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Abstract

This thesis reports on the development and characterization of a new ultracold atomic
mixture experiment, featuring the bosonic species ?*Na and 3°K. With precise control
over both inter- and intra-species interactions, this system serves as an ideal experi-
mental platform for probing demixing dynamics with controlled miscibility.

We set up new laser systems for both atomic species, alongside magnetic field coils
featuring precise control, crucial for trapping and adjusting interaction strengths. Ad-
ditionally, we established and characterized a high-resolution imaging system, proving
indispensable for detecting Bose-Einstein condensates.

Following evaporative cooling in a crossed optical dipole trap, a ?*Na Bose-Einstein
condensate comprising approximately 7 x 10* atoms was achieved. With both, 3K and
23Na, in the trap, we performed atom-loss spectroscopy measurements, identifying
several intra- and inter-species Feshbach resonances, providing valuable insights into
the different interaction regimes. Substantial three-body losses in this atomic mixture
at low magnetic fields pose significant challenges, impeding the achievement of dual-
species condensation to date. We give perspectives for the improvement of the cooling

strategy to minimize the time spent at these low magnetic fields.






Zusammenfassung

In dieser Arbeit wird iiber die Entwicklung und Charakterisierung eines neuen exper-
imentellen Aufbaus, basierend auf einer ultrakalten Atommischung aus den bosonis-
chen Atomspezies 2°Na und *°K, berichtet. Mit priziser Kontrolle iiber die Wech-
selwirkungen zwischen und innerhalb der Atomsorten dient dieses System als ideale
experimentelle Plattform fiir die Untersuchung von Entmischungsdynamik bei kon-
trollierter Mischbarkeit.

Wir haben neue Lasersysteme fiir beide Atomspezies sowie Magnetfeldspulen mit
préaziser Steuerung aufgebaut, die fiir das Einfangen der Atome und die Einstellung der
Wechselwirkungsstiarken entscheidend sind. Dariiber hinaus haben wir ein hochau-
flésendes Bildgebungssystem installiert und charakterisiert, das fiir die Detektion von
Bose-Einstein-Kondensaten unverzichtbar ist.

Nach evaporativem Kiihlen in einer gekreuzten optischen Dipolfalle konnte ein *Na
Bose-Einstein-Kondensat mit etwa 7 x 10* Atomen erzeugt werden. Mit sowohl 3K
als auch ?Na in der Falle fithrten wir Atomverlustspektroskopie durch und iden-
tifizierten mehrere Feshbach-Resonanzen innerhalb und zwischen den Spezies, was
wertvolle Einblicke in die verschiedenen Wechselwirkungsregime lieferte. Erhebliche
Drei-Korper-Verluste in dieser Atommischung bei niedrigen Magnetfeldern stellen
eine grofle Herausforderung dar, die das Erreichen der Doppel-Spezies Kondensation
bisher verhindert hat. Wir zeigen Perspektiven fiir die Verbesserung der Kiihlstrate-
gie auf, um die Zeit, die bei diesen niedrigen Magnetfeldern verbracht wird, zu min-

imieren.
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CHAPTER

Introduction

The first experimental observation of Bose-Einstein condensation (BEC) in a dilute
atomic vapour in 1995 [1, 2] gave rise to a new field of research encompassing both
atomic and condensed matter physics. Initially, the main focus of research were phe-
nomena associated to the coherent, macroscopic matter-wave properties of these ul-
tracold gases. Prominent examples include the observation of interference between

two BECs [3] or the formation of vortices in a stirred BEC [4].

Over the past two decades, enormous progress was driven by two pivotal develop-
ments - the tunability of interactions using magnetically tunable Feshbach resonances
[5-7] and the application of versatile optical potentials through specially shaped and
interfering laser beams, creating periodic potentials [8]. Complete control over the
strength and sign of inter-atomic interactions, combined with the ability to manip-
ulate the system’s dimensionality through optical potentials, positioned cold atoms
as an ideal platform for realizing so-called analog quantum simulators [9,10]. These
quantum simulators offer a means to explore theoretically challenging problems, rang-
ing from examining the universal dynamics of systems far from equilibrium [11,12] to
investigating the dynamics of quantum fields in curved spacetime [13, 14]. Addition-
ally, the quantum simulation of strongly correlated many-body systems [15, 16] aims
to address open questions related to high-temperature superconductivity [17, 18] and

quantum magnetism [19].

In recent years, many efforts have been dedicated to ultracold atomic mixtures. Such
mixture systems have been implemented using distinct hyperfine spin states within
the same atomic species [20, 21], as well as through the use of different stable iso-
topes [22,23]. Alternatively, entirely separate atomic species have been successfully
combined and cooled to dual-species degeneracy [24, 25].

The interactions occurring within each component and between the two play a central
role, determining whether the mixture exhibits miscibility or immiscibility. Immiscible
fluids, as observed when attempting to mix oil and vinegar, will not mix but rather
phase separate. Such phase separation phenomena are omnipresent in nature [26] and

have been observed in condensed matter systems [27, 28], biological systems [29,30],
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and quantum systems [31,32]. Due to its relevance in such diverse areas of research,
understanding the underlying processes and emergent phenomena associated with

demixing dynamics is of fundamental importance.

Manipulating Bose-Einstein condensates using magnetically tunable Feshbach reso-
nances has opened a significant pathway to explore the transition between misci-
ble and immiscible mixtures, thereby enabling control over phase separation dynam-
ics [33,34]. Additionally, the linear coupling of internal states has emerged as an alter-
native strategy, establishing effective interactions among dressed states and providing

control over the spatial mixing-demixing dynamics within these condensates [35-37].

In early experiments exploring Bose-Bose mixtures [32,33,38], immiscibility was de-
monstrated by an asymmetry in the density profiles, connected to the spatial sep-
aration into distinct domains. Moreover, exploring the interaction between spatially
separated condensates upon collision [21,39] revealed diverse dynamics dependent on
the miscibility of the atomic mixture, where, for instance, a counter-intuitive bouncing

motion was observed between miscible condensates [40].

The role of interactions in mixture systems was further extended to lower-dimensional
setups, exploring demixing instabilities in two-dimensional box potentials [41,42] and
quasi-one-dimensional spin mixture configurations [43]. In these studies, the investi-
gation of the time-evolution of phase separation dynamics in immiscible spin mixtures
revealed the process of coarsening. Herein, domains of the two components nucleate,
and larger domains expand at the expense of smaller ones. This phenomenon often
exhibits universal scaling behaviour [44-46], meaning that the typical size of domains
increases with time according to a power-law relationship regardless of the initial
conditions or microscopic interaction details, but rather emphasizing emergent be-

haviours during evolution.

The study of demixing dynamics in immiscible atomic mixtures is commonly con-
ducted in a population-balanced system. In contrast, in a strongly population-im-
balanced mixture, wherein isolated bosonic impurity atoms are immersed in a Bose-
Einstein condensate (BEC) formed by the other atomic species, the quasi-particle de-
scription of this simple yet non-trivial many-body system becomes relevant. Result-
ing from the inter-species interaction, each impurity atom gets dressed by a cloud of
Bogoliubov phonon excitations of the BEC, forming the so-called Bose polaron, as il-
lustrated in figure 1.1 A. The polaron exhibits modified properties compared to the
bare atom, including an effective mass, a different size, and a modified dispersion re-

lation. In general, the interaction of impurities with a medium plays a pivotal role
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Figure 1.1.: [llustration of polaron and demixing physics. A: Impurity atom dressed
by cloud of phononic excitations of a Bose-Einstein condensate, forming
the Bose polaron. Figure adapted from [70]. B: Phonon-induced Casimir
interaction between two polarons. C: Phase-separation in a population-
balanced immiscible mixture.

when describing the transport properties of charge carriers in semiconductors, the
Kondo effect in metals [47], or the electron-phonon interactions in high-temperature
superconductors [48].

Using a Feshbach resonance to tune the interactions between the impurity and the
BEC, recent experiments have been able to explore the strong-coupling regime [49-
51]. While the underlying phenomena and characteristics of single isolated Bose po-
larons are an interesting theoretical challenge [52-59], the medium-induced Casimir-
like interaction between two polarons, as shown in figure 1.1 B, has been subject of
growing theoretical interest [60-64], as such fluctuation-induced interactions play a
significant role in diverse research areas [65-69].

As the concentration of impurity atoms is systematically increased within the strong-
coupling regime, where the mixture is immiscible, phase separation ensues, as illus-
trated in figure 1.1 C.

This thesis details the construction of an experimental platform to investigate the
physics of demixing and the role that population imbalance plays in the formation
of phase-separated domains.

Specifically, we chose the ultracold atomic mixture of 23Na-3%K, as it features favourable
scattering properties in the form of wide inter- and intra-species Feshbach resonances
at low magnetic fields [71,72]. These resonances facilitate precise tuning of the homo-
and hetero-nuclear interaction strength, enabling access to strongly attractive or re-
pulsive regimes. Furthermore, sodium, having been among the first atomic species to
be experimentally condensed to quantum degeneracy [2], can be readily cooled and

manipulated using standard laser cooling and evaporative cooling techniques to reach
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the ultra-low temperatures necessary for BEC formation.

Additionally, potassium has the advantage of possessing multiple stable isotopes, in-
cluding *’K, #°K, and *!K. 3°K, being a bosonic isotope and the focus of this work, can
form a BEC, while the less abundant fermionic isotope 40K would enable the inves-
tigation of Bose-Fermi mixtures when combined with 2*Na. Moreover, the positive
s-wave background scattering length of 'K makes it an intriguing system for quan-

tum simulation studies, especially at low magnetic bias fields.

The thesis is organized as follows:

CHAPTER 2 introduces the relevant theoretical foundations, starting with the basics
of Bose-Einstein condensation. After discussing the tunablity of interactions
through magnetically adjustable Feshbach resonances, the chapter concludes
by taking a closer look at the two-component system, which possesses an inter-

esting miscible to immiscible phase transition.

CHAPTER 3 presents a detailed description of the experimental tools that are nec-
essary for such an ultracold mixture machine. This encompasses the optical
arrangement of the different laser systems, the design and construction of the
magnetic field coils, and the theory and implementation of sophisticated detec-

tion methods.

CHAPTER 4 outlines the strategy to achieve sodium degeneracy, highlighting the dif-
ferent laser cooling and evaporation stages on the way to the 2>Na Bose-Einstein

condensate.

CHAPTER 5 illustrates the challenges we face on our path towards dual-species de-
generacy. After discussing the grey molasses cooling stage implemented for
potassium, we turn our attention to the optical dipole trap, where the interac-
tions can be tuned using a Feshbach resonance. We explore the rich inter- and
intra-species Feshbach spectra, and apply the gained insights to further cool the

atomic mixture.

CHAPTER 6 summarizes the main results of this work and gives a brief outlook into

the next steps in the experiment.



CHAPTER

Theory fundamentals

In this chapter, I will review some key theoretical concepts that are relevant to the
work presented in this thesis. I will start in section 2.1 with an introduction to the
fundamental theoretical concepts concerning Bose-Einstein condensation. This in-
cludes the mean-field description using the Gross-Pitaevskii equation, its solution in
the Thomas-Fermi approximation, and the discussion of elementary excitations using
Bogoliubov theory.

In section 2.2, I will provide additional theoretical background regarding Feshbach
resonances, which are an essential tool to tune the inter- and intra-species scattering
properties.

The concepts are extended to the description of a two-component mixture in section
2.3. The interaction between the species gives rise to a set of two coupled Gross-
Pitaevskii equations, which will be solved utilizing Bogoliubov theory. The resulting
excitation spectrum will be analysed, highlighting an unstable regime that initiates
demixing dynamics within the immiscible mixture. Lastly, we will take a closer look
at the 2> Na-3K scattering properties, relevant for the domain formation in an immis-

cible mixture.

2.1. Bose-Einstein condensation

Given the extensive body of literature in the form of textbooks [73, 74] and review
articles [75, 76], this section serves as a concise summary of key elements related to
Bose-Einstein condensation that are relevant to this work.

Starting with a dilute gas of bosons, their statistics are dictated by quantum mechanics
once the wave-packets of individual particles begin to overlap. This particular state of
matter, referred to as a Bose-Einstein condensate (BEC), is formed when the phase-space

density exceeds a critical threshold:

p=nAiy > 261 (2.1)
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2h?
kaT ’
Hence, in order to satisty equation 2.1, achieving high densities and low temperatures

with the density of the gas n and the thermal de-Broglie wavelength Agg =

is required. This experimental challenge will be further addressed in chapters 4 and
5 when attempting to cool sodium and potassium below quantum degeneracy. Upon
crossing this threshold, the bosons undergo a phase transition, leading to a macro-
scopic occupation of the lowest energy ground state and the formation of a macro-

scopic wave-function, characteristic of a Bose-Einstein condensate.

By treating the interactions between particles of mass m in a mean-field approxima-
tion, a non-linear Schrédinger equation for an interacting low-temperature Bose gas
can be derived:

72

0
ih—Y¥(r,t) = —
! ot (r ) 2m

V2 +V(r) + g [¥(r, )| ¥(r, 1) (2.2)
This equation is known as the Gross-Pitaevskii equation [77,78]. The three terms on
the right-hand side correspond to the kinetic energy of the particles, the external trap-
ping potential V(r), and the inter-particle interactions within the system, parametrized

by the coupling strength
_ 4nh*a
m

(2.3)

where a is the s-wave scattering length.

In the regime of strong interactions, where the cloud is dense, the Gross-Pitaevskii
equation can be solved by neglecting the kinetic energy term, a simplification known

as the Thomas-Fermi approximation. Within this approximation, the density profile is

described by:

_pmV@)

n(r) (2.4)

with the ground state chemical potential p. The explicit dependence of density on
the external potential’s shape is a characteristic feature of a degenerate atom cloud.
Consequently, within a harmonic trap, the atomic density profile adopts an inverted
parabolic shape. The point at which the density reaches zero, defined by p = V(Rg),
designates the Thomas-Fermi radius. Additional information regarding the bimodal
density distribution observed for partially condensed atom clouds is presented in ap-

pendix B.

Small perturbations on a background condensate can be treated using Bogoliubov theo-
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ry [79]. In this approximation, owing to the macroscopic occupation of the ground
state, the ground state operators are substituted with complex numbers. Additionally,
higher-order an-harmonic terms involving multiple creation and annihilation opera-
tors are neglected. This leads to a simplified Hamiltonian that can be diagonalized

via a linear transformation, yielding the Bogoliubov dispersion law for elementary

9 271/2
e(p) = [% (L) ] )

excitations:

2m

In the limit of large p, the quadratic term dominates, as expected for non-interacting
single-particle excitations. Conversely, at small momenta, the dispersion relation
transforms into a linear form, indicating the presence of collective phononic excita-

tions, often attributed to the system’s collective behaviour.

2.2. Scattering theory

Let’s consider the collisional process between two particles interacting via a short-
ranged potential V(r). As the interaction potential only depends on the relative po-
sitions r = r; — r, of the atoms, this elastic scattering problem can be solved in the

centre-of-mass frame using the Schrédinger equation:

h2

my

V2 + V()| ¥i(r) = B P(r) (2.6)

with the reduced mass m,. For a short-ranged potential, the scattered state can be
described by the superposition of an incoming plane wave and an outgoing scattered
spherical wave
. eikr
Y (r) o &K 4 f(k,0) — (2.7)
r

where the scattering amplitude f(k,6) connects to relevant physical quantities such
as the scattering cross section.
For a radially symmetric potential V(r) = V(r), the wave function can be expanded

with respect to the angular momentum [/ into partial waves:

g (r)
r

Yi(r) = i Pi(cos )
=0
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where P are the Legendre polynomials and the functions uy;(r) satisfy the radial
Schrédinger equation:
2 2 2

- gt V) + 1 P ) = B @9)
In the context of partial waves with non-zero angular momentum [ # 0, the centrifugal
term acts as a potential barrier for the scattered particles. In the limit of low tempera-
tures, as the wave vector k approaches zero, the collision energy becomes lower than
the potential barrier. Consequently, the particles are unable to perceive the interac-
tion potential. Therefore, when describing collisional processes in ultracold atomic
gases only s-wave scattering (! = 0) will notably contribute. In this regime of ex-
tremely low temperatures, the interaction potential can be accurately characterized

by a single parameter, namely the s-wave scattering length:

. tandy(k)
a=-lim ————

2.10
Jim —- (2.10)

where Jy(k) is the phase shift of the outgoing spherical wave. This quantity plays a
crucial role in the description of Feshbach resonances in ultracold weakly interacting
gases [7,73].

To motivate the underlying physics of Feshbach resonances, let’s consider a scatter-
ing event involving two particles, as depicted by the potential curves in the left graph
of figure 2.1. For large separations between the scattered particles, the inter-atomic
potential, visualized by the solid black line, serves as an energetically accessible scat-
tering channel, commonly referred to as an open or entrance channel. Additionally,
there exist scattering potentials, indicated by the solid blue line, with higher asymp-
totic energies, which are referred to as closed channels. These closed channels can
support bound states with an energy close to the energy of the free atoms in the open
channel.

When the corresponding magnetic moments differ due to distinct spin configurations,
the presence of an external magnetic field can modify the energy difference between
the open channel and the closed channel bound state. This magnetic field dependence
is shown in the top-right plot of figure 2.1.

In case of a small coupling between the two channels, the resulting channel mixing
can drastically alter the scattering length, as illustrated in the bottom right graph of
figure 2.1. If the bound state becomes degenerate with the asymptotic energy of the
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open channel /
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Energy

Scattering length

Inter-atomic distance Magnetic field

Figure 2.1.: Schematic illustrating the principle of a Feshbach resonance. Two collid-
ing atoms in the open channel couple to the bound state of a closed chan-
nel. This coupling occurs when the threshold energy of the open channel
is equal to the closed channel bound state energy and leads to a resonance
feature (Feshbach resonance) in the scattering length. Due to differing
magnetic moments, the two channels shift energetically with respect to
each other as a function of magnetic field, enabling tunability of the scat-
tering length across the resonance. Figure adapted from [80].

open channel at a certain magnetic field B, the scattering length diverges. Close to
this resonance, the scattering length, as a function of the external magnetic field B, is
given by

a(B) = apg <1 - B—LBO) (2.11)

where A is the width of the resonance, and the background scattering length in the
open channel is defined as a,,. Consequently, interactions can be tuned to be attrac-
tive (negative scattering length) when the bound state is energetically shifted above
the open channel threshold or repulsive (positive scattering length) in the opposite

scenario, with the external magnetic field serving as the tuning parameter.

The feasibility of freely adjusting interactions using these magnetically tunable Fesh-
bach resonances was first demonstrated in 1998 [5], utilizing an optically trapped
Bose-Einstein condensate of sodium atoms. Naturally, these concepts can be extended
to mixtures of different atomic species, enabling the manipulation of inter-species in-
teractions. In the experiment, we can use these resonances as a tool to reach dual-
species degeneracy, as further discussed in chapter 5, and as tuning knob to probe the

miscible-immiscible phase transition, which will be motivated in the following section.
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2.3. Two-species mixtures

In a mixture system, composed of two distinct bosonic species, we encounter three dis-
tinct parameters characterizing the interactions. The intra-species interactions within
each component are parametrized by g;; and g,,, while the inter-species interaction
strength is denoted by g;,. Employing separate wave functions to describe each con-

densate [81], we can formulate the coupled Gross-Pitaevskii equations for this system:

0 h?

th—¥; = [ — — V2 +Vi(x) + g11 112 + g10 |‘I’2|Z] ¥ (2.12)
ot Zml

0 R ) )

ih—Wy = | — ==V + V,(r) + gop [¥2l° + g12 [¥1]| ¥ (2.13)
ot 2m2

where the coupling constants are determined by the scattering lengths according to:

477,'h2011 47rhza22 Zﬂhzalz
gn=——-7 &p=—— and gp=—— (2.14)
mq my m,

with the reduced mass of the mixture m, = mymy/(m; + my).

Equilibrium properties

Let us first examine a homogeneous system confined within a box potential of fixed
volume V, where the atomic densities n; = |¥;|* = % remain constant. The equilib-
rium ground state of this system is either a uniform mixture, where the two species
spatially overlap, or a phase separated inhomogeneous one, with the two components
occupying different regions of volumes V;. The energy of the system in these two

configurations is given by [73, 82, 83]

2 2
Eunif = 5 lgll_v + 82, T 28— (2.15)
2 2 2 2
1 N; N; 1 Nf Nj NN,
Esep =5 lg1171 Ty | Ty |8y Yyt 2J8u82—; (2.16)

Consequently, for the system to phase separate (Eypif > Egep), the following condition
must be fulfilled
8 %2
811 822

812> 81182 = 6g:= -1>0 (2.17)
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where we have defined the miscibility parameter dg, that characterizes the transition
between a miscible and an immiscible mixture.

Note that the conditions g > 0 and g;, < 0 will lead to the mean-field collapse of the
system, meaning that phase-separation requires repulsive inter-species interactions
(g12 > 0). Beyond mean-field effects become relevant when the attractive inter-species
interaction is small and balances the repulsive interactions within each species, leading

to the formation of so-called quantum droplets [84-87].

Collective excitations

Having analysed the equilibrium properties of the ground state of a two-component
mixture in the prior section, our focus now shifts towards investigating elementary
excitations within the system. For simplicity, we examine a homogeneous system
using Bogoliubov treatment, as outlined in [42, 74, 88]. The system’s two collective

excitation branches are given by

2, 2
W + 05 1 2 k4
Q2= 221> [(0? - 0?) +4gZ%nn) 2.18
£ (k) 2 7 (wf 7) 812M —— (2.18)
. . . . . ..o o B2k (R 0
with the single-component Bogoliubov dispersion relation 2°w;" = o o T 2801

and the condensate density n) for species i. This Bogoliubov spectrum with its two
excitation branches is visualized in figure 2.2.

In the non-interacting case, where gy, = 0, we get

k? [ h?k?

+2 n? 2.19
2 811,22 1,2) (2.19)

2m1,2
which is the regular Bogoliubov dispersion relation for two separate condensates as

introduced in equation 2.5.

In the interacting scenario, where g5 # 0, the excitations within the system be-
come coupled, resulting in the emergence of hybridized excitation branches denoted as
Q. (k). Upon increasing the interaction strength to g1, = \/g11 822, the low-momentum
part of Q_ approaches zero and eventually becomes imaginary. This occurs upon en-
tering the immiscible regime, where g2 > /g11822, as shown in figure 2.2 B. Conse-
quently, the homogeneous system becomes unstable with even weak perturbations on
the background leading to an exponential growth of long-wavelength modes, culmi-

nating in the demixing of the two species [46].
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Figure 2.2.: Bogoliubov spectra for a two-species mixture. A: The two excitation
branches for a miscible mixture with §g = —0.9. B: Bogoliubov spectrum
for an immiscible mixture with §g = 4.0. The Q2 branch goes below zero,
leading to demixing and has a minimum at a momentum k¢. C: Domain
size 1/ky as a function of the miscibility parameter dg.

The fastest growing modes, which are determined by the minimum of Qz_(k), have
wavenumber ks and grow at a rate 7 = 1/|Q_(ks)|. These quantities provide an esti-

mate for the length and time scale of domain formation [36, 88].

Furthermore, as the inter-species interaction strength and, consequently, the misci-
bility parameter g are further increased, the minimum at k; shifts towards higher
momenta, leading to the formation of smaller domains. This behaviour is illustrated
in figure 2.2 C, where we plotted the domain size 1/k as a function of §g, highlighting
the significant reduction in domain size as the mixture becomes increasingly immis-

cible.

The formation of domains and their subsequent coarsening during time evolution is
illustrated in figure 2.3, where we have numerically simulated the behaviour of the
local density of one of the components ny(x,y) = [¥;(x,y)|? as a function of time.
Initializing both components to be randomly distributed in two dimensions, the inter-
action strength is quenched to a miscible (5g < 0) or an immiscible (5g > 0) state at
t = 0s. For a miscible mixture, the two components are spread out evenly, and the

time evolution does not show any significant features.

Conversely, the immiscible mixture shows the formation of small-sized domains that
coarsen as a function of time. This phenomenon is a manifestation of the demixing

process within the system.
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Figure 2.3.: Time evolution of the local density of one component n;(x, y) = [¥;(x, y)|*
for a miscible (A) and an immiscible mixture (B) localized in two dimen-
sions. The immiscible scenario, where g > 0, illustrates the formation of
domains and their coarsening dynamics.

Population imbalanced mixture

Up to this point, we have maintained a global zero atom number imbalance z =
Nya—Nk
Nna+Ng
adjusting the atom number ratio is achievable through the initial loading time in the

= 0, assuming an equal population of the two clouds. In the experiment,

magneto-optical trap (MOT). However, even minor shot-to-shot fluctuations in the
initial atom numbers can propagate through the entire evaporative cooling sequence,

significantly affecting the final population imbalance.

The influence of a density imbalance on the domain formation can be qualitatively
understood by examining the overlap between the two clouds [36]. In an imbalanced
mixture, the overlap diminishes, resulting in a reduced effective inter-species inter-
action strength. This affects the wavenumber of the most rapidly growing modes,
shifting them towards smaller momenta. Consequently, the domains will be larger
and exhibit slower growth as the imbalance increases.

This behaviour is quantitatively reproduced in figure 2.4, where we plot the unstable
mode of the Bogoliubov spectrum, according to equation 2.18, as a function of the
population imbalance. Indeed, the minimum of the spectrum (grey lines), i.e. the most

rapidly growing unstable mode, shifts to lower momentum for increasing imbalance z.

Very large density imbalances pave the way to investigate the interactions of single

impurities interacting with a BEC, giving rise to the formation of so-called Bose po-
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Figure 2.4.: Bogoliubov spectra for a two-species mixture for different population im-
balances z. The most unstable mode, indicated by the grey lines, shifts to
lower momenta for increasing imbalance.

larons. These quasi-particles possess significantly modified properties compared to
the bare impurity atoms, including an effective mass and modifications to the spectral
properties. An intriguing phenomenon emerges when immersing two impurities in a
Bose-Einstein condensate. The polarons experience a long-range Casimir-like inter-
action [60-64], scaling as 1/r> for large impurity separations r in the one-dimensional
case.

Furthermore, the demixing instability can also be characterized within a strongly pop-
ulation imbalanced two-dimensional binary mixture, where the bath fills the entire
space, and the minority species is restricted to a few atoms. In the immiscible regime,
the minority species can, under particular conditions, form a localized wave packet,

corresponding to the Townes soliton state [89,90].

External trapping potential

In the experiment, the BECs do not exhibit perfect homogeneity but instead display an
inhomogeneous density distribution resulting from an external trapping potential. In
the presence of such a trapping potential, the density distributions for the two atomic
species further depend on the intra-species interaction strength - an effect referred to
as buoyancy [81,88,91]. In a buoyant mixture, the component with the lower intra-
species interaction strength tends to localize in the central region of the trap, where
higher atomic densities are present. This localization occurs as a means to minimize
the system’s energy. Conversely, the component with the stronger intra-species in-
teractions tends to be constrained to the edges of the trap. It is important to note that

this phenomenon is observed in both miscible and immiscible systems. To mitigate
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this effect, the intra-species coupling strengths have to be tuned to be of similar mag-

nitude, or a box-like uniform confinement has to be implemented.

Additionally, in the context of a mass-imbalanced mixture involving Na-3%K, a dif-
ferential gravitational sag will come into play. This gravitational effect, elaborated

upon in section 5.3, diminishes the spatial overlap between the two species.

In a study by Gutierrez et al. [92], the influence of gravity and atom number ratio on
a mass-imbalanced mixture was explored. The atom number ratio n = Ny,/Nk was
varied by adjusting the number of atoms in the minority species >’K. The spatial over-
lap of the two atomic clouds served as a quantitative metric to evaluate the miscibility
of the mixture. Figure 2.5 A presents the spatial overlap between the two clouds as
a function of magnetic field and atom number ratio. A system is considered miscible
when there is a significant spatial overlap, while deeply immiscible mixtures approach
zero overlap. While the phase transition from miscible to immiscible mixture occurs
at 109.1 G for a homogeneous system, the transition point shifts when accounting for
an external potential. This dependence on the external trapping conditions is, fur-
thermore, illustrated in figure 2.5 B, where the spatial overlap is plotted versus the
magnetic field for different trapping parameters. Compared to the homogeneous case

with no gravitational potential, the presence of different trapping potentials &; and the

A 1 B :
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1 L * p=1andg=0
0.8 + n=1,g=0and¥, =7,
2 0.8 |—n=1g=0and?, =9,=0
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Figure 2.5.: Dependence of the overlap of the 2*Na-*K mixture on different exper-
imental parameters. A: Normalized spatial overlap as a function of the
atom number ratio  and bias magnetic field B. The miscible to immisci-
ble phase transition for a homogeneous system is represented by the white
line. B: Spatial overlap of the two clouds for a fixed 1 and different trapping
conditions (trapping potentials denoted by J;). Figures taken from [92].
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effect of gravity g # 0 shifts the phase transition to higher magnetic fields.!

