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Summary

This thesis presents the latest results and technical advancements of the ultracold molecule
experiment within the Gorlitz group in Diisseldorf, originally initiated by Tobias Franzen [1]
and subsequently extended by Bastian Pollklesener [2]. The overarching goal is to develop
robust pathways for the formation of ground-state molecules composed of rubidium (Rb)
and ytterbium (Yb) via photoassociation (PA). Ultracold RbYb ground-state molecules
offer access to rich and tunable long-range interactions due to their electric and magnetic
dipole moments, enabling new regimes of quantum simulation, precision measurements,
and ultracold chemistry.

Our apparatus consists of three distinct vacuum chambers — two production and one
science chamber — enabling independent preparation of each species, enhanced optical
access, and improved maintainability. In the science chamber, a mixture of ultracold Rb
and Yb is prepared, serving as the basis for all photoassociation experiments.

An extensive search for weakly bound molecular states near the intercombination line of
Yb in Rb!0YDh was carried out across a detuning range of 0.1-11 GHz, resulting in the
discovery of a single resonance pair with binding energies of —h - 3057.2(3) MHz and —h -
3074.3(3) MHz. One-photon photoassociation spectroscopy was performed in a bulk trap
as well as in two- and three-dimensional lattices, achieving a maximum photoassociation
rate of K3p = 1.0(2) - 10~*2cm?/s in a 3D lattice.

Two-photon photoassociation spectroscopy targeted the two least bound levels of the
2y, 52 ground state potential, yielding binding energies of Ep(Av = -1) = —h -
101.9(1) MHz and Ep(Av = —2) = —h -1011.9(1) MHz. Dark resonance spectroscopy
enabled the precise determination of free-bound and bound-bound Rabi frequencies.

For the realization of an ultracold molecule experiment, a diverse set of highly stable,
tunable, and narrow-linewidth laser systems spanning a broad wavelength range is required.
Core contributions of my individual work are new active and passive frequency stabilization
techniques for the laser systems operating near the intercombination line of Yb, along with
a stable laser system for efficient Yb slowing. These improvements significantly increase
the experimental stability, a critical prerequisite for reliable photoassociation experiments.

A series of optical dipole traps is used for trapping, transport, and cooling of both species,
including the production of quantum-degenerate Bose-Einstein condensates. A dual-species
ultracold atomic mixture was realized through a complex merging process involving two

independent crossed dipole traps and vertical transport via an optical lattice.
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Several prospective improvements to the experimental apparatus are proposed to en-
hance the efficiency of photoassociation near the Yb intercombination line. In addition,
the limitations of this method are critically evaluated and compared with earlier results ob-
tained near the Rb D1 line. Combining the sharp spectral features of the intercombination
line with the strong coupling strengths available at the D1 line promises substantial gains
in the formation of ultracold molecules and the exploration of their interaction potentials.

The second major focus of my work involves the design of experimental configurations
and accompanying theoretical considerations for implementing light-shift spectroscopy with
this hybrid approach and theoretical estimations for potential energy curves and corre-
sponding vibrational levels were made.

Due to the complexity of an ultracold molecule experiment, which demands continuous
maintenance and the development of new experimental setups, this work is inherently a col-
laborative effort. Consequently, Tobias and Bastian have also contributed to or presented

some of the results shown here.



Zusammenfassung

Diese Dissertation prasentiert die neuesten Ergebnisse und technischen Fortschritte des
Ultrakaltmolekiilexperiments in der Gorlitz-Gruppe in Diisseldorf, das urspringlich von
Tobias Franzen [1] initiiert und anschlieBend von Bastian Pollklesener [2] erweitert wurde.
Das iibergeordnete Ziel ist die Entwicklung robuster Pfade zur Bildung von Molekiilen
im Grundzustand aus Rubidium (Rb) und Ytterbium (Yb) mittels Photoassoziation (PA).
Ultrakalte RbYb-Molekiile im Grundzustand ermoglichen durch ihre elektrischen und mag-
netischen Dipolmomente Zugang zu komplexen und einstellbaren langreichweitigen Wech-
selwirkungen, wodurch neue Regime der Quantensimulation, Prézisionsmessungen und Ul-
trakaltchemie erschlossen werden konnen.

Unser Aufbau besteht aus drei separaten Vakuumkammern — zwei Produktionskam-
mern und einer Wissenschaftskammer — was die unabhéngige Praparation beider Spezies,
einen verbesserten optischen Zugang sowie eine leichtere Wartung ermoglicht. In der Wis-
senschaftskammer wird eine Mischung aus ultrakaltem Rb und Yb prapariert, die die
Grundlage aller Photoassoziationsexperimente bildet.

Eine umfangreiche Suche nach schwach gebundenen Molekiilzustdnden nahe der In-
terkombinationslinie von Yb in ®"Rb'™Yb wurde iiber einen Frequenzbereich von
0,1-11,GHz durchgefiihrt, was zur Entdeckung eines einzelnen Resonanzpaares mit
Bindungsenergien von —h - 3057,2(3) MHz und —h - 3074,3(3) MHz fiihrte. Ein-Photonen-
Photoassoziationsspektroskopie wurde sowohl in einer Bulk-Falle als auch in zwei- und
dreidimensionalen Gittern durchgefiihrt, wobei eine maximale Photoassoziationsrate von
Ksp = 1,0(2) - 107*2cm?/s in einem 3D-Gitter erreicht wurde.

Zwei-Photonen-Photoassoziationsspektroskopie zielte auf die beiden am schwéchsten
gebundenen Zustéinde des 2%, 2-Grundzustandspotentials ab und ergab Bindungsenergien
von Ep(Av = —1) = —h-101,9(1) MHz und Eg(Av = —2) = —h-1011,9(1) MHz. Dunkel-
resonanzspektroskopie ermoglichte die prazise Bestimmung von freien und gebundenen
Rabi-Frequenzen.

Fiir die Realisierung eines Ultrakaltmolekiilexperiments wird eine Vielzahl hochstabiler,
abstimmbarer und schmalbandiger Lasersysteme iiber einen breiten Wellenlangenbere-
ich benotigt. Wesentliche Beitrdge meiner eigenen Arbeit bestehen in der Entwicklung
neuer aktiver und passiver Frequenzstabilisierungstechniken fiir die Lasersysteme nahe der
Interkombinationslinie von Yb sowie in einem stabilen Lasersystem zur effizienten Yb-

Abbremsung. Diese Verbesserungen steigern die experimentelle Stabilitdt erheblich — eine
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entscheidende Voraussetzung fiir verldssliche Photoassoziationsexperimente.

Eine Reihe optischer Dipolfallen wird zum Fangen, Transportieren und Kiihlen
beider Spezies verwendet, einschlieBlich der FErzeugung entarteter Bose-Einstein-
Kondensate. Eine Mischung aus beiden Atomarten wurde durch einen komplexen Zusam-
menfithrungsprozess zweier unabhingiger gekreuzter Dipolfallen und vertikalen Transports
iiber ein optisches Gitter realisiert.

Mehrere mogliche Verbesserungen des experimentellen Aufbaus werden vorgeschlagen,
um die Effizienz der Photoassoziation nahe der Yb-Interkombinationslinie zu steigern.
Dariiber hinaus werden die Grenzen dieser Methode kritisch bewertet und mit fritheren
FErgebnissen nahe der Rb-D1-Linie verglichen. Die Kombination der scharfen spektralen
Eigenschaften der Interkombinationslinie mit den starken Kopplungsstarken der D1-Linie
verspricht erhebliche Fortschritte bei der Erzeugung ultrakalter Molekiile und der Er-
forschung ihrer Wechselwirkungspotentiale.

Der zweite Hauptfokus meiner Arbeit liegt im Entwurf experimenteller Konfiguratio-
nen und begleitender theoretischer Uberlegungen zur Implementierung von Light-Shift-
Spektroskopie mit diesem hybriden Ansatz. Theoretische Abschitzungen fiir Potentialkur-
ven und die zugehorigen Vibrationsniveaus wurden durchgefiihrt.

Aufgrund der Komplexitit eines Ultrakaltmolekiilexperiments, das eine kontinuierliche
Wartung und die Entwicklung neuer experimenteller Aufbauten erfordert, ist diese Arbeit
inhérent ein Gemeinschaftsprojekt. Dementsprechend haben auch Tobias und Bastian zu

einigen der hier gezeigten Ergebnisse beigetragen oder diese préasentiert.
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Introduction

Are you interested in the physics of ultracold atoms and molecules? Then it might be
well worth staying tuned and letting yourself be drawn into this fascinating world over the

following pages.

This thesis is part of the ultracold RbYb molecule experiment in the Gorlitz group
at the Heinrich-Heine-Universitat Diisseldorf and will give the reader an overview of the
progress made in the last several years since I joined the project. The long-term goal of
the experiment is the production and investigation of ultracold RbYb molecules in their

absolute rotational, vibrational, and electronic ground state.

One question I'm frequently asked is: What’s the point of all this? This introduction
aims to answer that by offering both context and motivation for our work with ultracold

molecules — why we care, and what they might reveal.

Ultracold

As the reader may imagine, objects that are not moving have several advantages. We can
take a better photograph, meaning it is better observable, we have more precise control and
more time for measurements. When we consider a sample of these not (or slowly) moving
objects in all three directions of space being in equilibrium, we speak of a low temperature.

But what does that mean in atomic and molecular physics?

In our context, ultracold means temperatures in the sub-mK (or even sub-uK) regime.
At such extremes, the kinetic energy of particles becomes so small that their de Broglie
wavelengths become comparable to the interparticle distances. This regime makes quan-
tum phenomena accessible and allows for controlled molecule formation at the level of
single quantum states. While temperatures of ~ 1K can be achieved by cryogenic cooling,

ultracold samples in the pK regime are produced with laser cooling techniques.
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Ultracold Atoms

Following the advent of suitable laser sources for laser cooling, the pursuit of ultracold
physics with neutral atoms began in the 1980s — and it remains an active and vibrant field
to this day.

The new era was initiated by the first experimental realization of a Zeeman slower by
Phillips and Metcalf in 1982 [3], and the subsequent trapping of neutral sodium atoms in
a magneto-optical trap (MOT) by Raab et al. in 1987 [4]. These milestones launched an
entirely new domain of physics. Even the Doppler limit in a MOT — typically a few hun-
dred pK — was soon overcome through innovative cooling techniques such as polarization
gradient cooling [5], Raman cooling [6], and evaporative cooling [7]. These developments
culminated in the 1997 Nobel Prize in Physics awarded to S. Chu, C. Cohen-Tannoudji,
and W. Phillips ”for the development of methods to cool and trap atoms with laser light”.

Building upon these achievements, the field rapidly expanded. In 1995, the first exper-
imental realizations of Bose-Einstein condensates (BECs) were reported [8, 9], fulfilling a
prediction made by Bose and Einstein in 1924 [10, 11]. A BEC represents a macroscopic
quantum system in which individual atomic wavefunctions coalesce into a single, unified
quantum state.

Today, ultracold atoms serve as powerful platforms for simulating quantum systems
where no or only short-range interactions are required. Notable applications include studies

of superconductivity [12] and the superfluid to Mott insulator phase transition [13].

Ultracold Molecules

When people hear the word 'molecule’, many of them first think of chemistry. Indeed,
ultracold chemistry is a key application of cold molecules [14], where the ultralow tem-
peratures enhance the precision of molecular spectroscopy, enabling measurements at the
level of the natural linewidth and providing detailed insights into molecular structure and
formation.

From a physicist’s perspective, the main appeal lies in the large electric dipole moments
(order of several Debye) of polar, and thus heteronuclear molecules, and the corresponding
long-range dipole-dipole interactions. When trapped in optical lattices, these interactions
can become comparable in strength to the on-site interactions in atomic systems [15],
enabling exploration of strongly correlated quantum phases such as supersolids [16-18],
two-dimensional lattice-spin models [19], and other complex many-body systems [20-22].

Further advances include the use of bulk traps, where molecule-molecule collisions can
be controlled via electric field shielding, allowing for direct thermalization and evaporative
cooling [23].

In addition to these applications, ultracold polar molecules are promising candidates for
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quantum computing. Here, the qubits can be represented by the electric dipole moments

of the molecules [24-28], offering a highly controllable and scalable platform.

Production of Ultracold Molecules

Given the growing interest in ultracold polar molecules, the natural question arises: How
can we produce them?

Broadly speaking, there are two approaches. The first is direct cooling, wherein stable
molecules are cooled and trapped using techniques similar to those applied to atoms. This
method has seen substantial progress in recent years, leading to the successful laser cooling
and trapping of several species including SrF [29], YbF [30], YO [31], CaF [32], SrOH [33],
and CaOH [34]. Many more are under active investigation.

However, the complex internal structure of molecules makes this method challenging.
(Quasi) Closed optical transitions are rare, and generating the necessary large number of
repump lasers is technically demanding. Furthermore, the strong interaction complicates
efficient (evaporative) cooling. As a result, the indirect approach — forming ultracold
molecules from ultracold atoms — remains more practical for many experiments.

This indirect method benefits from the well-established techniques of atomic laser cooling
and allows for the creation of dense ultracold atomic samples. The key challenge lies in
associating atoms into molecules, which is typically achieved using magnetic Feshbach
resonances [35] or photoassociation [36].

While magnetic Feshbach resonances work well for bi-alkali systems, they are less effective
for combinations involving closed-shell atoms, where electron-spin coupling is absent. In
such cases, photoassociation becomes the more promising technique in these experiments.
Nonetheless, a growing number of experimental studies have already achieved such dipolar

molecules [37-39] and both methods are discussed in detail in this thesis.

Ultracold RbYb Molecules

Recognizing the potential of polar molecules, one must choose a suitable atomic combi-
nation. While heteronuclear bi-alkali dimers have been extensively studied experimen-
tally [40-44] — thanks to their single valence electron and accessible laser transitions — the
field has matured significantly, motivating exploration of alternative molecular systems
with richer internal structure and interacting properties. One disadvantage of bi-alkali
molecules is that they have diamagnetic ground states and hence no permanent magnetic
dipole moment.

To move toward paramagnetic molecules, we focus on a combination of an alkali atom
and a closed-shell atoms. Our system of choice is rubidium (Rb) and ytterbium (Yb),
forming a RbYb molecule with a paramagnetic 2%, /2 ground state [45].
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Both elements can be laser-cooled to quantum degeneracy using well-developed tech-
niques and accessible laser systems [9, 46]. Rb has two stable bosonic isotopes, while Yb
offers a rich spectrum of five bosonic and two fermionic stable isotopes. This variety en-
ables flexible control over inter- and intraspecies scattering lengths and the formation of
both bosonic and fermionic molecules. Yb also features a narrow intercombination line,
facilitating high-resolution spectroscopy and achieving very low Doppler temperatures.

Other groups have investigated similar alkali-closed-shell combinations such as CsYb [47],
RbSr [37], LiYb [38], and LiEr [39], and RbYb in our group at the University of Diissel-
dorf [2, 48-51].

Thesis Outline

When T joined the RbYb project in the Gorlitz group at the University of Diisseldorf, the
vacuum system and laser infrastructure for cooling and trapping both Rb and Yb were
already in place, thanks to the foundational work of Tobias, who initiated the experiment,
and Bastian. At that time, a Rb BEC had already been realized, and the transport of 17Yb
atoms was under preparation. The photoassociation experiments near the intercombination
line of Yb were conducted in the first years of my thesis project in collaboration with Tobias
and Bastian. The idea and initial realization of the novel light-shift spectroscopy method
were developed independently later on.

This thesis presents the results of our work on photoassociation spectroscopy near Yb’s
intercombination line, its implications and limitations, and a novel pathway for exploring
RbYb molecular structure.

The thesis is structured as follows:

e In Chapter 2, I provide the theoretical background required to understand molecule
formation, covering molecular physics, scattering properties — motivating our choice

of isotopes, atom-light interactions, and the photoassociation approach.

e Chapter 3 revisits earlier photoassociation spectroscopy of RbYb conducted with a

previous apparatus, providing critical context for our current investigations.

e The experimental setup is detailed in Chapter 4, including the vacuum system, laser
systems, and data acquisition infrastructure. Furthermore, the methods used to
prepare ultracold atomic samples and the merging process for combining Rb and Yb

is outlined. In this chapter, I will focus primarily on my contributions.

e Chapter 5 presents the extensive search for one-photon and two-photon photoassoci-

ation resonances close to the intercombination line of Yb.

e Chapter 6 summarizes the results related to the intercombination line of Yb and dis-

cusses their implications for our experiment. In this chapter, I present an alternative
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approach to probing the RbYb molecular structure based on light-shift spectroscopy,

outlining the proposed experimental strategy and its initial implementation.

e Finally, in Chapter 7, I present short- to mid-term improvements to potentially enable
efficient molecule formation and a forward-looking perspective on achieving efficient

production of RbYb molecules in their absolute rovibronic ground state.






2

Basic Theoretical Aspects

This chapter provides the theoretical foundation necessary to understand the atomic and
molecular physics relevant for this thesis. We begin in Section 2.1 with a theoretical de-
scription of diatomic molecules, with particular emphasis on potential energy curves and
approximations for long-range interactions. In Section 2.2, we briefly examine atomic
scattering properties, with a focus on the choice of the RbYb isotope combination. The
discussion then turns to the interaction between atoms and light in Section 2.3, using the
dressed-state picture, and introduces optical potentials and optical traps. Finally, Sec-
tion 2.4 introduces the one- and two-photon photoassociation techniques used for molecule

production in this work.

2.1 The Physics of Diatomic Molecules

This chapter will give an overview of the theory we will need to understand the formation
of diatomic molecules starting with two ultracold single atoms [52]. A diatomic molecule
exhibits a set of discrete electronic states, which arise from the interaction between the
electronic configurations of the constituent atoms. Each electronic state is associated with
a characteristic potential energy curve (PEC) V(r), describing the potential energy of the
molecule as a function of the internuclear distance r (see Section 2.1.2 and Section 2.1.3).

With a given electronic state, the molecule supports a set of vibrational levels (see
Section 2.1.4), each of which is further split into rotational sublevels. These rovibrational
states form the internal structure of the molecule and define the binding energies relevant
for its dynamics and spectroscopy.

For the molecular binding of atoms, we need a mechanism that lowers the potential
energy of the constituent atoms with their interatomic distance. Once a PEC is known,
the rovibrational wavefunctions, eigenenergies, and binding energies can be determined by

solving Schrodinger’s equation [53]

2 72 2
(—Z#CZ“Q +V(r)+ 27”2 (J(J + 1))) U(r) = EV(r). (2.1)
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Here, p is the reduced mass, h the reduced Planck’s constant, and J the rotational quan-
tum number. In the ultracold regime, typically only the lowest-lying rotational levels are
populated, and the rotational quantum number J is often equal to zero.
Photoassociation (PA), which plays a central role in this work (see Section 2.4), relies
on optically coupling two colliding atoms into a weakly bound vibrational level of an
electronically excited molecular state. The efficiency and photon frequency of the PA
resonance are determined by the corresponding excited-state PEC. In the following, I will
give the results for approximations of these PECs and for calculating the binding energies.
The methods for these numerical calculations are part of theoretical chemistry and are
not covered in this thesis. For more detailed information on molecular chemistry and the

mathematical considerations, the following literature can be consulted [53-55].

2.1.1 Electronic States and Angular Momenta

Like atoms, molecules possess several angular momenta, which result from the combination
of the angular momenta of their constituent atoms. Here, I will follow the commonly used

naming and treatment as outlined in [52]

L — sum of the electronic angular momenta l_i + l_é of both atoms
S~ sum of the spin angular momenta §; + S2 of both atoms

J — total angular momentum L+S+R

N - total angular momentum, without electron spin J—8

R - rotational angular momentum of nuclei N-1L.

These angular momenta can couple in many different ways, which then give rise to the
choice of good quantum numbers. An idealized treatment of these couplings was first
introduced by F. Hund in 1926 [56] and is also covered in [52]. However, it will not be
described here, as these coupling cases may not be applicable in the case of most molecules,
particularly in the case of RbYb. We will instead focus on the molecular potentials in the
following sections. However, for the naming conventions of electronic molecular states,
we will still rely on the angular momenta. An electronic molecular state, for which these
quantum numbers are good quantum numbers, is named as

2S+1Ai

Qg/u’

which is similar to the naming convention in the atomic (L-S)-coupling. Here, A is the
projection of the sum of the electronic angular momenta L on the internuclear axis and is
labeled with Greek letters as 3, II, A etc., ¥ the projection of the spin sum S and Q is
the sum of both Q = |A + X|. The index g/u (gerade/ungerade) describes the parity and
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the superscript £ the reflection symmetry of the wavefunctions along the internuclear axis
and g/u is only defined for homonuclear molecules and + only for states where 2 = 0.

In the case of RbYb, we find the electronic ground state
2
21 /2

It should be noted that spin-orbit coupling leads to mixing between states of different

multiplicities, making the 29+1AZ

term designation somewhat ambiguous — particularly for
states at the asymptotic limit with a large extent. Here, the (n)) notation, where n labels
the n-th state! with quantum number €2, provides a more appropriate description [45]. In

this notation, the electronic ground state is

1(Q=1/2).

2.1.2 Lennard-Jones Potentials

In our case, where two ultracold atoms are brought together, the interaction is mostly
determined by Van-der-Waals and dipole-dipole interactions. At these large interatomic
separations, the electron cloud of the atoms is not yet disturbed and we can approximate

the long-range part of the potential by a power law
V(r)~Ep+). Cn. (2.2)
n ’rn

where Ep is the dissociation limit of the potential curve, r the interatomic distance, and
C,, are specific constants, which are determined by the atoms’ interaction mechanisms. For
identical atoms, the long-range part of the potential can, for instance, be described using
a (3 coefficient, which comes from the resonant dipole-dipole interaction. In our case of a
heteronuclear potential, the long-range part is described by a Cg coefficient, which is the
part of the potential we can access with photoassociation spectroscopy and which we are
therefore interested in. Having the knowledge of these Cy coefficients would simplify the
search for photoassociation resonances; however, there is no simple way to predict them
theoretically.

The short-range part of the potential of a heteronuclear interaction in terms of the
approximation of power laws is due to the repulsive Van-der-Waals interaction, because
the electronic wavefunctions are disturbed by the presence of a second nucleus and the
corresponding inner electrons and are described by a Cio coefficient. This results in a
Lennard-Jones potential of the form

Ciz  Cs

V(r)=Ep+ 35 + (2:3)

with Cg being negative and C}5 positive.

!Lower values of n correspond to states with lower energy.
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The Cg coefficient for the ground-state potential can be determined by two-photon pho-
toassociation (see Chapter 3) and was derived for RbYb by Frank Miinchow [57] by fitting
the spectroscopy data to Equation (2.3).

2.1.3 Morse Potentials

In the short-range regime of diatomic molecules we find that another approach gives better
results, the so-called Morse potential. A Morse potential can approximate various PECs

by parameterizations and is given by
2
_ B (r_R
V() = D - <1 _ e Ul E>> . (2.4)

The parameters are here the potential depth Dpg, the interatomic distance Rg, where the
potential is minimized and the harmonic oscillation frequency at this point wg. The Morse
potential is suitable for representing the deeply bound states of a molecule.

As one can imagine, neither of these approaches fulfills the required accuracy for an
experimentalist when searching for the position of energy levels and thus ab-initio calcula-
tions often use combined approaches to approximate the potentials. For RbYb there have
been a few attempts to calculate the corresponding potential energy curves. A compari-
son of three models is shown in Figure 2.1. The calculated Morse potential was done by
Sorensen et al. by performing a high-level four-component coupled cluster calculation in
2009 [58]. The PEC of the Lennard-Jones approach is calculated with the Cg coefficient
of Miinchow [57]. A more complex perturbation theory based calculation was performed
by M. Shundalau [45]. It is clear that all potentials exhibit significant differences partic-
ularly in the short-range region (see also Section 6.2). By solving Schrédinger’s equation
Equation (2.1), the resulting vibrational levels would also show considerable variation and
thus lead to substantial inaccuracies and long measurement times for experimentalists.
Especially the Morse potential from Sgrensen et al. differs from the others and only ap-
proaches them at large distances. Shundalau’s and Miinchow’s calculations yield already

comparable results for interatomic distances of about 11 Bohr radii.

2.1.4 Vibrational States

Unlike atoms, which can be described as point masses in motion, molecules have additional
degrees of freedom, allowing them to both vibrate and rotate. As mentioned above, the
vibrational energy of a diatomic molecule can be calculated by solving Schrodinger’s equa-
tion (see Equation (2.1)) with the appropriate potential V(r). If the complete potential is
known, this can nowadays be solved relatively easily with numerical methods. Since the
knowledge of the potentials is usually very limited, we require alternative methods to calcu-
late the vibrational energy levels. By combining approximate potential energy curves with

available experimental data, we can apply numerical methods to calculate the vibrational
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Figure 2.1.: Comparison of the modeled 2%, /2 ground-state potential of RbYb.
The green line shows the calculations done by Sgrensen et al. [58], the black one the
ab-initio calculations from Shundalau [45] and the red line a Lennard-Jones potential
with the Cg coefficient from Miinchow [57].

energy levels with higher accuracy for short-range (deeply bound levels) and long-range
(weakly bound levels) parts of the molecular potential. In the context of photoassociation,
we are particularly interested in the long-range states, while deeply bound levels are rel-
evant for molecule formation in the ground state. An example of a Lennard-Jones type
potential energy curve with calculated wavefunctions for some vibrational states is shown

in Figure 2.2.

Vibrational Quantum Numbers

Naturally, the vibrational quantum number v is counted from the vibrational ground state,
where v = 0. For calculations and treatments of deeply bound states this convention is
straightforward, but leads to issues for photoassociation measurements of weakly bound
states, since the total number of bound vibrational states N is typically not known. In
these cases, we use the quantum number Av = v — NN starting from the dissociation limit,
where Av = —1 represents the least bound state. Vibrational levels of the electronically

excited state are labeled with a prime as v and Av'.

Long-Range Vibrational Levels: LeRoy-Bernstein Approach

This thesis deals with the weakly bound molecular states of the long-range potential mea-

sured via photoassociation spectroscopy, and therefore, we require a method to determine
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Figure 2.2.: Lennard-Jones type potential and corresponding selected wavefunctions

with vibrational quantum number v. Adapted from [1].

these states. An accurate semi-classical approximation is the LeRoy-Bernstein formula for
vibrational levels near the dissociation limit. In the following, I will give a short derivation
of this formula, strictly following [52].

Starting from the Jeffreys-Wentzel-Kramers-Brillouin (JWKB) approximation for solving

Schrédinger’s equation for slowly varying potentials

ot Lo VI Ry 2R, (2.5)
2 7Th Ry

where E(v) is the energy of vibrational level v and R; and Rs the inner and outer classical
turning points of the potential V(R), and differentiate with respect to E(v), we come up
with

dv  +/2p Re

W)~ 2k [E(v) — V(R)]~?dR. (2.6)

We can now insert the long-range approximation for the potential from Equation (2.2),

which yields

dv  4/2p Rz
dE(v) = 2rh Jo

[E(v) —Ep+ 2|  dR. (2.7)
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After evaluating the integral, we obtain the final version

(n —2)y/mh T(1+1/n) = 2
cl/mop T(1/2+1/n) (vp —v)n=2. (2.8)

E(’l}) = ED -

Here, I'(...) is the Gamma function and vp the fractional vibrational quantum number
at the dissociation threshold Fp. Using experimental level energies obtained via pho-
toassociation, this method provides an effective way to predict new vibrational levels and
minimizing measurement time by reducing the search window. Since Equation (2.8) only
allows us to calculate energy levels for a single C,, coefficient, there is an extended ap-
proach to add an additional term C),, which may be necessary for the calculation of the
potential [59].

Mass Scaling

In the Born-Oppenheimer approximation, we assume that the molecular potential V (r) is
independent of the specific isotope involved. Consequently, the binding energy in Equa-
tion (2.8) is modified solely by the reduced mass p and the fractional vibrational quantum

number vp, which is given by [60]

vp = \/ﬁ\/hg :\/—V(r)dr, (2.9)

where vp scales with the square root of the reduced mass p. Since both Yb and Rb
are heavy atoms, the variation in their reduced mass is minimal, leading to only slight
changes in the vibrational structure. By knowing the potential — characterized by the Cg
coefficient for one isotope pair — it is possible to predict the variation of the binding energies
of other isotope combinations with high accuracy. This approach significantly reduces the
measurement time required to determine binding energies for different isotopes. With these

assumptions, we can predict the binding energies as follows:

b\ (29, — Av)”
E, = () : s E;. (2.10)
fe (A}rac - A’U)

Here, the indices x and i denote the unknown and the known isotope combination, re-

spectively, and A .4, the corresponding fractional part of the fractional quantum number
UpD.
Deeply Bound Vibrational Levels

The long-term goal of the experiments with RbYDb is to produce molecules in the rovibronic

ground state. When dealing with deeply bound states, the LeRoy-Bernstein formalism fails



14

Basic Theoretical Aspects

0.006 . . .
= s-wave (I=0)
== p-wave (I=1)

N\
0.005 I\ — d-wave (I=2) |
I \ — = f-wave (I=3)
] \
1 \
L \
0.004 | \
! \
I \
— 1 \
T 0.003f 1 \\
5 i AN
> 1 ~
o S
@ 0.002f 1 N
] I So
(] 1 SS
> ~
S I S~o
o 0.001f 1 ~—o
L oo T~ ==
1 /’ s~ ~—— T TT==
Hr T m e
0.000 ] -
i
i
i
-0.001} : 'l
11
11
~0.002) o . . .
) 40 60 80 100 120

internuclear distance (ag)

Figure 2.3.: Centrifugal barrier in Ybs for different partial waves of the scattering

event. The centrifugal barrier allows for metastable states lying above the dissociation

limit of a [ = 0 scattering state. Taken from [1].

and we have to find a solution for the Morse potential from Equation (2.4), which is given

1 h2w? 1\?2
E(v) = - ) - —E£ - 2.11
(v) = hwg (v + 2) 1B, (v + 2) (2.11)

and is a good representation for the position of bound molecular states.

by

2.1.5 Rotation
As already shown in Schrédinger’s Equation (2.1), molecules also have a rotational degree
of freedom, which has to be included. The rotation of a molecule leads to an additional

centrifugal term to the potential. The rotational energy is given by

h2
——J(J +1), (2.12)
2’“ Thond
where B, is the rotational constant and 7., the effective bond length of the molecule.

This term becomes more important for higher rotational quantum numbers J and leads

Erot =By J(J+1) =

to a centrifugal barrier of the potential, allowing for metastable vibration-rotation levels

lying above the dissociation limit. An example of the centrifugal barrier of Ybs is shown

in Figure 2.3.
For ultracold temperatures, J is generally small and we can assume only s-wave scatter-

ing, because the centrifugal barrier suppresses collisions with { > 0.
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2.2 Scattering Length and Choice of Isotopes

With rubidium having two stable isotopes and ytterbium having seven, there is a broad
range of possible mixtures that can in principle be explored, like Fermi-Bose or Bose-Bose
mixtures. Unfortunately, there are restrictions, which are reducing the possible combina-
tions in our experiment dramatically. The isotope selection for our experiment is already
explained in detail in [1] and [2] and I will only reproduce the main results for understand-
ing the choice of isotopes in our experiment. A more detailed treatment of collisions in

ultracold atomic gases can be found in [61].

2.2.1 Scattering Length

As mentioned above, in the ultracold regime the scattering between two colliding ground
state atoms can be described by the s-wave scattering length a, which describes the scat-

tering process. The scattering length is given by

4= — lim tan dq (k)

2.1

with k& being the wavenumber and dg(k) the phase shift of the scattering wavefunction

depending on the energy. From the scattering length, we can derive the scattering cross

section as
o = 4ma®  for distinguishable atoms (2.14)
o = 8ra® for identical bosons. (2.15)

The scattering length is typically given in units of the Bohr radius ag. For a thermal gas
with relative velocity v and density n, the elastic collision rate of ultracold atoms can be
derived as [2]

I'=nvo o« nvad’ (2.16)

A larger scattering length thus leads to a higher scattering rate. This in turn enables
faster thermalization of the atomic ensemble through collisions, which is crucial for efficient
evaporative cooling. However, it also increases three-body losses, which scale with a* [62].
The sign of the scattering length is not determining the cross section, but shows if the

interaction is attractive (negative sign)! or repulsive (positive sign)?.

Scattering lengths
can be determined by photoassociation, because they can be related to the binding energy
of the least bound state in the electronic ground state. These values were measured for Rb

and Yb in [64] and [65].

!Negative a leads to collapsing of Bose-Einstein condensates for relatively small atom numbers
2Large positive a can lead to immiscibility, shown for *™Yb and 8"Rb [63].
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Yb Isotope Abundance [67] a(Yb-Yb) [65] a(5"Rb-Yb) [64]

(%] [ao] [ao]
168 0.1 252 39
170 3.0 64 -11
171 (I = 1/2) 14.3 -3 -59
172 21.8 -599 -161
173 (I = 5/2) 16.1 -200 -626
174 31.8 105 880
176 12.8 -24 217

Table 2.1.: Table of the seven stable Yb isotopes, their natural abundance, in-

traspecies scattering length and interspecies scattering length with 3Rb.

2.2.2 Isotope Selection

Isotope selection primarily depends on the intra- and interspecies scattering lengths dis-
cussed above, though other key factors like natural abundance or hyperfine structure can

also complicate experimental processes.

Rubidium

Rubidium has two stable bosonic isotopes, ®®Rb and "Rb. While ®*Rb has a natural
abundance of 72 %, its intraspecies scattering length is with a = —400ag not suitable for
cooling to quantum degeneracy® due to the attractive interaction and experiences a high
three-body loss rate. The scattering length of a = 100 ag of 8’Rb allows for efficient cooling
to a Bose-Einstein condensate (BEC) and is therefore the workhorse in various cold atom

experiments.

