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Zusammenfassung

Die Quantensimulation ist ein leistungsstarkes Werkzeug zur Untersuchung hoch korrelierter
Systeme. Sie spielt eine entscheidende Rolle bei der Bereitstellung experimenteller Daten
in Szenarien, in denen numerische Methoden die Komplexität von Vielteilchenproblemen
nicht zuverlässig bewältigen können. In den letzten zehn Jahren haben Plattformen mit
ultrakalten atomaren Gasen ihre Vielseitigkeit und Eignung als Quantensimulatoren unter
Beweis gestellt.

Heute liegt ein zentraler Schwerpunkt auf demVerständnis der Hochtemperatur-Supraleitung
auf mikroskopischer Ebene, wo die Fermi-Flüssigkeitstheorie und die Beschreibung der
Supraleitung durch Cooper-Paare versagen. Ironischerweise sind ultrakalte Atomplattfor-
men trotz ihrer niedrigen absoluten Temperaturen immer noch zu heiß, um das gesamte
Fermi-Hubbard-Phasendiagramm zu untersuchen. Es werden weiterhin neue Wege zur
Senkung der Temperaturen erforscht, um bisher unzugängliche Bereiche zu erkunden.

In dieser Arbeit wird ein neues Quantengas-Experiment mit 166Er-6Li vorgestellt und die
ersten experimentellen Ergebnisse präsentiert. Die Apparatur wird detailliert beschrieben,
wobei der Schwerpunkt auf den Er-Subsystemen liegt. Die verschiedenen Kühlstufen werden
charakterisiert: Die Zeeman-Kühlung- und die “Angled slowing”, die in Kombinationmit einer
schmalbandigen magneto-optischen Falle verwendet werden, bilden den Ausgangspunkt.
Der anschließende Transfer in eine optische Dipolfalle und der Transport über große
Entfernungen mit einem optischen Gitter werden ebenfalls detailliert beschrieben, wobei
der Schwerpunkt auf dem Design und der Charakterisierung der Transportvorrichtung liegt.

Die transportierten Atome werden in eine zweite optische Dipolfalle übertragen, die in
einer Glaszelle localiziert ist, dort wird anschließend die exakte Vermessung einter tune-out
Wellelänge von Er vorgenommen. Die Anisotropie der Ausstimmung wurde verwendet, um
den Tensorwert der Polarisierbarkeit von Er zu bestimmen. Der dissipationsfreie Charakter
der Falle wurde durch Lebensdauermessungen beider Spezies in ihren jeweiligen Fallen
bestätigt.

Schließlich wird über die erste Herstellung einer quantenentarteten Mischung aus 166Er
und 6Li berichtet, die die Effizienz der sympathischen Kühlung von Li durch Er demonstriert.
Dieses Ergebnis markiert den ersten Meilenstein für dieses Experiment, das darauf abzielt,
mit einem Fermi-Gas ein bisher unerreichtes Maß an Entartung zu erreichen.
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Abstract

Quantum simulation is a powerful tool for the investigation of strongly correlated systems.
Its role is critical to provide experimental data in scenarios where numerical methods cannot
reliably handle the complexity of the many-body problems. Over the past decade, ultracold
atomic gases platforms have demonstrated their versatility and suitability as quantum
simulators.

Today, a central point of interest is the understanding of high-temperature superconduc-
tivity on the microscopic scale, where the Fermi liquid theory and description of super-
conductivity by Cooper pairs break down. The governing Fermi-Hubbard model, which
describes the behaviour of fermions in a lattice such as the electrons in a solid, is now imple-
mented in quantum simulators built with cold atoms. Ironically, despite their low absolute
temperatures, ultracold atoms platforms are sill too hot to probe the entire Fermi-Hubbard
phase diagram. New routes to lower temperatures are still being explored, striving to reach
previously inaccessible regimes.

In this thesis, a new quantum-gas experiment of 166Er-6Li is presented along with the first
experimental results. The apparatus is described in detail with a focus on the Er subsystems.
The different cooling stages are characterized: the Zeeman slower and Angled Slowing
stages, used in combination with a narrow-line magneto-optical trap form the starting point.
The subsequent loading in an optical dipole trap and long-range transport with an optical
lattice are also detailed, with an emphasis on the design and performance of the transport
setup.

The transported atoms are transferred in a second optical dipole trap built in a glass cell,
where the measurement of Erbium’s tune-out wavelength was performed. The anisotropy of
the tune-out was used to extract the tensor value of Er’s polarizability. The dissipationless
character of the trap was confirmed by lifetime measurements of both species in their
respective traps.

Finally, the first production of a quantum-degenerate mixture of 166Er and 6Li is reported,
demonstrating the efficiency of the sympathetic cooling of Li by Er. This results marks
the first milestone for this experiment, in its pursuit of reaching unprecedented levels of
degeneracy with a Fermi gas.
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Chapter 1

Introduction

The earliest stages of ultracold-atoms physics can be traced back to the 1970s and 1980s,
with pioneering work on the effects of radiation pressure on atomic beams [1–3]. During
this period, it became clear that laser light is not merely a probe, but a powerful tool for
the control of atoms. This insight led to the realization of the first magneto-optical trap,
demonstrated with 23Na [4], in which the lowest attainable temperature was, in principle,
set by the Doppler limit. By the late 1980s, this apparent bound was surpassed with the
demonstration of sub-Doppler cooling in optical molasses, enabled by the Sisyphus effect,
a polarization-gradient cooling mechanism [5, 6]. This milestone was the first in a series
of advances that progressively extended the accessible temperature range and cooling
mechanisms. Shortly thereafter, the recoil temperature limit was also surpassed, with a
gas of 4He cooled by velocity-selective coherent population trapping [7]. Finally, the 1990s
marked the emergence of experimental ultracold-atoms physics as we know it, with the
first realizations of Bose-Einstein condensates [8–10] and degenerate Fermi gases [11] by
evaporative cooling [12].

From then on, the field expanded rapidly in both scale and scope, as the growing number
of research groups working with ultracold atoms led to a broad diversification of research
directions. Over the past two decades, a wide range of landmark results were achieved in
bulk quantum-degenerate gases, including (but not limited to) the observation of matter-
wave interference [13], the manifestation of Fermi pressure [14], or the detection of
quantized vortices in connection with superfluidity and the BEC-BCS crossover [15–17].
In parallel, ultracold molecules emerged as a natural extension of these efforts, with the
realization of molecular Bose-Einstein condensation [18–20], opening the way toward
ultracold chemistry [21]. At the same time, loading atoms into optical lattices enabled the
exploration of lattice-confined many-body systems, leading to the observation of bosonic
and fermionic Mott insulators [22–24].

Arguably, the most powerful aspect of ultracold atoms in optical lattices is the exquisite
level of control they provide to experimentalists. In essence, they constitute a clean platform
to study the behaviour of atoms in periodic potentials, in which all relevant parameters
can be tuned with unprecedented range and precision. For example, the characteristic
length scale is set by the lattice spacing, determined by the laser wavelength and beam
geometry, while the lattice geometry itself can be engineered through controlled interference
of the lattice beams [25]. The relevant energy scales are given by the tunnelling t and the
on-site interactions U , both readily adjusted via the lattice depth and by means of Feshbach
resonances [26]. Finally, the natural time scales of the system are given by the corresponding
tunnelling or interaction times. At that point, the connection with solid-state physics became
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clear: ultracold atoms could serve as a platform for simulating condensed-matter systems
through the direct implementation of analogous Hamiltonians.

This approach, where one system is used to emulate another, is known today as the
field of quantum simulation. Although the experimental realization of quantum simulators
is very recent, the idea has been around for several decades, following its proposal by
Feynman [27]. His suggestion was to avoid the increasing computational complexity of
quantum many-body problems with classical computers, and to “let nature do the work”
instead. In this approach, the quantum simulator is engineered to realize a specific, simple
but well-controlled Hamiltonian in a “bottom-up” fashion. The idea is to identify and
understand the main contributions that can capture the physical phenomenon of interest,
rather than figuring out the exact Hamiltonian which governs the real system; usually a
prohibitively difficult task. This bottom-up philosophy is particularly well suited to the
study of strongly correlated condensed-matter systems, where even minimal lattice models
can give rise to rich, yet not fully understood physics. A prominent example is that of the
Hubbard model [28], originally introduced to describe correlated electrons in solids and
widely regarded as a minimal framework for high-temperature superconductivity [29].

Discovered in cuprate materials in 1986 [30], high-temperature superconductivity sparked
intense experimental and theoretical efforts aimed at identifying its microscopic origin [31].
Despite these efforts, a complete microscopic understanding remains elusive. In solid-state
systems, experimental probes are often limited to global observables, making it difficult to
directly access local correlations and microscopic degrees of freedom. In contrast, the advent
of quantum gas microscopes in the 2010s [32] has enabled site- and spin-resolved imaging
of ultracold atoms in optical lattices, providing direct access to microscopic observables.
This paradigmatic change in experimental accessibility further strengthened the connection
between both fieds, and established cold atoms as a complementary platform for the
investigation of Hubbard models.

From a theoretical standpoint, the need for complementary approaches is particularly
acute for fermionic lattice systems described by the Fermi-Hubbard model. In the doped
regime, the structure of the phase diagram remains the subject of ongoing debate, as
numerical methods face severe challenges arising from the exponential growth of the Hilbert
space and the fermionic sign problem [33, 34]. These limitations hinder reliable access to the
low-temperature regime and have so far prevented a consensus on the nature of the ground
state [35, 36]. From an experimental perspective, steady progress has been made towards
lower temperatures over the past years. In bulk gases, an early experiment with a mixture
of 23Na-6Li was capable of cooling a Fermi gas down to T/TF = 0.05, at 93 nK [37]. Only
ten years later was this record broken, with a 7Li-6Li mixture reaching T/TF = 0.03 [38].
Until recently, typically accessible temperatures in lattice experiments were on the order of
T/t ≃ 0.25, well above the regimes of interest associated with the pseudogap, strange metal,
d-wave superconducting, or stripe phases; all unexplored phases with quantum simulators
so far. However, ongoing advances in cooling and trap engineering, in particular the use
of entropy redistribution and reservoir-based schemes [39, 40], resulted in a strong leap
forward. Two groups, in Harvard and Munich, were able to lower the accessed temperatures
down to T/t = 0.15 [41, 42] and T/t = 0.05 [43], stepping on the door of the pseudogap
phase.
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Importantly, the limitations encountered so far are technical in nature rather than funda-
mental. This motivates the investigation of alternative routes toward lower temperatures,
including sympathetic cooling, which we pursue here using a Bose-Fermi mixture of 166Er
and 6Li. The use of a heteronuclear mixture offers several advantages for this cooling
strategy, which can be grouped into three main aspects. First, it enables a separation of
roles, whereby one species carries the many-body physics of interest while the second acts as
an entropy reservoir. Second, the mismatch in heat capacities between the two species can
be exploited to enhance entropy removal from the target system [44] via the ratio TC/TF

of the critical and Fermi temperatures. Third, atomic mixtures provide increased technical
flexibility. Most notably, they enable species-selective trapping [45], which in turn can be
used for selective evaporation. More broadly, heteronuclear mixtures can also offer access
to different quantum statistics when suitable isotopes are available, and to a wide range
of physical phenomena [46], including polarons and impurity physics, Efimov states, or
exotic superfluidity. Although this approach does not rely on the complex implementation of
trap-engineering techniques, it is not exempt from its own technical challenges. In particular,
cooling efficiency is limited by the different scaling of bosonic and fermionic heat capacities
CB,F in the quantum-degenerate regime [47], which can result in a reduced cooling power
of the bosonic bath when CB < CF . In addition, a mass imbalance between the two
species can lead to differential gravitational sag, potentially causing spatial separation of
the trapped clouds. Finally, mean-field interactions may hinder cross-species thermalization
if the mixture enters an immiscible regime, resulting in phase separation.

In light of these considerations, the 166Er-6Li mixture naturally appears as a promising
candidate for efficient sympathetic cooling towards high quantum degeneracy. In this
scheme, Erbium primarily serves as a coolant and entropy reservoir, while Lithium realizes
the fermionic system of interest. Erbium has a very rich optical spectrum [48], with
transitions ranging from broad to ultranarrow, whereas Li has essentially one strong optical
transition at 671 nm [49]. A crucial ingredient is the existence of a tune-out wavelength for
Er near its narrow transition at 841 nm [50], which allows the species-selective trapping of
Li while remaining far-detuned from all optical transitions of both elements. In addition,
the large mass imbalance is also favorable for efficient sympathetic cooling, notably through
its influence on the ratio TC/TF . Finally, both species have stable bosonic and fermionic
isotopes, thus providing flexibility for future experiments with different quantum statistics.

The remainder of this thesis is devoted to the design and characterization of our ex-
perimental apparatus, followed by the implementation of our species-selective trap, and
conludes with the first realization of a quantum-degenerate mixture of 166Er and 6Li.
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Outline

The thesis is structured as follows:

In Chapter 2, we introduce the Fermi-Hubbard model, and discuss how ultracold atom
experiments have emerged as a particularly well-suited platform for its study. We then
address the central role of low temperatures in this context, and briefly review the current
limitations to access colder regimes. Finally, we motivate the choice of the ErLi mixture,
showing how its properties make it favorable in both cases.

In Chapter 3, we describe the experimental apparatus, focusing on its three main subsys-
tems: the vacuum system, the laser setups, and the magnetic coils.

In Chapter 4, we first detail and characterize the initial cooling stages of Erbium, consisting
of the Zeeman Slower, Magneto-Optical Trap, and Optical Dipole Trap. We then present the
design and performance of our long-range optical transport to the glass cell.

In Chapter 5, we present the measurements of Erbium’s tune-out wavelength near its
841 nm-transition, including its anisotropy. We also demonstrate the dissipationless character
of the trap with lifetime measurements of Er and Li.

In Chapter 6, we report the first successful realization of a quantum-degenerate mixture
of 166Er-6Li, and document the associated preliminary observations.

Publications

The following articles have been published in the context of this thesis:

Dissipationless tune-out trapping for a lanthanide-alkali-metal quantum gas
mixture
Alexandre De Martino∗, Florian Kiesel∗, Jonas Auch, Kirill Karpov, and Christian Groß
Phys. Rev. A 112, L051304 (2025)

Long-term stable laser injection locking for quasi-CW applications
Florian Kiesel∗, Kirill Karpov∗, Alexandre De Martino, Jonas Auch, and Christian Groß
EPJ tech. instrum. 12.1, (2025)
Patent application number EP24209446.4, 29 October 2024.

∗Equal contributors

https://link.aps.org/doi/10.1103/rykg-qn6s
https://epjtechniquesandinstrumentation.springeropen.com/articles/10.1140/epjti/s40485-024-00113-z
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Chapter 2

The quest for ever lower temperatures

2.1 The 2D Fermi-Hubbard model

2.1.1 Quantum simulation of cuprates with cold atoms

The implementation of the Hubbard model can probably be considered one of the strongest
achievements of cold atom platforms. This model, coming from the field of solid-state
physics, was introduced in 1963 to explain the electron dynamics and magnetic properties
of strongly correlated materials [28, 51, 52]. But the general interest for this model really
caught on after the discovery of high-temperature superconducting cuprates in 1986 [30],
and after Anderson proposed it as a minimal model that could capture the physics at
hand [53]. Today, it is still regarded as the paradigmatic model to describe correlated
systems of fermions on a lattice. In general, the Hubbard Hamiltonian relies on three
assumptions: the system is in the lowest Bloch band, with only nearest-neighbor tunnelling
and on-site interactions. It can be declined in two versions, the Bose-Hubbard and the
Fermi-Hubbard Hamiltonians, depending on the particles under study. For bosons, the
Bose-Hubbard Hamiltonian is:

HBH = −t
∑
⟨i,j⟩

(
b†ibj + b†jbi

)
+

U

2

∑
i

ni(ni − 1) (2.1)

where t is the tunnelling energy, U is the interaction energy between particles on the same
site, b†i , bi are the creation and annihilation operators for bosons on the lattice site i and
ni = b†ibi is the particle number operator. For fermions, the Pauli exclusion principle restricts
the amount of particles per site to one per spin state, and the Fermi-Hubbard model is given
by:

HFH = −t
∑
⟨i,j⟩,σ

(
c†i,σcj,σ + c†j,σci,σ

)
+ U

∑
i

ni↑ni↓ (2.2)

where (c†i , ci) are the creation and annihilation operators for fermions on the lattice site i
with a spin σ ∈ {↑, ↓}.

Despite the heavy theoretical work undertaken in past decades, the model still remains
unsolvable, except for its 1D version [35, 54]. Additionally, numerical methods still struggle
to compute the phase diagram for higher dimensions, including that of the 2D case, particu-
larly relevant for cuprates. For the Fermi-Hubbard model (FHM), the infamous sign problem
confronts the numerical simulations to an exponential barrier when the calculations are
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made for low-temperature systems [34, 55]. Experimentally, solid-state experiments work
with platforms where the typical length, time and energy scales are difficult to probe. For
electrons in a solid, the lattice constant is on the order of 1Å, tunnelling happens at the
femtosecond scale, and the particle interaction is about 5 eV. Moreover, the experiments
are limited to global observables, and can only probe the systems with bulk techniques
such as X-ray and neutron scattering, or with two-points correlation measurements in mo-
mentum space via spectroscopic techniques such as ARPES (angle-resolved photoemission
spectroscopy) or STS (scanning tunnelling spectroscopy) [29].

In contrast, cold atoms provide a complementary, yet promising approach to explore
the Fermi-Hubbard phase diagram. The three assumptions used to derive the FHM are
fulfilled with a vast majority of experiments and the control of the Hubbard parameters is
unprecedented, leading to an almost perfect FHM implementation. In a real solid, the lattice
is always distorted by impurities and phonons, and cannot be easily tuned for experiments. In
cold atoms, because the lattice is made with lasers, the structure is defect-free, independent
of the charge carriers and all the parameters can be tuned independently. For instance, the
lattice depth provides control on the tunnelling t and interaction U , to control the parameter
U/t. The interaction can also be tuned alone by exploiting Feshbach resonances [26]. A key
parameter, doping, can also be tuned with the evaporation stage or with a state-preparation
stage when the atoms are loaded on the lattice. Compared to the solid-state platforms,
the diluteness of quantum gases changes the system scales to more convenient values. The
typical lattice constant is 500 nm, the tunnelling is on the millisecond scale, and the Hubbard
interaction is close to U/h ≈ 1 kHz = 10−12 eV. It means that the interaction dynamics are
much slower than the ultrafast electron correlations, and resolvable in many-body systems.
However, the dimensionless quantities which govern the system’s behaviour, usually U/t
and T/t can be tuned to match that of cuprates by careful choice of the lattice beams and
magnetic fields parameters. With this level of control, cold atoms in a 2D lattice quickly
became a major platform for simulating the more complicated copper oxides materials,
whose high-temperature superconductivity is still not understood [29].

2.1.2 The 2D Fermi-Hubbard phase diagram

At half-filling

In the FHM introduced above, a rich phase diagram emerges from the competition between
the kinetic energy (gain via delocalization over the lattice sites) and the on-site interaction.
Here, a brief description is given as an overview, but a detailed discussion can be found
in [35]. To understand its structure, it is instructive to begin with the simple case of a
half-filled lattice in three dimensions, where each lattice site has on average one fermion
and the spin populations are balanced. This special case is well understood theoretically,
and a simplified representation of the temperature-interaction phase diagram is given in
Fig. 2.1.