The quantitative characteristics of this phase transition are significantly reliant on the
specific parameters of each individual experiment, such as the trapping frequencies.
Nonetheless, this example provides valuable qualitative insights, emphasizing the ne-
cessity of considering both the external trapping potential and gravitational poten-
tial when determining the transition point from a miscible to an immiscible mixture.
The miscibility parameter dg loses its validity as an indicator, given that the phase
transition is notably influenced by the atom number ratio  and the external trapping

parameters [92,93].

Experimental properties

Ultracold atomic mixture experiments provide a clean and versatile platform to study
the physics of demixing, as inter-species Feshbach resonances enable fine-tuning of in-
teraction strengths using an external magnetic bias field. In the context of the 2*Na-3K
mixture, the scattering properties of the individual constituents have been extensively

characterized:

Soprum:

« First observation of a Feshbach resonance for the |1, —1)? state by Stenger

et al. [94] at a magnetic bias field of approximately 1195 G.

« Further narrow s-, d-, and g-wave resonances reported by Knoop et al.
[95], while confirming no significant features at low magnetic fields. The

background scattering length was calculated to be 54.54(20) aj.

Potassium:

« D’Errico et al. [96] discovered magnetically tunable Feshbach resonances

for the different |F = 1) Zeeman sub-levels in potassium 39.

« Comprehensive study of Feshbach resonances in potassium Bose-Bose mix-
tures °K-*!K, including a characterization of the resonance parameters by
Tanzi et al. [97].

« Utilizing a combination of bound-state spectroscopy and atom-loss spec-

troscopy, Etrych et al. [98] measured several |F = 1) interstate resonances

The difference between the bottom two cases in figure 2.5 B stems from differing intra-species inter-
action strengths and the resulting buoyancy effect described above.
’In this thesis, we use the notation |F, my) unless otherwise specified.
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with a high level of precision. For the |1, —1) spin state, three resonances
were located at 33.5820(14) G, 162.36(2) G and 561.14(2) G.

SODIUM-POTASSIUM MIXTURE:

« Viel et al. [99] carried out a theoretical study of Feshbach resonances for

various isotopic Na-K pairs, namely Na-39K, Na—4OK, and Na-#1K.

« Schulze et al. [71, 100] performed Feshbach spectroscopy measurements
for ensembles in the |1, —1) spin state, locating inter-species resonances at
32.5(8) G and 247.1(2) G, with a zero-crossing at 117.2(2) G.

« Hartmann et al. [72, 101] conducted a detailed study of Feshbach reso-
nances for various hyperfine spin combinations up to 750 G. Their work

also included refined singlet and triplet ground state potentials of Na-K.

With this information at hand, the magnetic field region 40 — 160 G, between the two
potassium low-field resonances, offers both miscible and highly immiscible regimes
when focusing on ensembles in the |1, —1) spin state. Implementing a quench from a
miscible to an immiscible system requires either a rapid magnetic field ramp or a spin
flip. Such a quench would then initiate the demixing dynamics, where the domain
formation could be subsequently resolved using individual imaging schemes for the

two atomic species.

Conclusion

At ultracold temperatures, the phase-space density of an atomic sample can exceed a
critical threshold, resulting in the macroscopic occupation of the quantum mechanical
ground state — a state known as a Bose-Einstein condensate (BEC). The mean-field
description of this state can be effectively captured by the Gross-Pitaevskii equation,
solvable in the Thomas-Fermi approximation, which involves neglecting the kinetic
energy of the constituent atoms.

In the case of a two-species system, a set of coupled Gross-Pitaevskii equations offers
an accurate representation. The system’s behaviour — whether it tends towards mis-
cibility or immiscibility — is contingent upon the strengths of intra- and inter-species
interactions. To analyse the emergent instabilities in a homogeneous system, a Bogoli-
ubov treatment has been applied, yielding estimations for the length scale 1/k¢ and
growth rate 7 = 1/|Q_(k)| of the emerging domains, where ky is the wavenumber of

the fastest growing unstable modes.
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The modulation of inter- and intra-species interaction strengths is achievable through
magnetically tunable Feshbach resonances. By adjusting the magnetic field across a
resonance, the s-wave scattering length a can be adjusted to be strongly attractive
or repulsive. This capability proves especially valuable when investigating domain
formation through a controlled transition from a miscible to an immiscible mixture.
Moreover, this tunability proves advantageous for the dual-species cooling process,
where ensuring a substantial overlap between the two atomic clouds is imperative to

facilitate effective sympathetic cooling.



CHAPTER

Experimental tools

Having introduced the necessary theoretical tools, we can focus on the experimental
setup of our atomic mixture machine. Figure 3.1 displays a three-dimensional view
of the vacuum system. The initial pre-cooling of sodium and potassium atoms oc-
curs within two distinct two-dimensional magneto-optical traps (2D-MOTs). Subse-
quently, near-resonant push beams facilitate the transfer of atoms from their respec-
tive 2D-MOT chamber into the dual-species science chamber. Within this chamber,
the atoms are further confined and cooled, which is the subject of chapters 4 and 5. In
this chapter, I will focus on the experimental tools imperative for achieving quantum

degeneracy with our sodium-potassium atomic mixture.

Science
chamber

Figure 3.1.: Three-dimensional view of the vacuum system. The two independent two-
dimensional magneto-optical traps (2D-MOTs) serve as a source of cold
atoms for the subsequent cooling stages, which take place in the dual-
species science chamber. The different chambers, which can be isolated
from each other via gate valves, are pumped down using ion-getter pumps
(SAES NEXTorr Z100/D500).
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After discussing significant modifications and enhancements to the experiment in sec-
tion 3.1, attention will be directed towards a detailed account of the two laser systems
dedicated to sodium and potassium in section 3.2. In section 3.3, I will present the
design, fabrication and characterization of the magnetic field coils. These coils are
instrumental in generating magnetic field gradients and bias magnetic fields during
the experimental sequence. Finally, in section 3.4, a thorough description and char-
acterization of the absorption imaging method employed in the experiment will be

provided.

3.1. Disruptive transformation of our mixtures lab

In the spring of 2022, important and difficult decisions had to be made regarding the
experimental setup. Up to this point, the laboratory space was shared with a sodium-
lithium (NaLi) mixture machine [102-105], imposing substantial spatial constraints.
In our sodium-potassium (SoPa) experiment, both sodium and potassium atoms were
loaded into a dual-species Magneto-Optical Trap (MOT), where we had studied the
stochastic dynamics of few sodium atoms immersed in a potassium MOT using atom
counting techniques [106, 107]. However, we encountered challenges in condens-
ing sodium atoms, a crucial initial step in working with a dual-species apparatus, as
sodium is supposed to act as a sympathetic coolant for the potassium atoms. We at-
tributed these difficulties to limitations of our magnetic field coils, which had inad-
equate water-cooling, and issues with the implemented absorption imaging system.
Additionally, during the evaporation stages, the atomic densities were insufficient to

enter the runaway regime, thus impeding effective cooling.

As the NaLi-experiment reached the end of its lifetime due to persistent vacuum is-
sues, we decided to dismantle the sodium-lithium apparatus and reorganize the labora-
tory space. With the additional available space, each species was assigned a dedicated
optical table measuring 3 m x 1.5 m, providing a stable base for assembling the laser
systems, as opposed to the previous configuration of two stacked optical breadboards.
More space and easier access allowed for a better arrangement of optics and eased the
optimization of acousto-optical modulator (AOM) alignments and fibre coupling effi-
ciencies. Moreover, the optics and the laser from the previous setup were repurposed,

providing an extra 1 W of sodium laser light to work with.

Substantial updates were also implemented on the experiment table. To enhance stor-
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age capacity above and below the optical table and ensure laser safety, an enclosure
made of Item aluminium profiles was built around the optical table. A laser curtain go-
ing around the side of this construction ensures laser safety for low-power stray light.
The high-power dipole laser setup requires additional 3 mm thick anodized aluminium

boxes, as this beam could otherwise burn a hole into the black curtain.

The top of the frame is closed with wooden multiplex boards and four flow boxes,
establishing a ventilation system that provides a laminar flow of clean air. This airflow
mechanism minimizes dust accumulation on the optics. The wooden boards also serve
as a platform for organizing the wiring of the magnetic field coil connections. Two
passbanks for fast current control and an H-bridge for switching the current direction
through one coil are placed on top of these boards. Cables and optical fibres are guided
through holes drilled into the multiplex boards.

Additionally, we replaced the previous coil design, which was limited to gradients be-
low 150 G/cm due to inadequate water cooling. The new design employed coils wound
from hollow-core wire, featuring efficient water cooling and thus permitting higher
gradients. Furthermore, we changed the orientation of the coils from a side configura-
tion to a top-bottom configuration, making it possible to keep most of the MOT optics
on one common breadboard in the horizontal plane. For both the 2D- and 3D-MOT,

the retro-reflected setup was replaced with independent beams along each direction,

Figure 3.2.: Sequence of images before, during and after the lab transformation.
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leading to an improved alignment and beam balancing, which is particularly crucial

during the sub-Doppler cooling stage.

These modifications and enhancements to the experimental setup have proven to be
effective and fruitful, evidenced by the successful achievement of a sodium Bose-
Einstein condensate (BEC) and the promising outlook for achieving dual-species de-

generacy within a year of this disruptive transformation.

3.2. Laser systems

The experimental setup comprises one optical laser table for each species. On these ta-
bles, the near-resonant light for the magneto-optical traps and for imaging is frequency-
stabilized, amplified, and appropriately shifted to achieve the desired frequency. Fig-
ure 3.3 illustrates the respective energy level schemes for 2*Na (A) and *’K (B), where
the cooling and repumping transitions are indicated by arrows. While only the D2-
line is used to cool and address sodium, for potassium, both the D2- and D1-line will

be of importance.
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Figure 3.3.: Energy level schemes for 2*Na (A) and 3°K (B). The cooling and repump-
ing transitions are marked by the respective arrows. While we only use
the D2-line for cooling sodium, we utilize the potassium D1-line for grey
molasses cooling. The hyperfine frequency shifts are displayed in brackets
in units of MHz. Values are taken from [108] for ?*Na and [109] for 3°K.
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3.2.1. Sodium laser table

The sodium laser system operates in a leader-follower configuration, necessitating two
lasers. The leader-laser is frequency-stabilized to an atomic reference using saturated
absorption spectroscopy [110,111]. The follower-laser is then locked to this reference
utilizing an offset beat lock method [112].

Both sodium lasers are frequency-doubled diode lasers! that involve amplifying light
with a wavelength of 1178 nm from an external cavity diode laser and then frequency-
doubling it within a second-harmonic-generation (SHG) cavity. This procedure yields
a laser output of approximately 1.4 W of 589 nm light. Motorized in-coupling mirrors
for the tapered amplifier and the SHG-cavity allow for an optimization routine, en-
abling automated alignment for optimal output power. Typically, this optimization

routine is performed approximately once a week for standard operation.

Frequency stabilization

The output of the leader-laser is locked to an atomic reference by coupling a small frac-
tion of light into a sodium spectroscopy cell. At room temperature, the vapour pres-
sure, and thus the absorption rate for sodium, is too low. Therefore, the spectroscopy
cell is heated to 180°C. We experienced some issues with heating the spectroscopy
cell as the current flowing through the heaters induced a magnetic field, disturbing
the spectroscopy signal by causing energy level shifts due to the Zeeman effect. This
problem was resolved by exchanging the heaters with alternative ones?.

The saturated absorption spectrum yields an error signal by modulating the magnetic
field within the spectroscopy cell. This modulation is achieved by supplying a sinu-
soidally varying current to a magnetic field coil wrapped around the spectroscopy cell,
a technique known as Zeeman modulation locking [113]. Using this error signal, we
lock the leader-laser to the D2 ground state crossover (CO), as illustrated in figure 3.4
A. The spectrum in the top graph shows three discernible features. From left to right,
these correspond to transitions from |F = 1,2) (CO) to |[F’ = 2), |[F’ = 2,3) (CO) and
|F” = 3). The central zero-crossing of the error signal marks the lock point, as indi-

cated by the vertical dashed grey line.

The follower-laser is locked to the leader with a variable offset using an offset beat

lock. This involves overlapping light from both lasers on a fast photodiode. A delay

I'TOPTICA Photonics TA-SHG Pro
“Watlow MB1J1JN3-B12 were replaced by Acim Jouanin L3420C9A5.
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Figure 3.4.: 2*Na laser locking signals. A: Saturated absorption spectroscopy of the D2
ground state crossover line with the generated error signal below (dark
orange curve). B: Error signal of the offset beat lock to frequency-stabilize
the follower-laser. The frequencies of the leader- and follower-laser are
denoted by v, and vg, respectively. The lock-points for the two lasers are
indicated by grey dashed lines.

line introduces a frequency-dependent phase shift, generating an error signal that can
be used to stabilize the follower-laser. Further details regarding this lock can be found
in [114]. Figure 3.4 B illustrates the error signal from the offset lock, where the x-axis
represents the frequency offset of the follower-laser relative to the leader-laser. The
lock-point at 260 MHz is set to the zero-crossing of the last rising slope, indicated by

the intersection of the dashed grey lines.

Frequency shifting

The stabilized laser output is divided into multiple beams and subjected to frequency
shifting, as shown schematically in figure 3.5. Additionally, figure 3.6 provides an
image depicting the assembled setup on the optical table.

The leader-laser supplies the light for the 2D-MOT, imaging, push, repumper and 3D-
MOT cooler. The light is divided into these respective paths using half wave-plates
and polarizing beam-splitters (PBS). To accomplish frequency shifting, acousto-optical
modulators (AOMs) are employed in a double-pass configuration [115]. For each AOM
path a 3:1 telescope, consisting of a convex (f = 150 mm) and a concave (f = —50 mm)
lens, reduces the beam diameter to match the optical aperture of the AOM. Using a
retro-reflecting mirror, the beam is passed twice through the AOM, ensuring that the

doubly diffracted order is superimposed with the input. Incorporating a cat’s eye lens
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Figure 3.5.: Schematic of the sodium leader-laser system. The light is frequency-
stabilized with a saturated absorption spectroscopy (SAS), and then split
and frequency-shifted using acousto-optical modulators (AOMs). The cor-
responding AOM RF-frequencies for the different paths are displayed in
MHz. The laser beams are eventually coupled into single-mode optical fi-
bres that transport the light to the experiment.

Figure 3.6.: Image of the sodium leader-laser system. The light from the sodium laser
on the left is split up and frequency-shifted in AOM double-/quadruple-
passes. The light is then coupled into optical fibres, which are bunched in
the bottom right, and transported to the main experiment table.



26 LASER SYSTEMS

(f = 75 mm) in the setup renders the alignment of the frequency-shifted beam inde-
pendent of the applied RF-frequency. Consequently, fibre coupling is preserved when
tuning the AOM frequency for optimization purposes. Subsequently, the frequency-
shifted light is coupled into single-mode polarization-maintaining optical fibres. A

dedicated half-wave plate ensures polarization-maintaining coupling.

The output of the leader-laser is stabilized to a point +152 MHz detuned with respect
to the cooling transition by shifting the light with an AOM double pass before directing
it to the saturated absorption spectroscopy setup. The frequencies of the other beams
are then adjusted with respect to this reference using the respective AOM paths. All
sodium laser frequencies and power values are summarized in table 3.1. The power

for each path was measured behind the fibre out-coupler on the experiment table.

Lastly, each laser beam path features a mechanical shutter located in front of the optical
fibre. This shutter is employed to permanently block the respective beam, ensuring
no stray light and allowing to switch the AOM back on once the shutter is closed.
For most laser beams, we use a razor blade affixed to an electromagnetic relay that
moves the blade into and out of the laser beam depending on the applied TTL voltage,

achieving switching times of a few ms. For the low-power imaging beam, a faster

Table 3.1.: Frequency detunings and power values for the different sodium laser beam
paths. The frequency detuning is given with respect to the transition de-
noted in the second column. The power was measured after the fibre out-
coupler on the experiment table.

Transition |F) — |F’) Detuning [MHz] Power [mW]

2D MOT cooling 12) — [3) —42 130

2D MOT repump 1) = |2) —23 65
Imaging 12) — |3) 0 0.1/0.3"
Push 12) = |3) -12 3

3D MOT repump 1) — [2) -9 5/107
3D MOT cooling |2) — |3) —-14 55
Slower cooling 12) — |3) —108 330
Slower repump 1) — [2) —104 83

*The power values refer to the coarse and fine imaging, respectively
TThe power values refer to the dark-spot and imaging repumper, respectively
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and more reliable shutter design [116], inspired by [117], was adopted. These shutters
incorporate an electric motor that rotates a 3D-printed plate to either block or unblock

the laser beam, exhibiting switching times below 0.5 ms.

Generation of repumping light

As light tuned to the cooling transition |F = 2) — |F’ = 3) can off-resonantly excite
atoms to the |[F’ = 2) state, atoms have the possibility to relax to the |F = 1) ground
state. Consequently, a repumping beam tuned to the transition |F = 1) — |[F’ = 2) is
required to pump the atoms back into the cooling cycle. For sodium, the frequency
difference between these two transitions amounts to 1713.3 MHz, which exceeds the
modulation range of regular AOMs. On the other hand, an electro-optic modulator
(EOM)? can generate sidebands at 1.7 GHz and can thus be placed into the beam path in
order to add the repumper light. For an EOM, the carrier frequency and the unwanted
sideband are overlapped with the repumping light. As this is not a major issue for the
2D-MOT and the slower beam, which is presented in figure 3.7 A, an EOM is used in

these beams to create the repumping light.

3QUBIG PM-Na 1.7

A

Leader-Laser

P
w414
%4

B
G (F fast PD Top view

e

I N I

M
—
[

s Lo T 1Al

/ naﬂ Soide view E 2 .
Jgmis  2qmits w2
Follower-Laser -108MHz 3

== mirror [/] pol beamsplitter [=J M2plate TJ EOM  (|#fe fibre coupler  E= D-mirror
== lenses [/] non-pol. bs. &3 M4 plate I«-m---l AOM v prism-mirror / pick-off

Figure 3.7.: Schematic of the sodium follower-laser system setup (A) and the AOM
quadruple-pass to generate the sodium repumping beam (B). A: The
follower-laser supplies the light for the Zeeman slowing beam in the 2D-
MOT, where an EOM produces the repumping sideband. A small fraction
of light from the follower laser is mixed with light from the leader-laser and
overlapped on a fast photodiode (PD). B: Top and side view of the sodium
AOM quadruple-pass. Light passes four times through this 400 MHz AOM,
where the vertical axis is exploited to achieve more than two passes. A
prism mirror vertically translates the beam, and a D-mirror retro-reflects
after the second pass. The fourth order is split from the input light with a
polarizing beam splitter.
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However, for the dark SPOT repumper* and the imaging repumping beam, it is cru-
cial to avoid the presence of cooling light. One possible solution involves the use of
a high-frequency AOM® operating at 1.7 GHz. Unfortunately, this AOM yielded to-
tal efficiencies (diffraction efficiency and coupling efficiency) below 10 % and lacked

long-term stability [105].

An alternative approach entails passing a regular AOM more than two times [118-
120]. As the complexity of such a setup increases with every pass, we opted for im-
plementing a quadruple pass using a 350 MHz AOM®, similar to the setup presented
in [121]. The optical layout from a top and side view is depicted in figure 3.7 B.

In this configuration, the beam initially passes through a half-wave plate and a PBS,
and is then circularly polarized using a quarter-wave plate. As shown in the side
view, the beam is focused into the AOM using lenses in double cat’s eye configuration
(f = 100 mm). The zeroth diffraction order is blocked, and the first order is vertically
displaced by a right-angle prism mirror, such that this beam is frequency-shifted by
f.¢ . Utilizing the vertical spatial axis, the beam passes through the AOM an additional
three times. A D-shaped mirror is employed to selectively reflect the beam after its
second pass. After passing the AOM four times, the beam is frequency-shifted by 4 f;¢
and can be coupled out by passing through the quarter-wave plate once again, gener-
ating s-polarized light that is reflected by the PBS.

We aligned this setup by starting with the single-pass and optimizing the diffraction
efficiency into the first order to approximately 90 %. Subsequently, the prism mirror
was introduced, and its position and angle were finely adjusted. The height of the
prism influences the vertical spacing between the incoming and reflected beam, and
has to be chosen large enough to achieve an adequate separation. As the angle of the
prism had a substantial impact on the efficiency after the second and fourth pass, it
was mounted on a rotation mount.

Once some light was detected in the fourth order, the alignment procedure was it-
eratively repeated. Adjustments were made to the D-shaped mirror, the AOM angle,
and the alignment of the right-angle prism mirror. With the AOM frequency set to
388 MHz, we achieved a quadruple pass efficiency of 45 % and a total efficiency after
coupling the output light into a single-mode optical fibre of 23 %. Although occasional

*Further details regarding this special repumping beam will be given in section 4.1.
*Brimrose EF-1700-100-589

®Gooch & Housego 3350-199

"This is the RF-frequency supplied to the AOM.
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realignment is necessary, this setup is still easier to maintain and achieves more than

twice the efficiency compared to the single 1.7 GHz AOM.

3.2.2. Potassium laser table

The potassium laser system, situated on a separate optical table, consists of two exter-
nal cavity diode lasers®. One of these lasers emits D1-light at a wavelength of approx-

imately 770.1 nm, while the other supplies D2-light at 766.7 nm.

Frequency stabilization

Similar to the procedure with sodium, the emitted light is frequency-stabilized to an
atomic reference in a saturated absorption spectroscopy setup, depicted in figure 3.8
A. Both lasers’ beams traverse a shared spectroscopy cell, which is heated to a tem-
perature of approximately 70°C. A coil, wrapped around the vapour cell, generates
the magnetic field for the Zeeman modulation technique. To avoid obstruction of the
incoming beam, retro-reflection (pump-probe configuration) of the beams after their

passage through the cell is achieved using D-shaped mirrors.
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Figure 3.8.: °K optical layout for frequency stabilization and light amplification. A:
The laser beams from the D1- and D2-laser pass through polarising beam
splitters, such that a small fraction is used to lock the laser to an atomic
reference, while the rest is coupled into a fibre. B: The coupled light acts
as an input seed for a standalone fibre-coupled tapered amplifier (TA) unit.
The seed light is amplified to approximately 2 W, and subsequently cou-
pled into a fibre. A Faraday isolator prevents back-reflections that could
damage the TA-chip.
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Figure 3.9.: 3K laser locking signals for the D2- (A) and D1-line (B). A: The top graph
shows the D2 spectroscopy signal with a central ground state crossover
dip. The left peak corresponds to transitions |F = 2) — |F’ = 1, 2,3), while
the feature on the right results from transitions |F = 1) — |F’ =0, 1, 2).
The bottom graph presents the corresponding error signal. B: D1 spec-
troscopy and error signal featuring a central ground state crossover dip,
several peaks on the left caused by transitions |[F = 2) — |[F’ = 1,2) and a
feature on the right resulting from transitions |F = 1) — |[F’ = 1,2). The
lock-points are indicated by the grey dashed lines.

The resulting spectroscopy data and corresponding error signals are presented in fig-
ure 3.9. The D2-line, shown in panel A, exhibits transitions, namely |F = 2) — |F") (left
peak), |F = 1) — |F’) (dip on the right), and the central crossover feature |F = 1,2) —
|F”). The locking point, indicated by the dashed grey lines, corresponds to a frequency
setting approximately 20 MHz red-detuned with respect to the transition |F = 1, 2)
(CO) — |F” =3).

The spectroscopy and error signal for the 3°K D1-line are displayed in figure 3.9 B. Due
to the larger energy splitting of the excited state, the fine structure of the excited state
is resolved. The central ground state crossover exhibits three distinct features corre-
sponding to transitions to the [F’ = 1), |F’ = 1,2) (CO) and |F’ = 2) excited states. The
D1-laser is frequency-locked to a point approximately 13.9 MHz blue-detuned with re-
spect to the transition |F = 1,2) — |F’ = 2) (as marked by the grey dashed line).

Light amplification

The diode laser outputs approximately 50 mW of light. However, a significant amount

of light is lost during the subsequent frequency-shifting and fibre coupling processes.
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To compensate for this power loss, we amplify the beams from the D1- and D2-lasers
using fibre-coupled home-built tapered amplifier (TA) units [111, 122], referred to as
the D1- and D2-TAs.

Figure 3.8 B shows a schematic of the optical layout for such an amplifier unit. The
20 mW of fibre-coupled seed light is amplified to approximately 2W by guiding the
light through a tapered amplifier chip’. An optical isolator, with a transmission of
roughly 80 %, is employed to prevent any back-reflections, which could potentially
damage the chip. The output mode after the TA chip is shaped using a cylindrical
lens to efficiently couple the light after the isolator into a single-mode fibre. Through
the inclusion of a rotation mount to align the axis of the cylindrical lens accurately,
coupling efficiencies of up to 57 % were achieved, resulting in a fibre-coupled output

power of approximately 1.04 W [123].

Frequency shifting

The amplified laser light is subsequently divided into several paths and frequency-
shifted using acousto-optical modulators. A schematic outlining the optical layout of
this process is provided in figure 3.10. Moreover, figure 3.11 showcases images of the
potassium optical table.

In the case of 3K, the hyperfine splitting in the ground state is about 461.7 MHz. Con-
sequently, by stabilizing the lasers to the ground state crossover, we can utilize the first
positive AOM diffraction order to produce the repumper, and the first negative order
to generate the cooling beam. The light from these two AOM paths is then superim-
posed on non-polarizing beam splitters, resulting in a 50 % power loss in the unused
output port.

For the push beam, we couple out a few mW of the 2D-MOT!? cooling light. Given
the substantial power requirement for optimal loading into the 3D-MOT, the 2D-MOT
light traverses another custom-built tapered amplifier (2D-MOT TA) before being trans-
ferred to the main experiment table.

The 3D-MOT beams have to carry both D2-light for the MOT and D1-light for the
grey molasses. Consequently, after combining cooler and repumper beams, the D1-
and D2-light is overlapped on a tunable bandpass filter!!. As the transmission band

of this filter depends on the incident angle, it is mounted on a rotation mount, and

Eagleyard Photonics EYP-TPA-0765-02000

To prevent any back-reflections from entering the 3D-MOT or imaging AOM paths, we strategically
positioned the 2D-MOT double-passes at the beginning.

"'Semrock TBP01-790/12
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Figure 3.10.: Schematic of the 3°K laser system. Each path has a cooler and repumper
beam, which are independently frequency-shifted and then superim-
posed on non-polarising beam splitters (non-pol. bs.). Following the
frequency-shifting, the light is coupled into single-mode optical fibres
transporting the laser beams to the experiment table. For the 2D-MOT
light, there is another amplifier stage (2D-MOT TA) in between. The
AOM RF-frequencies are given in MHz.

9,.\Y

Figure 3.11.: Images of the *’K laser system. A: D1- and D2-lasers with the saturated
absorption spectroscopy setup. The spectroscopy cell is positioned in the
centre, with the two brass band heaters standing out. B: Optical layout
for splitting the light into multiple paths and frequency-shifting the indi-
vidual beams using AOMs.
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Table 3.2.: Frequency detunings and power values for the different >°K laser beam
paths. The frequency detuning is given with respect to the transition de-
noted in the second column. The power was measured after the fibre out-
coupler on the experiment table.

Transition |F) — |F’) Detuning [MHz] Power [mW]

2D MOT cooling 12) — |3) -37 300
2D MOT repump 1) — |2) —22 150
Push beam 12) — |3) —37 2
3D MOT D2 cooling 12) — |3) -13 30
3D MOT D2 repump 1) — |2) —-18 20
3D MOT D1 cooling 12) — [2)* 20.8 30
3D MOT D1 repump 1) — [2)* 20.8 13
Imaging cooling 12) — |3) -1 1
Imaging repump 1) — |2) —6 1

*For this transition the excited state manifold is 42P, /2-

the angle is adjusted to optimize the reflectivity of the D1- and the transmission of
the D2-light. Compared to a non-polarizing beam splitter with 50 % efficiency, this

tunable bandpass filter enables us to achieve an efficiency of approximately 90 %.

Finally, the D2-light is also shifted close to resonance to serve as the absorption imag-
ing beams. These imaging beams, carrying both cooler and repumper, are coupled into
two separate single-mode polarization-maintaining optical fibres. This setup allows
for the utilization of two separate imaging systems, each with its own magnification.
Table 3.2 summarizes the frequency detunings and power settings for the various
potassium beam paths. These settings were obtained through optimization of the MOT

and grey molasses with respect to atom number and temperature.