Ytterbium

Ytterbium has seven stable isotopes, as summarized in Table 2.1. 1Yb and '"Yb are
fermions, possessing a nuclear spin of I = 1/2 and I = 5/2, respectively, while the remaining

isotopes are bosons without any nuclear spin.

168

The low natural abundance would lead to very long MOT loading times and would com-

plicate frequency locking due to a weak spectroscopy signal.

"'y and 13Yb:

3Stable BECs can be created by using magnetic Feshbach resonances [66] tuning the scattering length,
but requires additional Feshbach coils at the experiment and is therefore not used.
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Both isotopes are fermions and possess nuclear spin, which would complicate the spectro-
scopic data due to their hyperfine structure and cause problems with evaporative cooling,

because a spin mixture has to be maintained [68].
'"2Yb:

Has a large negative scattering length (see Table 2.1), leading to large inelastic losses and

preventing it from Bose-Einstein condensation.
" Yb:

A large positive interspecies scattering length with 87Rb results in phase separation of
both species, preventing the formation of a mixture [69]. This hinders photoassociation,

as effective spatial overlap between the Rb and Yb clouds is essential.
176yh:

Has a small intraspecies scattering length, leading to slow thermalization and additional
having a so-called Ramsauer-Townsend minimum at 25 pK [65]. This causes the scattering
cross-section going to zero at a temperature, where the atoms get transferred from the

MOT to the optical dipole trap, making the transfer ineffective.
"0Yb:

The best candidate for photoassociation in our experiment, YD, has a relatively low
intraspecies scattering length of ayy 170 = 64 ag, which results in longer thermalization
times and makes it harder to achieve quantum degeneracy. However, these times are
acceptable for our purposes. The low interspecies scattering length of aryy, = —11ag
limits efficient sympathetic cooling of Rb by Yb and prevents the quantification of spatial
overlap of the two species through thermalization effects. However, the slight attractive

interaction allows miscibility.

Although more suitable inter- and intraspecies scattering lengths would be preferable,
photoassociation spectroscopy can still be achieved with the isotopes 87Rb and '"0Yb.
Possible approaches to overcome the above mentioned remaining issues will be briefly

discussed in Chapter 6.

2.3 Atom-Light Interaction

For the description of a system consisting of atoms in a light field, it can be useful to
employ a full quantum description, where both the atomic states and the light field are
quantized. The concept of the coupling mechanism between atomic states and a (laser)
light field can be expressed in the Dressed-Atom Picture [70, 71]. With this approach, it
is possible to describe atom-light phenomena like light shifts, Autler-Townes splitting [72]

and optical dipole potentials. In this chapter, I will give only a conceptual overview of the



18 Basic Theoretical Aspects

interaction between atoms and a light field. An exhaustive treatment can be found in [70]
and [71]. Even though the picture here is explained using atomic states for simplicity, all
explanations can be applied to arbitrary states coupled by a strong driving field, especially

molecular ones.

2.3.1 Dressed States

In the dressed-state approach, we start with an (atomic) two-level system and a laser field.

The uncoupled Hamiltonian describing this atom-light field system is then
H=Hy+ H, (2.17)

where H 4 describes the atomic Hamiltonian and H 1, the light field Hamiltonian with the

corresponding eigenstates
la, N +1) and |b,N). (2.18)

|a, N + 1) represents the ground state and N + 1 photons with laser frequency wy and
|b, N) the excited state with N photons. This notation also accounts for the fact that one
photon is absorbed by the atom to be transferred into the excited state. The states |a)
and |b) are also called bare states, as they are not coupled by the laser field.

In the dressed atom picture, we consider this as a fully coupled system, and the Hamil-

tonian can then be written as
H=Hy+ Hp + Hy, (2.19)

where H; is now the interaction or coupling Hamiltonian between the atom and the driving

2) b) 1(N)>
[1(N)>
— b,N>
|b,N> T
—_— hQ, hd hQ
la,N+1> o

T — la,N+1> AE
12(N)> 1 ©
8=0 5<0 12(N)>

Figure 2.4.: Energies of two states in the dressed atom picture with the uncoupled
(bare) states |a, N 4+ 1) and |b, N) and the coupled (dressed) states [1(IV)) and |2(V)).
a) shows the situation for a resonant driving field (6 = 0) and b) the red detuned
(6 < 0) case. The energy difference between the dressed states is h{). Adapted
from [70].

field. This leads to new dressed eigenstates, which are denoted as

I1(N)Y and  [2(N)). (2.20)
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The coupled |2(NN)) state is the lower lying state.

The bare states have an energy difference of AE = hd, where § = wg—wy, is the detuning
of wy, from the atomic resonance wg. For § = 0, the bare states are degenerate. An energy
scheme of the bare and dressed states is shown in Figure 2.4. Figure 2.4 a) shows the energy
splitting for 6 = 0 and b) for a red-detuned light field § < 0. For § > 0, the situation
would be reversed with |a, N + 1) being the higher lying state. The coupled states are now
separated by h{) with € being the generalized Rabi frequency

Q =4/Q3 + 62 (2.21)

and the resonant Rabi frequency €2y which is proportional to 4/N + 1 and therefore to the

laser intensity (see Section 2.3.5). The resonant Rabi frequency is defined as [71]

d- E| . mhey
Q= 1= th Loy = 7
0 n N, ™ Y

(2.22)

and E being the electric field, d the transition dipole matrix element, v the decay rate of
the transition and I the saturation intensity in a two-level system. A\ is the wavelength
of the laser field, and h is Planck’s constant.

This means that the splitting increases with increasing laser intensity and detuning &,
and also that the Rabi frequency is proportional to the transition dipole moment between
|ay and |b). The energy shift AFE,. shown in Figure 2.4 b) is nothing but the AC-Stark shift
or light shift [72] and will be discussed in the following.

2.3.2 Three-Level Systems and Autler-Townes Splitting

For the explanation of effects like Autler-Townes splitting [72] and light-shift spectroscopy,
we require a model of a three-level system with a strong coupling field w; and a weak
probe field w,. The states are denoted as |a), |b) and |c), but only the transitions |a) <> |b)
and |by < |c) are dipole allowed. In principle, there are three different types of such three-
level systems: Cascade-, A- and V-schemes. Since Autler-Townes splitting and light-shift
spectroscopy are A-schemes, it will be explained here. A simple picture of such a scheme
is illustrated in Figure 2.6 a). The strong driving field wy, couples the states |a) and |b),
while the weak probe field w,, probes the transition |b) <> |c¢). The detuning § = wy, — wy
is small compared to the transition frequencies wy and wy,.

Due to the coupling of the bare states, the absorption of the probe field will be modi-
fied by changes in the coupling field parameters (intensity and detuning). Figure 2.6 b)
illustrates the probing of the dressed states |1(N)) and |2(N)) from the higher lying un-
perturbed state |c¢). Because of the coupling between the unperturbed states |a, N + 1)
and |b, N), there are now two allowed transitions from |c) and the absorption spectrum

becomes a doublet, which is called the Autler-Townes doublet.
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Figure 2.5.: Schematic absorption spectra illustrating the Autler-Townes splitting
for increasing Rabi frequencies €}y at fixed resonant driving laser frequency wy, = wy.
The bottom curve shows a single resonance peak in the absence of coupling. As the
Rabi frequency increases (middle and top curves), the peak splits into a doublet with

a separation of h€).

The minimum splitting of this doublet, A}y, occurs when the driving field is resonant
with the |a) <> |b) transition and depends only on the resonant Rabi frequency. With this
knowledge it is now possible to evaluate Rabi frequencies of certain transitions very pre-
cisely by spectroscopy with the weak probe laser. We refer to this method as Autler-Townes
spectroscopy [72]. A schematic of such a doublet is presented in Figure 2.5, illustrating the
absorption signal for three different Rabi frequencies at a fixed resonant driving frequency
wr, = wo. The Rabi frequency increases from bottom to top, resulting in a splitting of the
absorption peaks by Af)g. In the lowest curve, where the coupling field is absent, a single

unshifted spectroscopy peak is observed.

To understand the spectral behavior of the Autler-Townes doublets as the detuning
varies, we can visualize an energy level diagram of the dressed states against the energy of
a driving photon hwy, (see Figure 2.7). The horizontal lines in Figure 2.7 show the energy of
the uncoupled states with N photons and their corresponding energies hwg and h(wo — wy)
respectively, while the energy of the |a, N) ground state is set to zero. The dashed line
with slope 1 is the ground state plus one photon and its energy increases with increasing
photon energy. We see that |a, N 4+ 1) and |b, N') cross at the resonance frequency wp, which
means that both states are degenerate on resonance. The curved solid lines represent the
dressed states whose asymptotes are for a small coupling, e.g. large detunings, the bare
states. We see that the coupled states repel each other and thus the coupling leads to an
”anti-crossing”. Since the third state |c) is not affected by the strong driving field, it is
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Figure 2.6.: A three-level A scheme. a): The states |ay and |b) are coupled with
a strong, near resonant coupling field wy, and |b) <> |c) is probed by a weak probe
field w,. The transition frequencies are wy and w(, while the transition |a) < |c) is
dipole forbidden. b): The eigenstates |a, N + 1) and |b, N') of the free Hamiltonian are
coupled due to wy,. There are now two allowed transitions from |c¢) to either |1(N)) or
|2(N)), the Autler-Townes doublet. Adapted from [70].

unperturbed and we can probe the above mentioned Autler-Townes doublets with a weak
probe field w, as indicated by the wavy lines in Figure 2.7. The minimum splitting occurs
at resonance wy, = wg and is 1)y (see Figure 2.4). Off resonance we get one line close to
w(, and the other line close to wy + wf — wr.

At resonance, both lines have equal strength, but for large detunings of wy,, the line near
wp & w(, becomes dominant. This can be demonstrated by analyzing the admixture of the
|b, N) state of the dressed states and was done in [71]. The distance between the dressed
states and the corresponding bare states (dashed lines in Figure 2.7) is then called light
shift or AC-Stark shift.

The so-called Autler-Townes spectroscopy is a powerful tool for analyzing molecular
transitions, as the Rabi frequency can be directly measured using the known intensity
and detuning of the driving laser field. An additional important point derived from the
previous explanations is the use of the light shift to determine the position of new molecular

transitions, which will be further explored in the following section.

2.3.3 Light-Shift Spectroscopy in a A Three-Level System

Light-shift spectroscopy can be described as a three-level A-scheme and is shown in Fig-
ure 2.8 a). We consider only the |1(N)) state and thus a red-detuned light spectroscopy.
All arguments are equally valid for a blue detuned coupling field, except that the sign of
the light shift changes.

In our case, state |c) corresponds to the atomic scattering state, |b) is an intermediate
weakly molecular bound state of the electronically excited potential, and |a) a bound

molecular state of the ground-state potential. If we know the transition energy of |¢, N) <
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Figure 2.7.: Energy of the dressed states versus the driving field frequency. The
bare state energies are illustrated by the dashed lines while the ground state |a, N)
corresponds the the x-axis. The energy of the state |a, N + 1) is shown as dashed line
with slope 1 and crosses the energy of the uncoupled state |b, N) at the resonance
frequency wp. The wavy lines indicate probe photons w, from the unperturbed state
|e, N). The dressed states are illustrated as solid curved lines and show the anti-
crossing at the energy hwgy. The energy splitting of the Autler-Townes doublet at
resonance is h{lg. Adapted from [70].

|b, N) and are interested in the position of one or more new transitions |a;, N) <> |b, N), we
can utilize the light shift as follows (see Figure 2.9). A weak laser field at frequency wy, is set
to resonance and in the absence of a coupling field, we obtain a typical spectroscopy signal
for a two-level system with a corresponding linewidth I'. Then, we add a strong coupling
field with an arbitrary frequency wy,. If the driving field is far off-resonant with a transition
|a, N) < |b, N), the corresponding states are not coupled and can be seen as bare states.
This case is shown in Figure 2.8 b) on the left side. If the detuning is reduced, the states
|a, N + 1) and |b, N) begin to couple, mainly to |1(/V)), and its eigenenergy increases. As
the probe field frequency w, remains unchanged, the corresponding spectroscopic signal
will vanish if the coupling field induced energy shift AE,, i.e. the light shift, is larger than
the spectroscopy linewidth I' and can be calculated via the resonant Rabi frequency and
the detuning [70]:

h2
AE, = —2.
46

A schematic spectroscopy signal is depicted in Figure 2.9. In the left panel, the frequency

(2.23)

of the probe laser w, is scanned in the absence of the coupling laser. A typical atom

loss signal is observed when the probe laser is resonant with the transition |c, N) <> |b, N).
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Figure 2.8.: A typical three-level A-scheme. The thicknesses of the arrows in a)
indicate that the driving field intensity is larger compared to the probe field. b) shows
the energy diagram of the A-scheme in the dressed-state picture. Only |1(N)) is shown

for simplification and because for the light shift only large detunings are relevant.

Once this resonance is identified, the probe laser is fixed at that frequency, and the coupling
laser frequency is scanned instead (right panel). As the light shift AFE, induced by the
coupling field increases, the resonance condition is modified, and a characteristic loss-of-
loss signal can be observed. The width of this signal is determined by the light shift as
described in Equation (2.23).

Due to the typically limited knowledge of molecular potentials, the possible range for a
transition can be quite broad, resulting in an extensive search. Thus, it is feasible to work
with a large light shift on the one hand, and a narrow linewidth of the probing transition
on the other hand. Since € scales with /I (see Equation (2.22)), the first step is to use
high laser intensities for the driving field and, if possible, select a narrow transition for the
probe field. Fortunately, both is possible in the case of photoassociation with Rb and Yb,

which will be explained in Section 6.2.

2.3.4 Optical Dipole Potential

To reach ultracold temperatures below the mK (or even uK) regime, as well as to manip-
ulate or transport atoms, most cold atom experiments make use of optical dipole traps
(ODT) in forms of tweezers [73, 74] and lattices [75-77].

The optical dipole potential can also be explained in the dressed-atom picture, where
the driving laser field is red-detuned § < 0, and has varying intensity, i.e. generalized Rabi
frequency €(r), in space, as shown in Figure 2.10. Inside the high-intensity part of the
laser beam, the separation of the dressed states is large, since AFE, is proportional to €.

In the outer region, the splitting is small and the states approach the bare states. For a



24 Basic Theoretical Aspects

1t
|b,N>
j - ——
]
e}
S
=
[A)
P
§ o
)
m©
O
[0)
N N
© |e,N>
£ _r
p—-
o la,N>
c
of

W) =Wy

Figure 2.9.: Schematic illustration of a light-shift measurement. Left: Atom loss
signal observed by scanning the probe laser frequency wy, in the absence of the coupling
laser. A resonance occurs when the probe laser drives the transition |¢, N) <> |b, N).
Right: With the probe laser fixed on resonance, the coupling laser frequency is scanned.
As the light shift AFE, increases, the original transition is shifted out of resonance,

resulting in a loss-of-loss signal.

red-detuned laser field (wy, < wp), we find that |a, N + 1) is lying below |b, N) and in this
case, the lower-lying dressed state |2(IV)) corresponds to the bare ground state |a, N + 1)
(see Section 2.3.1).

Because of the position dependence of the dressed-state energy, an atom experiences a
gradient force, which is indicated by the arrows in Figure 2.10. An atom in the |2(N))
state experiences a gradient force directed towards the region of the highest laser intensity.
The higher-lying state |1{(V)) is pushed outwards from the laser field. To calculate the net

force, we need to average over the dressed states’ occupation probabilities.

In Figure 2.10 we can see that, for a red-detuned laser field, the trapped state |2(N))
has significantly larger population than |1(N)). The reason is simply that the excited
state |b, N) has a relatively short lifetime and with large J, the probability of |a, N + 1)
absorbing a photon and transitioning to |b, N) is very low. Thus, the net force acting on
a two-level atom in a red-detuned laser beam, with its maximum intensity at the center,
is directed towards the center, allowing the atom to be trapped at the point of highest
intensity. For a blue-detuned laser field, |a, N + 1) is lying above |b, N) and the situation

is reversed.

With the energy difference from Equation (2.23) being the optical potential, we can write

the optical dipole force as

F=_-V(AE,). (2.24)
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Figure 2.10.: Energy differences of two dressed states dependent on the position r
along a red-detuned laser beam (and a varying laser intensity). In the beam’s center,
the states are coupled and experience an energy (light) shift AFE, from the bare state
and the splitting of |2(N)) and |1(V)) is determined by the position-dependent general
Rabi frequency Q(r). Outside of the beam (denoted by vertical dashed lines), the states
can be regarded as bare states, with the splitting being just the detuning 7. Adapted
from [70].

2.3.5 Semi-Classical Approach of an Optical Dipole Trap

An alternative explanation of optical dipole potentials is a semi-classical approach, where
the atom is treated as a quantum mechanical oscillator driven by a classical radiation
field. In most experiments with ODTs this approach is more suitable for a quantitative
description, since the required parameters are mostly known. The results of this approach
are, of course, the same as in the picture of dressed atoms. Here, I will only present the
main results from [78], where a detailed derivation can be found.

A radiation field can also be seen as a time-varying electric field E with frequency wry,.

This electric field induces a dipole moment in the atom
p=ak. (2.25)

Here, « is the complex polarizability depending on wy. As with a classical induced dipole,

we find the dipole potential to be
(PEY = ———Re ()1, (2.26)
where (...) denotes the time average over the oscillation. In Equation (2.26), we can see

that the optical dipole potential is directly proportional to the driving field intensity I.

With the atomic polarizability « (wr) from [78] and a few simplifications, we end up with
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Figure 2.11.: Polarizabilities of Rb (red) and Yb (green) versus the wavelength.
The vertical purple line shows the used trapping wavelength, where agr, =~ 10 - ayyp.
Taken from [1].

an easy expression for the potential and the photon scattering rate of the driving photons

3mc? vy

Udip(r_j - 2(,;)% g I(F), (2'27)
3nc® N2

i) = 225 (1) 160 =

Here, § is the detuning from the atomic resonance and « the corresponding decay rate of
the excited state.

We see that the potential, respectively the dipole force, is strongest near an atomic res-
onance, which might suggest operating an ODT close to such a resonance. One advantage
would be the relatively low intensities required for deep potentials. Unfortunately, at small
detunings, the scattering rate is very large, which reduces the lifetime and induces sig-
nificant heating in the trap. The required lifetimes in typical cold atom experiments can
be up to several seconds, so the solution to this is to use a high-intensity far red-detuned
optical dipole trap. As we can see in Equation (2.27) and Equation (2.28), the potential
is proportional to % and the scattering rate to 5%, making large detunings preferable.

We can also expand Equation (2.27) to a multi-level atom by summing over all optical

transitions to get the full optical potential 78]
Ui (7) = 21 79 2 (2.29)
o (7)) = 7 - .
dip 2&)% i (51 ’

where the index ¢ denotes one atomic resonance, -; its decay rate and §; the corresponding
detuning. These data are for most of the elements available in literature and thus the
calculation of the optical dipole potential is straightforward.

By using Equation (2.23) and inserting Equation (2.21) and Equation (2.22), we obtain

the same expression as in Equation (2.27), which means that the dipole potential is nothing
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but the light shift induced energy shift of a dressed state. Since the atomic data required for
calculating the potential are available in the literature, it is common to use Equation (2.29)
for designing an ODT.

The polarizabilities, which are proportional to the optical potential, of both ytterbium
and rubidium are shown in Figure 2.11 as a function of the trap wavelength. The sig-
nificant difference in polarizabilities between the two species is evident, meaning that a
combined single-frequency ODT, where Rb and Yb experience the same potential, can
only be achieved at the intersection of the green and red lines in Figure 2.11, where the
polarizabilities are negative. Unfortunately, these points are located close to atomic reso-
nances of either Rb or Yb, leading to extensive scattering losses and heating. This leads
to challenging issues in merging the atoms in a combined trap that need to be overcome,

which is also explained in [1] and [2] and will be shortly summarized in Section 4.9.3.1.

2.3.5.1 Single-Beam Traps

The simplest realization for a three-dimensional optical dipole trap is a red-detuned focused
Gaussian laser beam. The intensity distribution of a Gaussian beam propagating in z-

direction is given by

2P r?
I = ——" —2——— 2.30
(r2) = s o ( wg(z)) , (2.30)
with P being the total power, w(z) the 1/e? radius and r the radial coordinate. The radius

along the z-axis is calculated via

w(z) = wot |1+ <Z>2, (2.31)

2R

2
with the so-called Rayleigh length zp = Lf\uo, the minimum beam radius wp at z = 0, and

A is the trapping wavelength. With Equation (2.30) and Equation (2.29) we can calculate
the spatial optical potential of a single focused Gaussian laser beam.

The trap depth Uy represents the maximum potential, obviously occurring at the point
of highest intensity, Uy = U(r = 0,z = 0). Since fv—’; = T > 0, the potential in axial
z-direction has always a much lower slope, resulting in a reduced confinement compared
to the radial direction. Typical values for beam waists are in the range of a few tens of
micrometers, leading to Rayleigh lengths on the order of a few mm.

In the limit of low temperatures compared to the trap depth atoms will be located at
the bottom of the trap and thus, we can approximate the relevant optical potential of a
single-beam focused Gaussian laser beam to

S OROI

Uopr(r,z) = —=Uy
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which is a cylindrical harmonic oscillator with trap frequencies

4 2
wy = Lo2 and w, = Lg, (2.33)
mwg m 2z,

where m is the atomic mass of the trapped atom. Single-beam ODTs are typically loaded
from magnetic or magneto-optical traps, enabling the transfer of atoms to a conservative
potential. Additionally, they are used for transporting and spatially manipulating atoms,
such as in optical tweezers [79]. A disadvantage of such a trap is the clearly anisotropic
potential in the axial and radial direction. Due to the weak confinement along the axial
directions, the atomic density in the trap remains low, which hinders efficient evaporative

cooling by suppressing collisions.

2.3.5.2 Crossed Dipole Traps

To overcome the disadvantages of a single-beam ODT, the obvious solution is to implement
a crossed optical dipole trap (CODT). In this configuration, two single red-detuned ODTs
intersect with their waists at the same position and in general, we can sum the spatial
intensity distributions of both beams and calculate the potential using Equation (2.29). If
both beams have the same waist and cross at an angle of 90°, we obtain a nearly isotropic
potential of the form [78]

2 2 9 2
_ x+y+2) _ (2.30)

UCODT(CL‘,?/, Z) x _UO (1 5

Wo
The effective potential depth is only Uy, since an atom with higher energy can leave the trap
along one of the beams. CODTs are widely used for evaporative cooling, since the confine-
ment is tight enough to ensure a sufficient collision rate on acceptable time scales, which

enables the possibility of cooling in the nK regime and achieving quantum degeneracy.

2.3.5.3 Optical Lattices

An optical lattice is formed by a spatially periodic optical potential and can be used,
for example, in quantum simulation of solid states and superconductivity [80, 81], and
quantum computing [82, 83]. In our case, optical lattices are used for transport and
combining ultracold atomic clouds of Rb and Yb and enhance photoassociation efficiency.
This chapter follows the treatments of [84].

A periodic optical potential can be created by the interference of two superimposed
counter-propagating beams, forming a standing wave, or by simply retro-reflecting a single-
beam ODT. There are several geometries for optical lattices in either one, two, or three
dimensions, depending on the incident angles of the beams, their wavelength, and beam

shapes [85]. I will focus only on simple geometries, as these are used in our experiment.
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1D Optical Lattice

The simplest way of realizing a one-dimensional optical lattice is by retro-reflecting a single
Gaussian beam and creating a standing wave due to interference. Assuming the incoming
and the retro-reflected beams propagate in z-direction have the same shape, power and are

perfectly superimposed, the resulting periodical potential is given by

V(r,z) = Vi - e 2w csin?(kz) ~ —Vig; - (1 - 2;2%) -sin? (kz). (2.35)
Here, wy is the beam waist of the Gaussian beam, k = 27/\ the magnitude of the wave
vector with laser wavelength \ and Vj,; the lattice potential depth. Note that Vi, is four
times the potential depth of a single-beam ODT, due to retro-reflection and constructive
interference. The periodicity in such a potential is A\/2. In our case, with a lattice laser of
1064 nm, this results in a periodicity of 532 nm.

To determine the potential depth — in units of the photon recoil energy Eye. = hk? /2m
—of a 1D lattice with large detuning, we can combine Equation (2.27) and Equation (2.30)
at the center of the lattice beams, which gives

Viee _, 2m 3mc?y 2P

=4- = . 2.36
Erec h2k2 20.}% (S ng ( )

Unlike a single-beam ODT, an 1D lattice provides strong confinement along the propaga-
tion direction, making it possible to trap atoms using only a vertical lattice. This setup

allows us to transport atoms vertically, as will be discussed in Section 4.9.3.

3D Optical Lattice

The simplest three-dimensional lattice can be created by superimposing three mutually
orthogonal one-dimensional lattices. By superimposing additional lattice beams, they can
also interfere, leading to unwanted potential fluctuations of neighboring lattice sites and
heating effects. This can be avoided by using orthogonal polarizations or distinct frequen-
cies of the beams. We can write the resulting potential then as

y2+z2 ) z2+22 562+'y2

V(z,y,z) ==V, e sin?(kx) — Vye 9 sin(ky) — Vzei2 w? sin?(kz), (2.37)

with 1/e? Gaussian beam radii wy, wy and w, and the potential depths of the three 1D
optical lattices V,, V,, and V.. In the trap center, where z, y and z are smaller than
the beam radii, we can approximate the potential to a homogeneous periodic potential
superimposed with a harmonic external potential as
m
V(z,y,2) ~ Vysin®(kz) + V, sin?(ky) + V; sin?(kz) + 5 (wimZ + waQ + wsz) (2.38)
with the trapping frequencies

4 (v, V. 4 (V, V. 4 (V, V,
-t (B B) - (Bel) @ot (G e
m \w; w; m \w; wj mo\w w
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In a deep lattice, we can approximate the potential at one lattice site with a harmonic
potential, leading to trap frequencies of
2k? Vi B2k*

Erec m2

(2.40)

Here, Vi, denotes the lattice depth along a single spatial direction. In the case of an
isotropic lattice, all three directions are equivalent and we have V, =V, =V, = Vj4.
Figure 2.12 shows a comparison of different trap geometries for Yb, which are used in
our experiment. The chosen parameters for the trap depth calculation are: Beam waist
wy = 40 um, ODT and CODT power Popr = 20 W, lattice power Pj,; = 5W and trap
wavelength A = 1064nm. It is clearly visible that a single-beam ODT has only a tight
confinement in the x and y-direction, while the confinement in the direction of propagation
is very low. For a CODT, we already get a sufficient trap depth in all directions to
successfully perform evaporative cooling. For the vertical transport of an ultracold Rb
cloud, a vertical 1D lattice is used, which gives in the horizontal axes a typical potential
of a single-beam ODT and only in the direction of propagation a periodical potential
with periodicity of A/2 = 532nm. The 3D lattice is shown at the trap center, where
Equation (2.38) is used to calculate the potential, and from the outside, where the effective
potential is simply the sum of three orthogonal single-beam ODTs with four times the trap
depth due to retro-reflection and interference. We can see that the trap depths of these
configurations are in the regime of a few hundred puK, which allows us to trap atoms with

temperatures smaller than that.

2.4 Photoassociation

Photoassociation (PA) is a precise and widely used method for the production of weakly
bound molecules and the investigation of long-range potentials via spectroscopy. The
principle of a photoassociation process is that two colliding atoms absorb a photon v and
form a weakly bound molecule in an electronic excited state where the binding energy is
given by the difference of the photon energy and the energy of the corresponding atomic

transition. We can write that as follows
A+ B+~y— (AB)*, (2.41)

where A and B are the involved atoms. The parentheses indicates the molecular state
and = the electronic excitation of this state. A more comprehensive discussion on photoas-
sociation can be found in [86]. The produced molecule (AB)* has typically a short lifetime
and can decay due to spontaneous emission either to a molecule in the electronic ground

state or a pair of free atoms.

(AB)* > A+ B+~ or (AB)* > (AB)++. (2.42)
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Figure 2.12.: Comparison of various trap geometries (for Yb) used in our exper-
iment. The first row displays the intensity distribution of the optical dipole traps
employed, with the CODT beam angle set to 45°, as in the experiment. Subsequent
rows present the optical dipole potential along each axis, beginning with the vertical
x-axis in the second row, where the tilt in the potential arises from the gravitational
potential. The last row shows the potential in the z-direction, which corresponds to
the propagation direction of the single-beam ODT or the 1D lattice. Note that the x-
axis scaling may vary across several orders of magnitude, especially for the z-direction
of the ODT and in the central region of a 3D lattice.

In ultracold atomic experiments these final products are no longer detectable, because
the kinetic energy of the free atoms is too high and they can no longer be trapped. The
differing energy level structure of molecules causes the imaging light to be off-resonant.
However, both of these processes lead to a loss of atoms in the trap, which can be used
to identify spectral lines. Due to the typical temperature of laser-cooled atomic samples
below the mK regime, the kinetic energy distribution of the colliding atoms is comparable
or even smaller than the lifetime of the excited state and therefore PA can be used as a
high-resolution spectroscopy method for these molecular states. The average loss rate of

such an event is given by [87]

hm Ipelleg (1,€r)

l
kTM 6279 (2 ! 1) [AFB (Avlvﬁaﬁr)]z + [Fe (I, 67") /2]2

K(Aalaﬁmﬁr) = (2.43)
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and can be calculated by summing over all possible transitions from the electronic excited
bound molecular state |e) to the ground state |g). Here, k, is the magnitude of the atom’s
relative motion wave vector, o the reduced mass, [ the total angular momentum! of the
two-atom system, p;,- the momentum vector of the relative motion, p, of the motion of the
center of mass. App is the total detuning from the PA resonance and can be formulated
as [87]

Aprg=A+ep+e — A — AFE, (Lfr)_Erec (2.44)

with A being the detuning from the atomic resonance, e¢p the Doppler shift from the
relative motion of atoms and light, €, the kinetic energy of the relative motion between
two colliding atoms, A, the detuning from the molecular transition |e) to |g), AE, (I, €,)
the light shift and E,.. the shift due to photon recoil. T'c(l,€,) = Ipe + Zg Leg(1,€r)
is the resonance’s total width. I'c, is the loss induced by light and I'y. the loss due to
other effects, i.e. the decay probability. In the case of predominantly radiative losses, this
corresponds to the natural linewidth of the molecular state. For the light induced width

I’y we can use Fermi’s golden rule as follows
Leg = 21| (We| Vias (1) [ ¥y (er)) |*. (2.45)

The laser field operator Vs describes the optical coupling between the ground state |g)
and the excited state |e). After some treatments done in [87] we end up with an expression
for the light induced width

31N FC

Teg = Tatom =" fig" feg - (2.46)

Here, ' 4tom denotes the natural atomic width and Agtom, represents the wavelength of the
atomic transition. g;t is the rotational line strength factor and depends on the angular
momentum of |e) and |g). Finally, ;;C is the Franck-Condon factor and describes the

overlap integral of the vibrational wavefunctions v, and ),

2

JOO dr e (r)eg(rien)| = [Ke(r)wg(rs eI (2.47)

0

F
egC(GT) =

The Franck-Condon factor depends on the initial kinetic energy e, of the scattering state,
making it suitable to perform experiments at ultra-low temperatures to avoid broadening of
PA resonances. Using the reflection approximation we can further simplify the expression

of the Franck-Condon factor to

_0E, 1

e};C(ET‘) =~ on Dic W)g(rc;frﬂ2 (248)

11 describes here the partial wave of the scattering event and is only > 0 for high collision energies. In

most ultracold atom experiments [ = 0.
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Figure 2.13.: Scheme of a 2-PA process. a) shows the typical A three-level system

Internuclear Distance

for 2-PA with the involved states and their corresponding detunings and transition
frequencies. The energy difference between states |c) and |a) is the binding energy
plus the thermal energy of the scattering state. b) shows the 2-PA process with

involved potential energy curves and schematically drawn vibrational levels.

where the scattering wavefunction of the ground state is evaluated at the Condon point.
% is the spacing between vibrational levels and D¢ the difference between the slopes
of the effective potentials of the ground and excited state at the Condon point. In the
reflection approximation, we can assume the Condon point being approximately the outer
turning point of the excited state. The Condon point is the internuclear distance where the
overlap between the wavefunctions of the ground and excited states reaches its maximum

value [88].

2.4.1 2-Photon Photoassociation

Two-photon (or two-color) photoassociation spectroscopy (2-PA) enables probing of a
molecular state via an auxiliary intermediate state. This technique opens pathways to
several interesting phenomena, such as Autler-Townes splitting (see Section 2.3.2), FElec-
tromagnetically Induced Transparency (EIT) [89, 90], dark resonances [91], Stimulated Ra-
man Adiabatic Passage (STIRAP) [92, 93] and, of course, provides information about the
probed molecular potential [65, 94, 95].

A typical scheme of a 2-PA process is shown in Figure 2.13, where the intermediate state
is a weakly bound state of the electronic excited potential, coupled to the scattering state
of two individual atoms by a free-bound laser field wrp, corresponding Rabi frequency Qrp
and detuning from 1-PA resonance drpp. In a 2-PA process an additional laser couples now

this intermediate state to a bound state of the molecular electronic ground-state potential,
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which we call the bound-bound laser with parameters wgpg, 2pp and dgg. As shown in
Figure 2.13 a), we can directly link a 2-PA process to a A three-level system, coupled by
two light fields, as explained in Section 2.3.2 and Section 2.3.3. We can now combine both

explanations as follows:

lay  (weakly) bound vibrational state of the molecular electronic ground state
|by  weakly bound vibrational state of the molecular excited state

|c)  scattering state of two individual atoms

lay < |b)  2-PA transition probed by bound-bound laser wpp

|by < |c)  1-PA transition probed by free-bound laser wrp

|a) <> |c)  transition is dipole forbidden.

