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Abstract

This thesis details the design and construction of a novel quantum simulator platform us-
ing ultracold strontium atoms. We establish key experimental infrastructure—including a
high-flux atomic source, an ultra-high vacuum environment, and a cost-e [edtive laser delivery
system—to manipulate strontium’s internal degrees of freedom. These techniques were de-
veloped for cooling and trapping all four stable isotopes, enabling diverse investigations into
both bosonic and fermionic physics.

Our experimental approach begins with a blue magneto-optical trap (MOT) operating on the
broad 1Sq ¥ 1P, transition at 461 nm, which e [ciehtly captures and cools thermal atoms
from a strontium oven. The atoms are subsequently transferred to a red MOT based on the
narrow intercombination line at 689 nm, where precise frequency modulation and spectral
broadening techniques allow us to achieve temperatures below 1 K.

Central to the simulator’s capabilities is the integration of a 3D accordion lattice that pro-
vides dynamic control over lattice spacing. The lattice in the vertical gravity direction design
and construction is described to give an overview of its confinement e [Ciehcy. Specifically,
the realization of a 2D trap is needed to study spin models in reduced dimensionality. Our
approach involves a single-atom imaging setup enabled by a high numerical aperture objec-
tive microscope and a single-photon camera. This platform allows us to probe many-body
phenomena at the single-atom level.

To accommodate spin detection with our microscope, we introduce an optical Stern-Gerlach
scheme to spatially resolve the atomic nuclear spin during free-fall. This technique can help en-
gineer a spin-dependent potential and leverage the SU(N > 2) symmetry of &Sr for exploring
the interplay between magnetism and interactions within a Fermi-Hubbard model framework.






Zusammenfassung

Diese Dissertation beschreibt das Design und den Aufbau einer neuartigen Plattform fur Quan-
tensimulationen mit ultrakalten Strontiumatomen. Wir entwickeln zentrale experimentelle
Komponenten — einschlieBlich einer Hochfluss-Atomquelle, eines Ultrahochvakuum-Systems
und einer kostene [ziehten Laserstrahlfihrung — um die inneren Freiheitsgrade von Strontium
gezielt zu kontrollieren. Die entwickelten Methoden ermdglichen das Kihlen und Einfan-
gen aller vier stabilen Isotope und erd [ndn damit vielseitige Untersuchungen sowohl in der
bosonischen als auch in der fermionischen Physik.

Der experimentelle Ablauf beginnt mit einer blauen magneto-optischen Falle (MOT), die auf
dem breiten Ubergang 1Sg ¥ P4 bei 461 nm basiert und thermische Atome e [Zieht aus einem
Strontiumofen einfangt und vorkihlt. AnschlieBend erfolgt die Uberfiihrung in eine rote MOT
auf der schmalen Zwischenzustandslinie bei 689 nm. Durch préazise Frequenzmodulation und
spektrale Verbreiterung werden Temperaturen unterhalb von 1 K erreicht.

Ein zentrales Element des Simulators ist die Integration eines dreidimensionalen ,Accordion®-
Gitters, das eine dynamische Kontrolle des Gitterabstands erlaubt. Der Aufbau und die
Konstruktion des vertikalen Gitters entlang der Gravitationsrichtung werden beschrieben, um
die E [ziehz der Einschlussbedingungen darzustellen. Insbesondere ist die Realisierung einer
zweidimensionalen Falle entscheidend, um Spinmodelle in reduzierter Dimensionalitat zu un-
tersuchen. Unser Ansatz umfasst ein Einzelatom-Bildgebungssystem, bestehend aus einem
Grolle NA-Objektivmikroskop und einer Einzelphotonenkamera. Diese Plattform ermdglicht
es, Vielteilchenphanomene auf der Ebene einzelner Atome zu untersuchen.

Um die Spindetektion mit dem Mikroskop zu ermdglichen, fihren wir ein optisches Stern-
Gerlach-Verfahren ein, das die rdumliche Aufspaltung des nuklearen Spins wahrend des freien
Falls erlaubt. Diese Technik kann dazu verwendet werden, spinabhéngige Potentiale zu erzeu-
gen und die SU(N > 2)-Symmetrie von 8"Sr auszunutzen, um das Zusammenspiel von Mag-
netismus und Wechselwirkungen im Rahmen des Fermi-Hubbard-Modells zu erforschen.
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Chapter 1

Introduction

At the turn of the 19th century, when theories of atomic particles began raising many ques-
tions, physicists started to doubt the classical models of the time. It soon became apparent
that nature is governed not by classical mechanics but by quantum principles. This paradigm
shift led to groundbreaking theoretical developments from Enrico Fermi's quantum statisti-

cal model [1] to Dirac's equation and the discovery of Bose-Einstein condensation (BEC) [2,
3]. Although early technology could not fully probe the quantum behavior of matter, several
breakthrough phenomena in the latter half of the 20th century such as superconductivity,
super uidity, and the quantum Hall [4, 5] e ect laid the foundation for our modern under-
standing of quantum phases. At the end of the 20th century, the emergence of ultracold
atoms provided direct evidence of fundamental quantum states. Experiments, such as the
observation of Bose-Einstein condensation in sodium atoms [6] and the realization of quantum
degenerate Fermi gases [7] have con rmed key aspects of many-body quantum theory and
complemented established frameworks like BCS theory [8, 9].

Fermions, the building blocks of everyday materials, have attracted wide interest from un-
derstanding the behavior of neutron stars and quark-gluon plasmas to e orts in developing a
new standard model. Recently, the focus has shifted toward condensed matter physics, where
designing materials with tailored properties and novel phases remains a central challenge. In
conventional solid-state systems, directly observing the real-time dynamics of individual elec-
trons is highly challenging. The electrons are tightly coupled to a xed lattice of ions, and
strong electron-electron correlations give rise to complex collective behavior. These factors,
in combination with high-energy scales, render the direct imaging of single-electron motion,
or even their spin dynamics, extremely di cult using standard experimental techniques. Ul-
tracold atomic systems and speci cally quantum gases, o er much lower energy scales with
enhanced tunability over interaction strengths and deterministic spatial arrangements. These
factors allow for the direct observation of individual particle dynamics and o er a promising
alternative for simulating elaborate quantum systems [10].

For instance, ultracold atomic simulators can implement the Fermi-Hubbard model [11],
which captures phenomena such as Mott insulating behavior and antiferromagnetic ordering
at low temperatures. Other theoretical models, like the transverse Ising model [12], have been
invoked to describe exotic disordered states, such as spin glasses [13]. Moreover, the use of
magnetic elds to shift the scattering length via Feshbach resonances [14, 15] has enabled
studies of the BEC-BCS crossover [16] in bulk systems.

Combined with high-resolution microscopy for single atom and spin detection [17] and

13



14 CHAPTER 1. INTRODUCTION

dynamically controlled tweezer arrays for local addressing [18], atomic quantum simulators
provide a powerful tool for exploring many-body phenomena. In our system, we harness these
techniques by integrating a 3D accordion lattice with a tweezer array. This con guration
enables spin-resolved detection at the single-atom level and allows for the precise engineering
of lattice geometries.

Choosing an atomic species is a story of its own, as it de nes the range of physical phe-
nomena that can be explored. Early quantum gas experiments relied on alkali elements due
to their high neutral abundance, optical cooling transition, and closed cycling transitions.
The rst reason o ers cost-e cient experiments, while the other two have the advantage of
using commercially available lasers to send many photons, creating scattering events with a
low probability of decay into unwanted states and facilitating e cient cooling and trapping.
However, with the tremendous improvements in laser technology, research groups worldwide
have extended ultracold experiments to a wider variety of elements. For instance, Dysprosium,
a rare-earth element, has the highest magnetic moment of all other atoms, making it ideal for
studying dipole-dipole interaction [19]. Other exotic metals, such as mercury (Hg) [20], have
a large nuclear charge that enables studies of charge-parity-time (CPT) violations via elec-
tric dipole moment measurements [21]. In this thesis, we focus on strontium, an earth-alkali
atom that o ers a narrow-line cooling transition and metastable energy levels with lifetimes
exceeding 100 seconds. These unique properties and others underscore why strontium is an
excellent candidate for quantum simulation and computation.

