lens can be configured by displaying
a suitable phase mask on the device. The programmability of the phase pattern
allows for compensating optical aberrations, and SLMs have been successfully used
for the creation of tweezer arrays with several 1000 sites owing to their compatibility
with high optical power [70]. Because of the limited update rate of typically 60 —
120 Hz of most devices, the resulting tweezer arrays are usually stationary; however,
dynamic potentials have been demonstrated using specialized SLMs with up to 1kHz
update rate [193]. The available wavelength range for LCOS-SLMs is constrained to
wavelengths above 355 nm due to the degradation of the liquid crystal phase under
UV irradiation.

Besides SLM-based approaches, optical tweezers can also be generated with acousto-
optic deflector (AOD), digital micromirror devices (DMD), or metamaterials. Comple-
mentary to the SLM-generated arrays, the AOD-driven setups are suitable for dynamic
rearrangement of the tweezer position owing to the radio-frequency-based diffraction,
which allows for smooth adjustments of the tweezer position at fast rates. In contrast,
DMDs offer an intermediate update rate typically somewhere in the kHz-regime, and
can be used either in a Fourier or an image plane of an optical system. While this
opens interesting possibilities, for example, for the spatial modulation of incoherent
light, it is typically not power efficient for generating optical tweezer arrays. Stationary,
metamaterial-based phase masks enable large-scale tweezer arrays [207, 208], but offer
no dynamic controllability.
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Figure 6.1: Holographic beam shaping with a micromirror array. a Setup for holo-
graphic beam shaping with a micromirror array (MMA). A collimated input beam
is reflected from the device, which imprints a programmable phase mask onto the
beam. The beam is focused, and the image plane is monitored with a camera. For
each micromirror, the phase is set by controlling the piston stroke electrostatically,
which enables holographic beam shaping at a wavelength in the ultraviolet regime. To
avoid damage to the underlying control electronics under UV irradiation, the MMA is
continuously flushed with nitrogen. b-d Tweezer arrays generated at a wavelength of
322nm using the MMA. e Adjusting the piston stroke depending on the wavelength
enables beam shaping across a broad wavelength range. Here, a tweezer array at a
wavelength of 688 nm is shown.

50 um 322 nm 50 ym 688 nm

In this chapter, we introduce a new type of spatial light modulator based on a
micromirror array (MMA). Here, individual mirrors are electrostatically controlled to
set a stroke on the nanometer-scale, which is used to imprint programmable phase
masks onto laser beams reflected from the device. The device acts as a phase-only
spatial light modulator and is compatible with wavelengths in the ultraviolet regime,
and offers a fast update rate. The measurements presented in this chapter are based on
publication [195].

6.2 Beam shaping in the ultraviolet range

The working principle of MM A-based holographic beam shaping is sketched in Fig. 6.1a.
A collimated input beam is reflected from the MMA and focused onto a camera to
monitor the resulting intensity distribution. The MMA itself is installed in a Fourier
plane of the optical system, and the stroke of mirrors is individually configured to im-
print the desired phase mask onto the light field. The prototype MMA used here (64k
customer evaluation kit piston MMA a-module) features 256 x 256 uncoated square
mirrors with a pitch of 16 um and maximum stroke of 350 nm, which is configured



6.2 Beam shaping in the ultraviolet range 97

a Ag b c

5 P IR ] L L 0.9
3 . 3 4 Hoée £
! i = L = | =
i o g e 03 &
(i) = (33 alf 1 alr 7 e
o r o [ 00 ®
Q o 3
3 [ 1 3 ] 039
& 2t {1 2t 10H7°°8
1 \\ -3k 4 3 4 H-06%

) B, LA | el v -0.9

3 /g 5-5 -3 A1 1 3 5 5—5 -3 A1 1 3 5
N j (superpixel) j (superpixel)

Figure 6.2: Phase shifting interferometry with a micro-mirror array. a To carry out
phase shifting interferometry, the MMA is illuminated with a collimated beam, and
the MMA displays a blazing grating within two superpixel regions only. The relative
phase of the two superpixels’ grating determines the position of the interference fringe
detected on a camera. By varying the position of one superpixel with respect to a
common reference superpixel in the center, the spatially-dependent phase profile can
be mapped out. b Phase map obtained via phase shifting interferometry, which exhibits
a wavefront distortion resembling astigmatism. ¢ After wavefront correction, we obtain
a residual wavefront distortion of A /100 at the employed wavelength of 322 nm.

with a resolution of 8 bits. Starting with a collimated beam, the MMA is illuminated at
an angle of incidence of approximately 7° and the optically imprinted phase profile is
given by twice the path-length difference configured by the mirror stroke. A full phase
modulation of ®(x,y) € [0,2) is thus feasible for wavelength up to about 700 nm and
because of the purely reflection-based working principle, the MMA is compatible with
a broad range of wavelengths, including the ultraviolet range. To prevent damage to
the microelectromechanical-system-based (MEMS) control components from ozone,
which forms in the presence of ambient air under UV irradiation, we continuously
flush the MMA surface with dry nitrogen. This is realized by installing a small enclo-
sure with a central fused-silica window in front of the MMA and connecting a weak
flow of nitrogen.

To demonstrate the possibility of holographic beam shaping in the UV spectral
range, we generate various tweezer arrays at a wavelength of 322 nm, see Fig. 6.1b-d
and also at a wavelength of 688 nm, see Fig. 6.1e. Generating high-quality optical poten-
tials relies on compensating optical aberrations, which we independently characterize
via phase shifting interferometry.

6.2.1 Phase shifting interferometry

To carry out phase shifting interferometry and measure the wave front distortion
across the beam, we deactivate most MMA pixels and turn on only two superpixel
areas which each displays a blazing grating. The light reflected from both superpixels
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Figure 6.3: Resolution and switching speed. a To benchmark the resolution of the
MMA, we apply phase-shifting interferometry and step the phase of one superpixel
in steps of % and observe the phase of the resulting interference fringe. Here, the
extracted phase is shown as a function of the programmed phase, and the inset shows
the measured phase step of each point with respect to the previous value. The points
indeed scatter around a mean step size of 225—”6. b Timing diagram of the MMA. The
deflection cycle of the MMA is synchronized to the experimental sequence using TTL

signals.

interferes on the camera, as shown in Fig. 6.2a, and the phase of the interference
pattern is extracted. By varying the position of the second superpixel with respect to
the common reference in the center, the phase profile across the beam is mapped out,
which includes aberrations induced by the deformation of the MMA surface, residual
aberrations of the incident light field, and aberrations in the optical setup. We initially
observe astigmatism, see Fig. 6.2b and reach a residual root-mean-square wavefront
distortion of A/100, within a circular aperture after applying the phase correction
obtained in the first step. This demonstration, performed at a wavelength of 322 nm
establishes MMAs as a powerful alternative to LCOS-SLMs and unlocks holographic
beam shaping in the ultraviolet spectral range. In the following, we characterize the
MMA in terms of the achievable phase resolution and timing.