3.2.3. Optical layout on the experiment table

The laser light is transported from the laser tables to the main experiment table, which
accommodates the vacuum system, through 10 m long single-mode optical fibres. On
the main experiment table, these fibres distribute the light to the 2D-MOT, push beam,

3D-MOT, and imaging setups. The arrangement of optics around the science chamber
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Figure 3.12.: Images of the optical layout on the main experiment table. A: Beam split-
ting optics for the sodium and potassium 3D-MOT. Due to the size of the
MOT beams of 15mm, 1 inch polarizing beam splitters are required. B:
Image of the experiment table visualizing the basic structure of three lev-
els separated by optical aluminium breadboards.

is structured into three layers, each separated by 30 mm thick anodized aluminium
breadboards, that are mounted on brass posts, as shown in figure 3.12.

As the coils are mounted above and below the chamber, four of the six MOT beams
lie in the horizontal plane, intersecting at right angles in the centre of the chamber.
Since these coils block quite a lot of optical access, the elongated viewports on the
sides of the chamber are the main entry points for additional laser beams, such as
the dipole beams. Consequently, a large U-shaped breadboard!? encircling the entire
chamber is used to mount most of the MOT and dipole trap optics. The decision to
mount a majority of the optics on a large, contiguous breadboard was made to enhance
the stability of the system. By mounting optical components on a single breadboard,
any potential vibrations or mechanical perturbations are effectively rendered common
mode, rather than introducing differing perturbations.

The various cameras needed for imaging are positioned on the lowest level, directly
on the optical table. The top layer, currently unoccupied, will be used to potentially
install a digital-micro-mirror device (DMD) setup, facilitating the creation of arbitrary
attractive or repulsive potentials in the xy-plane. Additionally, the underside of the

breadboard serves as a mounting platform for the vertical MOT beams.

On the middle breadboard, the 3D-MOT light is coupled out of the fibre and colli-

12 A5 the fabrication of such a large breadboard proved infeasible, we decided to construct two sym-
metrical halves and stitch them together using two thinner breadboards - one positioned on top and
the other below.
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Figure 3.13.: Top view of the optical layout of the MOT optics on the main experiment
table, mounted on a U-shaped breadboard. The three pairs of counter-
propagating MOT beams for sodium and potassium are generated by
splitting the beams using polarizing beam splitters. The implemented
splitting configuration allows independent power balancing for each axis,
facilitating the optimization of the optical molasses. The light for the two
species is overlapped for each path at the very end using a dichroic mir-
ror. The sodium dark SPOT repumping beam is provided by a separate
laser beam (bottom left).

mated using an achromatic doublet lens (f = 75 mm), resulting in a beam diameter
of approximately 15 mm, tailored to match the size of the elongated viewports. This
beam diameter necessitates the use of 1inch PBS cubes and 2 inch mirrors. The optical

layout is depicted in figure 3.13.

While the fibres are designed to preserve polarization, they exhibit slight polarization
rotation with fluctuations in the room temperature. These polarization changes would
translate to relative power drifts in the individual MOT beams, negatively affecting the
MOT and molasses. To address this issue, an additional cleaning cube is employed to
ensure polarization purity. Overall power fluctuations are monitored using a beam

sampler that reflects 1 % of the incident light onto a dedicated photodiode.

Subsequently, the beam is divided into three pairs of counter-propagating beams, and

the beam-balancing for each pair can be adjusted using a half-wave plate mounted in a
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precision rotation mount!3

. This fine adjustment proved particularly beneficial during
the optimization of beam balancing for the sensitive molasses stage.

The entire optical layout is replicated for the other species. The beams for the two
species are overlapped on the final in-coupling mirror using a long-pass dichroic mir-
ror'? for each of the six directions. Each dichroic mirror reflects sodium light, while
potassium light is transmitted. This arrangement, where the beams are superimposed
only on the very last mirror, enables independent optimization of the MOT beam align-
ment for each species.

The working principle of an optical molasses relies on circularly polarized laser beams.
This circular polarization is generated from the linear input using achromatic quarter-
wave plates!®. To ensure the correct circular handedness for both species, we inserted
an additional half-wave plate in the potassium beam for independent adjustment. Fur-
thermore, the sodium MOT is operated in a so-called dark-SPOT MOT configuration,
which will be elaborated on in section 4.1. The six sodium MOT beams only carry cool-
ing light, while the separate repumping beam (see bottom left of figure 3.13) features

a hollow beam profile.

3.3. Magnetic field coils

In the field of ultracold atoms, a wide range of tools is available to manipulate the
quantum-mechanical state of atoms. Magnetic fields are one of the most effective in-
struments. The utilization of magnetic fields commences in the 2D-MOT, 3D-MOT,
and magnetic trap, where a quadrupole magnetic field gradient is required to gener-
ate a spatially-dependent trapping force. Moreover, in the latter stages of the cooling
cycle, a magnetic bias field can be employed to adjust the interaction strength using
magnetically tunable Feshbach resonances. There are two main approaches to create

the desired magnetic field configuration - permanent magnets or magnetic field coils.

Permanent magnets are very easy to handle, compact, and cost-efficient. They have
been employed in the past to create magnetic traps for neutral atoms [124,125]. How-
ever, these magnets lack the capability to be switched off or varied in their field strength,
which is essential for tasks such as time-of-flight measurements or adiabatic compres-

sion. For our 2D-MOT, serving as a source of cold atoms, we use neodymium bar

3Thorlabs CRM1PT/M
4Thorlabs DMLP605L
>Thorlabs AQWP10M-580
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magnets'®, as tunability is less critical for this stage. Additional information regarding
the field configuration in the 2D-MOT can be found in Lilo Hocker’s Ph.D. disserta-
tion [126], drawing inspiration from similar approaches outlined in [127,128].

Magnetic field coils consist of wound copper wire, carrying electric current. Placing
two coils at a certain distance along the same axis enables the generation of a bias
or gradient magnetic field based on the relative direction of current flow (Helmholtz
or anti-Helmholtz configuration). The magnetic field strength can be finely tuned,
and the coils can be switched on or off by regulating the current accordingly. This
tunability renders magnetic field coils ideal to create the necessary fields around the
science chamber. However, for applications requiring large currents (in the order of a
few hundred amperes), effective water cooling systems must be installed. Additionally,
in case the water cooling is interrupted and the coil body heats up substantially, an
interlock circuit (see appendix A.3) should interrupt the electrical connection.

In our experiment, two types of magnetic field coils are utilized, each differing signif-

icantly in dimension, geometry, and application:

OFFSET co1Ls serve the purpose of compensating stray magnetic fields, including the
Earth’s magnetic field. A pair of coils is positioned along each spatial direction

to generate bias fields in the order of a few Gauss.

MaIN coiLs produce the necessary magnetic field configurations for the MOT and
magnetic trap, with gradients of up to 300 G/cm. Additionally, these coils have
the capability to produce bias magnetic fields of up to 600 G, allowing for the
fine-tuning of the s-wave scattering length across different inter- and intra-

species Feshbach resonances.

In the following, I will first introduce the offset coils, focusing on the coil assembly
and detailing the specifications of these coils. Following this, I will discuss the main
coils, starting with the design considerations. After presenting the performance char-

acteristics, the last section will cover current control and switching.

3.3.1. Offset coils

As previously indicated, the offset coils have to compensate stray magnetic fields in the
order of approximately 1 G along all three spatial directions. This objective is achieved

by positioning a pair of coils operated in Helmholtz configuration along each axis.

16ECLIPSE N750-RB



38 MAGNETIC FIELD COILS

Figure 3.14.: Images of the offset coils. A: Fabrication of a rectangular offset coil us-
ing a lathe. Following the winding process, the coil is secured with cable
binders and then tightly wrapped with Kapton-tape. B: Final coil config-
uration including the main coils and the offset coils. The offset coils are
fixed to each other and to the main coils using cable binders.

The coils were wound from 1 mm enamelled copper wire using a lathe. For the square
coil, four posts were attached to the lathe, and the wire was wound around these
posts. In the winding process, shown in figure 3.14 A, it was essential to carefully
wind the enamelled copper wire around the posts to achieve a uniform coil structure.
The tension and alignment of the wire during winding were crucial to ensure that the

resulting coil would meet the desired specifications and performance.

After reaching the correct number of windings, the coil was secured using Kapton-
tape and subsequently detached from the lathe and the posts. This design does not
require an additional holder, as the coil’s shape is maintained through the Kapton-
tape, resulting in a highly space-efficient design while still ensuring long-term stability
[129]. In a similar fashion, the round coil was wound around a circular frame that was
made to fit the dimensions of the coil design with respect to the inner radius. The
individual coils are held together and fixed to the frame of the main coils using cable

binders. The assembled coil setup is depicted in figure 3.14 B.

The coil dimensions and specifications, summarized in table 3.3, were determined
through a design process that took into account spatial constraints imposed by the
vacuum system, the desired magnetic field strength, and the homogeneity of the bias
field in the centre. The chosen dimensions were a result of optimizing these factors.
The field strength for each coil pair was measured along its common axis using a flux-

gate magnetic field sensor!”.

Bartington Instruments Mag03-IE-1000
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Table 3.3.: Offset coils characteristics. For the square x- and y-coils, we report the
mean side-lengths, while the mean diameter is given for the round z-coil.

x-coil y-coil z-coil
Dimension [mm)] 170 x 170 200 x 200 2270
Distance [mm] 230 145 150
Number of windings 50 30 30
Field strength [G/A] 1.78(1) 1.92(1) 1.62(1)

3.3.2. Main coils

One of the most advantageous features of the 2>Na->’K mixture lies in the presence
of multiple broad inter-species Feshbach resonances at relatively low magnetic bias
fields. This characteristic offers a high degree of control over the interaction strength,
enabling precise tuning from strongly attractive to repulsive regimes.

Considering the inter-species Feshbach resonances for the |1, —1) spin state at 32.5(8) G
and 247.1(2) G [71], and the intra-species >’K resonances located at 33.5820(14) G,
162.36(2) G, and 561.14(2) G [98], we established the requirement for the bias field to
reach up to 600 G.

In our experimental setup, achieving the necessary magnetic field gradients is crucial
for various cooling and trapping stages, such as the MOT or the magnetic trap. For
the MOT, we require low magnetic field gradients in the order of 10 G/cm. On the
other hand, to attain high densities, particularly in the runaway regime for microwave
evaporation, the magnetic trap necessitates gradients of up to 300 G/cm.

To efficiently meet both these requirements, our objective was to design a single set
of coils capable of switching between a magnetic field gradient and a homogeneous
field. This design aims to provide the versatility needed to adapt to various stages of
the experiment, enhancing its overall flexibility and performance.

In the following subsections, we will delve into the details of the design, fabrication,

and performance of this coil pair, highlighting its ability to meet the specified criteria.

Coil design

An essential aspect when designing magnetic field coils is determining the optimal dis-
tance between the coils, which varies based on whether they are operated in Helmholtz
or anti-Helmholtz configuration. In Helmholtz configuration, the first and second

derivative of the magnetic field are zero when the distance between the coilsis d = R,
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with the coil radius denoted as R. Conversely, in an anti-Helmholtz setting, aimed at
producing a linear gradient, the second and third derivatives vanish when d = V3 R.

To implement both configurations with the same pair of coils, we adopted the follow-
ing approach. We utilized the entire coil for gradient operation while relying solely on
the innermost windings to generate a homogeneous bias field. This configuration is
illustrated in figure 3.15, which shows a view from the side cutting through the water-

filled hollow-core copper wire.

Another more technical challenge, as evident in figure 3.15, is the limited amount of
available space. The science chamber imposes a restriction on the minimum distance
between the coils (diper > 60 mm), while the vacuum flange on the left limits the outer
diameter of the coil to a maximum of 180 mm.

In addition to the physical constraints imposed by the vacuum system, careful con-
sideration must be given to the optical access requirements for various laser beams.
The high numerical aperture (NA) imaging objective, with an outer diameter of 54 mm,
needs to fit within the bottom coil close to the viewport. Furthermore, the coil connec-
tions have to be bent in a manner that does not obstruct the MOT beams, as depicted
in figure 3.14 B.

hollow-core

Epoxy with glass copper wire
5 fibre reinforcement
5mm
LI
— _ _ _ — r 3mm

inner

distance
between
coils: 62mm

@ Gradient I

inner diameter 45mm 1
@ Bias and Gradient $4mm X

Figure 3.15.: Cross-section of the science chamber with the main magnetic field coils.
The coils, wound from hollow-core copper wire, consist of eight radial
and six axial windings. The main coil and the different distances are to
scale with respect to the dimensions of the science chamber.
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To produce the strong magnetic bias and gradient fields required for our experiment,
high currents are necessary, resulting in a dissipated power in the kW range. Hence,
an efficient active cooling solution has to be implemented to effectively dissipate this
heat.

In our previous coil design, based on a bulk-machined electromagnet approach [130],
we encountered difficulties with heat dissipation. The coils were fabricated by cutting
a spiral into a bulk copper block using a wire erosion machine, and filling the gaps
between the individual windings with epoxy. A PEEK cap screwed onto the copper
coil facilitated a water channel, ensuring direct contact between the cooling water and
the copper windings. However, during fabrication, we encountered some difficulties
with air bubbles forming in the epoxy, leading to minor leaks in the system. Despite
sealing these water leaks, there were still issues with the water-tight fit between the
copper coil and the PEEK component. Moreover, as the innermost and outermost
windings were not in direct contact with the cooling water, these regions heated up
quickly, rendering a continuous operation at currents exceeding 150 A impossible.

To address these issues and enhance the coil design, we took inspiration from other
experimental setups within our research group [131, 132]. We decided to make new
hollow-core coils, where water flows through an internal channel, significantly im-
proving cooling efficiency owing to the large surface area of the water-to-copper in-
terface. This upgrade was critical in enhancing heat dissipation and enabling contin-

uous operation at higher currents, meeting the demands of our experiment.

The final optimized coil design features an outer diameter of 174 mm with 8 x 6 wind-
ings per coil. Each coil has an inner hole diameter of 84 mm and a thickness of 42 mm.
The coils are fabricated in stacks of 8 x 2 windings each with a thickness of 14 mm,
such that the top and bottom coil each consist of three of these coil stacks. A technical
drawing of such a coil stack is attached in appendix A.4. The distance between the
two coils is set to 62 mm, providing a slight space buffer for the screws of the science
chamber vacuum flange.

To evaluate the performance of these coils, we simulated their behaviour using the
Biot-Savart law and perform numerical integration to calculate the field within a re-
gion of 100 um around the centre. In Helmholtz configuration, the magnetic field scales
as 2.0 G/A'®, while the gradient varies with the applied current as 1.02 G/cm/A. Thus,
a current of 300 A would be sufficient to reach our predefined targets.

Figure 3.16 illustrates the homogeneity of the coils around the centre when operated

¥The experimentally extracted calibration using microwave spectroscopy is given in table 5.2.
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Figure 3.16.: Simulated homogeneous magnetic field produced by the main coils in
the xy- and xz-plane, showing the relative deviation with respect to the
centre value, which scales as 2.0 G/A. While the field exhibits a maximum
in the centre of the xy-plane (A), the field increases in the z-direction
when moving away from the centre towards the coils (B).

in Helmholtz configuration. Over a range of 100 pm, the magnetic field changes by
approximately 8 x 10”7, The typical operation regime for our particular atomic mix-
ture is in the range of 150 G, leading to absolute magnetic field changes in the order
of 0.12mG. Achieving this high level of homogeneity is essential, particularly for
the Feshbach resonances, ensuring a consistent interaction strength across the atomic

cloud.

Coil fabrication and assembly

The coils are wound from hollow-core copper wire, featuring a rectangular profile with
5 mm side length and a circular hole diameter of 3 mm. The resistance of this wire is
specified to be 1.017mQm™!. The coils were externally manufactured!® in stacks of
eight radial and two axial windings. The copper wire was wound around a cylinder,
resulting in a coil configuration where the connections for the two axial windings are
positioned on the outside next to each other. This arrangement simplifies the setup for
current and water connections. To ensure structural stability and durability, each coil
stack was firmly secured using casting resin with additional glass-fibre reinforcements.

Each final coil consists of three stacks, totalling 48 windings, with six current/water

YKrimer Energietechnik GmbH
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Figure 3.17.: Magnetic field coil connections. A: Side-view of the magnetic field coils.
The coil stacks are numbered from 1 to 6, with each stack consisting of
two axial windings, denoted by up (u) and down (d). B: Coil connections
to the copper bars on the coil side (bottom connection) and on the top
side connecting to the switching circuitry. The windings 2u, 1d, 1u, 5u,
5d and 6u are hard-wired in gradient configuration, as illustrated in figure
3.19.

connections per coil.

In the assembly of each coil stack, precise measures were taken for wire connection and
current conduction. The connection wires were cut to the appropriate length, followed
by soldering of the water connectors®® to the wire ends. During this soldering process,
careful attention was given to prevent any solder from entering the hollow-core and
causing blockages.

For the current connections, copper pieces were soldered to the wires, and these sol-
dered connections were then finally screwed to the corresponding connections. The
outer two stacks of the top and bottom coils are fixed in an anti-Helmholtz configu-
ration. On the other hand, the innermost coil stacks are designed to be switchable,
keeping all four connections flexible. Additional details regarding the assembly of the

coil configuration are contained in appendix A.5.

The current is led away to the top of the experimental table housing using six copper
bars, that are clamped to Item construction posts. This construction, along with the

assignment of the copper bars to the different coil windings, is shown in figure 3.17.

20Swagelok B-6M0-6
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The copper bars have a cross-section of 1 cm x 2 cm, reducing the amount of dissipated
heat while efficiently carrying currents of up to 300 A. A straight connection from the
coil to the current control circuitry positioned on top of the optical table enclosure,
proved to be impossible, because of a flow box that was in the way. Therefore, we
opted for the solution shown in figure 3.17 B, that involved adding horizontal copper

bars between the vertical ones to by-pass the flow box.

Several 185 mm? copper-stranded wires further connect to the switching circuitry and
the current source. We utilize a current source?!, capable of supplying up to 440 A at
15 V22,

The bottom coil stacks are mounted on 300 mm long brass posts with a diameter of
30 mm. The length of these posts is set by the height of the science chamber above
the optical table. To ensure proper positioning, brass spacers were added to address
a slight initial misalignment, guaranteeing symmetrical placement of the coils with

respect to the chamber.

On the other hand, the top coil stacks are fixed to the bottom construction using 62 mm
long brass spacers with a diameter of 10 mm. The position and diameter of these
spacers was carefully chosen to minimize any obstruction to optical access. The coil
connections were bent to the side and attached to the copper bars. This entire coil

construction also serves as a mounting platform for the offset coils.

The water cooling system for these coils is provided by a dedicated chiller?®, which is
connected to the institute’s cooling water system to effectively dissipate the heat. The
chiller’s inlet and outlet are linked to a distribution setup that uses deionised water.
The inlet is filtered and pressure-limited to maintain a water pressure of 4 bars. Sub-
sequently, the water is distributed into three inlets and outlets, terminated by faucets
and 1/2inch hose fittings. A garden hose?* transports the cooling water to the exper-
iment table, where it is divided into twelve 6 mm plastic tubes using a custom brass
water distributor. A technical drawing of this water distributor is attached in appendix
A.4. The 6 mm plastic tubes are connected to the hollow-core copper wires through the
Swagelok tube fittings that were soldered to the wire ends. This arrangement provides

parallelized cooling for the six coil stacks.

?IDelta Elektronika SM 15-400

221f the voltage becomes a limiting factor, a second power supply can be connected in series.
2EF cooling WKW 86

**Gardena SuperFLEX 13 mm
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Current control and switching

During an experiment cycle, magnetic fields have to be adjusted and turned on or off
on microsecond time-scales. The circuitry, connecting to the top end of the copper
bars and enabling the rapid current control, is shown in figure 3.18.

The fast switching times can be achieved with a passbank, which consists of a series of
transistors connected in parallel. Each transistor is equipped with an LED, indicating

t?°. The passbank enables rapid

whether the transistor is properly functioning or no
control of the magnetic fields by modulating the current flowing through the coils
(further details in [133]). To precisely monitor the current, two current transducers
(LEM1 and LEM2) are employed, serving as feedback sources for the PID drivers of
the passbanks. This feedback mechanism ensures accurate regulation of the current,
aligning with the experimental requirements. More details on the passbank driver,
including the circuit diagram, are presented in appendix A.2.

Additionally, an H-bridge configuration is utilized to reverse the current direction
through one of the coils, changing between gradient and Feshbach configuration. In
the gradient configuration, it is required that the current directions in the top and bot-
tom coils are opposite, while a bias field is generated when the current flows in the

same direction. The coil connections for both cases are outlined in figure 3.19.

%0n a few occasions, the passbank overheated, damaging one or two transistors. These faulty tran-
sistors were then easily identified by looking at the LEDs.

Figure 3.18.: Image of the current control and switching circuitry located on top of
the experimental table housing. Copper bars and thick copper stranded
wires connect from the copper bars to the H-bridge, passbanks (PB1 and
PB2), and the power supply, that is located in a neighbouring laboratory.
The two passbanks are mounted on top of each other to conserve the
limited amount of space. The electric current passing through the coils
is measured with two current transducers (LEM1 and LEM2).
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In both cases, the current is initially directed through coil stack 4. The current direc-
tion through coil stack 3 can be inverted by toggling the H-bridge between its two
states, enabling control over the direction of current flow through this coil. Subse-
quently, the connections are split up, and depending on the states of the two pass-
banks, depicted at the bottom, the current flow through the outer coils can be regu-

lated. Specifically:

GRADIENT CONFIGURATION: No current flow through passbank 2 (PB2), while PB1 is
utilized to regulate the field strength on LEM1. The outer coils are involved in

this configuration, allowing for gradient field adjustments.

FEsuBACH CONFIGURATION: In this configuration, PB1 is closed and there is no cur-
rent flow through the outer coils. The bias field is exclusively produced by coils
3 and 4 and regulated on the signal of LEM2 using PB2.

Given that the outer coils are only used in Anti-Helmholtz configuration, the outer coil
stacks 1, 2, 5, and 6 are hard-wired to generate a gradient field. Consequently, only the
wires 2d and 6d are available for connections, as shown in figure 3.17 B. Conversely,
for the inner coil stacks, all four connections are necessary to link to the power supply
and the different H-bridge banks.

Gradient configuration Feshbach configuration
A\LEM2 ALEMZ

@ 4u  4d
= 1 b\t

oo
s s s

w
s s s

Figure 3.19.: Schematic of the magnetic field coil switching between gradient and
Feshbach configuration. An H-bridge reverses the direction of current
flow (indicated by red lines) through coil stack 3, while two passbanks
(PB1 and PB2) are used to regulate the current for the two configurations
using current transducers (LEM1 and LEM2) as a feedback mechanism.
As a protective measure against voltage spikes during turn-off, the coils
are equipped with TVS diodes.
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Table 3.4.: Summary of the H-bridge connections. Depending on the state of the two
inputs, the four outputs drive the different banks of the H-bridge. Con-
trolled by the state of the "Switch” input, the coils can be operated in gra-
dient or Feshbach configuration. If the "Disable” input is triggered, the
current flow is interrupted.

Input Drive 1 Drive 2 Drive 3 Drive 4 Config.
Switch, Disable blue* red” yellow™* green”*

0,0 1 0 1 0 Gradient
0,1 0 0 0 1 Off

1,0 0 1 0 1 Feshbach
1,1 1 0 0 0 Off

*These are the colours of the connectors on the H-bridge.

The H-bridge configuration comprises four banks, with each bank incorporating six
MOSFETs?® to withstand the high current load. The circuit diagram for the H-bridge
driver is presented in appendix A.1, with additional details on the design and func-
tioning of the H-bridge described in [131].

The driver circuit features two inputs - SWITCH and DISABLE - where the former
enables switching of the individual banks to reverse the current direction through
the connected coil, whilst the latter is used to turn off the current flow completely
by changing the bottom two MOSFET banks (drive 2 and 3) to non-conducting. The
corresponding logic for the two inputs and the four drive outputs connected to the

H-bridge is summarized in table 3.4.

Switching large currents on such small time-scales can induce significant voltage spikes.
As a protective measure, the coils are equipped with TVS diodes that shunt excess cur-
rent at high voltages and absorb much of the transient energy. In the experiment, we

installed one bi-directional TVS diode?” across each coil connection (see figure 3.19).

ZInternational Rectifier IRLZ 44N
21 ittelfuse Inc. 15KP58C
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3.4. Detection methods

Absorption imaging theory

One of the most fundamental and widely used imaging techniques in the study of
ultracold atoms is absorption imaging [75]. It can provide quantitative information
about the atom number, spatial distribution, and temperature of an atomic cloud.

In absorption imaging, the atomic cloud is exposed to illumination from a resonant
laser beam that propagates along the y-axis. Atoms within the cloud absorb the light,
while the transmitted beam is captured on a camera. The absorption of this probe

beam is described by Beer-Lambert’s law:
I(x,z) = I(x, z) e OP™2) = [ (x, z) e 1(%2) Oy (3.1)

where I(x, z) is the measured transmission, I(x, z) is the incident intensity, OD(x, z)
2
is the optical density, n(x, z) is the column density, and o, = % is the absorption

cross section, with A being the wavelength of the laser.

In the experiment, atoms are released from the trap and allowed to fall freely during
a specific time interval, referred to as the time-of-flight. After the time-of-flight, the
first imaging pulse is shone on the atoms, generating a signal L;(x, z), that displays the
atomic absorption, as shown in the left image of figure 3.20. After ensuring that the
trap is empty, a second imaging pulse illuminates the atoms to obtain a reference image
Lef(x, z), displaying only the beam profile without any atomic absorption. Finally, a
third dark image is captured without any imaging light, denoted as Iy, (x,z). The

Iat(X’Z) Iref(XaZ) Idark(X3Z) OD (X3Z)

Figure 3.20.: Example images taken for the absorption imaging technique. The optical
density (right image) is calculated from the atom image, reference image
and dark image according to equation 3.2.
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optical density is obtained from these three images by

Iat(x’ z) — Idark(x’ z)
Iref(x» z)— Idark(xs z)

OD(x,z) = —In (3.2)
This equation is only valid in the low-intensity limit, as otherwise saturation effects
become relevant and can affect the accuracy of the atom number estimation. The
application of this equation is illustrated in figure 3.20, where the atomic cloud is easily
discernible in the optical density graph.

From this two-dimensional array, we can extract the atom number of the imaged cloud

through

Ny = é ; ZZ: OD(x, z) (3.3)

where A denotes the area that is imaged onto each pixel, which depends on the pixel
size and the magnification of the optical imaging system.
During the time-of-flight, the atomic cloud undergoes a ballistic expansion. As the
expansion dynamics depends on the temperature of the atomic sample, one can extract
the temperature using such a time-of-flight scan measurement. The relation between
the Gaussian width o, , and the temperature T , in a ballistic expansion at different
times t is given by
) ) kgTx; ,

Ox (1) = 03,(0) + — =t (3.4)
Here, kg is the Boltzmann constant, m is the atomic mass, and 6,%,2(0) represents the
square of the initial Gaussian width. Consequently, the temperature of the atomic

cloud can be obtained from a linear fit of 0,%,2 versus t2.

Design considerations

When designing an imaging setup for our experiment, several critical parameters need
to be considered to ensure optimal performance and accuracy in capturing atomic

densities, which include:

+ The resolution of the imaging system determines the size of the smallest de-
tails that can be differentiated within an image. In the experiment, we will be
seeking to trap the atoms in a two-dimensional trap, with high trapping fre-
quencies of several kHz along gravity-direction. Therefore, a spatial resolution
of a few pm is required to accurately observe the trapped atoms. The resolution

depends on the systems numerical aperture (NA), which is the spread of angles
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the optical system can collect light from. A high NA requires small working dis-
tances and a large collection area, translating to a lens with a small focal length
and a large diameter. The resolution of any imaging system, even when mini-
mizing the effects of aberrations, is fundamentally limited by diffraction effects.
The diffraction-limited resolution is described by the Rayleigh criterion [134],
which is satisfied if the central maximum of one point emitter overlaps with the

first minimum of the other. It is given by:

1222

_ 3.5
"TONA (35)

where A is the wavelength of the incident light.

The field-of-view (FOV) is the area in the object plane that the imaging sys-
tem captures. Depending on the application, we need two different FOVs. For
optimization routines regarding the atom number and temperature in the ini-
tial stages like the magneto-optical trap, optical molasses, and magnetic trap,
a high FOV imaging setup with a low magnification is required. On the other
hand, once we load the atoms into the crossed optical dipole trap and reach the
quantum degenerate regime, a high magnification is essential to capture fine

details.

There are quite a few geometric constraints that constrict the imaging sys-
tem. Firstly, the chamber itself is 55 mm wide (in y-direction, including the glass
viewports). With the additional vacuum flange and flange screws, this sets the
minimal possible working distance to 40 mm. Furthermore, the optical access
for the MOT and dipole beams has to be considered.