1.1 Energy and length scales in ultracold systems

In many-body quantum systems, the interplay between energy and length scales fundamen-
tally determines the observable phenomena. Two such platforms are solid-state materials with
atoms being tightly bound to each other, and ultracold gases where temperatures are near
absolute zero. In most ultracold gas experiments, the particles are remarkably isolated, while
being almost immobilized by their low kinetic energies, which can be tuned and precisely
measured. Operating in a low-temperature regime where thermal uctuations are virtually
eliminated makes them an ideal platform for the observation of quantum many-body phenom-
ena, for example, coherent dynamics [22]. Unlike in rigid matter, where the erce interactions
and the structure quantum nature create interesting properties such as superconductivity and
insulation [23]. These e ects and more are desirable, but extremely di cult to study, which is
why one can use quantum gases to simulate these phases. To see why this is the case, we start
with a classical gas at room temperature T = 300K). Assuming a simple Maxwell-Boltzmann
distribution, we can nd that the mean velocity of the ensemble is:

r

3keT
2 (1.1)

where hvi is the mean particle velocity, m is the particle mass, andkg is the Boltzmann
constant. By plugging in some numbers, we can see that the velocities of the particles are
in the order of hundreds of meters per second. By using well-known cooling and trapping
techniques [24], these gases can become slow enough to be imaged many times with fairly
simple cameras and optics. In contrast to solid-state materials, where the electrons in the
bands set the energy, with characteristic energies in the range of meV to eV. This corresponds
to temperatures in the hundreds to thousands of Kelvin, meaning that imaging dynamics of
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Parameter Condensed Matter Ultracold Atoms

Temperature (Energy) 100K - 1000K (meV-eV) nK K (peV-neV)
Interparticle Spacing Angstroms ( 0.1 nm) Micrometers ( 110 m)
Dynamics Timescale Femtoseconds to picoseconds Milliseconds to seconds
Tunability Fixed lattice constants Dynamical, tunable
Imaging Techniques Indirect (transport, scattering) Direct (Qquantum gas microscopy)

Table 1.1: Comparison of Energy and Length Scales between Condensed Matter and Ultracold
Atomic Systems

electron-electron interactions is done at the short times scales (femtoseconds to picoseconds),
and thermal uctuations at room temperature are signi cant. In addition to the signi cantly
faster dynamics, the characteristic length scale of crystalline solids, de ned as the distance
between neighboring atoms or ions, is typically on the order of a few angstroms and remains
untunable. The rapid dynamics and elevated energy scales may obscure the ne structures of
many-body interactions, impeding observation of quantum phase transitions. Going back to
ultracold atoms, temperatures are routinely brought down to the nanoKelvin to microKelvin
range, and the characteristic interparticle separation reaches the micrometer scale. Under
these conditions, the quantum behavior can be explored and tuned to create novel many-body
phenomena of these degenerate gases. In Table 1.1, we summarized the di erence in scales
between the two types of systems. By mimicking similar structures of solids but with the
ability to image their positions and dynamics with ordinary instruments (microscopes and
cameras), we can uncover the fundamental physics behind these quantum systems.

1.1.1 Quantum gas of strontium

Having established the stark contrast between the energy and length scales in ultracold atoms
and those in conventional condensed matter systems, we now turn our attention to the emer-
gence of quantum behavior in degenerate gases and speci cally in strontium. At the heart of
this transition is the thermal de Broglie wavelength,

s

2 =2
kaT '

L= psp = N 3 (1.2)

which characterizes the spatial extent of an atom's wavefunction. As the temperature de-
creases, the phase-space densitypsp increases and can become comparable to or exceed
the average interparticle separation. In Equation 1.2,~ is the reduced Planck constant, and

n = N=V is the density of the gas. In the regime where the phase-space density is on the
order of unity, the overlap of atomic wavefunctions leads to behavior governed by quantum
statistics, which is expressed by the momentum and spatial distribution as:

0 — 1 .
N(P) = Gt 7

(1.3)

Here H (r;p) is the Hamiltonian of the system, with = 1 for bosons, =+1 for fermions
and zero for classical gas. This density divination from the classical functional form (=0 )
marks the onset of quantum degeneracy, where the atoms begin to exhibit collective quantum
phenomena, such as Bose-Einstein condensation [25, 6] and Fermi degeneracy [7]. These two
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options can have distinctly di erent distribution shapes, which depend on the spin degree of
freedom. Fermions, which possess half-integer spire2, and bosons, characterized by integer
spin ~, exhibit intrinsically di erent behaviors. Although spin e ects are not apparent in
everyday phenomena, cooling an atomic ensemble reveals their quantum nature governed by
the spin-statistics theorem [26]. At these ultralow temperatures, the gas wavefunction evolves
along di erent trajectories based on spin. Bosons, whose wavefunctions are symmetric, enjoy
being in the same quantum state and tend to condense into the lowest energy state [25, 6]. As
a macroscopic humber of atoms condense into the ground state, they form a state of matter
known as a Bose-Einstein condensate (BEC). The characteristic temperature at which these
qguantum phase transitions occur is referred to as the critical temperature and is given by

ksTe —n%3 1.4
sTc 1 (1.4)

The temperature here is quite similar to the Fermi gas critical temperature, but their proper-
ties are very di erent. For fermions, the antisymmetric nature of the wavefunction prevents
identical particles from occupying the same state, forcing them to Il higher energy levels up

to the Fermi energy Er . This principle underlies electron degeneracy pressure in stars [27] and
Pauli blocking in Fermi gases [28]. In fermions, the temperature of the cloud is normalized
by the Fermi temperature Tr = Eg=kg, and deviation from the thermal behavior usually
occurs at T=Tg < 0:5[29]. As an alkaline earth element, strontium was not the rst pick

for inducing quantum degeneracy. Nevertheless, the rst observation of BEC in strontium
atoms was demonstrated in 2009 by both the Innsbruck and Rice research groups [30, 31]. In
both cases, the isotopes they used weféSr, and they measured temperatures for these phase
transitions at Tc  0:4 K with around 0:5 10° atoms. Their accomplishment paved the
way for degeneracy with the only stable fermion of strontium is®7Sr, and a year after the
realization of the rst 8Sr BEC, a degenerate Fermi gas was also achieved by the Rice group
[32]. In fermions, the temperature scales with the Fermi energy, and the group measured
ks T=Er  0:25, with a signature Fermi-Dirac velocity distribution, which is the onset of a
degenerate Fermi gas. As the complete theory of degenerate quantum gases is extensive (see
[33, 34] for Bose gases and [35, 36] for Fermi gases), our focus is on showing why strontium is
a good candidate for quantum simulations. By combining the intrinsic properties of strontium
with a high-resolution quantum gas microscope, the reader will see the kind of many-body
physics to be explored with strontium quantum degenerate gases.

1.2 Quantum Simulation

A key motivation for building a quantum simulator is captured in Richard Feynman's famous
remark [37]:

Nature isn't classical, dammit, and if you want to make a simulation of nature,
you'd better make it quantum mechanical, and by golly, it's a wonderful problem
because it doesn't look so easy.

Nearly fty years later, this insight has spurred global research into constructing large-scale

guantum machines. To see why simulating a quantum system is so challenging, we can think of
the following scenario. Taking an ensemble of half-integer spin particles (Fermions), the Fock
space dimensionality with each addition of a particle increases by a factor of two; if we have a
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2D lattice of N N particles, then the total possible con guration is oN?, Setting N = 20, the
computational power needed to simulate all these spins is impossible with any known classical
computer. Since Feynman's theoretical idea quantum simulation has enabled the estimation of
the ground state of water molecules [38], the discovery of novel phases such as spin-liquids [39],
and the demonstration of quantum processors that outperform classical systems by executing
tailored quantum algorithms exponentially faster [40, 41]. Speci cally in neutral atoms, digital
guantum platforms have low in delities (below 0.5%) [42], local controllability over the entire
system, and rapid state preparation and read-out times (below 10 s for Rydberg qubits)
[43]. Such gquantum systems have been suggested to solve optimization problems, such as the
maximum independent set problem [44], through techniques like the Quantum Approximate
Optimization Algorithm (QAOA) and quantum annealing [45]. In this work, we focus on the
analog aspect of ultracold atoms, which functions as a macroscopic quantum simulator. By
arranging the spin patrticles in speci c orientations and introducing interactions, a quantum
simulator can discover novel phases of matter. A good example is the supersolid; this state
of matter was theorized back in the 1960s, but without any experimental proof, that is, until
2019 when several ultracold atomic experiments showed its existence in a quantum gas [46,
47]. Moreover, analog quantum simulators are appropriate candidates for applications in
domains such as material science, particularly in the study of superconductivity through the
phenomenon of super uid emergence [48]. In the context of superconductivity, one needs to be
able to replicate the natural periodic structure that exists in condensed matter. Optical lattices
are clear candidates to form conditions similar to those in solid superconductors [49], but
generating them and observing the atoms inside the lattice requires optical accessibility. This
is possible with quantum gas microscopes as a tool for observing ultracold atoms. Having high
optical resolution that can distinguish single atoms and simultaneously create the trapping
potential where they reside, they become a key feature in quantum simulators [50].