In this case, the binding energy (plus the thermal energy of the scattering state |c)) of the
molecular ground state can directly determined by the difference Egs+ Ey, = hwpp—hwrp.
For ultracold samples with low thermal energy, this method provides a precise measurement
of the energies of vibrational levels of the electronic ground state and thus allows for
modeling of the ground-state potential. There are two different ways of performing two-

photon photoassociation spectroscopy.

a) 5FB = 0:

The most obvious way is to start with the free-bound laser frequency set to a known
1-PA resonance (6pp = 0) and scan the bound-bound laser frequency (dpp # 0). As
explained already in Section 2.3.3, for large detunings (0pp » ) and large bound-bound
Rabi frequencies (2pp » Qpp), we are in the regime of the AC-Stark shift and can perform
light-shift spectroscopy (see Figure 2.14 left). The spectroscopic signal is then a loss-of-
loss signal. The first laser causes a detectable loss of atoms in the trap, while the second
laser shifts the energy of the excited state. When this shift is larger than the linewidth of
the 1-PA resonance, the transition is detuned, preventing further 1-PA transitions. As a
result, more atoms remain detectable in the trap. For small bound-bound Rabi frequencies
but highly coherent laser fields wgp and wrp, the effect has to be treated in a quantum
interference picture where different paths interfere destructive on resonance. This leads
to a prevention of the population of the excited state |by [91]. However, the spectroscopic

signal in both cases is a loss-of-loss signal.

b) 5]3]3 = 0:

The second way of two-photon photoassociation spectroscopy is to set the bound-bound

laser on a known resonance (0gp = 0) and to scan the free-bound laser. For a strong
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Figure 2.14.: Visualization of 2-PA resonances (Equation (2.49)) for dpp = 0
(a) and o = 0 (b). The temperature is included via averaging over the thermal
Boltzmann distribution. Rabi frequencies for this illustration are: Qg = 10 MHz and
Qrp = 10kHz.

bound-bound laser field, e.g. large 2pp, the resonance splits into two lines, the Autler-
Townes doublet (see Section 2.3.2), separated by the bound-bound Rabi frequency Qpp.
By varying the laser field intensity and measuring the resulting Rabi frequency, we can
easily determine the saturation intensity, and thus the decay rate, of a certain transition
(see Equation (2.22)). The spectroscopy signal appears as a loss signal when the first PA
laser is resonant with one of the Autler-Townes doublet lines (see Figure 2.14 right).

In the case of coherent lasers wpp and wrpp and low bound-bound laser intensity, the
signal shows a typical loss of atoms in the vicinity of dpp = 0, but with a sharp peak at
zero detuning. The width of this peak can be on the order of the natural linewidth of the
atomic resonance. This effect has also be treated in the manner of quantum interference of
the involved transitions and is called electronically induced transparency, where a coherent
superposition of the molecular and the scattering state becomes a dark state [89].

For Qpp » Qrp we can calculate the atom loss rate of a 2-PA A three-level system as
follows [96]

N QFp[4TAS +Tefp (55 + TepsT)]

N _ (2.49)
N (0%, + (T + 2i6pp) (Teps + 2iAs,)|°

with the decay rate of the excited state I', the effective decay rate I'ctr, where the dark
state’s incoherence is included, and the two-photon detuning Ag, = drp — dpp. The
situation of Qpp » Qpp is in a typical 2-PA process easily fulfilled, due to the Franck-
Condon factors for bound-bound transitions being significant larger than those for free-
bound transitions.

Both described cases are illustrated in Figure 2.14. In Figure 2.14 a), we see the scenario
with dpp = 0, where the bound-bound laser is scanned, resulting in a single Lorentzian

peak. In contrast, Figure 2.14 b) shows a typical dark resonance observed at dgp = 0.
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The corresponding Rabi frequencies are Qg = 10MHz and Qpp = 10kHz. As already
indicated in Figure 2.13 b), the scattering state |c) does not have a single defined energy
due to its finite temperature. Instead, its energy is distributed according to a thermal
Boltzmann distribution, which is included via averaging Equation (2.49) over the thermal
Boltzmann distribution. The effect of the finite temperature is shown for 7" = 0.1 pK,
T = 10uK and T = 20 uK. Larger temperatures result in broader and smaller 2-PA

resonances and also shift the resonance to smaller detunings.



Previous Photoassociation at the D1 Line of
Rb

In this chapter, I will provide an overview of previous photoassociation experiments con-
ducted near the D1 line of Rb. Due to the larger oscillator strengths and broader linewidths,
photoassociation experiments are often performed near the D1 line of an alkali atom. These
studies were carried out by our group using the earlier experimental apparatus [50, 57, 97]
and I will only reproduce the key results of their work, which are useful for our search for
additional one- and two-photon photoassociation resonances in RbYb. While all experi-
ments were done with 8"Rb, there are results for Yb isotopes 170, 172, 174 and 176, but
most of the found lines correspond to "Yb. The initial experiments by N. Nemitz [97] and
F. Miinchow [57] were performed using a dual-species MOT. Later, C. Bruni [50] enhanced
the setup by employing a combined hybrid conservative trap which consisted of a mag-
netic trap (MT) for Rb and an optical dipole trap for Yb. This advancement significantly
reduced the temperatures, allowing only s-wave scattering. Consequently, only molecular

states with R = 0 contribute to the observed spectra.

3.1 One-Photon Photoassociation near the D1 Line of Rb

Due to the lack of angular momentum of the ground state of Yb, the only possible excited
molecular state close to the 2P1 + 'Sy transition is ?II1. The main results, important for
this work, are the binding energ;ies for various isotopic 2combimations, the Cg coefficient of
the potential and the fractional parts Af.q. of vp (of the ground-state potential). The
experimentally determined values are summarized in Table 3.3. A fit of the improved
LeRoy-Bernstein formula gives a Cg coefficient of Cg = (—5684 + 98) Exal [97], where
By = mig is the Hartree-energy.

The measured binding energies in Table 3.3 are relative to the F =1 — F' = 2 D1 tran-
sition in 8"Rb at Ap4 = 12579.1037 cm~!! and cover the potential down to the vibrational

'As often used in literature, the binding energy is given in wavenumbers, where 7 = 1/A = v/c and
lem™ = 29979 MHz.
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state Av' = —28 and a corresponding binding energy of Apy = —75cm ™!, Ep msi76 de-
notes the calculated binding energy of the corresponding states with Equation (2.9) using
the reduced mass p and Ay, relative to the measured values of 176y,

Unfortunately, the measured and calculated values differ by up to h - 1.8 GHz. This is
likely because the LeRoy-Bernstein fit was performed for 179Yb, where the residuals also
differ up to h - 1 GHz for certain vibrational quantum numbers (specifically for Av' = —6
and Av' = —16) [97]. Furthermore, the fractional part of vp for 1™°Yb was derived using
only a single measured binding energy (Av' = —6) and the Cg coefficient for '7Yb. As
a result, the search for new PA resonances in !"0Yb requires scanning across an extensive
frequency range. Knowing the position of a second vibrational level allows us to refine the
LeRoy-Bernstein fit for 17°Yb, potentially reducing the uncertainty in A frac and improving

the accuracy of predicted positions for additional levels.

3.2 Two-Photon Photoassociation near the D1 Line of Rb

After conducting 1-PA, Miinchow [57] also performed 2-PA spectroscopy near the D1 line

1. In doing so, they identified the seven least-bound vi-

of 8Rb and several Yb isotopes
brational levels with binding energies up to Ep = —h - 58.5 GHz. In collaboration with
a theory group [64], they modeled the ground-state potential, provided accurate s-wave
scattering lengths for all isotope combinations, and determined molecular transition prob-
abilities using Autler-Townes spectroscopy.

For the purpose of the work presented here, the Autler-Townes spectroscopy results
and binding energies of the ground state are of particular interest, as they provide insight
into bound-bound Rabi frequencies — an essential parameter for our later investigations
involving light-shift spectroscopy (see Section 6.2.3).

The 2-PA spectroscopy was conducted as described in Section 2.4.1: The free-bound laser
was held on resonance, while the bound-bound laser was scanned. When the bound-bound
laser was on resonance with a molecular transition, it induced a light shift that shifted the
free-bound transition out of resonance, leading to a measurable increase in atom number.
For more detailed information on the experiment, see [50, 57].

The intermediate states of the excited state used in these measurements were either
Av' = -9 (Eg = —2.7287cm 1) or Av' = —11 (Ep = —4.8958 cm ™ 1)2, chosen for their

strong coupling.

3.2.1 The ?X,/; Ground State

With the measured binding energies of the 2%, /2 ground state, the potential energy curve

could be modeled, providing estimates for dispersion coefficients (Cg, Cs), potential depth

'Most of the data, as with 1-PA, were taken using *"°Yb.
2Here, the binding energies are given for 3’Rb'"Yb.
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D,., and number of supported vibrational states V. This modeling, performed in collabo-
ration with the theory group [64], is summarized in Table 3.1.

The theoretical model combined ab-initio coupled-cluster calculations for the short-range
potential with a long-range van der Waals potential of the form —Cq/r% — Cg/r®, smoothly
connected at around 20ag using a switching function. Table 3.1 lists the parameters
of the three best-fit potentials, each achieving good agreement with experimental data.

These potentials allow predictions of binding energies for additional vibrational states and

N D, [Cm_l] Cs [Ehag] Cs [Ehag]

65 759.9 -2820.0 -4.47
66 787.4 -2837.2 -4.62
67 815.4 -2854.0 -4.75

Table 3.1.: Parameters of the three best fitting modeled potentials for the ground
state [50, 64].

for other Yb isotopes via mass scaling. Notably, this approach yielded highly accurate
predictions for 1"°Yb (see Table 5.2).

3.2.2 Autler-Townes Spectroscopy

As discussed in Section 2.3.2, Autler-Townes spectroscopy provides an elegant method
for determining molecular Rabi frequencies — and thus transition probabilities. When
a molecular state is strongly coupled with a laser field, it splits into a doublet with a
separation directly related to the Rabi frequency. In this setup, the bound-bound laser
remains resonant while the free-bound laser acts as the probe. Knowing the coupling laser

intensity allows us to extract the Franck-Condon factor via:

FFC AN with Q= ~ | Ipa (3.1)
Qat ’ 2Isat,

where Ip4 is the laser intensity, Is,; the saturation intensity of the atomic transition,

the linewidth of the atomic transition, and 2pp the bound-bound Rabi frequency.

In [57] and [50], large Autler-Townes splittings exceeding 100 MHz were observed for the
|F' =2, Av' =11) — |F =1,Av = —6) transition, even with a moderate coupling laser
power of approximately 50 mW.

Measured Franck-Condon factors for various transitions in 8"Rb!"0YD are presented in
Table 3.2. Although these values were not obtained for the 8Rb'70Yb system, we expect
similar behavior in coupling strengths for bound-bound transitions near the D1 line, which
will be part of Section 6.2.

The main takeaway is that strong light shifts can be expected when coupling bound-

bound transitions near the D1 line of Rb. This makes them highly suitable for use in
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excited state ground state Franck-Condon factor

AN Av frFe
9 _5(F=1) 0.20

1 “4(F=1) 0.03
6(F=1) 0.13

-6(F=2) 0.07

7(F=1) 0.05

7(F=2) 0.05

Table 3.2.: Measured Franck-Condon factors of several molecular transitions [57].

light-shift spectroscopy (see Section 6.2.3).

3.3 Conclusion

The previous photoassociation measurements near the D1 line of Rb have yielded a wealth
of useful information that can inform and enhance future experiments.

In particular, the characterization of the RbYb ground state and its binding energies
significantly reduces the search range for 2-PA resonances near the intercombination line.
Moreover, the measured transition strengths for both 1-PA and 2-PA provide a solid foun-
dation for our proposed approach to light-shift spectroscopy. In Section 6.2, we will explore
this further by leveraging the large bound-bound Rabi frequencies near the D1 line of Rb
in combination with the narrow linewidth of a dark resonance on the intercombination line
of Yb (see Section 5.2.2).



3.3. Conclusion

Yb Isotope Aw Apa Afrae 7 Epmsite  AEp

[em™1] [u] [em~!]  [h-GHz]

170 -6 -0.783 0.13 57.501  -0.836 1.6
172 -6 -0.974 0.58 57.729  -1.028 1.6
174 -4 -0.4249  0.928 57.953 - -

-5 -0.72800 -0.706 -0.66

-6 -1.1486 -1.193 1.3

-7 -1.70310 -1.732 0.87

-8 -2.43700 -2.449 0.36

-10  -4.45900 -4.487 0.84

-12 -7.38365 -7.443 1.8
176 -5 -0.49440 0.274 58.174

-6 -0.88090

-7 -1.32980

-8 -1.93810

-9 -2.7287

-10 -3.70710

-11 -4.8958

-12 -6.3333

-13  -8.0016

-14 -9.9589

-15 -12.1942

-16  -14.8096

-17  -17.6897

-18  -20.9236

-19  -24.5102

-21  -32.8616

-22 -37.6097

-23  -42.7869

-24  -48.3581

-25  -54.3464

-26  -60.7821

-27  -67.6306

-28  -74.9147

Table 3.3.: Measured binding energies of 8" Rb*YD for several vibrational quantum
numbers Av and the fractional part Af.q.. All binding energies are for F’ = 2 and
R = 0. The reduced masses of the isotope combinations are given, as well as calculated
binding energies using Equation (2.9) with the values of 1"0YDb and the difference AEp
to the measured binding energy in h- GHz. The accuracy of the measured values is
+5-1073 cm~!. Values are taken from [50, 57, 97].
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Experimental Apparatus for Photoassociation
Spectroscopy of RbYb

In this chapter, I present the experimental apparatus for the production of ultracold atomic
samples of Rb and Yb and for photoassociation spectroscopy of RbYb. Operating a com-
plex ultracold dual-species molecule experiment while implementing improvements is time-
consuming and thus typically conducted by a team. The construction of the experimental
apparatus was initiated by Tobias Franzen before Bastian Pollklesener joined the project.
When I started the work presented in this thesis, the vacuum system was already con-
structed and rubidium was cooled to a Bose-Einstein condensate. A 17Yb MOT was
implemented, and its transport into the science chamber was prepared. The experiment
and its results are covered in detail in the Ph.D. theses of Tobias [1] and Bastian [2] and
have also been published in [51]. Therefore, I will not explain the experiment in all its
details, but will only highlight the important points necessary for understanding. Major
changes and advancements done on the machine by me after Tobias and Bastian left the

lab will be pointed out in the respective subchapter.

The Apparatus

Conducting an ultracold dual-species molecule experiment requires a complex array of laser
systems, optics, electronics, and a vacuum system to cool, trap, and manipulate each atomic
species. For this reason, the experiment is divided into two main parts. First, the laser
room, where all laser systems for cooling and trapping of the atoms are set up, and second,
the science table, where the vacuum chambers, necessary setups for the experiment, and
the high-power lasers are located. The light from the laser room is transported via optical
fibers to the experiment. This separation allows working on one side without interfering
with the other. Potential sources of interference, such as mechanical beam shutters, are
therefore placed in the laser room, ensuring they do not affect the data acquisition. We
begin with a brief overview of the vacuum system in Section 4.1 and then move on to the
laser systems for cooling and trapping the atoms in Section 4.2 and Section 4.3. Following

that, I will explain the systems located at the science chamber necessary for transporting
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Figure 4.1.: Vacuum system of the RbYb molecule apparatus. a) shows the side
view of the three chambers with connected ion getter and titanium sublimation vacuum
pumps. The chambers are separated by pneumatic gate valves and differential pumping
tubes. A microwave antenna is placed below the Rb production chamber, enabling
forced microwave evaporation in the magnetic quadrupole trap. b) shows a top view
of the chambers, including slower beams, horizontal MOT beams, and optical dipole

traps. Part a) is adapted from [2].

and merging both atomic species in Section 4.6, and we conclude with the experimental

control system and data analysis in Section 4.8.

4.1 The Vacuum System

The vacuum system consists of three connected chambers, as shown in Figure 4.1: two

production chambers, where each species is prepared as an ultracold sample, and a science
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chamber, where the species are further cooled and combined within a shared trap. Each
production chamber is connected to an atomic oven via a Zeeman slower. The connection
to each chamber can be sealed off by pneumatic gate valves, allowing one chamber to be
vented without affecting the pressure in the others, e.g. when refilling an atomic oven or

upgrading the system.

4.1.1 Atomic Ovens

For Zeeman slowing, it is essential that the atoms are in the gas phase. This is achieved by
heating elemental Rb and Yb until the vapor pressure becomes sufficiently high to generate
an adequate atomic flux towards the Zeeman slower. The Rb oven remains unchanged from
the setup described in [1] and operates at 125°. The Yb oven, however, was replaced with
a custom-built capillary oven tested and characterized in [98], and described in detail in [2].
It consists of 78 stainless steel capillaries (MicroGroup Stainless Steel 304H22XX ) arranged
in a triangular bundle. Capillary ovens like this are commonly used in other cold atom
experiments [99, 100], as they reduce the emission angle of Yb atoms compared to a simple
nozzle, thereby producing a more collimated beam. As a result, this design increases oven

lifetime and reduces the need for frequent refilling.

4.1.2 Zeeman Slowers

For decelerating the atoms sufficiently to velocities low enough to trap them in a MOT,
Zeeman slowers in increasing field geometry are used. Both are water-cooled and the
designs can be found in detail in [101] (Rb) and [102] (Yb).

4.1.3 Production Chambers

The production chambers of Rb and Yb are shown in Figure 4.1. a) displays a side view
of the entire vacuum system. The production chambers are cylindrical and span two levels
on an optical table. The lower section houses ion getter pumps and titanium sublimation
pumps, while the upper section is equipped with eight CF35 viewports that provide optical
access for slowing, trapping, imaging, and transporting the atoms (see Figure 4.1 b)).
Both chambers feature multiple coils for magnetic field control and compensation. To
compensate magnetic stray fields (such as those from Zeeman slowers and Earth’s magnetic
field) or to shift the magnetic zero point, each chamber is provided with coils wrapped
around two orthogonally positioned viewports. The coils used to generate the magnetic
field gradient necessary for MOT and quadrupole trap (Rb) are shown in Figure 4.1 a).
Pneumatic gate valves and conical differential pumping tubes! separate the production

chambers from the science chamber.

!With a length of 150 mm and inner diameters of 14 mm (production) and 8 mm (science).
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Both chambers exhibit minor differences, related to the specific production of ultracold
samples of each species. Due to the low vapor pressure of Yb, atoms tend to deposit on
surfaces at room temperature. As a result, we observed a deposition of Yb atoms on the
inner glass surface of the viewport facing the oven. Over time, this deposition thickens
and reduces the transparency of the viewport for the slower light. This effect has also
been reported for Sr [103]. To enhance the viewport’s lifetime, it is now constantly heated
to 230°, and since then, we have not observed further deposition. The pressure in the
Yb production chamber, near the ion pump, is about 1 - 107! mbar. Due to the heating
of the viewport, the pressure at the location of the atomic cloud is significantly higher,
but the lifetime of our optical dipole trap (~ 20s) remains long enough for trapping and
transporting the atoms into the science chamber.

For forced microwave evaporation of Rb in the magnetic quadrupole trap (see Section
Section 4.9.1.3), the Rb production chamber is equipped with a microwave antenna posi-
tioned beneath it, ensuring a direct line-of-sight to the trap. The pressure in this chamber

is well below the measurement limit of the ion pump controllers of 1 - 10~ mbar?.

4.1.4 Science Chamber

The science chamber (see Figure 4.1) is a spherical octagon with two ports connecting it to
the production chambers. This configuration allows for the use of six viewports along the
horizontal axis and two along the vertical axis, providing optical access for all required light
fields®. The science chamber also features coils for magnetic field manipulation, as well as
an ion pump and a titanium sublimation pump. The pressure in the science chamber is,

like in the Rb production chamber, well below 1 - 10~ mbar.

4.2 Rb System

The rubidium laser system is unchanged from the extensive description of Tobias [1] and
Bastian [2], and is therefore only briefly summarized here.

To cool and trap atoms, a closed cooling transition is required. For rubidium, the
natural choice is the D2 line (2S; 2= 2P3/2) at 780 nm, with a natural linewidth of v =
27-5.7MHz [104]. An energy level diagram with all necessary transitions of Rb is presented
in Figure 4.2.

4.2.1 MOT, Slower and Imaging Light

The light used as MOT, slower, and imaging light is generated by a commercial ( Toptica
DL Pro) external cavity diode laser (ECDL). The laser is frequency stabilized using the

2The measured current of the ion pump is about four times smaller than that in the Yb production
chamber.
3For crossed optical dipole traps, lattice beams, imaging light, and photoassociation beams.
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Figure 4.2.: 8"Rb energy level scheme with corresponding energy differences of the
hyperfine states and linewidths. The arrows indicate the transitions used for imaging,

MOT and slower operation and repumping light. Values are taken from [104].

lock-in technique to a compact saturated absorption spectroscopy of the 2S; /2 (F=2)—>
2p, /Q(F " = 3) cooling transition, with a red-detuning of about 360 MHz' and a correspond-
ing wavelength of A\ = 780.246 nm [104]2.

The laser’s total output power is ~ 50 mW, which must be divided among several paths,
including spectroscopy, imaging, and beatnote locks. This leaves around 20 mW available
for MOT and slowing operation, which is too little for sufficient performance. To address
this, the laser is seeded into a tapered amplifier (TA, DILAS TA-0780-1000), amplifying
the output to ~ 600 mW. The amplified light is then split into the MOT and slower beams.
Both are frequency-shifted using AOMs and can be shuttered via mechanical shutters.

Finally, the beams are coupled into optical fibers and directed to the science table.

4.2.2 Repumpers

Since rubidium exhibits a hyperfine structure, atoms can leave the cooling transition by
decaying into the F' = 1 hyperfine state. To ensure atoms remain in the cooling cycle,
those entering the F' = 1 state are pumped back using repumper lasers operating at the
F =1 — F' = 2 transition at 780.232nm [104]. For efficient cooling of a Rb MOT, two
repumpers are employed.

The first repumper is spatially overlapped with the MOT laser, seeding the TA and
thereby illuminating the entire MOT and slower. The second repumper, a so-called dark

spot repumper, is coupled into a separate fiber and only illuminates the outer region of the

!The 360 MHz span is achieved by a double-pass AOM, which is also employed for the lock-in stabilization.
2Note that in earlier work of our group, this value was occasionally misreported as 780.250 nm.
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MOT (see below). Both repumpers are self-built ECDLs based on interference filters [105,
106]. They use inexpensive Sharp GH0781JA2C laser diodes and provide an output power
of ~35mW.

Given the relatively small frequency difference between the MOT and repumping tran-
sition, it is possible to stabilize the repumper frequencies using a beatnote lock. This lock
is performed by combining both lasers in an optical fiber, detecting the beatnote with a
GaAs ROSA or a SFP+ (Finisar FTLF1429P3BCFE) photodiode, and feeding the signal
into an ADF4159 phase-locked-loop (PLL) board. The PLL provides an error signal for
a simple PI controller, which acts on the laser piezo to maintain frequency stability. A

detailed explanation of this locking technique is provided in Tobias’ thesis [1].

4.2.3 Imaging Rb

Images of rubidium atomic clouds are captured using absorption imaging. At the end of
the experimental sequence, the cloud is prepared in the F' = 2 state by exposing the atoms
to a short repumping pulse (~0.8ms). Subsequently, resonant imaging light is directed
onto the atoms and then onto a camera. The atoms absorb this light, creating a typical

absorption image, which can later be analyzed and fitted (see Section 4.7).

4.2.4 Microwave

As illustrated in Figure 4.2, the hyperfine splitting of the 8’Rb ground state is 6.83 GHz.
This transition can be addressed using a microwave system for various applications. The
frequency generation and antenna setup are extensively described in [1] and are briefly
summarized here.

The hyperfine transition is utilized for forced microwave evaporation in a magnetic trap
— performed in the production chamber — as well as for the preparation of Rb samples
in different hyperfine and Zeeman states, which takes place in the science chamber. To
achieve this, the microwave system must deliver several Watts of output power at 6.83 GHz.
For evaporation and Landau-Zener sweeps, it must also allow for tunability over a range of
~ 100 MHz and support short pulse generation. The fundamental principles of frequency
generation, amplification, fast switching, tuning and the antenna design are similar for
both microwave setups.

The microwave signal is generated by a VCO (Minicircuits ZX95-6840C-S+) and stabi-
lized via an ADF4159 PLL board. The stability of the phase-locked loop depends on the
quality of the reference oscillator. In the production chamber, a standard temperature-
compensated crystal oscillator (TCXO) is used, whereas in the science chamber, higher
frequency stability is required, necessitating the use of an oven-controlled crystal oscillator
(OCXO) [107].
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Figure 4.3.: Diagram of the optical setup and corresponding beam paths for MOT
operation and imaging at the Rb production chamber. The setup is described in detail

in the text.

The microwave signal is switched using an HMC1118 solid-state switch and is subse-
quently amplified to 6 W by a TERRASAT ED-0278-4 power amplifier.
Finally, the amplified signal is delivered to the respective chamber via a simple, sawed-off

waveguide horn antenna [108].

4.2.5 MOT Setup

The MOT setup at the science table is illustrated in Figure 4.3. The MOT beam, deliver-
ing a power of ~60mW, is polarization-cleaned using a polarization beam splitter (PBS),
then split into six beams of equal power, and directed to the center of the vacuum cham-
ber. The polarization of each MOT beam can be adjusted using \/4 waveplates. Power
stabilization is achieved via a photodiode that monitors the light leaking through a mirror.
The polarization of the slower beam is similarly cleaned, and its power is stabilized by
monitoring the reflection of a glass plate. The beam is guided through the chamber and
slightly focused on the nozzle of the Rb oven with the out-coupling lens of the optical fiber.

Imaging light (~50 W) and imaging repumper light (~ 500 uW), both coupled into
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single-mode optical fibers, are combined using a fused fiber combiner to ensure perfect
spatial overlap. Resonant imaging light is derived from the MOT laser seed and undergoes
an identical double pass as the spectroscopy light. When both double passes have the same
radio frequencies (RF) for the AOMs, the imaging light is resonant with the transition used
to lock the MOT laser’s frequency.

The dark spot repumper, coupled out of a single-mode fiber, is generated by passing
the light through an anti-reflection (AR) coated glass plate with a gold-coated spot in the
center. This dark spot light is then spatially overlapped with the imaging path by a PBS3.
The same PBS also splits the imaging light into two beams, enabling imaging in either the

production or the science chamber.

4.2.6 Optical Tweezer for Rb

The optical tweezer utilizes 30 W of 1064 nm light to trap and transport Rb atoms from
the production chamber to the science chamber. This power is generated by a commercial
single-mode fiber amplifier (Nufern NUA-1064-PB-0050-D0), seeded with ~14mW from
a spectrally multi-mode fiber laser (IPG PYL-20M-LP). The nominal output power of the
amplifier is 50 W. For fast switching and precise intensity stabilization, an AOM ( Crystal
Technology 3110-191) is employed.

To achieve a sufficiently deep trapping potential, a tight focus with a waist of 40 um is
required due to the large detuning of the ODT beam. The beam is therefore expanded
before passing the focusing lens (f = 750 mm), which is mounted on an air-bearing transla-
tion stage (Aerotech ABL1500) capable of traveling a distance of 500 mm. Once the atoms
are trapped in the dipole trap, the focus can then be translated into the science chamber
for further experiments.

The spectrum of the seed laser for both ODTs is intentionally broad (a few nm). Pre-
vious attempts using a single-frequency seed laser were unsuccessful due to etalon effects
caused by reflections between parallel glass surfaces of opposite viewports. These effects
induced intensity fluctuations during transport, resulting in significant atom losses. Us-
ing a broader-spectrum laser, with a reduced coherence length, effectively mitigates these

issues and ensures stable transport.

4.3 Yb System

The preparation of ultracold Yb samples follows a process similar to that of Rb. Yb atoms
are slowed using a Zeeman slower, which operates on the broad 'Sy — 'P; transition
at 399nm (blue), with a linewidth of I' = 27 - 28 MHz. This broad linewidth allows for

fast and efficient slowing and is also utilized for imaging purposes. The MOT, on the

3This spatial overlap arises purely from practical considerations.
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Figure 4.4.: YD energy level scheme with all relevant transitions.

other hand, operates on the narrow intercombination line 'Sy — 3P; at 556 nm (green),
which has a linewidth of I' = 27 - 182 kHz. Additionally, the photoassociation experiments
described in this chapter are performed close to this intercombination line. Unlike Rb, Yb
lacks hyperfine structure, which eliminates the need for repumping light. A more detailed
explanation of the system can be found in [1] and [2].

This chapter describes the Yb laser setup used to obtain the presented data (see Sections
5.1 and 5.2). After Bastian left the lab, several modifications and advancements were
made to the system. The generation of slowing and imaging light was renewed, and both
the active and passive stability of the MOT light were improved. These changes and
refinements to the experimental setup represent a central aspect of my independent work
and are aimed at improving the system’s overall stability and will be discussed in the

respective chapters.

4.3.1 1°* Generation Slower and Imaging Laser System

The light for Zeeman slowing and imaging of Yb atoms at 399nm is generated with a
self-built external cavity diode laser (ECDL) based on an interference filter. This ECDL
seeds another laser diode, which functions as an amplifier to achieve the necessary out-
put power for efficient slowing. This laser system was constructed by Bastian during his
Bachelor’s thesis and is described in detail in his work [109]. It should be noted that
this laser was used for the photoassociation measurements near the intercombination line

2nd

described in Chapter 5. Subsequently, the generation setup described in Section 4.3.2

was implemented.

4.3.1.1 Seed Laser

The seed laser is based on an AR-coated (Nichia NDUA116T) laser diode, providing an
output power of ~10mW at 399nm. A portion of its light is directly injected into the
amplifying laser diode, while another portion is frequency-shifted using a double-pass AOM.
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This shifted light is then used for absorption imaging and for frequency stabilization via

spectroscopy.

4.3.1.2 Amplifier

The amplifier is a Nichia NDV/313E laser diode, collimated using a lens, with free-running
center wavelength of 401 nm. Its output power of ~40 mW is then coupled into an optical
fiber with coreless endcaps and directed to the experiment. This choice of optical fiber is
made to address the degradation of the input fiber surface over time, even at relatively low
power levels. Since the frequency and power of the slower beam are not adjusted during the
experiment and fast shuttering is not required, the beam is switched using a mechanical
shutter.

4.3.1.3 Frequency Stabilization

To keep the 399 nm light in resonance with the atomic transition', the seed laser is stabilized
to a Yb fluorescence spectroscopy using a lock-in technique. After passing through a
double-pass AOM (for frequency shifting and modulation), the beam enters a vacuum
chamber containing an atomic beam of Yb?. To mitigate Doppler shifts, the beam is
retro-reflected by a concave mirror. Permanent neodymium magnets are placed around
the vacuum chamber to separate the spectroscopy peak of the desired YD isotope from
the neighboring 1"'Yb isotope. Due to the nuclear spin of the fermionic !"'YDb isotope, it

exhibits a magnetic moment and is thus shifted by the generated magnetic bias field.

4.3.2 2" Generation Slower and Imaging Laser System

The 1% generation 399 nm system described above is highly sensitive to perturbations and
requires frequent maintenance, such as re-locking the seed laser to the spectroscopy peak,
readjusting the injection beam or finding the required injection current of the amplifier
laser diode to ensure single-mode operation. Additionally, the output power of 40 mW
before the optical fiber results in only ~ 15 mW of usable light after coupling, due to the
challenges of fiber coupling with blue light. Therefore, I have implemented an entirely
new setup for the blue system, utilizing a commercial grating-based ECDL (Toptica DL
pro HP) with a nominal output power of 100 mW at 399nm. The linewidth is less than
1 MHz and the mode-hop free tuning range extends to about 20 GHz. The complete setup
is illustrated in Figure 4.5. To avoid inefficient fiber coupling, the new system is positioned
on the science table, with the main output beam sent free space to the Zeeman slower.
When we measured the quality of the laser beam in the near field, we observed a ”hole”

in its center. This hole was incidentally imaged with a magnifying telescope to the location

1Or within the required detuning for slower operation.
2Generated by a Yb oven working at ~ 450°
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Figure 4.5.: Scheme of 399 nm laser system including slower, monitor cavity, spec-

spectroscopy

troscopy, and imaging path. An extension distance of 2m is indicated with dashed
lines. Spectroscopy light and imaging light are frequency-shifted via single- and double-
pass AOMs, respectively. The imaging light is coupled into an optical fiber and can

be shuttered via a mechanical shutter.

of the Zeeman slower. To address this, we implemented an extension distance of approx-
imately 2m, as indicated with dashed lines in Figure 4.5. The beam is then collimated
and split into multiple paths for slowing, monitoring, spectroscopy, and imaging, using
polarization beam splitters and \/2 waveplates.

A small portion of the light is coupled into a scanning low-finesse cavity, which serves
as a monitor for the laser’s single-mode behavior. The remaining light is divided into the
spectroscopy and the imaging paths.

The light for spectroscopy passes through a single-pass AOM with an RF-frequency of
—145 MHz before entering the same spectroscopy setup used in the previous configuration.

The imaging light passes through a double-pass AOM with an RF-frequency of 2 x
250 MHz and is then coupled into an optical fiber. For fast switching of the imaging light,
the AOM can be used. Since a small portion of the light passing through an AOM is always
deflected into the first order, a mechanical shutter is additionally employed to completely
block the beam.