To describe it, it is convenient to separate the charge and spin sectors. They simply corre-
spond to the motional and spin degrees of freedom respectively.1 In the charge sector, three
1The terminology “charge” comes from condensed matter, where the carriers are only electrons. In cold atoms,
the carriers are neutral but the wording stayed, and can be understood as “density”.
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Figure 2.1 | Phase diagram of the FHM at half filling. In the charge sector, the system undergoes
two crossovers (dashed lines), from CDW, to CFL, to MI. In the spin sector, it has two
second-order phase transitions (solid lines), from CFL to either SF (attractive side) or AFM
(repulsive side). The five distinct regimes are schematically represented for an ensemble of
spin up (blue) and down (pink) particles on a lattice. Figure adapted from [35].

distinct regimes are found, separated by smooth crossovers. For strong repulsive interactions
(U ≫ t) and low temperatures, the system is in a Mott insulator (MI) phase, characterized
by the pinning of the particles to their lattice sites and a vanishing compressibility. For
strong attractive interactions and low temperature, the system is governed by stable pairs
of fermions of opposite spins, also called charge-density waves (CDW). In both cases, the
regimes are connected by a smooth crossover and happens at the Mott temperature TM and
critical “pairing” temperature TP respectively. At intermediate interactions, the system is a
correlated Fermi liquid (CFL), which is metallic and displays density fluctuations. In the spin
sector, the system undergoes second-order phase transitions, where the ordering of the spins
changes qualitatively. The phase transitions are driven by a competition between tunnelling,
interactions and Pauli blocking. On the repulsive side, the transition separates the disordered
paramagnetic (PM) and ordered anti-ferromagnetic (AFM) orders, situated above and below
the Néel temperature TN = 4t2/kBU respectively. On the attractive side, the transition
distinguishes the Normal Fluid (NF) from the Superfluid (SF) states, characterized by the
famous BEC-BCS crossover.

Two additional comments can be made. First, in the weakly interacting regime (Slater
regime), the situation is more intricate than for a simple Mott insulator or superfluid phases.
The charge and spin sectors cannot be separated any longer, and the freezing of charges and
the anti-ferromagnetic orders take place simultaneously. Second, the symmetry of the phase
diagram is not a coincidence, and finds its origin in the particle-hole symmetry inherent
to bipartite lattices.2 The paramagnetic Mott insulator is transformed into a disordered
charge-density wave (the NF phase), and the anti-ferromagnetic MI is transformed into an
ordered CDW (the SF phase) [56].

2A lattice is bipartite if its sites can be divided into two sublattices where sites in one sublattice only interacts
with sites in the other sublattice. Common examples are square, cubic or honeycomb lattices.
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Figure 2.2 | Phase diagram of the doped FHM at generic interactions. The presence (absence)
of additional charges from the half-filled case results in a richer phase diagram, with the
appearance of the pseudo-gap (PG), d-wave superconductivity (dSC) and strange metal
(SM). The Fermi Liquid (FL) corresponds to the Normal Metal (NM) in the language of
solid-state physics. The numerical values are only here to give orders of magnitude and
cannot be taken as exact. The temperature scale on the right is the equivalent temperature
of the solid-state superconductors, where typically U/t ≈ 7. The shadowed area shows the
accessible regime for cold atoms experiments, with the exception of [41, 43], who reached
T/t = 0.2 and T/t = 0.05 respectively. Figure adapted from [29, 35, 36, 57].

Away from half-filling: with doping

Although the half-filled system is already instructive and served as a benchmark for ultracold
atoms experiments, the real interest for the FHM lies in the doped regime. For such a
system, the proposed phase diagram presented in Fig. 2.2 could only be obtained after
extensive experimental efforts with cuprates, in an attempt to understand the observed
superconductivity in a regime where it was not expected. So far, the diagram itself is
commonly admitted as being a qualitative representation, wherein the nature of the ground
state depending on the parameters is still heavily debated.

The first striking feature of this phase diagram is the breaking of the particle-hole symmetry,
explained by a difference in chemical potential depending on the nature of the doping.
Intuitively, it can be understood as the difference between a hole or a doublon moving
in the lattice: while the doublon is subject to the lattice occupancy, the hole can move
around without an interaction energy cost. In both cases, the AFM order is preserved for
small dopings, but it expands much farther in the particle-doping than in the hole-doping
directions. Beyond a certain doping value, the insulator transitions into an unconventional
superconductor whose phase (or pairing gap) exhibits a d-wave symmetry (dSC). Close to
these phases, an interesting regime has been found: the pseudo-gap (PG). In this regime,
the electronic excitations are selectively suppressed depending on their momentum, leading
to the so-called “Fermi arcs”, remnants of a Fermi surface which is breaking apart [58].
Although the underlying mechanism for the pseudogap has no consensus, most theories
share a common feature: the short-range spin correlations inherited from the Mott insulator
phase [58]. It is also presented as a precursor to the superfluid regime, where pairs start to
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form but cannot condense because of thermal fluctuations. At further doping, the strange
metal phase appears. It is characterized by a resistivity which is linear in temperature over
a wide range, in contrast to the saturated resistivity of normal metals. In a normal metal,
the saturation is usually explained by the comparison of the electron mean free path with
their thermal (de Broglie) wavelength. When the temperature rises, the mean free path
in the solid decreases, and the increased rate of collisions results in a higher resistivity. At
high temperatures, unless the metal melts first, these characteristic lengths become similar,
and the resistivity cannot increase further. In a copper oxide strange metal, the resistivity is
linear for temperatures as high as they could be measured, even when the inferred mean
free path is smaller than the thermal wavelength [29]. Finally, for an overdoped system, it
seems that a normal Fermi liquid is recovered.

It is important to keep in mind that to this day, many questions remain open [35, 36]. Is the
2D Fermi-Hubbard model good enough to capture the high-temperature superconductivity
of the cuprates [59]? Does it need additional terms, such as a diagonal hopping term or
more complex geometries, as can be found in bilayer or mixed-dimensional systems? What
is the origin of the pseudogap, and what is the nature of the strange metal [58, 60, 61]?
What is the ground state of the doped model, when several orders compete against each
other [62–66]? Are current numerical methods adequate to compute accurate results [33,
34]? It is now the ambition of cold atoms machines to shed a new light on these issues by
exploring the phase diagram of doped systems, and tremendous progress has been realized
in the past few years.

2.1.3 Fermi-Hubbard with cold atoms: where do we stand?

The contribution of the ultracold atoms community to the questions cited above is still very
new, yet already abundant. Two recent reviews [35, 36] cover the topic in great details,
and the interested reader will find ample information therein. However, it is interesting to
have a brief historical perspective to understand how cold atoms platforms made their way
into the Hubbard physics. The very first investigations started in the early 2000’s, rather
quickly after the first degenerate gases were produced. In these pioneering experiments,
the Bose-Hubbard model was the first to be realized, where the superfluid to Mott insulator
transition was observed in a gas of 87Rb [22] in 2002. The fermions followed the same path
only a few years later, with the observation of the Fermi surface [67] in 2005 and of the
anti-bunching effect [68] in 40K Fermi gases in 2006. At the same time, the first signature
of long-range phase coherence [69] was reported in a strongly interacting Fermi gas of 6Li.
Then, in 2008 came the first fermionic Mott insulators [23, 24], observed with repulsively
interacting Fermi gases of 40K in a 3D lattice. Finally, the first detection of short-range spin
correlations was achieved in 2013 with 40K [70] and in 2015 with 6Li [71] experiments.
All of these results were obtained with global, bulk quantities, derived from observations of
the system in its entirety.

A real paradigm shift happened with the advent of quantum gas microscopes [32, 57].
Once again, bosons were the first to witness it in 2009, with single-site resolution imaging
of 87Rb on a 2D lattice [72, 73], showing the famous wedding cake structure of the Mott
insulator at the same time. Fermionic microscopes took longer to be realized, but 2015
marked the change with the imaging of 6Li [74, 75] and 40K [76–78]. This technical
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prowess opened an entire realm of newly accessible measurements, where a real-space study
of the system can be done at the microscopic scale. This new generation of experiments was
able to establish several important milestones in the study of the 2D Fermi-Hubbard model.
Among them are the observation of the Mott insulator [79, 80], spin correlations [81], spin
and charge correlations in a doped system [82], long-range AFM order [40], or the equation
of state of the 2D FHM [83].

Since then, several groups (Harvard [40, 81, 84, 85], Munich [86, 87], MIT [82, 88,
89], Princeton [90, 91] and Bonn [92]) have been pushing towards lower temperatures
for fermions in a 2D lattice to try and observe the low-temperature phases (see Fig. 2.2).
Between 2016 and 2025, the temperature in the lattice was always between T/t ∼ 1 and
T/t = 0.3, with the exception of [40], where T/t = 0.25 could be achieved by removing
entropy from the system via very precise engineering of the lattice potential [39]. Very
recently, this technique was brought a step further in both Harvard [42, 43] andMunich [41],
where the record temperatures of T/t = 0.05 [43] and T/t = 0.15 [41, 42] were low enough
to observe the pseudogap. With this milestone, cold atoms have entered a new era, effectively
demonstrating that they are now on the doorstep of the “discovery regime” of quantum
simulators [57].

For the sake of completeness, a few words can also be said about the new directions that
cold atoms have taken. First, the detection methods are being enriched with new techniques.
The quantum gas microscopes were improved with the addition of spin-resolved imaging [93–
97], circumventing the parity-projection problem [32], and solid-state techniques are being
imported in cold atoms with the first ARPES measurement [98]. Second, the FHM is also
being probed outside the pure 2D case [25]. For example, recent experiments have realized
different geometries [99–101], programmable lattices [96, 102, 103], bilayer systems [92,
104], or SU(N) anti-ferromagnets [105–108], to name a few.

2.2 Limits to achievable temperature

It is now clear that cold atoms need to reach even lower temperatures than the current
state of the art, but the task is especially difficult with fermions. In this endeavor, two paths
open to us: the atoms can be cooled further in the lattice directly (as demonstrated by the
Harvard and Munich experiments), or they can be loaded in the lattice with a lower initial
temperature via better prior cooling. Both routes have their own difficulties, and require
challenging experimental techniques. Either way, the final temperature of a cloud is dictated
by a balance between cooling and heating rates. Here we make a brief description of the
problems at hand, but a thorough discussion can be found in the companion thesis [109].

2.2.1 Cooling limits

So far, evaporative cooling [12] has been the only technique which could be used to reach
deep quantum degeneracy. Two exceptions stand out, with the Bose-Einstein condensation
of 84Sr [110] and 87Rb [111] in two experiments where only optical techniques were
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used. However, fermionic clouds are intrinsically difficult to cool down, and, for a single-
component Fermi gas, evaporative cooling simply “does not work” [54]. The issue with
forced evaporation is the following. After trapping atoms in an Optical Dipole Trap (ODT),
the trap depth is continuously lowered to let the hottest atoms escape. The remaining
atoms re-thermalize by (ideally) fast elastic collisions, and the cloud gets colder. When the
temperature gets low enough (on the order of the millikelvin), the partial-wave collisions are
suppressed for all but s-wave scattering. However, because of the Pauli exclusion principle,
identical fermions cannot undergo s-wave collisions and the thermalization process halts.
These issues prevent fermions from reaching degeneracy in a single-component Fermi
gas dominated by contact interactions. A notable example that could reach degeneracy
in a single-component gas is atoms that have a long-range interaction. This is found in
magnetic atoms, such as Er and Dy, where the long-range Dipole-Dipole Interaction (DDI)
is not suppressed, and prevents the elastic cross-section between identical fermions from
vanishing. Using the DDI, it was possible to bring both species to degeneracy (T/TF = 0.2)
by direct evaporative cooling [112, 113]. For all other fermionic atoms, the solution to
maintain a continuous thermalization is to bring another component in the trap, that the
fermions can interact with. It can be either identical atoms with a different spin state, a
different isotope, or a different atom altogether. Both types of mixtures have existed from
the early ages of cold atoms, including in the first observations of a Degenerate Fermi Gas
(DFG) [11, 14, 114]. However, they both have intrinsic issue with cooling.

Fermi-Fermi mixtures A Fermi-Fermi (FF) mixture will be limited by a vanishing collisional
rate the same way that a single-component Fermi gas would, albeit at a typical temperature
of T/TF ≈ 0.15. The reason is, again, Pauli blocking. Collisions can be seen as a re-
arrangement of the particles among the energy levels of the system, and can occur only
when both exit channels are free. For the cloud to cool down, the collisions need to distribute
the particles so that they fill the lowest energy states, in particular the states below the Fermi
energy. At high degeneracy, or low T/TF , the probability for such a collision to happen is
strongly suppressed, since most final states are already occupied. Therefore, the collision
rate is reduced, and tends to zero as (T/TF )

2 [115]. Equivalently, the thermalization time
increases quadratically, and is effectively divergent for all purposes in the laboratory below
T/TF ≈ 0.1 [116]. In the literature, many examples of such Fermi-Fermi mixtures can
be found, where degeneracy was achieved. Among them, a few were able to reach the
threshold of T/TF ≲ 0.1; in spin-mixtures of 6Li [117–119], 40K [18] and 87Sr [120], and in
heteronuclear mixtures of 6Li-173Yb [121] and 40K-161Dy [122]. As of today, the measured
T/TF = 0.04 from [18] still is one of the coldest DFG produced, despite being one of the
first as well.

Bose-Fermi mixtures In contrast, a Bose-Fermi (BF) mixture is less affected by the Pauli
blocking issue (although not fully exempt from it), but still has its own shortcomings. First,
the bunching tendency of bosons can lead to a dramatically different size than a Fermi gas.
In an identical trap, the DFG’s size will be limited to the Fermi radius by the Fermi pressure;
however bosons will condense into a Bose-Einstein condensate (BEC), for which the radius
is that of the ground-state harmonic oscillator, enlarged by the particles’ interaction. They
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Figure 2.3 | Schematic representation of cooling-limiting processes. a) Pauli blocking of collisions.
Above the Fermi temperature (left), many channels are available for fermions to scatter
in a state below the Fermi energy. Below the Fermi temperature (right), the channels are
suppressed and the collision rate decreases. Colors represent fermions with different spins.
b) Typical size difference between a BEC (blue) and a DFG (pink) in the same trap, leading
to a small overlap. c) Loss of overlap between two species when the interspecies scattering
length lead to demixing. This process in particular can occur for any particles’ statistics
(bosons or fermions), but is easiest to observe with BB mixtures, since the presence of
fermions adds a high energy cost to any density increase because of the Fermi pressure.
The density distributions of b and c are only qualitative. d) Heat capacity of bosons (blue)
and fermions (pink) in the degenerate regime. In first approximation, the cooling of fermions
by bosons is efficient when CB > CF ; at the crossing point, the bosons cannot remove the
heat from the fermions and the cooling stops. Adapted from [109].

are given by, respectively:

RF = 2EF /mω2 and RB =
√

2µ/mω2 (2.3)

where µ =
(
15ℏ2m1/2

25/2
Nω̄3a

)2/5
is the chemical potential of a Bose gas in a trap, and a

the scattering length. The different behaviors, dictated by the quantum statistics of the
particles, typically lead to the situation where the BEC is much smaller than the DFG. This
effect can be exploited to use the BEC as a precise thermometer for the DFG to overcome
the difficulty of direct temperature measurement with Fermi gases [123], but hinders the
desired sympathetic cooling provided by a large reservoir. The second issue is the important
mismatch between the two gases’ heat capacity in the degenerate regime. Below their
respective critical temperatures TF and TC , the Fermi and Bose gases’ heat capacity decrease
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as [44, 47]:

CF ≈ π2kBNF

(
T

TF

)
and CB ≈ 10.8kBNB

(
T

TC

)3

(2.4)

with
TF ≈ 1.82

ℏω̄F

kB
N

1/3
F and TC ≈ 0.94

ℏω̄B

kB
N

1/3
B (2.5)

where ωB,F is the trapping frequency and NB,F the atom number. Here, a conservative
assumption can be made regarding the cooling power of the trapped mixture. As long as the
bosons have a larger specific heat capacity than the fermions (CB > CF ), they can reduce
the fermions’ temperature during the evaporation. As soon as the situation is reversed and
CB < CF , their cooling power can be considered too low to be effective and the fermions’
temperature settles at T = Teq/TF , determined by CF (Teq) = CB(Teq). In the simple case
of similar fermions and bosons held together in a monochromatic trap with ωF /ωB ≈ 1,
their critical temperatures are already in a favorable position with TC/TF ≈ 0.5, and the
crossing happens at Teq/TF ≈ 0.3. But this (conservative) limit can be pushed further, by
acting directly on the ratio TC/TF . For example, lowering the trap frequency’s ratio to
ωB/ωF ≈ 6.5, which corresponds to the ratio of Er and Li in a 1064 nm ODT, already brings
the crossing point to Teq/TF ≈ 0.02. The ratio can be increased by adding a tightly confining
beam for Li atoms only, at the tune-out wavelength of Er (see Section 2.3.1). In that case,
a factor 10 can realistically be gained on the frequency ratio, leading to ωB/ωF ≈ 65 and
thus Teq/TF < 0.02.

Both issues can be experimentally addressed with a careful trap design, by acting on
the trapping beams’ size and wavelength, using bi-chromatic trapping, or a combination of
it. These limits did not deter the experimentalists from making BF mixtures, with various
isotopes of a single species, or with different species. In particular, mixtures of 6Li-23Na [37],
6Li-41K [124] and 6Li-174Yb [121] reported temperatures below T/TF ≲ 0.1. Once again, the
very low T/TF = 0.05 from [37] is still holding its position as one of the record temperatures
for fermions today, after more than 20 years of tremendous experimental progress.

All mixtures Finally, all mixtures are subject to two additional technical issues, indepen-
dently of the particles’ nature, which come from a reduced overlap between the two clouds
again. First is the mixture’s mean-field effects. For strong enough interspecies interactions,
a phase separation can be observed, where the two species can be made fully immisci-
ble [46]. This effect is not specific to the particles’ statistic, and has already been studied
in BF [125] and (extensively) in BB [126] mixtures. Under the proper conditions, this
mean-field effect can be used to, for example, trap a species by the other [127], or lead
to a collapse of the gas [128]. The phase separation is harder to observe in FF mixtures,
as strong interactions (on the scale of the Fermi energy) are required [129]. So far, only
spin-imbalanced FF mixtures were able to detect a phase separation, and only between the
paired and unpaired (i.e. superfluid and normal) components [117, 130]. Second is the
differential gravitational sag in mass-imbalanced mixtures trapped in a single ODT. Because
of their different mass, the gravitational potential has a different strength relative to the
trap depth for the different species, and results in a spatial shift of the trap’s minimum. In
particular towards the end of an evaporation, when the trap is shallow, the mass difference
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a) b) c)

Scattering Trap noiseHole heating

EF

Figure 2.4 | Schematic representation of heating processes. a) Scattering processes: background
atoms (left) and trap photons (right) can heat an atom to a bound state higher than EF , or
out of the trap if the energy is high enough. b) Fermi hole heating: After the loss of an atom,
the rethermalization of the gas leads to a higher absolute temperature (see text). c) The
intensity (left) and position (right) noises from the laser also lead to spurious parametric
heating and promotes atoms to energies higher than EF .

can result in a shift large enough to completely separate the clouds and prevent any form of
interspecies thermalization.