The wavelength of the imaging light is chosen to be close to the resonance
of the atomic transition being imaged. As we are dealing with an atomic mix-
ture system, there are two wavelengths that need to be considered, 589 nm for
sodium and 767 nm for potassium. The resulting chromatic focal shift (chro-
matic aberration) has to be taken into account for the design of the imaging
system. Furthermore, since sodium and potassium imaging is carried out simul-
taneously, there is a need to efficiently combine and split the imaging light for
the two species. This involves using dichroic mirrors to separate and direct the

light to dedicated cameras for each species.

Considering the above points, we utilize two setups for absorption imaging, tailored
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to different requirements. Firstly, a large field-of-view and low magnification imag-
ing system with a single achromatic doublet lens®® (f.oarse = 180 mm) and a CMOS
camera?’ enables the characterization of atomic clouds in the initial cooling stages.

Secondly, a diffraction-limited, high-precision aspheric lens®® with a diameter of 1inch
and a focal length of f5,. ; = 50 mm serves as the primary lens for the high-resolution
imaging setup. Compared to standard plano-convex lenses, this special aspheric lens is
designed to eliminate spherical aberrations, enabling diffraction-limited performance.
The size and focal length of the lens was determined as a compromise between re-
taining a relatively high numerical aperture and keeping enough optical access for the
MOT and dipole beams. A 2inch achromatic doublet lens! with feine2 = 1000 mm
is utilized as a secondary lens. A dichroic mirror®? splits the two wavelengths, fa-
cilitating the compensation of the chromatic focal shift by adjusting the distance be-
tween the secondary lens and the camera independently for each species. An sSCMOS
camera’? featuring a 2560 x 2160 pixel sensor and low-noise detection capabilities, as

demonstrated in [135], is used for each species.

Characterization of the high-resolution imaging system

The initial design and evaluation of the planned high-resolution imaging system has
been simulated using OSLO (Optics Software for Layout and Optimization). This pro-
cess involved exploring various lens combinations and evaluating their performance
using analysis tools such as the modulation transfer function or the optical path dif-
ference.

For the two-lens setup with ffp.; = 50mm and fghe2 = 1000 mm, we achieved a
Strehl ratio of 0.8 (0.74) for sodium (potassium). The Strehl ratio, representing the
intensity at the central peak of the point spread function normalized to an ideal Airy
diffraction pattern, is a key parameter in determining the performance of an optical
system. According to the Maréchal criterion, an optical system can be described as
diffraction-limited if this quantity exceeds a value of 0.8. Thus, our lens system is
expected to achieve close to diffraction-limited performance. Moreover, by minimizing
the optical path difference for the final focus, the distance between the secondary lens

and the camera was found to be 1006 mm (900 mm) for sodium (potassium).

28Thorlabs AC508-180-AB
?Mako G-030B

30Thorlabs AL2550H
*IThorlabs ACT508-1000-A/B
32LensOptics custom

3 Andor Zyla 5.5
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Figure 3.21.: Image of the gold grating illuminated with sodium laser light, which is
used to experimentally characterize the resolution of the imaging setup.

The experimental evaluation of the imaging system’s performance is critical to ensure
that it meets the expected specifications and requirements for the experiment. The use
of a test target, in this case a gold foil [136] with a grid of equidistant holes each with
a diameter of 650 nm and a spacing of 20 um, allows for a controlled and systematic
assessment of the imaging quality.

Notably, the gold foil with its grid of equidistant holes introduces some complications
due to near-field diffraction effects. The gold foil acts as a periodic grating, where the
image of the grating is reproduced at regular distances from the grating. This diffrac-
tion effect is called the Talbot effect [137]. To ensure that the grating is positioned in
the true focal plane of the imaging lens, we can make use of some additional bigger
rectangular holes at the edges of the gold foil. Consequently, we adjust the grating to
get a sharp image of such a rectangular hole and subsequently translate the grating in
the xy-plane to recover the image of the grating®* [136,138].

By uniformly illuminating the test target with a collimated laser beam at the chosen
wavelength (589 nm or 767 nm), we simulate the actual experimental conditions as
closely as possible. Placing a glass plate>®> made from the same material as the view-
port (N-BK7) at a distance of 21.5 mm from the test target replicates the experimental
conditions, providing valuable insights into how the imaging system will function un-
der real circumstances.

The image of the pattern is subsequently collimated with the objective lens fgp.; and
finally focused onto the camera chip using the achromatic doublet lens fg,. 2. Figure

3.21 displays a camera image of the test pattern, which was illuminated with sodium

34The subsequent translation of the gold foil can introduce an additional source of error in case the
grating is not mounted perfectly straight.
*Edmund Optics 34-430
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light (589 nm), revealing the periodic intensity pattern. The close-up image of the
transmission through a single hole offers a detailed view of the imaging quality, show-

casing the system’s ability to resolve small features.

To characterize the resolution of this setup, we extract the integrated x- and y-profiles
of the different holes in the test pattern and fit the Airy disc intensity distribution [138]

1.22 2
2 (=7 x)
I(r) = IO 1.227 + IOESCt (3'6)
X
Ax

to this data, where [, denotes the peak intensity and Ax is the resolution based on the
Rayleigh criterion.

The experimental procedure involves varying the z-position of the gold foil (distance
between gold foil and glass plate) using a linear translation stage, capturing the in-
tensity profiles, and performing the fitting and analysis routine for both sodium and
potassium light. Resolution and maximum intensity for each position is displayed in

figure 3.22. The position of optimal focus is characterized by a minimum in the res-
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Figure 3.22.: Characterization of the high-resolution imaging system using a gold grat-
ing as a test pattern. The graphs show the width Ax and peak intensity
I of the Airy disc patterns for sodium (A) and potassium light (B) as a
function of the z-position of the test target. The black dashed line repre-
sents the diffraction-limited resolution.
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olution and a maximum in the peak intensity. Both sodium and potassium imaging
setups perform close to the diffraction limit of r, = 1.80 um and r¢ = 2.34 um, indi-
cated by the dashed black lines. However, we observe a very broad minimum in the
resolution, featuring a slight asymmetry that could be caused by spherical aberrations.
In the presence of such aberrations, the different light rays do not intersect after the
lens in one focal point, but are refracted more or less depending on how far off-centre
the rays are. This can lead to a broadening of the feature and to the appearance of
fringes around the main peak, that are visible in figure 3.21 and negatively affect the
fitting routing. Furthermore, the analysis also suffers from a low signal-to-noise ratio

observed for some point sources in the gold foil.

Optical layout

The optical layout of the implemented absorption imaging system is illustrated in

figure 3.23. Everything centres around the atomic cloud, which is positioned in the
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Figure 3.23.: Optical layout for absorption imaging in the horizontal plane. Views
from the top and the side show the high field-of-view (coarse) and high-
resolution (fine) imaging setups. The absorption beams for sodium and
potassium are superimposed on a dichroic mirror and directed onto the
atomic cloud. The transmitted light is imaged onto dedicated cameras for
each species. Sodium requires an additional repumping beam for imag-
ing, as the absorption beam only possesses cooling light.
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centre of the science chamber. As the space in the horizontal plane is already quite
congested from the MOT beam splitting optics, we utilize periscopes to move out of
this plane. For sodium, a dedicated repumping beam is employed pumping the |F = 1)
atoms back into the cooling cycle. To simultaneously image both the sodium and
potassium clouds, the absorption beams are combined and split using a dichroic mir-

ror and then focused onto a dedicated camera for each species.

The coarse imaging setup uses a single-lens configuration with a focal length of f.yarse =
180 mm. The distance to the image plane is 260 mm, resulting in a theoretical magni-
fication of M_y4rse = 0.44.

For an independent verification, we also experimentally extracted the magnification of
this setup using time-of-flight measurements of the potassium grey molasses, which
is further described in section 5.2. By turning off the trap and allowing the atoms to
fall, multiple images were captured at different flight times to map out the free fall.
Assuming a constant acceleration due to gravity of g = 9.81 m/s?, the experimentally
extracted magnification for the coarse imaging setup was found to be Mcoarseexp =
0.445(2), in good agreement with the value obtained from rough distance measure-
ments. In the image plane, a dedicated CMOS camera®®, equipped with an optical
filter’” that blocks any unwanted stray light, captures the absorption of the respective

atomic species.

To achieve high-resolution imaging for the atoms in the dipole trap, a different imaging
setup is employed (see figure 3.23). Similar to the high field-of-view imaging, the fibre
out-couplers for sodium and potassium are located on a vertically higher platform. The
1 mm collimated laser beams are overlapped on a dichroic mirror and then translated
to the atom plane using a periscope. After passing through the chamber and getting
absorbed by the atoms, the light passes through the objective lens mounted close to
the science chamber side viewport, ensuring that the atoms are in the focal plane of
this lens. The beam is then translated downward with another periscope, where we

38 using the

eventually split the beams and focus them onto dedicated sCMOS cameras
secondary lenses. All three lenses are mounted on linear translation stages to adjust

and optimize the focus position.

We measured the magnification of this setup in a similar way as for the coarse imaging,

Mako G-030B
3"Edmund Optics 65-162 for sodium and 65-177 for potassium
% Andor Zyla 5.5
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but now using the sodium BEC. By taking images of the atomic cloud at different time
instances, we mapped out the atoms’ free fall, as shown in figure 3.24. While a slight
expansion of the cloud can be observed, more noticeably the mean z-position of the
atoms changes in a quadratic fashion. From a fit to the parabolic trajectory, we can

acquire the imaging magnification for the horizontal fine imaging as Mg, = 20.36(3).

Table 3.5 summarizes the characteristics of the two employed absorption imaging se-

tups in the horizontal plane.
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Figure 3.24.: Measurement of the magnification of the high-resolution imaging system
using a time-of-flight scan of the sodium BEC in free fall. A: Absorption
images of the sodium BEC for different time-of-flight settings with the
z-axis along gravity direction. B: Mean z-position of the sodium cloud as
a function of time-of-flight. The free fall due to gravity, which is visible
from the quadratic dependence, is fitted using the dashed line, enabling
the extraction of the imaging magnification (see the main text).

Table 3.5.: Summary of characteristics for the coarse, high FOV, and the fine, high-
resolution horizontal imaging setups. The magnification of the two imaging
systems was extracted through time-of-flight scans of the potassium grey
molasses and the sodium BEC, respectively.

Coarse imaging Fine imaging

Camera Mako G-030B Andor Zyla 5.5
Sensor format 644 x 484 2560 x 2160
Pixel size [um] 7.4 6.5

Lenses focal length [mm)] 180 50, 1000
Magnification 0.445(2) 20.36(3)
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Imaging sequence

At the end of each experimental sequence, we perform a destructive imaging process,
constituting our measurement. As depicted in figure 3.25, we turn off the trap and
wait for a specific time, which we denote as the time-of-flight (TOF), during which the
cloud can freely expand. As mentioned before, the temperature of the atomic cloud
can be extracted through a scan of this parameter. Following the time-of-flight, the

three images, with which we reconstruct the atomic density profile, are recorded.

Firstly, while the atoms are still present, we pulse the imaging beam for 20 ps using an
RF-switch? that triggers the AOM. At the same time, we expose the camera to capture
the atomic absorption in this initial image. While for potassium, the absorption beam
contains both cooling and repumping light, the sodium beam only has cooling light.
However, given that we are working with atoms in the |1, —1) hyperfine ground state,
which is not addressed by the cooling light, a separate repumping beam is employed,

as demonstrated in figure 3.23. This beam is triggered in unison with the cooling light.

39 Mini-Circuits ZASWA-2-50DRA+
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Figure 3.25.: Timing sequence for absorption imaging of sodium and potassium. After
a time-of-flight, three pictures are taken. For the first two images, the ab-
sorption beam is turned on for 20 ps. For sodium, the imaging beam only
possesses cooling light, such that an extra repumping beam is required
to pump the |1, —1) atoms into the cooling/imaging cycle. This additional
beam is triggered simultaneously with respect to the absorption beam.
The last image, where the absorption beam is turned off, serves for the
subtraction of any possible stray light.
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Subsequently, after a 200 ms delay to ensure that there are no atoms left any more, we
repeat the pulsing of the AOM and triggering of the camera. This results in a reference
image containing only the signal from the imaging light (no atoms). Following an
additional 200 ms waiting period, we exclusively expose the camera to obtain the dark
frame, effectively eliminating any stray light that might hit the camera sensor.

From these three images, we compute the optical density and subsequently calculate
the atom number of the cold atomic sample according to equation 3.3. The sodium

and potassium absorption beams and camera exposures are triggered simultaneously.

Imaging problems and solutions

Lastly, I want to discuss some challenges we faced with imaging and how we have
either dealt with them or plan to in the future.

For quite some time, we were using an EOM to generate the repumping sideband for
the imaging beam. The RF power, supplied to the EOM, allowed us to control the in-
tensity ratio between the cooler and repumper. However, we observed that we were
limited in the repumper power, due to the unwanted sideband. This limitation proved
especially detrimental when trying to image atoms in the |1, —1) hyperfine ground
state. Consequently, we decided to utilize a separate repumping beam by branching
off light from the quadruple-pass AOM path, which provided an independent control

of the cooling and repumping intensities.

Secondly, the objective lens for fine imaging has to be mounted very close to the sci-
ence chamber because of the short working distance. To bridge the 25 cm gap to the
large U-shaped breadboard, the lens is secured inside an extended 1 inch aluminium
lens tube. The fact that the lens tube is only fixated on one side creates a substantial
lever, introducing instabilities into the setup. Moreover, the presence of aluminium
between the magnetic field coils is not ideal, as induced eddy currents can disrupt the
magnetic field experienced by the atoms. For these reasons, we intend to replace the
aluminium tube with a PEEK tube, properly secured to the breadboard to enhance the

stability of the system.

Moreover, as eluded to earlier, when imaging dense atomic clouds well above satura-
tion intensity using absorption imaging, saturation effects need to be considered. Fol-
lowing the approach introduced by Reinaudi et al. [139], equation 3.2, which describes
the calculation of the optical density based on the measured intensities, is modified.

An additional factor, proportional to the difference between the atom intensity and the
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reference intensity, is added, requiring a calibration to determine the proportionality
factor. Notably, the atom number estimates presented in this thesis do not account for
this extra term. Consequently, the reported values will likely underestimate the true

atom number in the imaged atomic cloud.

With the current scheme, absorption imaging can be performed effectively at low mag-
netic fields. However, an increase in the magnetic field induces shifts in the magnetic
sub-levels due to the linear Zeeman effect. Moreover, as the magnetic field is further
increased, the system enters the Paschen-Back regime, requiring substantial modifi-
cations to the imaging frequency. Furthermore, for moderate magnetic fields, in a
region where the mixture of 2*Na-3"K exhibits favourable scattering properties, the
optical cycling transitions are no longer strictly closed. Therefore, absorption imag-
ing at high/intermediate magnetic fields requires an adapted optical pumping scheme,
as further elaborated on in [140] for the case of potassium.

The implementation of such an improved imaging scheme, possessing the flexibility
of operating at both low and high magnetic fields, would be beneficial for this mixture
experiment. Currently, following the cooling sequence, it is necessary to sweep to
zero magnetic field, crossing inter- and intra-species Feshbach resonances, resulting
in atom loss. In contrast, adopting this high field imaging approach would eliminate
the need for additional ramps, allowing immediate high signal to noise imaging at the
set magnetic field. Consequently, we are already actively working on implementing
this imaging process for potassium and are looking into possibilities for extending this

scheme for sodium.

Conclusion

In this chapter, we have introduced the necessary tools to cool and trap our sodium
potassium mixture. Specifically, we have detailed the operation of individual laser sys-
tems that emit light at the correct wavelength, which is subsequently split, frequency-
shifted, and transported to the main experiment table using optical fibres. On the
experiment table, this light is used to cool, transport, and image the cold atoms.

In addition to the velocity-dependent cooling force generated by the lasers, a spatially
dependent force is required to confine the atoms within a magneto-optical trap (MOT)
or magnetic trap. This confinement is accomplished by establishing a magnetic field
gradient through the utilization of magnetic field coils configured in an anti-Helmholtz

arrangement. As we also need bias magnetic fields to tune the Feshbach resonances
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in the latter stages of the experimental sequence, we implemented an H-bridge setup
to switch the current direction through one coil stack. This configuration enables the
achievement of magnetic field gradients up to approximately 300 G/cm and bias fields
reaching 600 G.

Finally, each experimental sequence is concluded by a destructive detection method.
We set up a high field-of-view coarse absorption imaging system with a magnifica-
tion of 0.445(2), essential particularly in the early cooling stages when characterizing
and optimizing the MOT, molasses, and magnetic trap with respect to atom number
and temperature. For imaging the BEC in the crossed optical dipole trap and eventu-
ally within a two-dimensional optical trap, we incorporated a high-resolution imag-
ing system in the horizontal plane, featuring an imaging magnification of 20.36(3) and

achieving near diffraction-limited resolution.



CHAPTER

First step: Cooling sodium to

degeneracy

Our primary objective is to set up a mixture experiment, with our initial focus di-
rected towards sodium. This choice was motivated from its intended role as a sympa-
thetic coolant for potassium. Consequently, a single-species >°K-BEC is not required,
whereas we do need to reliably condense the sodium atoms. This preliminary step en-
ables the subsequent addition of potassium and facilitates the cooling of the mixture
to achieve dual-species degeneracy.

This chapter outlines the sequential stages involved in the cooling process for sodium,
as schematically depicted in figure 4.1. Firstly, in section 4.1, I will introduce the
magneto-optical trap (MOT), which represents the first cooling stage and a corner-
stone of every cold atom experiment. Following this, the atoms are transferred from
the MOT to a quadrupole magnetic trap, where a microwave evaporation stage is per-
formed to further reduce the temperature and increase the phase-space density of the
atomic cloud (see section 4.2). Subsequently, the atoms are loaded into a far-red de-
tuned crossed optical dipole trap. Section 4.3 comprehensively discusses this optical
trap, culminating in the characterization of the Bose-Einstein condensate of sodium.

This condensate is obtained after forced evaporative cooling within the dipole trap.

4.1. Sodium magneto-optical trap

A standard magneto-optical trap (MOT) employs counter-propagating red-detuned
circularly-polarized laser beams along the three spatial directions. These MOT beams
induce cooling of atoms through a mechanism called Doppler cooling, wherein atoms

absorb and spontaneously re-emit photons from the laser beams, thereby losing ki-
MOT (~4s) Magnetic trap (~4s) Optical dipole trap (~6s) Image
| | |

Figure 4.1.: Sketch of the experimental sequence, illustrating the various cooling and
trapping stages, as well as the subsequent destructive imaging process.




62 SODIUM MAGNETO-OPTICAL TRAP

netic energy. The position-dependent trapping force in a MOT is generated by an
external magnetic field gradient, which confines the cooled atoms [141-143].

As outlined in the previous chapter, the MOT beams generally carry both D2 cool-
ing light |F = 2) — |F’ = 3) and repumping light |[F = 1) — |F’/ = 2), as off-resonant
excitations could otherwise remove atoms from the MOT cycling transition.

The efficiency and performance of the magneto-optical trap are influenced by several

parameters:

« Beam alignment: Achieving optimal cooling and trapping requires precise
alignment of the six MOT beams. The intersection point of these beams within
the chamber should align with the magnetic field zero position. Additionally,
the counter-propagating beams need to overlap on both sides of the chamber.
As an initial alignment guide, we used paper masks with appropriately posi-
tioned holes, placing them on the viewports, and beam-walking the individual

beams.

« Power balancing: The intensity of the counter-propagating beams must be
balanced to equalize the cooling forces in the two directions. To achieve this
balancing, half-wave plates mounted in precision rotation mounts are utilized
in combination with polarizing beam splitters to control power distribution. In
total, the cooling beams carry 55 mW of light, while the repumper beam’s power
is set at 5mW. Both beams are collimated to a diameter of 15 mm, allowing them

to pass precisely through the side-viewports of the science chamber.

 Polarization: The MOT beams have to be circularly polarized, with the hor-
izontal beams requiring left-handedness and the vertical beams right-handed
circular polarization'. A 1inch achromatic quarter-wave plate? is used for each
beam, converting the linear polarization from the PBS output to circular po-
larization. Achromatic wave plates are used to accommodate both sodium and
potassium light. The polarization of the light is set by rotating this wave plate
and measuring it directly in front of the chamber with a polarization analyser>.
« Frequency detunings: The light used for MOT operation, comprising both
cooling and repumping light, requires red-detuning with respect to the atomic

resonance frequency. This red-detuning is crucial to slow down the atoms and

'The polarization handedness depends on the coil configuration.
>Thorlabs AQWP10M-580
3Schifter + Kirchhoff SKO10PA
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effectively trap them. The detuning can be adjusted by changing the RF-frequency
supplied to the AOM and is set to —14 MHz for the cooling light and —7 MHz for
the repumping light.

« Magnetic field gradient: The spatial extent and stability of the trap are in-
fluenced by the gradient of the magnetic field. This gradient determines the
strength of the trapping forces and the volume within which the atoms are con-
fined. An optimal magnetic field gradient of 8.6 G/cm * has been identified as

suitable for both sodium and potassium, ensuring effective trapping.

« Magnetic offset fields: The offset coils create small bias fields of a few Gauss
to compensate for external stray magnetic fields, including the Earth’s magnetic
field. Moreover, the current running through these coils can be adjusted in or-
der to move the zero position of the magnetic gradient field, which becomes

especially relevant for the optical molasses.

The performance of the sodium MOT concerning these parameters can be evaluated
utilizing the fluorescence of the MOT. We monitor the integrated fluorescence sig-
nal on a dedicated amplified photodiode, providing an estimate of the total number
of trapped atoms. In addition to the steady-state fluorescence counts, the atom load-
ing rate is of particular importance. This rate is determined by triggering the shutter,
which controls the MOT beams, offering a quantitative metric for adjusting power set-
tings and frequency detunings in the 2D- and 3D-MOT, thereby serving as a valuable
optimization tool.

An advantageous aspect of using sodium is the wavelength of the fluorescent light,
which is approximately 589 nm. This specific wavelength allows for easy visual ob-
servation of the cold atomic cloud by the naked eye, facilitating the qualitative opti-

mization of the beam alignment.

Dark SPOT MOT

One major issue concerning a MOT is the fact that the maximum achievable atomic
density is limited by two processes. Firstly, light-assisted collisions between ground
state and excited state atoms result in atom loss from the trap [144]. Secondly, the re-
absorption of scattered light generates repulsive forces, limiting the attainable density
within the MOT [145].

*The corresponding analog channel of our experimental control system is set to 0.26 V to achieve this
magnetic field gradient.
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To overcome these limitations, the concept of a dark SPOT MOT was introduced by
Ketterle et al. [146]. The dark SPOT MOT maintains atoms at the centre of the trap in
a dark hyperfine ground state, effectively isolating them from the detrimental effects
of repumping light. By using only cooling light in the MOT beams and implementing
a spatial mask to block the separate repumper beam in the central region, the atoms
in the centre accumulate in the |F = 1) dark state and do not interact with the cooling
light any more. This reduction in re-scattering events allows for the achievement of

higher atomic densities.

On the main experiment table, we collimate the repumping beam to a diameter of
15mm and then insert a transparent glass plate with a black disc in the centre into
the beam path, creating a hollow repumping beam by blocking its central part. The
diameter of the dark SPOT was optimized to 6 mm to ensure an efficient transfer of
atoms into the subsequent magnetic trap, a critical step in the cooling process.

To optimize the dark-SPOT MOT with respect to atom number and loading rate, we ini-
tially adjusted beam alignment and power balancing while observing the bright MOT®.
After adding the dark-SPOT, a script-based optimization procedure was adopted, uti-
lizing absorption images to quantitatively measure the atom number within the dark-
SPOT MOT.

While the underlying principles of a dark SPOT MOT are clear and its execution im-
proves the transfer into the magnetic trap, our current implementation has room for
improvement. Firstly, using a Gaussian laser beam and blocking its central part with
a black disc effectively discards the most intense parts of the laser beam. An alter-
native approach involves reshaping the intensity distribution using an axicon lens, as
described in [147], to create a hollow laser beam.

Secondly, by simply placing a black disc into the repumping beam, we observe diffrac-
tion effects making the dark SPOT not entirely dark at the position of the atoms. A
more effective approach, in line with other ultracold sodium experiments [148-151],

entails imaging the dark SPOT with a 1:1 telescope onto the MOT.

MOT loading

To evaluate the difference between the bright and dark SPOT MOT, the loading rate

can be used as a quantitative figure of merit. The process of loading N atoms into a

SFor the bright MOT, we simply remove the glass plate with the black disc from the repumping beam
path.
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magneto-optical trap can be described by the following rate equation [152,153]:

dN(t) _

" L—aN(t)— BN(t)? (4.1)

where L represents the loading rate, o describes the one-body loss rate due to colli-
sions with the background gas, and f accounts for the two body-loss resulting from
collisions between sodium atoms within the MOT. The solution to this differential

equation with the initial condition N(0) = 0 is given by:

N@) = 2—\/2 tanh l@ + arctanh (%)l — % (4.2)

where the loading rate is defined as L = (§ —?)/4p, and Ny, = (V6 — ) /2p describes

the stationary atom number in the steady state.

In figure 4.2, the loading curves for the sodium bright and dark SPOT MOT are pre-
sented. These data sets were obtained using the coarse absorption imaging setup de-
scribed in section 3.4. The dashed lines in the figure represent fits of the loading curves,

taking into account intra-MOT collisions, according to equation 4.2.

The dark SPOT MOT exhibits a loading rate of 2.9(1) x 108 atoms/s, reaching a steady-
state atom number of 2.49(1) x 10® atoms. Consequently, a loading time of 45 is suf-
ficient for the sodium dark SPOT MOT. In contrast, intra-MOT collisions limit the
atomic density in the bright MOT, causing the atom number to saturate after only

about 0.5 s to a value of 0.61(8) x 108 atoms.
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Figure 4.2.: Loading rate measurement of bright and dark SPOT sodium MOT. The
dashed lines represent loading curve fits to the experimental data using
equation 4.2.



66 SODIUM MAGNETO-OPTICAL TRAP

Experimental sequence

The experimental sequence is initiated by heating a 1g ingot ampoule containing
sodium to a temperature of approximately 170 °C. The thermal atoms effusing from
the oven are subsequently pre-cooled in a two-dimensional magneto-optical trap (2D-
MOT). Further details on the design and characterization of this cold atom source can
be found in [126].

Following pre-cooling, the atoms are transported into the science chamber using a
near-resonant push beam. In the science chamber, the atoms are re-trapped in a dark
SPOT MOT. A simplified schematic representing this experimental sequence is dis-
played in figure 4.3. For the initial MOT loading, both the magnetic field gradient
and the 3D-MOT beams (cooler and repumper) are turned on. This step marks the

initiation of the MOT operation, effectively beginning the cold atom trapping process.

After 4s of MOT loading, the atoms are optically pumped to the |F = 1) hyperfine
ground state by turning off the repumping beam and keeping the cooling beam on for
a duration of 200 ps. During this period, only the cooling beam is active, driving the
transition |F = 2) — |F’ = 3), resulting in the accumulation of atoms in the |F = 1)
ground state due to off-resonant excitations. Following the optical pumping process,
the cooling light is also turned off, and the atoms are transferred to the magnetic trap,
as discussed in the next section. At the end of the MOT cooling stage, we have roughly
2 x 108 atoms at a temperature of approximately 200 uK.

MOT (~4s) Magnetic trap (~4s) Optical dipole trap (~6s) Image
- booo | |
. MOT loading "= =--- Pumping
8.6 G :
B grad. fem
55 mW at -14 MHz
Cooler
5 mW at -9 MHz
Repumper
0 4 4.0002

Time [s]

Figure 4.3.: Sketch of the sodium MOT experimental sequence. The MOT is loaded
for 4 s in dark SPOT configuration, after which the atoms are pumped for
0.2 ms to the |F = 1) ground state.
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Typically, the initial MOT stage is followed by a sub-Doppler cooling phase (optical
molasses) [154,155] to further reduce the temperature of the atomic cloud below the
Doppler limit. However, in the case of sodium in single-species configuration, incor-
porating this additional cooling stage did not initially yield a significant improvement
in the phase-space density. This was attributed to imperfections in beam balancing

and challenges in compensating stray magnetic fields.

In contrast, when the experimental focus shifted to working with potassium, a more
advanced cooling technique called grey molasses cooling was implemented for potas-
sium atoms (see section 5.2). In this process, magnetic stray field compensation was
improved using microwave-spectroscopy, and the beam alignment was adjusted. These
improvements allowed the successful implementation of a molasses cooling stage for

sodium as well, achieving temperatures as low as 60 pK during dual-species operation®.