4.3.2.1 Frequency Stabilization

For frequency stabilization, we still use the lock-in technique along with a slow PI controller.
However, unlike in the previous setup, we no longer lock to the desired (but very weak)
170y transition. Instead, we now lock to the '"2Yb transition, which is much stronger. To
maintain the same absolute frequencies for the slower and imaging light, the RF-frequencies

of the AOMs are adjusted as described above. With these changes, we are able to increase
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Figure 4.6.: Spectroscopy signal of the 'Sy — Py transition of Yb at 399 nm.
Detunings are relative to the 17*Yb transition and only bosonic isotopes are labeled.
The slower is locked with an offset of 180 MHz relative to the '"2Yb transition.

the usable optical power for the Zeeman slower, as the power required for spectroscopy
is significantly reduced by using a single-pass AOM and a stronger spectroscopy peak. A
typical spectroscopy signal is shown in Figure 4.6. As a result, the new 399nm system
provides about 45mW of usable optical power for the slower operation, representing a
threefold increase compared to the 15 generation setup. This increase facilitates faster
loading of the MOT and, coupled with the intrinsic stability of the laser, results in a much
more stable system that requires fewer adjustments or interventions throughout the day.
Given that a stable MOT is critical for the success of any ultracold atom experiment,
these improvements significantly enhance the overall performance and reliability of the

apparatus.

4.3.3 1°* Generation MOT Laser System

After slowing the Yb atoms in the Zeeman slower, they are directly captured in a narrow-
line (27 - 182kHz) MOT at 556 nm. This light is generated using an amplified fiber laser
at 1112nm, which is frequency-doubled via a periodically poled lithium niobate (PPLN)
waveguide, providing about 200 mW output power at 556 nm. The amplifier is a home-
built fiber amplifier at the edge of the gain spectrum, and the entire light generation setup
is described in detail in [110] and [1].

After leaving the doubling crystal, the light passes an AOM for fast frequency adjustment
and intensity stabilization. A mechanical shutter is employed to completely block the beam.
Finally, the light (~40mW) is coupled into an optical fiber and directed to the science
table.
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Figure 4.7.:  Scheme of the experimental situation for loading of the ODT from
the Yb MOT. By indicates the magnetic zero point where a standard MOT is located.
Here, z9(A) shows the location of the MOT center where the gravitational force is
compensated by the radiation pressure force, see Equation (4.3). The ODT beam is

represented by the two red lines.

Stabilization of the MOT Laser using the MOT Position

This section outlines the frequency stabilization of the MOT laser using a reference cavity,
complemented by an in-situ measurement of the vertical MOT position, which is directly
correlated with the laser detuning (see Section 4.3.3.5). The stability of the vertical MOT
position is essential for efficient loading into the optical dipole trap, making it a criti-
cal factor for the success of subsequent experimental stages. The experimental apparatus
is first introduced in Section 4.3.3.1, followed by a description of the laser setup in Sec-
tion 4.3.3.2. The implementation of the reference cavity and the experimental sequence are
discussed in Section 4.3.3.3 and Section 4.3.3.4, respectively. The stabilization technique
itself is detailed in Section 4.3.3.5, and the results of the 15 generation MOT laser setup
are presented in Section 4.3.3.6. This system was developed and improved later on (see
Section 4.3.4) by the author during the course of the Ph.D. project.

editing.

Reproduced from:

This section has previously appeared in [111] and is reproduced with minor

Active position stabilization of an atomic cloud in a narrow-line magneto-
optical trap using a Raspberry Pi. C. Sillus, T. Franzen, B. Pollklesener, and A.
Gorlitz. Review of Scientific Instruments, 92(3):033204, 2021., with the permission of ATP
Publishing.

4.3.3.1 Experimental Setup

A crucial step during an experimental sequence is the transfer of the Yb atoms from
the MOT operating on the intercombination line into the ODT (see Section 4.3.6) and
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Figure 4.8.: (Left) False color picture of the fluorescence recorded by a Raspberry
Pi camera. (Right) Normalized vertical profile of the density of the MOT. The green
shaded background indicates the range of acceptable positions for transfer into an
ODT while the red line indicates the optimal position of the MOT center.

Inset: Dependence of the vertical MOT position on the frequency detuning from
the atomic resonance. The MOT shifts downwards with increasing absolute value
of the detuning. The red line is a linear fit to the data with a slope of dz/dA =
(223 £ 4) um / (2m-MHz).

Figure 4.7. Figure 4.8 shows a false color picture of the compressed MOT and a plot of
a normalized vertical density distribution. The full width at half maximum (FWHM) of
a typical MOT is (38 £ 1) um, which is comparable to the 1/e diameter of the ODT of
(41 £ 3) um. The ODT loading efficiency vs. MOT position is shown in Figure 4.9 and

emphasizes the required stability for a stable loading performance.

4.3.3.2 Laser Setup

The MOT laser in our experimental setup is a fiber laser (DFB fiber laser module sys-
tem, Koheras Boostik) with a wavelength of 1112nm and a linewidth of 0.1 MHz, which
is amplified by a home-built fiber amplifier and subsequently frequency-doubled in a pe-
riodically poled lithium niobate (PPLN) waveguide to 556 nm [110]. The laser is locked
at the fundamental wavelength via the Pound-Drever-Hall method [112] to a Fabry-Pérot
reference cavity with low-loss mirrors. To avoid temperature and pressure fluctuations,
which lead to changes in the free spectral range (FSR), the cavity is placed inside a vac-

uum chamber which is held at a pressure of 10~7 mbar. The cavity is mounted on a
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Figure 4.9.: ODT loading performance: The MOT position is changed by adjust-
ing the frequency (see inset in Figure 4.8). The green shaded background indicates
the desired loading position. The asymmetric edges of the graph are caused by an
asymmetric MOT shape during ODT loading. The asymmetric shape of the MOT is
due to gravity which not only affects the position of the MOT but also its shape.

temperature-stabilized copper plate. To reduce the sensitivity of the cavity to temperature
fluctuations, the cavity mirrors are glued to a Zerodur spacer with a length of 105 mm and
a thermal expansion coefficient (CTE) of 0 4 0.100 - 10" K~!. The nominal reflectivity
of the cavity mirrors is R = 0.99995, resulting in a cavity linewidth of 25kHz which is
much smaller than the linewidth of the laser and is not limiting the locking performance.
For fine-adjustment of the laser frequency a 200 MHz acousto-optical modulator (AOM) in

double-pass configuration is installed in the beam path before the cavity.

4.3.3.3 Reference Cavity

The temperature of the reference cavity is stabilized using a PID-controller, which controls
the temperature of the copper plate using a negative thermal coefficient (NTC) thermis-
tor as a sensor. For monitoring the actual temperature an additional NTC is attached
directly to the Zerodur spacer inside the vacuum chamber. Direct stabilization of the
spacer temperature is not feasible due to the thermal inertia of the spacer material and
the correspondingly large time constant.

The frequency stability that is required to control the MOT position to 10 um is approx-
imately 50 kHz, equivalent to roughly a quarter of the linewidth of the Yb MOT transition.
This requires that the cavity length has to be stable to within a few pm, which corresponds
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to a temperature stability of around 2 mK. Though the temperature control loop can reach
this stability as measured at the copper cooling plate, a diurnal temperature variation
with an amplitude of 0.5 K between the two temperature sensors is observed, indicating
that the temperature of the reference cavity is drifting. These temperature variations are
attributed to periodic temperature fluctuations in our laboratory which radiatively couple
from the unstabilized vacuum enclosure to the cavity spacer. In addition to the diurnal
variations, we observe a long-term drift of the cavity length, which probably stems from an
aging process of the Zerodur spacer. We determined this drift to be 0.2 MHz per day cor-
responding to a relative length change of % = —3-10"7y !, which is in good agreement
with the results of Riehle et al. [113]. The negative sign indicates that the cavity shrinks.

The temperature variations of the reference cavity lead to a change of the cavity length
and hence the laser frequency, which in turn, affects the position of the MOT. A typical
position drift of the MOT center is shown in the blue curve in Figure 4.12 where a drift of

approx. 0.4mm/h has been observed.

4.3.3.4 Experimental Sequence

The overall goal of our experimental study is the formation of ultracold RbYb molecules
using photoassociation. An Rb and a Yb MOT are prepared in different vacuum chambers
and loaded into ODTs. For the creation of an ultracold atomic mixture both species are
transported into a science chamber using translation stages which move the focusing lenses
of the ODTs. In the science chamber, the traps are merged in a crossed ODT or an optical
lattice. For molecule formation via photoassociation either the Rb D1 transition [48, 114]
or the intercombination line of Yb can be used. The total duration of an experimental
cycle from the start of MOT loading to merging of the two atomic species in the science
chamber is approximately 40 s.

The crucial step of the experimental procedure which is relevant for the stabilization
method described in this manuscript is the loading of Yb atoms from the MOT into the
ODT inside the Yb production chamber. The ODT for Yb consists of a far red-detuned
1064 nm high-power home-built fiber amplifier seeded by an IPG PYL-20M-LP laser. The
trapping beam has a power of approx. 16 W and a 1/e diameter of w = (41 £+ 3) pm.
The method presented here stabilizes the position of the MOT operating on the 1Sy — 3P4
intercombination line of 1"°Yb by acting on the MOT laser frequency. The linewidth of the
intercombination transition is I' = 27 - 182 kHz and its saturation intensity is I, = 0.138
mW /cm?.

A partial scheme of the experimental sequence from the MOT capturing phase to the
ODT loading phase can be seen in Figure 4.10. The atoms are first captured from a Zeeman
slower operating on the 'Sg — Py line (with a linewidth of 27 - 28 MHz). In this loading
phase, the saturation parameter for the upward MOT beam is s = Lup 90, and the

Isat

detuning of the MOT laser from resonance is —10I" . After 20s of loading approximately
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Figure 4.10.: Partial scheme of the experimental loading sequence for Yb: (Top)
Saturation parameter s = % for the vertical MOT laser beam. (Bottom) Frequency
of the MOT laser.

(1) The MOT is loaded for a duration of 20s. (2) The intensity is ramped down to
s = 0.5 in 100 ms, cooling the atoms to T} =~ 30 uK. (3) For thermalization the MOT
is held for 300 ms. In this step the MOT is imaged and subsequently the MOT laser
frequency is adjusted. For efficient loading of the MOT into the ODT, the MOT laser

intensity is ramped down to zero (4).

3+ 107 atoms (Figure 4.10 (1)) are captured in the MOT. For further cooling we ramp
down the intensity to s = 0.5 and lower the magnetic field gradient leading to an atomic
sample with 2 - 107 atoms at a temperature of 30 uK (Figure 4.10 (2)). After this cooling
step, the MOT is held at the final laser parameters for 300 ms (Figure 4.10 (3)) to allow
for complete thermalization. During this thermalization phase, the vertical MOT position
is measured and adjusted as described in the following section. After adjustment of the
MOT position, the Yb atoms are transferred into the ODT by smoothly ramping down
the MOT laser intensity.

4.3.3.5 Stabilization of the MOT Position

The stabilization method reported in this manuscript is based on an extension of the
standard description of a MOT, which includes effects due to the interplay between the
narrow linewidth of the intercombination line and gravity [115, 116]. In the regime of low
scattering rates, i.e. low laser intensities, the MOT does experience a gravitational sag
if the gravitational force becomes comparable to the radiation pressure force of the MOT

beams. The gravitational sag may be derived quantitatively if one considers a situation
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where only the upward MOT beam is interacting with the atoms. The radiation pressure

force on an atom at rest is then given by
- hkI’ s
Fraa = AA ) P
— L Zeemanl\?
Lts b (BoBgpmid)

€z (4.1)

where A is the detuning of the laser from the atomic resonance, k = 27” the wavenumber,

s the saturation parameter of the upward MOT beam and

_ gjmjpupdB;z
B h

the Zeeman shift of the MO transition at position z. Here & is Planck’s constant, dB, the
MOT magnetic field gradient along the z-axis, up Bohr’s magneton, g; the Landé factor

AZeeman(z) (42)

and m; the magnetic quantum number of the excited state. In the case of 170yh, g; = 1.49
and m; = 1.

The MOT center will be located at the position zy where the radiation pressure force

and the gravitational force ﬁg = —mg €, compensate each other leading to
hA '
zZ0 R + R—1)s—1. 4.3
gimjppdB. — 2g;m;updB. ( ) (43)
where R = 37% is the ratio of the maximum radiation pressure force and gravity. For

0¥} this ratio has the value R = 478. In a 3D MOT Equation (4.3) only holds if
I'v1+ s << AZeeman(20), otherwise the interaction with the downward MOT beam has
to be included. Within the validity range of Equation (4.3), the vertical MOT position 2z
depends linearly on the detuning with a slope given by [115]

deo P (4.4)
dA  gymjupdB,
For the experimental situation considered here, where dB, = (20 + 3) G/cm, the theoreti-
cally calculated value is dz/dA = (240 + 32) pum/(27-MHz). The measured MOT position
in our experimental setup is shown in the inset of Figure 4.8 where the red line is a linear
fit to the data with a slope of dz/dA = (223 + 4) pm/(27-MHz). This is in good agreement
with the theoretical value considering the accuracy with which the magnetic field gradient
is known. In addition to the described shift of the position of the MOT center, the influ-
ence of gravity also leads to a distortion of the cloud shape. This can be seen in Figure 4.9
where the loading efficiency of an ODT is shown as a function of the MOT position. The
reason for the observed asymmetry is that the lower edge of the MOT is much sharper
than the top edge.
The frequency dependence of the MOT position as described by Equation (4.3) is used
as means to keep the MOT at the optimal position for loading of the ODT. A scheme of the

complete setup of the active stabilization system is depicted in Figure 4.11. The control
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Figure 4.11.: Scheme of the active MOT position stabilization system: The MOT

laser is prestabilized to a Zerodur cavity using the Pound-Drever-Hall technique to

x2
PPLN

lock the fundamental wavelength at 1112nm. Since it is not possible to tune the
cavity length, a 200 MHz double pass AOM is used to shift the laser frequency to
the desired value. The main part of the infrared light is frequency-doubled by a fiber
coupled PPLN to 556 nm and is sent to the experiment using optical fibers. The
camera takes a picture of the MOT during the thermalization phase (see Figure 4.10)
and the Raspberry Pi is used to automatically determine the required frequency shift
which is then sent to the AOM via a DDS.

loop consists of a Raspberry Pi camera v2, a Raspberry Pi, a direct digital synthesizer (DDS,
AD9910), a radio frequency amplifier, and an AOM. During the thermalization phase (see
Figure 4.10) the camera first takes a fluorescence picture of the MOT. Using the OpenCV
python library the image is integrated horizontally yielding a 1D array from which the
center of gravity is calculated. We confirmed that the center of gravity determined this
way is in excellent agreement with the vertical position of the MOT as measured using
absorption imaging. It should be noted that absorption imaging can only be used for
calibration and is not suitable for the in-situ stabilization scheme due to its destructive
nature. For active stabilization of the vertical MOT position, the required frequency to
shift the MOT to the predefined position for loading of the ODT is calculated by the
Raspberry Pi. This frequency is in turn generated using the DDS and fed to the AOM in
the light path which is used for stabilization of the fundamental light at 1112nm to the
reference cavity. This has the advantage that the light path for the 556 nm MOT light
and hence the fiber coupling is not affected by a change of the laser frequency. The whole
stabilization takes place during the 300 ms thermalization time, so that the position of the

MOT is adjusted for each experimental cycle individually. After the position adjustment,
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Figure 4.12.: Stability of the MOT position with (red line) and without (blue line)
active stabilization: The green shaded background indicates the range over which a
sufficient ODT loading performance can be achieved. Without active stabilization the
MOT is kept in the desired range for only &~ 200s. (Data points are connected by
lines to guide the eye.)

Inset: Loading performance of the ODT with stabilized MOT position as a function

of time. (The data are obtained from a different measurement.)

the MOT can be loaded smoothly into the ODT by ramping the MOT laser intensity to
zero (Figure 4.10, (4)).

For finding the starting point at the beginning of an experimental campaign the temper-
ature of the reference cavity is read out using the PyVisa library and a digital multimeter.
With an empirical relationship between temperature of the reference cavity and MO'T laser
frequency a start value is determined. This step is only needed after alignment changes
or long experimental pauses. The set value for the vertical MOT position is obtained by

determining the maximum loading efficiency of the ODT using a MOT laser frequency
scan.

4.3.3.6 Results

Figure 4.12 shows a comparison of the unstabilized and the actively stabilized vertical
MOT position for a period of 1h. The unstabilized MOT position (blue line) exhibits a
typical linear drift of approx. 0.4 mm/h. By comparison of Figure 4.9 and Figure 4.12 one
can see that without active stabilization a sufficient loading performance can be achieved

for less than 200s, which is on the order of 5 complete experimental cycles. The observed
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drift leads to a fast degradation of the number of atoms in the ODT making systematic
studies of e.g. photoassociation spectroscopy of RbYb almost impossible.

In contrast, the position of the stabilized MOT (red curve in Figure 4.12) stays within
the green shaded background area where optimal loading of the ODT can be achieved.
The few data points outside the shaded area are due to an overcompensation of transient
external perturbations. Even if the position of the MOT is outside the desired region, the
stabilization method is able to return it to the desired value within the next experimental
cycle. As the outliers can be easily identified from the images taken by the stabilization
system, these shots can be excluded from a measurement by post selection. The RMS
deviation of the stabilized MOT position is 7 um if the outliers are excluded. While Fig-
ure 4.12 only shows data taken over an hour to be able to compare the stabilized and the
unstabilized performance directly, the position stabilization system operates reliably over
a whole day without the need to re-locking or manual frequency readjustments. The inset
of Figure 4.12 shows the loading performance from the MOT into the ODT. Except for a
few outliers due to the mentioned overcompensation the number of atoms transferred into
the optical dipole trap is stable to within an RMS deviation of 4%, e.g. (8.6 £ 0.3) - 106
atoms, which is a good starting point for further experiments. To obtain a more accurate
position stability the timing of the MOT image, which currently exhibits a jitter on the
order of 0.1s, would have to be improved since the position of the MOT center slightly
shifts during the thermalization step where the image is taken. This could be achieved by
using a camera capable of accepting a hardware trigger input. Furthermore, fast varying
magnetic background fields, e.g. related to the AC power line, would have to be shielded
or controlled more accurately.

In conclusion, we have developed a stable and reliable stabilization system for the vertical
position of a Yb MOT operating on the intercombination line. This system which stabilizes
the MOT position to 7 um can in principle be adapted to any experiment where external

perturbations lead to fluctuations of the vertical position of a narrow-linewidth MOT.

4.3.4 2" Generation MOT Laser System

Although the system described in the previous subchapter ensures stable frequency stabi-
lization and reliable ODT loading performance, certain challenges still hinder the optimal
operation of our Yb system. Accordingly, I have developed an upgraded version of the
frequency and position stabilization, incorporating improved active and passive stability

measures, which is described in the following.

4.3.4.1 Upgraded Camera

To mitigate the above-mentioned timing jitter on the order of 0.1s, a new camera ( GetCam-
era MER2-503-36U3M ) with a hardware trigger and global shutter has been implemented.
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Figure 4.13.: Scheme of the new Pound-Drever-Hall sideband locking setup. The
monitor signal of the 1112nm fiber amplifier is polarization controlled, fed into a
fiber-coupled EOM and then directed in free space to a Zerodur cavity. The reflected
light is used for PDH-locking. For monitoring the transmission signal and transversal
cavity mode, a photodiode and a camera are installed behind the cavity. The RF
signals are derived from a direct digital synthesizer (for PDH lock) and an ADF4350
PLL synthesizer board (for sidebands). These signals are separately amplified and

combined with a power combiner.

The camera is now triggered by a TTL-signal from the experimental control system. The
delay between the trigger signal and the actual frequency shift of the position stabilization
is now around 10ms. The remaining timing jitter is now primarily determined by the
difference in the runtime of the Python program for image evaluation and calculation of

the desired frequency, and is on the order of 1 ms.

4.3.4.2 Fiber Electro-Optical Modulator

Another drawback of the previous stabilization system was the use of the double-pass AOM
optical path. First, the optical power from the monitor output of the fiber amplifier was
significantly reduced due to inefficient deflection. Additionally, the deflection efficiency
varies with the RF frequency, leading to power fluctuations. As a result, the power be-

fore the cavity was only on the order of 50 uW, which is barely sufficient for effective lock



4.3. Yb System 65

performance. Another issue is that the free-spectral range of the cavity used is 1.42 GHz,
while the typical RF tuning range of an AOM is around 100 Mhz. This discrepancy neces-
sitates frequent modifications of the setup, such as using different AOMs or changing the
deflection order to achieve the correct absolute frequency due to the described constant
drift of the cavity frequency. Lastly, the used free-space electro-optical modulator (EOM)
introduces amplitude modulation, causing a DC offset in the error signal, which shifts the
lock point. The new setup is illustrated in Figure 4.13.

The monitor output of the 1112nm fiber amplifier is now routed through a 50:50 fiber
splitter. One half is directed to a beatnote lock box for frequency stabilization of the pho-
toassociation laser (see Section Section 4.5), while the other half is sent to the stabilization
setup for the MOT laser. Since the amplifier is not polarization-maintaining, the polariza-
tion not well-defined. To address this, a 3-paddle fiber polarization controller is connected
to the fiber. This controller leverages stress-induced birefringence by wrapping the fiber
around three spools, effectively functioning as three independent fractional waveplates to
adjust the polarization for subsequent use.

The monitor output from the 1112nm fiber amplifier is fed into a fiber-based EOM
(JENOPTIK PM1170) with a rise time (10/90) of 0.2 ns, corresponding to a —3 dB band-
width of around 1.75 GHz, and insertion loss of 4.3 dB. This high bandwidth, which exceeds
the FSR of the cavity, allows the system to utilize a sideband locking technique.

4.3.4.3 Radio Frequency Generation

The Pound-Drever-Hall frequency wppy is generated from a JOY-IT JT-PSG9080 dual-
channel programmable function generator with a tuning range of 0.1-80 MHz and ad-
justable phase relationship. The optimum frequency of wppy was empirically found to be
30.85 MHz and the RF power is set to +16 dBm.

The tuning frequency weyne is generated via an ADF/350 frequency synthesizer mounted
on an EVAL-ADF4350EB2Z evaluation board from Analog Devices. The ADF4350 chip
is a fractional-N and integer-N phase-locked loop (PLL) synthesizer covering an output
frequency range of 137.5-4400 MHz and maximum RF output power of +5dBm, which
is amplified by a Mini Circuits ZX60-V83MP-S+ wide band amplifier to +27 dBm. The
evaluation board is connected to the Raspberry Pi via the Serial Peripheral Interface (SPI),
which can then set the desired frequency for the sideband lock.

Subsequently, both RF signals are combined using a Mini Circuits ZFSC-2-372-5+ power
combiner and fed into the EOM for light modulation.

4.3.4.4 Sideband Pound-Drever-Hall Locking

Unlike standard Pound-Drever-Hall locking [117], where the laser frequency is locked di-

rectly to a cavity mode, sideband locking provides the flexibility to stabilize the laser at an
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Figure 4.14.: Signal of sideband locking: The blue data represent the transmission
through the cavity as the laser frequency is scanned, measured with a photodiode. The
transmission signal is primarily used to monitor the cavity’s coupling efficiency. The
peak asymmetry arises from the slow response of the photodiode. The carrier signal
indicates the laser frequency, while the sideband is generated by modulation of the
EOM with a frequency of wiypne. The green data show the dispersive Pound-Drever-Hall
signal measured by the photodiode, which monitors the cavity’s reflection. In addition
to the dispersive signals at the carrier and the sideband, additional dispersive signals

are observed, which are separated from the sideband by wppg.

arbitrary frequency offset relative to the cavity mode. This is achieved by driving the fiber
EOM with an RF frequency wiyne, generating sidebands at wrgser + Wiune. A secondary RF
frequency wppr << Wiune is then applied to modulate these sidebands for PDH-locking.

The cavity transmission signal and the PDH sideband signal are illustrated in Figure 4.14.

This sideband locking approach allows the laser to be locked to any desired frequency
within the range defined by wiyne. However, challenges can arise if the targeted frequency
falls near a higher-order transverse cavity mode, as overlapping signals from multiple side-
bands can interfere with the locking process. This issue is mitigated by locking to a
sideband associated with a neighboring longitudinal cavity mode (n £ 1) and changing the
sign of Wiyne-

The light reflected from the cavity is focused onto a photodiode and subsequently am-
plified. The resulting signal is mixed with the (phase shifted) PDH modulation frequency
wppy to produce the error signal for a PI controller, which regulates the laser’s piezo for
frequency stabilization.

This upgraded setup enables coverage of an entire FSR of the cavity, allowing any desired
wavelength within this range to be accessed. Additionally, the fiber pigtail monitor output

connects seamlessly to the fiber pigtailed EOM, providing a robust and stable system with
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minimal susceptibility to alignment disturbances.

Using the improved setup described above, the optical power available before the cavity
has been increased by a factor of 10, now exceeding 500 uW. This improvement enhances
the locking system’s signal-to-noise ratio and therefore ensures a more reliable and precise

stabilization.

4.3.4.5 Improved Temperature Stabilization of the Reference Cavity

Although the active position stabilization ensures a stable frequency for further experi-
ments, its relatively poor passive stability poses challenges if the stabilization cannot be
used for certain reasons. The active position control is only effective if all preceding steps —
such as MOT loading, Zeeman slowing, compression and cooling — are functioning properly.
This creates a problem if adjustments to these initial steps are needed, as the unstabilized
MOT laser frequency drifts rapidly.

If the MOT laser frequency is actively stabilized during these adjustments, changes in
parameters like the magnetic field gradient cause a vertical shift of the magnetic field zero.
Since the lock system stabilizes the position, it counteracts these shifts, making it nearly
impossible to fine-tune the earlier stages of the Yb MOT for optimal performance.

To address this issue, we designed a new setup aimed at improving the temperature
stabilization of the Zerodur cavity, with precision comparable to the aging process of the
Zerodur spacer, thus improving the passive frequency stability of the MOT laser. This new
system is inspired by the work of [118] and has been adapted to our system, as depicted
in Figure 4.15.

To ensure optimal temperature stability and minimize temperature gradients within the
Zerodur spacer, the new cavity is housed within a copper cylinder, isolated from direct
thermal contact with the copper by two Viton rings. Once the cavity is inserted, the
cylinder is sealed with copper covers on both sides, allowing light to reach the cavity
mirrors through small apertures. This setup thermally decouples the Zerodur from the
copper shield. The cylinder is then mounted on a copper stamp, and the entire setup is
placed inside a vacuum chamber maintained at a pressure of around 10~ mbar.

Temperature stabilization of the entire copper system is achieved using a 10 k{2 negative
temperature coefficient (NTC) thermistor, located at the bottom of the copper stamp,
and a PI controller that regulates the temperature of a Peltier element placed below. To
monitor the ambient temperature of the cavity, which is primarily determined by the copper
shield’s temperature, another NTC thermistor is installed inside of the vacuum chamber
on the shield with an electrical feed-through.

Our laboratory experiences diurnal temperature fluctuations of approximately 1K?3,

which affect the temperature of the vacuum chamber and consequently the radiative cou-

3These fluctuations are strongly influenced by external temperatures, daily weather patterns, and seasonal

variations.
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Figure 4.15.: Scheme of the new cavity system. The Zerodur spacer is placed
inside a copper cylinder and thermally decoupled via Viton rings. The cylinder is
covered by copper covers with small apertures. The cylinder is mounted on a copper
stamp, which is temperature stabilized using a Peltier element. The entire system is
placed inside a vacuum chamber with a pressure of around 10~7 mbar. The vacuum
chamber is housed in a temperature stabilized aluminum box covered from the inside

with polyurethane.

pling to the copper shield. Due to the relatively large distance between the NTC used
for temperature regulation and the cavity itself, temperature gradients develop between
the two points. As a result, the cavity experiences temperature variations despite the

temperature of the NTC being held constant.

To mitigate this, the entire vacuum chamber is enclosed within an aluminum box,
mounted on rubber feet. The aluminum structure also serves as a heat sink for the Peltier
elements, while the inner walls of the box are lined with polyurethane to enhance thermal

insulation and are held at 25°C.
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Figure 4.16.: Left: Vertical position stability for a stabilized (blue) and unstabilized
(red) MOT with the 2"¢ generation setup. Right: Slope of a linear fit to the data,

standard deviation opean and deviation from linear fit oy;y,.

The temperature of this box is monitored by a separate NTC located at the vacuum
chamber, and its temperature is controlled via a PI controller that regulates a Peltier
element with an attached heat sink serving as a radiator. A small fan ensures that the
surrounding air is evenly distributed, preventing the formation of temperature gradients.

The temperature stability inside the box is now £50mK, which is an improvement
by an order of magnitude compared to the average diurnal temperature variation in our
laboratory. The temperature of the copper shield is 24.4°C and remains stable within
+1.5mK*, and we expect the decoupled cavity’s temperature to be even more stable,
as fluctuations faster than the thermal coupling time constant of ~3.65h are effectively

averaged out.

4.3.4.6 Performance of the 2" Generation Yb MOT Laser Stabilization

Figure 4.16 illustrates the stability of the vertical Yb MOT position over a period of 1h,
measured with the new setup. The red curve represents the vertical position of an unsta-
bilized MOT, while the blue curve corresponds to an actively stabilized MOT (see Sec-
tion 4.3.3). The green shaded region, indicating sufficient loading efficiency into the ODT,
remains at 50 pm, as in Figure 4.12. The results, summarized on the right in Figure 4.16,
clearly demonstrate a significant improvement over the previous setup, particularly for the
unstabilized MOT position.

A linear fit to the data reveals a drift of (4.3 +0.3) 5+, marking a reduction by a fac-
tor of ~100. This enhanced passive stability allows for experimental operation and MOT
adjustments without requiring the active stabilization — something that was previously im-
possible. Furthermore, the standard deviation opean = 3.0 wum and the deviation from the
linear fit oy, = 2.6 um are more than halved compared to the previously stabilized mea-

surement of o, q = 7um. This improvement stems from the absence of the active position

4The temperature is measured with the upper NTC in Figure 4.15.
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stabilization, where another camera is used for stabilization as for the data acquisition.
Occasional overshooting of the stabilization mechanism contributed to the larger standard
deviation observed in the 15% generation system.

The MOT position is determined via a fit to the atomic cloud using absorption imaging,
with the effective pixel size of the camera being 20.1 um. Given this limitation, a standard
deviation of 3 um approaches the measurement resolution limit. It is worth noting that
the unstabilized MOT position measurements were taken on a relatively calm day, without
significant temperature fluctuations. Under different conditions, the drift could be slightly
larger, potentially requiring slow active stabilization or manual frequency adjustments
throughout the day.

The new active position stabilization system, featuring a hardware-triggered camera,
also exhibits slight improvements over the previous one. The standard deviation is reduced
to 5.4 um and outliers caused by overcompensation are effectively eliminated. Since the
measurements approach the resolution limit, the slightly higher standard deviation in the
active stabilization case likely arises from discrepancies in position determination between
the two cameras. Even small variations in the center of gravity calculation can induce laser
frequency shifts during a crucial stage of MOT preparation, despite the frequency being
more stable during an experimental sequence.

Assuming short-term laser frequency fluctuations are smaller than position determina-
tion uncertainties, this issue could be mitigated by calculating the desired frequency and
applying adjustments only in subsequent experimental runs.

The newly developed stabilization system ensures reliable MOT performance, even dur-
ing early-stage adjustments. Additionally, the implementation of a broadband fiber EOM
reduces maintenance requirements, as it covers an entire free spectral range of the stabi-

lization cavity.

4.3.5 Yb MOT Setup

The Yb MOT setup on the science table is depicted in Figure 4.17. The slowing light (blue)
enters through the slower viewport and is focused on the oven’s aperture. To prevent Yb
deposition, the viewport is heated to 230 °C, and a compensation coil is located in front.
The polarization of the slower beam is adjusted via a A\/4 waveplate placed before the
chamber.

The MOT light (green) is collimated using achromatic doublets, and its polarization
is cleaned with a PBS. A logarithmic photodiode monitors the transmission through the
first mirror, enabling active intensity stabilization of the MOT beams. The beams are
split into three parts and distributed orthogonally within the vacuum chamber. Circular
polarization is achieved using \/4 waveplates positioned before each viewport.

Due to the relatively low optical density of the Yb MOT, the beams are retro-reflected

by mirrors placed behind the chamber, with orthogonal polarization ensured by a A/4
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Figure 4.17.: Scheme of the Yb MOT setup at the science table. The MOT
beams (green) are split by a polarization beam splitter and retro-reflected behind the
chamber. Slower beam and imaging light are indicated in blue. The ODT beam
(red) has a focus in the center of the vacuum chamber. Two coils for magnetic field

manipulation are positioned at the viewports.

waveplate.

Both the imaging light and green fluorescence exit the chamber through the same view-
port and are captured by a UK-1117 camera and the Raspberry Pi camera v2 (see Sec-
tion 4.3.3) (or the later GetCamera MER2-503-36U3M, see Section 4.3.4.1).

4.3.6 Optical Tweezer for Ytterbium

The optical dipole trap setup for Yb, illustrated in Figure 4.17, is similar to the one for Rb,
but with a few modifications. The trapping light is produced by a self-built high-power
fiber amplifier, delivering up to 30 W at 1064 nm. This amplifier, constructed by Bastian,
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is thoroughly detailed in his thesis [2]. It is seeded with the same spectrally multi-mode
IPG PYL-20M-LP laser employed in the Rb ODT system.

As in the Rb setup, the amplifier output is collimated, expanded and subsequently
focused using a lens mounted on an identical translation stage (Aerotech ABL1500). For
Yb, a lens with a focal length of f = 1000mm is used, compensating for the increased
distance between the lens and the center of the vacuum chamber compared to the Rb
system. The resulting focus has a 1/e diameter of (41 + 3) um?®.