6.3 Benchmarking the MMA

6.3.1 Phase resolution

Each MMA mirror is programmed with an electronic resolution of 8 bits, and to
characterize the available phase resolution in the optical domain, we make use of the
superpixel setup introduced for phase shifting interferometry. We vary the phase of
one superpixel and measure the phase of the resulting interference fringe on the camera.
In Fig. 6.3a the extracted phase relative to the initial fringe is shown as a function of
the programmed phase shift on the superpixel, and the linear scaling with unity slope
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Figure 6.4: Phase noise of the MMA. a To characterize the phase noise added by
the MMA, we set up a self-heterodyne interferometer. One arm of the interferometer
contains the MMA, and the other arm features an AOM to offset the optical frequency
by 80 MHz. The two arms are superimposed on a fast photodetector, and the phase
noise of the beat signal is analyzed. b Phase noise power spectral densities with
activated and deactivated MMA deflection. We observe no excess phase noise within
our measurement sensitivity.

confirms the correct calibration for the employed wavelength. For this measurement,
we step the applied phase with the smallest possible resolution of 227”6, given by the
8-bit resolution, and compute, for each step, the phase difference compared to the
previous measurement (see inset in Fig. 6.3a). The measured phase steps indeed scatter
around the programmed step size of 225—”6. With respect to a linear fit, we obtain the
largest residual deviation of 2.2 x 22 and a standard deviation of 0.91 x 2Z, indicating
that the resolution in the optical domain is slightly reduced compared to the electronic
resolution given by the MMA controller.

6.3.2 MMA timing

Besides the compatibility with UV wavelength, one intriguing feature of MMAs is
given by the perspective of holographic beam shaping with fast update rates beyond
the applicability of LCOS-type light modulators. For the demonstration here, we
use a MMA, which supports an update rate of 1kHz and is thus comparable to
the fastest currently available LCOS-SLMs (Meadowlark HSP1K-488-850-PC8-TCS4).
However, the switching speed is currently limited by the underlying MEMS-based
control electronics and can be improved in future developments, which provides access
to highly parallel control of focused spot arrays at fast rates.

The timing diagram for MMA-based beam shaping is shown in Fig. 6.3b and begins
with a 820 ps-long programming duration where the stroke of each mirror is configured
and becomes active after a mirror settling time of approximately 30 ps. At this point,
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the MMA deflection is active for a programmable duration, which can be synchronized
with a TTL trigger output indicating the completed deflection with a configurable
delay. To mimic the application of an MMA for UV beam shaping in a neutral atom
experiment, we synchronize the MMA deflection with 10 pus-long UV pulses generated
with an independent acousto-optic deflector. At the power level of 100 mW used
here we observe no degradation of the MMA and demonstrate the rapid switching of
holographic masks, see Fig. 6.3b.

6.3.3 Phase noise

The MMA is based on an array of mirrors mounted to a spring-like structure and an
electrostatically configured stroke. In order to estimate the extent to which residual
motion of the mirrors translates to phase noise, we set up the self-heterodyne interfer-
ometer shown in Fig. 6.4a. One arm of the interferometer contains the MMA, which
is compared to a reference arm by superimposing both paths on a fast photodetector.
The optical frequency in the reference arm is shifted by +-80 MHz to generate a beating
signal away from DC, which is subsequently analyzed to obtain the phase noise power
spectral densities shown in Fig. 6.4b. Compared to the passive MMA, where the device
acts purely as a flat mirror, we observe no excess phase noise when the MMA displays
a phase pattern. For the measurement with activated MMA, we configure a single
blazing grating and align the diffracted light onto the photodetector. The absence of
excess phase noise demonstrates that MMAs are suitable for a variety of applications,
including the generation of holographically programmed off-resonant tweezer arrays
or the addressing of individual qubits with focused resonant laser beams, where phase
noise affects the gate fidelities. Compared to LCOS-SLMs, MMAs do not require
refresh cycles at around 60 Hz, which usually gives rise to excess intensity noise at the
update frequency.

6.4 Applications

The UV-compatibility and the perspective of realizing high-speed switchable potentials
enable multiple applications of MMAs in the context of quantum simulation and
computing. For example, the ability of beam shaping in the UV range facilitates the
creation of flat top beam profiles, as shown in Fig. 6.5c. This provides the means
to equalize the UV intensity in a zone-based architecture to provide the same Rabi
frequency to all qubits located in a gate zone. Compared to Gaussian beams, which
inherently yield an intensity gradient across the beam, the flat top shapes allow for
a more homogeneous illumination, and we obtain a residual RMS inhomogeneity of
0.75 % with a peak-to-peak variation of 3.65 %. To exploit the flat top illumination
in quantum computing setups, neutral atoms can be stored in a dedicated storage
zone and moved to single- and two-qubit gate zones for the manipulation with light,
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Figure 6.5: Applications of MMAs. Micromirror arrays have several applications
in the field of neutral-atom-based quantum simulation and computing. Due to the
compatibility with UV wavelength, they enable flat-top beam shaping, which provides
a homogeneous illumination of atoms in zone-based architectures. a Two-dimensional
flat-top beam generated at a wavelength of 688 nm, reaching an rms inhomogeneity
of 1.8 % (1.4 %) and a peak-to-peak variation of 7.4 % (6.2 %) in the x (y) directions at
a power efficiency of about 38 %. b Zone-based neutral atom quantum computing
architecture. Individual atoms are moved into dedicated zones for single- and two-
qubit gate operations. A homogeneous illumination within each zone is favourable
and can be realized using the MMA-generated flat-top beam profiles. ¢ Flat-top beam
at 322 nm with a residual rms inhomogeneity of 0.75 % and a peak-to-peak variation of
3.65 %

see Fig. 6.5b. In this case, the atoms are shuttled coherently, for example, using AODs,
and the MMAs are used to provide a homogeneous illumination with the gate lasers.
Complementary to this configuration, MMAs may also be used to directly address
individual atoms through the high-NA objectives. Making use of their fast update
rates, resonant light pulses can be applied to a programmable set of atoms to perform
gate operations. In addition, future setups might use MMAs in combination with
off-resonant trapping light for generating rapidly configurable tweezer arrays. This
offers new possibilities to rearrange atoms in parallel along arbitrary trajectories and
overcomes constraints of AOD-based setups [191-193].