1.2.1 Quantum gas microscopy

Quantum gas microscopy has emerged as a groundbreaking technique that enables the real-
space, single-atom resolution imaging of ultracold quantum gases in optical lattices [51]. Unlike
early distractive methods such as electron microscopy [52], which, despite their atomic-scale
resolution, su er from invasiveness and are typically limited to high-density crystalline sam-
ples, optical imaging techniques exploit speci ¢ atomic transitions to localize atoms in optical
lattices.

In quantum gas microscopy, the resolution is determined not by the physical size of an atom
(typically on the order of the Bohr radius, ag 5:29 10 'm), but rather by the wavelength
of the light used to probe the atomic transition. This wavelength, often in the visible or near-
ultraviolet range, sets the diraction-limited resolution of the imaging system. Traditional
guantum gas detection methods include momentum and real space imaging, these are fairly
simple to implement and require a small number of shots to have single-atom resolution
with high delity ( > 95%) [53]. To reach such high accuracy in detection necessitates rst
high optical excess, where most microscopes numerical aperture (NA) ranges frdimt  0:9,
depending on their distance from the atom plane.

When trapping atoms in optical lattices, they need to sit near their 3D motional ground
state to be individually resolved. This condition is required because at high motional energy
states, the scattered light from the atom is less deterministic, and the momentum spread
can become on the order of the optical lattice's lowest spacing at half its wavelength [54].
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Figure 1.1: Quantum gas microscopy of theSsU(N )Fermi-Hubbard model. The 520 nm light
that enters the microscope can be angled with a galvo mirror, shifting the spacing of the lattice
potential. In the circle inset is a 3D illustration of an SU(N) spin model where each site can
have up to N di erent spins (marked by di erent colors).

The density resolution problem can be mitigated by cooling the atom to degeneracy and
pinning the atoms in deep trapping depths. Several other options to obtain a sub-wavelength
resolution using a microscope include the use of non-linear atomic response [55], or utilizing
the so-called dark state and its interaction with light elds [56]. To characterize the quality of
single-atom imaging with a microscope, the point spread function (PSF) method is employed
[57]. Meant for uorescence imaging, this technique is used when one needs to determine the
focusing abilities of the imaging system. Speci cally in single-atom microscopy, the amount
of an atom's uorescence spreads in space (blurring), and whether we can resolve it from
its neighboring particle. Even with high-resolution microscopy, the imaging system PSF is
typically on the order of several hundred nanometers, leading to overlap between signals when
the interatomic spacing is comparable to the PSF size. This overlap degrades the imaging
delity and hampers our ability to resolve single atoms. Our solution is creating an optical
lattice with a tunable spacing, easing the imaging by increasing the spatial distance between
atoms in neighboring sites, making the PSF size much smaller compared to the lattice spacing.
By sending a red-detuned optical lattice via the objective, one creates an "egg-carton"-like
potential where atoms can be pinned with the optical potential and later expanded for imaging.
Referred to as an accordion lattice, we desire to realize such an expanded light trap using a
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galvanometer mirror in an optical setup as illustrated in Figure 1.1. The sequence starts
with a tightly con ned lattice where atoms can tunnel between sites, and contact interaction
happens. Afterward, the lattice follows a fast adiabatic expansion, and with higher spacing,
the imaging of the atoms takes place. This method, already accomplished by the Harvard
group by transmitting the lattice through the microscope [58], demonstrates lattice spacing at
the di raction limit. By expanding the lattices and taking uorescence images, the group was
able to reach high-resolution pictures with delities above> 99%single-atom in a lattice. The
limitation of their imaging technique is its inability to spin-resolve the atom in the lattice. For
our strontium simulator, releasing the atoms from the enlarged lattice, we can apply a spin-
dependent force scheme (like optical Stern-Gerlach), where using the microscope can resolve
the 2D density lling, which is what one wants to be able to study many-body physics with
high magnetic ordering.

1.2.2 Exploring many-body physics at the single-atom level

Conventional condensed matter experiments, such as those performed on high-temperature
superconductors like YBCO (Yttrium-Barium-Copper-Oxide), probe many-body phenomena
at energy scales de ned by the atomic lattice, where superconductivity emerges arounf
70K . In contrast, ultracold Bose and Fermi gases operate at temperatures on the order
of 200 nK with interparticle separations in the micrometer regime, representing a dramatic
6 7 orders of magnitude di erence in energy and length scales. Despite the scale di erence,
critical behavior and phase diagrams are similar and observed across both platforms. We can
see that by considering a unit-less parameteflc=Tg, which is the ratio between the critical
and Fermi temperatures. This ratio scales the high density of electrons in a metal (and other
systems with fermions), making it a generic parameter, useful for predicting critical changes
on the macroscale. Remarkably, by inducing interaction (via Feshbach resonance [59]), a
Fermi gas can enter the super uid phase aroundic=T¢  0:15, which is comparable to high-
temperature superconductors atTc=Tr  0:05. This fact categorizes Fermi gases as genuine
high-temperature super uids [35], and o ers to study quantum phase transitions in a diluted
environment without interaction complications. Quantum gas microscopy of Fermi gases is
a complementary tool for understanding the underlying mechanism of superconductivity via
super uidity in ultracold gases [60, 48]. Unlike traditional condensed matter probes, which rely
on indirect measurements (e.g., transport or scattering experiments), quantum gas microscopy
provides the capability to image individual atoms and resolve local correlations in real space.
Through the direct visualization of single-atom occupancy and dynamics, access is granted
to the many-body correlations that underpin super uidity and other collective phenomena.
Beyond merely imaging individual constituents of a quantum many-body system, microscopes
can tightly focus beams to allow for manipulation at the single-particle level. Such local
addressing and site-resolved imaging opens the door to more exotic options such as studying
strongly correlated materials [61] or testing doping e ects and their dynamics compared to
solid-state materials [62]. In particular, using the 8Sr isotope which has a nuclear spin

| =9=2 and thus providesN = 2| +1 =10 nuclear spin states o ers a unique opportunity to
study magnetism in SU(N) models along with other many-body phenomena. The following
subsection discusses these promising experimental proposals in detalil.
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Figure 1.2: Schematic plot of theSU(2) Fermi-Hubbard phase diagram. As doping increases,

the system undergoes various phase transitions. Experimental observations have con rmed
phases such as the Mott insulator and antiferromagnet at relatively high temperatures. How-

ever, superconductivity has not been observed so far(if it exists at all in the single band FHM),

likely due to the extremely low temperatures required for its emergence. Note that the domain

of each phase is not to scale.

1.2.3 The SU(N) Fermi-Hubbard Model

The Fermi-Hubbard model (FHM) in its simplest form is a toy model that aims to study
strongly correlated many-body quantum systems, such as electrons in di erent materials, and
how exotic phases of matter can emerge [63]. Originally developed in condensed matter physics
to describe the dynamics of electrons in a crystalline lattice [64], the model has become a cor-
nerstone of atomic physics, especially with the advent of quantum simulation using ultracold
atoms in optical lattices [11, 65]. These experimental realizations involve loading a degenerate
Fermi gas into a periodic potential, where the interplay between atomic tunneling and on-
site interactions leads to the emergence of complex quantum phenomena such as magnetism,
metal-insulator transitions, and other quantum phases.

The Hamiltonian of the Fermi-Hubbard model is given by:

X u X X
IqFH =t Ci\gsc];s +hic + 5 Ai:s N + Vifis (1.5)
hiji;s i;s6k is

Here, C,ys and ¢;s are the fermionic creation and annihilation operators, respectively, that
create or annihilate a fermion with internal state s (e.g., spin or hyper ne state) at lattice
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sitesi and j. These operators obey the standard anticommutation relations, re ecting the
fermionic nature of the particles. The parametert represents the tunneling amplitude, which
characterizes the kinetic energy of the fermions as they hop between neighboring lattice sites
hi;j i, while h:c: denotes the Hermitian conjugate. The second term describes the on-site
interaction energy, whereU quanti es the interactions between two fermions occupying the
same lattice site. The number operatorh;.s = «\:{Sc.;s measures the population of fermions in
internal state s at site i. The last term is harmonic con nement per site and is tunable by
changing the trapping depth in the lattice.