2.2.2 Heating sources

Several processes can lead to heating of the gas and eventually particle loss. They have
different physicals origins, but here we focus on two types: scattering processes (with either
atoms or photons), and noise-induced heating. The first case usually leads to Fermi hole
heating, while the second case usually leads to parametric heating.

Scattering processes We begin here with the collisional events. Collisions can come from
the residual gas in the vacuum system, or from density-dependent mechanisms (e.g. dipolar
relaxation, spin exchange, three-body recombination [131, 132]). Typically, the vacuum
collisions occur between a particle from the cold gas and a residual particle at room
temperature. The subsequent energy transfer is usually larger than 100mK, way above the
trap depth, and results in a lost particle for every collision event. However, the collision
rate is rather low, on the order of 1mHz when the pressure is 10−11mbar [109, 133], and
the induced heating is found to be negligible. Dipolar relaxation is an inelastic collisional
process which involves atoms not in their absolute ground state, and transfers energy from
the internal to external degrees of freedom; the electron spin state of one or both atoms
change, and is transferred to the relative motion of the atoms as kinetic energy. Because it
is driven by the magnetic dipole-dipole interaction, magnetic atoms such as Er or Dy are
particularly sensitive to it, and non-spin polarized gases suffer from significant heating. On
the other hand, non-magnetic atoms (such as Yb, Sr, or alkali in general) are well protected
from it due to the weak dipolar interaction coupling.

We now move on to the photon scattering processes. The scattering of light by cold
atoms is also a source of heating, where the energy input comes from the trapping light
itself. A direct heating simply comes from the recoil energy Er = ℏ2k2/2m for each
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absorption and emission of a photon of wavelength λ = 2π/k, yielding a temperature
increase of Tr = 2Er/kB [134]. The scattering rate depends on the atom itself via its
complex polarizability at the laser’s wavelength, and on the light intensity (see Section 5.1).
Again, two cases can be distinguished. Either the energy transfer is enough to expel the
atom from the trap and the Fermi gas undergoes Fermi hole heating, or the atom stays in
the trap and the deposited energy is entirely redistributed among the ensemble by normal
thermalization.

A subtle, yet important issue when an atom is removed from a trapped DFG is the secondary
heating process known as Fermi hole heating [135]. This form of heating arises from the loss
of particles inside the Fermi sea. After the atom is lost, the Fermi gas rethermalizes through
collisions: as one atom is sent inside the perforated Fermi sea to take the hole’s place,
another is promoted to a higher level in the trap, effectively heating the atomic ensemble,
with an energy excess of 2

5EF [136]. It is important to point out that this effect gains
in severity for increasing degeneracy, where the temperature doubling time can become
very small. For example, assuming only vacuum collisions with a background pressure of
10−11mbar, the temperature doubling time is on the order of 200ms at T/TF = 0.01, but
down to 1ms in the optimistic case of T/TF = 0.001 [133, 135]. Naturally, Bose gases are
not affected by this process, since the Pauli blocking does not apply to them.

Trap noise When the light is used to form a trap, the laser noise also adds to the heating.
It comes in two flavors: as Relative Intensity Nosie (RIN), and as beam pointing noise. For
atoms kept in a off-resonant trap, they respectively translate into a fluctuation of the spring
constant and of the trap center position (see Fig. 2.4c), ultimately leading to exponential
and linear heating [137, 138].

A few remarks can be made on the situation of exponential heating due to intensity
noise. In that case, the heating depends on the spectrum of the RIN: whenever a spectral
component matches with twice the trap frequency (2ω), a parametric heating process
promotes the atoms to higher levels in the trap, ultimately leading to strong atom losses.
Especially in optical lattices, where the trap frequency is typically close to 100 kHz, the noise
cannot be regulated by our standard intensity PI-controllers [139], and the RIN can become
the largest source of heating [140]. In principle, the theoretical description of situation
relies on symmetry argument to demonstrate that parametric heating excites atom from
the vibrational level |n⟩ to |n+ 2⟩. In practice, the required symmetries are most often
broken one way or another. For example, gravity alone is responsible for tilting the trap
potential unless actively compensated, thus breaking the symmetry in the vertical direction.
As such, the |n⟩ → |n+ 1⟩ resonance and its first harmonics are visible when performing
the measurement [141]. However, this heating process affects mostly the atoms close to the
Fermi surface, since atoms at the bottom of the trap would require a very high harmonic to
be excited. It also suggests that Fermi gases with higher degeneracy could be less affected
by the trap noise, since the number of available channels for these processes decreases with
the cloud’s relative temperature.
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2.3 The case of an Er-Li mixture

The conclusion that can be drawn from the previous section is, in a nutshell: most of
the issues mentioned above are not physically fundamental, but of technical nature. The
main ambition of our experiment is to address these issues from the beginning with a
trapping configuration that circumvents them by design. The following considerations can
be connected to one quantity: the ratio of the critical temperatures from Eq. (2.5). In its
complete form, it can be written as:

TC

TF
≈ 1

2

ωB

ωF

(
NB

NF

) 1
3

=
1

2

√
UB

UF
· mF

mB

wF
0

wB
0

(
NB

NF

) 1
3

(2.6)

where UB,F and wB,F
0 are the trap depths and waists for each atom; the trap frequency

and beam waist are linked by ω =
√

4U/mw2
0. This form explicitly shows the parameters

that are accessible to the experimentalist, namely: the atoms’ mass, trap depths, trapping
beam’s waists, and atom number. For the following considerations, we can immediately
drop the trap depth and atom numbers. As the evaporation takes place, both parameters
are decreased (at least for the bosons), and ultimately all bosons have to be evaporated to
reach the lowest temperature for the sympathetically cooled fermions. Instead, we focus
on the qualitative aspect of this equation, through its two constant parameters: the atomic
masses and trap sizes.

Since the goal is to bring fermions to the highest degeneracy, the point where the bosons
condense into a BEC (and hence stop cooling the fermions) need to be as low as possible.
In this simple picture, the final temperature of the fermions is directly given by TC/TF . It
means that the ratios mB/mF and wF

0 /w
B
0 have to be made as small as possible. This calls

for two immediate conclusions: we need a strongly mass-imbalanced mixture with a light
fermion and a heavy boson, and we need a differential trapping control for the two species,
in the form of a species-selective trap.

2.3.1 Species-selective trapping

We focus first on the necessity for a Species-Selective Trap (SST). In order to minimize
the ratio wF

0 /w
B
0 , wF

0 can be made small by placing the fermions in a tight Dimple Trap
(DT), while wB

0 can be made large by holding the bosons in a large Reservoir Trap (RT).
When both traps are superimposed, it is crucial that the bosons are insensitive to the dimple
in its center, otherwise they can also scatter from the large RT into the tightly confining
DT and condense into a very small BEC [110]. On the other hand, if the dimple trap is
deep enough for the fermions, the influence of the large reservoir’s potential on the atoms
becomes negligible in comparison. The most convenient way to implement such trapping
configuration is by building a DT that operates on a tune-out wavelength of the bosons.

A tune-out wavelength is defined as a wavelength for which an atom (in a given internal
state) is insensitive to the AC Stark shift (or light shift) induced by a laser beam. A complete
derivation of this effect is given in Section 5.1, but it can be understood on the basis of a
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single equation:

U
(tot)
dip (λ) =

∑
i

U
(i)
dip(λ) =

∑
i

ℏΩ2
i

4∆i(λ)
(2.7)

This equation gives the trapping potential U (tot)
dip felt by an atom placed in a light field

of wavelength λ. The total trapping potential is calculated as the sum of all light shifts
U

(i)
dip induced by the coupling between the laser light and the individual atomic transitions

(denoted by the subscript i), for which Ωi and ∆i are the Rabi frequency and detuning
respectively. On resonances, the trapping potential diverges as 1/∆i, whereas on tune-out
wavelengths, the total contributions amounts to 0, i.e. the light shifts mutually cancel out
and the trapping potential vanishes. It implies that for any atom with at least two transitions,
there exists an associated tune-out wavelength located in between. For example, all alkali
atoms have a tune-out located between their D1 and D2 lines [142], which are the only two
strong optical transitions from their ground state. The same reasoning can be maintained
for atoms with a more complex structure, whose spectrum can be much denser. As such,
heavier atoms can offer numerous possibilities for SST, especially for those with narrow
laser-cooling transitions. These are all the more interesting since the associated tune-outs
are potentially situated close enough to the transitions that both can be addressed with the
same laser system. Er and Dy are good illustrations of such atoms, since their narrow cooling
transitions at 841 nm and 741 nm are approximately 10 kHzwide, and the nearby anisotropic
tune-outs are found in the detuning ranges 78− 245GHz [50] and 8− 30GHz [143] on
the blue side, depending on the angle between the laser polarization and the quantization
axis (see also Chapter 5).

The idea of exploiting such tune-out wavelength for an SST was proposed in 2007 [45] and
implemented in a 41K-87Rb mixture experiment [144] two years later. Since then, tune-out
wavelengths of many different atoms have been measured and used in increasingly complex
experiments, from alkali [145–154], to alkaline-earth metals [155], to lanthanides [50,
141, 143, 156]. Three mixture experiments also implemented SST, with 87Rb-41K [144,
157], 87Rb-171Yb [158], and 6Li-133Cs [159].

2.3.2 Light fermions

We now turn to the second ratio mB/mF . For the light fermion, only two species have
been cooled down so far: 3He and 6Li. Here, the choice for 6Li is quickly made. Although
He is lighter, it bears several major flaws for our application. The fermionic isotope 3He
has a natural abundance of 0.0002%, and enriched samples are extremely expensive. The
cooling scheme, just like 4He, requires a metastable state as effective ground state, else
one needs lasers in the far UV, which are famously inconvenient or simply non-existing.
Once in its metastable state, the main cooling transition lies at 1083 nm, close to the
convenient 1064 nm commonly used for ODTs. Yet, this species was brought to the DFG
state very recently with a sympathetic cooling scheme involving metastable 4He∗, down to
a degeneracy of T/TF = 0.14.

Going through the list of atoms that have been laser-cooled, the next candidate would be
Na, but it only has one usable bosonic isotope. The next laser-cooled fermion would then be
40K, but the much larger mass makes it less desirable.
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2.3.3 Heavy bosons

For the heavy boson, several options are to be considered. The potential candidates would
be, in decreasing mass order: Yb, Er, Dy, and Cs. Since the choice for the fermion is now
fixed to 6Li (and its laser-cooling transitions at 671 nm), it is crucial to find a boson that
matches the additional requirements, which we develop here.

First is Yb. The only, but major issue with this atom, is the position of its tune-out
wavelength at 553 nm [141]. In that shape, the trap would need to be blue-detuned and the
beams require more complicated shapes, however the scattering rate would be rather low,
at γLisc (553 nm) = 8.1mHz/µK (normalized to the trap depth of Li). Then, Er and Dy are
both strong candidates due to their similar structure, with Er being slightly advantageous.
Indeed, the mass ratio ofmEr/mLi ≈ 28 is the highest that can be found in quantum mixture
experiments, and both have tune-out wavelengths in the near infrared. However, the tune-
out of Dy at 741 nm is rather close to the Li transition and results in a much higher scattering
rate, at γLisc (741 nm) = 18mHz/µK. In comparison, the tune-out of Er at 841 nm leads to
γLisc (841 nm) = 7.6mHz/µK. Finally, the last heavy boson would be 133Cs, with its tune-out
wavelength at 880 nm. Although it is the atom with the farthest tune-out wavelength, it is
also notably lighter and the mass ratio would be mCs/mLi ≈ 22. Moreover, the scattering
rate of Cs at its own tune-out is very high, because of the proximity of its D1 and D2 lines,
resulting in γCs

sc (880 nm) = 1750mHz/µK (normalized to the trap depth of Li).

It is important to note that using a heavy boson as a reservoir for sympathetic cooling
has an impact on the thermalization time with the light fermions. Because of the large
mass ratio, a mixture of Er and Li has a penalty factor in the energy transfer which takes
place during interspecies collisions [160]. In this case, the required number of collisions for
cross-thermalization is increased by a factor 7, which translates into a penalty factor of 2.7
for the thermalization time [109].

2.3.4 Comparison with other SST mixtures

So far, three other mixtures have already exploited the existence of tune-out wavelengths to
build a species-selective trap. First was a 87Rb-41K mixture [144, 157], where the tune-out
wavelength of Rb at 790 nm was used to trap K. The second mixture was 87Rb-174Yb [158],
where a different tune-out of Rb was used, at 423 nm, to trap Yb. Finally, the third mixture is
133Cs-6Li [159], for which the 880 nm-tuneout of Cs was used to trap Li. Here, a comparison
can be done with our 166Er-6Li mixture by evaluating two quantities: the atoms’ polarizability,
and their photon scattering rate. The numerical simulations are reported in Fig. 2.5, and
were done in the following way. The polarizability of alkali (Li, K, Rb, Cs) was obtained
directly from [161]; that of Er was taken from the dataset of [162], and that of Yb was
calculated by accounting for the contribution of the neighbouring transition at 399 nm only3.
The scattering rates were calculated according to:

γ(tot)sc =
∑
i

γ(i)sc =
∑
i

3πc2

2ℏω3
0,i

Γ2
i

∆2
i

I (2.8)

3Although Yb has more transitions, the situation is very similar to Er where the polarizability is dominated by
the contributions of the transitions in the near-UV, close to 400 nm (see also Section 5.1 and [50]).
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Figure 2.5 | Comparison of the existing species-selective traps. The polarizability (top row) in
atomic units and scattering rates (bottom row) in mHz/µK of the atoms involved in SST
mixtures. The tuned-out species (Er, Rb, Cs) are drawn in blue, the trapped species in
pink. For each mixture (columns), the horizontal axis is the detuning ∆ from the tune-out
wavelength, scaled to the nearest transition’s linewidth Γ of the tuned-out species. The
scattering rate γsc is rescaled to the potential Ũ felt by the trapped species. The solid black
line (top row) is drawn along α = 0, and the dashed black line (bottom row) indicates the
scattering rate of the common situation of Rb atoms in a 1064 nm ODT.

Li K Rb Cs Er Yb

671/671 770/767 795/780 895/852 all 556
404/405 422/420 399

359/359

Table 2.1 | Accounted transitions for the calculations of scattering rates. The pairs correspond to
the D1/D2 transitions for alkali. The Er lines were taken from the spectroscopic data of [162].
The values are the different transitions’ wavelength in nm.
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where ω0,i is the frequency of the transition i, Γi the inverse lifetime of the excited state, ∆i

the detunig from the transition i and I the laser intensity required for a 1µK-deep trap (see
also Eq. (5.21) from Section 5.1). There, the scattering rate was calculated by accounting
for the relevant or dominant lines for each atom, a list of which can be found in Table 2.1.
For the tuned-out species (Er, Rb, Cs), the scattering rate is normalized to the trap depth of
the other atom.

From the calculations of Fig. 2.5, the Rb-K mixture stands out from the rest with the very
large polarizability of K at 790 nm (note the factor 1/10 in the vertical axis of the upper row
for this mixture). The reason is the proximity of the K transitions at 770/767 nm from the
SST wavelength at 790 nm. However, the advantage of this near-resonant trap (an optical
tweezer in their experiment) is the low power requirement to confine atoms. This results in
a reasonable scattering rates for K with γKsc(790 nm) = 74mHz/µK, but a comparatively very
large rate for Rb at γRb

sc (790 nm) = 800mHz/µK. The Cs-Li mixture also has an interesting
behaviour: the polarizability of Li is rather low at 880 nm, and the scattering rate is the
lowest of all calculations here with γLisc (880 nm) = 6.35mHz/µK. However, the tune-out
wavelength of Cs lies between its D1 and D2 lines, which means a small relative detuning
and thus leads to the largest calculated scattering rate of γCs

sc (880 nm) = 1750mHz/µK.
The last mixture of Rb-Yb is an interesting combination, for which the tune-out wavelength
of Rb at 423 nm is very close to the 420/422 nm transitions, yet the photon scattering rate is
reasonable, at γRb

sc (423 nm) = 65.6mHz/µK. Similarly, Yb has a strong transition at 399 nm,
yet the corresponding scattering rate is γCs

sc (423 nm) = 107mHz/µK.

Finally, the advantageous configuration of Er-Li becomes apparent in two (related)
ways. First, the scattering rate of both species is low, at γErsc (841 nm) = 8.1mHz/µK and
γLisc (841 nm) = 7.6mHz/µK. Second, the range of the natural, or relative detuning is the
largest, reaching a value of Γ/∆ ∝ 107 for both Er and Li, compared to maximum 105 in
the other cases (see Fig. 2.5).

2.4 Properties of Er and Li

Now that we explained the choice of Er and Li for our quantum mixture, their respective
properties are described in the following section. Here we put an emphasis on the properties
of Erbium, while a detailed presentation of Lithium is given in the complementary the-
sis [109]. Otherwise, a thorough description of each atomic species can be found in [163]
and [49] for Er and Li respectively.

2.4.1 Basic properties

Erbium is a rare-earth element, of the lanthanide series, with the atomic number Z=68
and a mass of 167.27 amu4. It is found in compound minerals, along with several other
rare-earth elements, and it requires a complex separation process to obtain a sample with
high purity. In its pure form, at standard conditions of pressure and temperature, Erbium
is a soft, silvery metal which can react with water. It has high melting and boiling points,

41 amu = 1.66 · 10−27 kg



Chapter 2 The quest for ever lower temperatures 21

at 1529 ◦C and 2900 ◦C. Erbium has six isotopes, of which five are bosonic (162Er, 164Er,
166Er, 168Er, 170Er), and one is fermionic (167Er). Except for 162Er and 164Er, the natural
abundances are all above 15%, which means that a sample of Erbium can be used for
most desired isotopes. Combined with the small isotope shift of the laser-cooling transition
(approx. 1GHz), selecting the cooled isotope is rather straightforward, and it makes Erbium
a very versatile choice for experimentalists (see Section 2.4.4 and [163, 164]).

As of today, Erbium mining happens almost exclusively in southern China, along with
the other rare-earth elements used in industry. Arguably, the most successful use-case of
Erbium has been in telecom technologies, where it is used in its ionic form (Er3+) as a
light amplifier. Thanks to their optical transition at 1550 nm, Erbium-doped fiber amplifiers
(EDFA) are widely used in submarine cables, leading to the fast internet we know today.

On the other hand, Lithium is an alkali metal with the atomic number Z=3 and mass
6.94 amu. It is also a silvery-white soft metal, with the lowest density and a high reactivity,
including fast oxidization when put in air and explosive reactions when put in contact with
water. It has much lower phase transition points, at 180 ◦C and 1344 ◦C for melting and
boiling respectively. Lithium has two isotopes, fermionic (6Li) and bosonic (7Li). Contrarily
to Erbium, changing the laser-cooled isotope is non-trivial, since the large isotope shift
(approx. 10GHz) and different hyperfine splitting would require a different laser system.
However, it is still interesting to note that an Er-Li mixture can offer all flavours of quantum
statistics.