Fast switching and intensity stabilization of the ODT are achieved using an AOM ( Gooch
& Housego 3080-198) operating at a center frequency of 80 MHz. Unlike in the Rb sys-
tem, the AOM’s driving frequency can also be dynamically shifted and modulated. This
frequency is generated via a voltage-controlled oscillator (VCO) and amplified using a self-
built RF amplifier. Adjusting the VCO’s DC voltage alters the driving frequency, thereby
modifying the deflection angle of the first-order diffracted beam®. This allows the horizon-
tal position of the ODT to be shifted by several hundred micrometers within the vacuum
chamber.

In addition to the DC offset, the RF frequency applied to the AOM can be modulated,
which alters the beam profile and, consequently, the trap geometry. When the frequency
modulation exceeds the trap frequencies, the atoms experience a time-averaged potential.
For beam shape modulation, we apply the function described in [119], specifically designed
to generate a harmonic potential”. The modulation waveform, produced by an arbitrary
waveform generator, controls the VCO’s input voltage. Both the modulation waveform

and the corresponding beam shape are illustrated in Figure 4.188.

4.3.7 New Optical Tweezer for Ytterbium

Unfortunately, we observed a decline in the loading efficiency from the MOT to the optical
dipole trap, likely due to a defective outcoupling isolator. This resulted in an increased
beam waist (1/e diameter) of up to ~200 pm. A magnification of a factor of five in beam
diameter leads to a reduction of a factor of 25 in potential depth, which was no longer deep
enough for efficient trapping of Yb atoms.

To address this issue, we constructed a new fiber amplifier capable of delivering up
to 50 W of optical output power without an outcoupling isolator. This amplifier closely
resembles the previous 30 W design [2] and will be described in detail in the thesis of the
new Ph.D. student Arne Kallweit.

5Note that the beam shape illustrated in Figure 4.18 is measured with the new Yb ODT beam.
5This adjustment is possible because the beam is collimated rather than focused within the AOM crystal.

Focusing the beam in the AOM would project the focus directly onto the atom’s position.

"This holds if the beam waist is significantly smaller than the modulation depth. In practice, the potential
results from a convolution of the harmonic modulation with the Gaussian beam profile.

8Note that the beam profiles in c) and d) are measured with the new Yb ODT.
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Figure 4.18.: Scheme of the beam shape modulation of the Yb ODT laser beam. a)
shows the ’onion’-shaped modulation of the AOM frequency. b) shows a histogram of

Af from a), representing the time-averaged beam shape for an ideal point-like beam.

c¢) shows the measured beam profile of the new ODT beam without (left) and with

(right) modulation, along with the corresponding 1/e diameters.

The beam is outcoupled using a Castech HPCOL-N-50-0-1064-C-6-A49 expanded beam

collimator, producing a beam diameter of (6 + 0.5) mm, which is subsequently reduced to

2mm. The remaining optical path remains unchanged from the previous ODT configura-

tion.

With this new amplifier and collimator, the beam waist (1/e diameter) at the focus is

now ~ 70 um, providing a sufficiently deep potential well of around 300 uK for efficient

trapping and transport of Yb atoms.

4.4 Lattice Laser System

In this chapter, I will provide a brief overview of the lattice laser setup for the optical lattice,

which can be used to create 1, 2, and 3-dimensional lattice configurations. The lattice

consists of three orthogonal beams originating from the same laser source. These beams
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are retro-reflected behind the chamber, creating a standing-wave interference pattern that
serves as the optical lattice.

The lattice light is generated by an Innolight Mephisto Nd:Yag non-planar ring oscillator
(NPRO) laser and subsequently amplified using a self-built fiber amplifier. As with the
ODTs, the operating wavelength is 1064 nm. To establish a stable optical lattice with a
standing-wave interference pattern with retro-reflected laser beams, the laser’s coherence
length must be significantly larger than the optical path length. With a spectral linewidth
of less than 3kHz, the seed laser achieves a coherence length of over 30 km, which is well
above the required threshold.

The seed laser is amplified in a self-built fiber amplifier, developed in the scope of [120].
While the principle is the same as for the ODT amplifiers, for small-linewidth lasers special
attention must be paid to stimulated Brillouin scattering (SBS) [121], which limits the
output power in our case to 6 W. Further amplification could be achieved using a double-
stage amplifier.

Since an optical lattice relies on precisely aligned retro-reflected beams, optical feedback
into the amplifier poses a potential issue. To address this, the output passes through a
double-stage isolation before being coupled out onto an optical table for further manipu-
lation.

The light is then split into three separate paths using PBS cubes and each beam is con-
trolled by an AOM for intensity stabilization and switching. The VCO driving frequencies
are set to distinct values with a minimal separation of 2 MHz. This frequency separation
ensures that any interference effects between the beams are time-averaged over timescales
much faster than the trap frequencies.

The beams are then coupled into single-mode fibers and routed to the science chamber.
There, the beams are focused to ~ 100 um and retro-reflected using cat-eye setups, which
offers greater stability against alignment shifts. The transmission through these retro-
reflectors is monitored via photodiodes, providing feedback for active intensity stabilization.
Depending on how many standing waves are operated simultaneously 1- to 3-dimensional

optical lattices can be produced in the experiment.

4.5 Photoassociation Laser System

For the investigation of (weakly) bound molecular states (see Section 2.4), a photoassocia-
tion laser system with precise frequency stability is needed. This laser setup is illustrated
in Figure 4.20. Since we perform photoassociation near the 3P; + 281/2 asymptote of
RbYb*, the Yb MOT laser serves as perfect reference for stabilization of the PA laser.
This chapter will describe the laser system as well as the frequency stabilization for both
the first photon and the second photon and is also explained in [1] and [2]. A schematic
overview of the relevant PA and MOT laser frequencies is shown in Figure 4.19. The MOT
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Figure 4.19.: Scheme of the photoassociation and MOT laser frequencies with their

relative detunings.

laser frequency fyror serves as a stable reference for a beatnote lock of the free-bound
laser (see Section 4.5.2), which is always red-detuned relative to the MOT frequency. The
bound-bound laser frequency fpp is derived via an AOM or EOM operating at fionrr/pom
(see Section 4.5.3) and can be tuned either red- or blue-detuned with respect to the MOT

frequency, depending on the targeted molecular bound state.

4.5.1 Free-Bound Laser

The light required for 1-photon PA at the intercombination line is generated by a commer-
cial frequency-doubled fiber laser/amplifier system from Menlo, as described in [122], and
was implemented into the experiment as part of [123]. The setup consists of a seed fiber
laser module (NKT Koheras BASIK), which is amplified in a fiber amplifier! and subse-
quently frequency-doubled using an NTT PPLN waveguide module, similar to the one used
for the MOT laser. At the time of delivery, the system provided up to 16 mW of output
power at 556 nm, but over time, a gradual decline in power was observed. Eventually, the

output dropped below 1 mW, necessitating modifications to the laser system:

e Replacement of the defective pump diode in the seed module with a PM fiber
coupled distributed Bragg reflection (DBR) pump diode at 976 nm (Telebrook 3SP
3CN01794DA).

e Repair of faulty temperature control of the heated active fiber in the amplifier.
e Repair of the temperature control for the PPLN waveguide module.

e Realignment of graded-index (GRIN) lenses for in- and out coupling to PPLN waveg-

uide.

!The amplifier operates with a heated active fiber, similar to our MOT laser [110].
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Figure 4.20.: Scheme of the photoassociation laser system. The upper part shows
the 556 nm optical path for the first and the second photon, respectively. The lower
part shows the frequency stabilization of the fundamental monitor output via a beat-

note lock.

After these modifications, the laser system now delivers an output power of ~10mW.
The 556 nm light is coupled out via a single-mode PM fiber onto an optical breadboard
(upper part of Figure 4.20), while a portion of the fundamental light is extracted as a
monitor signal for frequency stabilization (lower part of Figure 4.20). For intensity control,
frequency shifting, and shuttering, the beam is sent through an AOM and a mechanical

shutter before being coupled into an optical fiber for delivery to the science chamber.

4.5.2 Frequency Stabilization

A detailed explanation of frequency stabilization via beatnote locks can be found in [1].
Since the detuning of the two least bound states in the excited 3Py + 25, /2 potential of
RbYb* from the intercombination transition of Yb is expected to be smaller than 10 GHz,
the PA laser can be frequency stabilized via the beatnote-lock technique, similar to the
Rb repumper lasers (see Section 4.2.2). The lock setup is illustrated in the lower part of
Figure 4.20.
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The monitor outputs of both the MOT laser and the PA laser are combined via a
50:50 fused fiber coupler and then sent to a small formfactor pluggable SFP+ Finisar
FTLF1429P3BCE photodiode module with a bandwidth of > 12 GHz. This module in-
cludes a limiting amplifier, which provides a stable output signal at —6 dBm. The beatnote
signal is then passed through a bandpass filter? and subsequently amplified. The amplified
signal is then fed into the VCOin port of an ADF/159 PPL board, which operates within
a frequency range of 0.5-13 GHz. This PLL board generates an error signal proportional
to the frequency difference between the beatnote signal and the set frequency. A typical PI
controller processes this error signal and adjusts the laser piezo for frequency stabilization.

With these components, we can stabilize the PA laser at frequency offsets of ~13 GHz
with respect to the MOT frequency. Since the fundamental laser output at 1112 nm is used
for the lock, the effective PA frequency range is doubled. The locking range can be further
improved using high-end photo detectors and PLL boards, extending up to ~ 30 GHz or
by implementing a frequency comb, which allows for arbitrary frequency offsets.

For beam adjustments and calibration purposes, it is useful to be able to achieve zero
PA detuning relative to the MOT beam. This is realized using appropriate AOMs before
the frequency lock.

4.5.3 Bound-Bound Laser

While the first photon bridges the unknown frequency gap from the unbound scattering
state to the electronically excited state of the RbYb* molecule, the second photon probes
the ground-state potential and has to be blue-shifted with respect to the free-bound photon.
Since the binding energies of the least bound states of the ground-state potential have been
measured in previous works [50, 124] (see Chapter 3), the search range for these states
is significantly reduced. Depending on the required detuning, various methods for light
generation can be employed, each precisely tailored to the specific detuning’s needs, as
described in this chapter.

For coherent two-photon processes such as STIRAP and dark resonance spectroscopy,
minimizing the relative linewidth of both laser sources is crucial. For small detunings, this
can be achieved by frequency shifting or modulating the PA laser with AOMs or EOMs. For
detunings exceeding the GHz range, a second laser — ideally phase-locked to the free-bound

laser — must be used.

4.5.3.1 AOM for Av = -1

The least bound state has a binding energy of K = —h - 102 MHz, making it an ideal
frequency gap for the use of AOMs. The optical setup for this purpose is illustrated in

2The used filters have a bandwidth of ~ 1 GHz and are exchanged depending on the desired frequency

range.
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Figure 4.20. A portion of the PA laser beam is split via a PBS, sent through an AOM,

and then recombined with the main beam using a second PBS3.

The frequency shifts of the two AOMs are chosen such that A fyan1 — A fpatn2 = E/h,
i.e. that path 1 drives the bound-bound transition while path 2 addresses the free-bound
transition. Since both paths originate from the same laser, the relative linewidth is deter-

mined solely by the RF sources, allowing for exceptionally narrow linewidths.

Moreover, using two AOMs enables independent intensity control for each path, which

is particularly relevant for future experiments using STIRAP.

4.5.3.2 EOM for Av = -2

Since the frequency gap achievable with AOMs is limited to a few hundred MHz, addressing
the second least bound state at Eg = —h - 1018 MHz requires an alternative approach. A
relatively simple and cost-effective solution is the use of an EOM to generate sidebands
at Afgonm = Ep/h. This method offers the advantage of reducing the relative linewidth,
as it depends only on a single RF source. However, a major drawback is the inability to
independently control the intensities of the sidebands and the carriers. As a result, this
technique is suitable for photoassociation spectroscopy but not for STIRAP. Additionally,
besides the desired first-order sideband, higher-order sidebands are inevitably produced,
reducing the usable power in the first order and potentially interfering with other atomic

or molecular transitions.

For this reason, instead of using an expensive fiber-coupled EOM with GHz-range mod-
ulation bandwidths, we designed a free-space phase modulator setup. To achieve the
required efficiency for the first-order sideband, a voltage of 100V (corresponding to 200 W
at 50 Q) would be needed, which is impractical for GHz-range frequencies. To overcome
this limitation, our setup is based on a split-ring resonator [125]. A hollow conductive
cylinder (made of copper foil) is split, and the EOM crystal is inserted into the resulting
gap. The cylinder acts as an inductance, while the crystal-filled gap forms a capacitance,
together creating a resonant circuit. The resonance frequency depends on the cylinder’s
radius and can be fine-tuned via inserting magnetic or dielectric materials. The RF signal

is coupled via a single-loop antenna.

With this setup and a driving power of 1 W, we achieve ~20% of the optical power in
the first-order sidebands at 1018 MHz, with a tuning range of ~60MHz. Tobias gives a

detailed explanation of this setup in his thesis [1].
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Figure 4.21.: Scheme of the science chamber and the surrounding optical paths.
Bottom: Top view of the chamber including horizontal imaging, crossed optical dipole
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stage.

4.6 The Science Chamber

The heart of the experiment, where all previously explained setups join together and the
physics is done, is the science chamber, which is illustrated, including all optical paths, in

Figure 4.21. Since the setup is extensively explained in [1] and [2], I will only give a brief

overview of the experimental setup.

3Note that the laser polarizations become orthogonal after recombination. If the same polarization is
required, the transmission through a PBS at the science chamber can be used, though at the cost of

usable intensity.
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4.6.1 Crossed Optical Dipole Traps

To achieve high phase-space density (PSD) and efficient evaporative cooling of both Rb
and Yb samples, two crossed optical dipole traps (CODT) are utilized. A CODT (see
Section 2.3.5.2) consists of the ODT beam, which transports the atoms to the science
chamber, and an intersecting beam. To avoid interference and overlap between the beams
corresponding to the different atomic species, the CODTs for Rb and Yb are positioned in

horizontal planes with a vertical displacement.

4.6.1.1 Rb CODT

The Rb CODT is created by folding the ODT beam behind the chamber and directing it
through another viewport. During the loading and transport of Rb with the ODT, the
beam is blocked using a flip mirror mounted on a servo, preventing unwanted interference
during transport. The beam is then directed through an AOM for intensity control and, as
in the Yb ODT setup, to shift the horizontal position of the crossing. Interference between
the two beams is avoided by rotating the polarization by 90 ° with a A/2 waveplate and
selecting the appropriate AOM driving frequency!. Finally, the beam (40 % of the ODT’s

power) is focused to ~ 100 um at the center of the science chamber.

4.6.1.2 Yb CODT

Unlike the Rb setup, the Yb CODT is formed from the ODT and a second independent
laser source. This laser is a self-built fiber laser /amplifier system that generates up to 30 W
non-polarized light at 1064 nm, as described in detail in [2]. The use of an independent
laser source allows for higher power in the crossing beam, independent intensity control
and eliminates interference effects due to the lack of coherence between both lasers.

As with the Rb CODT, an AOM is employed for intensity control and horizontal shifting
of the crossing. The beam is then focused to 100 um and directed to the center of the science
chamber.

Unfortunately, the power of the amplifier dropped to 10 W, which is still enough for the
merging sequence, but prevents a stable production of an Yb Bose-Einstein condensate
(see Section 4.9.2). We assume a defective output isolator or an aged splice within the

amplifier.

4.6.2 Optical Lattice and Lattice Elevator

To enhance photoassociation efficiency, an optical lattice plays a crucial role in later stages

of the experiment. The light generation for the optical lattice is explained in Section 4.4

The modes of the seed laser are separated by 4 MHz, and interference between closely spaced modes can
reduce the lifetime of the CODT.
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and was developed and integrated into the experiment as part of the works of [120, 127]
and is thus only briefly described here.

The orthogonal lattice beams are focused to waists of 100 um, re-collimated and retro-
reflected behind the chamber. The reflected beam is then refocused to 100 pm.

Given that both CODTs have a vertical offset, it becomes necessary to bring them
into the same vertical plane at later stages of the experiment. This is achieved by using
the vertical lattice arm (lattice 1) as an elevator. For this purpose, the retro-reflecting
mirror is mounted on a DC-driven servo translation stage (Thorlabs DDSM100), capable
of a translation distance of up to 100mm. As the retro-reflector is translated, the optical
standing wave is also moved, resulting in a translation of the lattice sites. Since the
confinement is much stronger in the axial direction compared to a single-beam ODT, it is

possible to elevate the Rb atoms by several millimeters in the vertical direction.

4.6.3 Photoassociation Lasers

Since photoassociation is possible near the D1 line of Rb (at 795 nm) and near the intercom-
bination line of Yb (at 556 nm), both paths are integrated into the setup. They originate
from independent single-mode fibers, with their polarizations cleaned using waveplates and
PBS. Using additional retardation plates, the polarization of the PA lasers can be adjusted
to address polarization-sensitive transitions. Both lasers are then overlapped and focused
onto the center of the science chamber. The resulting beam waists (1/e diameter) are
0.16 mm (556 nm) and 0.99 mm (795 nm).

4.7 Imaging of Ultracold Atoms

Almost all of our data consist of images of atomic samples taken via absorption imaging,
from which relevant information is extracted using nonlinear fitting.

Absorption imaging is a straightforward yet destructive method for visualizing atomic
samples. The atoms are illuminated by a resonant beam (tuned to the cycling transition)
with a large beam diameter, and the remaining light is captured by a camera equipped
with an imaging system. To determine the column density of an atomic cloud, three
images are recorded: an absorption image (I,ps) with both atoms and light present, a
bright image (Iprignt) With only the imaging light, and a dark image (I4qr,) Wwith neither
light nor atoms. The dark image is subtracted from the other two to correct for residual
light and the camera’s dark current. Using these processed images and the absorption
cross-section oqps = 3A2/(27), the pixel-wise column density along the imaging axis (z) is

calculated as follows:

1 Typs — 1
n(w.y) = [y, 2)dz = Ly etk (4.5)
Oabs Ibright — Lgark
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Images are typically taken after a time-of-flight (TOF) expansion of typically 0.1-20 ms,
during which all trapping and cooling lasers are switched off, allowing the atomic sample
to expand freely.

The atom number, particularly crucial for trap-loss spectroscopy, is determined by in-
tegrating n(z,y). To further analyze the atomic sample, density profiles are fitted to the
measured distributions. For a thermal cloud, this profile follows a 2D Gaussian distribu-
tion, while for a degenerate quantum gas, a bimodal combination consisting of a thermal
and a Thomas-Fermi distribution is used [128]. These fits provide information about the
sample’s spatial width, and together with the temperature, which can be determined via a
series of images with different TOFs (TOF series) or the knowledge of the trap frequency,
we now have the necessary information of our atomic samples for optimization and data

acquisition.

4.7.1 Imaging System

The imaging system at the science chamber, depicted in Figure 4.21, consists of two cam-
eras. The horizontal plane is imaged by a cooled CCD camera (Apogee Ascent A185),

L Tt features an effective pixel size of

which can capture images of both atomic species
7.2um and a chip size of 10 x 8 mm. To facilitate long TOF series, the longer axis is
orientated vertically, with the zero TOF position of the atoms aligned near the top of the
chip.

The imaging lens system is designed to minimize chromatic aberrations and is based
on broadband-coated achromatic doublets. However, a slight focal shift between different
wavelengths remains, which must be considered when aligning the CODTs to the same
position.

The second camera, aligned along the vertical axis, is primarily used for imaging Rb
but can also be utilized for Yb, especially for CODT alignment. This camera (ABS UK-
1117) is a simpler CCD model with an effective pixel size of 8.3 um and a chip size of
7.48 x 6.15 mm.

4.8 Experimental Control System

The experimental control system is based on Cicero Word Generator and Atticus Server,
developed by [129], which manage multiple analog and digital (TTL) output channels
provided by National Instruments 10 boards. Additionally, various devices are controlled
via GPIB, TCP/IP and USB interfaces. The computer architecture for the experimental

control, the database and visualization is illustrated in Figure 4.221.

'To prevent unwanted non-resonant background light, the imaging light for the non-imaged species is
blocked.
!Note that our computers are named after (semi-)successful German soccer clubs for historical reasons.
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Figure 4.22.: Scheme of the experimental control. Computer for digital and analog

signal generation, timing, data acquisition and visualization are shown.

Experimental sequences are created using the graphical user interface Clicero, running on
1860Muenchen. Here, each output channel can be configured and experimental sequences
with varying parameters can be generated.

The actual execution of output signals is handled by synchronized Atticus servers. The
first computer, Fortuna, located in the laser room, is equipped with a digital PCI-6229
and an analog PCle-6738 10 board, providing 32 digital and 32 analog output channels
with a resolution of 16 bit (—10-10V). The PCle-6738 board also supplies the experiment’s
sample clock, operating at a clock rate of 20 kHz.

The second computer, TSG, is situated at the science table and features a digital PCI-
6229 along with an older analog PCI-6723 board. Although its analog resolution is only
13 bit, it remains sufficient for our purposes. TSG also controls the translation stages for
optical transport and the Rb microwave systems.

FClIngolstadt manages the ADF/159 boards, responsible for beatnote locking and fre-
quency sweeping of the PA lasers.

The translation stage for the lattice elevator has its own hardware trigger and the Rasp-
berry Pi for active position stabilization (see Section 4.3.3) is triggered in the old version
only with software. Since the new camera is equipped with a hardware trigger, a digital

TTL signal is used in the new experiments.
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While the IO board outputs are hardware based and time synchronized, commands sent
via GPIB, TCP/IP and USB rely on software, introducing timing inaccuracies. To mitigate
this, digital triggers are used whenever possible.

As our data acquisition relies on absorption imaging of atomic clouds, dedicated imaging
computers are required. KFCUerdingen handles both cameras for the production cham-
bers and the vertical imaging in the science chamber, while Lokomotive is responsible for
horizontal imaging in the science chamber. The use of two separate computers is solely due
to practical reasons. The cameras are controlled by an ancient LabView program, which
also handles data storage.

The collected image data are processed by the data server Uefa, which records the data
alongside the Runlog in a database. A web interface provides real-time visualizations and
basic fitting of these data.

4.9 Preparation of an Ultracold Atomic Mixture

This chapter describes the preparation of ultracold Rb and Yb samples, as well as their
combination in a crossed optical dipole trap (CODT). It covers the simultaneous yet spa-
tially separated preparation of ultracold Rb (see Section 4.9.1) and Yb (see Section 4.9.2),
their transport into the science chamber, further evaporative cooling in crossed optical
dipole traps and the final merging in a single CODT (see Section 4.9.3). Since these
steps were optimized together with Tobias and Bastian and are described in detail in their

theses [1, 2], I will only summarize the key aspects here.

4.9.1 Rubidium

The preparation of ultracold Rb samples follows standard procedures used in many exper-
iments with ultracold alkali atoms. Hot Rb atoms emerging from the oven are slowed by a
Zeeman slower and captured in a (dark spot) MOT. From there, they are transferred into a
magnetic quadrupole trap before being loaded into an optical dipole trap and transported
to the science chamber. Further evaporative cooling in a crossed optical dipole trap leads

to the formation of a Bose-Einstein condensate (BEC).

4.9.1.1 Bright MOT

Zeeman-slowed 8"Rb atoms are cooled and trapped in a standard magneto-optical trap
(MOT) operating at the D2 line at 780 nm! using a detuning of —3T and a magnetic field
gradient of 15 G /cm. Within a loading time of 8s, we achieve approximately 5 - 109 atoms

at a temperature of ~1mK.

"With a linewidth of v = 27 - 5.7 MHz and Doppler temperature Tp = 146 puK.



4.9. Preparation of an Ultracold Atomic Mixture 85

4.9.1.2 Dark Spot MOT

To efficiently load atoms from the MOT into the quadrupole magnetic trap (MT), the
density must be increased, and the spatial extent must be matched to the size of the
MT. This is achieved by compressing the MOT by linearly increasing the magnetic field
gradient to 44 G/cm in 30 ms. Simultaneously increasing the detuning to —9T" reduces the
scattering rate and enhances cooling via Sisyphus sub-Doppler cooling [5].

During this compression, the repumper light in the MOT laser beams is switched off
and the dark spot repumper is activated, creating a repumper-free region at the trap
center. Within this dark region, Rb atoms enter the |F = 1) hyperfine state through
off-resonant excitation, where they no longer interact with the MOT light operating on
the |F' = 2) — |F' = 3) transition. As a result, the atomic density at the trap center
significantly increases. Atoms leaving the dark region are optically pumped back into the
cycling transition and can be recaptured.

The compressed dark spot MOT reaches a temperature of about 100 uK and good overlap
with the subsequent MT.

4.9.1.3 Quadrupole Trap and forced evaporative Cooling

For efficient transfer to the optical dipole trap, the atomic sample must be further
cooled. This is achieved through forced microwave evaporation in a conservative mag-
netic quadrupole trap.

Since the magnetic field gradient in the dark spot MOT is already sufficient for trapping
Rb, the MT is primarily loaded with atoms in the |F' = 1) manifold. Within this trap,
only atoms in the |F' = 1, mp = —1) state remain confined, while atoms in the other states
are lost.

After switching off all laser beams, the magnetic field gradient is exponentially increased
to 290 G/cm over 1s using the same coils as the MOT. This results in adiabatic compres-
sion [130], yielding a sample of ~ 110 atoms at 0.5 mK.

To ensure efficient loading into the ODT, the temperature of the magnetically trapped
atoms must be reduced below 50 uK. This is accomplished via forced microwave evapora-
tion [131], by driving the hyperfine transition from the trapped |F' = 1, mp = —1) state to
the untrapped |F' = 2, mp = —2) state using microwave radiation.

The evaporation begins with a detuning of 120 MHz and is linearly ramped down to
20 MHz over 3.2s, which ends up into a Rb cloud of 1.2 - 10® atoms at 40 uK. Evaporation
to even lower temperatures is prevented by Majorana flip losses [132], occurring in simple
quadrupole traps. These losses could be mitigated using a magnetic offset field at the trap
center generated in different trap geometries [133] or a hybrid trap [134]. However, in our
case, this is unnecessary, as a sufficient number of atoms can already be transferred into

the ODT at the temperatures reached in the magnetic quadrupole trap. The ODT is kept
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Figure 4.23.: Motion profile for transporting Rb atoms in the ODT from the
production chamber to the science chamber. The Yb transport follows a similar profile

with slightly adjusted parameters. Taken from [2].

on at 6 W during microwave evaporation?.

4.9.1.4 Optical Dipole Trap for Rb

The transfer from the magnetic trap (MT) to the optical dipole trap (ODT) is achieved by
smoothly ramping down the MT over 1s while simultaneously increasing the ODT power
to its maximum value of 16 W3. This process allows for an adiabatic expansion of the MT,
improving mode matching with the ODT and facilitating additional evaporative cooling.
As a result, we obtain ~ 7107 atoms at 30 uK, with a lifetime of ~30s in the production
chamber.

Once the atoms are successfully transferred into the ODT, they are transported to the
science chamber by translating the ODTs focus over a distance of 450 mm, following a
minimum-jerk motion profile, as illustrated in Figure 4.23. Due to the relatively small axial
trap frequency of ~ 27 - 4 Hz, the transport duration is limited to 3s — still significantly
shorter than the lifetime in the production chamber. Finally, 3 - 107 atoms at 21 uK and a

2The laser remains on to minimize thermal lensing effects, but its power is reduced to prevent trapping
of atoms in the |F = 2, mp = —2) state.
3This is the laser power at the position of the atoms and is therefore lower than the 30 W mentioned

earlier.
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Figure 4.24.: Evaporation to quantum degeneracy of 8’Rb in a crossed optical
dipole trap. The upper section displays false-color absorption images of the atomic
sample with a time-of-flight of 30 ms. During evaporation, the initially round thermal
cloud transitions into an anisotropic shape. The lower section presents a bimodal fit
of the cloud’s optical density, where the green fit represents the thermal (Gaussian)

component, and the orange fit corresponds to the condensed fraction. Data from [2].

lifetime of ~ 45s?* arrive in the science chamber.

4.9.1.5 Crossed Optical Dipole Trap and Quantum Degeneracy

Since the axial confinement of a single-beam ODT is inherently weak, limiting the efficiency
of evaporative cooling, a CODT is implemented upon arrival in the science chamber.

To transition from the single-beam ODT to the CODT, the power of the crossing beam
is increased following a cubic ramp over 0.2s, while the power of the original ODT beam
is simultaneously reduced to 10 W.

Evaporative cooling in the CODT is performed by gradually ramping down the ODT
power (and consequently the folded CODT beam power) according to:

P(t) = Ry <1 + j) - (4.6)

following the approach outlined in [135]. The optimal time constant 7 = 6s was deter-
mined experimentally. To achieve different final temperatures of the Rb sample, the total

evaporation time is adjusted accordingly. A typical evaporation sequence for different final

4The lifetime is pressure-limited and corresponds to the pressure of < 1-10~!! mbar displayed at the ion
getter pump controller for the science chamber.
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Figure 4.25.: Phase-space density trajectory for the cooling and transport steps for

Rb during one experimental sequence. Taken from [2].

CODT powers is shown in Figure 4.24. After evaporation, the trap is held at the final
power for 0.5s to allow full thermalization of the sample. False-color absorption images
of the Rb cloud visualize the optical density (OD), where a bimodal fit to the OD data
reveals the fraction of Bose-Einstein condensed and thermal atoms. Finally, we achieve the
creation of a pure BEC containing 2.5 - 10° atoms.

The atom number and corresponding phase-space density throughout the entire cooling

and transport sequence are shown in the phase-space density trajectory in Figure 4.25.

4.9.2 Ytterbium

The Yb cooling sequence is similar to that of Rb, with some modifications due to its atomic
properties: As with Rb, Yb atoms are evaporated in an atomic oven, slowed using a Zeeman
slower and captured in a magneto-optical trap. The MOT is then compressed, and the
atoms are transferred into an ODT before being transported to the science chamber. There,
a crossed optical dipole trap provides further confinement, and forced evaporative cooling

leads to the formation of a Bose-Einstein condensate.

4.9.2.1 Yb MOT

Unlike in Rb, where both the slowing and the MOT beams drive the same D2-transition, Yb
utilizes two separate transitions: the broad 'Sy — Py (A = 399nm and T' = 27 - 28 MHz)
for slowing and the narrow — spin-forbidden — intercombination transition (180 - 3P1) for
the MOT beams. The narrow linewidth of I' = 27 - 182 kHz at 556 nm results in a Doppler

temperature of Tp = 4.4 uK, which is crucial for Yb since its ground state is non-magnetic.
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Consequently, magnetic trapping is not possible and the ODT must be loaded directly from
the MOT®.
The full implementation of the narrow-linewidth Yb MOT is detailed in Section 4.3.3,

so only key aspects are summarized here.

e During the MOT loading phase, approximately 3 - 107 10Yb atoms are accumulated
with 20s using a magnetic field gradient of 3 G/cm and a detuning of —10T".

e To increase the phase-space density, the MOT is then compressed and further cooled
by raising the magnetic field gradient to 19 G/cm while reducing the MOT beam
intensity to 0.5 Is4¢. This results in ~ 2 - 107 atoms at a temperature of ~ 25 uK.

4.9.2.2 Optical Dipole Trap for Yb

As discussed in Section 4.3.3, efficient loading of the ODT is a critical step in the Yb
preparation sequence. Stability is ensured by active position stabilization of the Yb MOT,
which was only recently improved by improving the passive frequency stability of the MOT
laser system (see Section 4.3.4).

Since the intra-species scattering length of "0Yb is relatively small (64 ag, see Sec-
tion 2.2), a high initial atom number — and thus density — in the ODT is essential for
efficient evaporative cooling in the science chamber. Considerable effort was devoted to
optimizing the loading process to maximize atom transfer to the ODT.

Since the shape of the cooled MOT is rather oblate than spherical (see Figure 4.7),
mode matching is achieved by a beam shape modulation of the ODT beam described in
Section 4.3.6. The beam shape modulation almost triples the loading efficiency from the
compressed MOT into the ODT, which is shown in Figure 4.26.

Using these methods, we are able to transfer up to 50 % of the atoms from the compressed
MOT into the ODT, yielding ~ 8 - 10° atoms at 30 uK.

The transport from the production chamber to the science chamber follows a similar
procedure to that of Rb. However, due to the lower axial trap frequencies at the trapping
wavelength of 1064 nm, the process is more sensitive. Despite some inevitable losses, we
successfully transport around 4 - 10% atoms to the science chamber in 5.5s and observe a

lifetime of ~45s in the science chamber.