Laser cooling techniques, such as those employed in the MOT, rely on the principle
of directional absorption and isotropic emission of photons. When an atom absorbs a
photon, it receives a momentum kick in the direction of the incident light’s propaga-
tion. Due to the isotropic nature of the spontaneous emission, the net force exerted
on the atom will oppose its motion. Consequently, the lowest achievable tempera-
tures using this cooling technique are constrained by the minimum momentum kick
an atom can receive when it absorbs and emits a single photon. This limit is referred to
as the recoil limit and typically corresponds to temperatures of a few pK or velocities
of v, = 1cm/s [143].

To further reduce the temperature of the atomic sample, the atoms must be transferred
into a conservative trapping potential that does not rely on photon scattering, as is the
case in a magnetic trap. In such a trap, a different cooling technique, which will be

discussed in the following section, can be implemented.

4.2. Magnetic trap and microwave evaporation

The magnetic quadrupole trap, pioneered by Migdall et al. [156], operates based on the
Zeeman interaction between the permanent magnetic moment of neutral atoms i, and

an inhomogeneous magnetic field B(). Assuming that the atom’s magnetic moment

®We are considering implementing a D1 grey molasses scheme for sodium alongside the potassium
method described in section 5.2.
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is aligned with the magnetic field, the trapping potential is given by

Vinag = —H B(F) = —grmpupB (4.3)

where gr is the Landé g-factor, mp is the magnetic quantum number, and pp repre-
sents the Bohr magneton. The trapping behaviour is dictated by whether the product
mpgr is positive or negative. Atoms with mpgr < 0 are repelled by high magnetic
field amplitudes and are termed low-field seekers, while those with mpgr > 0 are at-
tracted to magnetic field maxima and are known as high-field seekers. The magnetic
trap relies on the trapping of low-field seekers in a local magnetic field minimum of

the quadrupole potential, effectively repelling atoms in high-field seeking states.

In the context of sodium and potassium (*’K), the magnetically trappable states for
the ground states are |2, 1), |2,2), and |1, —1)7. Hence, optical pumping to the correct
spin state prior to transferring atoms into the magnetic trap is essential. While the
state |2, 1) is unstable against spin-exchange collisions, making it unsuitable, sodium
atoms can be condensed in the |2, 2) state, as first demonstrated in [157]. However, this
requires efficient optical pumping and spin purification to eliminate undesired atoms
in the |2,1) state®. Consequently, the |1,—1) state was chosen for its robustness and
simplicity.

Ideally, complete transfer of atoms to the |1,—1) spin state via spin polarization is
desired. However, this technique is less effective for sodium, achieving transfer ef-
ficiencies of only around 35 % [158] due to high atomic densities present in the dark
SPOT MOT and the small frequency separations of possible transitions. Higher trans-
fer efficiencies, up to approximately 75 %, have been reached [159, 160], but require
strong magnetic bias fields up to 100 G. As this exceeds the capabilities of our offset
coils, we do not spin-polarize the atoms prior to magnetic trap loading. Instead, opti-
cal pumping of atoms to the |F = 1) hyperfine ground state is carried out by turning
off the repumper and only shining cooling light for 200 ps, as described in the previous
section. Subsequently, the atoms populate the three mp states with equal probability,

resulting in a maximum achievable transfer of atoms into the magnetic trap of 1/3.

Another critical factor for a successful transfer is the alignment and overlap of the

MOT position with the location of the magnetic trap minimum. Poor mode-matching

"In this thesis, we use the notation |F, my) to denote the different spin states (if not specified otherwise).
8We attempted spin polarization to the |2,2) stretched state, but faced challenges with low optical
pumping efficiencies, as outlined in section 5.1.
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between the two traps can lead to additional heating and subsequent atom loss. We
optimized this overlap through a two-stage process. In the first step, the fluorescence
of the bright MOT was observed while sinusoidally modulating the magnetic field gra-
dient, providing an initial estimate for the magnetic trap location. Beam alignment and
power balancing were then adjusted to maintain isotropic expansion and compression
of the cloud. The second stage involved looking directly at the atom absorption signal
in the magnetic trap, loaded from the dark SPOT MOT, and optimizing this signal with

respect to atom number and temperature.

Depending on the elastic collision rate, the evaporative cooling stage in the magnetic
trap, which is the subject of the following subsection, typically lasts several seconds.
Therefore, it is imperative to ensure a sufficient lifetime of sodium atoms in the mag-
netic trap. The dominant mechanism of atom loss within the magnetic trap stems from

collisions between sodium atoms and the background gas.

A lifetime measurement was conducted to analyse the dependence of the sodium atom
number on the hold time in the magnetic trap, specifically at the usual operation gra-
dient of 300 G/cm. Figure 4.4 illustrates the results of this measurement. To obtain
this data, atoms were transferred from the MOT to the magnetic trap following an
optical pumping stage. Subsequently, the atoms were held in the magnetic trap for a
variable hold time. After this period, the magnetic field was turned off, and the atoms
were imaged using the coarse absorption imaging system following a short time-of-
flight of 0.1 ms. An exponential decay curve fitted to the experimental data yields a

lifetime of 7 = 20.4(5) s. Consequently, the relative atom loss attributed to undesired
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Figure 4.4.: Lifetime measurement of sodium atoms in the magnetic trap. An expo-
nential atom-loss curve is fitted to the data resulting in a trap lifetime
T =20.4(5)s.
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collisions with the background gas during the entire magnetic trap stage, which lasts

approximately 4 s, is only about 15 %.

Microwave evaporation

In the magnetic trap, we perform microwave evaporation to selectively evaporate the
sodium atoms. In the context of single-species operation, the well-established RF-
induced evaporation technique [161,162] could be applied. However, given the dual-
species nature of this experiment involving both sodium and potassium, the emphasis
is placed on selectively evaporating sodium atoms. Due to the thermal contact be-
tween the species, the cold sodium atoms then act as a buffer, sympathetically cooling
down the potassium atoms while maintaining a constant population.

To implement this selective evaporation technique, particular attention is given to the
ground state hyperfine splitting of both sodium and potassium. The hyperfine splitting
is approximately 1771 MHz for sodium and 461 MHz for potassium at zero magnetic
field.

Figure 4.5 shows a schematic depiction of the energy level splitting of the hyperfine
ground states in the presence of a magnetic field gradient. The Zeeman effect causes
the different magnetic sub-levels to shift linearly in energy. Within the magnetic trap,
the magnetic field gradient induces a spatially-dependent energy shift. As previously

mentioned, atoms are trapped in the low-field seeking |1, —1) state. The most ener-
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Figure 4.5.: Schematic diagram illustrating the microwave evaporation method for
cooling sodium atoms. Within the magnetic trap, the magnetic sub-levels
are shifted due to the Zeeman effect. The microwave transitions from
|1,—1) to |2, —2) are depicted as grey wiggly arrows. Figure adapted from
[163].
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getic atoms tend to follow trajectories that take them further away from the magnetic
field minimum, leading them into regions with larger magnetic field values. Conse-
quently, a microwave pulse at 1700 MHz can be used to transfer these highly energetic
atoms to the anti-trapped |2, —2) state, effectively removing them from the trap. Sub-
sequently, the microwave frequency is linearly increased to 1760 MHz, continuing this
evaporation process. During this process, hot atoms are ejected from the trap, while

the remaining atoms undergo collisional re-thermalization at a lower temperature.

The microwave signal required for the evaporation procedure is generated using a
signal generator’® capable of delivering frequency sweeps with a bandwidth of 3 GHz.
This signal generator is remotely controlled by a PC via a GPIB interface, enabling
efficient programming of the ramp parameters. This remote control is particularly
advantageous during the optimization procedure. Subsequently, the microwave signal
is amplified using a 15 W amplifier'? before being directed to the microwave antenna.
The microwave antenna used in this setup comprises a single winding with a diame-
ter of approximately 4 cm. The antenna is positioned on top of the science chamber
in close proximity to the viewport, ensuring an effective and optimal delivery of the

microwave signal.

To evaluate the performance of the implemented microwave evaporation, we recorded
the atom number and temperature of the atomic cloud for different trap depths, as
depicted in figure 4.6. The microwave sweep was performed with a constant starting
frequency of 1570 MHz and was ramped to fg,, Within 4s. For the presented datall,
ffinal Was scanned in the range 1620 — 1760 MHz in steps of 20 MHz.

Starting with 5 x 10® atom counts at a temperature of 200 uK in the magnetic trap, the
evaporative cooling process initially works as expected, decreasing temperature T and
atom number N in a power-law fashion. The efficiency of evaporative cooling in this

regime can be quantified by the relation:

_ dlog(T)

a= ool Tog(N) (4.4)

with additional details provided in [164].

While we observe a constant @ = 0.70(2) above a temperature of approximately 100 pK,

°Agilent E4421B

"Mini-Circuits ZHL-15W-422-S+

This dataset was recorded using fluorescence imaging, where the absolute atom number calibration
is not as reliable.
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Figure 4.6.: Efficiency of microwave evaporation of sodium in the magnetic trap. The
atom number is plotted as a function of the temperature of the cold atomic
cloud on a double logarithmic scale. The dashed line represents a power
law fit, following equation 4.4, to the first five data points to the right.

deviations arise when attempting further evaporation. In this temperature regime, so-
called Majorana losses [165] begin to dominate the evaporation process. Herein, cold
atoms close to the magnetic field zero of the magnetic quadrupole trap are suscep-
tible to spin flips, leading to their subsequent loss from the trap. These Majorana
losses impose limitations on the achievable phase-space densities during the evapora-
tive cooling process [162].

A commonly employed strategy to address this issue involves the implementation of
a blue-detuned plug beam. This beam is used to create a repulsive potential at the trap
centre, effectively eliminating the magnetic field zero and preventing the detrimental
spin flips [2].

Alternatively, a different approach requires the operation of a hybrid trap, as realized
in studies such as [166,167]. In this configuration, a dipole beam is aligned vertically
below the centre of the magnetic trap. This alignment ensures that the trap minimum
of the combined trap occurs at a finite magnetic field value, overcoming the challenge
of Majorana transitions. In our experiment, we start with a pure magnetic quadrupole
trap, and once the microwave evaporation is initiated, the dipole beams are introduced

to achieve a hybrid configuration.

Experimental sequence

The experimental sequence during the magnetic trap phase is depicted in figure 4.7.
After 200 ps of optical pumping, we switch off the MOT light and turn on the magnetic
field gradient to an initial current of Bj,;; = 100 G/cm. This initial magnetic field

gradient plays a crucial role in facilitating the atom transfer from the MOT to the
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Figure 4.7.: Sketch of the experimental sequence for the magnetic trap stage. After
ramping up the magnetic field gradient, the microwave (MW) frequency
for evaporation is swept in 3 s from 1.7 GHz to 1.76 GHz. During this evap-
oration process, the trap is operated in a hybrid configuration with the
dipole laser running at 70 W.

magnetic trap. The magnetic field gradient must be strong enough to support the
atoms against gravity, while a sudden diabatic change of the magnetic field gradient
to a high value can transfer excess energy to the atomic cloud, inducing heating. A
spatial mismatch between the two traps will additionally increase the temperature of
the atoms. The value for B;,;; was found experimentally by optimizing the phase-space
density in the crossed optical dipole trap. The gradient is then adiabatically increased

to a value of 300 G/cm within 100 ms.

At this strong magnetic field gradient, we evaporatively cool the atoms by sweeping
the microwave (MW) frequency from 1.7 GHz to 1.76 GHz within 3 s. Simultaneously,
we ramp up the power of the dipole beams to a total power of 70 W to create the
hybrid configuration discussed before. The MW-evaporation is followed by a 400 ms
thermalization time. At the end of this stage, the atomic sample comprises approx-
imately 5 x 10° atoms, with a temperature of around 10 pK !2. Finally, the magnetic
field is ramped down, and the atoms are subsequently loaded into an all-optical crossed

dipole trap.

2The accuracy of the atom number and temperature estimation in the magnetic trap suffers from the
finite switch-off times of the magnetic field coils.
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4.3. Crossed optical dipole trap

Optical trapping of neutral atoms using strongly focused far-red detuned laser beams
has become a standard technique in the field of cold atoms since its first experimental
implementation in 1986 [168]. Such far-off resonant beam traps are not limited by
light-induced processes compared to traps relying on radiation pressure. Moreover,
these optical traps are insensitive to the respective spin states [169] and offer flexibility
in trapping geometries [170].

Most importantly, we cannot achieve dual-species condensation for our ?*Na-3’K mix-
ture in the implemented magnetic trap due to substantial inter-species collisional losses
in the absence of a magnetic bias field. In contrast, in a pure optical dipole trap,
the magnetic field coils can be switched from anti-Helmholtz to Helmholtz configura-
tion, such that the bias magnetic field becomes a freely adjustable parameter, enabling
the access to a more favourable interaction regime. Moreover, this optical trapping
method facilitates working with spin configurations that are otherwise untrappable in

magnetic traps (high-field seekers).

4.3.1. Theory

The mechanism underlying the optical dipole trap involves the interaction of the elec-
tric field of the laser with the induced atomic dipole moment and is known as the
AC-Stark effect. This interaction leads to an energy shift of the ground state, which
can be utilized as a trapping potential for neutral atoms.

Following [170], the trapping potential experienced by neutral atoms within an optical

dipole trap formed by a single far-red detuned laser beam is given by:
1
VODT(X’ Vs Z) = ——RC(OC) I(X, Vs Z) (4'5)
2€yc

where I(x, y, z) is the intensity of the focused laser beam, and « is the complex polar-
izability of the atom, which measures the coupling strength to the laser field. The real
part of the polarizability can be calculated by

+

il ( L L ) (4.6)
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Re[a(w)] =

where o is the laser frequency, and I' and , are the linewidth and frequency of the
atomic transition, respectively. If the laser is tuned close to the atomic resonance such

that the detuning A = vy —w < @, the counter-rotating term can be neglected within
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the rotating wave approximation. In this case, the dipole potential takes the form:

Vopr(e.y.2) = 22 L e y,2) (47
Za)o
Consequently, the potential experienced by the atoms is inversely proportional to the
laser detuning, resulting in an attractive potential when employing a red-detuned laser
beam. Additionally, the trapping potential resembles the intensity profile I(x, y, z) of
the detuned beam.

In order to suppress the scattering rate I'y, o I/A?, and prevent additional heating
effects, the dipole trap is typically operated in the regime characterized by high in-
tensities and large detunings. Achieving high intensities involves tightly focusing the
red-detuned laser beam, causing atoms to be attracted towards the focal point of this
Gaussian laser beam. In the vicinity of the laser focus, the trap can be approximated

by a harmonic confinement with radial and axial trapping frequencies

4Vo 2Vy
W, = , Wy = —
mw mxg

(4.8)

with the trap depth V; = Vopr(0,0,0), the beam waist wy, and the Rayleigh range
xg = mw¢/A. Compared to the spatial extent of the atomic cloud, the Rayleigh range
is typically quite large, resulting in a weak confinement along the beam direction in

the order of a few Hertz.

To address this issue of inhomogeneous trapping, an additional perpendicular beam
is introduced in what is termed a crossed optical dipole trap (cODT) [171]. This per-
pendicular beam helps counteract the weak longitudinal confinement. With beam 1
(waist wy ;, trap depth V}, ;) propagating along the x"-axis and beam 2 (waist w , trap

depth V} ,) along the perpendicular y’-direction, one arrives at the modified trapping

/ ’ \ [ , + a) (4.9)
mWo 2 mWo 1

Consequently, this setup achieves tight confinement along all three spatial axes.

frequencies:

An essential aspect for the crossed dipole trap is preventing interference between
the two intersecting beams, as such interference could alter the trapping potential.
This can be accomplished by employing orthogonal polarizations or introducing a fre-

quency detuning between the two intersecting beams.
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During forced evaporative cooling in the dipole trap, lower laser intensities are re-
quired. In this setting, the gravitational potential also becomes significant. The total

potential along the vertical z-direction is then modified to:
V, = Vopt(0,0,2) + Vgray = %ma)gzz +mgz (4.10)

where we have used the harmonic approximation for the optical trapping potential
along the z-axis. This mass-dependent trapping potential leads to a spatial displace-

ment along the vertical z-direction for atoms trapped in the optical dipole trap:

!
,V,=m(w?zy+8) =0 — z5= —% (4.11)
wz

where w,, according to equation 4.9, depends on the mass m of the atoms and the trap-
ping potential V;, resulting in a species-dependent displacement of the atoms along z,

which is called the gravitational sag'3.

4.3.2. Optical layout

The optical arrangement for the crossed optical dipole trap is shown in figure 4.8. The
light is supplied from a 100 W fibre laser!# operating at a wavelength of 1070 nm, pos-
sessing a linewidth of 4 nm, and featuring a collimated output beam with a diameter

of 5 mm.

At these high laser intensities, thermal lensing can play a significant role. This phe-
nomenon arises from the partial absorption of incident light by each optical element,
resulting in non-uniform heating of the element. Given that the index of refraction
is temperature-dependent, this effect leads to changes to the focal spot’s size and po-
sition. Such variations are detrimental to the effective operation of a focused beam
dipole trap. Therefore, we use UV-grade fused silica lenses featuring a lower coeffi-
cient of thermal expansion compared to the standard N-BK7 material.

To minimize the impact of thermal lensing attributed to the TeO, crystal within the
AOM, as studied in [172], we keep the input power into the AOM constant. The final
trap depth is regulated by adjusting the RF-power supplied to the AOM.

13 Additional information regarding the magnitude and impact of the gravitational sag of sodium and
potassium will be given in section 5.3.
“IPG Photonics YLR-100-1070-LP
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Figure 4.8.: Optical layout of the crossed optical dipole trap (cODT). The light from
the dipole laser is intensity-stabilized with AOMs and then focused onto
the atoms. The RF-frequencies supplied to the AOMs are given in units of
MHz. The 400 mm final focusing lenses are mounted on linear translation
stages. The image on the right shows the fluorescence of atoms in the
cODT viewed from the top.

Following a polarization cleaning cube, the first 3:1 Keplerian telescope reduces the
beam diameter to 1.67 mm. This reduction is necessary to enable the beam to pass
through the aperture of the acousto-optical modulator'®. Subsequently, the beam is
divided into two using another polarising beam splitter and guided through the two
AOMs that are mounted to four-axis alignment stages'®. These compact, high-stability
stages allow for precise positioning and ease the optimization of the diffraction effi-
ciency. The AOMs operate at frequencies of 80 MHz and —80 MHz, respectively, guar-
anteeing no adverse interference effects. The un-diffracted order is directed into a
water-cooled copper beam dump using a D-shaped mirror. The diffracted beam, which
was optimized to 90 % diffraction efficiency, is then expanded back to 5 mm. This spe-
cific beam diameter was chosen to ensure that upon passing through the final focusing
lens with a focal length of 400 mm, the desired focal waist of 55 um is achieved.

The mirrors that were used for this setup exhibit a reflectance of approximately 99.8 %,
causing a small fraction of incident light to be transmitted. The transmitted light of the
two mirrors on the left in figure 4.8 is recorded by two dedicated biased photodiodes.
The photodiode signal is fed into a home-built PID controller that adjusts the RF-
power of the AOM and, thus, the optical power of the diffracted beam, depending on

Gooch & Housego 3080-199
1 Newport 9071-M
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an external setpoint. Therefore, this feedback loop acts as an intensity stabilization
setup for the two dipole beams and enables the precise control over the final trap
depth.

Given that these optical components are positioned at the lowest level, directly moun-
ted on the optical table, two periscopes are used to vertically translate the beams to the
plane of the trapped atoms. After passing through the final focusing lens, the light is
directed into the chamber and subsequently blocked at the output using a beam block.

To initially align the two dipole beams onto the atoms, a 1 mm resonant sodium beam
was directed at the last in-coupling mirror!”. This mirror is coated to reflect light in
the range of 1030-1090 nm, allowing the resonant sodium light at 589 nm to be trans-
mitted and consequently reach the sodium magneto-optical trap. The resonant beam
was aligned by optimizing the disturbance to the high gradient MOT. Subsequently,
the dipole beam was superimposed with the aligned resonant beam using the last two
mirrors, and the overlap was checked both before and after passing through the cham-
ber. To make the infra-red (IR) beams visible, we either used an IR viewer or an IR de-
tection glass'®, allowing for continuous tracking of the high-power dipole beam. The

alignment procedure was subsequently repeated for the other beam path.

This initial alignment served as a good starting point to make the final adjustments uti-
lizing the atom signal. Approximately 1s before concluding the microwave evapora-
tion, we turned on the dipole beams and imaged the atoms after evaporation using the
coarse imaging system from the side. This resulted in two vertically displaced atomic
clouds that were elongated along the less confining beam direction. To compensate
for this misalignment, we vertically displaced the beams optimizing their overlap. The
crossing point was then shifted to the centre of the magnetic trap using fluorescence
imaging from above, as depicted in figure 4.8. Finally, we adjusted the focusing lenses,
which are mounted on linear translation stages, such that the two beams cross at their

respective focus positions.

With this optical layout, a theoretical beam waist radius of approximately 55 pm is
achieved in the focus, resulting in a trap depth of 0.9 mK (2.2 mK) for sodium (potas-
sium). These trap depths are sufficient for trapping the atoms following the magnetic

trap, during which microwave evaporation cools them down to a few tens of pK.

"LensOptics M1064/1"/0
8Precision Laser Scanning Hl POWER - IR VIEWER
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4.3.3. Evaporation in cODT to degeneracy

In the crossed optical dipole trap, we perform the final cooling stage called forced
evaporative cooling. This process involves lowering the trapping potential by reduc-
ing the power of the dipole beams. The strategy is to selectively remove the hottest
atoms from the trap, leaving the remaining atoms to re-thermalize at a lower temper-
ature. We perform the evaporation using two linear intensity ramps, as displayed in

figure 4.9.

The first intensity ramp has a duration of 2s and lowers the power from an initial
value of 80 W to 10 W. Subsequently, a second ramp is executed over 4 s, further re-
ducing the power to reach a final value of 0.15 W. After another 200 ms of holding at
this power setting, we turn off the dipole trap and image the cold atomic cloud after

a certain time-of-flight using the horizontal high-resolution absorption imaging setup.

The quantum degenerate regime is reached after executing these two evaporation
ramps. Figure 4.10 illustrates the atomic density profiles for different evaporation
depth. The images were obtained using a time-of-flight of 4 ms, which is why the ther-
mal cloud in the left-most image appears very dilute, as the row of images is plotted on
a fixed colour scale. By lowering the final dipole power, the density in the central part
of the cloud increases. This feature becomes even more pronounced when observing

the integrated column density, where a bimodal structure emerges.

MOT (~4s) Magnetic trap (~4s) Optical dipole trap (~6s) Image
I I o |

- 4
- v

cODT transfer ] cODT evaporation ‘

B grad. \

180 W E §
5 : 5 10.15 W |
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Figure 4.9.: Sketch of the experimental sequence for cooling sodium in the crossed op-
tical dipole trap (cODT). After transferring atoms from the magnetic trap
into the cODT, we perform forced evaporative cooling. In this evaporation
process, the dipole power is reduced over 6 s with two consecutive ramps
from an initial value of 80 W to 0.15 W. The subsequent destructive imag-
ing process marks the end of the experimental sequence.
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Figure 4.10.: Evolution of the sodium atomic cloud during forced evaporative cool-
ing in the crossed optical dipole trap. The top row of images shows ab-
sorption images of the sodium cloud at different time instances along the
evaporation ramp for a time-of-flight of 4 ms. To obtain the right-most
image, we ramped the dipole power all the way down to 0.15W, as illus-
trated in figure 4.9. The bottom row shows three graphs of the column
density integrated along the vertical z-axis. The bimodal structure is ev-
ident from the fits, represented by the dashed (thermal) and dash-dotted
(BEC-contribution) lines.

The observed bimodal density profile, as outlined in appendix B, comprises a Gaus-
sian thermal component ny;, and a parabolic condensate component nggc. For a high
condensed fraction, the thermal component only survives in the wings, exemplified
in the right graph of figure 4.10. In the proximity of the region where the thermal
and condensate parts overlap, the density distribution is distorted due to interaction
between the two components. Hence, a direct bimodal fit is unlikely to perform well,
and the fitting procedure is carried out stepwise, as further detailed in appendix B. The
dashed line represents the thermal part, while the condensate component is depicted
by the dash-dotted fit.

Due to the fact that a BEC does not conform to a Maxwell-Boltzmann distribution,
the expansion of the condensate upon turning off the trap does not yield information
about its temperature. However, as the thermal cloud is in thermal equilibrium with

the condensate, the thermal wings can be used to obtain the temperature of the ultra-
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cold cloud.

In addition to the emergence of a bimodal velocity distribution, another signature in-
dicating Bose-Einstein condensation involves the inversion of the aspect ratio during
free expansion, as firstly observed by Anderson et al. [1] and Davis et al. [2]. Starting
from an anisotropic trap characterized by differing axial and radial trapping frequen-
cies, the cloud will expand faster in the direction of stronger confinement. This results
in an inversion of the atomic cloud’s aspect ratio as the parabolic density profile un-
dergoes rescaling [75, 173, 174]. This behaviour is in contrast to the expansion of a

thermal cloud, which is isotropic, such that the released cloud takes a spherical shape.

However, our observations, as depicted in figure 4.10 for a fixed time-of-flight of 4 ms
and figure 3.24 A, where we varied the time-of-flight subsequent to achieving a sodium
BEC, did not reveal an anisotropic aspect ratio. The nearly spherical shape of the con-
densed atom cloud suggests comparable axial and radial trapping frequencies when

operating the crossed optical dipole trap at a power of approximately 0.15W.

Following the initial successful achievement of a sodium Bose-Einstein condensate, we
optimized various parameters of the cooling sequence to improve the condensed atom
number. Starting with the speed of the evaporation ramps, adjustments were made
to the experimental parameters in prior cooling stages, encompassing frequency de-
tunings and laser beam intensities. One crucial optimization parameter is the overlap
of the two crossed dipole beams. We are especially sensitive to misalignments in the
vertical overlap, which can be caused by temperature fluctuations in the laboratory.
Consequently, every few days a slight realignment of the vertical adjustment screw of
the last in-coupling mirror is required. Typically, re-optimization is performed for the
number of condensed atoms at the end of the evaporation. However, if the overlap
significantly degrades, resulting in no atoms remaining after the evaporation in the
dipole trap, the atom signal in the hybrid trap is used instead. To guarantee a more
stable operation and be less sensitive to external perturbations, we are planning to
implement a temperature stabilization system for the entire laboratory.

While we optimized the different parameters in the cooling sequence to achieve a
stable and reproducible sodium BEC with approximately 7 x 10% atoms, exhaustive op-
timization of this sequence was not extensively pursued. The reason for this approach
is our intention to set up a mixture experiment, and not a single-species sodium BEC-
machine. Such an experiment requires dual-species degeneracy, which will signifi-

cantly alter the current experimental sequence, requiring certain compromises. There-
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fore, a thorough optimization will be pursued once both sodium and potassium can be
cooled to form a BEC in a dual-species setup.

However, before moving further with efforts towards dual-species degeneracy, we
wanted to use the sodium BEC to characterize the cODT in terms of its trapping fre-

quencies.

4.3.4. Measurement of trapping frequencies

Our crossed optical dipole trap (cODT) comprises two infra-red laser beams operating
at a wavelength of 1070 nm. These beams are focused down to a beam waist of 55 pm.
The power in each beam is intensity-stabilized using an AOM and can be increased to
approximately 40 W per beam.

An essential parameter when characterizing an optical dipole trap is the corresponding
trapping frequency in the harmonic approximation. The trapping frequencies along
the different spatial dimensions determine the trapping geometry and other vital as-

pects of the condensate. These frequencies can be extracted using two approaches:

D1POLE OSCILLATIONS: Trapping frequencies can be extracted by observing the oscil-
lations of the atom cloud in the trap after applying an external force, as described
in [175].

PARAMETRIC HEATING: The system is parametrically driven, and heating is antici-

pated if the drive frequency approaches twice the trapping frequency [176,177].

In the following, we present the results obtained from both approaches for measuring

the trapping frequencies in the cODT.

Dipole oscillations

In both approaches, we begin with a sodium BEC within the crossed optical dipole trap
and ramp the dipole power to 10 W (5W per beam). To excite the collective modes of
the condensate in this trap, both dipole beams are pulsed off for 500 us, subsequently
turned on again to the initial power of 10 W, and held at this setting for a variable hold
time. During this hold time, the condensate exhibits a sloshing-like motion in the trap.
The atomic cloud is imaged after a 4 ms time-of-flight using the horizontal fine imaging
system, such that the vertical z-axis is along gravity and the x-direction at a particular
angle (roughly 45°) with respect to the two perpendicular dipole beams. We denote

the dipole beam axes as x” and y’.
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Figure 4.11.: Measurements of dipole oscillations along the two imaging directions to
determine the trapping frequencies of the crossed optical dipole trap. A:
Dipole oscillations of the mean position of the atomic cloud along gravity
direction (z-axis). Using a sinusoidal fit (dashed line), we can extract the
trapping frequency w, = 27x828(3) Hz. B: Dipole oscillations of the mean
position of the atomic cloud along the horizontal x-axis. Fitting a beat-
like oscillation (see equation 4.12), as indicated by the dashed line, to the
experimental data yields the trapping frequencies w,» = 27 x 506(3) Hz
and wy, = 27 x 604(4) Hz.