The heaviest contribution of Lithium to global industry is not in telecom, but rather in
batteries. Today, more than three-quarters of the extracted Lithium goes to the Lithium-ion
batteries, used in any and all type of devices, including smartphones, laptops, or cars. The
impact of these batteries on technology in general is immense, and was awarded by a
Nobel Prize in Chemistry in 2019. The extraction however, is also complex and has its own
environmental implications, which go beyond the scope of the thesis. It is done mostly in
South America from continental brine, or in Australia and China from hard-rock mining.

In the following sections, we focus on the properties of one isotope per species, namely
166Er and 6Li, which are the only isotope currently addressed in our apparatus.

2.4.2 Electronic configuration

Erbium atoms host 68 electrons in total, that fill the atomic orbitals following the Madelung
rule. Consequently, the 6s shell is filled before the 4f , resulting in the so-called submerged-
shell configuration. Written explicitly, the electronic configuration of Er is:

1s22s22p63s23p63d104s24p64d105s25p64f126s2

also shortened to:
[Xe]4f126s2

where [Xe] is the full electronic configuration of Xenon. Having two missing electrons on
such a high shell (4f), Erbium has an unusually large angular momentum, calculated in
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the standard LS-coupling scheme to be:

3H6

with L=5 and S=1, written in the standard 2S+1LJ notation. Additionally, the strong
anisotropy of the electronic wavefunction in the 4f shell leads to highly anisotropic potentials
and interactions, as explained in Sections 2.4.4 and 5.1. For excited states, the spin-orbit
coupling is not adequate to describe the angular coupling, and one needs to use the jj-
coupling instead. In that case, the angular momentum l and spin s of each inner electron5
couple independently via spin-orbit coupling to form an angular momentum J1, which
is then coupled to the angular momentum J2 of the excited electron. The two angular
momenta are then summed up to the total angular momentum J = J1+J2, noted (J1, J2)J .
For example, the 401 nm-excited state has an electron promoted from the 6s to 6p orbital,
and the intermediate LS-coupling terms are 3H6 and 1P1 for the inner and excited electrons
respectively. Then, these momenta are jj-coupled and the excited state is written as:

[Xe]4f12(3H6)6s6p(
1P1)(6, 1)7

with J1 = 6, J2 = 1, J = 7. Finally, all bosonic isotopes of Erbium have a vanishing nuclear
spin (I = 0), preventing the emergence of a hyperfine structure. The fermionic isotope 167Er
however, has a large nuclear momentum I = 7/2, leading to a total angular momentum
F = 19/2 [165].

Lithium atoms have a much simpler electronic configuration, well described by a single
valence electron. The full shell occupation is simply:

1s22s1

with L = 0, S = 1/2, J = 1/2, I = 1, F = {1/2, 3/2}, leading to a ground state:

2S1/2

Just like all other alkali, the valence electron in the s-shell leads to L = 0 and S = 1/2. The
particularity of Li is its small hyperfine splitting of 228 h ·MHz (the smallest of all alkali),
originating from the small yet non-vanishing nuclear spin.

2.4.3 Magnetic properties

Magnetic moment

The magnetic moment of an atom characterizes the magnetic field produced by the atom
itself, arising primarily from the spin and angular momentum of its electrons. In general, it
is defined by:

µ = migiµB (2.9)

where µB = eℏ/2me ≈ 1.4 h ·MHz/G is the Bohr magneton, and the subscript i denotes
the relevant angular quantum number, either J or F depending on the ground state at

5Here, inner electrons are the ones occupying the [Xe], 4f and 6s shells
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hand. Erbium, like several other lanthanides, has one of the largest magnetic moment from
the periodic table. These high values are an immediate consequence of their electronic
configuration and associated large angular quantum numbers. In particular, the high value
of J implies a potentially high value for its projection on the quantization axis mJ , resulting
in a high magnetic moment. In contrast, Lithium (like all other alkalis) has a small magnetic
moment, again due to its valence electron occupying a spherical s-shell.

The numerical values can be determined via a good knowledge of the Landé g-factor and
coupling scheme. For example, in the perfect LS-coupling scheme, this factor is given by:

gJ = 1 + (gS + 1)
J(J + 1)− L(L+ 1) + S(S + 1)

2J(J + 1)
(2.10)

with gS ≈ 2.00232 [166]. Again, the case of Erbium is not perfectly described with a pure
LS-coupling scheme, and small corrections (on the order of 0.3%) need to be included [167].
These corrections result in a theoretical value of gthJ = 1.1637985, compared to an experi-
mental value of gexpJ = 1.163801(1) [168]. However, the description works well for Lithium,
and its own g-factor can be calculated with:

gF = gJ
F (F + 1)− I(I + 1) + J(J + 1)

2F (F + 1)
+ gI

F (F + 1) + I(I + 1)− J(J + 1)

2F (F + 1)
(2.11)

where gI ≈ −0.0004476540 [166]. This leads to two different values depending on F :
gF=1/2 = −2/3, while gF=3/2 = +2/3.

The magnetic moments of both atoms can now be calculated, for the specific states that
are relevant to our experiments. For Erbium, we only look at themJ = −6 Zeeman substate,
because the Erbium ensemble is spin-polarized in this state during the MOT phase (see
Section 4.1.2). For Lithium, we look at the three lowest hyperfine states, usually noted |1⟩,
|2⟩, |3⟩, corresponding to |F,mF ⟩ = |1/2, 1/2⟩, |1/2, −1/2⟩ and |3/2, −3/2⟩ respectively.
These hyperfine states are the only ones that are routinely manipulated in our experiment
as well, because these spin-mixtures are stable against dipolar losses [109]. In the end,
their magnetic moments are:

Er : µ = +6.98µB

Li|1⟩ : µ = −1/3µB

Li|2⟩ : µ = +1/3µB

Li|3⟩ : µ = +1µB

The large magnetic moment of Er, surpassed only by Tb and Dy with µ = 10µB and Ho
with µ = 8µB , can be used to magnetically levitate the atoms with a very moderate gradient.
To compensate gravity, a gradient of ∇B = mg/µ = 4.2G/cm is enough to lift the large
mass of Er atoms. In comparison, the small magnetic moment of Li implies that a gradient
of 3.2G/cm (1.1G/cm) is needed to levitate Li|1⟩ (Li|3⟩), despite the considerable mass
difference.
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Zeeman shift

When an external magnetic field B is applied, the Zeeman manifold of an atom splits into
2J + 1 (or 2F + 1) Zeeman substates. At low fields, the induced energy shifts ∆E depend
on the magnetic moment of each level according to:

∆E = µB = migiµBB (2.12)

At high fields, a decoupling between I and J can be observed, corresponding to the well-
known Paschen-Back regime.

In the case of Erbium, the Paschen-Back regime is never reached within the typical fields
used in the laboratory. Because the energy associated with the fine structure of Er is high
(on the order of ∆EFS ≈ 200 h · THz ≡ 1500 nm), the decoupling cannot happen, and the
Zeeman shift remains linear up to several hundreds of Gauss [167]. In particular, for the
mF = ±6 substates, the Zeeman shift is ±9.77 h ·MHz/G. Otherwise, the splitting between
two neighbouring Zeeman substates of the ground state manifold grows linearly with a
slope of 1.63MHz/G. For the fermionic isotope, the non-vanishing nuclear spin also induces
a quadratic shift [163].

The situation is, once again, reversed for Li. In the Zeeman regime, the substates are well
defined by the quantum number F , and are grouped according to F = 1/2 or F = 3/2.
In the Paschen-Back regime, the states’ properties are governed by the electron spin, and
its orientation indicate the low- or high-field seeking behaviour of the atoms. Because
the ground state’s hyperfine splitting of Li is small compared to other alkali (∆EHFS ≈
228 h ·MHz), the crossover from one regime to the next happens at B ≈ 20G only.

Feshbach resonances

Er has an extremely rich Feshbach spectrum, where every single isotope has a different set
of resonances. While Li has one resonance close to 830G, whose exact position depends
on the spin mixture, 166Er has no less than 190 Feshbach resonances below 70G [169]. A
recent investigation of the three-body losses in BECs of 166Er at low field also revealed six
additional loss features below 3G [170], attributed there to trimer (three-body bound state)
resonances. Furthermore, two magnetic fields were identified for efficient evaporation and
production of a large 166Er BEC where the three-body loss coefficient is very low, at 1.4G
(where as = 73 a0) and at 2G (where as = 80 a0). In both cases, the loss coefficient was
calculated to be L3 = 10−12 µm6/s.

The inter-species Feshbach spectrum was also measured recently in the Kyoto group, with
mixtures of 166Er, 168Er, Li|1⟩ and Li|2⟩, although with atomic ensembles still in the thermal
regime, at a few microkelvins [171]. The same group pushed the study a step further with
the measurement of Feshbach resonances in a 167Er-6Li mixture [172]. Two mixtures are of
particular interest to us: 166Er-6Li|1⟩ and 166Er-6Li|2⟩. In the first case, the first Feshbach
resonance was observed at 18.9G, and 32 more resonances were found for fields up to 680G.
All resonances here were measured to be narrower than 100mG, except for two resonances
with ∆B ≈ 200mG at 316.7G and 579.6G. In the second case, the lowest resonance was
observed at 13.3G, with 20 additional resonances for B ≤ 680G. Three resonances are
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much broader than the others: at 57G with ∆B = 1.7G, at 247G with ∆B = 4.2G and at
259G with ∆B = 1.3G. Interestingly, the predicted broad resonances in the 166Er-6Li|1⟩
mixtures, expected at ≈ 20G and ≈ 80G [173] were not observed.

Dipole-Dipole Interaction

For magnetic atoms such as Er, the Dipole-Dipole Interaction (DDI) leads to a universal
dipolar scattering in the ultracold regime [174]. This interaction, originating from the
magnetic moments µ1 and µ2 of the atoms, is defined by:

Udd(r) =
µ0

4πr3

[
(µ1µ2)−

3

r2
(µ1r)(µ2r)

]
(2.13)

where r is the interparticle distance and µ0 is the magnetic constant. Although the strength
of this interaction does not depend on an external magnetic field, it does depend on the
relative orientation of the dipoles. Fortunately, magnetic atoms will align themselves to
the magnetic field’s direction, hence in usual experimental conditions the atomic ensemble
becomes polarized along the quantizaton axis. As a result, the magnetic moments are all
parallel and the DDI simplifies to:

Udd =
µ0µ1µ2

4π

1− 3 cos θ2

r3
(2.14)

where θ is the angle between the quantization axis and the interparticle axis. The two
most striking features of the DDI become apparent in this formula. First, this interaction
is long-range. While Van der Waals (contact) interaction decay with distance as r−6, the
DDI decays as r−3. Second is the DDI’s anisotropy. Emerging from the 1− 3 cos θ2 term, the
DDI can change from repulsive in a side-by-side configuration when θ = π/2, to attractive in
head-to-tails configuration when θ = 0. The sign change occurs at θ ≈ 54.7 ◦, where the
whole expression vanishes.

Experimentally, observing the dipolar nature of some particles (such as Cr [175], Dy [176]
or Er [177]) requires to “filter” out the contact interactions by turning off the s-wave
scattering length as with a Feshbach resonance. Then, the only remaining interaction is the
DDI, with its natural length scale, the so-called dipolar length:

add =
mµ0µ1µ2

4πℏ2
(2.15)

In this dipolar regime, the universal behaviour appears in the expression of the elastic
dipolar scattering cross-section:

σ =
32π

15
a2dd (2.16)

where the only parameters are the particles’ mass and dipole moment [174]. This finite cross-
section leads to a very interesting phenomenon, where fermions can manage to thermalize,
despite the usual Pauli-blocking problem which normally leads to σ = 0. As such, it is
possible to reach the quantum regime and make degenerate Fermi gases without the addition
of a second component. For example, in [112], the authors were able to reach a temperature
of T/TF = 0.2, with N = 4 · 104 atoms of 167Er. Exploiting the DDI also led to new quantum
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phases of matter, namely quantum droplets [178, 179] and supersolid [180–182], where
the mean-field theory breaks down and additional correction terms (Lee-Huang-Yang) are
required to describe the system.

2.4.4 Cooling transitions

Here we present the laser-cooling transitions of both atoms. These transitions are typically
used as the first cooling steps, before trapping the atoms in an Optical Dipole Trap (ODT)
and performing further cooling, generally via evaporation. Here, it is instructive to give
the relevant physical quantities related to the cooling process. First, all transitions are
characterized by their wavelength λ, linewidth Γ, and the excited state’s lifetime τ . When
these transitions are used to make a magneto-optical trap, a natural lower boundary limits
the achievable temperature: the Doppler temperature TD = ℏΓ/2kB (see also Section 4.1.2);
the associated Doppler velocity is simply given by vD =

√
2kBTD. In certain cases, it is

possible to go below this limit [183], and hit a second boundary with the recoil temperature
Tr = ℏ2k2/2mkB. This temperature corresponds to the energy transfer during a single
absorption or emission event, which becomes relevant when the system becomes cold enough
that the recoil energy is not negligible compared to the atom’s kinetic energy anymore.

Erbium The sheer amount of energy levels for Erbium naturally results in a large amount
of dipole-allowed transitions, with widely different characteristics, from very broad to ultra-
narrow. Although a rich spectrum typically entails a higher complexity for laser cooling
due to the large number of non-closed transitions and hence decay channels (a common
issue with ultracold molecules [184]), it proved to be an advantage for Erbium. In terms
of laser cooling, five have transitions been identified as potentially interesting by [48],
at 401 nm, 583 nm, 631 nm, 841 nm and 1299 nm. Since then, all except for the 631 nm
transition have been used in various experiments, although for different applications. In
particular, the ultra-narrow 1299 nm-transition, with a 1Hz-linewidth, has been observed
and characterized in [185], where a coherent population control between the ground and
excited state was also achieved.

First is the blue transition at 401 nm. Its large linewidth of 29.7MHz makes this transition
suitable for any application which requires a high scattering rate. Additionally, being in the
high-frequency part of the visible spectrum is interesting for a fast energy transfer, since a
momentum kick from a blue photon conveys more energy than that of a (infra-)red photon.
However, the Doppler temperature is high compared to all the other transitions, and the
transition itself is not perfectly closed. As such, this transition is used in pre-cooling stage
like Zeeman slowing and transversal cooling, but not for actual trapping.6 It is also used for
normal absorption imaging, and recently fast site-resolved imaging was demonstrated as
well [187].

The yellow transition at 583 nm is now the standard wavelength for an Erbium MOT,
after the demonstration of a direct loading from a Zeeman slower operating on the 401 nm
transition [188]. This transition was found to be particularly well suited for this task, since

6It is not used for trapping in our apparatus, nor in other recent experiments, however trapping is possible
and a blue MOT was the first implementation for an Erbium trap [186].
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Figure 2.6 | Energy levels and laser-cooling transitions of Er and Li. The spectrum of Er (left)
is much richer than that of Li (right), and results in numerous electronic transitions. The
diagram shows levels up to 25000 cm−1 (400 nm), but Er has levels going up to 47000 cm−1

(212 nm), for a reported total of 671 levels known so far. The tune-out is ∼ 245GHz
blue-detuned from the 841 nm (not to scale here, see Chapter 5). The data was obtained
from [191].

the 186 kHz linewidth comes with a low Doppler temperature of 4.6µK. Even though the
capture velocity of such a yellow MOT is rather low (order of 5m/s, see also Section 4.1.2),
it can be increased by spectral broadening and matched with the final exit velocity of the
Zeeman slower.

Finally, the infrared transition at 841 nm can be used as a second MOT stage, following a
transfer from a yellowMOT. With its narrow linewidth of 8 kHz, the Doppler temperature sits
just above the recoil temperature at 190 nK and 163 nK respectively. After the demonstration
of a very efficient cooling strategy in [189] using this transition, an attempt was also
done during the apparatus’ construction. However, the limited gain in atom number and
temperature that we could obtain after the optical transport in the glass cell (see Chapter 3
and Section 4.2.2) was considered not good enough to justify the additional complexity,
and was removed afterwards [190].

Lithium In its ground state, 6Li has two experimentally accessible transitions, at 323 nm
and 671 nm. By far the most frequently used transition is the 671 nm transition, or rather
the D1 and D2 lines resulting from the fine-splitting of the excited state. These lines excite
the valence electron to the 22P1/2 and 22P3/2 states respectively, separated by a 10GHz
energy gap. More precisely, the Li MOT operates on the transition between the 22S1/2,
F = 3/2 ground state, and the 22P3/2 excited state in its |F,mF ⟩ = |5/2, 5/2⟩ hyperfine
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166Er

Wavelength λ 401 nm 583 nm 841 nm 1299 nm
Linewidth ∆ν 29.7MHz 189 kHz 8 kHz 0.9Hz

Sat. intensity IS 60.3mW/cm2 0.13mW/cm2 1.75µW/cm2 50 pW/cm2

Doppler temp. TD 713µK 4.5µK 192 nK 0.02 nK
Doppler velocity vD 189mm/s 15mm/s 3.1mm/s 0.03mm/s
Recoil temp. Tr 359 nK 170 nK 82 nK 34 nK
Recoil velocity vr 4.2mm/s 2.9mm/s 2.0mm/s 1.3mm/s

6Li

Wavelength λ 323 nm 671 nm
Linewidth ∆ν 159 kHz 5.87MHz

Sat. intensity IS 0.62mW/cm2 2.54mW/cm2

Doppler temp. TD 18µK 140µK
Doppler velocity vD 158mm/s 442mm/s
Recoil temp. Tr 15µK 3.5µK
Recoil velocity vr 146mm/s 70mm/s

Table 2.2 | Properties of the laser-cooling transitions of Er and Li. Data taken from [48, 163, 185]
and [49, 192] for Er and Li respectively.

level. However, because the hyperfine manifold of the excited state is not resolvable by
the D2 transition7, atoms excited to the F = 5/2 manifold can also populate the other
F = 3/2, 1/2 manifolds, and later decay in the ground state F = 1/2 manifold, thus
lost from the cooling cycle. An additional laser beam, detuned from the first beam by the
∼ 228MHz ground state hyperfine splitting, needs to be used to optically pump the atoms
back in the process. These beams have been commonly called cooler and repumper beams,
and are a shared feature of all alkali experiments. A specificity of Li, compared to the
other alkali, is the unresolved D2-excited state, which prevents it from undergoing Sisyphus
cooling [6, 193]. This issue hinders the cooling efficiency of the MOT, and restricts the final
temperature to typically ∼ 300µK.

A second transition, in the UV-range at 323 nm, can also be used to implement a MOT. So
far, it has been used as a second cooling stage after the 671 nm MOT [75, 192], to reach
∼ 50µK. However, handling laser light at this wavelength is difficult, and the potentially
small gain in Doppler temperature obtained from the smaller linewidth was not considered
worth the attempt. Instead, one can implement Gray Molasses (GM) cooling [6, 183], which
operates on the D1 line. Although it comes with its technical challenges as well, it is rather
straightforward to incorporate the D1 path in a standard Li laser system, and the resulting
temperature is usually in the 50µK range as well. In our experiment, GM-cooling was
demonstrated to be capable of reaching a final temperature of 13µK [109].