6.5 Summary and outlook

In this chapter, we introduced a new type of phase-only spatial light modulator based
on micromirror arrays. Due to the purely reflection-based working principle and the
absence of a liquid-crystal layer, the device is compatible with wavelengths in the
ultraviolet regime, which facilitates new possibilities for holographic beam shaping.
Furthermore, the perspective of drastically increased update rates for phase-based
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light modulation opens up new prospects for generating rapidly switchable spot arrays
or to rearrange neutral atoms in parallel along arbitrary trajectories, thereby bypassing
the limitations of AOD-based setups, which typically allow for parallel displacements
only along the eigenaxes of the AODs.
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Chapter 7

Conclusion and outlook

7.1 Conclusion

In this thesis, we demonstrated a new hybrid lattice-tweezer experiment for stron-
tium atoms in optical lattice and tweezer potentials, which offers a versatile toolbox
suitable for quantum simulation and computing experiments. Due to the large tensor
polarizability of strontium, the trapping conditions for various electronic states can be
tuned in a linearly polarized light field using magnetic fields applied under specifically
chosen angles.

We utilize this to realize an optical qutrit comprising the electronic ground state
15, and both long-lived clock states 3Py and 3P,. Separated by optical transition
frequencies, we realize coherent all-to-all control over the qutrit states using two- and
three-photon transitions. The direction of the magnetic quantization axis is constrained
to realize triple-magic conditions, and therefore the three-photon coupling is crucial
for our demonstrations, since the single-photon coupling would be prohibitively slow
under realistic experimental conditions, owing to the inherently small coupling on the
clock transition.

Under triple-magic conditions, we characterize the fine-structure (FS) qubit given
by the 3Py and 3P2,m].:0 clock states and demonstrate state-of-the-art coherence times.
This promotes the FS qubit to a competitive qubit candidate and demonstrates that
state-of-the-art coherence times are realistically achievable in tweezer-based angle-
tuned trapping potentials despite the existence of a polarization gradient within the
tweezers caused by the high numerical aperture of the objective.

In our setup, we observe additionally polarization gradients across the tweezer
array, which we attribute to a small residual misalignment with respect to a telecentric
configuration and characterize the spatially varying differential light shift. These
inhomogeneities rapidly limit the contrast in the tweezer-averaged measurements and
can be very successfully mitigated using dynamical decoupling sequences.

The fast two-photon control over the 3P; states enables not only coherent control
over the clock states, but also allows for controlled dissipation when coupling either
of the 3Py , states to 3Py, from where the atoms decay back to the ground state. We
utilize a two-photon coupling to demonstrate a measurement-free qubit reset based
on dissipatively resetting the qubit population after the system has decohered. This
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facilitates, for example, measurement-free fault-tolerant quantum computing [170].

The fidelity of the two- and three-photon operations is currently limited by laser
phase noise, and we present tools to measure phase noise directly in the optical regime
and model the effect on arbitrary gate operations. To overcome the limitations of
the currently used frequency-comb-based setup, a new laser system was constructed
where the four relevant wavelengths 679, 688, 689, and 707 nm are referenced to a
common 4-bore ULE cavity. This setup provides a cost-efficient implementation and
facilitates the direct transfer of the ULE-based stability onto the light fields without
intermediate lock chains required for comb-based systems. Using the demodulated
PDH signal, we set up a feedforward phase noise suppression, which paves the way
for high-fidelity operations at MHz-regime coupling rates.

Besides the detailed characterization of multi-photon operations, we demonstrate
the bottom-up assembly of large-scale atom arrays in the optical lattice system. The
combination of the site-resolved readout enabled by quantum gas microscopes in
scalable optical lattices with the single-site control offered by optical tweezers enables
new possibilities to operate neutral atom experiments. We present and characterize a
protocol for the iterative assembly and continuous operation of atom arrays, which
overcomes scaling bottlenecks of tweezer-based systems. The iterative procedure relies
on high-fidelity and low-loss imaging, which we demonstrate in our folded lattice
setup at a wavelength of 1040 nm using the repulsive Sisyphus cooling mechanism.
This wavelength lies within the range of Ytterbium-doped fiber amplifiers and thus
offers exciting scalability prospects.

By superimposing the lattice with a tweezer array commensurate with the lattice
spacing, we demonstrate the repeated transfer of atoms from the tweezers to the lattice
potential and back. This provides the means to decouple, for example, the trap-depth-
demanding imaging from the rest of the sequence and facilitates the creation of larger
tweezer systems at a wavelength where high-power sources are not available.

Moreover, we demonstrate the sorting of atoms in a single plane of the optical
lattice after loading the atoms directly from a magneto-optical trap. This paves the way
for generating scalable atom arrays in the two-dimensional lattice potential, which
may potentially overcome the current state of the art of large-scale tweezer-based
setups. Furthermore, the precise positioning of atoms at programmable lattice sites
provides means to initialize quantum walk experiments [123], configure local tunneling
rates [209] or to prepare quantum optics experiments [210].

To facilitate large-scale resorting in future experiments and reduce the data-processing
overhead, we developed and characterized a state detection algorithm based on a con-
volutional neural network. This approach offers a noise-resilient atom detection, and
“learns” to account for non-linear effects such as superradiance in areas of densely
spaced atoms. By separating the deconvolution from the state detection, where the
emission is assigned to a lattice site, we outline an algorithm compatible with arbitrary
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lattice geometries.

Rearanging atoms in optical potentials is commonly done using mobile tweezers
controlled with acousto-optic deflectors, which allow for parallel moves along the
eigenaxes of the AOD setup. Arbitrary parallelized moves beyond the grid spanned
by the AODs are, however, not feasible and require different modulators, for example,
based on phase-only spatial light modulators. So far, suitable modulators offer a
limited update rate, which prevents large-scale resorting based on this technology.
Here, we benchmarked a new type of phase-only spatial light modulator based on
arrays of micromirrors with configurable stroke. This technology offers the intriguing
perspective of holographic beam shaping at fast rates and enables spatial phase-only
modulation in the UV range.

In this thesis, we demonstrated control over the external degrees of freedom of
atoms in terms of their position in optical potentials as well as fast control over the
internal electronic states. The toolbox of our experiment enables multiple intriguing
studies for future experiments, of which some are briefly outlined in the following
section.