Figure 4.11 shows the dipole oscillation measurement results, where the hold time
was scanned, and the motion of the centre-of-mass was tracked utilizing three av-
erages. Along the vertical axis (see figure 4.11 A), a distinct sinusoidal oscillation
of the centre-of-mass of the atomic cloud is observed, characterized by a frequency
w, = 27 x 828(3) Hz.

In contrast, the oscillation observed along the x-axis, as depicted in figure 4.11 B, is
defined by a beat-like behaviour involving two frequencies. This phenomenon can
be attributed to the fact that we are imaging at a specific angle with respect to the
dipole beam plane. Therefore, a beating between the trapping frequencies of the two
beams emerges. Imbalances in the two trapping beams, such as power imbalances or
different focal positions, introduce asymmetry into the trapping potential, resulting in

the manifestation of two distinct trapping frequencies.

To analyse this beat-like oscillation, the data was subjected to fitting using the follow-

ing model function:

;(t) = EO + e_t/tO [Ax/ sin (a)x,t + (/J)x’) + Ay' sin (a)y/t + (]Sy/ )] (412)
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where a damping term and two frequencies w,s and w), are considered. Fitting this
model to the experimental data enables the extraction of the two horizontal trapping
frequencies, w,y = 27 x 506(3) Hz and w), = 27 x 604(4) Hz. The discrepancy be-
tween the trapping frequencies along x” and y’ is likely caused by an imperfect focal

alignment, such that the two foci do not overlap at the position of the atoms.

Parametric heating

In the second method, we excite the parametric oscillation of the trapped atomic cloud
by modulating the dipole beam power around an average value of P, = 10 W with a

specific drive frequency fi0d
P(t) = Py[1 + € sin (27 froqt)] (4.13)

where € parametrizes the relative modulation strength.

This sinusoidal modulation of the trap depth imposes forced oscillations on the atoms
within the trap. Specifically, when the modulation frequency coincides with a reso-
nance feature at f;,,q = 2fy/n, with trapping frequency fy andn = 1, 2,3, ..., the kinetic
energy of the atoms within the trap increases exponentially, and the atoms are heated
out of the trap. The width of these resonances decreases exponentially with n [178].
However, the influence of the gravitational sag when modulating the dipole intensity
leads to an effective coupling to the dipole mode. As a consequence, the strongest ex-
citation for our system occurs when the modulation frequency is equal to the trapping
frequency [179].

Similar to the previous approach, we increased the dipole power to 10 W following the
successful creation of a sodium BEC. Subsequently, the dipole power was sinusoidally
modulated with a relative modulation amplitude of € = 2 %. Special care was taken
to keep the modulation on for integer periods to guarantee the same conditions for

different modulation frequencies.

Figure 4.12 presents the results of the parametric heating measurements, where three
averages were taken for each drive frequency. Scans of the modulation frequency
reveal three loss features (A, B, and C). The excitation is maximized when the drive
frequency is at the fundamental or higher harmonics of the trapping frequency, result-
ing in atom-loss features. The locations of these resonance minima, corresponding to
the fundamental trapping frequencies, are extracted through Lorentzian fits.

Table 4.1 provides a summary of the extracted values for the trapping frequencies
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Figure 4.12.: Parametric heating of sodium atoms in the crossed optical dipole trap.
The intensity of the dipole beams is modulated at a certain drive fre-
quency, which we scan in three different ranges, resulting in the loss
features shown in A, B, and C. The dashed lines represent Lorentzian fits
to the experimental data.

Table 4.1.: Summary of the results concerning the trapping frequency measurements
in the crossed optical dipole trap carried out at a dipole power of 10 W.

Wyt a)y/ Wy
Dipole oscillations 27 x 506(3) 27 x 604(3) 271 x 828(3)
Parametric heating 27 x 503(1) 2 x 605(1) 27 x 843(1)

obtained using the two methods at a dipole power of 10 W. Notably, the frequen-
cies along x” and y” are in good agreement, but there is a slight discrepancy for w,.
Probable additional error sources include the strength and duration of the parametric
modulation, leading to broadening and shifts of the resonance feature. Furthermore, a
minor misalignment of the overlap of the two dipole beams from one measurement to

the next could account for the deviations in the trapping frequencies along the z-axis.

Notably, achieving the measured trapping frequencies in a crossed optical dipole trap,
with an approximate power of 5W per beam, requires an expected beam waist of
about 65 pm. In contrast, the ideal beam waist radius, obtained by focusing a perfectly
collimated laser beam with a diameter of 5 mm through a lens with a focal length of
400 mm, is 55 pum. This discrepancy is likely a result of imperfect alignment of the foci

positions and the overlap of the two crossed dipole beams.
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Conclusion

The sodium atoms are initially loaded from a two-dimensional magneto-optical trap
into a dark-SPOT MOT. This trap exhibits an increased atom density, particularly at
the central region, where atoms are maintained in a dark state, mitigating repulsive
forces arising from re-scattered photons. At the end of this first cooling stage, we have
roughly 2 x 108 atoms at a temperature of approximately 200 puK.

The atoms are subsequently optically pumped to the |F = 1) ground state and trans-
ferred into the magnetic trap, where the low-field seekers |1,—1) remain trapped.
Microwave-assisted evaporation is then employed to selectively remove hot sodium
atoms, consequently reducing the temperature and increasing the phase-space den-
sity of the sodium cloud.

Lastly, the atoms are loaded into a crossed optical dipole trap, where a final evaporation
stage is initiated by decreasing the dipole potential. Upon completing the 12s long
sequence, the degeneracy threshold is crossed, resulting in the attainment of a Bose-

Einstein condensate of sodium, characterized by N = 7 x 10* atoms.



CHAPTER

Second step: Adding potassium to

the mix

Now that sodium atoms have been successfully condensed, the next logical progres-
sion is to extend our efforts towards achieving condensation for potassium atoms. Al-
though the task of dual-species condensation might appear straightforward initially
- leveraging sodium as a sympathetic coolant and adapting the cooling sequence -
complications arise due to inter-species losses resulting from three-body collisions.
These losses become particularly prominent in the high-density regime of the crossed
optical dipole trap. Additionally, the influence of light-assisted collisions during the

dual-species MOT stage must be taken into account.

In this chapter, I will start with a discussion of the first cooling stage for sodium and
potassium - the dual-species MOT. This section describes the challenges encountered
when loading both species simultaneously (see section 5.1). Subsequently, in section
5.2, I will introduce the grey molasses cooling technique for potassium. This method
employs D1 laser light to decrease the temperature of the atomic cloud to approxi-
mately 7 pK.

After a magnetic trap stage involving microwave evaporation of sodium, we load both
species into the crossed optical dipole trap (see section 5.3). The bias magnetic field
is then ramped up to access the tunability of inter- and intra-species interactions via
Feshbach resonances, as explained in section 5.4. Finally, in section 5.5, I will pro-
vide a detailed account of our current experimental progress concerning dual-species

condensation of 23Na and 3°K.

5.1. Dual-species MOT

When dealing with two atomic species, a straightforward approach for the magneto-
optical trap stage involves loading both species simultaneously in a so-called dual-
species MOT. Figure 5.1 presents images of the atomic fluorescence from both the
potassium MOT (on the left) and sodium MOT (on the right) in the science chamber.
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Figure 5.1.: Images of the atomic fluorescence from the potassium MOT (A) and
sodium MOT (B) in the science chamber.

However, when loading both species simultaneously, we observed atom losses. This
phenomenon can be attributed to light-assisted collisions between ground state and
excited state atoms [151, 152,180, 181]. The underlying principle of these collisions is
schematically depicted in figure 5.2 A.

For collisions involving one atom in an excited P-state and another in a ground S-
state, two collisional loss processes come into play: radiative escape and fine-structure
changing collisions. In radiative escape, two atoms, denoted as A (in P-state) and B (in
S-state), combine to form a loosely bound pair (S+P) and approach each other along
an attractive potential. The atoms accelerate towards each other, converting their de-
creasing potential energy to kinetic energy. Subsequent spontaneous emission drives
the atoms back to the ground state. If the kinetic energy AE gained during this colli-
sion process exceeds the trap depth of the magneto-optical trap, the atoms will be lost
from the trap. Additionally, collisions can induce fine-structure changing transitions,
where the energy difference between the excited state’s fine-structure states is con-

verted to kinetic energy, ultimately resulting in atom loss from the trap.

In dual-species operation, the comparably small number of potassium atoms does not
significantly influence the sodium cloud. However, we observe a substantial potassium
atom loss from the trap when sodium atoms are simultaneously loaded. The loading
dynamics in such an imbalanced mixture, where the sodium atom number remains
largely unaffected, can be described by the following rate equation [148, 183, 184]:

dNg

el Lx — aNg — PNakNa Nk (5.1)

where Ly describes the loading rate, and « summarizes the potassium loss contribu-
tions. The last term characterizes the loss of potassium atoms due to collisions with

sodium atoms (density nyy,), which is parametrized by the two-body loss rate coeffi-
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Figure 5.2.: Light-assisted collisions in a dual-species MOT. A: Principle of light-
assisted collisions, showing interaction potentials versus the inter-particle
separation. Arrows indicate the excitation of an atom pair to an attractive
interaction potential. Figure adapted from [182]. B: Potassium MOT load-
ing curve with and without the presence of a sodium MOT. The dashed
lines indicate a fit, according to equation 5.2, to the experimental data.

cient fya.k. Note that equation 5.1 can be reduced to the case of single species loading

by neglecting the last term.

The solution to the above rate equation is given by

Lx
Ne(t) = —— |1 — —(a+PnaxmNa) t 5.2
k(@) e — e (5.2)

An exemplary measurement! of a potassium MOT loading curve is presented in figure
5.2 B, where we compare the potassium loading scenarios with and without the pres-
ence of sodium. In the case of dual-species loading, the sodium MOT is initially loaded
until the atom number reaches a steady-state. Subsequently, the potassium MOT load-
ing is initiated. Notably, the number of potassium atoms in the MOT is reduced in the
presence of a sodium MOT, ultimately reaching a lower steady state value. The is-
sue of light-assisted collisions for a 2*Na-3?K mixture was also reported by Castilho et
al. [151] and Sutradhar et al. [181].

To mitigate the impact of light-induced losses during the loading dynamics of a dual-

species system, the application of a dark SPOT MOT has been investigated in various

"The magneto-optical traps for both sodium and potassium were not fully optimized for this measure-
ment.
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mixture experiments, including **K-3’Rb [185], "Li-8’Rb [184], and "Li-*3Cs [186].
Within these studies, a dark SPOT MOT for 87Rb or 133Cs, respectively, significantly
reduced the impact of light-induced losses, as the excited state population is greatly
diminished in a dark SPOT MOT. Collisions between ground state 3’Rb or *3Cs atoms
and 3°K or "Li, respectively, in their excited state do not lead to trap losses, as their
molecular potential curves are repulsive [187].

In our specific case, when the sodium MOT is operated in a dark SPOT configura-
tion, sodium atoms predominantly occupy the |F = 1) ground state (3S). Consequently,
light-assisted collisions would primarily occur with potassium atoms in the excited
state (4P). The corresponding interaction potential is attractive [187], facilitating these
collisional losses in principle. A correlation between the excited state population of
potassium and the inter-species collision rate with a bright sodium MOT has also been

reported in a study by Sutradhar et al. [181].
Operating potassium in a dark SPOT MOT as well would, therefore, lead to a reduc-

tion of light-assisted collisions, as the excited state fraction for potassium would be
much lower. However, implementing a dark SPOT MOT configuration for both species
would necessitate significant changes to the optical layout on both the laser and exper-
iment table, particularly in terms of separating the cooling and repumping paths for
each species. Additionally, the operation of a potassium dark SPOT MOT is compli-
cated by the requirement of high repumping beam powers for 3°K laser cooling [188].
Another potential approach involves introducing a slight power imbalance in one of
the MOT beam pairs, resulting in a displacement along this beam axis for one of the
species [148, 189]. However, this approach may compromise the performance of sub-
Doppler cooling and lead to additional heating during the transfer into the magnetic

trap due to an imperfect overlap.

An alternative strategy for the dual-species MOT entails loading the two species se-
quentially using a shelving technique, as introduced in [149, 190] and illustrated in
figure 5.3.

In the experimental sequence that is shown in figure 5.3 A, we initiate by loading the
sodium MOT. The sodium atoms are then optically pumped for 1 ms to the |2, 2) state
using a o' -polarized resonant beam that includes cooling and repumping light and
a guide magnetic field (generated by offset coils). After the optical pumping stage,
the atoms are loaded into a magnetic trap by switching the magnetic field gradient to
100 G/cm. The gradient is subsequently reduced, such that this shallow magnetic trap

acts as a spin purification stage. Depending on the value of this shallow trap gradient
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Figure 5.3.: Sequential MOT loading for a sodium potassium mixture. A: Experimental
sequence for sequential MOT loading. After the sodium atoms in the MOT
are optically pumped to the stretched |2,2) state, they are trapped in a
magnetic trap. Following a spin purification stage, the potassium MOT
is loaded. B: Sodium atom number after the spin purification stage as a
function of the shallow magnetic gradient field B}, ;.- For low gradient
values in the range 4.25-8.5 G/cm, only the |2, 2) state is supported against
gravity, while for higher magnetic field gradients, the atoms in the |2, 1)
state become trappable as well.

B} allows ONly certain spin states remain trapped against gravity. This behaviour is

displayed in figure 5.3 B, where we measured the sodium atom number after the 0.5

4
shallow*

Below 4.25 G/cm, no atoms remain as the gradient is too low to compensate gravity.

long spin purification stage as a function of B

In the range of 4.25 — 8.5G/cm, we observe an increase in the number of atoms in
the |2, 2) state, while above 8.5 G/cm, there is another kink in the atom number as
now also the atoms in the |2, 1) state become trappable. Consequently, operating at

BI
shallow
retains a pure spin sample of |2,2) atoms. This step is crucial, as spin imperfections

= 8G/cm ensures that atoms in |2, 1) are removed from the trap, and one

can induce heating and atom loss due to spin relaxation processes. Following this spin
purification stage, the potassium 3D-MOT light is switched on, and the potassium
MOT is loaded at the MOT gradient of 8.6 G/cm.

While this scheme potentially reduces the impact of light-assisted collisions encoun-
tered in a dual-species MOT?, as reported in [190], we were not able to reliably achieve
efficiencies for optical pumping to the |2, 2) state exceeding 50 %, as shown in figure

5.3 B. These limitations in optical pumping could be attributed to the high optical den-

2As the sodium atoms are shelved in the ground state, primarily light-assisted collisions between
excited state sodium and ground state potassium atoms are mitigated.
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sities present in the dark-SPOT MOT, with alternative pumping schemes for sodium
outlined in [148, 158, 191]. Consequently, the achievement of a sodium BEC in the
stretched |2, 2) state using the above-mentioned scheme, even in single-species oper-

ation, proved impossible using this promising approach.

In conclusion, the discussed approaches to mitigate the issue of potassium losses in
a dual-species MOT each present trade-offs between reducing atom losses and intro-
ducing complexities or limitations. To attain dual-species degeneracy, our goal is to
cool sodium and utilize it as a sympathetic coolant for potassium. Hence, during the
different cooling stages, such as microwave evaporation in the magnetic trap or forced
evaporative cooling in the crossed optical dipole trap, primarily sodium atoms are lost
from the trap. Consequently, we prioritize 2*Na in terms of atom number and temper-
ature and opt for the simple approach of loading both species together, accepting the

loss of potassium atoms during the MOT cooling stage.

5.2. Grey molasses cooling

In the magneto-optical trap, the temperatures of both atomic clouds are typically in the
order of 250 pK. Utilizing sub-Doppler cooling techniques would be advantageous to
further cool down the atomic samples before transferring them into the magnetic trap.
Compared to other alkali atoms like rubidium or sodium, potassium has a relatively
small energy splitting between its excited states, measuring only 33.8 MHz in total
[109]. This characteristic makes cooling below the Doppler temperature difficult and
requires the use of alternative cooling techniques such as grey molasses cooling to

achieve lower temperatures.

Theory of grey molasses cooling

The grey molasses cooling technique, depicted in figure 5.4 A, combines the principle
of Sisyphus cooling with a so-called dark-state [y) that remains unaddressed by the
resonant cooling light. On the other hand, the bright state |i/g) is coupled to an excited
state through light and experiences a positive light shift. The polarization gradient of
the counter-propagating molasses beams creates a spatially modulated potential for
the bright state, while the dark state has a flat potential.

In a manner similar to Sisyphus cooling, atoms moving within the sinusoidal potential
landscape of the bright state convert their kinetic energy to potential energy by “climb-

ing” the potential energy maxima. The transition to the excited state becomes most
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Figure 5.4.: Principle of grey molasses cooling. A: In the dressed three-level system,
atoms in the dark state |p) can motionally couple to the bright state |),
where they experience a sinusoidally modulated potential. The atoms are
pumped back to the dark state after having climbed the potential hill, los-
ing kinetic energy for each cycle. After many such cycles, atoms reach
low enough velocities to be trapped in the dark state. Figure adapted
from [192]. B: Level scheme for D1 grey molasses cooling of **K. The lock-
point of the D1 laser is indicated by the vertical black arrow, with AOMs
shifting the frequencies to produce a cooling and a repumping beam. The
system is operated in a A-configuration using the two ground states [1), |2)
and the excited state |3). The relative detuning between the two beams is
denoted by §,. When the Raman condition §, = 0 is fulfilled, the detuning
of both beams with respect to the excited state |3) is given by A.

probable once the atom has reached the top of the potential hill. Subsequently, excited
atoms can decay back to the dark state via spontaneous emission. Once the atoms are
in the dark state, they can either couple to the bright state or remain captured in the
dark state. The coupling is controlled via velocity-selective coherent population trapping
(VSCPT), where the probability of coupling depends on the atom’s velocity. The faster
the atom, the higher probability is to transition back to the bright state, initiating an-
other cycle of Sisyphus cooling to further reduce their kinetic energy. Consequently,
hot and fast atoms will undergo many such cycles of Sisyphus cooling and motional
coupling until reaching low enough velocities to be permanently trapped in the dark
state [155,192,193].

In the context of grey molasses cooling, the emergence of bright and dark states is
described using a A-system, featuring two ground states |1) and |2), and an excited
state |3). The level scheme for potassium, illustrating this A-system, is depicted in
figure 5.4 B.
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The ground states are coupled to the excited state via two laser frequencies in Raman
condition, ensuring that the relative detuning of the two beams is zero (6, = 0). In
the dressed state representation of the atom-light system, the ground state manifold
splits into a dark state |py) and an orthogonal bright state [5). These states are en-
ergy eigenstates of the atom-light system and coherent superpositions of the sub-level
states.

It is important to note that achieving a positive light shift, where the bright state is
energetically positioned above the dark state, requires blue-detuned light. Conversely,

a red-detuning would lead to heating of the atomic cloud.

In practice, the dark state in grey molasses cooling is not completely dark. Due to
the complex level structure, it couples slightly to the excited state. However, even
with this partial coupling, atoms in the grey state scatter photons with a very low
probability. As a result, grey molasses cooling remains an efficient cooling method
capable of achieving very low temperatures.

For *K, the D1-line is utilized for grey molasses cooling. With this approach, tem-
peratures as low as 6 pK have been achieved [132, 194, 195]. Additionally, Colzi et
al. [147,196] successfully implemented this sub-Doppler cooling technique using the
D1-line of sodium, cooling the sodium atoms from initial temperatures of 350 pK down

to as low as 9 pK.

Microwave spectroscopy

To ensure a slow and isotropic expansion of the atomic cloud during the molasses
stage, it is crucial that the zero position of the magnetic field coincides with the posi-
tion of the atoms. Any residual stray magnetic fields need to be compensated using

offset coils placed in the x-, y-, and z-direction around the science chamber.

Figure 5.5 illustrates the implemented microwave spectroscopy technique used to ob-
tain the correct settings for the compensation coils. In this method, sodium atoms
are pre-cooled and, after a short magnetic trap stage, transferred into the crossed op-
tical dipole trap. The microwave is set to a specific frequency fyw and turned on.
Subsequently, a scan of fyw is conducted just below the |[F = 1) — |F = 2) zero-field
resonance at 1771.63 MHz [108], transferring atoms from the initial |1, —1) state to the
states |2, 0), |2, —1), and |2, —2), as shown in figure 5.5 A.

After applying the microwave pulse, we make the transfer visible by blowing away

the |F = 2) atoms using resonant cooling light from the imaging path. This enables
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Figure 5.5.: Microwave spectroscopy using offset coils to overlap the magnetic field
zero with the position of the sodium atomic cloud. A: Hyperfine level-
diagram of the sodium ground state, where the magnetic sub-states are
shifted due to the linear Zeeman effect in the presence of magnetic stray
fields. Atoms are initially prepared in the |1, —1) state. Microwave pulses,
indicated by the wiggly grey arrows, transfer atoms to the |F = 2) man-
ifold. B: Sodium atom number as a function of the applied microwave
frequency fyrw. The top-left graph shows the atom-loss spectrum for
the initial offset coil settings. The respective microwave transitions are
marked from a to c. While optimizing first the y-coil (plot II), then the
z-coil (plot III) and finally the x-coil (plot IV), the resonances move closer
together and finally are grouped around the zero-field resonance located
at 1771.63 MHz.

the transitions to appear as atom number minima in the subsequent imaging process.
Such a microwave frequency scan is presented in the top-left graph of figure 5.5 B.
The distinct frequencies corresponding to the transfer of sodium atoms to the |2, —2),
|2, —1), and |2, 0) states during microwave spectroscopy, labelled as minima a, b, and c,
respectively, were observed at approximately 1770.8 MHz, 1771.1 MHz, and 1771.4 MHz.
This separation in frequencies indicates the presence of residual magnetic fields in the
vicinity of the atoms during the spectroscopy measurement. Specifically, the initial
magnetic bias field at these settings can be estimated to be approximately 0.4 G.

To compensate for this bias field, we first optimized the current running through the
y-coil. The objective was to reduce the separation of the atom number minima and
align them closer to the theoretical zero-field resonance at 1771.63 MHz. Through
systematic adjustments of the three coil pairs, the minima were overlapped, coinciding
with the zero-field resonance position, as shown in bottom-right graph of figure 5.5 B.

The optimized settings for the three offset coils are summarized in table 5.1.
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Table 5.1.: Optimized offset coil settings. The magnetic field values were obtained
from the measured calibration factors reported in table 3.3.

x-coil y-coil z-coil
Current [A] 0.05 0.1 0.25
Magnetic field [G] 0.09 0.19 0.41

Implementation and optimization

In the implemented grey molasses cooling method, the cooling and repumping beams
operate in a A-configuration and are detuned according to the Raman condition. The
D1 light for these purposes is coupled into the same fibre that supplies the D2 laser
light for the magneto-optical trap, such that the splitting and alignment of the six
counter-propagating beams are already taken care of.

The polarization gradient, vital for the Sisyphus cooling technique, is created by these
counter-propagating circularly polarized D1 laser beams. Approximately 30 mW of

D1 cooling light is utilized, while the D1 repumper carries roughly 13 mW of power.

Figure 5.6 illustrates our implemented experimental sequence for grey molasses cool-
ing of 3°K. The process initiates with loading the magneto-optical trap for 4s using
D2 light and a magnetic field gradient of 8.6 G/cm. After this loading period, both the
magnetic field gradient and the D2 light are abruptly switched off. The molasses stage,
lasting 4.9 ms in total, follows this turn off and is divided into two steps.

The first steps involves a 2.1 ms duration, during which the D1 light is turned on and
maintained at a constant intensity and detuning. Following this, a linear frequency
ramp is executed over 2.8 ms, shifting towards higher detunings while retaining the
Raman condition. Simultaneously, the intensities are linearly reduced to ensure that
atoms remain within the capture range of the cooling process, facilitating a decrease
in temperature. The parameters of this ramp, including the speed and the initial and
final values, were optimized by evaluating the resulting temperature and atom num-

ber of the cooled atomic cloud.

To enhance the performance of the grey molasses cooling process, we conducted a
series of optimization measurements, the results of which are depicted in figure 5.7.
Following the grey molasses cooling stage, we image the atoms using the coarse ab-
sorption imaging setup with a 15 ms time-of-flight (TOF) and extract both the atom

number N,; and the Gaussian width o of the atomic cloud. The width after a 15ms
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Figure 5.6.: Experimental sequence for grey molasses cooling of >’K atoms. After the
MOT has been loaded for 4s, the magnetic field gradient and D2 laser
power are switched off, and the D1 light is turned on. In a two-stage pro-
cess, the power and detuning are firstly held for 2.1 ms at a constant value.
These parameters are then ramped to larger detunings and lower intensi-
ties within 2.8 ms. Finally, before initiating the transfer into the magnetic
trap, the atoms are pumped to the |[F = 1) hyperfine ground state by turn-
ing off the repumping light for 200 ps.

TOF serves as a reliable estimator for the cloud’s temperature. High phase-space den-
sities, which are the ultimate optimization goal for the grey molasses, require high
atom numbers and low temperatures. Thus, with a maximum in the atom number
and a minimum in the distribution width, the optimal hold time and sweep time were
found to be 2.1 ms and 2.8 ms, respectively.

Moreover, we conducted a scan of the Raman detuning J, (depicted in panel C of fig-
ure 5.7). This scan revealed a clear minimum in the cloud width at §, = 0.17 MHz,
indicating an optimal cooling condition, while we observed strong heating effects to-
wards larger blue detuning. For the implemented intensity ratio between cooler and
repumper of approximately 3:1, such an asymmetric Fano profile in the temperature
for larger detunings results from interferences of different excitation pathways and
has been reported in [194,196].

Additionally, deviations from the Raman condition, i.e. the fact that §, # 0, might
stem from stray magnetic fields following the abrupt turn-oft of the magnetic field
coils. Furthermore, the calibration of the offset coils to compensate for the stray mag-
netic fields was carried out utilizing microwave spectroscopy of sodium in the optical

dipole trap. A potential misalignment of the position of the dipole trap with respect
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Figure 5.7.: Optimization of grey molasses parameters with respect to atom number
Nt and width o after a 15 ms time-of-flight. The graphs show the depen-
dence on the hold time (A), sweep time (B) and Raman detuning §, (C).

to the potassium grey molasses might add to the slight deviation from the theoretical
Raman condition. Further investigations and adjustments are needed to account for

these effects and achieve optimal cooling conditions.

While this cooling method is highly sensitive to changes in the relative detuning be-
tween the two beams, which sets the Raman condition, the overall blue-detuning A
before and after the ramp is less critical. To set the detuning of the two beams, we
use two separate analog output ports of the computer-control system that adjust the
RF-frequency of the AOMs. During the cooling cycle, these frequencies are tuned and
ramped in unison from Ag,+ = 20 MHz to A.pq = 38 MHz, ensuring that the Raman
condition is indirectly satisfied.

However, for precise and active maintenance of the Raman condition throughout the
entire ramping process, a different approach would have to be implemented. Using
an external reference signal to set the Raman condition has demonstrated long-term
stability on a neighbouring potassium experiment with achieved temperatures as low
as 8 uK [132,197]. In this method, the RF-signal from a voltage-controlled oscillator
(VCO) drives the cooling AOM, while the RF-signal for the repumping AOM is gen-
erated by mixing the VCO-signal with the stable external frequency reference. Since
the AOMs are operated in a double-pass configuration and the laser is locked to the
ground state crossover, the reference signal would have to be set to 230.85 MHz.

For our implemented grey molasses scheme, we recently experienced difficulties with
performance fluctuations. Therefore, this alternative approach presents a simple so-

lution to improve the stability and consistently achieve sub 10 uK temperatures.
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Figure 5.8.: Time-of-flight (TOF) measurements to determine the temperature of the
3K cloud following the MOT (A) and grey molasses (B). Three averages
were performed for each TOF setting. The temperature is extracted from
the slope of the squared Gaussian width of the atomic cloud versus squared
time-of-flight, according to equation 3.4. A: Time-of-flight measurement
of the potassium MOT with temperatures in x- (top graph) and z-direction
(bottom graph). B: Time-of-flight measurement of the potassium grey mo-
lasses with temperatures in x- (top graph) and z-direction (bottom graph).

After optimizing the different parameters of the grey molasses, its cooling performance
has to be evaluated. To assess the achieved temperatures of the atomic sample, time-

of-flight measurements were conducted, and the results are presented in figure 5.8.