7The hyperfine splitting of the excited state is approximately 4.4MHz in total, compared to the 5.9MHz-
linewidth of the transition.
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2.5 Summary

A mixture of Er and Li has many interesting properties for novel types of experiments.
They display drastically different scales in all their characteristics, which can be used for
a tailored trapping configuration. Their optical properties are particularly favorable for
SST, where Li atoms can be trapped in a far red-detuned ODT operating on the tune-out
wavelength of Erbium. Then, their large mass imbalance is beneficial for sympathetic
cooling, further improved by the different quantum statistics of the selected isotopes. In
particular, combining SST and the large specific heat capacity of Er in its classical state
could prove instrumental in reaching unprecedented levels of degeneracy with a Fermi gas
of Li. Finally, the ErLi mixture is very versatile regarding quantum statistics, since both
atoms have fermionic and bosonic isotopes. Although changing from 6Li to 7Li entails an
important modification to the laser system, Er can be selected rather easily thanks to its
comparatively small isotope shifts.

However, describing Er as a double-edged sword would be accurate as well. Its large mass
makes it difficult to keep in a shallow trap due to the strong gravitational tilt imposed on the
trapping potential. Its large magnetic moment also makes it very sensitive to stray magnetic
fields and gradients, making it prone to escape from shallow traps. Moreover, magnetic
trapping is not possible since Er atoms are manipulated in their lowest Zeeman substate,
which is a high-field seeker.
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Chapter 3

Experimental apparatus

Over the course the PhD thesis, the most prominent part of the work was, undoubtedly, the
design and construction of our new apparatus. Our approach was to rely on established
techniques, which already proved successful in other experiments. The interested reader can
find extensive discussions about aforementioned techniques in References [183, 194–196]
for laser cooling and trapping, and in References [197, 198] for the vacuum.

At the start of the design phase, although Lithium was already a widespread element in the
cold atoms community, Erbium had only been cooled to degeneracy in two research groups:
Innsbruck [177], and Harvard [189]. It was also a component in only one mixture experi-
ment: the Erbium-Dysprosium mixture [199], from Innsbruck as well. Finally, there were
hints that Erbium and Lithium could be stable together because lanthanide-alkali mixtures
had already been demonstrated [121, 200, 201]. However, the machine’s architecture was
chosen to be a “2-in-1” experiment, where the two species are handled separately in their
own dedicated subsystems. Most of the arguments behind that decision were of technical
nature. For example, the ovens alone would already be an issue because of their large
difference in operating temperatures. The Zeeman Slowers (ZS) and Magneto-Optical Traps
(MOTs) require very different parameters as well, mostly because of Erbium’s sensitivity to
magnetic fields. Although dual-species ZS have been demonstrated [202, 203], it would
potentially require important compromises. The MOTs also require different magnetic gra-
dients, typically much higher for Lithium than for Erbium. In particular, having the ZS and
MOT fields combined as it is for our Lithium section [109] would not be possible for Erbium.
There was also no guarantee that Erbium and Lithium could be loaded simultaneously in
their MOT or in a common ODT. If not, one can go for a sequential loading of each species,
but that also comes at the price of higher technical complexity [159].

An overview of the machine can be seen in Fig. 3.1. The direction we opted for was
chosen to minimize the technical difficulties inherent to mixture experiments. By going
along this “2-in-1” path, the goal was to build two single-species subsystems with already
established techniques regarding laser cooling, while avoiding most cross-talk situations.
This way, all the initial steps (such as ZS, MOT or ODT loading) can be optimized for each
species independently. It resulted in having two separated ZS and MOT chambers, with
a glass cell on the side for a future quantum gas microscope. The major downside to this
approach is the long transport, over a distance of 50 cm for Erbium and 1m for Lithium.

This chapter describes the three core systems of our apparatus, each in their separate
part. We start with the description of our vacuum manifold and its main components in
Section 3.1. Then, Section 3.2 depicts the different groups of magnetic coils built around
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Figure 3.1 | Vacuum system overview. The HV sections of Erbium (blue) and Lithium (pink) are
connected to UHV section via the Zeeman slowers (green), which act as a differential
pumping tube. The UHV section hosts the MOT chambers (light brown) and the glass cell
(dark brown). The Zeeman mirrors (green) are on the other side of the MOT chambers,
also separated by a differential pumping tube. The legend is pointing to the Er side of the
machine, but the Li side has the same components.

the Erbium side of the machine. Finally, the different laser setups implemented for the
cooling and trapping of Erbium are presented in Section 3.3.

3.1 Vacuum system

3.1.1 Global overview

Design considerations Our vacuum system, shown in Fig. 3.1, was designed with (mostly)
one requirement in mind: obtaining the highest possible vacuum, to prepare the cleanest
environment in our science chamber. As explained in Section 2.2, the motivation to get
such a good vacuum is to prevent the passive heating of our cold gas and extend its lifetime,
by reducing the rate of collisions with particles still present in the chamber. This approach
led to several general design choices.

The first choice was to make the vacuum manifold’s topology as simple as possible. Since
the vacuum is high enough for particles to be in the molecular flow regime (i.e., they do
not collide with each other but only with the walls), any kind of corner will effectively
behave as a differential pumping tool. It means that, for example, placing an ion pump
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behind a corner will reduce its performance, but also that it can be used as a way to isolate
a low-pressure area. With that in mind, we applied the following reasoning: the pumps
should be placed in a way to maximize their efficiency, and the low-pressure areas should
be as well protected as possible from the rest of the experiment. In our case, it led to a very
simple topology, which boils down to three straight lines: the Lithium line, the Erbium line,
and the transport line. Along these lines, all the ion and getter pumps were placed as close
as possible to the atoms’ path and with the largest possible opening. On the contrary, the
sharp angle between the Erbium or Lithium lines and the transport line protects the glass
cell from the hot atomic gas coming from the ovens.

Then, the second choice was to trim any unnecessary component from the machine,
starting with the pressure gauges. Because their sensitivity only goes down to about
10−11mbar and they can measure the pressure only locally, it was considered non-essential.
To know the inside pressure, we directly read it from the ion pumps’ current instead. That
way, it is possible to have a precise idea of the vacuum quality down to ∼ 10−10mbar, below
which the pumps’ sensitivity reaches its limit as well. We also chose to place only two gate
valves in the whole machine: one in front of each oven, before the Zeeman slowers. The
idea was that we would (hopefully) need them only when refilling an oven, and placing
them here is enough to keep the vacuum intact.

Finally, it was also decided to avoid any active component inside the vacuum, especially
magnetic coils. Although there are advantages to it (it allows the coils to be closer to the
atoms and thus being smaller and ran at lower currents), it is also possible for them to
degrade the vacuum quality. For example, reaching the Lithium Feshbach resonance at
830G requires typical currents of more than 100A through the coils. Of course, such a
current will warm up the coils, which in turn will start emitting undesired particles from
their surface and contaminate the environment.

On the logistic side, because of the Covid pandemic, we tried to mitigate the extended
delivery times by using off-the-shelf components as much a possible. For that reason, most
components except for the MOT chambers are standard vacuum components. They are all
made of 316LN stainless steel, an alloy interesting for its mechanical, magnetic and thermal
properties, widely used in vacuum systems.

Overview With that in mind, we can now take a look at our vacuum system. The different
subparts are highlighted in the Fig. 3.1, and can be grouped in three main areas: the Erbium
and Lithium High Vacuum (HV) sections, and the Ultra-High Vacuum (UHV) section. Each
HV section includes a high-temperature effusion cell, a transversal cooling chamber, and
a first pumping stage. The transversal cooling stage is also used as an optical pumping
stage for Lithium, which proved to be a very efficient way to increase the atomic flux in the
main chamber [109]. The UHV section includes the MOT chambers, the in-vacuum mirror
chambers for the Zeeman slowers, and the science chamber. In between, these sections are
connected by the gate valves1 and the Zeeman slowers. Each of these three sections also
has its own corner valve2 to connect a turbomolecular pump. With this architecture, it was

1VAT GmbH, all-metal gate valve, Series 481, CF16
2VAT GmbH, “Easy-close” all-metal corner valve, Series 541, CF40
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possible to reach 10−8mbar for the Lithium HV, 10−9mbar for the Erbium HV, and at least
10−11mbar in the UHV section.

3.1.2 Main components

Oven The Erbium oven is a commercial effusion cell from CreaTec3, shown in Fig. 3.2.
It is a dual-filament effusion cell, with a crucible and a hot lip that can be maintained at
different temperatures by the two heating filaments. These parts are made of Tantalum, to
withstand an operating temperature of up to 1400 ◦C. In the case of Erbium, its low vapor
pressor requires the oven to typically run at 1100 ◦C (1200 ◦C) for the crucible (hot lip) (see
Fig. 3.2).

This oven is a variant from the other Erbium machines [163, 164, 204], with a larger
crucible volume. This one has a reservoir of 40 cc where we could place 100 g of Erbium
(with natural isotopic abundance), in order to delay any refilling procedure as much as
possible. The hot lip’s apertures are also similar, with a diameter of 3.5mm and a tube of
40mm length. We placed an additional aperture further, behind the planned transversal
cooling, to help with the atomic beam collimation and to be able to check the oven output.

It is possible to estimate the longitudinal velocity distribution of the atoms coming out of
this specific geometry, by looking at a modified 1D-Boltzmann distribution [205–207]. The
distribution is given by:

f(v, T ) =

(
πD

2

)2

·
pvap(T )

kBT
·
(

m

2πkBT

)3/2

· v3e−
mv2

2kBT · sin2 θ (3.1)

where D is the aperture diameter, θ the solid angle covered by the atomic beam exiting the
oven and pvap the Erbium vapor pressure. The calculated distribution is an important factor
when planning the Zeeman slower’s field to determine its capture velocity, as explained in
Section 3.2.1. The vapor pressure of Erbium is calculated via the formula [163, 208]:

pvap(T) = 10A− B
C−T , with AEr = 7.103, BEr = 12170, CEr = 100 (3.2)

where A, B, C are empirical dimensionless values, and the temperature T is in Celsius.

Vacuum-wise, the oven is encased in a vacuum tube with a CF63 flange, and connected
to the rest of the machine via a port aligner to help reduce the mechanical stress and
eventually align the oven’s output direction. However, this port aligner turned out to be
more problematic than helpful. Due to the large output angle of the atomic beam, rotating
the oven does not really impact the atomic flux in the MOT chamber. Moreover, the port
aligner was responsible for some leaks at some point, because its aligning screws were too
tight and it was making a small opening at the connection between the port aligner and the
flange reducer. The leaks were closed by completely releasing the aligning screws, and the
oven is now mechanically fixed by external mounts that block it on both sides, preventing
any movement.

3CreaTec Fischer & Co. GmbH, model DFC-63-40-WK-2B
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Figure 3.2 | Erbium oven overview. a) The oven has two sections: the reservoir (1000 ◦C) and the
hot lip (1200 ◦C). The atomic beam is collimated by the hot lip’s apertures and the planned
transversal cooling. b) Distribution of longitudinal velocities (blue) and their cumulated
counterpart (purple) for atoms exiting the oven from 900 ◦C (light) to 1300 ◦C (dark). The
vertical dashed lines correspond to velocities of 400m/s and 600m/s. All distributions
were normalized for convenience. c) Vapor pressure of Erbium depending on the oven
temperature. The horizontal dashed lines correspond to the oven temperatures in our
experiment (1100 ◦C and 1200 ◦C).

Transversal cooling stage The Transversal Cooling (TC) stage, visible on Figs. 3.2 and 3.3,
was planned to be as close as possible to the oven output, in a CF40 cubic chamber4. It
is a 2-dimensional optical molasses which operates on the wide transition of Erbium at
401 nm, whose purpose is to reduce the transversal velocity of the atoms exiting the oven,
effectively collimating the atomic beam. Because the hot atoms exit the oven with a large
fan angle [163, 207], we wanted to make the TC impactful by collimating the atomic beam
at the earliest point, to maximize the amount of atoms going in the Zeeman slower. However,
while this section was built and functional for a time, it had to be removed temporarily to
divert the optical power towards the Angled Slowing setup (see Section 4.1.1). Once the
Erbium MOT operational, its loading rate was high enough for Er not be a bottleneck in our
experimental cycle, and the necessity of increasing the atomic flux in the chamber never
arose. Since then, the TC setup has not been finalized, and could be a future improvement
if a higher MOT loading rate is required.

Pumping stage The pumping stage of our HV section is placed right after the transversal
cooling, in a CF40 cubic chamber4 as well. It supports a 55 L/s ion pump5 and a titanium
sublimation pump6. Both of them are connected to the chamber with a custom conical
CF40 to CF60 adapter, to increase their pumping performance. In steady-state operation,
this section of the experiment has a stable pressure of 10−9mbar. It hosts the Erbium HV
section’s corner valve as well, which is used to connect the turbomolecular pump. Finally,
it has a bellow on the bottom, which was planned to hold a shutter for the atomic beam,

4Kimball MCF275-SphCube-C6
5Agilent Technologies, StarCell VacIon Plus 55
6Agilent Technologies, TSP Filament Cartridge CF40
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Figure 3.3 | Pumping stage of the Erbium HV section. The vacuum is maintained by a large ion
pump and a titanium-sublimation pump, which needs to be reactivated periodically. The
transversal cooling and shutter were designed and incorporated to the apparatus, but had
to be removed during the building phase of the experiment (see text).

inspired from the Potassium lab’s cold finger [209]. The shutter itself is simply a metallic
stick, screwed on the bellow’s bottom flange, which would block the atomic beam when the
bellow is at rest. The idea was to push the bellow from the bottom to angle the shutter away
from the path, thus allowing the atoms to go in the MOT chamber and load our Erbium
collection trap. However, during the pumping process, both Lithium and Erbium bellows
contracted more than we expected, and it was not possible to apply this idea anymore.
Instead, the shutter is now fixed at an angled position to leave the path open, and should
never be touched again.

Zeeman slower The Zeeman slower comes in two parts: the tube of the slower itself, and
its in-vacuum mirror on the other side of the MOT chamber (see Fig. 3.4), used to send the
slowing beam towards the oven output. Vacuum-wise, the Zeeman slower’s tube acts as a
differential pumping stage. It is 800mm long, for an inner diameter of 10mm, with a CF16
flange on each side. With these dimensions, it maintains the UHV section at a pressure
three orders of magnitude lower than the HV section due to its limited conductance (see for
example [198]). As explained in Section 3.2.1, the coils were wound around a completely
independent tube, in order to decouple the vacuum part from the rest. It prevents any kind
of heating from the coils (which would increase outgassing), but also avoids any vibration
or mechanical stress that could go on the small CF16 flanges.

On the other side of the machine, the in-vacuum mirror shown in Fig. 3.4 is a common
trick used in cold atoms experiments. Without it, the viewport required to shine the Zeeman
slower’s beam would sit in direct line of sight from the oven, quickly covering it with an
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Figure 3.4 | In-vacuum Zeeman mirror. The in-vacuum mirror used to send the Zeeman slowing beam
is made of and coated with aluminum. The light goes in through a CF40 viewport and is
reflected by the mirror to be aligned with the atomic beam. The custom mount was designed
to minimize the surface-to-surface contacts and the screws are vented, to allow the pumping
without leaving high-pressure pockets. All parts were made of 316LN stainless steel for low
magnetic permeability and mechanical stability.

Erbium coating. Based on the observations of other experiments [163, 210, 211], using an
aluminum mirror is a good solution in that case, where the mirror’s reflectivity does not
decrease even where there is a layer of Erbium on it. In our case, the vacuum mirror is a 1 ′′

aluminum mirror7, mounted on a post which is directly screwed on a blind flange below.
This mirror was also put in a small separate chamber, connected to the MOT chamber by a
small tube (visible in Fig. 3.1), and with a small ion pump8 on top. The small tube also acts
as a differential pumping element, with about one order of magnitude of pressure difference.
This setup then collects and eventually pumps the hot particles coming from the oven, and
prevents it from accumulating in the MOT chamber.

MOT chamber Our (double) MOT chamber is a large custom part9 which incorporates both
Erbium and Lithium chambers together. The chambers are connected via a large tube where
we placed a NEG pump10. A second NEG pump11 was also placed between the Erbium
chamber and the glass cell. Both pumps were placed in a way such that their getter part
stands exactly 10mm above the transport axis, to maximize their performance while staying
out of the way. One could also be concerned about the stray magnetic field from their strong
permanent magnets when going that close. However, we were assured by the company that

7Edmund Optics, Aluminum substrate, protected Aluminum coating
8Agilent Technologies, StarCell VacIon Plus 20
9Manufactured by PINK GmbH Vakuumtechnik

10SAES NEXTorr D1000 StarCell
11SAES NEXTorr Z300
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Ion + getter pumps

ApertureRe-entrant viewport Glass cellCorner valve

Figure 3.5 | Main vacuum chambers. The UHV section hosts the MOT chambers of Lithium (left) and
Erbium (middle), and the glass cell (right). The view is partially cut to show the different
features of our UHV section. The MOT chambers have CF160 re-entrant viewports on the
vertical axis with 73mm clear aperture, and CF63 viewports on the sides. The glass cell
is a rectangular, non-coated, fused silica cell. It is isolated from the MOT chambers by a
20mm aperture to limit the amount of particles reaching inside, and the pump is placed
there to maximize its performance for the cell. The corner valve (blue, center) is used for
the turbomolecular pump during the initial evacuation. The orientation of the figure is the
same as Fig. 3.1.

their fields should be on the order of 100mG at this point, and we never saw any problem
that we could link to it.

Both chambers feature four CF63 viewports with anti-reflection (AR) coatings12 for several
wavelengths: 401 nm, 583 nm, 671 nm, 841 nm and 1064 nm. With all these wavelengths,
the viewports are very versatile and it is possible to use all interesting wavelengths for both
atoms everywhere. On the Lithium side, we also placed a CF40 viewport for the transport
direction, with the same coatings. On the vertical axis, we opted for re-entrant CF160
viewports13 with a clear aperture of 73mm for both Erbium and Lithium. These special
viewports confer several advantages: the volume of the vacuum is reduced (which helps
with the pumping), the large windows provide a better optical access, and it becomes
possible to put magnetic coils inside to get them much closer to the atoms (see Section 3.2
and Fig. 3.7). It would also be possible to build a high-resolution imaging system (see for
example [211]), but we decided instead to exploit this design for a vertical dipole trap
setup, as explained in Section 4.1.3.

These chambers are, compared to many other experiments, rather large. The distance
between their respective center is exactly 50 cm, which is also the distance between the
Erbium chamber and the glass cell. It implies that the distance between the Zeeman slower’s
end and the MOT center is also large, at 20 cm. There, despite the large MOT beams, it

12Viewports: Hositrad B.V. (fused silica), Coatings: Laseroptik GmbH
13Manufactured by UKAEA Special workshop
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led to a weak loading rate and we had to circumvent the issue with an additional slowing
region just before the MOT (see Section 4.1.1).

Science chamber Our science chamber is a custom rectangular glass cell made of quartz14,
with inner dimensions of 12× 12× 38mm and 4mm thick walls, connected to the Erbium
MOT chamber by a CF63 flange. We decided to use fused silica to avoid the thermal lensing
of the more common Borofloat when using high power lasers. However, it comes at the
price of an uncoated cell: because of the necessary high temperature to bond the quartz
plates, the coating can be damaged if it is done beforehand. For that reason, cells made of
fused silica are usually coated on the exterior surfaces only. In our case, we chose to leave
the glass uncoated to keep a uniform reflectivity of 4% for all wavelengths. Using fused
silica came with an additional price: the length of its metal-to-glass transition (“connection
tube”). The minimum length that could be done between the CF63 flange and the fused
silica part was 24 cm (for a total length of 28 cm), which imposed to have a long transport
distance in our experiment.