4.9.2.3 Crossed Optical Dipole Trap and Quantum Degeneracy

As with Rb, YD is transferred into a crossed optical dipole trap upon arrival in the science
chamber. While the Rb CODT is formed by folding the ODT beam behind the chamber,
the Yb CODT follows a different approach. Initially, we attempted to create the Yb CODT

5While the fermionic isotopes exhibit a weak magnetic moment, it is not strong enough to allow for

magnetic trapping.
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Figure 4.26.: Normalized atom number transferred from the compressed MOT into
the ODT versus the horizontal beam waist of the ODT, which is generated by the
trap shape modulation. An increase from 70 um to 150 um (1/e diameter) almost
triples the loading efficiency. Note that these data are taken with the new ODT setup
presented in Section 4.3.7. For the old ODT, the increase is only a factor of 2.

using the Rb ODT as the crossing beam. However, since this method is incompatible with
simultaneous evaporation of both species in the experiment, it serves primarily as proof
of concept, ultimately enabling the formation of an almost pure BEC. Once the optimal
evaporation parameters were determined, we transitioned to using the dedicated laser setup

illustrated in Figure 4.21.
To produce a Yb BEC, the power of the Yb ODT is ramped down to 6 W over 3s,

while the Rb ODT remains at its maximum power of 16 W. This step collects atoms
from the ODT wings into the crossing region, resulting in ~ 10° atoms being confined at
the intersection. Subsequently, both beams are ramped down proportionally according to
Equation (4.6) until the desired final power is reached. The trap is then held for 0.5s
to allow full thermalization. Due to the smaller intra-species scattering length of '70YDh,
its evaporation time constant is typically longer than that of Rb, with a characteristic
value of 7 = 10s. Using this method, we achieve the formation of a Yb BEC containing
3.6-10% atoms. The transition from a thermal cloud to an almost pure BEC is depicted in
Figure 4.27, with the bimodal fit (orange) and the anisotropic expansion clearly indicating
the phase transition. Since the Rb ODT cannot serve as a crossing beam in experiments
involving both species, Rb and Yb are evaporated in separate CODTs for dual-species

operation. In the case of PA experiments, reaching full BEC is, due to the low atom
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Figure 4.27.: Evaporation to quantum degeneracy of YD in a crossed optical
dipole trap using the Rb ODT as crossing beam. The upper section displays false-
color absorption images of the atomic sample. During evaporation, the initially round
thermal cloud transitions into an anisotropic shape. The lower section presents a
bimodal fit of the cloud’s optical density, where the green fit represents the thermal
(Gaussian) component, and the orange fit corresponds to the condensed fraction. Data
from [2].
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Figure 4.28.: Phase-space density trajectory during the cooling and transport steps
for Yb within an experimental sequence. Note that the axes scales differ from those
used for Rb. These experiments were conducted with the Rb ODT as crossing beam.
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number, not feasible and an alternative approach proves to be more effective. The crossing
beam is ramped up to its maximum power of 9W during Yb transport to the science
chamber, after which the Yb ODT beam is ramped down to transfer the atoms from the
wings into the crossing region. Both beams are then simultaneously ramped down to 0.8 W
(ODT) and 0.6 W (crossing)® over 5s — a much faster evaporation sequence compared to
full BEC formation, yet optimized for efficient merging.

Under these conditions, Yb evaporation in the CODT yields 3 - 10° atoms in a thermal
cloud at a temperature of 0.3 uK, with a lifetime of 16s.

As with Rb, we can visualize the phase-space density evolution throughout the entire

experimental sequence, as illustrated in Figure 4.28.

4.9.3 Simultaneous Preparation of a Dual Species CODT

While evaporative cooling in a CODT is a well-established technique, demonstrated in
numerous ultracold atom experiments, merging two different atomic species within optical

potentials presents several challenges:

e Simultaneous preparation of both species must be ensured. To achieve this, most
of the preparation is carried out in separate production chambers. For instance,
microwave evaporation of Rb in a MT can take place simultaneously with loading
the Yb MOT. Performing both processes in the same chamber would be infeasible due
to the fundamentally different magnetic field gradients required and due to limited

optical access for necessary laser beams.

e Final evaporation must occur in separate CODTs within the science chamber. Trans-
ferring such cooled samples back into a single-beam ODT would result in lower atomic

densities.

e Using the same CODT for evaporation of both species would lead to the complete
loss of YD since, at the trap wavelength of 1064 nm, the trap depth for Rb is roughly
ten times higher than for Yb.

e Evaporation in two separate CODTs within the same vertical plane leads to beam
interference. If both species start with equal trap depths, the required intensity of the
Yb CODT beams must be significantly higher than that of Rb, effectively creating a
deep trap for Rb and unintentionally collecting Rb atoms into the Yb CODT.

e Sympathetic cooling of Yb with cooled Rb is, due to the low inter-species scattering
length between 8”Rb and '"°Yb, not feasible.

5The best final powers depend strongly on the initial performance of Yb, especially on the atom number,

and can thus be slightly different from day to day.
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To overcome these challenges, the initial cooling stages are performed in separate CODTs
aligned in different vertical planes, with a slight horizontal offset. Subsequently, the lower-
lying Rb sample is transferred into a vertical 1D optical lattice and elevated to the Yb
plane (see Section 4.6.2). Finally, the Yb CODT is shifted using a frequency shift of the
Yb ODT AOM to the position of the Rb cloud and the optical lattice is switched off.
Following the combining sequence described in Section 4.9.3.1, this procedure results in a

combined Rb-Yb mixture within the same trap.

4.9.3.1 Combining Rb and Yb

The experimental sequence for elevating and merging Rb and Yb is illustrated in Fig-
ure 4.29.

1. Initial transport (a): The atoms are first transported into the science chamber at

different heights using their respective optical dipole traps.

2. Evaporative cooling (b): The crossing beams are then activated and forced evapora-
tive cooling is performed for both species. Fortunately, Rb evaporates more quickly,
allowing sufficient time to ramp up the vertical lattice beam (c) while gradually

ramping down the entire Rb CODT laser power.

3. Lattice elevation (d): As a result, an ultracold Rb cloud is transferred into the optical
lattice, which is then elevated by approximately 1 mm, aligning Rb within the same
horizontal plane as Yb. However, transferring a Bose-Einstein condensate (or an
extremely cold cloud) into an optical lattice leads to high atomic densities at the
lattice sites, increasing three-body losses. To mitigate this, the trap volume of the
CODT is expanded by slightly shifting the ODT beam focus away from the crossing
region by moving the translation stage before loading the lattice”. This adjustment
increases the number of occupied lattice sites, thereby reducing local density and
minimizing losses. Additionally, to prevent heating of Yb due to the movement of

the periodic potential, Yb is initially positioned with a slight 0.2 mm horizontal offset.

4. Final merging (e-f): At the end of the merging sequence, the Yb CODT is shifted
onto the Rb cloud via a frequency shift of the ODT AOM driver and the lattice is
ramped down. This results in both species being confined within the same CODT,

where photoassociation experiments can be conducted.

4.9.3.2 Merging Optical Dipole Traps with different Trap Depths

A crucial step in the experiment is the merging sequence, where special care must be taken

to avoid excessive heating of Rb or Yb. At the beginning of this sequence (see Figure 4.29

"Since the crossing beam is generated by folding the ODT beam behind the chamber, its focus is also
translated out of the CODT region.
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Figure 4.29.: Scheme of the simultaneous preparation and combination of Rb
and Yb. a) Initial transport to the science chamber in separate ODTs. b) Separate
evaporation of both clouds. ¢) Optical lattice elevation of Rb to the height of Yb.
d) Shifting Yb CODT onto the Rb cloud. e)-f) Switching off the optical lattice and

merging the traps for subsequent photoassociation experiments.

(e)), the elevated Rb sample and Yb are positioned at different positions within the Yb
CODT beam. The corresponding CODTs are formed with the vertical lattice beam (Rb)
and the Yb ODT beam (Yb).

Side note: The Yb CODT setup evolved over the course of this thesis. In the
early stages, as described by Tobias [1], the CODT was created by folding the ODT
beam behind the chamber, similar to the setup used for Rb. In this configuration, the
merging sequence differed from the one described here and in [2]. Previously, Rb and Yb
were located along the Yb ODT beam, and the Yb CODT beam was shifted onto Rb to
merge the traps. The search for RbYb 1-PA (see Chapter Section 5.1) resonances and the
detection of 2-PA lines (see Chapter Section 5.2) were conducted with this setup.

Using the same laser for both beams had several disadvantages, including heating due
to mode beating of the multi-mode seed laser during the merging sequence. Additionally,
the higher intensity of the ODT beam compared to the CODT beam led to heating of Rb
while it was elevated into its potential. Furthermore, independent intensity adjustments
were not possible with a folded CODT beam.

To address these issues, an additional Yb laser was implemented, as described in
Section 4.6.1.2 and [2]. The merging sequence and final trap discussed here reflect this

improved setup. A detailed explanation of the process can be found in [2]. The new
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Figure 4.30.: Calculated optical potentials for Yb (same for Rb only with a scaling
factor) during the merging sequence of Rb and Yb (left) and corresponding trap param-
eters (right). The potentials are vertically offset for better visibility. Before shifting
the Yb CODT, which can be modulated such as the Yb ODT (see Section 4.3.6), the
beam shape is enlarged to match the lattice beam waist. After shifting, the beam
shape is reduced to its minimum value, and the lattice beam intensity is ramped down

to zero. The used Python script is from [1].

configuration led to improved performance and flexibility, while maintaining comparable

final trap parameters.

The merging sequence is illustrated in Figure 4.30, showing the evolution of the calculated
potential for Yb (left) and of the corresponding trap parameters (right). The potential for
Rb differs only by a scaling factor of approximately 10. The goal of the merging process is to
transfer both species in the same trap with minimal loss and heating. For photoassociation
near the intercombination line of Yb, maintaining a large Yb atom number is also beneficial,
as it suffers from off-resonant scattering losses.

To achieve a quasi-adiabatic merge, the trap depths and shapes must be carefully
matched [136, 137]. This is accomplished by adjusting the Yb CODT trap shape us-
ing the modulation technique described in Section 4.3.6%. Before shifting the Yb CODT

8Here, the ODT beam is not modulated.
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onto the Rb trap, the Yb CODT trap shape is modified to match the lattice beam waist.
After shifting, the trap shape is reduced to its original form without modulation, and the
lattice power is ramped down to zero.

The potentials and parameters depicted in Figure 4.30 may vary from the actual ex-
perimental conditions and can fluctuate from day to day. Since the goal is to achieve an
optimal mixture of Rb and Yb in terms of atom number and temperature, experimental
conditions may necessitate adjustments to the merging parameters. Despite measurements
of beam parameters, slight misalignments in beam position, intensity or focus size can alter
the expected outcomes.

Thus, at the start of a measurement, the parameters are experimentally adjusted to
optimize the mixture of Rb and Yb. As a result, the actual values presented in Figure 4.30

should be interpreted as a guide for the experimental procedure.

4.9.3.3 The Final Trap

After the merging process is completed, both species are trapped in the final potential,
where the photoassociation experiments are conducted. Efficient photoassociation requires
high atomic densities and significant spatial overlap between the species. Various configu-
rations can be used for the final trap, which will be discussed in this section. A straight-
forward approach is to use the CODT described in the previous chapter as the final trap.
However, to achieve higher densities and improved spatial overlap, a 3D optical lattice can

also be employed.

4.9.3.4 CODT

A monochromatic CODT for both species represents the simplest setup for photoassocia-
tion experiments. Most of the data presented in the following sections were obtained using
this configuration.

During the elevation of Rb, three-body collisions lead to an increase in its temperature
to approximately 5 uK. Given the small inter-species scattering length of agrpyy = —11ag,
thermalization occurs on relatively long timescales (on the order of several seconds), mini-
mizing the impact on the lifetime of Yb, which is lost from the trap at lower temperatures
due to the lower trap depth for this species. Unfortunately, the slow thermalization also
makes direct observation of interactions between the two species difficult, complicating the
verification of spatial overlap via thermalization measurements.

The optical potential for Yb in the final CODT and the corresponding spatial density
distributions along the vertical axis are shown in Figure 4.31. Due to its approximately
two times higher mass and the lower trap frequencies, Yb experiences a significantly larger
gravitational sag than Rb, leading to a spatial mismatch in the density distributions. The

left panel of Figure 4.31 represents the typical parameters used in our final CODT, where
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Figure 4.31.: Simulated optical potentials (for "Yb) for ODT beam powers of
Popr =2 W (left) and Popr = 1 W (right), shown along the vertical axis, along with
the corresponding atomic densities for Rb and Yb with typical temperatures. The
power of the CODT beam is set to 0.75 - Popr. In the left graph, Rb and Yb exhibit
good spatial overlap, whereas in the right graph, the gravitational sag of Yb is clearly
visible. The Python script for the simulation is from [1], using new values for the trap

parameters. Note that the trap depths are just calculated and not measured.

Rb and Yb remain well overlapped. However, when the trap depth is reduced (right panel),
the gravitational sag of Yb becomes pronounced, resulting in diminished spatial overlap

and, consequently, lower PA rates.

Typical parameters for Rb and Yb in the final CODT are listed in Table 4.1. While this
setup already provides a solid basis for photoassociation spectroscopy, further increasing
atomic densities and spatial overlap is expected to enhance PA rates. This can be achieved

by implementing a 3D optical lattice, which will be introduced in the following paragraph.

Rb Yhb
Atom number 5-10° 7-10%
Temperature [uK] 5.3 2.0
Trap Frequencies [Hz] 27 [372,1208,1264] 27 [83,269,279]
Peak Density [cm ] ~ 1013 ~ 1012

Table 4.1.: Typical values of Rb and Yb in the final CODT with beam powers of
2W (ODT) and 1.5W (CODT).
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4.9.3.5 3D Optical Lattice

Compared to the relatively broad potential well of a CODT — determined by the beam
waists — the potential wells of individual sites in a 3D optical lattice are on the order of
the laser wavelength, while maintaining comparable trap depths. This results in increased

atomic density and improved spatial overlap, as illustrated in Figure 4.32. The left panel
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Figure 4.32.: Left: Potential for Yb in a 3D optical lattice with each beam hav-
ing a power of 0.5 W and atomic density of both species along the vertical direction.
The vertical position of Rb can now be adjusted by the final position of lattice ele-
vation, ensuring better spatial overlap. Right: Yb potential at individual lattice sites
and atomic density distributions on these sites. The spatial overlap is significantly

increased compared with a CODT. Taken from [2].

of Figure 4.32 shows the density distributions of Rb and Yb confined in a 3D optical lattice
along the vertical axis, along with the corresponding optical potential for all lattice beams
at a power of 0.5 W. Since the atoms are localized in discrete lattice sites, the overall
spatial overlap of the atomic distributions can be optimized by carefully adjusting the

vertical position of Rb during the elevation and merging step (see Figure 4.29).

The right panel highlights the confinement at individual lattice sites, where the absence
of a noticeable gravitational sag leads to a significantly enhanced spatial overlap. This
increased overlap and higher atomic densities are expected to enhance PA rates. Typical
values for a 3D optical lattice are shown in Table 4.2, which show an increase of the peak
atomic density of a factor of 1000 (see Table 4.1) and initial PA experiments using a 3D

optical lattice have already been conducted and will be discussed in Section 5.1.3.8.
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Rb Yb
Atom number 4.3-10° 1.6 -10°
Temperature [pK] 6 12
Trap Frequencies [kHz] 27 [120,120,120] 2w [26, 26, 26]
Peak Density [cm ™3] ~ 10'6 ~ 101

Table 4.2.: Typical values of Rb and Yb in the final 3D optical lattice with beam
powers of 0.5 W. Values from [2].

However, several challenges arise in this configuration:

e In a deep optical lattice, tunneling between sites is strongly suppressed, leading to

isolated atoms that may lack a reaction partner for photoassociation.

e The loading process into the lattice is not perfectly adiabatic, which can introduce

heating.

e High atomic densities at individual lattice sites increase the likelihood of collisional

losses in deep potentials.

These factors contribute to shorter lifetimes for both species in the optical lattice compared
to the CODT [2].

Nonetheless, adiabatically loading a quantum degenerated mixture of Rb and Yb into
a 3D optical lattice offers a promising route to significantly enhance PA rates. In a Mott
insulator state, the heteronuclear combination of 8’Rb and "°YDb is energetically favored
over homonuclear Yb-Yb or Rb-Rb pairings. During the lattice ramp-up, the degenerate
mixture initially remains in a superfluid state, allowing for tunneling and an energetically
favorable redistribution of the atoms. Once the lattice depth surpasses the Mott insulator
transition, the ideal scenario is that lattice sites become filled with Rb-Yb pairings, ensuring
that each atom has a partner for photoassociation.

A further advantage of the lattice is the ability to prepare atoms in the motional ground
state of the lattice sites. This results in discrete energy levels, effectively eliminating
thermal broadening of 2-PA resonances from the continuum of scattering states (see Fig-
ure 2.14).






5

Photoassociation Spectroscopy near the
Intercombination Line of Yb

This chapter describes our one- and two-photon photoassociation spectroscopy measure-

ments performed near the intercombination line of Yb.

5.1 One-Photon Photoassociation near the Intercombination
Line of Yb

After achieving a mixture of cold Rb and Yb atoms in a combined trap, we are now pre-
pared to conduct photoassociation measurements and search for the first photoassociation
resonances near the 'Sy — 3P intercombination line of Yb. The search for these least
bound states, as well as the analysis of the (unfortunately only) detected resonance, was
carried out during Tobias’ [1], Bastian’s [2], and my thesis, and is also published in [51] in
a collaborative effort.

Since the spin-forbidden intercombination line has a very narrow linewidth of 27-182 kHz,
it is highly suitable for high-precision photoassociation spectroscopy.

Given the lack of experimental data on the relevant excited II-manifold of the 2S; /2 +3P;
asymptote, it is useful to first consider some preliminary theoretical aspects, which are
discussed in the following. Subsequently, the actual search with a search range of 0.1-

11 GHz is presented and the observed resonance at approximately 3 GHz is analyzed.

5.1.1 Preliminary Considerations

Since a typical experimental sequence lasts about one minute and linewidths of photoas-
sociation resonances are expected to be on the order of the natural linewidth of the inter-
combination transition (~ 27 - 182kHz), these measurements are highly time-consuming.
Thus, a shot in the dark does not seem to be the best choice here.

To guide our search, we rely on theoretical studies of RbYb [45, 58, 138, 139] and insights
from both theoretical and experimental work on RbSr [140, 141], given that Sr shares a

similar electronic structure with Yb.
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Figure 5.1.: Left: Ab-initio potential energy curves for RbYb from [45]. The
highlighted curves correspond to the potentials near the intercombination line of Yb.
Right: Cg coefficients for different potentials of RbYb obtained from experiment and

theory. All values are given in units of Ep af.

The relevant molecular states at short range are denoted as 1411, /25 2211, /2, and 141, /25
while their corresponding long-range states are labeled 5(Q2 = 1/2), 1(2 = —1/2), and
2(2 = 3/2) [45].

To estimate the positions of the least bound states in the excited potential, we are inter-
ested in its long-range part, described by the Cp coefficient and the fractional part Ay, of
the fractional quantum number vp. Ab-initio calculations for the potential energy curves
and Cg coefficients are presented in Figure 5.1. Using this information in combination
with the LeRoy-Bernstein formula (see Equation (2.8)), we can estimate the locations of
bound molecular states. However, predicting Ay,,. without experimental data is impos-
sible, and even theoretically derived Cy coefficients can show significant deviations from
reality. This is evident from comparisons between calculated and experimental values for
the excited potential near the D1 line at the 2P, 2+ 1Sy asymptote, where discrepancies
of approximately 25 % occur (see also deviation in Morse parameters in Table 6.1).

Nonetheless, approximate values for Cg coefficients allow us to estimate the density of
vibrational states in the long-range part of the potential. Taking Cg = 4200 Ey ag (mean
value from ©Q = 1/2 and Q = 3/2 [139]), considering a +20 % uncertainty and taking all
possible values for Ay, into account, we expect five to six bound vibrational states with
binding energies of |Ep| < h - 10 GHz, which falls within our experimentally achievable
range.

To refine the search strategy, an estimate of the expected line strengths is essential. This
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Figure 5.2.: Normalized atom numbers of Rb and Yb during photoassociation

measurements covering a range of 1.2-3.2 GHz. While vertical green shaded areas
show Ybs lines, the red shaded one shows the location of the RbYb resonance at

~ 3.1 GHz, which is the only one we could detect. (The figure previously appeared
in [1] and [2].)

helps to determine the appropriate PA laser detuning step size, as well as the optimal pulse
duration and intensity. Unfortunately, no experimental or theoretical data are available,
so we rely on results for RbSr [140, 142-144], which has a similar molecular structure.
Theoretical calculations [143] predict a rapid decrease in photoassociation rates near the
asymptote. Since the intercombination transition is dipole-forbidden, line strengths are
weak in this region, and the dipole moment only increases due to additional perturbations
from the interaction of the electronic clouds of Rb and Yb.

Despite the significantly smaller linewidth of Sr (y = 27 - 7.5kHz) compared to Yb, we
expect similar photoassociation behavior. The detection of multiple resonances in [142]

suggests that at least some resonances should be observable in our system as well.

5.1.2 Search for Photoassociation Resonances

The search for photoassociation resonances of RbYDb at the 25, 2+ 3P, asymptote was con-
ducted during the theses of Tobias, Bastian, and the one presented here. We investigated
a frequency range from 0.1-11 GHz, with an unfortunate gap between 3.2-3.7 GHz. Due
to the small step size required to detect weak lines, with predicted linewidths on the order
of 2 - 1 MHz, the search extended over several days and nights of measurements.

There are several factors that can reduce the sensitivity of the measurements:
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e For PA detunings less than ~ 2 GHz, the maximal usable intensity and pulse duration

are significantly reduced due to off-resonant scattering at the atomic transition of Yb.

e With a typical step size of 27 - 1 MHz, resonances with smaller linewidths are hard
to detect

e Off-resonant excitation near Ybq lines reduces the usable intensity of the PA beam.

Nonetheless, we estimate — using Ybs lines as reference — that despite limitations, we are
able to detect resonances with a PA rate constant of Kp4 = 210~ cm? /s.

After confirming spatial overlap of the atomic samples through thermalization and prop-
erly adjusting the PA laser beam by resonantly exciting Yb atoms and thus removing them
from the trap, the search for resonances could begin. The PA laser described in Section 4.5
was directed onto the combined CODT with a power in the range of 1-3mW and a pulse
duration in the range of 0.5-2s, depending on the regions mentioned above.

An exemplary scan of the range from 1.2 GHz to 3.2 GHz, where three Yby transitions
and one RbYb transition were found, is shown in Figure 5.2. Note that the absolute atom
number of Rb is about five times larger than that of Yb, which results in a much better
visibility for the PA signal in Yb. Thus, careful verification is required when detecting a
loss of Yb atoms. Yby transitions can be verified by repeating the scan without Rb atoms
present. Another potential cause of atom loss is an experimental failure, so any suspicious
atom loss was checked by performing multiple scans over the dedicated region.

Despite all the effort, we were only able to identify a single pair of RbYb PA resonances.

This will be analyzed in the following section.

Yb, Photoassociation Lines

During the search for RbYb resonances, several photoassociation lines of homonuclear Ybo
molecules were observed. While these are not the primary focus of this work, they allow
for a direct comparison with literature values and serve as a benchmark for the sensitivity
of our experimental apparatus, demonstrating detection capabilities down to PA rates of
Kpa 2 2-10 "% cm3/s. Additionally, we were able to expand the set of previously known
one-photon transitions in 1"0Yb,. A detailed discussion of these resonances can be found

in [1]; here I present the results in Table 5.1 for completeness.

5.1.3 A Pair of Photoassociation Resonances at 3 GHz

After identifying the first PA transition in Figure 5.2, we now take a closer look at this
line and characterize it. A close-up view is shown in Figure 5.3, revealing that it actually

consists of a pair of lines, labeled (a) and (b), with distinct linewidths and Zeeman shifts.
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Av"  Detuning Theory [87] Takahashi [87, 145]

[MHz] [MHz| [MHz|
-9 -34(2) -31.0 -
-10 -60(2) -57.3 -
-11 -103(2) -99.9 -
-12 -169(2) -166.1 -
-13 -269(2) -265.4 -268(3)
-14  -416(2) -410.4 -413(3)
-15 -620(2) -616.6 -619(3)
-16  -908(2) -903.9 -906(3)
-17 0 -1297(2) -1296.9 -
-18  -1827(2) -1826.5 -
-19  -2531(2) -2525 -
-20 - -3428 -
-21 -4662(2) -4616 -
-22 -6215(2) - -
-23  -8202(2) - -
-24  -10720(2) - -

Table 5.1.: Observed photoassociation resonances of homonuclear Ybs molecules

during the search for RbYb lines. The table lists vibrational levels from Av' = —9 to
Av' = —24, covering a detuning range of up to ~ 11 GHz.

5.1.3.1 Line Strength

Next, we examine the PA line strengths via the photoassociation rate constant Kpa(I),
which depends on the PA beam intensity, temperatures, and pair density. The PA rates

can be determined using the following rate equations for the atomic densities ny; and ngp:

nys = —nyb* Kyp —nrp-nyp - Kpa (5.1)

nry = —npgp - Krp —npp - nys - Kpa. (5.2)

Here, Kp4 is the PA rate constant, while Ky, and Kgy, represent the individual loss rates
of each atomic species, which stem from trap loss and off-resonant (atomic) excitation. To
determine these rates, we measure the atom numbers for different PA durations, comparing
data with the laser on resonance to data with a detuning large enough to avoid photoas-
sociation (see Figure 5.4). This approach is necessary since the off-resonant scattering loss
of Yb is comparable in magnitude to the PA-induced loss. By numerically fitting the rate
equations to the data, we obtain a PA rate constant of Kps ~ 5-10 13 cm?/s per Yb
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Figure 5.3.: Photoassociation measurement of the only detected resonance pair. For
frequencies with multiple data points, the mean value was calculated, and the error
bars represent the standard deviation from this mean. The solid line corresponds to
a Gaussian fit, serving as a guide to the eye. Data published in [51] and previously

reported in [1] and [2].

atom!.

The PA rate constant observed for the transition in RbYDb is several orders of magnitude
larger than the predicted values for RbSr in [140], yet still significantly lower than those
observed for the D lines of Rb.

5.1.3.2 Free-Bound Franck-Condon Factors

Although we are confident that we conducted a thorough search for PA transitions, we
can consider additional factors to explain why other lines may be weaker and therefore
undetectable with our experimental setup. One approach is to calculate (or estimate)
the relative free-bound Franck-Condon factors (FCF's), which provide insight into the line
strengths. To do this, we need to calculate the scattering wavefunction in the ground
state and the desired first bound wavefunctions, then determine the overlap integral at the
Condon point.

Due to the limited knowledge of the potential energy curves (PECs), certain assumptions
are required. For both PECs, we use a Lennard-Jones type potential, which is appropriate
since we are concerned with the long-range part of the potential (see Section 2.1.2). The
ground state is modeled using the Cg coefficient determined by Miinchow, and the Cis
coefficient is chosen such that the scattering length and the location of the least bound
states match the potential [124]. The excited potential is modeled with Cs = 4466 E ag,

!This value is an order of magnitude higher than previous measurements reported in [1] and published
in [51).
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Figure 5.4.: Measurement of PA rate constant. a) shows the Yb atom number versus
the PA time with the laser being on resonance (dark) and detuned from resonance
(bright). The same measurement for Rb (b) shows smaller decay due to the higher
initial Rb atom number, but the difference is of the same order. Previously reported
in [2].

as calculated by [139] for || = 3/2. C2 is then adjusted based on the information from
the location of the found transition. The results are shown in Figure 5.5. The modeled
PECs, the scattering wavefunction of the ground state with a thermal energy offset (red),
and the four least bound wavefunctions of the excited states (green) are displayed. The
calculated Franck-Condon factors for transitions within our search range are shown on the
right side, along with the corresponding binding energies. A rapid decrease of the FCF's is

observed for more deeply bound states.

Since these calculations are based on a number of assumptions, the results should be
interpreted with caution. Nevertheless, they offer valuable insights and help to explain

why additional transitions were not detected during our scan.

Although the FCFs for states more weakly bound than the one we found are significantly
larger, their predicted binding energies lie very close to relatively strong Yby resonances
(see Section 5.1.2), complicating detection. Furthermore, off-resonant scattering in the

region < h -2 GHz reduces our sensitivity significantly.

For the more deeply bound states, the FCFs are significantly smaller, which may explain
the difficulty in detecting these. The predicted increase in FCFs for deeply bound states
due to electron cloud perturbations, as described by [45], only has a significant effect for

binding energies larger than h - 1 THz, which is beyond the reach of our laser system.

Despite all the assumptions made, these factors provide a plausible explanation for the

unsuccessful search for additional lines.
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Right: FCF's relative to the first bound state FCF and the corresponding binding

energies. The Python script used for the calculations is from [1].

5.1.3.3 Zeeman Shift

Since we now have to settle for a single pair of photoassociation lines, we can characterize
its behavior in external magnetic fields and determine the Zeeman shift of each transition.
The magnetic field is generated by bias coils attached to the science chamber, reaching
field strengths up to 30 G, calibrated via microwave spectroscopy of Rb.

To determine the Zeeman shift of the excited PA lines, we first recall the Zeeman shifts
of the ground state of the individual atoms. Since Yb is prepared in the non-magnetic 'S
ground state, it remains unaffected by magnetic fields and the Yb ground state does not
contribute to the shift of the PA resonance line. Rb, on the other hand, is prepared in the
|F'=1,ms = —1) Zeeman state, which shifts by 0.70 MHz/G [104] and must therefore be
considered when determining the Zeeman shift of the excited molecular state, as shown
in Figure 5.6. Accounting for the Rb ground-state shift, a linear fit to each peak yields
Zeeman shifts of the molecular state of 0.59(3) MHz/G for peak (a) and 0.28(3) MHz/G
for peak (b).

From this, we also determine the zero field transition frequencies to be —3057.5(3) MHz
for peak (a) and —3074.3(3) MHz for peak (b), confirming that the lines remain split at zero
field with a separation of approximately 17 MHz, i.e. that there are two distinct excited

states.
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Figure 5.6.: Left: Both PA resonances in varying magnetic fields up to 30 G. The
pink and purple lines represent linear fits to the peak positions of the lines (a) and (b).
Right: Comparison of the atomic Zeeman shift for the |FF = 1,my = —1) Rb ground
state and the actual shifts of the excited molecular states. Data published in [51] and

previously reported in [1] and [2].

Beyond the shift in magnetic fields, we also observe a broadening of the lines as the field
strength increases. This broadening appears similar for both lines. At low magnetic fields,
the FWHM is 3.0(3) MHz for line (a) and 6.3(7) MHz for line (b), with a broadening rate
of 0.4(2) MHz/G and 0.5(2) MHz/G, respectively. Due to the decreasing line strength at
higher fields, the fits exhibit relatively large uncertainties, making these broadening values

less precise. However, the trend of increasing linewidth with field strength is evident.

5.1.3.4 Line Assignment

Tobias [1] and Bastian [2] made several attempts to explain the occurrence of a pair of
resonances and the corresponding Zeeman shift. They considered various approaches,
including Hund’s coupling cases (¢) and (e), angular momentum decoupling in magnetic
fields, dipole-dipole interaction of magnetic moments, and 2-doubling.

Unfortunately, none of these approaches fully explain the observed behavior, so I will
not elaborate on them here. A comprehensive understanding requires further experimental

and theoretical investigations, which are beyond the scope of this thesis.
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5.1.3.5 Thermal Shift

Since the atoms are prepared in a thermal sample at finite temperatures, the thermal
energy of collisions induces a shift in the transition frequency, which must be considered

when determining the binding energy. The mean collision energy is given by

3 T T
Etherm = iﬂkB (Rb + Yb) s (53)
MRQRp mys

where p is the reduced mass and kp the Boltzmann constant. For typical experimental

conditions (Tg, = 5uK and Ty, = 1pK), this thermal shift amounts to Eiperm = h -
0.2 MHz.

5.1.3.6 Light Shift

As discussed in Section 2.3, transitions experience an AC-Stark shift (or light shift) due to
the presence of both the trapping laser and the photoassociation laser.

Assuming that the molecular light shift is the sum of the individual atomic light shifts,
the light shift induced by the trapping laser is already compensated, since the PA laser
frequency is referenced to the atomic resonance measured in the same trap. However,
determining the precise magnitude is valuable for estimating uncertainties arising from
laser-induced fluctuations.

To quantify the light shift, we vary the trap intensity, which in turn affects the tempera-
ture and, consequently, the thermal shift described by Equation (5.3). After compensating
for this effect, measuring the resonance shift at different trap powers yields a light shift
coefficient of —0.14(1) MHz/W in the CODT configuration. Since the available power of
the PA laser is very limited (~2mW at the position of the atoms) and just sufficient to
induce photoassociation, we were unable to measure the light shift caused by this laser.

However, we assume it to be smaller than our measurement accuracy.

5.1.3.7 Linewidth

The above mentioned linewidths of 3.0(3) MHz and 6.3(7) MHz are more than one order of
magnitude larger than the atomic linewidth of 182 kHz, which leads to the question where
this effect comes from.

Since the linewidth is not further decreased by reducing the PA laser intensity, saturation
broadening can not be the reason for this. Additionally, the Ybo resonances found during
the search have smaller linewidths comparable to the atomic linewidth?, so systematic
broadening effects due to experimental conditions can be ruled out.

A possibility is that the broadening is introduced by additional decay channels, which

can be of either radiative or non-radiative nature.

2The measured Yb; linewidths ranged from 1-5 MHz, but were probably saturation broadened, since we

were searching for much weaker RbYb transitions.
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Non-radiative Decay

One possible explanation for the broadening of PA lines is non-radiative decay within the
3P manifold of Yb, such as transitions from 3P; to ®Py.

A similar effect has been reported for inelastic predissociation from the 3P, state in the
context of magnetic Feshbach resonances for RbYb molecules [146]. The study found that
these states exhibit significantly reduced lifetimes on the order of a few microseconds at
most, leading to noticeable line broadening.

In addition to lifetime reduction due to predissociation, a decrease in line strength with
increasing magnetic field has been observed. This can be attributed to Zeeman mixing of
states with different j (but equal m;) quantum number [147]. However, the calculations
focused only on the *Py and 3P, states. Further theoretical work is needed to determine
whether a similar decay mechanism is responsible for the line broadening observed in our
experiment. If the 3P; state exhibits comparable behavior, this could also explain the

broadening and reduced visibility of other PA transitions within our search range.