This Hamiltonian highlights the competition between kinetic energy, driven by tunneling,
and interaction energy, governed by on-site repulsion. The model can be extended to have
SU(N) symmetry by considering alkaline-earth atoms. In these atoms, the decoupling of the
electronic and nuclear spin degrees of freedom in the ground state is a consequence of the
negligible spin-orbit coupling in low-lying states. This decoupling leads to scattering lengths
that are essentially independent of the nuclear spin, thereby endowing the system with an
approximate SU(N) symmetry (with N equal to the number of nuclear spin states). In
contrast, alkali atoms exhibit strong spin exchange interactions that render their scattering
lengths state-dependent, typically restricting their symmetry to SU(2) [66, 67]. To see the
relation to the model, we need to look at the interaction term, which is proportional to the
s-wave scattering lengthas, with the on-site interaction energy given by:

4,,_2
U

as (1.6)

where m is the atomic mass. By having an equal scattering length, the atoms interact sim-
ilarly no matter their spin state. This unique feature of alkaline earth systems facilitates
the exploration of exotic quantum phases and many-body phenomena, as demonstrated in
experiments with ultracold ytterbium and strontium [68, 69]. Working with &’Sr, with its
spin-independent scattering length and rich internal structure with up to ten accessible nu-
clear spin states, allows for the realization of a two-dimensionabU(N ) Fermi-Hubbard model
with N 10. In addition, recent proposals suggest that advanced entropy redistribution
schemes could be implemented to create low-entropy regions by isolating a central subsystem
while using the surrounding SU(N) mixture as a thermal reservoir [70]. Such strategies o er
promising avenues for reaching the low temperatures required to explore magnetic ordering
and exotic quantum phases in strongly correlated systems.

Dealing with 2D systems, one of the goals of the FHM is to understand the physics behind
high-temperature superconductivity [71]. In the context of FHM, the N parameter gives rise
to di erent kinds of magnetic ordering. We can see that by settingN = 2 and looking in
systems that have one particle per site, meaning half- lling. Doping the optical lattice, i.e.,
shifting the on-site atomic density away from half- lling (where the notable Mott insulator
phase lives [72]), signi cantly enriches the resulting phase diagram, leading to the emergence
of multiple predicted quantum phases [73]. This behavior arises from the competition between
magnetic ordering and contact interactions as the system deviates from half- lling, resulting
in phase transitions characterized by diverse ground-state properties. The theoretical phase
diagram presented in Figure 1.2 shows that when the normalized temperaturel &t) decreases
and the doping increases, the antiferromagnetic behavior disappears, and the system enters the
pseudogap regime [74]. State-of-the-art experiments in optical lattices under various doping
conditions have realized exotic quasi-particles such as Nagaoka polarons in triangular geome-
tries [75] and achieved unprecedented ultralow temperatures [76], albeit primarily within the



22 CHAPTER 1. INTRODUCTION

framework of the SU(2) Fermi Hubbard model. The SU(N) fermionic model has already
been studied with optical lattices in several groups [77, 78], however, without a microscope.
Our goal is to use the®’Sr high nuclear spin dimension to see the role this enlarged spin
symmetry space takes in the interplay between magnetism and the doping particles. As we
showed, doping already presents a very exciting phase diagram 8U(2)-symmetry, so moving
towards high spin dimension, we can reach uncharted territories irU(N) magnetism.

SU(N) magnetism and quantum spin models

Alkaline-earth metals have been proposed as candidates for many quantum spin experiments
with high SU(N > 2)-symmetry [79, 80, 69]. Owing to their high nuclear spin that decouples
from the electronic structure, both 173Yb and 8’Sr have a ground state with all mg -states
having equal scattering length. Essentially, the high spin symmetryN > 2 can create an
environment where there is no one clear ground state of the system, and the spins can rearrange
in a unique formation depending on the value ofN [81, 66]. This includes the symmetry
breaking of spin order, spin dimerization, and charge-conjugation [82]. Especially interesting
is the magnetic ordering, which in the SU(2) Fermi-Hubbard model requires the entropy to
be on the same order as exchange coupling between neighboring magnetic moments (usually
nearest neighbors) in the lattice. Recently, this experimentally challenging limit was achieved
by the Harvard group in a SU(2) F-H square lattice (with T=t = 0:05 at U=t = 8) [76].
The higher spin dimensionality of N o ers prospects to improve compared to alkalies, but

it is at least as challenging to reach these values. Studies have shown that the temperature
of the lattice can decrease withN -dependence [83], and even specic protocols where the
higher nuclear spin states store the system heat have been shown to reach lower entropy with
numerical simulations [70]. Although promising, the spin entropy required for ordering also
decreases with lower spin dimensiolN , so without a proper reshu ing scheme, it is not clear

if one can reduce entropy with higher spin symmetry.

1.3 Thesis Overview

Many other groups have shown the ability to trap and manipulate all of Sr stable isotopes
[84] and still are doing so [85, 86]. Thus, our focus will not be to present a full detailed
review of the physical properties of strontium nor how quantum simulators are designed and
built, as the theory and experimental results have been rmly established. The main goal of
the thesis is to give the reader a clear description of our strontium-based simulator and its
capabilities and advantages over other state-of-the-art strontium machines. The thesis starts
with a chapter dedicated to the examination of strontium and its intrinsic properties. The
focus will be on atomic attributes pertinent to our system, including electronic energy levels,
and presenting important optical cooling and trapping transitions. Particular attention will be
given to the distinctive hyper ne structure present in the fermion 8’Sr isotope and its magnetic
nuclear ground state, which can potentially enhance the study of theSU(N > 2) Fermi-
Hubbard model. The second section will present the experimental apparatus with its atomic
source, ultra-high vacuum, magnetic coils, and blue laser systems. The blue laser system is
fully described both before and after coupling to ber and delivered around the vacuum and
science cell, with a focus on the techniques of frequency stabilization and locking, the Zeeman
slower, the 2D MOT, and the 3D MOT. The chapter concludes with an exposition of our
repumping system and strategy, which includes the utilization of the magnetically metastable
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3p, state serving as a reservoir to increase the atom numbers. This is subsequently assessed
by their recapture in the blue MOT. In the third chapter, the 689 nm narrow line transition

is presented and showcases the di erent regimes that atoms go through as they are cooled by
the red MOT. A layout of the red laser system is given. We report on the nal temperature
and atom number of the nal red MOT of 8’Sr and 8Sr atoms.

The fourth chapter presents the next step taken as the red MOT ends, where the atomic
cloud is transferred to an optical dipole trap we refer to as the dipole reservoir trap. During
the procedure, two more beams are applied to the atoms, a highly con ned dimple beam and a
light-shifting transparency beam. These lights are designed to bring the ensemble to quantum
degeneracy through light shielding the atoms inside the dipole trap. The latter section of
the chapter will elaborate on the development and analysis of an accordion optical lattice,
which will be used to create 2D gases. The 1D vertical lattice's design is crafted and assessed
through a combination of simulation and image analysis to determine its optical constraints
prior to setting it up on the experimental table and directing it toward the atoms. The nal
chapter begins with the current status of the machine and gives an outlook on our single-atom
imaging and optical Stern-Gerlach technique that can be used for spin detection to study, for
example, the SU(3) Fermi-Hubbard model.
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Chapter 2

Strontium in a nutshell

In this chapter, we will delve into the physical properties of strontium, the atomic species at
the heart of this work, and describe how it can be trapped and cooled to form a degenerate
guantum gas.

2.1 Atomic and nuclear characteristics

Belonging to the alkaline-earth group, Strontium exhibits electronic and nuclear character-
istics that are essential for laser cooling and trapping. Positioned in the second group of
the periodic table, Strontium, along with other divalent atoms such as Ytterbium (Yb), has
two valence electrons. This electronic structure introduces symmetry considerations in the
electronic wavefunctions, as opposed to alkali elements such as Lithium (Li) and Potassium
(K), which have only one valence electron. In Strontium's two-electron system, the exchange
symmetry of these electrons results in two possible solutions for the overall spin wavefunction.
These solutions are categorized as singlet (symmetric) and triplet (anti-symmetric) states,
which can be expressed as seen below:

"i = jS=1;ms=1i
e %-'-Zj#il):jS:l;mS:Oi [ ai:“iazli):jS:o;mS:Oi 2.1)

i = jS=1:ms= 1i

where s( a) represents the symmetric (anti-symmetric) wavefunction andS; ms are the
full electronic angular momentum and the magnetic quantum number, respectively (we use the
arrow notations ";# to represent the spin of each electron). The singlet state corresponds to
S =0, while the triplet states correspond toS = 1. This splitting into singlet and triplet states
is central to the energy level structure as it provides multiple transitions that are exploitable
for cooling, excitation, and trapping. These transitions will be discussed further in the next
section.

Beyond its electronic con guration, strontium has intriguing nuclear properties. There
are four stable isotopes in addition to over 20 unstable ones. Notably?Sr, with a half-life
of nearly 30 years, is widely used in medical and nuclear applications due to its radioactive
nature and behavior as a bone seeker [87, 88].