A specificity of our glass cell is the unusually large diameters of its flange and connection
tube. Here, the idea was to maximize the getter pump’s performance by keeping a large
conductance between the cell and the pump. The conductance heavily depends on the
tube’s inner diameter, and we opted for the largest connection tube the manufacturer
could do, with a 48mm inner diameter tube, welded to the CF63 flange. Furthermore,
the pump was dedicated to the glass cell by the addition of a separation between the cell
and the other chambers. This was done by placing a disk in the vacuum, between the
Erbium MOT chamber and the pump, with a small ∅20mm circular aperture. Such an
aperture is effectively a differential pumping element: it is used to limit the amount of stray
particles random-walking in the glass cell, while the Erbium and Lithium atoms can still be
transported through the aperture. With this configuration, according the ion pump there,
the vacuum has reached the low 10−12mbar range15.

3.2 Magnetic coils system

3.2.1 Zeeman slower coils

A Zeeman slower (ZS) is a tool commonly used in cold atoms experiments, to decelerate an
atomic beam down to a velocity that can be captured by a Magneto-Optical Trap (MOT). Its
principle is rather simple: it consists in shining a laser beam towards an atomic beam to slow
it down, while maintaining the atom-light resonance by combining the Zeeman and Doppler
effects with a varying magnetic field. The technique was developed in the 1980s [2, 3, 212],
and quickly led to the first optical molasses [5, 193]. It has been described extensively in
the literature [2, 195, 196] and will be described only shortly here.

14Cell: JapanCell Co. Ltd, Glass: Ohara Corp., SK-1300
15This value is below the reliable detection range of the pump and can only be taken as a broad indication of

the vacuum quality.
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Figure 3.6 | Coils layout and field for the Erbium Zeeman slower. The increasing, spin-flip field’s
profile is shaped by three independent coils: Profile 1, 2 and 3 (light red). Profile 1 makes
the negative Bx part, responsible for the slower’s capture velocity. Profile 2 shapes the
positive part, and Profile 3 shapes the end part of the field, responsible for the exit velocity.
The two Compensation coils (light orange), are designed to bring the field to zero at the
MOT position, indicated by the gray dashed line. The ideal field (black) for a detuning of
640MHz is matched well by the simulated total field (blue) except for its end part, where
the compensation coil shifts the maximum’s position. The measured field is indicated by the
blue dots.

When the slowing laser beam is resonant with the desired atomic transition, the atoms
absorb photons from the laser beam, and re-emit them in random directions via spontaneous
emission. The repeated momentum kicks from the laser beam, combined with the isotropic
spontaneous emission, result in a reduction of the atoms’ axial velocity component. The
radial components however, is increased via the spontaneous emissions and secondary
absorptions, resulting in radial (or transversal) heating of the atomic beam [213]. The laser
beam sent towards the atoms has an effective detuning, emerging from three contributions:

∆ = ∆L + k · v + µB/ℏ (3.3)

where ∆L is the laser detuning from the bare atomic resonance, k · v is the Doppler effect
and γB/ℏ is the Zeeman effect. The Doppler effect depends on external degrees of freedom
only, with k the laser wavenumber and v the atomic velocity. In contrast, the Zeeman
effect depends on the atomic transition, with µ = (gJ ′mJ ′ − gJmJ)µB = −1.13719µB the
differential magnetic moment of the ground and 401 nm-excited states (see Section 2.4
and [163]); B is the magnetic field and ℏ is the reduced Planck constant. The atom-light
resonance is maintained over the whole slowing distance by locally adapting the magnetic
field to the atoms’ velocity. The latter is calculated by assuming a constant deceleration a
from an initial velocity v0:

v(x) =
√
v20 − 2ax (3.4)
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and finding the corresponding magnetic field is done simply by calculating the resonance
condition ∆ = 0, to obtain:

B(x) =
µ

ℏ

(
∆L + k

√
v20 − 2ax

)
(3.5)

The last relevant quantity for the design of a Zeeman slower is the deceleration. For a
given atomic transition, its linewidth (and the resulting light scattering) puts a limit on the
attainable deceleration, which can be written as:

a =
Fscatt.

m
=

ℏkΓ
2m︸︷︷︸
amax

· s

1 + s︸ ︷︷ ︸
η

(3.6)

where Γ is the transition linewidth, m is the atom’s mass and s = I/Isat is the saturation
parameter. The term ℏkΓ/2m can be understood as the maximum deceleration for a given
transition, weighted by the second term s/(1 + s) for a finite laser intensity.

As stated before, the high melting point of Erbium (1523 ◦C) requires the oven to function
at high temperature (1200 ◦C) to reach sufficiently high vapor pressure and atomic flux. The
corresponding distribution of longitudinal velocity of atoms exiting the oven through the
hot lip is straightforward to calculate [205, 206] and peaks around 450m/s (see Fig. 3.2),
depending on the exact temperature. Until now, other Erbium experiments have been using
a Zeeman slower with a capture velocity of 400m/s [163, 164, 214], and 500m/s [204]. It is
also interesting to note that an atomic beam source has been demonstrated with a 2D MOT
instead of a ZS for Dysprosium [215], which could be adapted to Erbium easily.

In our case, the field of our spin-flip ZS (shown in Fig. 3.6) is made by the contribution
of five separate coils in total. Three coils are shaping the slower’s field profile, and two
additional coils are here to compensate the magnetic field at the MOT position. It was
initially designed with capture and exit velocities of vc = 600m/s and ve = 5m/s over a
distance of 58 cm, at a laser detuning of ∆ = −640MHz from the blue transition at 401 nm.
The corresponding fields at the entrance and exit of the ZS are then 550G and 390G
respectively. With these parameters, the so-called safety factor of our ZS is η = 0.6. The
motivation for a higher capture velocity is that, when looking at the cumulated velocity
distribution, the number of atoms addressed by the ZS can be doubled while remaining
at reasonable magnetic fields. Higher velocities could also be achieved, although it would
yield diminishing returns. However, we changed the exit velocity of our ZS at a later date
to incorporate a slowing stage in front of the MOT beams (see Section 4.1.1). In short,
we lowered the exit field to increase the output velocity and keep the atomic beam more
collimated over the gap between the ZS exit and the MOT capture area.

The ZS coils were wound directly on a 40mm diameter aluminum tube, so that we could
bring it around the CF16 flanges of the vacuum tube when building the experiment. It has
the advantage of completely decoupling the coils from the vacuum parts themselves, thus
avoiding any heating or vibrations from the slower. The copper wire has a large rectangular
profile of 4× 3mm and is hollow, with a round opening of ∅2mm inside for water cooling.
Although the layers of a coil share an electrical connection, it cannot be the same for the
water. For example, our largest coil has a total wire length of 280m, and the pressure drop
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Figure 3.7 | Coils layout for the Erbium MOT chamber. The re-entrant viewports host three pairs
of coils: the MOT (blue stripes), vertical offset (green stripes), and jump (yellow stripes)
coils. The horizontal offset coils were mounted on water-cooled mounts made of brass,
and placed around the side viewports. All the coils and their mounts were designed to be
incorporated without blocking optical access.

over this distance would be too important to have an effective cooling. In general, the large
coils were wound by pairs of layers, in series for the electrical current but in parallel for the
water. Finally, all layers were individually glued and isolated with a Kapton layer. In their
operational steady-state, the coils maintain a temperature between 22 ◦C and 26 ◦C.

3.2.2 MOT chamber coils

The Erbium MOT chamber holds six pairs of coils, all controlled independently. The first
pair of coils, named here MOT coils, is dedicated to the field’s gradient, which can be used
for the MOT or for magnetic levitation. Three more pairs, named offset coils, are mounted
around the chamber to provide control of the field’s magnitude and direction at the center
of the chamber. One pair, the jump coils, was added along the vertical axis, to have a fast
control of the magnetic field in this direction. These three pairs were designed to keep the
optical access provided by the inverted viewport’s clear aperture unobstructed. The last pair
of coils is the ZS compensation coils (see Section 3.2.1), mounted on each side of the MOT
chamber to cancel out the ZS field at the MOT position.

The global layout is shown on Fig. 3.7, where it is easy to see why the re-entrant viewports
are convenient. Three pairs of coils were placed inside: the MOT coils, the vertical offset
coils, and the jump coils. These coils were assembled in an independent set of mounts, so
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Figure 3.8 | MOT coils fields. All calculations are done for a current of 1A per coil. They produce a
gradient of 0.45G/cm/A in anti-Helmoltz (upper left) or a field of 2.175G/A in Helmholtz
(lower right) configuration. They provide a field (gradient) homogeneity of 0.2% (1%) over
the range of ±5mm in Helmholtz (anti-Helmholtz) configuration. The deviation from the
ideal Helmholtz coils’ dimensions for can be seen by the small stray field offset (lower left)
and gradient (upper right). Here, x-axis is horizontal, z-axis is vertical, and the coils’ axis is
along z.

that we could easily bring them around the vacuum chamber after the bakeout was done.
The mounts were also cut with a series of slit to remove the radial symmetry, thus mitigating
the eddy currents.

MOT coils The Erbium MOT coils were designed to be usable for Lithium as well, for
maximum versatility. At that point in the design phase, the transport to the glass cell was
not fully planned yet, and it was important that we could perform evaporative cooling on a
Lithium cloud in the Erbium chamber if necessary. They were designed with six layers of
three windings, using the same hollow copper wire as the Zeeman slower for water cooling.
They have an inner diameter of 108.4mm and are separated by 66mm. At the center, it
is capable of producing either a homogeneous field of 870G at a current of 400A when
put in Helmholtz configuration, and a gradient of 183G/cm in anti-Helmholtz configuration
(see Fig. 3.8). With this current, the dissipated heat which needs to be carried out with
water cooling amounts to almost 2.5 kW. However, the reachable field is currently limited
to ∼ 600G due to the low water flow in the copper wire.

On the Lithium side, these coils are being used for an evaporation in the ODT before being
transferred to the transport lattice. Although it is not possible to reach the main Feshbach
resonance at around 830G for the |1⟩-|2⟩ and |2⟩-|3⟩ mixtures, the evaporation is possible at
a much lower field for a |1⟩-|3⟩ mixture. In that case, the scattering lengths between the two
hyperfine states of Lithium is close to −900 a0 near 300G, and provides good parameters
for a forced evaporation. Here, the states |1⟩, |2⟩ and |3⟩ refer to the three lowest hyperfine
states of Lithium; the procedure is described in the complementary thesis [109].

Offset coils The offset coils were all designed to be capable of generating a field of 10G at
a maximum current of 15A. They come in two different shapes, for the vertical and the
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horizontal directions. Along the vertical axis, the offset coils were wound with the same
hollow wire as the ZS and MOT coils, to provide water cooling. They have an inner diameter
of 120.8mm, for two layers of five windings and a spacing of 107.8mm. Along the horizontal
axes, the offset coils were wound with a non-hollow wire, with a smaller profile of 2× 1mm,
due to the limited space available. They have an inner diameter of 118.5mm, for six layers
of ten windings per coil and a spacing of 278.3mm. Their mounts were designed to go
around the side CF63 viewports without blocking any optical access, while providing the
water cooling. They are made of brass, and include a 50 × 20mm channel for the water.
The four brass mounts were also connected in series for the water circuit, which turned out
to be a very effective way to cool the coils with a minimal usage of space.

Jump coils The jump coils were designed for fast changes in the magnetic field along the
vertical axis. It can be achieved by having coils with low inductance, and placing them close
to the atoms. In this case, it was natural to place them inwards of the MOT coils, close to
the re-entrant viewport’s window (see Fig. 3.7). At that position, using the hollow copper
wire, it was possible to design them to reach 11G at 15A with two layers of three windings.
The calculated inductance is then 0.19µH, yielding rise times of ≈ 60µs. However, at the
time of writing, these coils still have not been used (thus not characterised either) in the
experiment cycle.

3.2.3 Transport coils

As it has been explained in Sections 2.4 and 4.2, the Erbium atoms require the help of
magnetic levitation by a field gradient of 4.2G/cm to be transported from the MOT chamber
to the glass cell. In brief, this requirement appears because of a combination of factors: the
large mass of Erbium, and the limited laser intensity that can be reached in our transport
1D-lattice setup. The oblate traps formed by the lattice are strongly confining in the axial
direction, but weaker in the radial direction; too weak to hold the atoms against gravity.
To prevent the atoms from falling through the traps, we built a pair of coils designed to
counter the effect of gravity over the entire transport distance.

An important design choice was to make the transport’s magnetic levitation static. Al-
though several experiments have been usingmagnetic transport withmany pairs of coils [216],
our approach was to make the sequence as simple as possible. That was achieved by having
a pair of elongated “racetrack” coils and a single round “launch” coil, which are turned on
during transport to provide magnetic levitation, at a fixed current for the whole transport
duration. This configuration gets rid of the need for a complex timing sequence with many
different parts.

The coils are shown on Fig. 3.1, and typical fields are shown in Fig. 3.9. Due to the
limited space available around the chamber, the racetrack coils could not be elongated
arbitrarily, and some edge effects (side gradients, mostly) are to be expected at the Erbium
MOT and glass cell locations. For this reason, the “launch” coil was added on the Erbium
MOT chamber, to account for the side gradient imparted by the racetracks’ edge effect. On
the science chamber side, it was possible to extend the racetracks further and an additional
coil was not required.
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Figure 3.9 | Transport coils fields. Transporting Erbium atoms requires magnetic levitation at a non-
zero magnetic field to keep the atoms polarized. The field is generated by the racetrack and
launch coils (see text), and needs to be constant over the whole transport distance. The field
gradient (top row) has to be at 4.2G/cm for magnetic levitation. The absolute field (bottom
row) has to be away from any Feshbach resonance to avoid atom loss. Two examples
are given, at low field (left column) and high field (right column), where no Feshbach
resonance are in the vicinity. The effect of the launch coil at the MOT position (0 cm) can be
seen by comparing the field generated by all coils (dark blue) or by the racetracks alone
(light blue).

The racetracks were wound on a custom aluminum L-shape profile, and are fixed to the
middle and top layers breadboards with S-shaped aluminum plates. They were wound with
the same hollow wires as most other coils to provide water cooling. Their shape can be
described as a rectangle of 125× 775mm with a semicircle of 125mm diameter on each side
for their inner dimensions. Then, both coils were wound with six layers of five windings,
and mounted with a spacing of 210mm between them. The launch coil was wound directly
on the Erbium vacuum chamber with the non-hollow wire. It has an inner diameter of
72.8mm for five layers of twelve windings and stands under the racetracks’end, 15 cm away
from the atoms.

3.2.4 Science chamber coils

Our science chamber has its own layout for magnetic field control, shown in Fig. 3.10, which
is using the same typical ingredients as the MOT chambers. In total, five pairs of coils were
designed to go around the glass cell, all mounted wounded on a common aluminum mount,
itself fixed to a large stainless steel foot. This design allowed us to fully prepare the coils
on the mount, before sliding the whole setup around the glass cell and along its tube with
minimal danger for the cell. The different coils from this setup were intended to provide
three different functions, described below: Feshbach resonance, spin-separation, and field
offset.

Feshbach coils These coils were designed to generate a magnetic field high enough to reach
the Lithium Feshbach resonance at 830G, just like the MOT coils described above (see
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Figure 3.10 | Coils layout for the glass cell. The glass cell was equipped with five pairs of coils,
similarly to the MOT chamber. Three pairs of offset coils (red, green, blue) provide fine
control over the field’s magnitude and direction; one pair (orange) was designed to be in
Helmholtz configuration for the Lithium Feshbach resonance; the last pair (purple) was
designed to provide a strong gradient in the vertical direction. The latter was designed
to be able to spatially separate two spin states of Lithium atoms by applying a vertical
magnetic gradient, for a future spin-resolved imaging system.

Section 3.2.2). The major difference with the MOT coils is their shape and positioning. By
careful placement of the coils’ windings, it is possible to stay very close to a perfect Helmholtz
configuration, so that the generated magnetic field (or gradient) is highly homogeneous
at the atom position in the glass cell, as depicted in Fig. 3.11. For that purpose, the coils
have to maintain a “staircase” shape, so that each winding matches the Helmholtz condition
individually, as can be seen on Fig. 3.10.

Here, we decided to orientate the coils along the transport direction, instead of putting
their axis vertically. This configuration brings two big advantages. First, it gives the possibility
of using a side gradient in the magnetic field, to be able to evaporate Lithium atoms from
an oblate trap, or horizontal lattice plane. Second, it allows the coils to be on the small
end for their intended purpose: because they go around the cell, they can be placed very
close to each other, and the Helmholtz condition implies that their radius is small as well.
Having small Feshbach coils means that the electric current running through it is lower than
that of larger coils for the same magnetic field, and their inductance is lower as well. On
a pragmatic note, the lower electric current implies weaker Joule heating (and thus heat
removal), but also using a smaller power supply, which is a non-negligible argument for
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Figure 3.11 | Feshbach coils fields. All calculations are done for a current of 1A per coil. They
produce a gradient of 0.4G/cm/A in anti-Helmoltz (upper left) or a field of 2.06G/A in
Helmholtz (lower right) configuration. They provide a field (gradient) homogeneity of 0.01%
(2%) over the range of ±5mm in Helmholtz (anti-Helmholtz) configuration. The deviation
from the ideal Helmholtz coils’ dimensions for can be seen by the small stray field offset
(lower left) and gradient (upper right). Here, x-axis is horizontal, z-axis is vertical, and the
coils’ axis is along x.

high power. Of course, because every choice is a compromise, it comes at the price of a
slightly obstructed optical access around the glass cell. This issue was mitigated by having a
tapered end on the glass tube (see Fig. 3.5), which opens the optical access on the side of
the coils pair.

Just like most of our coils, the targeted high current requires strong cooling, so these
coils have been wound with our hollow copper wire (3× 4mm, with 2mm hole). They have
an inner diameter of 100.5mm, for a spacing of 50mm, and wound with six layers of 1, 2
or 3 windings depending on their distance to the center. This way, they can generate a
homogeneous field of 820G or a gradient of 160G/cm at 400A. However, running the coils
at this current still dissipates about 1.9 kW despite their small size.

Spin-separation coils These coils were designed to provide a strong magnetic field gradient
in the vertical direction, in order to spatially separate two hyperfine states of Lithium at the
end of an experiment. This is a very simple way to obtain a powerful tool: spin-resolved
imaging [93]. Combined with site-resolved imaging, this is currently the state-of-the-art
when it comes to quantum gas microscopy [32].

In our setup, these coils were a late addition to the whole layout, and had to be placed
either above and below the Feshbach and offset coils, or placed inside for a much reduced
size. We chose to place them inside, following the principle of smaller size for high-field coils,
despite losing optical access on the vertical facets of the glass cell. Their inner diameter was
fixed at 40mm to accommodate the high-NA objective, with a spacing of 34mm between
the coils. They were wound with four layers of two windings using the hollow copper wire.
With this shape, they can generate a gradient of 348G/cm at 400A, or eventually an offset of
550G at 400A if a strong field is required in the vertical direction. In that case, their small
size induces a Joule heating of 400W, much lower than their Feshbach counterpart.
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Figure 3.12 | Spin-separation coils fields. All calculations are done for a current of 1A per coil. They
produce a gradient of 0.87G/cm/A in anti-Helmoltz (upper left) or a field of 1.38G/A
in Helmholtz (lower right) configuration. They provide a field (gradient) homogeneity of
5% (2.3%) over the range of ±5mm in Helmholtz (anti-Helmholtz) configuration. The
deviation from the ideal Helmholtz coils’ dimensions for can be seen by the small stray field
offset (lower left) and gradient (upper right). Here, x-axis is horizontal, z-axis is vertical,
and the coils’ axis is along z.