Radiative Decay

An alternative explanation for the increased linewidth is strong radiative decay from the
excited RbYb* potential into the electronic 2% /2 molecular ground state [142]. Unlike
non-radiative decay, which has no direct application to our experiment, radiative decay
could lead to molecule formation in the electronic ground state. Although this process
is non-coherent, identifying the specific vibrational states involved would provide valuable
insights into the molecular ground state and guide future experiments. However, without a
direct detection method or any clear indication of the decay pathways, we cannot confirm
this hypothesis.

A key argument for this effect is the increasing transition dipole moment (TDM) for
decreasing internuclear distances at the 3P; asymptote, as calculated by [45]. This behavior
stands in strong contrast to that observed near the Rb D1 line. An estimation of this effect
conducted by Tobias [1], using these TDMs, suggests that the increase in TDM across
all excited potentials is less than 10 % of the atomic dipole moment. This was deemed

insufficient to fully explain the observed linewidth broadening in our measurements.

5.1.3.8 1-PA in optical Lattices

After completing the measurements in the CODT, we implemented optical lattices (1,2,
and 3D) as final traps and performed photoassociation within these configurations. Since
the results are discussed in detail in [2], I will summarize only the key findings for the
—3057MHz (a) line.

As outlined in Section Section 4.9.3.5, PA rate constants are expected to increase in

optical lattices. However, in our experiments, significant heating within the lattice was
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observed (Tgy = 6 uK and Ty}, = 12 uK). Additionally, the estimated lattice filling remains
below one atom per site (0.5 for Rb and 0.2 for Yb), limiting the number of atom pairs
available for PA.

Despite these limitations, we obtained the following PA rate constants for 2D- and 3D

optical lattices?:

Kyp = 8.5(1) - 10 Bem?/s (5.4)
Ksp = 1.0(2) - 107 2cm?/s,

corresponding to a factor-of-two increase in the 3D lattice compared to the CODT.
To achieve a significant increase in PA rates, lattice loading must be improved. A
promising approach would be to load a dual-species BEC into the lattice and perform PA

in a mixed Mott insulator [2].

5.1.3.9 Conclusion

Our study on 1-PA of RbYb near the intercombination line of Yb covered a frequency range
of 0.1-11 GHz, with a gap between 3.2 and 3.7 GHz due to a temporary deterioration of
overall experimental stability. Given that the observed resonance is located at 3.1 GHz,
and based on the considerations in Section 5.1.1, we assume that no additional line exists
within this gap and are confident that we have identified the strongest resonance. This
resonance appears as a closely related pair, suggesting a strong connection between the
two lines. However, despite our efforts, we were unable to provide a conclusive explanation
for this splitting.

We characterized the identified lines by analyzing their shifts (Zeeman, AC-Stark and
thermal), determining their linewidths, and discussing their relative strengths. From these
measurements, we established the binding energies in zero-field as —3057.2(3) MHz and
—3074.3(3) MHz.

Thanks to the lower temperatures and improved atomic sample preparation in the
CODT, we achieved a PA rate coefficient an order of magnitude higher than the results
reported in [51], which could be further increased in a 3D optical lattice.

For a coherent transfer of individual atoms to the molecular ground state — such as via
a STIRAP process (see Section 7.2.1) — high Rabi frequencies are required. The feasibility
of efficient molecule production near the 3P; asymptote, as well as the achievable Rabi
frequency, can be assessed through two-photon photoassociation spectroscopy, which is the

focus of the following chapter.

3PA in an 1D lattice did not lead to higher PA rates.
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5.2 Two-Photon Photoassociation of the 221/2 ground State of
RbYb

After an extensive search for one-photon photoassociation lines, we have finally identified
a suitable resonance. This allows us to perform two-photon photoassociation spectroscopy
to investigate the 23 /2 ground state of 8TRb!™YD, as detailed in Section 2.4.1.

In this chapter, I present the results of two-photon photoassociation spectroscopy near
the intercombination line of Yb, using the identified 1-PA resonance at 3.1 GHz as the
intermediate state. We have located the two least bound states, determined their energy
shifts, conducted dark resonance spectroscopy, and analyzed Rabi frequencies.

We follow the notation of Section 2.4.1, where the lasers are labeled as free-bound (FB)
and bound-bound (BB).

Thanks to previous work on photoassociation near the D1 line of Rb (see Chapter 3
and [50, 57, 64]), we have a relatively precise knowledge of the ground state. Although
these measurements were not performed with the 7°Yb isotope, Borkowski et al. [64]
predicted the binding energies for the 8Rb'Yb combination with high accuracy, which
reduced search time significantly. The predicted values and our experimental values are
listed in Table 5.2.

Av v Ep [h-GHz] exp. Ep [h-GHz]

1 65 -0.103 -0.103 ~0.113(15)
-2 64 -1.019 -1.017 -1.029(16)

-3 63 -3.675 -3.673
-4 62 -9.018 -9.013
-5 61 -17.997 -17.990

Table 5.2.: Predicted binding energies for the five least bound vibrational states
(R=0) [64] and measured data for the two least bound states for F=1.

5.2.1 Two-Photon Photoassociation near the Intercombination Line

The straightforward approach for 2-PA is to begin with the case 0pp = 0 (see Section 2.4.1),
meaning the free-bound laser is on resonance while the bound-bound laser is scanned.
The experimental procedure closely follows that of 1-PA, but now both lasers remain on
during the whole PA step. The data were obtained using the stronger 1-PA resonance at
—3057 MHz, though the experiment could also be conducted using the other line.

With this approach, we identified the two least bound vibrational states Av = —1 and

Av = —2, using the laser setups described in Section 4.5. Both states are shown in
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Figure 5.7.: Two-photon photoassociation spectra with fits based on Equa-

tion (2.49). Data published in [51] and previously reported in [1] and [2].

Figure 5.7, where the fit follows Equation (2.49).

The observed Lorentzian peaks are centered at 101.97(1) MHz (Av = —1) and
1011.0(1) MHz (Av = —2), with linewidths of 0.17(2) MHz and 0.23(2) MHz, respectively.
The observed linewidths are similar to the natural linewidth of the atomic Yb transition,
since the intermediate molecular state is discrete and free from the thermal broadening
associated with atomic scattering states. The measured binding energies are in agreement
with the theoretical predictions, although the data at the D1 line, which served as an input
to the theoretical predictions, had huge uncertainties due to the broader linewidth and the
wavemeter used. Unlike the broader 1-PA lines, these linewidths are comparable to the

natural linewidth of the Yb intercombination transition.

5.2.2 Dark Resonance Spectroscopy

Now that we identified the locations of the two least bound vibrational states, we can
perform a dark resonance spectroscopy as described in Section 2.4.1. In this approach the
bound-bound laser is held on resonance (0pp = 0) while the free-bound laser is scanned.
The results of these measurements are shown in Figure 5.8.

As we scan the free-bound laser, we observe the characteristic dark resonance feature: a
sharp peak emerging within the loss spectrum of the 1-PA resonance. This peak is fitted
using Equation (2.49), incorporating the thermal distribution of scattering states.

A key advantage of dark resonance spectroscopy is that it provides access to both Rabi
frequencies, Qrp and Qpp, which are crucial for evaluating coherent processes such as
STIRAP. The fitted values for both transitions are Qpp =~ 27-1kHz and Qpp ~ 27-1 MHz.
The corresponding laser powers are Prp = 0.5mW and Pgp = 0.1mW (Av = —1) and

'For §rp = 0, this corresponds to a Lorentzian line shape.
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Figure 5.8.: Dark resonance spectroscopy of the two least bound states of the RbYb

ground potential. Data published in [51] and previously reported in [1] and [2].

Ppp =0.02mW (Av = —2).

For bound-bound Rabi frequencies significantly exceeding the transition linewidth,
Autler-Townes splitting (see Section 2.3.2) would be expected. This effect is commonly
used to determine Rabi frequencies and Franck-Condon factors. However, due to the lim-
itations imposed by off-resonant scattering, the available laser power was insufficient to

reach this regime.

5.2.3 Shifts

As in the case of 1-PA, we examine line-shift mechanisms to determine precise values for

the binding energies.

5.2.3.1 Zeeman Shift

The Zeeman shift was determined by scanning both transitions under increasing magnetic
fields and found to be 0.7(1) MHz/G. This indicates that the least-bound states of the
ground-state potential experience the same Zeeman shift as the scattering state—namely,
that of the |f = 1,ms = —1) hyperfine level of Rb, which shifts by 0.7 MHz/G. Moreover,
the absence of additional spectral lines suggests that the bound-bound laser does not couple

to other magnetic Zeeman or hyperfine states of Rb.

5.2.3.2 Thermal Energy

Since thermal effects predominantly impact the scattering state, the thermal energy was
estimated to be on the order of h - 0.2 MHz, as discussed for 1-PA in Section 5.1.3.5. This

contribution manifests in the asymmetric shape of the fits in Figure 5.8 and broadens the
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dark resonance, hindering an accurate determination of the dark state’s lifetime which is
expected to be significantly longer. In the analysis shown here, the thermal energy is not
treated as a free fit parameter but is assumed to be of the aforementioned magnitude,
consistent with typical experimental conditions and in good agreement with the observed
data.

5.2.3.3 Light Shift

Due to the nearly identical polarizabilities of the scattering state and the least bound
states, the light shift caused by the trapping light effectively cancels out, unlike in the case
of the excited state (see Section 5.1.3.6). However, for more deeply bound states, changes

in polarizability may introduce light shifts that need to be taken into account.

5.2.4 Franck-Condon Factors

Using the Rabi frequencies obtained from dark resonance spectroscopy (see Section 5.2.2),
we can now estimate the bound-bound Franck-Condon factors. Assuming that the dipole
matrix elements remain similar to atomic values, we use the intensity of the photoasso-
ciation laser Ip4, derived from the power and the measured beam waist of 110 um (1/e?
radius).

The Franck-Condon factors are then given by:

FFC Q55> with Q= 7 /IPA_ (5.5)
Qat ’ 2Isat

Here, I is the atomic saturation intensity and ~ the natural linewidth of the atomic

transition. Assuming perfect alignment of the PA beam, we estimate the Franck-Condon

factors as:

F%Av = —1) ~ 0.02 (5.6)
fFC(Av = —2) ~ 0.08.

These values provide a lower bound for the Franck-Condon factors, as they assume ideal

beam alignment.

5.2.5 Limitations

Operating at relatively small detunings from atomic transitions, our setup is primarily
limited by off-resonant excitation. For both 1-PA and 2-PA, higher laser intensities would
result in significant losses, preventing an increase in Rabi frequencies.

Using an EOM to generate sidebands for the second photon introduces additional com-
plications, as higher-order sidebands may lie close to atomic transitions. For instance, in
the Av = —2 transition, the third sideband appears at 3 - f 5 = 3.03 GHz, only detuned
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by 0.02 GHz from the atomic line. Similarly, for the Av = —3 transition at approximately
—3.7 GHz, the bound-bound laser is detuned only by ~ 0.6 GHz, significantly reducing the
lifetime.

For these reasons, achieving either a stronger free-bound transition or utilizing more
deeply bound states in the ground potential would be highly desirable. This would require

an additional independent laser source, such as an ECDL (see Section 4.5).

5.2.6 Conclusion

We have measured and analyzed the two least bound vibrational states of the 2%, /2 ground-
state potential of 3"Rb'Yb using two-photon photoassociation spectroscopy. Addition-
ally, we conducted dark resonance spectroscopy to determine Rabi frequencies and esti-
mate the corresponding Franck-Condon factors. Including shift effects, we determined
the binding energies to be Eg(Av = —1) = —h - 101.9(1) MHz and Ep(Av = —2) =
—h -1011.1(1) MHz, in good agreement with theoretical predictions [64]. Finally, we out-

lined the limitations of our experimental approach.
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Lessons Learned for RbYb Production —
Light-Shift Spectroscopy near the D1 Line of
Rb

After the presentation of our photoassociation experiments and the analysis of the results,
I will now turn to a discussion of the implications of our results for the next steps on the
experimental agenda. I will explore how the gained knowledge could lead to promising
pathways for efficient molecule production in the ground state using the intercombination
line of Yb.

Building on ideas that have emerged from the work of Tobias [1] and Bastian [2], T will
develop a plan on how the use of light-shift spectroscopy near the D1 line of Rb to proceed

towards our goal of creating dipolar ground-state RbYb molecules.

6.1 Evaluation of Possible Ground-State Production Using the

Intercombination Line

We will first recap our results from photoassociation spectroscopy of 8’Rb!™YDb near the
1Sy — 3Py intercombination line of Yb and in what manner this can help to produce RbYb
molecules in the absolute ground state.

We have reported on the extensive search of 1-PA resonances with a range of 0.5-11 GHz
detuning from the atomic line in Section 5.1.2 and the observation of a single pair resonance
in Section 5.1.3, which was analyzed in the manner of shifts and especially line strengths.

The key aspect for the path towards ground-state production is that we do not expect to
find a stronger 1-PA transition in this region, and even if we would implement the possible
improvements explained above and also in [1, 2], we are limited by off-resonant scattering,
preventing higher free-bound Rabi frequencies. An efficient STIRAP process also requires
two transitions with similar Rabi frequencies, which is not the case here.

As a result, we, unfortunately, do not expect to achieve efficient molecule production

using the intercombination line of Yb.



120 Lessons Learned for RbYb Production — Light-Shift Spectroscopy near the D1 Line of Rb

Nevertheless, the observation of a narrow dark resonance led us to think of a new ap-
proach by combining the features of intercombination and D1 line spectroscopy, where we
make use of the narrow linewidth of the dark resonance and the strong coupling strengths
at the D1 line of Rb. With this approach, I have developed a method to explore the po-
tential of the excited state near the 2P, 2+ 1Sy asymptote and the ground state in detail.
This light-shift spectroscopy method will be explained in the next chapter.

6.2 Light-Shift Spectroscopy near the D1 Line of Rb

This section introduces a novel approach to our path to the absolute rovibronic ground state
of RbYb using light-shift spectroscopy. The method combines the strong Rabi frequencies
achievable near the D1 line of Rb (see Chapter 3) with the narrow dark resonance observed
close to the intercombination line of Yb (see Section 5.2).

Due to the negligible wavefunction overlap, a direct two-photon transition from the
atomic scattering state to the rovibronic ground state is not feasible. Therefore, a four-
photon process is proposed. This approach begins with a (coherent) two-photon process
(see Section 7.2), creating a weakly bound molecule in the ground-state potential. A third
laser then couples this intermediate state to a more deeply bound state in the excited
potential, from which a fourth laser can transfer the molecule to the absolute ground state.
This scheme is illustrated in Figure 6.1.

While several vibrational levels near the dissociation limits of both potentials are known
(see Chapter 3), coherent population transfer into a vibrational level of the ground state
has not yet been realized. Therefore, we aim to explore the excited state potential further
— particularly the location of deeply bound levels that can serve as an intermediate state’

for molecule production.

6.2.1 The Third Photon

Predicting the absolute binding energies of deeply bound states — and thus the wavelength
of the third laser needed to access them — is a nontrivial task.
To simplify understanding the multi-photon nature of the process, we first introduce

consistent labeling for the involved molecular states:
|0> — Atomic scattering state.

|1) — Weakly bound excited state near the dissociation threshold, coupled from the

scattering state via 1-PA laser (quantum number Av').
|2) — Weakly bound ground state, addressed via 2-PA (quantum number Av).

|I3) — Deeply bound excited state, addressed via the third laser (quantum number v").

Labeled as transition (3) in Figure 6.1.
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Figure 6.1.: Scheme of a fully optical pathway to the rovibronic ground state of
RbYb. Potential energy curves of the 23, /2 ground state and the °11, /2 excited state
near the Rb D1 line. The horizontal dashed lines indicate the dissociation threshold.
Dark red arrows (1 and 2) represent the 1-PA and 2-PA transitions; Pink arrows (3

and 4) represent transitions to the deeply bound vibrational levels.

|4> — Absolute rovibronic ground state (quantum number v = 0).

Note that vibrational quantum numbers for weakly bound states are referenced to the
dissociation limit and are denoted as Av or Av’, while those for deeply bound states are
counted from the bottom of the potential and labeled v and v'.

Miinchow [124] proposed a method for molecule formation and estimated a suitable wave-
length range for the third photon by evaluating Franck-Condon factors for the 8’Rb!"6Yb
isotope combination. Castor confirmed these predictions in her master’s thesis [149], and
constructed a laser system capable of driving this transition.

For efficient molecule production, both excited states (]1) and |3)) must exhibit good
Franck-Condon overlap with their respective ground states. This requires maximizing the
product of the two FCF's involved.

Transitions (1) and (2) in Figure 6.1 were characterized experimentally by [57]. The
strongest usable transitions to |1) are either |F' =2, Av' = —=9) or |F' =2, Av' = —11).
The corresponding FCFs for state |2) have been calculated by [124] and are listed in
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State Parameter Shundalau [45] Borkowski [64] Sgrensen [58] Meyer [150] Tohme [138]

*%)y  Dglem™] 531.1 704.5 844 193 700
R [a) 9.178 9.014 8.882 10.22 9.447
wg [em™1] 36.40 26.58 29.46 12.6 27.82

iy Dpglem™] 6592.8 — 7688 3590 —
R [ag) 7.334 — 7.389 7.389 —
wg [em™1] 73.939 — 69.441 70.9 —

Table 6.1.: Morse potential parameters from various theoretical models for the
2y, /2 ground state and the 21 /2 excited state of the RbYb molecule.

Table 3.2, with maxima observed at |[Av = —=5) (FCF = 0.2) or |Av = —6) (FCF = 0.13).

Unfortunately, no experimental data are currently available for deeply bound states,
which can be used to estimate the value of FCFs and thus the transition matrix. Therefore,
to identify a suitable intermediate state |3), with strong coupling to both [2) and |4),
theoretical potential energy curves must be used. Miinchow used ab-initio calculations for
the ground state and a Lennard-Jones potential for the excited state with Cg = —5684 E}, ag
and Cpo = 2.28105-10% E), a(l)2. In contrast, Castor applied Morse potentials, while Sgrensen
et al. [58] used a relativistic coupled-cluster approach.

The optimal intermediate state |3) is the one for which the product ff'¢- fF¢ = | (4]3) |?-
|{2|3) |> has to be maximized. Here, I will give the numerical procedure for finding the
vibrational levels and the corresponding wavelength, following the treatments in [149] using

Morse potentials.

6.2.1.1 Modeling Potentials

The first and most crucial step in predicting the energy (and thus the transition wavelength)
of the optimal intermediate state |3) is selecting a suitable model for the potential energy
curves of both the ground and excited state. Since we are now focusing on more deeply
bound molecular states, we employ Morse potentials, as introduced in Section 2.1, and

described by:
2
o [
V(r)ZDE-<1—e £y R’”) | (6.1)

The Morse potential is characterized by three parameters: the harmonic frequency wg,
the potential depth Dpg, and the equilibrium interatomic distance Rp, where the potential
reaches its minimum. Several theoretical studies have proposed values for these parameters
[45, 58, 64, 138, 150] and are provided in Table 6.1. As seen in the table, the predicted

values vary significantly across models — particularly those from Meyer, which deviate
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Figure 6.2.: Morse potential energy curves for the 221/2 ground state (blue)
and 21_11/2 excited state (green) of the RbYb molecule, using parameters from

Borkowski [64] and Sgrensen [58], respectively.

notably from the others. This spread in results highlights the need for further experimental

data to validate and refine these theoretical models.

For the purpose of this work, we adopt the Morse parameters from Borkowski [64] for the
2y, /2 ground state — since these have been obtained using experimental data — and for the
211, /2 excited state, we use Sgrensen’s results [58] which are based on the most elaborate
numerical calculation. This model potential reproduces the binding energies of the excited-
state potential to within approximately 1cm™', whereas a potential based on, for example,
Shundalau’s parameters shows deviations of up to about 3cm~'. The resulting potential

energy curves are shown in Figure 6.2.

6.2.1.2 Solving Schrédinger’s Equation

Once suitable models for the potential energy curves have been selected, we proceed to
solve the Schrédinger Equation (2.1) to determine the vibrational states and calculate
their energies. This is done numerically by discretizing the spatial coordinate r onto a
finite grid. Using a second-order finite-difference approximation for the second derivative,

we obtain the discretized form of the Schrédinger equation:

B2 Wi =20+ W
24 (Ar)?

+ V¥, = BV, (6.2)
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Figure 6.3.: Potential energy curves and selected wavefunctions of the ground (left)

and excited state (right).

where W; denotes the wavefunction evaluated at the i-th grid point and Ar is the grid

spacing. This equation can be reformulated as tridiagonal matrix equation:

h? h?
war? TV oA 0 0
—_ 2 n 7 + V2 e p) 0
QH(()AT) u(Ar) . 712 (Ar)V . U(r) = E¥(r). (6.3)
Touan?  wang TV T

2u(Ar)?

This eigenvalue problem is then solved numerically using the scipy.sparse.linalg.eigsh
Python package, yielding the vibrational eigenstates (wavefunctions), the associated ener-
gies, and the number of bound states supported by each potential. The resulting potential
energy curves and several representative wavefunctions are shown in Figure 6.3. The num-
ber of bound vibrational states obtained in this model is N, = 53 for the ground state
and N, = 222 for the excited state. It should be noted that the actual number of ground-
state levels is closer to ~ 66, according to Borkowski. This discrepancy arises, because the
Morse potential used here does not accurately reproduce the long-range behavior of the
potential. Borkowski instead employs a Lennard-Jones-type potential to better capture
the asymptotic form. Nevertheless, since the level spacing near the dissociation limit is
small, this approximation does not significantly affect our goal of estimating the wavelength
region for the third photon. With the wavefunctions at hand, we can now compute the

Franck-Condon factors and identify a suitable intermediate state |3).

6.2.1.3 Franck-Condon Factors

As outlined above, the optimal intermediate state |3) is the one that maximizes the product
fFC . fFC. We begin calculating the FCFs ff'C from the ground state |4,v = 0) to the

various intermediate states |3, v"), as shown in Figure 6.4. The maximum occurs at v’ = 26,
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Figure 6.4.: Franck-Condon factors f{'C for the transition |4,v = 0) — |3,2'). The

maximum FCF occurs at v' = 26.

and states with FCFs with a value of more than half of the maximum value lie in the range
of v/ =21 —31.

Recalling the results from two-photon photoassociation experiments by Miinchow (see
Chapter 3 and Table 3.2), the initial state is expected to be either |2, Av = —5) or
|2, Av = —6), corresponding to v = 49 or v = 48 in the modeled potentials used here,
because they have the largest experimentally determined FCFs. The products ff C. f:f ¢
for different excited states (within the high-FCF range) and initial vibrational states (near
|2)) are shown in Figure 6.5 on the left side. The right panel shows the FCF's for the initial

state v = 49. From this analysis, we identify the intermediate state |3,v' = 25) as yielding
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Figure 6.5.: Left: Color-coded products of FCFs for transitions from initial state v

and excited state v'. Right: Franck-Condon factors for the starting state |2, Av = —5).

the largest product ff'¢ - fF¢ making it the most favorable candidate for efficient state
transfer towards the absolute ground state of RbYb.
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6.2.1.4 Wavelength of the Third Photon

Having determined a suitable intermediate state, we can now estimate the wavelength of the
third photon required to couple the initial state |2, Av = —5) to the selected intermediate
state |3,v" = 25). Based on the calculated eigenenergies from our Morse potential model,

this transition corresponds to a photon wavelength of
A3 = 1525 nm.

To account for all intermediate levels (v = 21 — 31) with FCFs at least 50 % of the
maximum, we obtain a broader range of possible transition wavelengths. These fall within

the range
Az = 1445nm to 1585 nm,

which defines the relevant spectral window for the wavelength of the third laser.

6.2.1.5 Conclusion

To conclude the theoretical analysis presented above, we compare our results with predic-
tions based on alternative models. By employing different sets of Morse parameters — or
other potential forms — from Table 6.1, we obtain different transition wavelengths and cor-
responding optimal intermediate states. A summary of these model-dependent predictions

is presented in Table 6.2. Even though Sgrensen’s calculation is purely theoretical, it is

Vib. State Wavelength

!

v [nm]
Castor [149] 23 1554
Miinchow [57] 21 1525
Serensen [58] 24 1518
Here 25 1525

Table 6.2.: Vibrational states |3) with the largest Franck-Condon overlap and cor-
responding wavelengths from different calculations. Data from Sgrensen were received

upon request.

likely the most accurate one for the excited state. For the ground state, calculations that
incorporate experimental data, such as those by Borkowski, are probably more precise and
thus used here. However, the predicted wavelengths and vibrational quantum numbers
vary due to differences in the underlying potentials, but these results allow us to estimate
the experimental effort required to locate the transition.

Assuming a search range of 10nm (= 1300 GHz), a step size of 1 MHz, and a sequence
time of 45 per data point, a full scan would take around 2 years of continuous measure-

ment. Even though the average Ph.D. duration in our group tends to be on the longer
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quantum number vp for varying numbers of vibrational levels used in the LeRoy-
Bernstein fit for the isotope combination 8" Rb!"6Yb.

side, this is still a bit excessive. Nevertheless, a laser system operating at 1520 nm — which
covers a significantly broader range — is already available (see Section 6.2.5.2).
Therefore, it is indispensable to gain further information about the potential energy

curves — particularly of the 2II; /2 state — as discussed in the following section.

6.2.2 Exploring the 2II, /> Excited Potential

A crucial step toward identifying intermediate states with favorable Franck-Condon over-
lap is to refine our knowledge of the excited 2II; /2 potential. Improved modeling of this
potential by including more deeply bound states could lead to more accurate predictions
of vibrational levels.

As summarized in Table 3.3, more than 20 vibrational levels of the 2II; /2 for 8TRbI"YDH
but only one for 8"Rb!™Yb have been observed. Consequently, we will begin by searching
for additional weakly bound states in 3’Rb'7Yb. Using mass scaling (see Equation (2.10)),
their locations can be estimated to reduce search time. However, as shown in Table 3.3,
deviations of up to 1.6 GHz have been observed between predictions and measurements, as
further illustrated in Figure 6.6. Since the energy difference in the mass scaling formula
depends not only on the reduced mass p but also on the fractional part Ay.q. of the
fractional quantum number vp, the limitations of the LeRoy-Bernstein approach become
evident.

Figure 6.6 shows the fitted Cg coefficient and A, for 8TRb!"0YD as a function of the
number of experimentally determined vibrational states included in the fit. The most
weakly bound levels were used in all cases. The error bars represent fit uncertainties.
Clearly, Cs and Ay, are not independent parameters.

While the smallest uncertainties in Figure 6.6 (for 15 used quantum numbers) are ob-

tained for the values given by [57], deviations remain possible. A more accurate determi-
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nation of A 4. would require locating the most weakly bound vibrational level Av' = —1,

which remains experimentally challenging due to high off-resonant scattering rates. Based
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Figure 6.7.: Calculated binding energies of the Av’ = —6 vibrational state

of 83"Rb™Yb using mass scaling (Equation (2.9)) and the experimental data from
8TRb!76YD versus the number of used quantum numbers, which corresponds to differ-

ent Afyqe.

on this knowledge and the mass scaling from Equation (2.9) with 8’Rb'"YDb, we can es-
timate the binding energies of vibrational levels (here Av’ = —6) of 8"Rb!™Yb using the
values from Figure 6.6. The result is illustrated in Figure 6.7. The maximum deviation in
the calculated binding energies is approximately 0.2cm ! (~ 6 GHz). Since we expect the
actual values of Cg and A4 to lie closer to the center of the plotted range (for vibra-
tional quantum numbers 10 to 20), we estimate the relevant search range to be smaller.

Additional levels can then help to determine a more accurate value for Ay,

6.2.3 Light-Shift Spectroscopy

The basic principle of light-shift spectroscopy is illustrated in Figure 6.8 and the corre-
sponding potential energy scheme in Figure 6.9, and has already been theoretically moti-
vated in Section 2.3.3. The underlying idea is to reduce the search time by increasing the
possible frequency step size. This can be achieved by using the narrow dark resonance (see
Section 5.2.2) near the Yb intercombination line as a probe transition, as outlined below.

We probe a weakly bound state |2, Av = —1,—2) by keeping both the 1-PA and 2-PA
lasers (near the intercombination line of Yb) on resonance with the molecular transitions,
such that the system is positioned on the narrow peak of the dark resonance. The cor-
responding bound-bound Rabi frequency and linewidth is Q; = 1 MHz and v = 0.2 MHz,
respectively. Due to the coupling of the 2-PA laser, the free-bound laser is shifted out of
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Figure 6.8.: Spectroscopic schematic of light-shift spectroscopy. Left: Typical
dark-resonance signal obtained by scanning the bound-bound laser while keeping the
free-bound laser on resonance. The linewidth 7g4,.% is on the order of the natural
linewidth of the atomic transition (in our case, approximately 0.2 MHz). Right: When
both the free-bound and bound-bound lasers are on resonance, we observe a loss-of-
loss signal and atoms remain detectable. However, if the coupling laser is scanned for
light-shift spectroscopy and the induced light shift AFE,. exceeds the dark-resonance
linewidth Yqark, the transition shifts out of resonance. As a result, the free-bound laser
becomes resonant again, leading to atom loss. This light-shift linewidth is much larger

than that of the dark resonance.

1-PA resonance and we do not see a loss of atoms in absorption imaging.

Next, we couple this state — either |2, Av = —1) (bound by h-102 MHz) or |2, Av = —2)
(bound by h-1011MHz) - to a weakly bound state |3, Av’) in the 2II; , potential near the
Rb D1 line using a coupling laser with a wavelength that is larger than the Rb D1 atomic
transmission wavelength of 795 nm. This configuration corresponds to a 3-level V-scheme,
illustrated in Figure 6.9 b).

Since the previously observed bound-bound Rabi frequencies at the D1 line are signif-
icantly higher than those in the dark resonance configuration, we can apply the model
described in Section 2.3.3 and recalling Equation (2.23), the light shift is given by:
AE, = ETS?. In this scheme, the dark resonance transition |1y — |2, Av = —1,—2) acts as
the probe transition, while |2, Av = —1,—2) — |3, Av’) serves as the coupling transition.
The key advantage of the proposed method is that the required energy shift A E, only needs
to match the linewidth of the dark resonance to produce a measurable signal. Rearranging
Equation (2.23) provides

_ ho
4AE,’

(6.4)

the detuning at which this condition is fulfilled for a given Rabi frequency. Even for rela-
tively small Rabi frequencies (e.g. 23 > 6 MHz), the induced light shift exceeds the natural

linewidth of the D1 line — thus enabling larger step sizes compared to conventional 1-PA
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Figure 6.9.: Schematic energy diagram of light-shift spectroscopy (a) and corre-
sponding three-level V-scheme. Transition |1) — |2, Av = —1, —2) is driven resonantly
and the coupling laser scans transition |2, Av = —1,—-2) — |3, Av"). Energy spacing

is not to scale.

scans. Minchow observed Rabi frequencies exceeding 100 MHz, which would correspond to
a required detuning on the order of 2 GHz for shifting the dark resonance out of resonance,

decreasing the above mentioned search duration dramatically.

The expected experimental signature is a loss of atoms, indicating that the 2-PA reso-

nance has been shifted out of resonance, while the 1-PA laser is again on resonance.

Once a signal is observed, the laser intensity should be reduced to determine the precise
binding energy of the vibrational state. Since the starting point is a bound level of the

ground-state potential, its binding energy must also be considered.

In addition to the identification of the vibrational level energies, this technique allows for
an estimation of the bound-bound Rabi frequency. By knowing the laser intensity and the
detuning ¢ at which the signal occurs, 29 can be extracted from Equation (2.23), assuming

the level position is then known.

Light-shift spectroscopy therefore offers a powerful and time-efficient tool for mapping
the excited %Il /2 Potential, and it presents a significant advantage over conventional 1-PA-
based methods, as have been used in the past [50, 97, 124].
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6.2.4 Experimental Procedure

Now we have gained initial insight, the question arises: What is the next step toward a
deeper understanding of the excited state of 8" R0 Yb?

The first step will be to set up a photoassociation laser system near the Rb D1 line (at
795nm) and perform conventional 1-PA spectroscopy starting from the atomic scattering
state. In this context, we aim to confirm the only 1-PA transition observed so far (Av' = —6
at —0.783cm !, see Chapter 3). With the help of a fast photodiode and a beatnote
measurement, we will be able to determine the binding energies of vibrational levels up to
Av' = —6 with an accuracy on the order of the natural linewidth (see Section 6.2.5.1).

Once the exact position of this (already observed) transition is located, we will implement
the light-shift spectroscopy method at this point. Based on its performance, we will then
systematically explore the 2II; /2 potential across the accessible spectral range of the infrared
D1-PA laser. As soon as a few additional lines are identified, we can refine the value
of Afpgc, allowing for improved predictions of subsequent vibrational levels and thus a
reduction of the overall search range for more deeply bound levels.

Since the current D1-PA laser is tunable only within a limited spectral window (up
to 805nm), an extension of the scan range will eventually require a new laser source.
Fortunately, several diode or fiber-based laser systems operating in the (near-) infrared are
obtainable, enabling us to probe deeper into the potential. One of these laser sources at
1550 nm has already been setup, as described in Section 6.2.5.2.

Depending on the number and distribution of the observed transitions, it may also
become worthwhile to intensify theoretical efforts and to collaborate with theory groups to
develop a more accurate potential energy model. This would allow for improved predictions
of the optimal target state for the third photon and its location.

Preparations for these experiments are already underway and will be described in the

following section.

6.2.5 Laser Setups for Light-Shift Spectroscopy

In this section, we will have a look at the already built setups for the experimental procedure
explained above. This includes the D1-PA laser, a beatnote setup, a transfer lock, and a

laser system at 1520 nm, which will be used as the third photon.