7.2 Outlook

7.2.1 Quantum optics experiments in the lattice

Most of the existing experiments focus on coherent quantum dynamics in closed
systems. However, in ordered atomic arrays with interatomic spacings at the subwave-
length regime, collectively enhanced dissipative interactions can become a fruitful
resource. In strontium, the 3P, < 5s4d 3Dj transition occurs at a wavelength of 2.92 um,
which is more than 5-fold larger compared to our lattice spacings of 0.57 um, which
provides an exciting platform for the study of collective effects in ordered atom ar-
rays. Superradiant dynamics have been previously studied in the context of cavity
quantum electrodynamics [211] and similar effects are expected for ordered atomic
arrays [212]. For initially interverted atomic arrays, with all atoms prepared in the 3D;
state, the dipolar interaction gives rise to a photon burst, known as a superradiant
burst [203, 212, 213]. Combined with the additional control over atomic configurations,
which can be resorted to arbitrary patterns within the lattice potential, this opens the
possibility of exploring the influence of geometry on the collective response. Addition-
ally, the strong confinement in the optical lattice with trap frequencies in the 100 kHz
regime reduces the atomic position uncertainty, which has been an important limitation
in previous work on sub-wavelength-spaced atom arrays [214]. The collective decay
of atoms can be characterized by recording the photon emission rate; however, at the
wavelength of 2.92 um we expect high losses in the objective lens, and suitable single-
photon detectors are not available. Instead, we will characterize the evolution of the
effective two-level system on the 3P21‘mj|:2 <—> 3D3/|m/,‘:3 transition by rapidly mapping
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the 3P, population to >Py via a fast two-photon coupling. The high two-photon Rabi
frequency presented in Section 3.4.2 is, thus, not only of interest for digital gates, but
also opens up exciting possibilities for analog simulation experiments.

7.2.2 Dense assembly of atom arrays with tune-out tweezers

Studying collective effects with atomic arrays requires the assembly of atoms at sub-
wavelength spacings. In case of the transition wavelength of 2.92 um for strontium,
this constraint is simplified and already fulfilled, for example, for interatomic spacings
of approximately 1.1 pm, which corresponds to next-nearest-neighbor occupation in
the horizontal direction of our folded lattice. These spacings are addressable with
focused tweezers in the visible regime; however, to unlock the full potential of our
quantum simulator, atoms are ideally positioned deterministically with unity filling
requiring control at the half pm level.

To realize extended atomic arrays with unity filling in the lattice potential, we
envision using tweezers at the ground-state tune-out wavelength of 689.222 nm, where
the polarizability of the electronic ground state vanishes and atoms are thus unaffected
by resorting tweezers at this wavelength [215]. To fill a defect in an area that is densely
surrounded by atoms and without a free corridor along which the atoms could be
moved, we will optically pump atoms into the 3Py clock state and subsequently move
them with an AOD-driven tune-out tweezer into the desired site. Afterwards, the
atoms can be globally repumped to initialize the array in 'Sy. Optical pumping into the
3Py clock state can be conveniently realized using two resonant light fields at 689 and
688 nm, which are focussed onto the desired atom (see Section 4.3 for the electronic
levels involved in the optical pumping procedure) and can be applied via the tune-out
addressing setup due to the wavelength similarity.

Assembled Hubbard simulators

The ability to arrange atoms onto nearest-neighbor sites with interatomic spacings
in the half to one pm range opens the possibility to carry out analog simulations of
the Hubbard model with assembled atom arrays [209, 216]. The Hubbard model is
described by the Hamiltonian (7.1) for bosonic species and is characterized by the
nearest-neighbor tunneling rate J, the spatially-dependent chemical potential €;, and
the on-site interaction U.

u
H/h:—]Zafaj+z€i”i+§2”i(”i—1) (7.1)
(i) i l’

Realizing this Hamiltonian requires the preparation of the atomic ensemble in the
lowest Bloch band, which is usually achieved by means of evaporative cooling, which
typically limits the repetition rate of Hubbard simulators to several seconds, owing to
the slow rethermalization of atoms required for efficient evaporation. Higher cycle rates
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are potentially feasible with setups based on assembled atomic arrays [216]. Resorting
atoms in the lattice potential will inevitably cause heating and ground-state cooling
can be subsequently realized via resolved sideband cooling in a sufficiently deep lattice
potential. In this light, our demonstration of the three-photon-based sideband resolved
spectroscopy in Chapter 4 opens up new means to realize suitable cooling schemes for
strontium. In order to realize sufficiently cold temperatures, sideband-resolved two-
photon pulses allow for dissipatively resetting hot atoms from 3P, via >P; back to the
electronic ground state, which provides the means for postselection on the successful
motional-ground-state preparation in the context of the analog simulation [89].
Preparing atoms in a Hubbard-regime setup in our experiment, furthermore, re-
quires stronger vertical confinement in order to reach a sizeable on-site interaction

2
U = 44 [ |7(r)|* dr, where a is the s-wave scattering length, m is the atomic mass
and w(r) is the Wannier wavefunction for a lattice site, which depends in particular on
the trap frequencies [217].

7.2.3 Ising-type simulations

The tweezer-based trapping of atoms and the excitation to highly-excited Rydberg
states offers an ideal testbed for analog simulations of the Ising model. Here, a two-
level atom with ground state and Rydberg state is driven at (site-dependent) Rabi
frequency (); and detuning J, and the Rydberg interaction gives rise to position- and
state-dependent energy shifts V;;. The Hamiltonian (7.2) is expressed in terms of the
number n; € (0,1) of Rydberg atoms on the i-th site.

1 .
H/h = 5 201‘0'; — 52711' + Z Vi]'nin]' (7.2)
i i j

i<j

In this setup, the position control of the optical tweezer arrays enables studies of geo-
metrical frustration [63] and multiple interesting many-body phases can be prepared
via adiabatic sweeps of the parameters [20]. For suitable tuned detuning § = -V /4
Rydberg facilitation enables the two-photon coupling from the two-particle ground
state to the Rydberg state, which gives rise to correlated dynamics that can be exploited
for the analog simulation of lattice gauge theories [67, 136].
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Appendix A

Three-photon coupling from ground to
clock state

In this appendix, we discuss the three-photon coupling from the ground state 'Sy to
the clock state 3Py, compute the three-photon Rabi frequency and derive an analytic
estimation for the scattering-limited infidelity.

Following Ref. [218], the Hamiltonian of the system in 4-level approximation is
given by (A.1). Here and in the following, we are setting 7 = 1.

H = —Aeso [°P1) (*P1| — (Assgo + Dess) [°S1) (°S1]
—(Agso + Aesgs — Ne79) |°Po) (°Po

0 0 0
+( 689|s><31>\+ ;88| D G822 |3P)(381|+h.c.> (A.1)

This Hamiltonian can be restructured and separated into a ground-state-like part H,
and an excited-state-like part H,, and a coupling operator V., which drives the system
from the ground to the excited subspace

Hg = —(Asgo + Dess — Dezo) |°Po) (PP
O

He =~ PP1) (71l = (B + Bcss) (80 (51l + (02 F) 0 + e

. Q 0

7, = (252 o) ol + S22 P Prol + e,

V. =V!
We want to find the effective dynamics and scattering rates within the ground-state
manifold upon adiabatic elimination of the excited-state subspace. To describe coherent
and dissipative effects, we work with a Lindblad master equation, which describes the

evolution of a density matrix. The Lindblad master equation for the density matrix p is
given by (A.2) with the Hamiltonian H from (A.1).