Offset coils The offset coils were wound directly on the aluminum mount, with the goal of
not blocking optical access any more than the Feshbach coils already do. For that reason,
they were placed in the line of sight of the Feshbach coils, and in the dead angles of the
glass cell. These angles are the four wall connections at ±45 ◦, ±135 ◦ around the transport
axis. They can be considered dead angles simply because it is not possible to shine intense
laser light at these angle, otherwise it can permanently damage the bonding between the
glass cell walls and compromise the vacuum.

Following these considerations, the offset coils which are orthogonal to the transport axis
were designed to be rectangular and bent along the circle provided by the aluminum mount
(see Fig. 3.10). The offset coils which are coaxial with the transport are more traditional,
being simply round and wound around the Feshbach coils. All of them had to be wound
with the non-hollow wire due to the restricted space. The rectangular coils have inner
dimensions of 100 × 50mm with a spacing of 120mm, were wound with three layers of
three windings, and can generate an offset field of 6.3G at 15A. The round coils have an
inner diameter of 153mm with a spacing of 68mm, were wound with three layers of three
windings, and can generate an offset field of 16G at 15A.

3.3 Laser system

This section is dedicated to the different laser systems used in our experiment, with a
selection on the Erbium systems. The Lithium systems are not mentioned here, and the
reader is referred to the complementary thesis [109] for this aspect of our machine. The laser
cooling and trapping of Erbium requires widely different wavelengths, used for different
applications. First, the wide transition at 401mm is used for applications where a high
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scattering rate is important, such as Zeeman Slowing (ZS), Transversal Cooling (TC) and
imaging (IMG). Although commercial lasers at this wavelength are available, we derive this
laser light from a 802mm system, and frequency-double it. These systems are described in
Sections 3.3.2 and 3.3.3 respectively. Second, the transition at 583mm is used to magneto-
optically trap the slowed Erbium atoms. Its narrow linewidth makes it a suitable tool for
efficient laser cooling down to the microkelvin range, and the system generating this laser
light is presented in Section 3.3.4. Third, a setup dedicated to the production of 841mm
is described in Section 3.3.5. This laser light is a versatile tool, used to either address
the very narrow Erbium transition, or to optically trap Lithium atoms (see Section 2.4
and Chapter 5). The last laser systems presented here are the various 1064mm setups,
described in Section 3.3.6. This laser light is used exclusively as far off-resonant light, for
optical dipole traps and evaporation cooling. Finally, most of these lasers are locked to our
reference cavity which is shortly described first, in Section 3.3.1.

3.3.1 Reference cavity

Most of our laser systems, either Erbium or Lithium, are using a commercial Ultra Low
Expansion (ULE) cavity16 as a stable frequency reference. Its stability is inherent to the
ULE glass it is made from, and to its fabrication process. The base part is a large cylinder
(∅ = 10 cm) of ULE glass, wherein four bores are drilled to make the different reference
cavities used to lock our lasers. Each bore has a pair of mirrors bound to it via optical
contact; one is plane and the other is spherical, with a radius of curvature R = 10 cm. They
are separated by 10 cm; the corresponding Free spectral Range (FSR) is thus 1.5GHz and
their finesse is specified by the manufacturer to be between 5000 and 20000 depending on
the wavelength.

The cavity is isolated from the environment by placing it in a vacuum chamber, as shown
in Fig. 3.13. The isolation goes further with the help of two copper shields, a very efficient
design inspired from references [209, 217]. There, the cavity is only lying on two rests
made of Peek plastic, with Viton rubber for a soft contact and isolation from vibrations. Both
materials were chosen for their reasonable mechanical and vacuum (outgassing) properties.
The thermal contact between the copper shields is assured by a single copper rod, and
the contact between the outer copper shield and the aluminum external housing is made
by a single Peltier element. Without these contact points, the temperature would not be
fully under control, and especially the inner copper shield would simply follow the average
temperature there, potentially leading to fluctuations. Instead, the temperature is enforced17
via the Peltier element, the outer copper shield thermalizes to the imposed temperature,
and the inner shield follows via the contact point. In the end, the ULE glass is maintained
at the desired temperature exclusively via radiation from the inner copper shield. This way,
any undesired effects, such as temperature gradients or air movement leading to changes
in refractive index, are strongly suppressed. The last isolation step was to place the whole
vacuum chamber (and the surrounding optics) on a vibration isolation stage.

16Stable Laser Systems, SLS-6010-1-4bore
17Controller: Meerstetter TEC-1092



Chapter 3 Experimental apparatus 49

Copper
shields 

Vacuum
chamber 

ULE cavity

Viton rods

PEEK rests

Mirrors

CF63
Viewport

Peltier
element

Figure 3.13 | ULE cavity design. The ULE cavity has four bores to lock multiple lasers at once. It
is enclosed in a vacuum chamber, and further isolated with two copper shields. The
temperature control is done with a Peltier element, which is the only contact point between
the copper shield and the vacuum chamber. The whole vacuum chamber is resting on a
vibration isolation stage.

Because the vacuum requirements are not very demanding, a pressure of 6 ·10−8mbarwas
reached with a small ion pump18. The zero-expansion point, i.e. the temperature at which
the thermal expansion of the ULE glass is minimal, was measured at 35.0 ◦C [109]. The
finesse was measured for different wavelengths, typically when locking the lasers in question
to the cavity. The different measurements show a finesse F770 ≈ 10000 for 770 nm [218],
F841 ≈ 15000 for 841 nm [190], and F1166 ≈ 13000 for 1166 nm [219].

3.3.2 802nm

The root of our red (and hence blue) setup is a single-mode laser diode used in a home-
built external cavity diode laser (ECDL). The diode is locked to our ULE by a Pound-
Drever-Hall (PDH) scheme [220, 221], and its emitted light is amplified by several tapered
amplifiers (TA) before a frequency-doubling step. A summary of the frequency scheme for
the 802 nm/401 nm setup is shown in Fig. 3.14, and a simplified schematic of the setup is
shown in Fig. 3.15. Before going in the details, it is interesting to note that the following
laser setup was designed to have most of the frequency shifts done on the laser light at
802 nm instead of 401 nm, for two reasons. First, the optical elements are all performing
better at this wavelength: both the coatings and the materials are easier to manufacture,
and undesired effects are less visible. Second, all frequency shifts done on the red light
are doubled when converting to blue light, effectively reducing the required number of

18Gamma Vacuum, Titan 3S
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Figure 3.14 | Frequency scheme. The master laser is locked to the ULE at −319MHz from the
atomic resonance after conversion to blue light. The 802 nm (401 nm) laser frequencies
are shifted via double (single) pass AOMs to reach the targeted values. The ZS beam is
shifted to larger detuning, while the AZS and IMG beams are shifted closer to resonance.
The frequency at −50MHz was added over the course of the thesis to include the AZS,
and was possible to add by modifying the laser’s locking point and the AOMs’ frequencies
only.

frequency-shifting components. Finally, the four TAs in this setup were put in their own
local interlock. Their temperature and seed power are continuously monitored; if one of
them goes beyond a set threshold, it immediately turns off all the TAs, without triggering
anything else.

The laser diode19 is used at a current of 135mA and temperature20 of 18.4 ◦C for an
output of 36mW, and is protected from back-reflected light by an optical isolator21. The
light goes through a first TA22 (TA1) to generate enough power to seed the next amplifiers.
It is used at a current of 1.2A for an input/output of 28/375mW, and is also protected
by an optical isolator21. The laser beam is then coupled to an optical fiber23, used here
mainly for maintenance purposes: it splits the setup in two compartments, making any part
replacement and laser realignment easier. After the optical fiber, the path is split in two
for the different frequencies used in the experiment. One path goes to the Zeeman slower
(ZS) and needs to be further red-detuned, while the other path is used for angled Zeeman
slowing (AZS) and imaging (IMG), thus closer to resonance.

19Eagleyard EYP-RWE-0810-03010-1300-SOT02-0000
20Meerstetter TEC-1091
21LD, TA2: Qioptiq Linos FI-810-5TVC, TA1, TA3: Thorlabs IO-3-780-HP, TA4: Thorlabs IOT-5-780-VLP
22TA1, TA2, TA4: Eagleyard EYP-TPA-0795-02000-4006-CMT04-0000, TA3: Coherent TA-795-3000
23OZ Optics, PMJ-3A3A-633-4/125



Chapter 3 Experimental apparatus 51

TA1 TA3

TA2

TA4

20 MHz

WM

ULE

SHG2

68 MHz

79 MHz

SHG1
mirror
sampler

PBS
lens

AOM
PD

fiber

λ/4

shutter

EOM

Figure 3.15 | 802nm setup. The laser source is a home-built ECDL, which is split along two paths.
Several stages of amplification with TAs were necessary to reach high enough power and
generate blue light with doubling cavities. The AOMs are used for frequency control of the
generated blue light.

ZS path On this path, the light goes through a TA22 (TA3) to be amplified from 45mW to
1W by running the chip at 1.8A. The amplified light is coupled to a high-power fiber24,
before going through an optical isolator21 and a double-pass Acousto-Optic Modulator
(DPAOM)25. The AOM imparts its frequency shift of −79MHz two times by going double-
pass, for a total of −158MHz, doubled to −316MHz when converted to blue light. With the
additional red-detuning of the laser diode, locked away from the atomic resonance, the final
blue beam reaches a total detuning of −638MHz, as required for the ZS (see Sections 3.2.1
and 4.1.1). The laser beam then goes through a second high-power fiber, before reaching
its frequency-doubling cavity (SHG1). There, the delivered power is 370mW in front of the
fiber, and 220mW in front of the cavity.

AZS and IMG path On this path, the light follows the same first steps: it goes through
a TA22 (TA2) to be amplified from 45mW to 400mW by running the chip at 1.95A, goes
through an isolator21, is coupled to a high-power optical fiber, and goes through a DPAOM.
The AOM is used in the other frequency shift direction at +68MHz, for a total of 136MHz
doubled to 272MHz when converted to blue light. Again, when accounting for the laser
diode locking point, the resulting detuning of the converted blue beam is −50MHz, as
required for the AZS (see Section 4.1.1). However, due to higher power needs, one last TA22

(TA4) was placed before the high-power fiber going to the second frequency-doubling cavity
(SHG2). With this additional TA, the light is amplified from 45mW to 1.9W by running the
chip at 2.6A. It yields a laser power of 1.2W in front of the fiber, and 520mW in front of
the cavity.

24Schäfter & Kirchhoff, PMC-E-780-5.3-NA012
25Gooch & Housego, GH 3080-125, VCO controlled: ZOS-100+
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Figure 3.16 | 802nm lock. The laser light is modulated with a fiber EOM to impart two sets of sidebands.
The DDS generates the tuning sidebands used to tune the laser, and the signal generator
adds the locking sidebands used for the PDH lock (see text). The feedback is done via an
in-house PID box and a fast analog regulator (FALC).

Laser lock The laser diode is locked to our ULE cavity with a PDH scheme, where the
complete electronics setup26 is shown on Fig. 3.16. The light is taken after the first fiber,
before going through TA2. A sampler was placed to extract a small amount of light, which
is sent to our wavemeter27 and to our ULE cavity through a fiber EOM28. The fiber EOM
is a phase modulator used to impart two series of sidebands on the laser light: the tuning
sidebands from the DDS, and the locking sidebands from a signal generator. This way, it
becomes possible to tune the laser by locking it to the ULE not on its carrier wave, but on
one of the tuning sidebands. Then, the tuning sideband is maintained resonant with the
cavity and keeps its fixed frequency, while changing the DDS modulation frequency will
change the frequency of the carrier wave instead. The locking sidebands are the ones used
for the PDH technique, to derive the error signal and be able to lock onto one of the tuning
sideband. Finally, the feedback to the laser is divided in two loops: a slow and a fast loop.
The slow loop uses our in-house PID lockbox and acts on the laser piezo. The fast loop uses
a commercial regulator29 and acts on the laser current.

In our setup, approximately 350µW of 802 nm light reach the ULE cavity, and a coupling
of 50% to the cavity was achieved. The DDS signal can be tuned from 0 to 400MHz and
is frequency-doubled, thus producing tuning sidebands over a range of 1.6GHz, slightly
more than the cavity’s free spectral range (FSR) of 1.5GHz. The signal generator is used to
produce the locking sidebands at 10MHz for the PDH error signal.

26DDS branch: Trafo: FTB-1-1*-A15+, Amplifier: ZFL-500HLN, Doubler: MK-2, Filter: SLP-850+, Amplifier:
ZFL-1000H+, Combiner: ZFSC-2-5-S+, Generator: Rigol DG1022SZ.
Photodiode branch: Amplifier: ZFL-500LN+, Mixer: ZFM-3-S+

27High Finesse, WS6-200
28Jenoptik, PM830
29Toptica FALC 110
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Figure 3.17 | 401nm setup. The blue light (401 nm) is generated by frequency-doubling of the red light
(802 nm) in SHG cavities. The system has the two paths for different target frequencies:
the ZS path (a) and the AZS/IMG path (b). The SHG1 (ZS path) generates 15mW of blue
light to seed a slave diode on the main table via injection lock. The slave diode amplifies
the seed light to 150mW for Zeeman slowing. The SHG2 (AZS/IMG path) generates
100mW of blue light and is enough to be used directly for angled slowing and imaging.

3.3.3 401nm

The 401 nm light is derived from the 802 nm setup presented above, and addresses the
Erbium wide transition between the 3H6 ground state and the 1P1 401 nm-excited state
(see Section 2.4). It is used for three different applications where a high scattering rate
is needed: Zeeman slowing (ZS), angled Zeeman slowing (AZS), and imaging (IMG). A
simplified scheme of the system is shown in Fig. 3.17, and the important subsystems are
described below.

Doubling cavities The 401 nm laser setup revolves around our two doubling cavities. They
were built in-house, although their design was developed at the Max Planck Institute in
Garching [222–224]. Many technical details from our setup can be found in previous
theses from our group [190, 225], and only the main characteristics are presented here.
In brief, the doubling cavities rely on second-harmonic generation (SHG) of light [226]
by a non-linear Beta-Barium Borate (BBO) crystal30. Because non-linear optical processes
generally require large intensities, the crystal has to be placed in an enhancement cavity.

The cavities’ design is shown in Fig. 3.18, where one can see the different components.
They are bow-tie cavities, placed in an outer chamber which can be evacuated through
its vacuum port if a gain in stability is needed. The outer chamber also has four electrical
feedthroughs, to be able to use electronic components even with vacuum inside. The
different cavity’s components are screwed to a 4 cm thick aluminum inner cavity board that
lies on three magnetic seats31, themselves fixed to the chamber. These magnetic seats are

30GWU Lasertechnik / Castech, BBO with Brewster cut
31Thorlabs KBS98
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Figure 3.18 | Doubling cavity design. The SHG cavities generate blue light with a BBO crystal placed
in a bow-tie enhancement cavity. The outer chamber (light grey) can be evacuated for
better stability. The optics components are all screwed to a separate board (dark grey)
which lies on magnetic seats. The crystal is placed in a copper mount (orange) and aligned
with a 5-axis stage (light blue). The cavity length is adjusted with two piezos (red) and the
light is focused through the crystal by two curved mirrors.

there to prevent mechanical stress and optical misalignment in case of an eventual cavity
evacuation.

The crystal itself is mounted in a copper enclosure and encapsulated in indium foil, for
better thermal contact and lower mechanical stress when put in the enclosure. It needs to be
kept at high temperature (here maintained at 80 ◦C), especially if the cavity is not evacuated
or flooded with a specific gas (usually inert gases such as Argon), to avoid a deterioration of
its surfaces from the surrounding moisture. The temperature is stabilized by a combination
of an electric heater, an NTC thermistor and a PID regulator32. The entire copper mount
is isolated from its 5-axes stage33 by a spacer made of Vespel, a plastic interesting for its
thermal stability and low out-gassing properties. The 5-axes stage is necessary for the
precise alignment of the crystal to the laser cavity, and offers three translation axes and
two rotation axes, which are accessible from the outside of the chamber as long as it is not
evacuated.

32Heater: Thorlabs HT15W, Thermistor: EPCOS B57861S, PID: in-house
33Newport 9081-M
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The mirrors are placed in bow-tie configuration using stainless steel mounts34, with the
crystal sitting at the center of the cavity’s long arm. Among the four mirrors, three are
12.7mm in diameter and 6mm thickness, and one is smaller at 6.35mm in diameter. Two of
them, on each side of the long arm, are curved to focus the laser beam through the crystal
down to a waist of approximately 50µm, in order to increase the SHG conversion efficiency.
The incoupling mirror is the larger flat mirror, coated for a nominal reflectivity of 98.8%
at 802 nm. All other mirrors have a high-reflectivity coating, with a given reflectivity of at
least 99.95% at 802 nm. Finally, the outcoupling mirror has an additional high-transmission
coating of 99% at 401 nm on both sides.

For the ZS path, the SHG1 cavity has an input of 220mW of 802 nm light and generates
up to 12mW of 401 nm light. This was obtained for a cavity coupling of 50%, yielding a
conversion efficiency of approximately 10% [225]. On the AZS path, the SHG2 cavity has
an input of 520mW of 802 nm light and generates up to 100mW of 401 nm light. There,
the coupling to the cavity is much higher, at 80%, yielding a conversion efficiency of
approximately 25% [190]. Finally, the SHG2 cavity has been measured to have a finesse
of 300. Combined with a calculated FSR of 928MHz, it yields a resonance linewidth of
3.1MHz; already narrower than the atomic transition’s linewidth of 30MHz. As such, the
exact linewidth of the laser itself was not measured.

Cavity lock A reliable SHG output can only be obtained if the cavity is locked to the
incoming laser light, to maintain a resonance between them and thus reach high enough
intensities. In this design, it is done by adjusting the cavity length with two piezoelectric
actuators. A large piezo35 is used for the slow feedback, to follow large drifts of several
microns, usually over long time scales. A smaller piezo35 is used for the fast feedback,
providing quick adjustments to the cavity length. For this piezo, it is important to minimize
its mechanical load to increase the feedback bandwidth. For that reason, both the piezo and
the driven mirror are smaller than the others, with 6.35mm in diameter and 2mm thickness.
The mirror is glued on the piezo, and the piezo is glued to a conical copper mount filled
with lead to dampen its vibrational resonances [227].

The feedback itself is derived from a digital, FPGA-based device36 (Red Pitaya) instead of
the usual analog circuits. The Red Pitaya has two analog inputs and outputs, each used here
in their respective feedback loops with the large and small piezos. This setup offers a few
advantages compared to our standard PID lockboxes. First, it has the ability to automatically
relock the cavity. The intra-cavity power can be monitored by measuring the output power
of 802 nm light. When this power falls below a user-given threshold, the Red Pitaya disables
the lock and starts scanning the piezos with increasing amplitude, from the parameters
were the lock was lost. Whenever the emitted light’s power goes above the threshold, the
regulating loops starts again and the cavity is relocked. Another advantage is convenience.
The Red Pitaya offers independent control on the two regulating loops, whether they work
separately or together. The PID parameters are also easily modified, saved or reloaded to
the user’s convenience, and the target point can also be tuned to account for residual offsets

34Thorlabs Polaris-K05S2
35Large piezo: Thorlabs PK44M3B8P2, Small piezo: Thorlabs PA44RKW
36Red Pitaya STEMLab 125-14, firmware and interface from Fabian Schmid: https://github.com/schmidf/

rp-lockbox

https://github.com/schmidf/rp-lockbox
https://github.com/schmidf/rp-lockbox
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in the PDH signal. However, such a system is limited to a lower bandwidth than that of the
analog regulators, and can only be used for this situation in our experiment.