25



26 CHAPTER 2. STRONTIUM IN A NUTSHELL

Isotope | Natural Abundance (%) | Atomic Mass (Da) | Statistics | Nuclear Spin ()
84Sy 0.56 83.913 Bosonic 0
86Sr 9.86 85.909 Bosonic 0
87y 7.00 86.908 Fermionic 9/2
883y 82.58 87.905 Bosonic 0

Table 2.1: Properties of stable Strontium isotopes, including their natural abundance, atomic
mass, quantum statistics, and nuclear spin [89].

Among the stable isotopes, three are bosonic, with nuclear spih = 0, while 873r is
fermionic, possessing a nuclear spin ¢f= 9=2. The total angular momentum F, which arises
from the coupling of nuclear spinl and total electronic angular momentumJ = L + S, is given
by F=1+J.

In the singlet ground state (J = 0), the fermionic isotope &'Sr exhibits 21 +1 = 10
hyper ne sublevels, ormg states.

As shown in Table 2.1, the natural abundance of Strontium isotopes varies signi cantly,
with 8Sr being the most abundant, making up more than 82%. The abundance of®Sr
and 8Sr is nearly an order of magnitude lower, and®Sr is even rarer by over two orders
of magnitude. These variations in abundance play a crucial role in experimental setups,
in uencing signal-to-noise ratios during spectroscopy and imaging, especially when working
with less abundant isotopes such a$*Sr or 8’Sr. Di erences in isotopic abundance, along
with the nuclear and electronic characteristics, a ect the number of atoms and, therefore, the
phase space density of the cloud under equal experimental conditions. Thus, the choice of
isotope is pivotal in optimizing experimental designs, particularly for precision measurements
and imaging of low-density samples. In our work, we address these issues by initially loading
88Sr atom, optimizing the signals we attend to measure, and then moving to other isotopes.

2.2 Energy levels scheme and optical transitions

In divalent atoms, the ground state, 1Sy, is magnetically insensitive due to the absence of a
magnetic dipole moment. For bosonic isotopes, which possess no nuclear spin, this results in

a complete lack of hyper ne structure, making the ground state insensitive to magnetic elds

via the Feshbach resonances [15]. However, some research groups have successfully induced
bound states through optical means, primarily in 8Sr using the intercombination transition

at 689 nm [90].

Contrary to the behavior of atoms interacting through the electron's Bohr magneton g,
the fermionic isotope 8/Sr, characterized by a nuclear spin of = 9=2, demonstrates a weak
coupling to external magnetic elds as it is proportionally related to the nuclear magneton

N - This results in a decreased sensitivity when compared to alkali atoms, di ering by ap-
proximately g= n 1840[91]. As a consequence, separating the hyper ne sublevels in a
standard Stern-Gerlach experiment would necessitate magnetic elds on the order of several
Teslas. Nevertheless, recent advancements have demonstrated that an optical Stern-Gerlach
e ect provides an e ective means for hyper ne level separation, opening new possibilities in
hyper ne-resolved experiments [92].

Due to the dierent energy level structures arising from the absence (bosonic isotopes)
or presence (fermionic isotopes) of hyper ne splitting, the optical transitions of each isotopic
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species will be discussed separately in the following sections.

2.2.1 Bosonic case (F =J)

In bosonic isotopes, two types of transitions are relevant: spin-allowed transitions, such as
1Sy ! P4, and spin-forbidden intercombination transitions, like 1Sy !  3P;, each with
unigue properties.

The spin-allowed transition from 1Sy to 1Py occurs at a wavelength of 460.8 nm and is often
referred to as the "blue" transition. It has a relatively broad linewidth of =2 30:5 MHz,
which makes it suitable for initial laser cooling stages and imaging applications [93]. Atoms
excited to the 1P, state have a short lifetime of just a few nanoseconds, with the vast majority
(99.99%) decaying back to the'Sy ground state. The resulting uorescence serves as a useful
tool for spectroscopy and for stabilizing lasers on théP; transition [94].

However, the blue transition is not close and allows a small fraction of atoms to decay
into the 1D, state. Reported measurements of the associated branching ratio vary between
1:20,000 and 1:50,000 [94, 95, 96, 97] The 1D, state possesses a signi cantly extended
lifetime, approximately 300 s [95]. As a consequence, the cooling rate of these atoms is
reduced. One can exploit the intermediate’D, state by nding a transition to re-excite the
atoms and bring them back to the blue cooling cycle. This approach has been proven successful
by [98] and uses the transition to pump atoms in the Zeeman slower (ZS) and will be described
brie y in the repumping section.

As they decay via theD,, atoms eventually populate the3P; triplet states, notably 3Py
and 3P,, with a population ratio of 2:1, respectively. Atoms in the P, state are e ectively
lost from the cooling cycle and require repumping to re-enter it. Conversely, atoms in théP;
state decay back to the ground state with around 20s lifetime and return to the cooling
cycle.

The 5s5p manifold, encompassing thePg.1.» states, exhibits the LS-coupling structure
and provides narrow and ultra-narrow linewidths for intercombination transitions due to dipole
selection rules impeding transitions by a single photon [99]. Three key transitions exist between
the singlet ground state 1Sy and the triplet states 3P, each with signi cant implications in
precision measurements and quantum simulations.

The transition 1Sy ! 3P, often known as the "clock transition," plays a pivotal role in
atomic clocks and quantum information storage [100, 101]. In the absence of a magnetic eld,
the 698 nm transition is forbidden by both spin exchange and angular momentum conserva-
tion, leading to an exceptionally narrow natural linewidth of 1 mHz. This doubly forbidden
nature renders the transition accessible only through hyper ne mixing, which allows otherwise
forbidden transitions to occur by mixing singlet and triplet characters [102].

Next, the 1Sg ! 3P; transition at 689 nm is less restrictive, being forbidden only by elec-
tronic spin ip; however, due to spin-orbit coupling, it has a linewidth of "only" 7.4 kHz, which
in comparison to alkali metals such as lithium and potassium is three orders of magnitude
smaller [103, 104]. This transition is critical for narrow-line cooling, facilitating magneto-
optical trapping (MOT) techniques that bring Sr atoms closer to quantum degeneracy, a
subject elaborated on in the Red MOT chapter.

Finally, the 3p, state functions as a "reservoir" where atoms can be stored for extended
periods exceeding 100 seconds due to its extremely low decay rate to the ground state.

1The discrepancy between measurements of the blue transition decay channel remains an open question
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Figure 2.1: The energy level scheme and relevant optical transitions i#£Sr. The diagram shows
the most relevant transitions and their linewidths and branching ratios[93].

This stability is further enhanced by its high magnetic moment (J = 2), which not only sup-
presses decay since thelSy ! 3P, transition is forbidden by both spin exchange and angular
momentum conservation but also renders the state magnetically trappable. The transition
proceeds predominantly via magnetic-quadrupole (M2) coupling, making it highly sensitive
to external magnetic and quadrupole elds. This sensitivity enables quantum simulation ex-
periments that explore magnetic qubits under tunable external elds or probe quadrupolar
interactions [105].

In Table 2.2, one can see the relevant transition shifts in this work for each isotope together
with lifetime estimations. No concrete measurement of the magnetic transition shift ¥Sg !
3p,) for the two bosonic isotopes was found in the literature.

Repumping

During the cooling process, a signi cant fraction of atoms inevitably escapes the cooling cycle
and becomes trapped in long-lived metastable states, necessitating repumping via intermedi-
ate states to reintegrate them into the cooling scheme. As illustrated in Figure 2.1, several
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Transition 1S 1P, IS 3Py ISg1 3Py | 1Sl 3P, | 3Py ! 38S;

Lifetime ( ) 5.22(3) ns 214 s 120 s 500 s 13.92 ns
84Sr 271 -351.5 -349.6 - 200
86Sr -125 -163.8 -162.9 - 100
87Sr -46.5 -62.18 -62.17 62.93 62.91

88Sr (CF) | (650,503,200)| (434,8290,700)| (429,228,066)| (446,647,243)| (435,731,560)

Table 2.2: Main optical transition frequencies (in MHz) between ground state to excited P
orbitals for each isotope compared to theé®®Sr isotope transition in the () brackets, which is
referenced as zero due to its high abundance. The reference data was taken from [84, 89].

repumping options exist, each with unique bene ts and challenges. The choice of repump-
ing transitions must consider factors such as the availability of suitable laser sources, ease of
implementation, and the necessity for closed transitions to minimize additional atom losses.