. . o o 1 2o S ~ A
o= —ilH,p)+ ¥ Liolf — 5 (LiLip +pLiLy) (A2)
k
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The Lindblad decay operators are given by L1 = /27sp |'Sp) (*P1| and Ly/3 =
V2735, s 15) (381] for s = 1Sg,Py. Here, 73g, ,; denotes the decay rate of atoms
in state 3S; to state s. We obtain the effective dynamics and decay rates via adiabatic
elimination of the excited subspace following the technique presented in Ref. [219].
The non-hermitian Hamiltonian, required for the next step of the calculation, is given

by:

N i PN
HNnp = He — EZLILk
k

Oess

— o, PP1) (P B, P51) 051+ (222 Py} 51+ e

with Aspl = Agg9 + i’)’apl and A351 = Aggg + Aggg + i’)’351_>3P0 + Z")/351%150. The inverse
of the non-Hermitian Hamiltonian is given by:

4A3 4&3
-1 Sl 3 3 Pl 3
= _°Py) (3Py| + - 5
M Qs [? — 4Bsp, Aog RLAS |Q6ss]? — 4Asp, Asg 50 05l
2Q0)
2 e ’P1) 3S1| + h.c
|Q688| 4A3P A381

Following the effective operator formalism, we compute the effective Hamiltonian
within the ground-state manifold and obtain the three-photon coupling and light shift
contributions:

Her = —%V <HNH+( ) )V++Hg
= H3 + Hps + Hg

1 Oeg9Oesseyo

2 |Qgs|> — 4Asp, Asg,

Qg2 8A
His = Qe g 5 i . S0} (S0l
8 |Qgss|? — 4Asp, Asg,

Qerol? 8A
— Q679 Re . Py _ |3P0> <3PO’
8 | Qs8] 4A3P1 Asg,

These results can be simplified further assuming Asg, > (ggs, v and Aggs = Ag79 to
obtain a simple and intuitive result for the three-photon Rabi frequency (A.3) and the

|ISO> <3P0| + h.c

3:
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two single-photon light shifts (A.4).

Q67908802
Qs = 679{ Jegs!{ 2639 (A3)
46880689
1 |Ogsol? 11Q679% 35 \ 13
His = 320 ['So) ('S0l + 3222 [*Po) (o) (A4)
Note that this Hamiltonian is still taken in the frame of Hy, = —(Aggg + Aggg —

Ae79) [PPo) (3Pg|. We thus obtain the condition for three-photon resonance, taking
the individual light shifts into account:

1 Q%79 0289
De79 = Dess + Deso — ( Ao Deso (A.5)
For a suitable ratio of the optical powers in the beams, the differential light shifts
induced by the three-photon coupling vanish. This is a remarkable difference compared
to the often employed single-photon coupling at a wavelength of 698 nm, where the
probe shift inevitably grows as the power is increased. Setting |();|*> = &; P; we obtain
the “magic power ratio” given by Eq. (A.6) for which the three-photon probe shift
vanishes.

Pego _ 679 Deso ~ 169, 8A689 (A6)

Pe79  a689 Ae79 Ag79

In addition to the effective ground-state dynamics, the effective operator formalism
also provides us with the effective decay and dephasing rates within the ground-state
subspace. The effective rates after adiabatic elimination of the excited subspace are
given by

Lege = LiHnp V+

for all decay operators k = 1,2, 3 listed above. The rates between states |g), |g') €
(|'So), [°Po)) are then given by Iy = | (g| LX |¢’) |*. We group the resulting contribu-
tions into population relaxation (L) and dephasing operators (L’2). The resulting
rates of the combined population relaxation and dephasing of the remaining effective
two-level system are given by:

1
= Tap, 02020 + 3Tag O279AZgo + - Tag Q2502 )
(4A688A689)2< F17 7887767 51776797689 T 47 7517 6887 7689

1 3
T 2 A2 2 2 2 A2
LT — (G <F3P14Q689A688 + 1135, Q688 oso + s, Q679A689)
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The two most important contributions describe dephasing caused by off-resonant
single-photon scattering (considering Ag79 ~ Aggg), which we combine into one effec-
tive dephasing rate.
2 2
0 9 T Q679

— 68
oo =Py s,

Within the 4-level approximation considered here, additional contributions to de-
phasing and depolarization are suppressed. We are interested in finding the optimal
parameter set within the 5-dimensional parameter space (one detuning is fixed by
Eq.(A.5) to stay on three-photon resonance) to maximize the fidelity. Assuming that
the fidelity is optimal if the scattering rates from both excited states are equal, we find
a simple analytic expression for the infidelity.

c— E _ 5 F3P1 1"351 N 1 r351
03 Fssl 0688 194 Q688

We confirm numerically that this infidelity limit is indeed approximately reached
throughout a large volume of the parameter space of this 4-level description. High-
tidelity three-photon gates thus require the highest possible Rabi frequency on the
688 nm transition.
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Appendix B
Linear response modelling

In this appendix, we discuss the influence of laser phase and intensity noise in the
framework of the linear response (LR) formalism and model the resulting infidelity
associated with the measured noise power spectral densities [165]. In this formalism,
the infidelity 1 — F is given by the integral over the product of the noise power spectral
density S(f) multiplied with a suitable sensitivity function I(f).

1-F= [dfs(f)1(f)

A summary of the formalism is provided in Section B.1, which is then applied in
Section B.2 to derive the sensitivity functions I (f) for various noise types.

B.1 Linear response formalism

We consider a system with Hamiltonian H = Hy + AdH with the ideal Hamiltonian Hy,
which is perturbed by dH with a “small” parameter A. Here, we derive the resulting
infidelity of a quantum state due to H in a perturbation theory description following
Ref. [165].

In the interaction picture, governed by the operator U(t) = exp (iHopt), the Hamilto-
nianis givenby H — U H U" — Hy = U A6H U™ and the state is transformed according
to [¥) — [¥) = U|Y).

[¥) = [¥o) + A [F1) + A% [¥2) + .. (B.1)

Using ansatz (B.1) for the wavefunction, we can define the fidelity F with respect to
the unperturbed state |¥() by (B.2), which is based on an expansion in terms of the
small parameter A.
| (Fol®) 2 v (¢ v 19 12) A2 3

F—val— <<T1|‘I’1>—|<To|‘f’1>| )A +0(V) (B.2)
The expectation values can be computed using the known time evolution of the
wavefunction (B.3), which is given, in this perturbative treatment, by integrating the
Schrodinger equation id; [¥1) = 6H [¥o).