The initial temperature of the potassium magneto-optical trap was determined to be
226(5) pK in the x-direction and 301(8) uK in the z-direction, as illustrated in figure 5.8
A.In contrast, with the implementation of the grey molasses cooling technique, a dras-
tic reduction in temperature was observed, as shown in figure 5.8 B. The achieved tem-

peratures were as low as 6.7(7) uK in the x-direction and 8.6(9) pK in the z-direction.

Up to now, we applied grey molasses cooling exclusively to potassium. Implement-
ing this cooling technique for sodium would necessitate modifications to the exist-
ing sodium laser setup. Specifically, an additional 589 nm laser source, frequency-
stabilized to the D1-transition, would need to be incorporated to generate the required
cooling and repumping light. While grey molasses cooling with sodium has proven
to provide a tenfold increase in the phase-space density compared to a regular red-
detuned optical molasses [196], its performance in dual-species operation still has to

be reviewed.
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Following the sub-Doppler cooling stage, the atoms are transferred to the magnetic
quadrupole trap. Analogous to single-species operation with sodium, as described in
section 4.2, microwave evaporation is performed in the hybrid trap. Hereby, sodium
atoms are selectively evaporated, while the potassium atoms are sympathetically cooled
through collisional thermalization with the cold sodium atoms [20, 198]. Both species
are subsequently loaded into the crossed optical dipole trap by ramping down the

magnetic field gradient.

5.3. Two-species optical trapping

In the crossed optical dipole trap, there are some notable differences in the trapping
behaviour of the two atomic species.

As outlined in section 4.3, the optical trapping potential experienced by the atoms
depends on the real part of the dynamic polarizability Re(«), which is a function of the
atom’s transition wavelength. When considering both D1- and D2-transitions [170],
the polarizability for the two species is shown in figure 5.9 A, exhibiting resonances
at the transition wavelengths of approximately 589 nm and 767 nm. Notably, in the
infra-red spectrum, potassium atoms experience a deeper trapping potential compared
to sodium.

Additionally, the trapping frequency depends on the mass of the atomic species. Con-

sequently, following equation 4.9, the ratio of the trapping frequencies is given by:

WK /Re(a’K) MNa
WNa - Re(ana) mx G3)

For an optical dipole trap, operated at a wavelength of 1070 nm, the mass imbalance

between 23Na and 3°K counteracts the difference in the trapping potential. Conse-
quently, this compensation effect leads to a reduced ratio of trapping frequencies,
specifically wx/wna = 1.23. The wavelength at which this ratio would equal unity
is referred to as a magic wavelength. However, as displayed in the bottom graph of

figure 5.9 A, the 2*Na-3K mixture does not possess such a magic wavelength.

When considering the influence of the gravitational potential, unequal trapping fre-
quencies give rise to a differential gravitational sag, which is depicted in figure 5.9 B.
The effect of gravity alters the trapping potentials, tilting them and shifting their re-

spective minima. Consequently, the atomic clouds experience a relative displacement
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Figure 5.9.: Dual-species optical trapping of sodium and potassium. A: Atomic po-
larizability for 2*Na and 3°K, and trapping frequency ratio as a function of
the trapping laser wavelength. The vertical dashed line marks the 1070 nm
laser that has been chosen for this experiment, while the horizontal line
indicates the magic condition, where the trapping frequencies of the two
species would be equal. As evident from the plot, this mixture does not
possess a magic wavelength. B: Trapping potential both in the absence
and presence of the gravitational potential. The disparity in trapping fre-
quencies between the two species induces a differential gravitational sag,
denoted as dz. In this example, a sodium trapping frequency of 160 Hz re-
sulted in a differential sag of 6z = 3.2 um.

along the z-direction by dz. An exemplary sodium trapping frequency of 160 Hz, as

shown in the graph, leads to a relative displacement of 3.2 um.

Notably, as the trapping frequency is increased, leading to enhanced confinement of
atoms along the gravity direction, this shift is significantly reduced, as demonstrated in
figure 5.10. On the contrary, at lower trapping frequencies, the positional displacement
can reach values ranging from 10 — 1000 um, which would negatively affect the spatial

overlap between the two atomic species.

To assess the significance of the differential gravitational sag, we compare it with
the Thomas-Fermi radius Ry, a measure of the condensate size. We plot Ryp for 10°
sodium atoms as a function of the trapping frequency and observe a crossing of the
two curves at approximately 90 Hz. Consequently, at low trapping frequencies typ-
ical after forced evaporative cooling, the spatial overlap between the two clouds is

reduced, strongly diminishing the inter-species rethermalization rate and, thus, ren-
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Figure 5.10.: 23Na-3°K differential gravitational sag and sodium Thomas-Fermi (TF)
radius as a function of the trapping frequency. The Thomas-Fermi radius
was calculated with 10° sodium atoms.

dering sympathetic cooling between the two components inefficient>. Hence, if there
is a disparity in temperatures (Ty, # Tx) following evaporative cooling in the dipole
trap, the trapping frequency could be subsequently adiabatically increased to ensure

rethermalization between the two atomic species.

To mitigate the issues posed by the differential gravitational sag, several strategies can
be considered. As discussed earlier, the use of a magic wavelength, where the two trap-
ping frequencies are equal, is not an option for the 2>Na-3K mixture. Nevertheless,
a magic wavelength could be synthesized through a combination of different wave-
lengths. In addition to the 1070 nm light (power P;), introducing a second wavelength
that is repulsive for sodium but attractive for potassium would be required. Thus, an
additional helium-neon laser at a wavelength of 632.4 nm, with a power of 0.08 x Py,
could be used to counteract the displacement [100].

Another approach involves implementing a technique known as magnetic levitation
[200,201]. This method utilizes a vertical magnetic field gradient in combination with
differing magnetic moments of the two species to cancel the gravitational force, result-
ing in the levitation of both atomic clouds [202,203]. The mixture (|1, —1)p, +|1, —1)x),
operated at a bias field of 150 G, would require a levitation gradient of approximately
3 G/cm to compensate the gravitational sag between the two species.

Lastly, adopting a strongly asymmetric trapping potential with strong confinement in
the vertical gravity direction can diminish the impact of this differential sag. Such
a two-dimensional trapping geometry will be implemented in the near future. An

additional attractive infra-red laser beam, shaped into a sheet of light (surfboard ge-

3The quantitative impact of spatial overlap on the efficiency of sympathetic cooling has been analysed
in [199].
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ometry) using a cylindrical lens, will be utilized. Along the z-direction, the beam will
be focused down to 20 um, generating trapping frequencies of approximately 1kHz,
thereby limiting the relative displacement to below 100 nm. Further details regarding
the layout and characterization of this optical trap are described in Lilo Hocker’s Ph.D.

dissertation [126].

5.4. Feshbach spectroscopy

In the crossed optical dipole trap, both inter- and intra-species scattering properties
become notably significant due to the high atomic densities. The s-wave scattering
length, governing homo- and hetero-nuclear collisions, can be finely adjusted via mag-
netically tunable Feshbach resonances, as reviewed in section 2.2. In the context of the
23Na-3K atomic mixture, the collisional properties prove advantageous, and Feshbach
resonances have been reported to occur at relatively low magnetic bias fields, as de-
tailed in section 2.3.

In order to effectively map out and utilize the intra- and inter-species Feshbach reso-
nances within our experimental apparatus, a magnetic bias field is applied. Our initial
numerical simulations have provided us with a preliminary calibration of the mag-
netic field versus coil current. However, to precisely control the interaction strength
using magnetically tunable Feshbach resonances, we require a precise calibration of
the magnetic field experienced by the atoms as a function of the supplied electric cur-

rent to the magnetic field coils.

5.4.1. Magnetic field calibration

In the presence of an external magnetic field, the internal energy levels of the atoms
are shifted. When magnetic fields are sufficiently weak, the Zeeman interaction can
be regarded as a perturbation to the |F,mp) basis, inducing an energy shift that is
linear in the magnetic quantum number mp. In the case of strong magnetic fields
(Paschen-Back regime), the coupling between the nuclear spin and the orbital angular
momentum is disrupted, such that they couple more strongly to the external magnetic
field. Consequently, the basis ‘mI, m ]> must be used in this regime. However, in the
intermediate regime, the quantitative behaviour is generally more complex and not as
straightforward to describe.

For the ground state (J = 1/2), the Hamiltonian governing the system can be solved

analytically, such that the internal energies are shifted in the presence of an external
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magnetic field B according to the Breit-Rabi formula [108,204]:

AEhf

B S dmpx
2021 +1)

2I+1

AE
E(B)p=141/2 = + grppmpB + zhfs\/ 1+ + x* (5.4)
where AEyg = Apgs(I +1/2) is the splitting between the two hyperfine states with the

hyperfine structure constant Apg, and x is determined by

(g7 — &) BB
XxX=——--

(5.5)
AEygs

with the nuclear spin I, the total orbital angular momentum J = 1/2, and the corre-
sponding g-factors g; and g;. The Breit-Rabi diagram for sodium is illustrated in the
upper graph of figure 5.12.

We calibrated the magnetic bias field using microwave spectroscopy of sodium atoms,
trapped in the crossed optical dipole trap (cODT), employing the transition from |1, —1)
to the |2,0) state. The experimental sequence, as illustrated in figure 5.11, involves
transferring sodium atoms from the magnetic trap to the cODT. Once the magnetic

field gradient is turned off, the coils are switched to Helmholtz configuration using

MOT Magnetic trap Optical dipole trap Image

B grad. \|

T B, | T
B-field / 5 \
E E 70 W E P

cODT

fMW
MW
7.6502 7.6552 . 8.6052 8.6552 8.6602
Time [s]

Figure 5.11.: Experimental sequence for microwave spectroscopy of sodium atoms.
Following the transfer of sodium atoms from the hybrid trap to the cODT,
the bias magnetic field is ramped up to a value By and maintained at this
level for 1s. During the final 50 ms of this period, a microwave (MW)
pulse at a fixed frequency fyqw is turned on. For the spectroscopy mea-
surement, By is systematically scanned across a particular resonance for
each distinct value of fiqw.
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the H-bridge. The electric current running through the Feshbach coils is rapidly in-
creased within 5ms to a specific value I, corresponding to a bias magnetic field B,
which is systematically scanned during the measurement. The atoms are held at this
bias field By for 1s, and during the last 50 ms, a microwave pulse with frequency fyw
is applied. Following a brief 0.1 ms time-of-flight, the atoms are subsequently imaged

using the horizontal high-resolution absorption imaging system.

In the experiment, we record the atom number as a function of the coil current for
various microwave frequency settings. Two exemplary measurement results, illus-
trating this relationship, are presented in the middle graphs in figure 5.12. When the
resonance condition is met, atoms undergo a transfer to the |2, 0) state, resulting in
rapid inelastic losses in this high density regime [157]. Consequently, we observe a

minimum in the atom number when imaging the atomic cloud.

For each microwave frequency setting, we identify the corresponding coil current
value at which the transfer is maximized. Using the Breit-Rabi formula (equation 5.4),
we can convert the microwave frequency into a magnetic field value. The resulting
calibration curve, depicting the magnetic field as a function of coil current, is presented

in the lower graph of figure 5.12.

Table 5.2 provides a summary of the calibration parameters, detailing the magnetic
field in relation to coil current and control voltage (internal computer control setting).
The slope of bias field versus coil current agrees well with the calculated value of
2.0 G/ A obtained from the numerical simulations in section 3.3.2, considering that the
exact shape of the coil and the respective windings were not taken into account for
the simulation. However, the magnetic field offset is not precisely 0 G, but rather at
—0.95(2) G. This discrepancy can be attributed to the fact that this measurement was
conducted prior to the offset field compensation for the grey molasses cooling method,

with the result that the compensation coils introduced some offset field.

Table 5.2.: Summary of microwave calibration results illustrating dependence of mag-
netic bias field versus coil current and control voltage (internal computer
control setting).

Slope Offset

B vs current 1.9692(2) G/A -0.95(2) G
B vs control voltage 64.984(7) G/V -0.95(2) G
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Figure 5.12.: Calibration of the bias magnetic field using microwave spectroscopy of

23Na. The upper graph shows the Breit-Rabi diagram for the hyperfine
ground states of sodium within a magnetic field range up to 300 G. In the
two middle plots, atom-loss spectroscopy measurements (average atom
number over three experimental realizations) are presented. At a fixed
microwave frequency, the coil current is scanned across the resonance
for the transition from |1, —1) to |2, 0), as indicated by wiggly lines in the
upper graph. Using the Breit-Rabi formula (upper graph), the microwave
frequency for each scan can be translated into a magnetic field value,
finally resulting in the lower calibration graph. This graph presents the
magnetic field the atoms experience as a function of the supplied coil
current.
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Having applied this calibration, we can now study the magnetically tunable intra- and
inter-species Feshbach resonances. An extensive knowledge of the 23Na-3’K homo-
and hetero-nuclear scattering properties is essential for achieving dual-species con-
densation and is fundamental in the study of demixing dynamics, where precise knowl-

edge of the mixture’s miscibility is required.

5.4.2. *K Feshbach spectrum

To gain a comprehensive understanding of the scattering properties of the Na-K mix-
ture, it is essential to study the characteristics of each individual species independently.
This will help us to differentiate between effects related to homo-nuclear and hetero-
nuclear collisions.

For sodium in the |1, —1) state, there exists a wide intra-species Feshbach resonance
at a magnetic field strength of 1195 G [94, 95]. However, at lower magnetic fields, the
s-wave scattering length maintains a constant value of 52 aj.

On the other hand, homo-nuclear *’K collisions display several broad s-wave reso-
nances at low magnetic fields [96-98, 205], as illustrated in the upper graph of figure
5.13. The high field resonance at 560.9 G has been omitted, as the magnetic field range
of interest for dual-species condensation lies between the two low-field resonances. In
this range, the Na-K mixture displays both miscible and immiscible regions, as further

elaborated in subsection 5.4.3.

To map out these resonances within our experimental system, we performed atom-
loss spectroscopy on potassium. The corresponding experimental sequence involved
loading both species into the magnetic trap, where we cooled sodium using microwave
evaporation, while potassium was cooled sympathetically. Subsequently, the atoms
were loaded into the crossed optical dipole trap, and any remaining sodium atoms
were selectively removed using a resonant laser beam. The bias magnetic field was
then swiftly ramped up to a specific value, By, within 5ms, and maintained at this
level for 2s. At the end of this sequence, both the magnetic field and the dipole trap
were turned off, and the atomic cloud was imaged following a brief time-of-flight of
0.1 ms using the fine absorption imaging system.

The Feshbach spectrum was obtained through a scan of the magnetic field B across the
respective resonance. On resonance, the enhancement of inelastic three-body losses
results in a dip in the atom number signal. The two lower plots in figure 5.13 illustrate

the results of atom-loss measurements for the two low-field resonances, where the
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Figure 5.13.: Homonuclear 3°K Feshbach spectrum for the |1,—1) state. The upper
graph shows the s-wave scattering length for (|1, —1)g + |1, —1)g ) colli-
sions as a function of the external magnetic field, revealing the presence
of two low-field resonances. Plotted using parameters reported in [96].
Lower graphs: Atom-loss spectroscopy measurements conducted across
the two resonances. The red dashed lines are Gaussian fits to the experi-
mental data, providing the locations of the resonances. The grey dashed
lines present theoretical predictions [98] for the resonance locations.

atom number is given as an average over three experimental realizations. Gaussian
fitting of the data provided the precise magnetic field locations of the two resonances.
These results are summarized in table 5.3. The experimental errors combine fit errors
with the uncertainties resulting from the magnetic field calibration.

A comparison with results obtained by D’Errico et al. [96] reveals good agreement
within the specified error margins. However, slight deviations become apparent when
comparing with more recent, high-precision characterization data presented in [98].
These discrepancies can be attributed to additional systematic error sources, such as
the high temperatures of the atomic cloud during the conducted measurements, which
can shift the resonance locations. Furthermore, the long-term magnetic field stability

with respect to the initial calibration necessitates further investigation®.

*Given the potential day-to-day variations in the background magnetic field, it is crucial to regularly
recalibrate the magnetic bias field to ensure the accuracy of the measurements.
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Table 5.3.: 3K Feshbach resonance locations for (11, —1)g + [1,—1)g ) collisions. We
compare our experimentally extracted values from figure 5.13 (left column)
to other experimental data [96, 98] and theoretical predictions [98]. The
theoretical values are also displayed in figure 5.13 as grey dashed lines.

Bexp (G) Bexp (G) [96] Bexp (G) [98] Btheo (G) [98]
33.9(1) 32.6(1.5) 33.5820(14) 33.568
162.4(2) 162.8(9) 162.36(2) 162.347

Additional loss feature

The potassium Feshbach spectrum, as displayed in the upper graph of figure 5.13,
does not reveal any further s-wave resonances between the two low-field resonances.
However, during a comprehensive magnetic field scan spanning from 0G to 200G,
where we held the atoms at each magnetic field value for 200 ms, an unexpected loss
feature was observed. This distinctive feature is prominently shown in the top graph

of figure 5.14, exhibiting a broad and strong loss signal at approximately 110 G°.

5This data set was acquired when operating the dipole trap at 40 W (total power for both beams).
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Figure 5.14.: Atom-loss spectroscopy of 3°K across a magnetic field range spanning
from 0 G to 200 G at various dipole trap powers. The positions of the two
Feshbach resonances are indicated by the grey dashed lines.
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Subsequent measurements at different dipole trap power settings provided valuable
insights. Firstly, reductions in atom losses attributed to the Feshbach resonances, in-
dicated by vertical dashed grey lines in figure 5.14, were observed, correlating with a
decreased atom density as the dipole trap confinement was reduced. Secondly, a sig-
nificant shift of the central loss feature towards lower magnetic fields was detected.
Based on these two observations, we can exclude any connection with higher-order

Feshbach resonances.

To investigate this phenomenon further, we set the dipole power to a constant value
of 30 W. Once again, a magnetic field scan was conducted, but this time with a hold
time of 60 ms, and employing a state-selective imaging process. The two hyperfine
ground states, |F = 1) and |F = 2), were selectively imaged by utilizing either cooling
or repumping light for the imaging process. The corresponding spectrum for the two
states is shown in figure 5.15 A. Notably, the initial expectation was a complete absence
of atoms in the |F = 2) state, as the atoms were pumped to the |F = 1) state before being
loaded into the magnetic trap. However, contrary to this expectation, we observed a
discernible population transfer to the |F = 2) state at the position of the atom-loss
resonance.

This transfer is further illustrated in figure 5.15 B, where we fixed the magnetic bias
field to the location of the loss feature (100 G at 30 W dipole power) and subsequently

scanned the hold time. The rapid initial increase of the |F = 2) population is followed
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Figure 5.15.: Evolution of ground state populations at the magnetic field location of the
additional loss feature. A: Hyperfine populations as a function of the bias
magnetic field for a fixed hold time of 60 ms. B: Temporal evolution of the
population in the |F = 1) and |F = 2) hyperfine ground states, operated
at a fixed bias field of 100 G.
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by a decay, attributed to two-body collisions involving |F = 2) atoms. The dashed lines
represent fits to the experimental data using solutions to a simplified rate equation
model [206].

In conclusion, our observations indicate that atoms undergo a transfer to the |F = 2)
state, where they subsequently experience increased two-body collisions, leading to
atom loss from the trap. However, these findings still do not provide insights into the

underlying cause of this transfer.

Interestingly, similar effects have been documented in other experiments [206-210]
utilizing a similar multi-frequency dipole laser®. These studies identified two-photon
Raman transitions induced by different modes of the multi-frequency laser as the pri-
mary cause of atom transfer to the |F = 2) state, where a higher two-body loss rate
resulted in a fast decay in atom number.

Consequently, we conducted a closer examination of our dipole laser, measuring its
power spectrum using a fast photodiode, as depicted in figure 5.16. The multi-frequency
character of the laser is revealed by the equidistant peak structure, with a mode-
spacing of 5.8 MHz.

In an attempt to find out whether the multi-mode spectrum of our dipole laser was
causing the observed atom losses, we introduced a single-frequency laser’ and re-
peated the atom-loss spectroscopy scans. However, the loss feature persisted despite
the introduction of this single-frequency laser, ruling out the multi-frequency laser as
the cause for the unexpected atom loss. Since the single-frequency laser, supplying
only 50 W, did not mitigate the additional atom loss, we reverted back to working with
the 100 W fibre laser.

IPG Photonics YLR-100-1070-LP
7 Azurlight ALS-IR-1064-50-I-CC-SF
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Figure 5.16.: Power spectrum of the multi-frequency IPG fibre laser. Peaks every
5.8 MHz (grey dashed lines) reveal the mode-spacing of the laser.
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Ultimately, we traced the cause of the additional atom losses to an unexpected source
of interference: extremely faint stray light present in our MOT beams throughout the
entire experimental sequence. As this light was not discernible by the naked eye, its
presence was revealed during an atom loss scan where we manually blocked the fibre
output, leading to a noticeable difference in results. Despite turning off the 3D MOT
acousto-optic modulators and closing the shutter in front of the fibre in-coupler after
the molasses stage, a small fraction of cooling light (a few pW) from the undiffracted
order of the AOM evaded complete blockage by the shutter. Since this light was not
tuned close to the atomic resonance, it did not significantly affect the magnetic trap
until the bias magnetic field was ramped up in the crossed optical dipole trap, shifting
the energy levels into resonance.

Specifically, the light is frequency-stabilized to the ground state crossover, approxi-
mately 220.5 MHz detuned from the transition |[F = 1) — |F/ = 1). As shown in the
bottom graph of figure 5.14 A, the loss feature is centred around 75 G, when (almost)
no dipole light is present. In the presence of a magnetic field, the S/, ground state

and P53/, excited state energy levels are shifted, as illustrated in figure 5.17 A.
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Figure 5.17.: Potassium Breit-Rabi diagram and energy shift as a function of dipole
laser power. A: Breit-Rabi diagram for the S;/, ground state and P/,
excited state. The two hyperfine states that are involved in the loss pro-
cess are marked by dark red lines. The laser locking point is indicated by
the grey line, while the driven transition is illustrated by the black arrow.
The decay, removing atoms from the cycling transition, is shown as a
black wiggly arrow. B: AC-Stark energy shift of the resonance feature as
a function of the dipole laser peak intensity (focused beam waist radius
wy = 55um). The dashed line indicates a linear fit to the experimental
data, characterized by a slope of —106(4) Hz/(W/cm?).
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In our specific case, similar to high-field imaging detailed in [131, 140], the stray light

is driving the transition |g_) ~ ]m 7> m1> — |e), marked by the black arrow, with:

) =pl-1/2,-1/2) + |1~ pl1/2,-3/2) (5.6)
g4y =[PI1/2,-3/2) + (1 - p|-1/2,-1/2) (5.7)
le) ~ |-3/2,-1/2) (5.8)

Asboth ground states, |g_) and |g, ), possess an admixture of the |[-1/2, —1/2) state, the
excited atoms in the |-3/2,—1/2) state can decay back to either ground state. There-
fore, the driven transition is not closed at these intermediate magnetic fields, and atoms
can decay to states with a higher two-body loss rate.

Using the Breit-Rabi diagram, we can convert the resonance locations recorded for
different dipole laser intensities to an energy shift. Figure 5.17 B illustrates the de-
pendence of this energy shift on the peak intensity of the dipole laser (focused beam
waist radius wy = 55 um). The linear behaviour is confirmed by a linear fit, indicated
by the dashed red line. The energy shift at 0 W, marked by the intercept and with a
value of —222(2) MHz, agrees well with our previous assumption that the light, de-
tuned by 220.5 MHz at zero magnetic field, is now shifted into resonance due to the
presence of a magnetic field. Furthermore, the observed linear shift of the resonance
with respect to the maximum dipole beam intensity in the crossed region, amounting
to —106(4) Hz/(W/cm?), can be attributed to the differential AC-Stark shift between
the ground and excited states involved in the transition [211].

To permanently address this issue, we incorporated an additional shutter in front of

the 3D-MOT fibre coupler to ensure that no light gets through any more.

Atom loss at 130 G

In addition to the observed atom loss induced by stray light, we identified another
unexpected loss signal at an approximate magnetic field strength of 130 G, as depicted
in figures 5.14 and 5.15 A. A finer scan, illustrating the appearance of this loss feature,
is presented in figure 5.18 A, demonstrating its precise location at 131.6(2) G through a
Gaussian fit. This fit further highlights a slightly asymmetric shape of the loss feature.
Note that while this measurement was conducted in dual-species operation, this fea-
ture does not originate due to the interaction with sodium atoms, as it is also present in
the previously discussed single-species scans. The loss in the potassium atom number
is accompanied by an increase in the sodium atom number, as hetero-nuclear colli-

sional losses are suppressed due to the absence of potassium.
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Figure 5.18.: Atom-loss feature of 3°K at 131.6(2) G. A: Feshbach spectroscopy for the
Na-K mixture in the magnetic field range 124 — 135 G. Dashed lines repre-
sent Gaussian fits to the experimental data. B: Potassium Feshbach spec-
trum at a lower temperature of approximately 1 pK.

Taking a closer look at figure 5.14, we can discern that, similar to the intra-species
atom-loss features (indicated by grey dashed lines), the loss signal at 131.6(2) G also
weakens with lower dipole powers. As the atomic density decreases, collisional losses
diminish, indicating that this new feature arises from collisions between potassium
atoms. Further examination of figure 5.15 A and the persistence of the loss feature,
even after mitigating the stray light issue, suggests the involvement of **K atoms
specifically in the |1, —1) spin state in these undesired collisions.

Additionally, we recorded a Feshbach spectrum at a lower temperature of approxi-
mately 1pK, as depicted in figure 5.18 B. This dataset was acquired by evaporatively
cooling the Na-K mixture in the cODT, followed by removing the sodium atoms from
the trap and subsequent holding of cold potassium atoms at a dipole power of 10 W for
200 ms. Both s-wave Feshbach resonances and the stray light loss feature are evident,
whereas the additional loss signal close to 130 G cannot be resolved. The width of
the resonance likely reduced with decreasing temperature, making it indiscernible in
this coarse scan. Hence, further investigations, including a finer magnetic field scan
at different temperature settings, are required to confirm this hypothesis.

In summary, our preliminary observations suggest the presence of a high partial-wave
(I > 2) Feshbach resonance for the *°K |1, —1) spin state at approximately 131.6(2) G.
However, a comprehensive analysis of the temperature dependence of this loss feature,
as conducted in other experiments [212-214], along with rigorous multichannel cal-
culations, are essential to draw definitive conclusions and improve our understanding

of the underlying physics.
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Having successfully identified and mitigated the stray light issue, and equipped with a
quantitative understanding of the potassium Feshbach spectrum, our focus now shifts

to investigating hetero-nuclear collisions.

5.4.3. Inter-species *Na-*’K Feshbach resonances

Besides homo-nuclear collisions, the interactions between the different species need
to be considered. The ?*Na-*K Feshbach spectrum for the incident spin channel
(11, —1)na + 11,—1)k ) is shown in figure 5.19.

On the homo-nuclear side for 3°K, there are three s-wave Feshbach resonances: one at
32.6 G, another at 162.8 G - both of which were investigated in the previous subsection -
and a high-field resonance at 562.2 G. In contrast, sodium exhibits a constant scattering
length of 52 ay. The inter-species Feshbach resonances are reported to be situated at
34.2 G, 248.1 G, and 651.5 G, with a zero-crossing at 117.0 G [71,215].

In the context of dual-species condensation, achieving miscibility is a key requirement.
The degree of miscibility is governed by the parameter dg, as defined in equation 2.3.
The inset in figure 5.19 displays the magnetic field dependence of the miscibility pa-
rameter for the 2Na-3K mixture in the range of 100 G to 160 G. Successful sympa-
thetic cooling necessitates substantial spatial overlap between the two species, a con-
dition ensured only in the miscible region where g < 0. A comprehensive analysis

of the different interactions regimes can be found in [71, 100].
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Figure 5.19.: Spectrum of inter- and intra-species Feshbach resonances for a 2>Na-3K
mixture in spin states |[1,—1). The inset shows the dependence of the
miscibility parameter g on the bias magnetic field B. Figure taken from
[71].
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Similar to the homo-nuclear case, we conducted measurements of the inter-species
Feshbach resonances for the 2>Na->?K |1, —1) mixture using atom-loss spectroscopy.
After the dual-species MOT and subsequent microwave evaporation in the magnetic
trap, the two atomic clouds were loaded into the crossed optical dipole trap. Here,
we subject the atoms to a magnetic bias field. The potassium cloud, constituting the
minority species with Ny, /Ng = 10, was used to probe the Feshbach spectrum. Close
to the resonances, the interaction strength diverges, leading to atom loss from the trap,

which is more pronounced for the minority species.