Several repumping techniques are commonly employed in the eld, although not all are
practical for our experimental setup. One widely used option involves a green 497 nm transi-
tion; although repumping via the green transition is appealing, the scarcity of high-intensity,
single-mode lasers at that wavelength limits its utility. Similarly, methods involving mid-
infrared transitions within the 3D manifold such as the 3P, ! 3D, transition at approxi-
mately 3 m, or repumping from the 3Py state via a 2.6 m line pose signi cant challenges
due to the need for specialized optics and detectors, as well as di culties in beam alignment
caused by the limited visibility of IR light.

In contrast, the most widely accepted and practical repumping scheme employs two laser
wavelengths in the visible spectrum. In our system, we utilize a 707 nm laser to drive the
3p, 1 33, transition, which has a lifetime of approximately 22 ns; atoms decay from théS;
state back into the 3Pg.1.» manifold with branching ratios of roughly 1:3:5. To prevent atoms
from being trapped in the clock state €Pg), we employ a second laser at 679 nm to repump
the 3P, state via the 3Pg ! 3S; transition, thereby ensuring that the atoms are returned
to the cooling cycle through the3P; level. This dual-laser approach, relying solely on visible
wavelengths, is favored not only for its ease of implementation and cost e ciency but also for
its proven performance in similar experimental con gurations [106].

An alternative repumping option worth considering is the direct excitation of the 1D, !
8p'P; transition using a 448 nm laser. High-power laser systems (>1.5 W) at this wavelength
are readily available, providing a viable means of repumping atoms directly from the'D,
state. Recent measurements by the Schreck group have demonstrated a potential increase in
atomic ux in the Zeeman slower by approximately 60% when employing this technique [98],
suggesting it could be a valuable addition to our experimental setup.

2.2.2 Fermion Case (F=1+1J)

The &Sr isotope Fermion has a nuclear spin = 9=2, leading to a complex hyper ne structure
characterized by numerous hyper ne states that arise from the coupling between the nuclear
spin and the electronic angular momenta. The hyper ne splitting introduces additional lev-
els for the atoms to decay and be excited into, signi cantly enriching the atomic structure
compared to the bosonic isotopes. The resulting splittings between di erent hyper ne states
(F-states) vary substantially, ranging from sub-megahertz to several gigahertz, depending on
the electronic con guration and speci ¢ coupling constants. These GHz hyper ne shifts can
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be addressed with acoustic-optic modulators (AOMSs) or electro-optic modulators (EOMs)
and are typically employed to shift the laser frequencies dynamically to match the required
transitions.

The hyper ne energy shifts at zero magnetic eld of®’Sr are reported in Figure 2.2. These
energy splittings are predominantly attributed to the magnetic dipole moment and higher-
order multipole contributions arising from the nuclear g, factor. The unperturbed hyper ne
structure is governed by the intrinsic properties of the nucleus, including its magnetic dipole
and electric quadrupole moments, which interact with the magnetic eld generated by the
electron cloud surrounding the nucleus.

To obtain the frequency shifts for each hyper ne state in both singlet and triplet manifolds,
we applied the modi ed Breit-Wills (MBW) theory [107, 108]. This approach, combined with
empirical parameters from previous experimental studies [93], enables accurate determination
of the hyper ne structure. The MBW theory models the magnetic interactions between the
electron and the nucleus by considering dipole, quadrupole, and, if necessary, higher-order
terms like the octupole interactior?. Under the magnetic eld B, the atom internal Hamilto-
nian reads:

Hni = B 0S+gL B NGO | B; (2.2)

In Equation 2.2, the hyper ne Hamiltonian is expressed in terms of the electron spirS,
orbital angular momentum L, and nuclear spinl. Here, g and \ are the Bohr and nuclear
magnetons, respectively, whilegs, g, and g, are the corresponding g-factors. This equation
encapsulates the magnetic coupling between the atomic magnetic moments and an external
magnetic eld B, thereby giving rise to the observed hyper ne structure.

The hyper ne Hamiltonian is typically simpli ed by assuming that hyper ne splittings are
small compared to ne structure separations, allowing the use of the total electronic angular
momentum as a good quantum number, and by considering only rst-order Zeeman inter-
actions alongside second-order magnetic dipole and electric quadrupole contributions [107],
yielding the expression:

(I 3)2+31 3 230 +1)(J+1)
A3 @21 1)@ 1)

Hiht = Hp + Ho = A(r)I J+ |§(r)3 (2.3)

where A(r) and B(r) represent the spatial dependence of the magnetic dipole and electric
guadrupole interactions, respectively. Radially averaging the Hamiltonian yields the hyper ne
energy shift:

3G(G+1) MI(I+1)(J+1)
8J (2 123 1) IECY

2G=2Hh Ji=2 %sz 12 J2%i=F(F+1) 1(1+1) JQJ+1)

GA(3'L)
2

Ent =hp =h + hB (31L))

where G quanti es the degree of hyper ne coupling. The coe cients A(31L;) and B (31L))
denote the hyper ne splitting parameters, which have units of frequency and indicate how the

2For the precision level required in our experiments, contributions from the octupole term can be safely
neglected. However, higher-order corrections can be calculated if needed.
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Figure 2.2: The energy level scheme and relevant optical transitions i’Sr. The diagram
lists the most relevant transitions and their linewidths and branching ratios.

F-states are separated for each singlet'(|) and triplet ( 3L,) state. Determining A and B is
described in detail in [107, 109], with further re nements based on experimental data provided
in [93] and presented in Table 2.3. The parameterd(1Dy); B('Dy) of the intermediate state
hyper ne splitting are taken from [110], which uses the RF double resonance method, and
are also presented in Table 2.3. ThéD» hyper ne split levels are less commonly addressed
in the literature and may cause more atomic loss via the decay channels to thé®; manifold
[84]. Using the hyper ne interaction coe cients ( A; B) and Equation 2.4 for each manifold,
we can evaluate the splitting in MHz. The results are depicted in Figure 2.2, which shows the
separation between hyper ne levels in di erent states relevant to our work.

The hyper ne structure of the 3P state is well-resolved, which facilitates high-resolution
spectroscopy on the intercombination line. The larger hyper ne splittings allow for selective
excitation of individual hyper ne components, thereby enhancing the precision of spectro-
scopic measurements. The detailed structure of this state, together with théS; state, has
been experimentally determined with high accuracy, o ering valuable reference points for
theoretical models and comparisons across di erent experimental setups.

The 3P, state presents unique hyper ne characteristics that provide deeper insights into
the nuclear structure of alkaline-earth atoms such as strontium. The hyper ne splittings in this
state can be used to probe the nucleus, revealing details about higher-order electromagnetic
moments. Precision measurements of these splittings allow for the determination of the nuclear
octupole moment, contributing to our understanding of the internal distribution of charge and
magnetization within the nucleus. These measurements have been conducted by the Munich
group [105] with a precision of approximately 10 kHz. These ndings underscore the potential
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Transition State A (MHz) B (MHz) F OF Shift (MHz)

1S, 0 0 9/2 0 0

3s, -542 [111] -0.1(5) [111] | 7/2 -4/9 2980.9
9/2 8/99 542.1
11/2 | 4/11 -2439.1

Py -3.4(4) [93] 39(4) [93] 712 -2/9 36.98
9/2 4/99 -22.83
11/2 | 2/11 -5.63

3P 0 0 9/2 0 -62.17

3p, -260.084 [112] | -35.658 [112] | 7/2 | -1/3 1414.252

9/2 | 2/33 283.653
11/2 | 3/11 | -1179.212
3p, -212.765 [112] | 67.84[112] | 5/2 | -6/7 2371.222
72 | -7 1597.138
92 | 2/11 618.691
11/2 | 51/143 | -551.517
13/2 | 6/13 | -1898.081

1p, -5.5734(4) [110]| 55.421(6) [110]| 5/2 | -4/7 86.709
712 | -2/21 42.955
92 | 4/33 0.556
11/2 | 34/143 | -30.098
13/2 | 4/13 -36.305

Table 2.3: Hyper ne parameters for the laser cooling and repumping transitions irf’Sr, in-
cluding the dipole interaction constant A, quadrupole interaction Q, total angular momentum
F, Landé g-factor g=, and frequency shift from resonance in MHz. The values foA and Q
are taken from .

of 3P, hyper ne spectroscopy in re ning nuclear models and providing stringent tests for
atomic theory.