F1()) = —i [ desH() (%) (B.3)
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Here, A\0H = h(t)O(t) is the noise operator in the interaction picture, and we separate
the operator O(t) from the noise amplitude /(t). In this case, we define the time-
dependent amplitude via its single-sided noise power spectral density S(f), as given
by (B.4), for a spectrum with equidistant spacing d f and randomly sampled phase ®.

h(t) =) 1/2S(f)df cos (27tft + D) (B.4)
f

In conclusion, the resulting infidelity (B.5) is given as the integral over the power
spectral density multiplied with a frequency-dependent sensitivity function (B.6),
where the expectation values are computed with respect to the initial state |¢) =

$(t=0)).
1-F= ["as( i) (8.5)
1) = [ [ drdr cos (2 (¢~ 1) ((0(0O(1)) - (O (O()  ®B6)

Here, T is the duration over which the system is evolved and corresponds, for example,
to the duration of a laser pulse. Computing the sensitivity function provides insight
into the most important Fourier components, in order to minimize the resulting error.
This can be used, for example, to optimize the position of the servo-bump in laser
locks or, alternatively, to choose the Rabi frequency of the optical drive such that
the phase-noise-induced error is reduced. A set of analytically computed sensitivity
functions for various noise sources is given in the following.

B.2 Sensitivity functions for various noise types

The linear response sensitivity function can be computed as the Fourier transform
of the autocorrelation of the noise operator. Here, we derive sensitivity functions
for frequency, phase, and intensity noise for a resonantly driven two-level system.
A description in terms of frequency or phase noise power spectral densities is, in
principle, equivalent; however, care must be taken for certain pulse areas, where the
LR treatment of laser frequency noise may yield incorrect predictions.

B.2.1 Intensity noise

To compute the sensitivity function for relative intensity noise (RIN), we consider
a resonantly-driven two-level system H = %(Tx and a perturbation dH = h(t)oy.
To relate /i(t) to intensity noise (instead of field noise), we note that Q o« /I =
vIivT+RIN =~ /Ij(1 4+ RIN/2), and we obtain h(t) = 2RIN(t). Since the noise
operator commutes with the time-evolution operator, the operator in the Heisenberg
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picture is again given by 0y, and we obtain the autocorrelator (B.7).

A R A 0?2
(O(1)O(1)) = (O1)) (O(T)) = 5 ¢ (B.7)

Here, we have again computed the expectation value with respect to [g), which gives
rise to a vanishing expectation value (O(t)) = 0. Note that a non-vanishing expectation
value would be obtained for any coherent superposition state. The sensitivity function
of intensity noise is given by (B.8).

2 sin2
Irin(f) = %% (B.8)

Note that intensity noise also gives rise to effective frequency noise in the presence
of a sufficiently strong probe shift. In this case, the time-dependent detuning A(t) =
Ao + 1Q? is modulated depending on the intensity of the beam, where the factor -y
characterizes the strength of the differential light shift induced by the coupling beam.

B.2.2 Laser frequency noise

We consider the Hamiltonian of a driven two-level system (B.9), which is perturbed by
O0H = —mo, x v(t), with the time-dependent frequency noise amplitude v(t) charac-
terized by a corresponding noise power spectral density S, (f).

A Q)
H - _E(TZ + Eo-x (B.9)
To translate the noise operator O = — 710 into the Heisenberg picture, we note that

exp(ifoy) = cos(0)1 + isin(f)oy and obtain Oy = —7m(cos(Qt)o; + sin(Qt)oy). In
this case, we obtain the autocorrelator (B.10), where the expectation value is taken with
respect to the initial state [p) = |g).

(O(H)O(1)) — (O(t)) (O(7)) = 7?sin(Qt) sin(Q71) (B.10)
Integrating over t and T up to time T yields the frequency noise sensitivity function
(B.11) as a function of the Fourier frequency f.

2

I.(f) =
) = e e o

(4n2 F2sin?(TQ) — O?sin?(TQ)

—8mfQsin(TQ) sin(7tTf) cos(rtTf)
4402 sin? (7 Tf) cos(TQY)

—202cos(TQ) + 202> (B.11)
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Figure B.1: Linear response phase and frequency noise modelling. The infidelity of a
Rabi drive with a pulse area of & = 377 is shown for a Rabi frequency of (3/27 = 17 kHz
(dashed line). The upper panel contains a description in terms of a phase noise, and the
lower panel in terms of a frequency noise power spectral density (PSD). a Phase noise
PSD in units of rad?/Hz. b The analytically derived sensitivity function for phase noise,
following (B.17), is shown (purple) together with the numerically computed sensitivity
function (green). ¢ The infidelity density (orange) given by the product of the noise
PSD and the sensitivity function is shown. The infidelity (red) rises strongest in the
close vicinity of the Rabi frequency, and saturates towards higher Fourier components.
d Frequency noise PSD in units of Hz?/Hz. e Analytically derived sensitivity function
for frequency noise, following (B.11) (purple) together with the numerically computed
sensitivity function (green). f The infidelity density (orange) and cumulative infidelity
(red) for the frequency noise description agree with the corresponding phase noise
description in (c).
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B.2.3 Phase noise

In this section, we first show the formal equivalence of phase and frequency noise
and compare the frequency noise results from Section B.2.2 to numerical simulations.
The linear response description of laser frequency noise yields incorrect predictions if
the target state is given by a superposition of the basis states, and we show that more
accurate predictions are feasible in a slightly modified phase noise treatment.

Equivalence of phase and frequency noise

The Hamiltonian of a driven two-level system in a frame of the laser frequency is given
by (B.12) and the time-dependent phase is sampled according to (B.13) for a given
single-sided phase noise power spectral density Se.

H= — %az + (%e@(f)a+ + h.c.) (B.12)

t) = Y \/2Sa(f)df cos (27tft + D) (B.13)
f

To show the equivalence to a frequency noise treatment, we transform into a time-
dependent frame via the unitary U = exp(i®(t)/20;), and obtain the transformed
Hamiltonian (B.14), where the derivative of the time-dependent phase acts as an
additional detuning and describes frequency noise.