6.2.5.1 PA Laser near the Rb D1 Line

The laser for photoassociation near the Rb D1 line at 795nm is a commercial Toptica
DL PRO 780 covering a wavelength range of 765 — 805 nm corresponding to achievable
PA detunings of approximately Aps4 = 150cm~'2. The typical linewidth is 100 kHz, the

maximum output power is > 100mW, and the mode-hop-free tuning-range ~ 20 GHz.

2Depending on the line strengths of the PA transitions, the range could be even higher.
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Figure 6.10.: Scheme of the beatnote measurement setup using a DBR laser diode

stabilized to a compact saturated-absorption spectroscopy.

Since the intrinsic stability of this ECDL-based laser system is very high, measurements
with the free-running laser can be performed as a starting point without the need for an
extra stabilization system. This laser will be the coupling laser for the first light-shift
experiments for the investigation of the 2II; /2 excited state potential of RbYDb near the D1

line.

Wavelength Determination using a Beatnote

The previously measured binding energies were determined using a wavemeter, with an
accuracy of £5-10 3 em ™! (~ 150 MHz). A more precise method, particularly suited for the
very weakly bound states, involves detecting a beatnote signal between the PA laser and a
wavelength-stabilized reference laser. An illustration of this method is shown in Figure 6.10.
The reference laser is a commercial distributed Bragg reflector (DBR) laser diode ( Thorlabs,
DBR795PN), stabilized using a compact saturated-absorption spectroscopy setup. This
stabilization scheme is similar to the one used for the Rb MOT laser system and was
implemented by Antonio Buzza [151] and Anna Sopp [152] during their bachelor’s theses.
The typical linewidth of this laser diode is 1 MHz.

Since the PA detunings Apy are referenced to the Rb |F = 1) — |F’ = 2) transition,
which has an absolute wavenumber of 12579.104cm ™!, and the Av' = —6 transition is
located at Apy = —0.783 cm ™!, the expected beat frequency would be ~ 23 GHz. However,
due to the red detuning of the PA laser, it is advantageous to use the |F = 2) — [F/ = 1)
hyperfine transition of Rb (at 12578.848 cm™!) as the locking point for the reference laser.
This reduces the expected beat frequency to around 16 GHz.

For the beat measurement, the D1-PA laser and the reference laser beams are com-
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Figure 6.11.: Scheme of the cavity transfer-lock. The reference DBR laser is
stabilized using a compact saturation spectroscopy setup. A transfer cavity is then
locked to this reference laser, serving as a stable intermediary for the PA laser, which

is subsequently locked to the cavity via the sideband locking technique.

bined using a 50:50 fiber coupler and directed onto a high-bandwidth SFP+ fiber-coupled
photodiode (similar to the setup used for the Rb repumper beatnote stabilization) (see
Section 4.2.2). The resulting beat signal is then down-mixed with an RF synthesizer to
frequencies below 3 GHz and recorded with an RF spectrum analyzer.

Because the linewidths of both lasers are significantly narrower than the natural
linewidth of Rb (27 - 6 MHz), the achievable measurement accuracy is limited by the nat-
ural linewidth, representing an improvement by a factor of approximately 25 compared to
the previous wavemeter-based measurements. The main limiting factors in this setup are
the bandwidth of the photodiode and the maximum output frequency of the RF synthe-
sizer, which restrict detectable beat frequencies to below 20 GHz and thus limit accessible

vibrational states to Av' = —6.

Transfer Lock

If we aim to dig deeper into the potential, the beatnote frequency exceeds the measurement
capability of the beatnote setup described above. To achieve wavelength determination
on the order of the natural linewidth, a cavity transfer-lock system is currently under
development [153], as illustrated in Figure 6.11, based on a stabilized reference laser.

The basic principle of a cavity transfer lock is to stabilize the length of a transfer cavity
to a reference laser. Provided that the cavity mirrors are compatible with both laser
wavelengths, a second laser can then be locked to this cavity, enabling almost arbitrary
frequency stabilization even in the absence of suitable spectroscopic lines.

In our case, the reference laser is a Thorlabs, DBR780PN DBR laser diode, delivering
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a typical output power of 45 mW and linewidth of 1 MHz. It is stabilized to a hyperfine
transition of the Rb D2 line at 780 nm using the compact saturation spectroscopy setup
described previously [1]. A beatnote measurement with the Rb MOT laser shows a relative
linewidth of ~1MHz and a standard deviation of 6 MHz, which is sufficiently stable for
our intended applications. The light from the other path is passed through a fiber-coupled
EOM (Photline, NIR-MPX800), to generate sidebands required for Pound-Drever-Hall
(PDH) locking.

The transfer cavity consists of an Invar spacer with a length of 50 mm and the mirror
position is adjustable via a fine-thread screw. The cavity mirrors posses a nominal reflec-
tivity of R > 0.99 and radii of curvature of r = 50 mm, forming a confocal geometry. One
of the mirrors is mounted on a piezoelectric actuator to allow fine length adjustments for
locking. The calculated finesse of F ~ 300 corresponds to a cavity linewidth of ~ 10 MHz.
The entire assembly is housed inside a KF-flange vacuum chamber, which is evacuated and
sealed with a valve to minimize pressure fluctuations, though not continuously pumped.

The cavity length is stabilized using the mirror-mounted piezo to the reference laser
using a standard PDH locking technique, providing a stable optical reference for the pho-
toassociation laser.

The D1-PA laser is then locked to the stabilized cavity using the same EOM. In our
implementation, two independent PDH locks are employed: one for the cavity length and
one for the PA laser frequency. To separate the corresponding error signals, the reflected
light from the cavity is split according to wavelength, using orthogonal polarizations, a
polarizing beam splitter, and an interference filter (IF).

For arbitrary offset locking, we employ the EOM sideband-locking technique, as de-
scribed in Section 4.3.4.4.

By this method, we effectively transfer the frequency stability of the reference laser —
on the order of the natural linewidth of Rb — to the D1-PA laser, significantly improving
the precision of vibrational level measurements. For future experiments requiring precise

stabilization onto specific PA resonances, such a transfer-lock system is indispensable.

6.2.5.2 Laser System at 1520 nm

As described in Section 6.2.1, the laser required for the third photon must operate at a
wavelength around 1520 nm. A corresponding laser has already been set up by Castor and
is ready for deployment in the experiment. The setup is described in detail in her master’s
thesis [149], and a publication is currently in preparation [154].

The system is based on a single-angled-facet (SAF) gain chip ( Thorlabs, SAF1550P2),
implemented in a compact fiber-coupled half-butterfly configuration using a Littrow con-
figuration with an optical Bragg grating [155]. This ECDL is frequency-stabilized via the
Pound-Drever-Hall (PDH) sideband locking technique, similar to the stabilization scheme
used for the new Yb MOT laser (see Section 4.3.4.4). An overview of the setup is shown
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Figure 6.12.: Schematic setup of the 1520 nm ECDL system including the Pound-
Drever-Hall sideband cavity lock.

in Figure 6.12.

Laser Setup

The SAF gain chip is housed in a thermoelectrically temperature-stabilized half-butterfly
package, operating at the wavelength of 1550 nm. It includes an optical isolator and is
directly coupled to a FC/APC single-mode fiber. The angled (26.5°) back facet is anti-
reflection coated to suppress internal feedback. The external cavity is formed by a blazed
reflection grating (Thorlabs, GR12-0616, 600/mm), with a reflection efficiency of 78 %
at 1520 nm in Littrow configuration, allowing wide-range tuning by adjusting the grating
angle. The —3dB tuning bandwidth with grating feedback is 160 nm, with a maximum

output power of ~40mW, as shown in Figure 6.13.

Stabilization and Linewidth

The laser output is sent through a fiber-coupled EOM (iXBlue, MPZ-LN-10-00-P-P-FA-
FA), which is modulated by a function generator (PDH signal) and an ADF4350 synthesizer
board (sideband generation) for locking and frequency scanning. The modulated light
is directed into the reference cavity setup, where the reflected signal is detected by a
photodiode and used as the error signal for the PDH lock, which actuates on a piezo
attached to the grating.

The cavity setup is identical in design to the Yb MOT cavity?, but uses mirrors coated for

3The cavity spacer and vacuum system including copper shielding are the same, though no externally

temperature-stabilized housing is employed.
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Figure 6.13.: Wavelength-dependent laser power in the ECDL configuration with a
—3dB bandwidth of 160 nm.

the wavelength range around 1520 nm®. The mirrors (Layertec, 140987) have a reflectivity
of R ~ 0.99995, yielding a cavity linewidth of approximately 25 kHz — more than sufficient,
since the expected PA linewidths lie in the MHz range. As with the Yb MOT system,
the locked laser exhibits a slow frequency drift due to thermal changes of the Zerodur
spacer, measured to be 0.15kHz/s. Given that the absolute wavelength is measured with
a wavemeter of ~ 100 MHz precision, this drift is not a limiting factor.

The frequency of the stabilized laser can be tuned over a range of several hundred MHz
while remaining locked through adjustment of the EOM frequency. The exact tuning range
depends on the chosen sideband frequency and potential interference with neighboring
cavity modes. The mode-hop free tuning range of the unlocked laser is approximately
5.6 GHz, making it suitable for free-running operation during line searches, followed by
locking for precise characterization.

The laser’s linewidth was measured via a beatnote with a sub-10 Hz reference laser and
found to be approximately 10 kHz.

For further details on the laser system, including locking techniques, frequency noise,
drift measurements, and long-term stability, refer to [149] and [154].

In summary, this laser setup provides a reliable and tunable source for the third photon,

representing a crucial step toward the formation of absolute ground state RbYb molecules.

4Which is identical to the telecom regime.
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Outlook

In this chapter, I provide a brief outlook on the future prospects of our experiment. In
Section 7.1, I discuss general improvements to the apparatus aimed at increasing atom
numbers, thereby enhancing stability, sensitivity, and PA rates through optimized opti-
cal dipole traps and lattice configurations. Section 7.2 outlines potential strategies for
the coherent formation of weakly bound molecules. Finally, in Section 7.3, I describe
the envisioned route toward absolute ground-state molecules and summarize first possible

experiments involving them.

7.1 General Improvements

As discussed in Section 4.9, substantial (and mostly unavoidable) atom loss occurs during
the preparation process. Naturally, beginning with a higher initial atom number would
improve the overall experimental performance. Another key limitation lies in the merging
of both atomic species into a single trap (see Section 4.9.3.1) and in achieving higher PA

rates. This section outlines possible improvements to address these challenges.

7.1.1 Enhancing Atom Numbers

A straightforward approach to enhance atom numbers is to increase laser powers, which

offers several advantages:

e Higher MOT beam powers allow for larger beam sizes, leading to larger MOT volumes

and enabling greater detunings due to higher capture velocities.

e Increased slower power improves the loading rate, thereby reducing the overall ex-

perimental sequence duration.

e Higher ODT powers create deeper trapping potentials, allowing for the capture of
hotter atoms and increasing the trap volume. This would also improve transport

efficiency and reduce transport time.

Another potential strategy to increase the initial atom number is implementing transverse
cooling of the atomic beam or a 2D MOT [156], which could result in a larger MOT.
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7.1.2 Optical Trap with Balanced Potential Depth

A key challenge in the entire project aiming at the production of RbYb ground-state
molecules is combining and cooling both species within a single optical trap while using
only one trapping wavelength. This leads, in our case, to a tenfold difference in trap
depths. To overcome this issue, we can either use a bichromatic trap or precisely tune
the wavelength of a monochromatic trap. In both cases, it is essential to reconsider the
wavelength-dependent polarizabilities — and thus optical potentials — of Yb and Rb, as

shown in Figure 2.11.

7.1.2.1 Bichromatic Traps

As the name suggests, a bichromatic trap consists of two trapping lasers with different
wavelengths. If we retain the 1064 nm wavelength, the second wavelength must either be
more attractive to Yb than to Rb or even repulsive for Rb.

One possible option is 532 nm, which is readily accessible at high intensities via frequency
doubling of a 1064 nm source, such as a 10 W VERDI laser. A setup for utilizing this laser
is described in [2]. The advantage of 532nm is its relatively large detuning from any
transition in Rb or Yb, minimizing scattering rates. However, this also means that high
laser power is required to achieve effective potential tuning?!.

Another approach is to use wavelengths close to atomic resonances and were used in
previous experiments [50]. As seen in Figure 2.11, polarizabilities vary strongly near atomic
transitions, allowing for fine-tuned optical potentials. This can help compensate for the
imbalance in the 1064 nm light field. However, the downside is that proximity to atomic
resonances increases scattering rates, shortening trap lifetimes.

An optical trap near Yb’s intercombination line was previously used by Bruni [50] to
create a hybrid conservative trap, where Rb was confined in a magnetic trap. Additionally,
an optical dipole trap between Rb’s D1 and D2 lines at the tune-out wavelength of 790 nm
was investigated in Scheidler’s bachelor’s thesis [157].

All these studies highlight the critical role of precisely tuning trap parameters to achieve
the desired potentials. The potential depth is highly sensitive to the interplay of wave-
length, beam focus, intensity, and spatial overlap — all of which are challenging to stabilize
at the required precision.

Furthermore, Gaussian beams of different wavelengths but identical focus sizes have
different Rayleigh lengths, making perfect spatial overlap physically impossible. Therefore,
I recommend using a monochromatic optical dipole trap as the final trapping configuration

after the merging sequence.

LA drawback of 532nm is its strong absorption in optical components, which can lead to heating and

damage.
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7.1.2.2 Monochromatic Traps

To overcome these alignment challenges, an alternative is using a monochromatic trap,
where the trapping wavelength is chosen to ensure equal trap depths for Rb and Yb,
meaning their polarizabilities are matched. For an attractive potential, this requires a
crossing point in Figure 2.11 where o < 0.

Such crossings occur near the tune-out wavelengths of Rb at 420 nm and 790 nm, as well
as the more detuned 457nm. However, tune-out wavelengths inherently come with high
scattering rates, which significantly reduce the trap lifetime when aiming for sufficiently
deep potentials. Additionally, due to the steep slope near atomic resonances, the potentials
become highly sensitive to the exact wavelength. As a result, tune-out wavelengths are

more suitable as balancing beams in a bichromatic setup rather than for a standalone trap.

A more practical alternative is a far-detuned optical dipole trap at 457 nm, which offers
reasonable scattering rates for both species [2] and a shallower slope, making the system
less sensitive to wavelength fluctuations. Achieving sufficient trap depths for Rb and Yb,
a few watts of laser power are necessary. With a beam waist (1/e? radius) of 50 um and
a power of 2W, the trap depth of a single beam ODT would be approximately 50 puK.

Unfortunately, single-mode laser sources at this wavelength remain challenging to obtain.

Nevertheless, initial steps towards realizing an ODT at 457 nm were taken by Hiibbers
during his bachelor’s thesis [158]. He explored the use of a cost-effective multi-mode laser
diode (OSRAM PLPT9 450LB E) with a nominal wavelength of 447nm and an output
power of 5 W. The spatially multi-mode light was coupled into a multi-mode fiber and
subsequently focused to 77 um. This proof-of-concept demonstrated that an affordable
multi-mode laser diode could potentially serve as a monochromatic ODT. Future work
should focus on improving fiber coupling efficiency, tuning the wavelength to higher values,
and testing different opportunities for trap shape modulation. Nevertheless, this approach
presents a promising pathway towards a trap with equal trap depth for both atomic species,

unlocking various future applications in the experiment.

7.1.3 Improved Optical Lattice

An improvement in PA rates can also be achieved by increasing the local density of Rb and
Yb atoms in a 3D optical lattice. While first PA measurements in such a lattice described
in Section 5.1.3.8 demonstrated increasing PA rates, this has not been pushed to its limit
so far. The reason for this is the high temperature with which the atoms are loaded into
the lattice.

When this issue is solved — potentially with an optical trap setup explained above — this

could increase the experimental performance significantly by avoiding thermal broadening
due to discrete lattice states [159].
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7.1.3.1 Mott Insulator

A particularly promising application of a 3D optical lattice is the transition to a Mott
insulator at high lattice depths. The principle idea will de discussed in the following. For
a more detailed treatment of Mott insulators, see [160, 161].

At shallow lattice depths, the system remains in a superfluid state, where the atoms
are delocalized and can tunnel freely between lattice sites. As the lattice depth increases,
the tunneling probability decreases until atoms become localized at individual lattice sites,
minimizing interaction energy. Once the system reaches a state with fixed occupation
number per site, it is referred to as a Mott insulator.

In the case of a dual-species Mott insulator, where a heteronuclear site occupation of
lattice sites is energetically favored?, we obtain a mixed Mott insulator — an ideal starting
point for photoassociation. Not only does this configuration provide extremely high local
densities, but it also allows the associated molecules to remain trapped within the lattice
sites, preventing losses due to collisions.

To maximize this enhancement, a mixed Mott insulator would be highly desirable. Our
experimental setup Section 4.4 is expected to support the formation of an Rb Mott insu-
lator. While, in principle, it could also facilitate a Yb Mott insulator, achieving this is
significantly more challenging. This limitation of the lattice depth could potentially be
addressed by incorporating an additional amplification stage in the lattice amplifier.

Mott insulators have already been experimentally realized for Rb [160], Yb [162, 163],
and even Bose-Fermi mixtures of different Yb isotopes [164]. However, a mixed Rb-Yb

Mott insulator has not been reported yet.

7.2 Formation of Weakly Bound Ground-State Molecules

As we have already discussed several potential experimental enhancements that can im-
prove the overall performance of our molecule machine in the short term in Section 7.1,
as well as the next steps for exploring the potential energy curves at the Rb D1 line in
Section 6.2, we now turn to a more forward-looking perspective.

While the methods described so far are primarily spectroscopic — providing information
about the positions of vibrational states and the shape of potential energy curves — efficient
molecule production remains a future challenge.

This chapter outlines several possible approaches toward molecular formation, including
STIRAP, LASIFR, and magnetic Feshbach resonances. Finally, we will briefly touch on

the last step, the formation of ground-state molecules.

2Which is the case for 3"Rb'"°Yb.
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Figure 7.1.: Energy scheme of the three-level system for a STIRAP process. The
pump laser couples the initial state |1) to the intermediate state |2) and the Stokes
laser couple the states |2) and |3). For a STIRAP process, the one-photon detuning §

must be zero.

7.2.1 Stimulated Raman Adiabatic Passage — STIRAP

Stimulated Raman adiabatic passage (STIRAP) is a highly efficient, fully optical method
for transferring population between two discrete quantum states, both coupled to a common
intermediate state. It is a well-established technique with broad applications in atomic and
molecular physics [42, 165], chemistry [166], pp. 14-16, and quantum information [167],
pp- 35-39. While the first experimental results and the basic theory were presented by
Gaubatz et al. in 1990 [168], we will follow the framework outlined in the comprehensive
review by Vitanov, Rangelov, Shore, and Bergmann from 2017 [167]. Several applications
for STIRAP can be found in [166].

As emphasized throughout this thesis, ultracold molecule experiments suffer from a
variety of loss channels, which reduce the number of atoms — and therefore the number of
potentially formed molecules. One can easily imagine that starting with low atom numbers
in a combined CODT (see Section 4.9.3.3), followed by a lossy four-photon process, would
most likely yield no measurable molecular signal.

Fortunately, STIRAP offers a coherent and, in principle, fully efficient method of popu-
lation transfer in a three-level system by coupling to an intermediate state. The concept
is somewhat related to the 2-photon photoassociation described in Section 2.4.1. Since the
scheme is not limited to molecular transitions, we adopt the standard notation using pump
(P) and Stokes (S) coupling!, illustrated in Figure 7.1. The pump laser couples the states
|1) and |2), while the Stokes laser couples the states |2) and |3).

nstead of free-bound and bound-bound as used in the 2-PA case.
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The time-dependent Hamiltonian of this three-level system in the rotating-wave approx-

imation is given by:

5 0 Qp(t) 0
A =5 o) 28 50|, (7.1)
0 Qg(t) 20

where Qp(t) and Qg(t) are the time-dependent Rabi frequencies of the pump and Stokes
transitions, A is the one-photon detuning, and ¢ is the two-photon detuning. Similar to the
dressed-state picture explained in Section 2.3, the unperturbed states are coupled through

interaction with the light fields and, for § = 0, can be written as:

|0) = cosf |1) +sinf |3) (7.2)
|+) =sinfsin® |1) + cos @ |2) + cosfsin P |3) (7.3)
|-) =sinflcos® |1) —sin® |2) + cosfsind |3), (7.4)

with time-dependent mixing angles defined by:

O%4(t) + Q4(t)
tan@(t)zgz((;) and  tan2d(f) = Y < o

(7.5)

From Equation (7.2), we see directly that |0) contains no contribution from the interme-

diate state |2), enabling a population transfer within the dressed-state picture as follows:

Initially, with no Stokes and probe fields, the system starts in the bare state |1). If we
now apply the Stokes field, such that the dressed state |0) corresponds to this starting
state, we require § = 0, which holds for Qp/Qg — 0. To transfer population from |1) to
|3), the mixing angle # must be smoothly varied from 0 to 7/2 (i.e., Qg/2p — 0). Once
both laser fields are turned off, the system ends up in the bare state |3) — without ever
populating the lossy intermediate state |2).

This mechanism leads to a counterintuitive temporal sequence: the Stokes pulse must
precede the pump pulse.

During this process, the eigenenergy of |0) remains zero, while the eigenenergies of the
adiabatic states |+) and |—) correspond to an Autler-Townes splitting and can be written

as:

Ba(t) = % (A /A2 4030 + Q%(t)) |

If the energy splitting between these states is sufficiently large, the system can adiabatically
remain in |0), allowing complete population transfer from |1) to |3).
The time evolution of a STIRAP process with A = 0 is illustrated in Figure 7.2 for two

different scenarios.
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Figure 7.2.: Time evolution of a STIRAP process for different parameters. The

decay rate 12 is set to the observed linewidth of the 1-PA resonance at the intercom-

bination line of Yb. a) shows an efficient case where the maximum Rabi frequencies

are equal, the energy splitting of the adiabatic states |[+) and |—), and the population

transfer from the starting state [1) to |3). The Rabi frequencies are chosen such that

the transfer is almost 100 %. b) shows the realistic case with Rabi frequencies on the

order of the experimentally observed ones. It is clearly visible that the transfer is

highly inefficient.

In both scenarios, the pulses follow a sin? shape and are delayed such that the reduced

Rabi frequency Q32 = Q%—i—ﬂ% remains constant during the crossing regime. The parameters

in Figure 7.2 correspond to the free-bound transition found at the intercombination line

of Yb (see Section 5.1), where the decay rate of state |2) is y32 = 27 - 3MHz. In panel

a), both Rabi frequencies are Qg = Qp = 27 - 1 MHz, resulting in efficient transfer. In

panel b), we use experimentally realistic values corresponding to our PA experiments close
to the intercombination line, with the free-bound Rabi frequency (i.e., Qp in the STIRAP

picture) limited to just 0.1 MHz, resulting in a very small transfer efficiency.
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For 0 = 0, the transfer efficiency can be approximated by [169]:

v D
7 = exp (— 0Rr - 27) , (7.6)

where D denotes relative linewidth of the pump and Stokes lasers and 7 the STIRAP
duration. As evident from this expression, high Rabi frequencies for both transitions are
essential?, explaining why efficient molecule formation using the Yb intercombination line
is, for the time being, not feasible. Additionally, the relative linewidth of both coupling
lasers must be small, necessitating robust laser sources and methods for phase-locking,
which could require ultra-high finesse cavities and/or frequency combs.

Notably, free-bound STIRAP has already been demonstrated for Sro dimers near the
intercombination line, achieving transfer efficiencies of up to 30 % [142, 170]. However,
to date, no such results have been reported for alkali-alkaline-earth molecular systems,
highlighting an open and promising direction for further exploration. However, this would
require substantial upgrades to our laser systems.

Employing a transition near the Rb D1 line may offer a more viable route toward efficient

molecule formation in future experiments.

7.2.2 Laser-Assisted Self-Induced Feshbach Resonance — LASIFR

An alternative adiabatic optical method for transferring population from a scattering state
to a bound vibrational state within the electronic ground-state potential was proposed by
Devolder et al. in 2019 [171]. This technique, called laser-assisted self-induced Feshbach
resonance (LASIFR), was specifically proposed for RbSr, but should be applicable to RbYb
and uses lasers in the sub-THz regime. In contrast to STIRAP, LASIFR does not require an
intermediate state; the transition is driven entirely within the ground-state potential. This
eliminates losses due to spontaneous emission, which typically occur in optical Feshbach
resonances involving excited molecular states leading to line broadening as discussed in
Section 5.1.3.7. The LASIFR concept is illustrated in Figure 7.3 and is closely related to
magnetic Feshbach resonances (see Section 7.2.3).

The process starts with a mixture of ultracold atoms colliding in the s-wave scattering
regime, referred to as the open channel in Figure 7.3 a). The core idea is to tune the
energy of a bound state in a different potential (the closed channel) into resonance with
this scattering state. If both channels can be coupled using a laser field, an adiabatic
transfer can be realized by slowly sweeping the laser detuning across this resonance.

Here the open channel corresponds to an s-wave scattering state with [ = 0, and the

closed channel to a bound state with [ = 1, exhibiting a the p-wave centrifugal barrier.

*Note that the approximation in Equation (7.6) is valid only if Qo remains constant during the crossing

regime, as illustrated in Figure 7.2 a). This requires Qp x~ Qg.
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Figure 7.3.: Scheme of the LASIFR principle. a) shows the potential energy curves
of the open (I = 0) and closed (I = 1) channel. The relative energy of both can be
shifted into resonance due to the light shift. b) shows the energy dependence of the

corresponding states versus the laser detuning in the dressed-state picture.

In the dressed-state picture, the open and closed channels correspond to the bare states

la, N + 1) and |b, N), respectively. A coupling light field mixes these states, and for a

two-level system, the dressed states are then given by [70]:

1(N)) =sinf|a, N + 1) 4+ cos6 |b, N) (7.7)
2(N)) =cosfla,N +1)—sinf |b,N), (7.8)

where the mixing angle is defined as:
(7.9)

tan20=—% with 0<20 <,

with Q being the Rabi frequency and J the detuning from resonance.
The adiabatic process can then be explained as follows: The laser field is initially ap-

plied with large positive detuning (6 > 0), corresponding to # = /2, so that |a, N + 1)
corresponds to the dressed state [1(N)) (point (I) in Figure 7.3 b). As the detuning is
swept adiabatically to large negative values (§ — —oo), the mixing angle evolves to 6 = 0,
and |1(N)) corresponds to the bare state |b, N) (point (2)). When the laser is turned off
at this point, the system is left in the bound molecular state of the closed channel.

The transfer probability is given by the Landau-Zener model as [171]:

P=1-—exp <—7TQ727WC> ,
2]al

where (4, is the maximum Rabi frequency, and « is the linear chirp rate of the time-
dependent detuning: §(t) = a (t — Tpuse/2). As usual, a high Rabi frequency — resulting

from a large wavefunction overlap and/or high laser intensity — is beneficial for maximizing

(7.10)

transfer.
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Notably, the process may also be initiated from large negative detuning, following the
evolution of the dressed state |2(IN)) instead.
Closely related to this adiabatic population transfer is the detuning-dependent inter-

species scattering length. Near resonance, it is given by [171]:

a = apg (1—5), (7.11)

where apg is the background scattering length, I' is the resonance width (referred to as
the reduced width I';.q in [171]), and scales linearly with the laser intensity. Due to the
divergence of a at resonance, a wide range of tunable scattering lengths (positive and
negative) can be achieved. This tunability may be exploited for enhanced thermalization
and efficient sympathetic cooling.

Devolder et al. presented numerical parameters for the 8’Rb%Sr system, where both
species are trapped in a combined Mott insulator, resulting in discrete scattering states.
For this system, the strongest transition dipole moment element occurs at vibrational level
v = 56, with a transition wavenumber of 6.6cm ! (v = 185 GHz) and resonance width
Is6 = 27-1.45-1074 MHz. Levels with T’ > I's6/2 range from v = 51 (21.44cm™!) to v = 60
(1.20cm™1). For a pulse duration of Tpyse = 10000 s and chirp rate o = 5-107° MHz/ s,
laser intensities on the order of hundreds of W/cm 2 are required.

Although RbSr and RbYb differ in their potential energy curves — and thus the exact
position of optimal vibrational states — the RbSr results provide a useful reference for
estimating parameters in the RbYb system.

In principle, LASIFR can be adapted for RbYb to form weakly bound ground-state
molecules. However, several challenges remain: Sub-THz laser sources are still under
development [172, 173], and no suitable source is commercially available at this time.
Furthermore, the relevant vibrational level must be accurately predicted for efficient im-
plementation, since the proposed linewidths are rather small.

In conclusion, LASTFR offers a possible route for adiabatic population transfer to weakly
bound vibrational states in the electronic ground state, without incurring spontaneous
emission losses typical of excited-state optical Feshbach resonances. However, its experi-

mental realization remains challenging and, at present, appears to be out of reach.

7.2.3 Magnetic Feshbach Resonances

In addition to fully optical methods of adiabatic molecule formation, magnetic Feshbach
resonances (MFR) [174] offer an alternative pathway. The underlying principle of MFR is
conceptually similar to the LASIFR scheme described above. As illustrated in Figure 7.4 a),
an open and a closed channel, both originating from different electronic ground-state po-
tentials, are involved, and a weakly bound molecular state is tuned into resonance with
the scattering state. In the case of MFR, these states typically belong to different hyper-

fine manifolds, with their relative energy shifts arising from distinct Zeeman shifts in an
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Figure 7.4.: Scheme of a magnetic Feshbach resonance. a) shows the potential
energy curves of the open (F = 1) and closed (F' = 2) channel. The relative energy
of both can be shifted into resonance due to the Zeeman shift AE(B). b) shows the
energy dependence and the avoided crossing of the corresponding states versus the

magnetic field strength.

external magnetic field. Provided there is a coupling between these channels, adiabatic
transfer can be achieved by sweeping the magnetic field across the resonance. Magnetic
Feshbach resonances are the workhorse for the creation of weakly bound molecules in bi-
alkali systems such as NaK [175], KCs [176], NaRb [177], RbCs [178], and, naturally, also
in homonuclear bi-alkali combinations. In these systems, spin-spin interactions generate
strong coupling, resulting in broad and robust MFRs that are ideally suited for efficient

molecule formation.

In contrast, since Yb’s ground state is spinless, such strong coupling is absent in RbYb.
Nevertheless, weaker interaction mechanisms do exist, offering the possibility of magnetic
Feshbach resonances. These coupling mechanisms have been explored for CsYb in [179]

and are briefly summarized here.

One such mechanism involves a distortion of the Rb electron cloud in the presence
of the Yb atom, which modifies the hyperfine coupling constant. This type of coupling
was proposed by [180] and [181], and prompted experimental searches for corresponding
resonances in RbYb [50]. Although these initial searches were unsuccessful, the discovery
of narrow resonances in RbSr [182] suggests that a renewed search — particularly with
improved magnetic field control and access to higher fields — could prove worthwhile. The
strength of this coupling can be inferred through precision measurements of the hyperfine
structure of the molecular ground state via two-photon photoassociation, as discussed in
Section 5.2.

Another proposed coupling arises from the interaction between the Rb valence electron
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spin and the nuclear spin of a fermionic Yb isotope?. Such resonances have been observed
for CsYb at magnetic fields of several hundreds Gauss [47], and exploring similar behavior
in RbYb could be an interesting future route.

A further route to enable strong magnetic Feshbach resonances could be the use of Yb in
an electronically excited triplet state. In this scenario, spin-spin interactions can give rise
to significant coupling. A particularly intriguing candidate is the long-lived metastable 3Pg
clock state, as proposed in [146]. However, due to the lack of precise knowledge about the
corresponding interaction potentials, accurate predictions of resonance locations remain
challenging. Additional spectroscopic investigations, such as photoassociation or Feshbach

spectroscopy, are necessary to characterize these potentials.

7.3 RbYb in the Absolute Ground State

If weakly bound RbYb molecules can be produced using e.g. one of the methods outlined
above, we will be poised to address the next significant milestone: the creation of rovibronic
ground-state molecules. As outlined above, the essential prerequisite for this is a robust
and efficient production of molecules in a weakly bound vibrational level of the electronic
ground-state potential. Once achieved, a well-established and conceptually straightforward
pathway — successfully demonstrated in numerous other cold molecule experiments — is the
use of a coherent two-photon STIRAP transfer to the absolute ground state.

Ground-state formation of heteronuclear bi-alkali molecules has already been realized
for RbCs [40, 183], NaK [42], NaRb [43], and KRb [184], with the initial step (production
of weakly bound molecules) typically relying on strong magnetic Feshbach resonances to
access weakly bound molecular states.

As discussed in Section 6.2.1, the wavelength of the third photon required for the transfer
process is around 1520 nm. Conveniently, the final STIRAP laser is proposed to lie near
1.3 um [57], a technologically accessible region for laser systems.

Once the production of RbYb molecules in the rovibronic ground state is accomplished, a
natural next step will be the measurement of their electric dipole moment — a fundamental
property that will also enable future manipulation and control. To this end, the integration
of precisely aligned electrodes into the existing experimental setup is essential. Fortunately,
we can draw upon the experience and infrastructure of our lovely colleagues Alex and Nele
working on the neighboring Yb Rydberg experiment, whose insights of electric field control
will prove an invaluable endeavor.

For me it’s now time to hand over these next steps — and the feared ”10er Schliissel'” —

to the safe hands of Arne and Céline.

30nly '™ Yb and "®Yb possess nuclear spin.
To open the science chamber and implement new components — such as electrodes, ion detectors, or

magnetic field coils — in preparation for future experiments with RbYb ground-state molecules.
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