Fermion repumping scheme

Another important aspect in our experiment is the repumping transitions, as the additional
hyper ne detunings relative to the respective 88Sr add a layer of complexity. This di culty

of repumping the fermion 8/Sr is attributed to three reasons. Firstly, During the blue MOT
stage, the cooling cycle predominantly drives theF = 9=2! F = 11=2 transition, but the

small hyper ne splittings in the 'P; state (comparable to its natural linewidth) means that all
three split state F°= %; %; % are populated. All three contribute to the decay to the triple
3p; state, leaving us with the second problem, which is the branching ratio from thé= ®state
to the extensive hyper ne structure of the 3P, manifold via the D> level. Lastly, only the
F =5=2, F =11=2, and F = 13=2 states are magnetically trappable, withF = 13=2 being
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maximally probable to be trapped as it has the highestF number. This phenomenon lies in
the F =7=2, and F = 7=2 states' weak magnetic coupling strength due to their small Landé
g-factor, which is almost six times smaller [93]. All these facts make the repumping scheme
on the ®P, ! 3S; ine cient, which predominantly stems from speci ¢ hyper ne states of the
3P, manifold, such asF = 11=2 and F = 13=2, remaining unaddressed. We observe this in
the Blue MOT,; the 707 nm transition shows limited e ciency when its detuning is xed and
shifted relative to the hyper ne splittings of 8Sr. As shown in Figure 2.2, the3S; state is
split over 5 GHz, while the natural linewidth of this state is on the order of only a few MHz.

To preferentially repump atoms into these states, the 707 nm transition can be detuned
from the blue side (centering at approximately 423.91236 THz) and dynamically modulated
its frequency over a 3 GHz bandwidth with a 1 ms repetition time. This approach enhances
the repumping e ciency for the higher-lying trappable states (F = 11=2 and F = 13=2),
thereby loading a robust reservoir in the long-lived®P, state. Subsequent repumping from
this reservoir increases the MOT atom number by a factor of 4 5, as atoms lost via the less-
trappable F = 7=2 and F = 9=2 channels are minimized. Additionally, the 8’Sr, due to its
hyper ne structure, experiences inhomogeneous magnetic forces across ¥8; mg sublevels,
leading to uneven trapping and greater atom loss compared to bosonic isotopes. In the blue
MOT chapter, a detailed explanation of our repumping technique will be presented.

2.2.3 Other Relevant Transitions

While the most commonly employed transitions in Strontium experiments have been exten-
sively discussed, a vast array of specialized level schemes can be utilized for more specic
applications. Below, we detail several light transitions relevant to our experimental setup:
Rydberg Atom Laser - The 8Sr isotope is particularly well-suited for exploring Rydberg
physics, a regime in which an atom is excited to a high principal quantum number r{

1), signi cantly increasing its dipole interaction strength. This occurs because the electron
occupies an energy state much farther from the nucleus [113]. Neutral Rydberg atoms have
garnered intense interest in the atomic physics community due to their diverse applications,
ranging from qubits in quantum computing processors [44] to the study of novel phases of
matter [39].

In 88Sr, Rydberg states can be accessed through a series of optical and near-infrared transi-
tions [114] or via a single ultraviolet photon at 317 nm(shown in Figure 2.1), exciting the atom
from the 3P; clock state to a Rydberg state [115]. This UV-based excitation pathway pro-
vides a compelling platform for encoding long-lived qubits within an optical array, leveraging
the extended lifetime of the clock state. Furthermore, Rydberg interactions in geometrically
frustrated 3D lattices o er an avenue to investigate quantum spin liquid phenomena, building
on analogous studies conducted in alkali atoms within 2D systems [116].

Accordion Lattice at 520 nm - Recent ndings identify 520 nm as a magic wavelength,
where the polarizability of the 1Sy ground state matches that of the metastable®P; for -
transition, making it desirable for creating a state-independent trap. This discovery has
facilitated the use of optical tweezers [94] for simultaneous trapping and imaging of atoms
within the trap. Optical tweezers enable the dynamic reordering [117] and shu ing of atoms
[118], converting a randomized initial con guration into a deterministic arrangement. Beyond
tweezers, the same wavelength can be employed to create optical lattices, o ering high trapping
depths while allowing simultaneous cooling via the 689 nm narrow-line transition.

Tweezer Light at 813 nm - To achieve a high-resolution, low-entropy deterministic ar-
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ap 888r 87Sr 868r 84Sr
8sr |-14 |55 97.4 | 1790
87Sr | 55 96.2 | 162.5 | -56
86Sr | 97.4 | 1625 | 823 31.9
84Sr | 1790 | -56 319 | 1227

Table 2.4: Scattering lengthsas (in units of the Bohr radius ag ~ 0:053nm) for di erent
combinations of Strontium isotopes. Data adapted from [124].

rangement of atoms, our setup integrates a tweezer array with a quantum gas microscope.
The 813.4 nm wavelength is particularly advantageous as it is a magic wavelength for both
the 1Sy ! 3P, clock transition rst demonstrated by the Tokyo group [119] for an optical clock
lattice. This ensures compatibility with precision experiments involving the clock transition
[120] and as an intermediate state employed for Rydberg excitation [121].

In our setup, an ECDL at 813 nm is ampli ed to 2 W using a TA. The beam is shaped
into a tweezer array via an SLM, enabling con gurable atomic patterns, as detailed in the
Master's thesis of Leon Schafer, with further developments in his forthcoming dissertation.

2.3 Isotopes Interaction Properties

A key factor in ultracold atomic systems is the role of atomic collisions, which drive mo-
mentum exchange and thermalization processes crucial to achieving quantum degeneracy. At
low temperatures, where only s-wave collisions are relevant for distinguishable fermions and
bosons away from scattering resonances, interactions are fully characterized by a single pa-
rameter the s-wave scattering length as. This parameter embodies the phase shift of the
incoming wavefunction relative to the outgoing one due to interatomic forces.

In several alkali atoms, the magnetic eld sensitivity of ground-state atoms allows for
tunable scattering interactions via Feshbach resonances, wherein the external magnetic eld
shifts the relative energy di erence between the bound state and incoming pair of atoms,
which leads to a modi cation of the scattering length as. This allows for resonantly enhanced
interactions and enabling studies in phenomena such as three-body loss mechanisms, [122] and
the more spectacular BEC-BCS crossover [123] which gave raise to the study of novel physics as
one changes the interaction strength by tuning the scattering length [16]. However, in alkaline-
earth atoms like Strontium, the spinless ground state is nearly magnetically insensitive, and
the scattering length as depends on the binding energy of the lowest vibrational mode of the
interatomic molecular potential.

In these systems, interatomic potential parameters, such as the Van der Waals coe cients
Ch, govern the scattering properties and yield isotope-dependent scattering lengths, as mass
di erences between isotopes in uence the molecular binding energy. Precision measurements
of the Sr, molecular potentials, combined with quantum calculations of the wavefunctions,
have provided accurate values for these scattering lengths, as shown in [124] and summarized
in Table 2.4.

From the data in this table, several observations can be made regarding the suitability of
Strontium isotopes for ultracold experiments. With a near-zero scattering length,88Sr has
minimal collisional interactions, making it well-suited for applications in precision measure-
ment and quantum metrology. However, this low scattering length complicates evaporative
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cooling due to slow thermalization, and thus,28Sr cannot reach quantum degeneracy indepen-
dently. Nevertheless, it has been cooled to degeneracy through sympathetic cooling with other
isotopes. Exhibiting a large scattering length,86Sr undergoes substantial three-body recom-
bination loss, which can limit phase-space density in evaporative cooling sequences. This high
as introduces rapid density-dependent losses, challenging the stabilization of Bose-Einstein
condensates in experimental setups. Despite having the lowest natural abundanc®Sr has
favorable scattering properties for e cient evaporative cooling, and due to its scattering length,
exhibits favorable conditions to generate Bose-Einstein condensation [125]. The only stable
fermion 87Sr provides robust interaction parameters for degenerate Fermi gas studies and
potential quantum simulation applications [32].

While elastic scattering between strontium atoms in their ground state o ers attractive fea-
tures for advanced quantum simulations, experimental investigations have demonstrated that
inelastic scattering processes in excited states severely limit their stability on the timescales
required for ultracold experiments [126]. Such inelastic scattering between metastable states
3P, and 3Py, in particular, two-body inelastic collisions, induce rapid trap loss and unwanted
heating, thereby impeding e cient evaporative cooling and reducing the achievable phase-
space density. For instance, in bosoni€8Sr, the decay pathways result in insu cient atom
retention for e ective cooling, whereas in fermionic®/Sr, the presence of multiple hyper ne
levels further complicates the decay dynamics and exacerbates atom loss [105, 84].
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Chapter 3

Experimental apparatus and blue
MOT

In this chapter, we provide an overview of our experimental setup for the laser cooling and
trapping of Strontium atoms. Our system integrates an e usive atomic oven, an ultra-high
vacuum environment, a precisely aligned laser delivery network, and a custom magnetic trap-
ping assembly that is geometrically matched to t our glass science chamber and the delivered
light beams.