H = —%UZ + (%m + h.c.> — atq;(t)crz (B.14)
Note that the basis states, in this frame, transform as [¥'(¢)) = U(t) |'¥(¢)), which
gives rise to a time-dependent phase that is relevant for the evaluation of fidelities.
We obtained the expression A(t) = 0;®(t) = 27tv(t), and compute v(t) from the time
derivative of (B.13). A resulting time trace for the detuning is then given by (B.15) for
the corresponding frequency noise power spectral density S, = S f2 and random
phase CD} =1/2+ Dy

u():ﬂat :—Z\/zsq, df 27t (—1) sin (27ft + @)

- Z 2Sa(f fzdf cos (27rft+<I>f) (B.15)
Sl/

A description in terms of phase or frequency noise is, thus, equivalent as long as
the implicitly assumed time-dependent phase, in the case of the frequency noise
description, is considered in the evaluation of fidelity.
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Figure B.2: Comparison of linear response to numerics. a To compare the results of
the linear response modelling to numerical simulations, we compute the infidelity as a
function of pulse area. The linear response frequency noise modelling, following (B.11),
predicts an oscillatory infidelity (blue), which overestimates the error if the target
state is not given by a basis state. In contrast, the linear response phase noise model,
following (B.17), yields a more reasonable result (green). For comparison, we perform
numerical simulations averaged over multiple instances of generated time-dependent
phase traces. If the state is numerically evolved until time T = 0/(), the resulting
infidelity (grey) rapidly rises, since the effective Rabi frequency in the presence of noise
is modified. If the fidelity is defined as the best fidelity within a window around the
expected pulse duration (yellow), the result agrees with the phase noise linear response
description. Error bars for the numerical simulations are estimated via bootstrapping.
b Comparison of the sensitivity functions for frequency noise and phase noise for a
Rabi drive with pulse area 6 = 37r. For comparison, the frequency noise sensitivity
function I, (blue) is scaled to the phase noise domain I}, = I, - f> (dashed orange),
which agrees approximately with the independently derived phase noise sensitivity
function Iy (green). The residuals |Ip — I},| are shown in grey on the phase noise scale.
For pulse areas incommensurate with 7t the deviations are substantially stronger.

Linear response description of laser phase noise

To avoid evaluating fidelity in a time-dependent reference frame, we carry out a similar
analysis in a frame co-rotating with the laser and consider the Hamiltonian (B.12). We
consider a Taylor expansion of the exponential phase term exp(i®(f)) ~ 1+ i®(t),
and obtain the Hamiltonian H = Hy — ®(t) x %Uy. Remarkably, the noise operator is
now oy instead of ¢, and the noise amplitude is proportional to (), and is taken from
a phase noise, rather than a frequency noise, power spectral density. We obtain the
expectation value of the autocorrelator (B.16) and the sensitivity function (B.17). A
comparison to the frequency noise description is given in Fig. B.1 and yields consistent
results for a pulse area of 6 = 371. Note that the resulting infidelities differ for pulse
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areas incommensurate with 77, as shown in Fig. B.2a.

2

(O(H)O(T)) — (O()) (O(7)) = %cos(ﬂt) cos(Q7) (B.16)

02
I =
@(f) 1674 f4 — 82 f2Q0% + O

X (—7T2f sin?(TQ) — 2712 f2 cos(TQY)

44712 f2 sin? (T f) cos(TQY) + 271> f
=27 fQsin(TQ) sin(7tTf) cos(Tf)

~|—%2 sinz(TQ)) (B.17)

Spin lock

To derive the sensitivity function for a spin lock experiment (see e.g. Section 3.3.4), we
assume that the initial and final 77 /2 pulses are perfect, and restrict our attention to the
intermediate drive, where the atom is already prepared in an eigenstate of the driving
tield. Even for imperfect 7t/2 pulses, this assumption is justified, since the decay
rate of the Ramsey contrast is of interest, and independent of a potential reduction
of the initial contrast. The sensitiv1ty function is obtained, as in Section B.2.2, except
that we now use the state |[+) = —=(|g) + |¢)) to compute the expectation values.
We obtain the spin-lock sensitivity fu {ncuon (B. 18) which gets arbitrarily narrow for
sufficiently long probe durations T. This can be exploited to experimentally measure
noise densities in experiments, following (B.19), by varying the Rabi frequency [165].
Here, we are defining the sinc-function as si(x) := sin(x)/x.

2

Ispinlock . 27
v ()= 16t f4 — 82 f202 + O

+47% f2 cos(QT) — 87 fQsin(QT) sin(7tfT) cos(rfT)

« (_87r2f2 cos(QT) cos(rfT)? + 4722

—202 cos(QT) cos(rfT)* + Q% (1 + cos(QT)))

T (si K% i nf) T] tsi [(g _ nf) TD (B.18)
~ T ( _ %) T (B.19)

B.2.4 Comparison of linear response and numerical simulations

To compare the approximate linear response modelling to numerical simulations, we
generate samples of the time-dependent phase according to (B.13) and compute the
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dynamics under the action of the Hamiltonian (B.12). For each sampled phase trace,
we obtain the density matrix and average over 100 repetitions of the simulation. To
estimate uncertainties of the numerics, we use a bootstrapping procedure and estimate
the variance of the fidelity by drawing randomly selected samples from the set of
density matrices [220]. The results are shown in Fig. B.2 in comparison to the infidelity
obtained via linear response. Remarkably, the frequency noise description yields
an oscillatory behaviour which makes incorrect predictions if the pulse area is not
an integer multiple of 7r. In other words, the time-dependent phase, discussed in
Section B.2.3, gives rise to an erroneous fidelity prediction if the target state is not
given by a basis state. However, the result obtained from the phase noise description
agrees with numerical simulations.

B.2.5 Infidelity for parametrized noise power spectral densities

Using the LR description, we can compute the infidelity associated with parametrized
noise power spectral densities. Here, we assume a simple model for the frequency
noise power spectral density, given by (B.20), and find that this model represents the
measured noise densities reasonably well for m = 3.

51f/ree f > fB

. (B.20)
fm . gfree/ fm glge

SV(f) = {

A fit of (B.20) to the measured noise density, which we considered in Section 3.3.3,
is shown in Fig. B.3b and yields a cut-off bandwidth of fz ~ 0.48 MHz. For a given
bandwidth, we compute the frequency-noise-induced 7-pulse infidelity as a function
of the parameter 5{°¢, which is shown in Fig. B.3a. The calculation shows that a locking
bandwidth fg higher than the Rabi frequency offers a significant fidelity boost, as the
teedback can suppress the relevant noise components in this case. However, for Rabi
frequencies around or beyond the locking bandwidth, the most important Fourier
components are no longer efficiently suppressed, and the infidelity depends on the
noise density of the free-running laser. Here, we vary this parameter to compute the
resulting infidelity for different Rabi frequencies. Fundamentally, this noise density
is limited by the Schawlow-Townes limit S = hyyv?/P for given laser frequency
Vp, cavity linewidth v, and output power P [171]. Assuming MHz-regime Rabi fre-
quencies, the calculation shows that frequency noise densities of about 50 Hz?>/Hz or
less are required to support 7t-pulse infidelities on the order of a few times 10~°. For
Rabi frequencies well below 1 MHz, the intrinsic laser properties are less important
since feedback-based laser locks typically provide an efficient noise suppression. Com-
plementary, for Rabi frequencies of a few MHz or more, the intrinsic laser properties
are an important property unless a high-bandwidth feedforward noise suppression is
utilized [173, 221, 222].