In the cODT, we rapidly ramped the magnetic bias field to the desired value within
5ms and held the atoms at this constant bias field for 200 ms. Following this holding
period, both the magnetic field and the trapping potential were turned off, and the two

atom clouds were imaged following a short time-of-flight of 0.1 ms.

A scan of the magnetic field in a range between 230G and 260 G yielded the data
presented in figure 5.20. Employing a Gaussian fit to the experimental data, we de-
termined the resonance location at By = 247.8(8) G, demonstrating good agreement
with the experimentally and theoretically extracted values presented in [71], which
are Bey, = 247.1(2) G and By,e, = 248.1G.

Due to its close proximity to the low-field potassium Feshbach resonance at 33.5820(14) G

[98], we were not able to precisely map out the low-field inter-species resonance.
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Figure 5.20.: Atom-loss spectroscopy of an inter-species 2>Na-3°K Feshbach reso-
nance. The resonance position was determined through a Gaussian fit
(red dashed line). The experimental data show good agreement with the
theoretical prediction [71], depicted as a grey dashed line.
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5.5. Towards dual-species condensation

At zero magnetic field, the inter-species interaction is very strong, as evident from
figure 5.19, with Schulze et al. [71] reporting an inter-species scattering length of
anag (B = 0) = —416 qy.

To further analyse inter-species interactions at zero magnetic field, we conducted life-
time measurements of the potassium cloud under two conditions: with and without
the presence of sodium. The atoms were initially cooled in the MOT and magnetic
trap, loaded into the cODT, held for a variable duration #,,)q at zero magnetic bias
field, and the potassium atom number was recorded. In one scenario, both species
were loaded, while in the other, a resonant light pulse selectively removed the sodium
atoms before loading into the cODT. The temporal evolution of the potassium atom
number as a function of #,,14 for both settings is depicted in figure 5.21.

In the absence of sodium, the lifetime of potassium atoms was measured to be 1.8(2)s.
This relatively low lifetime observed without the influence of inter-species losses may
be attributed to free evaporation resulting from too high potassium temperatures fol-
lowing the transfer into the cODT. In dual-species operation, the presence of sodium
significantly reduced the 1/e-lifetime in the cODT to 0.41(2) s, a reduction attributed
to inter-species three-body losses.

In conclusion, at zero magnetic field, the mixture of sodium and potassium experiences
a large amount of undesirable losses. This is especially prevalent in the high-density

regime of the crossed optical dipole trap. At these high atomic densities, three-body
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Figure 5.21.: Potassium lifetime in the crossed optical dipole trap at zero magnetic field
with and without the presence of sodium. Atom-loss curves were fitted
to both data sets (indicated by black dashed lines), resulting in a potas-
sium trap lifetime of 1.8(2) s and 0.41(2) s, in the absence and presence of
sodium, respectively.
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losses, resulting from the large inter-species scattering length at zero magnetic field,
are dominant, preventing dual-species operation at these low fields. However, Fesh-
bach resonances are an efficient tool for tuning the inter- and intra-species scattering

lengths into a regime where dual-species condensation becomes feasible.

In particular, for a magnetic bias field around 153 G, all three scattering lengths, ay,,
ag, and an,k, become comparable in magnitude, rendering the atomic mixture mis-
cible. Consequently, following microwave evaporation in the hybrid trap, we trans-
ferred the atoms to a pure dipole trap and ramped the bias field up to 153 G within
10ms. Following the evaporation ramps, we imaged both atomic clouds using the
high-resolution horizontal absorption imaging system. An exemplary measurement

is presented in figure 5.22, where a time-of-flight of 0.5 ms was chosen.

In this measurement, both the sodium (labelled as A) and the potassium (labelled as B)

cloud are still thermal, as demonstrated by the Gaussian fits to the integrated column
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Figure 5.22.: Absorption images of sodium (A) and potassium (B) close to dual-species
degeneracy following evaporation at 153 G. The top row shows absorp-
tion images of the sodium and potassium cloud, captured simultaneously
on two dedicated cameras, with a time-of-flight of 0.5 ms. The accom-
panying graphs below showcase the column densities integrated along
the y-axis, with the dashed lines indicating Gaussian fits applied to the
respective datasets.
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densities (dashed lines). Following the final evaporative cooling stage, we are left with
approximately 1 x 10* sodium atoms at a temperature of around 270 nK and roughly
2x 103 potassium atoms at approximately 310 nK. As the temperature of the potassium
cloud has approached the sodium temperature quite well, we can infer a significant
degree of overlap and successful sympathetic cooling. The existence of a sufficiently
high elastic inter-species collision rate ensures thermalization between sodium and
potassium atoms. Nevertheless, despite the achieved temperature reduction through
the current evaporative cooling process at 153 G, dual-species condensation has not
been reached.

In an effort to condense both sodium and potassium, we made the following observa-

tions:

1. Light-assisted collisions resulted in minor disruptions to the dual-species MOT
loading process. In a population-imbalanced configuration, the sodium loading
dynamics remained largely unaffected, while potassium, as the minority species,

experienced a 25% reduction in atom number.

2. In the dipole trap, prior to evaporation, the temperature of the sodium atoms
measured approximately 20 pK, while the potassium cloud’s temperature was
around 50 pK. During single-species operation, we were able to achieve a lower

temperature of 8 uK for sodium.

3. The overlap between the magnetic trap and dipole trap is not ideal, potentially

heating up the atoms during the transfer process.

4. For the imaging process, we have to ramp the magnetic field to zero, such that
the imaging light remains resonant. However, this approach is sub-optimal, be-
cause of unfavourable scattering properties at 0 G. Furthermore, ramping across
inter- and intra-species Feshbach resonances during this process introduces ad-

ditional losses.

5. We observed an anti-correlation in the atom numbers of sodium and potassium
within the dipole trap. Extended MOT loading times for potassium resulted in
decreased sodium atom numbers, and conversely. By reducing the potassium
MOT loading time to 0.1s, we successfully generated a sodium BEC. However,
this came at the expense of almost completely depleting the potassium popula-

tion.
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6. Changing the dipole trap power in the hybrid trap had contrasting effects on
sodium and potassium atom numbers. Increasing the dipole power improved
the final sodium atom number but decreased the potassium atom number, while

reducing the dipole power had the opposite effect.

Based on the first observation, we can conclude that the dual-species MOT of 23Na-3K
suffers from light-assisted collisions, impeding a substantial increase in the potassium
atom number. While alternative approaches were discussed in section 5.1, the current
strategy entails maintaining the dual-species MOT configuration and accepting the
associated collisional losses.

With regard to points two and three, a more detailed analysis of the temperatures of the
atomic clouds both before and after the transfer between various traps is warranted. To
enhance the transfer of atoms from the magnetic trap to the crossed optical dipole trap,
we either have to adjust the alignment of the dipole beams for improved overlap with
the magnetic trap or gradually adjust the offset magnetic fields during the magnetic
trap phase.

The issue raised in point four concerning the imaging process could be resolved by
adopting a high-field imaging system. Implementing an offset lock to freely adjust
the frequency of the imaging light would enable us to directly image the atoms at the
Feshbach field.

The observations highlighted in points five and six, concerning the anti-correlation in
the sodium-potassium atom numbers, can be attributed to three-body losses arising
from hetero-nuclear collisions. These losses are likely enhanced by the high atomic
densities within the hybrid trap during the 3 s-long microwave (MW) evaporation

stage.

The current experimental sequence relies on MW evaporation as a crucial step to attain
a single-species sodium BEC. Consequently, shortening or removing the MW evapo-
ration altogether should only be attempted in conjunction with an adapted cooling
sequence for sodium. Following a strategy similar to that employed for potassium, we
propose implementing a sodium D1 grey molasses, as detailed in [196], to significantly
enhance the phase-space density. Following this sub-Doppler cooling process, a brief
magnetic trapping phase would serve as a spin-cleaning stage, and facilitate an effi-
cient transfer into the all-optical dipole trap. Within this trap, the bias magnetic field
becomes an independent parameter and can be adjusted to achieve a miscible mixture
of the two species. Subsequent forced evaporative cooling ramps would ideally re-

sult in dual-species degeneracy, with sodium acting as a sympathetic coolant for the
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potassium atoms.

By adopting this modified experimental cooling sequence, our objective is to avoid the
application of strong magnetic field gradients necessary for an efficient microwave
evaporation stage. Consequently, the regime of high atomic densities would not be

accessed until the inter-species scattering length becomes a tunable parameter.

Conclusion

Loading two distinct atomic species into a shared trap and successfully cooling them
down to dual-species degeneracy poses notable challenges. In the dual-species MOT,
light-assisted collisions resulted in considerable atom loss for potassium, while the
large sodium MOT stayed largely unaffected.

A particular difficulty arises for the 2*Na-3K mixture, due to the inter-species scatter-
ing characteristics at zero magnetic field. A notably high three-body loss rate signif-
icantly reduces the trap lifetime within the high-density regime. Consequently, once
the atoms are loaded into the crossed optical dipole trap, a Feshbach field at around
153 G is turned on to access a regime of diminished losses.

While we were able to conduct thorough investigations into homo- and hetero-nuclear
Feshbach resonances, achieving dual-species degeneracy has remained elusive. We
attribute this challenge to atom losses resulting from three-body collisions within the
hybrid trap, yielding insufficient atom numbers for the final evaporation process. We
proposed to overcome these limitations by removing the microwave evaporation stage
in the hybrid trap and implementing a grey molasses scheme for sodium to enhance

the phase-space density prior to loading into the magnetic trap.
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CHAPTER

Concluding remarks

In this thesis, I introduced the setup of a new ultracold 2*Na-3"K mixture experiment
aimed at studying domain formation within an immiscible atomic mixture. This chap-
ter summarizes the discussed aspects of the experiment and offers an outlook for future
experimental developments, highlighting the next steps towards the investigation of

demixing dynamics.

6.1. Summary

The initial chapters provided a comprehensive overview of the critical tools and tech-
niques employed in the process of cooling and trapping two distinct atomic species.
Specifically, the optical layout of the newly established laser systems was discussed,
outlining the production of the necessary laser frequencies for cooling, transportation,
and imaging of cold sodium and potassium atoms.

Spatial confinement was accomplished via the application of magnetic field gradients,
facilitated by a pair of magnetic field coils. We closely examined aspects concerning
design, fabrication, and integration of these new coils, wound from hollow-core copper
wire. An H-bridge was employed to control current flow through the coils, allowing
the creation of either bias fields calibrated at 1.97(1) G/A or magnetic field gradients
that scale approximately with 1.02 G/cm/A. During the magnetic trapping phase, the
coil can be set to produce large magnetic field gradients. Conversely, once the atoms
are loaded into the optical dipole trap, the electric current direction can be reversed to
generate a magnetic bias field, enabling the use of inter- and intra-species Feshbach
resonances to tune the interactions.

To image the atoms following the cooling sequence and subsequent experiments, an
intricate absorption imaging scheme was implemented for each atomic species. This
scheme incorporated a high field-of-view setup with a magnification of M o s =
0.445(2), essential for characterizing and optimizing early cooling stages such as the
magneto-optical trap (MOT) or the optical molasses. Additionally, a high-resolution
imaging system, featuring an enhanced magnification of Mg, = 20.36(3), was em-

ployed to image the Bose-Einstein Condensate (BEC). Both configurations facilitate
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simultaneous absorption imaging of sodium and potassium atomic clouds in the hor-

izontal plane, with dedicated cameras for each species.

The subsequent chapters of this thesis focused on the application of the previously
introduced experimental tools, starting with an in-depth examination of the sodium
cooling sequence culminating in the achievement of Bose-Einstein condensation. At-
taining a BEC with these dilute atomic clouds necessitates cooling the atoms to ex-
tremely low temperatures. As laser cooling efforts are limited by the recoil limit,
the atoms were transferred from the MOT into a conservative magnetic trap poten-
tial, where microwave evaporation enhanced the phase-space density. Following this
stage, the atoms were loaded into a crossed optical dipole trap (cODT), where the criti-
cal temperature was crossed during a final forced evaporative cooling phase, resulting

in a sodium BEC comprising approximately 7 x 10* atoms.

The second part introduced the second atomic species, namely potassium 39. While
each species poses distinct challenges when trying to achieve ultracold temperatures,
the combination of two atomic species involves additional complexities related to
inter-species interactions and collisional losses. During the MOT stage, light-assisted
collisions caused atom loss that proved to be particularly detrimental for the minority
species, potassium. Given that sodium, as the majority species, was largely unaffected,
we decided to maintain this simple dual-species loading approach and accept the atom

loss for potassium.

To reduce the temperature and increase the phase-space density of the potassium cloud
after the MOT stage, we implemented a D1 grey molasses scheme, achieving tem-
peratures in the order of 8 uK. Following this sub-Doppler cooling stage, the atoms
were transferred to the magnetic trap, where sodium was selectively cooled using mi-
crowave evaporation. Through collisional thermalization, the potassium cloud was
sympathetically cooled. Upon transfer to a crossed optical dipole trap, where high
atomic densities prevail, inter-species interactions significantly influenced the system.
Severe three-body losses were observed at zero magnetic field, prompting the ramp-
ing of the bias field to a constant value of 153 G. At this field strength, the intra- and
inter-species scattering lengths are of similar magnitude, rendering the mixture misci-
ble and theoretically enabling dual-species condensation. However, the current atom
numbers for both sodium and potassium prior to evaporation fall short of achieving
the required critical phase-space densities following the intensity ramps. As a result,

dual-species degeneracy has remained elusive so far.
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We attribute these issues to the presence of excessively high atomic densities in the
hybrid trap, resulting in increased hetero-nuclear collisional losses. Consequently, the
different parameters of the current experimental sequence should be inspected more

closely and optimized in a dual-species setting.

6.2. Outlook

The logical next step in the experiment involves refining the cooling sequence to
achieve dual-species Bose-Einstein condensation with our ?*Na-3K mixture. In re-
sponse to the observed anti-correlation in sodium-potassium atom numbers, we are
planning to eliminate the microwave evaporation stage in the hybrid trap and reduce
the duration of the magnetic trapping stage. The goal is to load the atomic mixture as
fast as possible into the crossed optical dipole trap, where we can freely tune the inter-
action using the magnetic bias field. Additionally, to further enhance the phase-space
density of sodium before loading the mixture into a magnetic trap, we are considering
implementing a D1 grey molasses scheme for sodium in conjunction with the already

implemented potassium grey molasses approach.

Following the eventual achievement of dual-species condensation, we plan to con-
fine the ultra-cold mixture in a two-dimensional optical trap. Our objective is to re-
alize tight confinement along the vertical gravity direction, attaining a trapping fre-
quency in the order of 1kHz, while maintaining weak confinement in the horizontal
plane. This specific trapping configuration will be realized utilizing a red-detuned light
sheet [216,217]. By employing a cylindrical lens, the light eminating from a 1064 nm
single-frequency laser will be tightly focused along the z-direction while maintaining
collimation along the perpendicular axis. This approach is anticipated to result in hor-

izontal trapping frequencies in the order of 30 Hz!.

Additionally, as the two-dimensional atomic cloud will be distributed in the horizontal
plane, we require a vertical imaging scheme. At the core of this imaging system will be
a high-resolution imaging objective?, possessing a numerical aperture of NA = 0.5 and
featuring a chromatic focal correction tailored for both sodium and potassium light.

To leverage the vertical axis both for the imaging beam and the MOT beam, we intend

'Tt is worth noting that the trapping frequencies for sodium and potassium atoms differ slightly due
to their distinct masses and polarizability characteristics.
“custom-fabricated by Special Optics.
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to exploit the temporal separation of the MOT stage and the imaging phase. During
MOT loading, a mirror mounted to a pneumatic stage will guide the vertical MOT
beam onto the atoms. The focusing of the MOT light due to the objective will be com-
pensated with an additional lens, forming a telescope in conjunction with the objective
lens. Subsequent to the MOT loading phase, this mirror will be translated out of the
imaging path, allowing the absorption beam to pass through and be focused onto the
camera.

Similar to the horizontal imaging, the imaging process in the vertical plane will feature
a dichroic mirror to separate the sodium and potassium light. A secondary lens will
then project the atomic signal onto a dedicated camera for each species. This arrange-
ment will yield a roughly 33-times magnified absorption image of the two-dimensional
atomic cloud, providing the necessary details for a comprehensive analysis and char-
acterization. Further information regarding this additional imaging scheme, as well as
a thorough description and characterization of the two-dimensional optical trap can
be found in [126].

Once the two atomic species are condensed, loaded into the two-dimensional trap,
and can be imaged from above via the vertical imaging system, we can start address-
ing some fundamental physics questions. Specifically, by quenching the inter-species
interaction strength from a miscible to an immiscible state, we aim to observe and
study the formation of domains resulting from demixing dynamics. In addition to
varying the interaction strength, we can also investigate the influence of population
imbalances on the size and growth of the emergent domains in an immiscible mixture.
Consequently, our experimental machine, including the future updates, will serve as a
highly tunable platform for exploring demixing dynamics. Furthermore, its versatility
extends to facilitating quantum simulation applications, particularly in the investiga-
tion of Bose polarons, offering a rich spectrum of research opportunities in the field

of quantum many-body physics.
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Magnetic field coils supplementary

A.1. H-bridge driver circuit

The H-bridge is used to reverse the current direction through one of the coils. The
corresponding driver circuit is depicted in figure A.1. Additionally, an image of the
assembled circuit is shown in figure A.3 B.

Depending on the state of the two inputs - SWITCH and DISABLE - the logic circuit
sets the state of the four drive outputs according to the truth table 3.4. The input stage
features an opto-isolator ensuring the decoupling of the ground (with respect to the
ground of the experimental control system), while four totem pole outputs connect to
the four MOSFET banks of the H-bridge.

The switching coil is connected across the middle banks of this H-bridge, such that
the coil operates in an anti-Helmholtz configuration if both signals 1 and 3 are active,

while the others have to be inactive. For Helmholtz configuration, the reverse scenario

A v {HCT00 E

7

12 1
DISABLE 1 820 820 13}:& o orvs

7. 2

0

9

741504 4HCT00 A o
10 1 %
¥ SIG 4 m

74HCT00

R15 :DD 4
1 17
SWITCH GND XOR  NOT 2 SIG 2 |

k
—o
¥e)
—o
0o
o)
o)
‘o)
74HCT00 DRV 2 59 o
o-— D_E_o
5 SIG 3 N o)
NAND DRV 1 xz—;o
—o
>
B o D 15v B
ol ®
o
7 14 1.8k 22
741586 BU407 10] ~ O
100n 1N4007 DRV sl ~
It 1N4007 21; O
[ 1 7aLs0s e BU407 DRV4 | g ©
82 [
GND|  100n xﬁ@w
I GND | T

i

Figure A.1.: H-bridge driver circuit. A: Input stage with logic components. B and C:
Supply voltage circuits. D: For each signal line, the output stage features
a totem pole driver. E: 25-pin sub-D connector for the drive outputs.
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is required. More details on this driver circuit can be found in [131].

A.2. Passbank driver circuit

The passbank regulates the current running through the coils using a current trans-
ducer (LEM-sensor') as feedback. This feedback loop is implemented with a driver
circuit, as illustrated in figures A.2 and A.3 A.

The passbank driver takes the signal from the LEM-sensor and compares it with an
external setpoint. The difference between these two signals is minimized using a sub-
sequent PI-controller, which drives the transistors of the passbank, thereby regulating
the electric current running through the connected coils.

To set the range and linearity of the drive voltage with respect to the external set

ILEM IT 400-S Ultrastab

% TVS Diode
2x 1.5KE15A

IN —~_INA128
+r1REF 12k

Figure A.2.: Passbank driver circuit. The current signal from the LEM sensor (LEM IN)
is converted to a voltage and amplified with an instrumentation amplifier.
This voltage signal is coupled out for external monitoring (MON OUT).
The LEM-signal is subtracted from the external setpoint (SET IN) and this
error signal is fed into a PI-controller, that controls (through DRV OUT)
the passbank transistors. The integral component and the total gain can
be adjusted through two potentiometers.
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Figure A.3.: Images of the Passbank (A) and H-bridge (B) driver circuits.

voltage from the computer control, several resistors, attached in parallel, are connected
to the drive output. For both passbanks, we chose sixteen 390 (2 resistors, resulting in
a total resistance of 24.4 2 in parallel operation.

Additional details concerning the passbank, including technical drawings, can be found

in [133], while [131] offers further information on the design of the passbank driver.

A.3. Interlock circuit

When an electric current flows through the magnetic field coil, the resultant dissipated
power causes heating in the coil. The main coils, carrying up to 300 A of current,
require an efficient water cooling system. Conversely, the offset coils, responsible for
generating a few Gauss of a homogeneous field, do not require active cooling.

However, both coil configurations are equipped with a dedicated interlock circuit de-
signed to deactivate the current supply if the coil temperature surpasses predefined
limits. NTC thermistors, attached to the coils (one per coil stack for the main coils),

function as temperature sensors.

For each NTC input (ten in total), a limit comparator checks if the measured tempera-
ture falls within the lower and upper limits. For the given resistor values, the limits are
set at approximately 5.5V and 6.5V, respectively. However, for the main coil, we in-
creased the upper boundary to 8 V by replacing the lower 3.3 kQ resistors that connect
to ground with 5.6 kQ resistors. The thermistor voltage calibration can be fine-tuned
using a potentiometer.

Depending on whether the temperature reading is within the specified limits, the sub-
sequent output stage, featuring a MOSFET and a self-hold relay, either connects the
outputs interlock A and B or C and B. In the initial state, where the temperature has

not exceeded the limits, the LED will continuously flash, and the interlock A-B is con-
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Figure A.4.: Circuit diagram of the coil-interlock. A: 25-pin sub-D connector for the
NTC-inputs. B: Output stage featuring a limit comparator for each NTC.
A self-hold relay connects the outputs interlock A-B or B-C, depending
on the whether the measured temperatures are within the set limits. C:
Power supply circuit.

nected. If the temperature surpasses the limits, the interlock activates by opening the
connection A-B and connecting A-C. The LED is subsequently turned off. The inter-
lock can be reset, once the temperature has settled again, by pressing the push button
below the LED.

A.4. Technical drawings

Main coil stacks

The magnetic field coils were externally manufactured?, according to the technical
drawing depicted in figure A.5. This technical drawing outlines the dimensions of one
of the six coil stacks for the main coils, used to generate both strong magnetic field
gradients up to 300 G/cm and bias magnetic fields reaching 600 G. To produce these
field strengths, three of these stacks are interconnected to form the lower coil, and
another three for the upper coil. The provided dimensions already account for the
extra space required for the casting epoxy and glass fibre reinforcements.

For each coil stack, the two connection wires are positioned next to each other, exiting

*Kramer Energietechnik GmbH
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Figure A.5.: Technical drawing of a coil stack with 8 x 2 windings of hollow-core
Kapton-insulated copper wire, cast in epoxy. The four through-holes are
used for mounting. In the final magnetic field coil design, we utilize three
of these stacks for the bottom coil, and another three for the top one. The
two connection wires extend another 400 mm, such that we are able to
place the connectors for water and current supply at an appropriate dis-
tance.

the coil at a 45° angle, as shown in figure A.5. The wires extend another 40 cm, such
that the connections for water and current can be implemented without disturbing
any optical access to the chamber.

Furthermore, the coils feature four mounting holes that are used to fix the coil stacks
together and mount them to brass posts that support the entire structure. The posi-
tioning of these holes has been carefully chosen to minimize any obstruction of optical

access by the connecting posts between the top and bottom coil.

Water distributor

Each coil stack is equipped with one inlet and one outlet for the cooling water, such
that there are twelve water connections in total. To parallelize the cooling for the six
coil stacks, a brass water distributor was fabricated. The technical drawing is shown

in figure A.6.
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Figure A.6.: Technical drawing of the water distributor for the main coils. The water
distributor, made of brass, divides the in- and outlet into six threaded con-
nections each.
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A.5. Coil assembly details

The assembly process of the main coils, depicted in the image sequence in figure A.7,

comprises the following steps:

1. Mounting the Bottom Three Coil Stacks: The bottom three coil stacks are
affixed onto four brass posts, which serve as the foundational support for the

entire coil structure.

2. Attaching Support Posts for Top Coil Stacks: Four comparatively thinner
brass posts are connected to the bottom coil to provide support for the upper

coil stacks. A top-down perspective is shown in view A.

3. Fixing the Top Coil Stacks: The three top coil stacks are secured onto the

Figure A.7.: Images of the coil assembly process. A: Top view of science chamber with
the bottom coil beneath. B: Side view of the main coils with 400 mm long,
straight connection wires. C: Soldering copper T-pieces to connection
wire. D: Finalized coil assembly.
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connecting thin brass posts, as indicated in image B.

Preparing Connection Wires: The 400 mm long, straight connection wires
are bent to their final positions, depending on the connection points to the
copper bars. These connection points for attaching the current connectors are

marked. The wires are then cut to the required lengths.

Soldering the Current Connectors: The coil configuration is disassembled
for the soldering process. Copper T-pieces, featuring ridges accommodating the
coil wire and two M6 through holes for mounting, are employed. At the marked
positions along the wire, the Kapton insulation tape is removed, and the joints
are cleansed with emery paper. The coil wire is placed into the T-piece ridge;
solder flux is applied to the joints, and a blowtorch is used to heat up the copper
pieces until the flux achieves a metallic state and starts flowing (see image C).
Precautions are taken using a wet towel wrapped around the coil body to prevent

damage resulting from high soldering temperatures.

. Soldering the Water Connectors: The water connectors are soldered to the

wire ends, following a similar procedure outlined in the previous step. Special
care must be taken to avoid blocking the 3 mm wide hole in the hollow-core

copper wire.

. Final Assembly of the Coil Configuration: The final assembly involves re-

peating steps 1-3 and fixing the coil wires via the T-pieces either to each other
or to the copper bars responsible for carrying current to the control circuitry.

Image D shows the final coil configuration.



APPENDIX

Bimodal density distribution

For partially-condensed samples, the condensed part and the thermal component con-
tribute to the density distribution via different functional forms. This leads to a bi-
modal density distribution [218,219]:

Nbimodal = Mth + NBEC (B.1)

In the experiment, we probe the integrated column densities, as we integrate the signal

along the line-of-sight, which we define as the y-axis.

Condensed part

We can describe the condensed part as a BEC in the Thomas-Fermi limit, resulting (for

a harmonic trap) in a parabolic density profile

3/2 2 2
5 Ny x? 2 x°  z
npgc 2p(x, 2) = 27 R.R, (1 R R_E) @(1 = —> (B.2)

with the Heaviside function ® and the Thomas-Fermi radii R, and R,. When integrat-

ing the two-dimensional column density distribution along one direction one obtains:

2
15 No x? x?
npec,ip(x) = — 6 R, (1 R;Z) Q(I_R_,Z) (B.3)

Thermal part

A thermal gas well above the transition temperature can be described by a classical

Boltzmann distribution. The density profile is then expressed as a Gaussian distribu-

tion: Ny ) )
Boltz X z
n (x,2) = expl——— — — B.4
th,2D 210,0, p{ 20_}% 203 } (B.4)
and integrating along the z-axis:
BOltZ( ) { xz } ( )
n -—— B.5
th,1D \/_Gx €xp 20_)%
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Below the critical transition temperature, the Bose distribution becomes more impor-

tant, such that the density follows a Bose-enhanced Gaussian distribution:

%mmh—ﬂﬁ—(m$ﬁ—ib (B.6)

210,0,83(1) b2 202 207
After integration along z, the line density is given by

N 2
M, 1p (%) = Wi@(l) gs/z( eXpE_z%%}) (B.7)

with gn(t) = ¥,mq 1"/n™,

Fitting procedure

Fitting the bimodal density distribution directly to the experimental data is unlikely
to perform well, as interactions distort the density distribution in the region where
the two components overlap. Consequently, a stepwise fitting procedure, inspired

by [218,220], is carried out. This fitting routine entails:

1. Extracting parameters such as amplitude, centre position, and width from the

data. These values serve as initial guesses for the subsequent fit.

2. Determining the region occupied by the condensate by fitting the sum of a Gaus-
sian distribution (equation B.5) and a condensate component (equation B.3) with

some offset. This fit gives an estimate for the Thomas-Fermi radius Rrg.

3. Subtracting the BEC contribution from the image in a certain region around the

maximum, which is dependent on the Thomas-Fermi radius.

4. Fitting the remaining thermal fraction with a Bose-enhanced Gaussian distri-
bution (equation B.7), where we restrict the series expansion to the first three
terms. In figure 4.10, the thermal fit is indicated by the dashed line.

5. Removing the thermal contribution and the background, and fitting a parabolic
density distribution (equation B.3) to the remaining data. This step yields the
condensate atom number and the size of the BEC determined by the Thomas-

Fermi radius. This fit is shown in figure 4.10 as a dash-dotted line.
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