We rst describe the overall architecture of the light delivery system, which is critical for
directing and tuning the blue cooling beams. Next, we characterize the performance of the
blue MOT in both 2D and 3D con gurations across the stable isotopes of strontium. Finally,
we introduce the repumping and recapturing scheme employed to enhance the atom number,
setting the stage for subsequent experimental investigations.

3.1 Experimental apparatus overview

3.1.1 Cold strontium atomic source

The rst step towards cooling strontium atoms is to generate an atomic ux directed into the
science chamber, which operates under UHV conditions. Achieving this requires a meticulously
engineered system that delivers a stable, high- ux beam, provides the necessary optical access,
and maintains strict vacuum integrity.

While several groups have developed custom stationary setups for ultracold Strontium [84,
93, 127], these systems often require extensive laboratory space and heavy mounting con gu-
rations, which limit exibility for integrating new experimental components. As demand for
compact and e cient ultracold atom systems has grown, commercial cold atom beam sources
are now readily available, o ering compact, modular solutions that simplify the setup of new
cold atom experiments.

We opted for a pre-assembled cold atomic beam source from AOsense as shown in Fig-
ure 3.1, which meets our requirements for a mobile, space-e cient setup with robust vacuum
performance. This choice allowed us to bypass the lengthy design and assembly process of
a custom system while providing the exibility to mount the full vacuum system on a linear
rail [128], enabling easy repositioning across the optical table without interfering with optical
and magnetic setups around the science chamber. The system, spanning approximately 40

37
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Figure 3.1: Schematic of the AOsense atomic beam system. The apparatus consists of a
temperature-stabilized oven followed by a Zeeman slower section starting at the hot window
and two angled 2D MOT modules that de ect the cold atom beam toward the di erential
pumping tube exit. The hot window facing the oven output is temperature stabilized and
illuminated by a Zeeman slower beam for e cient deceleration of high-velocity atoms. At
the bottom, we see a picture of the assembly being tested (right image) and a spectroscopy
measurement of strontium atomic ux at an oven temperature 0f420 C in the left circle inset.

cm from the oven output to the science cell, delivers a stable cold atom ux, in a temperature
range from 360-500 C. The system speci cations are found in the AOsense datasheet [129].
The system comprises the following key components:

Atomic beam source As seen in Figure 3.1.

~ Temperature control unit featuring an SRS PTC10 controller for precise thermal
regulation.

" Mounting parts and accessories providing the necessary tools to operate the as-
sembly.

After mounting the main body on the table, we connected the oven and hot window to
the PTC10 temperature controller. The atomic beam source was rst tested using 460.8 nm
resonance light to verify the ux operation and atomic species as shown in Figure 3.1 (bottom
panels). Before sending atoms from the oven to the 2D MOT section, several system bench-
marks must be met. The AOsense source chamber operates at approximately 10 8 mBar,
necessitating high pumping speed to achieve UHV in the science cell. This was accomplished
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by rst connecting the AOsense to our main vacuum system with the science cell, which
was initially pumped and baked. Using a di erential pumping tube, we attached the atomic
source and vacuum system, equipped with a getter and ion pumps. After the attachment, the
vacuum quality was veri ed with a residual gas analyzer (RGA), and using our ion pump
reading with electrical analogy we estimating that the pressure in the glass cell is reduced to
belowl 10 mBar.

When the oven is activated, the atomic beam trajectory, in the absence of any 2D MOT
or other light pressure, leads directly to the hot window. This window can become coated
rapidly, compromising the transmission for the Zeeman slower light. Thus, the hot window
must be connected to the temperature controller and heated to a speci ed temperature, which
is contingent on the oven's operating temperature. The oven temperature can be adjusted
only after these prerequisites are satis ed, thereby enabling the measurement of the thermal
atomic ux. Subsequently, we couple the blue laser light to all relevant viewports and optimize
the atomic stream into the science cell and the number of atoms in the 3D MOT. Each of these
steps involves distinct challenges, which will be discussed in detail in the following sections.

3.1.2 The e usion oven

At atmospheric pressure, Strontium requires a vaporization temperature of approximately
Tvap = 1650K . However, in the reduced-pressure environment of our system, the required
temperature to initiate the e usion process is signi cantly lower, around 30C°C. This allows the
oven to operate at relatively low temperatures to produce a steady atomic beam of Strontium.

Due to commercial con dentiality, limited technical details about the AOsense setup are
available. Nonetheless, we know that operating the oven at a temperature of 420 yields
an atomic ux of approximately 8 102 atoms=s. This was con rmed by both a theoretical
estimation Appendix A and by the manufacturer speci cations [130].

The oven and hot window are controlled by an SRS PTC10 temperature controller. The
device is connected to the system via high-power cables, ensuring the necessary current and
voltage levels to maintain stable operation, with the oven drawing up to 15 W. Proper insu-
lation is in place to protect users from electrocution hazards.

Before activating the oven, we preheat the sapphire AR-coated hot window, which is
capable of withstanding temperatures up to 806C. To prevent Strontium deposition on the
hot window, it must rst be heated to an initial temperature of 260 °C, which correlates with
an oven temperature of 366C. For a higher atomic ux, we must incrementally increase the
hot window temperature in steps of Tyw = 15°C, allowing each increase to stabilize before
proceeding, thereby preserving the AR coating and minimizing thermal stress on the hot
window. For our nal operational oven temperature of 430°C, the hot window is set to 335C.

To avoid repetitive heating and potential damage to the AR coating, we maintain the hot
window temperature continuously, even when the oven is inactive. Despite these precautions,
challenges arose with the hot window's reliability, which subsequently impacted the perfor-
mance of the Zeeman slower. These issues will be addressed in detail in the Zeeman slower
section.

Similarly to the hot window, we ramp up the oven temperature gradually, targeting a
nal temperature of 430°C. This is done in steps of Tgwen = 75°C with a stabilization period
of 15 minutes per increment to allow the PID control circuit to stabilize. Additionally, the

! Agilent Vaclon Plus 20 and SAES D500
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Figure 3.2: Doppler absorption signal for di erent oven temperatures and beam polarizations.
By using blue resonance light we can measure the atomic optical density for di erent oven
temperatures. A second experiment tested the beam polarization on the absorption signal.
By changing the light polarization from 0° to 45°(wrt to the optical table), the central deep is
split into two 30 MHz side valleys re ecting the Zeemanm} -states splitting of the 1P, energy
level.

temperature ramp rate is limited to dT=dt = 0:1°C/s, taking approximately two hours to
reach full operating conditions.

While the oven is rated for a maximum temperature of 526C, we limit it to 430°C to
prolong its operational life and avoid thermal strain on the components. Operating the oven
at reduced temperatures diminishes the production of atomic vapor, thereby decreasing the
atomic ux while resulting in a greater residual quantity of strontium remaining in the oven.
The PTC10 controller's programmability allows us to automate the oven's on/o sequence,
facilitating remote control and simplifying daily operation.

Our rst check-up of the system was to measure the Doppler absorption pro le at the oven out-
put plotted on the left panel of Figure 3.2. A monochromatic 460.8 nm laser beam resonant
with the 1Sy ! 1Py transition is directed through the spectroscopy window. Initially, the
beam waist is Imm and 5 mW power, it has ©linear polarization wrt to the optical table.

Its frequency is then scanned across the resonance while the transmitted light is monitored
by a photodetector. This measurement of the absorption signal is made for varying oven
temperatures, providing feedback on the atomic beam ux coming directly out of the oven.

This measurement was also performed by the manufacturer and provided to us as a refer-
ence to diagnose potential malfunctions during shipping or installation. Since both measure-
ments were conducted on the same system under comparable parameters but with di erent
instruments and environmental conditions, slight deviations are expected. Our optical density
measurements (left plot on Figure 3.2) show a discrepancy of approximately 5% compared
to the AOsense reference data, which lies within the estimated measurement uncertainties.
Additionally, we characterized the polarization dependence of the Doppler absorption signal
by placing a = 2 waveplate before the spectroscopy window and rotating it in 10increments.
This procedure gradually varied the linear polarization angle of the probe beam, selectively
addressing the Zeeman sublevels of th&; excited state manifold. In the crossing section,
where the light beam integrates with the ux main isotope, which is 8Sr, the magnetic eld
is unknown. However, it can be estimated using the splitting of them; states shown in
Figure 3.2. To do this, we need to send polarized light such that we address predominantly
the my = 1 states. The behavior arises from the coupling of the electric eld polarization
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