In addition to this parametrized frequency noise power spectral density, we com-



B.2 Sensitivity functions for various noise types 121

pute the rt-pulse infidelities associated with white intensity, phase, and frequency noise
power spectral densities, as shown in Fig. B.3c,d,e. For moderate intensity noise the
resulting infidelities are negligble unless a strong probe shift gives rise to associated
frequency noise. Note that lasers often exhibit more complex noise spectra compared to
the simple parametrization used here. A collection of typical frequency noise densities
can be found in Ref. [171].
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Figure B.3: Linear response applied to parametrized noise PSDs. Using the linear
response formalism, the infidelity of a 7t-pulse due to intensity, phase, and frequency
noise is estimated. The upper panel considers parametrized frequency noise and
presents the associated infidelity. The lower panel shows the infidelity for white noise
power spectral densities (PSD). a Infidelity of a resonant 7r-pulse for a parametrized
frequency noise density as a function of the parameter Sf*¢, which corresponds to the
frequency noise PSD obtained beyond the locking bandwidth. The infidelity is shown
for various Rabi frequencies () (see legend). The grey dot corresponds to the infidelity
obtained for the measured noise PSD (shown in b) and lies in the close vicinity of
the blue curve, which assumes an approximately equal bandwidth parameter and is
thus comparable. The parametrization is discussed in more detail in the main text. b
Frequency noise PSD for different parameters corresponding to the infidelities in (a).
For Fourier components beyond the bandwidth, the frequency noise PSD is assumed
to be constant and is plotted here for a value of 1000 Hz?/Hz. The measured noise PSD
(grey) is approximated with the simple model given by Eq. (B.20) (dashed black). The
cut-off bandwidth fp, extracted from the fit, agrees approximately with the bandwidth
of the blue curve. c-e Infidelity due to white intensity (c), phase (d), and frequency (e)
noise as a function of the Rabi frequency.
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Appendix C
Numerical multi-level simulation

In this appendix, we discuss details regarding the numerical simulations of the three-
photon coupling taking into account the entire atomic Zeeman substructure. The
Hamiltonian H = Hg + Hp contains various energy terms Hg to account for the laser
detunings (C.1) and the driving fields Hp given by the three light fields (C.2). Here,
the symbols A; (i = 689,688, 679) denotes the detuning of the respective light field in a
suitable reference frame [218] and A /27 = 2.09 MHz/G - |B| is the Zeeman splitting.
The notation [s, m;) with s € (1S0,3P4,3S1, 3Py, °P,) refers to the electronic state |s)
with given m; quantum number. The 3P, state with energy Asp, is included to act as
a bucket state, which gets populated only by spontaneous emission from 3S;. The
Rabi frequencies () on the transitions are computed by (3.6) and the complex-valued
polarization projection is described in Section C.1 below. We consider a magnetic
tield strength of 19 G and optical powers of Psgg = 75 uW, Pggg = 8.2mW and Pgy9 =
850 uW focused to an elliptical focus with horizontal (vertical) waist of approximately
240 pm (90 pm) at detunings of Aggg = 6 MHz and Aggg 679 ~ 12 GHz for the numerical
simulations. Furthermore, to obtain the polarization decomposition of the linearly
polarized light fields onto its o+ and 7t contributions, we assume that the light fields are
applied with a linear polarization tilted by an angle of ®r = 55° out of the horizontal
plane.

HE = —Aes9 |'P1, —1) (*P1, —1| — (Aeso + Ap) [°P1,0) (°Py, 0|
—(Aeso +2Ap) Py, 1) Py, 1| — (Aeso + Aess) [°S1, —1) (°S1, —1|
—(Aeso + Ness + Ap) °S1,0) (°S1, 0] — (Aeso + Aess +2A5) °S1,1) (S, 1
—(Aeso + Aess — Agro) [’Po, 0) (°Po, 0] — Asp, |°P2) (P (C1)

1 | .
HD = E Z QlSO(—>3P1,mj:j ’1801 O> <3P1,l| + E ZQSPOHSSLmj:i |3P0, 0> <3sll Z|
! 1
1 ' '
P o PPy} Sy, j| + hc. (C2)
i,j

In addition to the unitary dynamics, we also take into account spontaneous decay
from the intermediate states 3P; and 3S;. For each decay, from the state |s') = |]1,m1)
to state |s) = |Jo, mg), we consider a Lindblad decay operator Ly = /274, |s) (/]
where the decay rate on the transition yy_,; is given by (C.3) and depends on the
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transition matrix element D and the transition wavelength Ag [166]. The resulting
excited state lifetimes 1/1y = ¥, 7y_,s are about 21.3 ps and 13.9 ns for the 3P; and 3S;

state, respectively [215].
1 87D (Jo 1 i \(Jo 1
s = C.3

C.1 Polarization decomposition in the lab frame

We consider the setup shown in Fig. 3.2. A magnetic field is applied under an arbitrary
orientation with respect to the pair of collinearly propagating Raman beams. We
assume a linear polarization of the light field which is tilted out of the horizontal plane
by an angle ©. Using an in-plane projection ¢ of the magnetic field and an out-of-
plane projection ®, the normalized magnetic and electric field vectors are parametrized
as:

B = (sin® cos ¢, sin © sin ¢, cos ©)”
E = (cos O, 0,sin @) "
To find the 77 and ¢ polarization projections, we consider the overlap E | = (E-

=

)B, yielding the 77 projection and decompose the orthogonal vector component
E, = E - E} into the oy and oy contributions. To this end, apply a coordinate

transformation into the eigenframe of the magnetic field, where B = Bé,, which is
given by R = R, (—O®)R;(—¢). In this frame the orthogonal electric field components

E, is given by:

Ty

— cos Or sin ¢

cos © cos ¢ cos Or — sin O sin Or
0

Decomposing this electric field vector into the o = \% (£ £ i) components yields a

complete set of polarization projections:

T sin @ cos ¢ cos Or + cos O sin (g
04 :cos @ cos ¢ cos Or — sin @ sin O + i (cos O sin @)
o_ :cos ® cos ¢ cos Or — sin O sin Or — i (cos O sin @)

Note that the relative phase of the two o-polarized components varies as

sin @
AP = 2arct
arctan (cos@cos Q— sin@tan@R)
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