Injection lock The ZS beam requires a large amount of power to ensure a high enough
saturation parameter for the atoms to be slowed down. This is done by using a slave diode
laser37 on our main experiment table, which acts as an amplification stage before shining
the light on the atoms. The principle of injection lock is that the slave diode laser will emit
light on the same mode as the seed light, provided that the latter has enough power and
coupling to the internal cavity of the slave laser to enforce stimulated emission on that
mode [228]. The slave diode is protected from unwanted back-reflections by an optical
isolator38, which is also used to send the seed light towards the slave via its side port (see
Fig. 3.17). The crucial point here was to exploit the small amount of slave light filtered out
by the optical isolator. This weak beam is reflected out through the same side port that is
used for the seed, and coupling this beam to the high power fiber ensures that the seed is
coupled to the slave laser. By symmetry, the coupling efficiency of the weak slave beam to
the high-power fiber is exactly the same as the coupling efficiency of the seed beam to the
slave’s internal cavity. However, having a reliable injection lock is not trivial and requires
an Arduino to relock the laser before every experimental cycle. The universal technique
developed for our injection locks, currently used in both Er and Li laser systems, is explained
in details in the associated publication [229] and in the companion thesis [109] of this
work.

In our setup, 4.5mW of seed light reach the main table, and 2.2mW reach the slave
diode. The slave diode back-coupling to the fiber is approximately 20%, indicating that
around 440µW mW of seed light is coupled to the slave diode. This amount of seed power
is enough to lock the slave on the desired mode and obtain 160mW for the ZS beam at the
vacuum viewport.

Imaging distribution Absorption imaging can be done in the Erbium chamber and in the
glass cell. Both locations have two imaging directions, and the light is delivered by four
different optical fibers39. The imaging beam comes from the SHG2 cavity (see Fig. 3.17),
and is distributed into the four fibers in a separate optical setup (see Fig. 3.19). There,
we use two AOMs40 in single pass to bridge the remaining −50MHz of detuning from the
401 nm transition. Although their center frequencies are 110MHz and 80MHz respectively,
they are used at +123MHz and −67MHz. The 6MHz difference (between the −50MHz
gap and the 60MHz AOM shift) can be explained by several reasons. First, the limited
bandwidth of the AOMs did not allow for further detuning without significant power loss.
Second, the absorption imaging is usually done at a non-zero magnetic field (usually 6G in
the chamber and 5G in the cell), which shifts the resonance by approximately 1MHz/G.
Finally, any frequency shift on the imaging beam has to be done with the double-pass AOM in
the 802 nm setup, otherwise the single-pass AOMs in this distribution setup would misalign
the beam from the optical fiber and no imaging would be possible. This AOM’s frequency

37Nichia NDV4B16
38Thorlabs IO-3D-405-PBS
39OZ Optics, QPMJ-3A3A-400-3/125
40Gooch & Housego I-M110-3C10BB-3-GH27 and 3080-125
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Figure 3.19 | Imaging distribution setup. The light from SHG2 cavity is distributed through four fibers,
which deliver the light to the main experiment. The AOMs are used in single pass to bring
the light in resonance with the 401 nm transition, and act as fast shutters. Every fiber
has an additional mechanical shutter. The frequency can be tuned via the DPAOM in the
802 nm setup.

is ramped between its best loading value for AZS and its best imaging value during our
experiment cycles.

On the main experiment table, we can use the imaging in four different configurations.
In the Erbium chamber, the images can be taken in the horizontal direction through the
CF63 viewports, or in the vertical direction through the re-entrant viewports. In both cases,
a magnification of 0.5 was chosen for a large field of view and the possibility to image long
time-of-flights. For the glass cell, the absorption imaging can either be done from the side of
the cell, close to the tapered end of the glass tube, or orthogonally to its side walls, through
a cut lens.

3.3.4 583nm

The 583 nm light, used to operate the MOT on the Erbium narrow transition between the
3H6 ground state and the 3P1 excited state (see Section 2.4), is generated by a commercial
laser41 based on VCSEL technology and SHG cavity to produce yellow light. The optical
setup, shown in Fig. 3.20, is straightforward and does not need many components. The
yellow beam is simply sent through a DPAOM42, before being split in four different fibers43.
Three of these fibers are used for the MOT, and the last one is used as a spare. This
additional fiber proved very useful for temporary tasks, such as spectroscopy measurements
or aligning the objective. A late addition to the setup, not shown on the figure, was to
include intensity control on the vertical MOT beam, to reduce the jittering of the MOT due
to power fluctuations when compressed. This control loop was implemented by measuring
the laser power leaking through a mirror on the experiment table, and the feedback is done
on the AOM.

41Vexlum Valo SHG SF
42Gooch & Housego 3100-125
43OZ Optics, QPMJ-3A3A-488-3.5/125
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Figure 3.20 | 583nm setup. The yellow light source is a commercial VCSEL laser, pumped by a
1166 nm and frequency-doubled to 583 nm in its internal SHG cavity. The light in distributed
in three fibers for the MOT beams, and is tuned via a DPAOM. This AOM is additionally
modulated to broaden the beam’s spectrum for the MOT loading phase. The lock is done
via the 1166 nm fundamental light and requires a transfer cavity (see text).

Laser lock Although the optical setup is rather simple, locking the laser proved to be much
more difficult, and is documented in detail in a previous thesis from our group [219]. The
locking scheme is represented in detail in Fig. 3.21, and uses the 1166 nm fundamental
light. Here, it was necessary to use a Fabry-Perot (FP) cavity in addition to our ULE cavity, to
“pre-stabilize” the laser. Without this cavity, we could see acoustics- and vibrations-induced
frequency jumps over a range of 1MHz for measurement times of 500ms, which resulted in
average locking times to the ULE of 250µs. These frequency jumps could not be compensated
by feedback to the laser piezo, which was limited to ∼ 10 kHz, and the laser was jumping
out of the ULE locking range. The purpose of the FP cavity was to provide a much larger
locking range thanks to a low finesse and a side-of-fringe (SOF) lock. Once the laser locked
to this cavity, it becomes possible to use the ULE cavity as a stable frequency reference, and
lock the FP cavity to it. This way, the feedback loop goes from the ULE cavity to the FP
cavity, and then to the laser.

In our setup, the FP cavity is built with two curved mirrors of 10 cm radius, distanced by
10 cm, to be in confocal configuration. One of the mirrors is mounted on a piezo44 with a
large stroke of 15µm to adjust the cavity length. With these parameters, the cavity has an
FSR of 1.5GHz, and its finesse was measured at 18. Since the laser is locked to this cavity
by SOF technique, it is possible to use the transmission signal directly as an error signal
simply by applying an offset to it. It means that the low finesse directly translates into
the locking range, which is here on the order of 50MHz. Two more details are important
for this lock. First, the laser power used for the SOF lock has to stay low, otherwise the
FP cavity drifts beyond its piezo’s regulating capabilities because of thermal effects due to
intra-cavity optical power. For that reason, only 5µW of 1166 nm light reach the FP cavity.
Second, the FP cavity was installed in a wooden box with acoustic isolation, and suspended
mid-air above the optical table with a spring. Doing so improved the lock stability further
by protecting it from most acoustic or mechanical noise.

44Thorlabs, PK44M3B8P2
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Figure 3.21 | 1166/583nm lock. The yellow laser is locked via its 1166 nm fundamental light. The
feedback loop has an additional FP cavity to pre-stabilize the laser. The laser is locked to
the FP cavity with SOF, and the FP cavity is locked to the ULE cavity with PDH.
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Figure 3.22 | 583nm broadening. The yellow light is broadened by modulating the DPAOM for the
MOT loading phase, so that the additional sidebands increase the MOT capture velocity
and make it closer to a wide-MOT behaviour. The DDS provides the carrier wave used for
the AOM, and the signal generator is used for the sidebands. The broadening is turned off
with the ADwin and the second mixer during the compression ramp for a smooth transition
to single-frequency narrow-line MOT.

The ULE cavity setup is similar to the 802 nm one. The laser light is sent through a fiber
EOM45 and 100µW reach the ULE cavity for PDH lock. A coupling of 18% was achieved,
and the cavity finesse was measured to be 13000. The difference here is that the PDH error
signal is sent to the FP cavity and not the laser. This way, an error signal coming from the
ULE is compensated for by the FP cavity piezo, and the laser follows.

Laser linewidth An important consideration for this laser is its linewidth. Because it is
used for a narrow-line MOT, it is important that the laser linewidth is smaller than the
atomic transition linewidth of 200 kHz to reach the Doppler temperature. This measurement
can only be done with either a laser linewidth analyzer, or with a self-heterodyne mea-
surement [230]. However, a pessimistic (upper-bound) estimate can be done via the ULE
45Jenoptik, PM1170
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Figure 3.23 | 841nm setup. The light source is a commercial TiSa laser, locked to our ULE via PDH
and distributed in three high-power fibers.

transmission signal [219]. The upper bound was determined to be a linewidth of 50 kHz,
which is already good enough for MOT operation, thus the exact measurement was not
done.

Although the laser linewidth has to be smaller than 200 kHz, loading the MOT this way
would be very inefficient due to its narrow-line nature (see Section 4.1.2). Our approach
for spectral broadening was to modulate the DPAOM with a signal generator46 as shown
on Fig. 3.22, which can be programmed via a Python interface. Here, one could expect
to find an optimum for sidebands at multiples of the atomic transition linewidth, but our
measurements indicated an optimized MOT loading for sidebands of 700 kHz and 1.6MHz.
This was attributed to power broadening due the large saturation parameter in the MOT
beams, as well as harmonics of the sidebands due to the signal’s strength from the generator.
During an experiment cycle, the MOT broadening is ramped down at the start of the MOT
compression, so that a smooth transition to single-frequency narrow-line MOT can be
achieved (see Section 4.1.2).

3.3.5 841nm

The 841 nm light can be used for two applications: for a narrow-line MOT of Erbium, or as
a Lithium trap on the tune-out wavelength of Erbium (see Section 2.4 and Chapter 5). The
narrow-line MOT can be done by addressing the 8 kHz-wide Erbium transition, which has a
very low Doppler temperature of 190 nK. Such a MOT has been demonstrated recently [189],
and shows very good properties for fast and efficient laser cooling. However, after attempting
to use it in our experiment [190], its usefulness was not considered good enough and this
red MOT was removed from the apparatus. On the other hand, the tune-out trapping is a
central feature of our experiment, and this laser system is designed to provide the trapping
beams used in the science chamber.

46Rigol DG1022SZ
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The laser source is a commercial laser, with a Titanium:Sapphire (TiSa) crystal placed
in a ring cavity and pumped by a 532 nm green laser47. This laser can output up to 7W at
the desired wavelength, which is enough for optical trapping of a cold Lithium cloud. The
optical setup, presented in Fig. 3.23, is straightforward and simply consists in splitting the
produced beam in two main paths, to go into five different fibers. The first path, at low
power, is used for locking and monitoring. A small amount of light is picked out of the main
line and is coupled to two optical fibers, to go to our wavemeter or to the ULE cavity. The
second path, or main line, is where the high power beam is coupled to three high power
fibers48. For each of the three directions, the laser beam is tuned and intensity-controlled
by their respective DPAOM49. One direction is used for the tune-out trap, and the remaining
two are prepared for a future lattice in the science chamber.

Laser lock Like most our laser systems, this laser is locked to our ULE cavity by PDH
technique. However, the electronics used for the feedback are also commercial and were
delivered with the laser. There, a low power of 200µW combined with a coupling of 80%
to the ULE cavity showed very good locking behaviour. It was also interesting to use a
linewidth analyzer50 to reduce the laser linewidth for MOT operation. By adjusting the
locking parameters, it was possible to bring it down to 10 kHz.

3.3.6 1064nm

Seed laser

Several of our high power lasers, emitting light at 1064 nm for off-resonant traps, are
amplifiers (called here “ALS lasers”) and require a seed to function. The seed laser has to be
stable, both in power and frequency, and fiber-coupled to each ALS laser. A reliable solution
is to use a commercial laser51 (“Mephisto”), known for its stability and capable of delivering
2W of laser power. The distribution setup is shown in Fig. 3.24. The seed laser is used in
four different applications: as a seed for three different lasers, and as a source for a future
setup with a Digital Micromirror Device (DMD).

The setup presented here is straightforward: the seed laser is protected by an optical
isolator52 and fiber-coupled to all lasers for the next amplification stage (ALS1, ALS2, ALS3).
A key point here is the presence of two double-pass AOMs, used in series, towards the laser
ALS1. This laser is used in our transport setup (see Sections 3.3.6 and 4.2), where atoms are
being moved from their MOT chamber to the glass cell by a running lattice. This lattice is
created by the overlap of the ALS1 and ALS2 lasers, and translated by shifting the frequency
of ALS1. The frequency shift is done by the two double-pass AOMs53, designed specifically
for low thermal drifts.

47TiSa: Sirah Matisse CR, Pump: Sirah Millennia eV
48Schäfter & Kirchhoff, PMC-780-3-18E-1000
49Tune-out: Gooch & Housego 3100-125, Lattice1: G&H 3080-125, Lattice2: G&H 3080-122
50High Finesse LWA-1k
51Coherent, Mephisto 2000
52IPOptica, HPKT 1064nm
53Gooch & Housego, 3110-197
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Figure 3.24 | 1064nm setup for the seed laser. The seed is distributed to the high-power lasers by
optical fibers. The AOMs are used to shift a transport laser’s frequency. The photodiode is
used as a monitor for the laser output power.

It was critical for this setup to reduce the phase noise of the lattice as much as possible.
Here, the problem was addressed in two places: the two lasers share the same seed to
prevent relative frequency drifts, and the RF sources driving the AOMs need to have a
linewidth narrow enough to prevent heating. The RF sources used for the AOMs went under
several rounds of optimization, based on the lifetime on Li atoms trapped in the standing
lattice. The source was changed from our in-house DDS with its 10MHz internal clock, to the
DDS with an external 1GHz clock54, to a VCO55 phase-locked to the DDS, to finally a direct
control from a commercial (“Wieserlabs”) DDS56. In the final configuration, the RF signal
was measured with a linewidth of ∼ 10 kHz, and resulted in an increase of Li lifetime from
100ms to 2 s. More precisely, the AOMs are driven by a VCO57 by default, and an RF-switch58
is used to change to the Wieserlabs DDS for every experimental sequence. The goal is to
protect the ALS lasers, by making sure that the frequency-control AOMs are always turned
on, and that the seed is always fiber-coupled towards the lasers. For this specific reason,
using our in-house DDS was never attempted because its output is momentarily turned
off when it is being programmed. Here, the ALS lasers are all seeded by approximately
100mW, providing a comfortable overhead from the minimum 15mW necessary for safe
operation. This overhead also allows one to tune the AOMs without worrying about the
reduction in seed power coming from the lower AOM diffraction efficiency.

Erbium and Cell dipole traps

The setup presented in Fig. 3.25 is an exception compared to the other setups shown in this
chapter, because it does not correspond to the current setup in the experiment at the time
of writing. Instead, this setup was used for the measurements of the tune-out wavelength of
Erbium presented in Chapter 5, and was modified soon after. The current version of this
laser system is detailed in the companion thesis [109] of this work.

54Crystek Microwave, CRBSC-01
55Minicircuits, ZOS-150+
56Wieserlabs, WL-FlexDDS-NG
57Minicircuits, ZOS-150+
58Minicircuits, ZASWA-2-50DRA+
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beams of waist w = 34 × 588µm. The two beams are frequency-shifted in opposite
directions by their respective AOM and use orthogonal polarizations.

Here, the laser source is a single-mode fiber laser59 (“ALS laser”) that amplifies the seeding
light from the Mephisto. This laser was shared between two Optical Dipole Traps (ODTs),
one in the Erbium chamber and the other in the glass cell. Because it was used for ODTs, the
light is very far off-resonant from any transition for either Erbium or Lithium, and thus does
not require frequency lock. However, the beam intensity needs precise control to prevent
heating from intensity noise, and to be able to ramp down the power for evaporation. The
intensity control was performed for each beam separately, via a shear-mode AOM59 and a
photodiode which is illuminated by the leakage of a mirror in the optical path to the atoms.

To distribute the light between different applications, it is possible to use several AOMs
placed in series. In this approach, one can use the diffracted light from an AOM for one
application, while the non-diffracted light goes on to the next AOMs. A limitation of this
approach is the synchronicity: it is possible to use all the optical power only for one trap at
a time. It is also possible to use the AOMs simultaneously, but in that case the total optical
power has to be distributed among the different traps, and might result in an additional
intensity noise due to the cross-talk between the intensity regulation loops.

In our setup, the Erbium ODT is derived from the first AOM, where the beam comes from
the first diffraction order. There, the optical path is straightforward, as it only requires
minor beam shaping to get a waist of 85µm. The setup for the Cell ODT is more complex, as
it requires two beams with intensity control and a very elliptical shape (see Chapter 5). The
two beams are derived from the first AOM’s non-diffracted light, and go through identical
optical setups, starting with an AOM and followed by three telescopes. The two AOMs were
used in opposite diffraction orders (±1st) and with orthogonal polarizations to prevent
interferences in the trap. Then, a 1:2 spherical telescope contracts the beams and two
1:5 cylindrical telescopes enlarge the horizontal waists, to obtain two beams of waists
w = 34× 588µm.

59Seed: Coherent, Mephisto 2000, Amplifier: ALS-IR-1064-50-A-SF, AOM: Gooch & Housego, 3080-1990
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Figure 3.26 | 1064nm setup for transport. The two transport lasers’output beam are overlapped
over the entire vacuum setup to make a 1D lattice. The lattice is moved by ramping the
frequency of ALS1.

The alignment of the beams is done with the two high-precision motorized mirror
mounts60. These mounts are controlled by piezo actuators in closed feedback loop for
active stabilization and control, with an angular resolution of 20 nrad. They were placed in
the setup not only for convenience and precise alignment, but also to be able to move the trap
during a sequence if needed. This movement opens several possibilities for our sequence, of
which two are of particular interest. First, it can be used to prevent spatial separation of the
Erbium and Lithium clouds when the gravitational sag becomes non-negligible. This can be
achieved when the Lithium-specific trap, operating on the Erbium tune-out wavelength, is
used in the experiment. Second, it can be used to lift the trap above the transport beams, if
one needs to bring the atomic species in the glass cell sequentially. For example, the Lithium
cloud can be transported to the glass cell, transferred in the trap, and moved upwards.
Then, the Erbium cloud can be transported there as well, and the trap moved downwards to
overlap the two species. Both situations have been tested and demonstrated to work during
test measurements in our experiment.

Transport

The laser setup for the transport of atoms, visible in Fig. 3.26, was made by using two more
ALS lasers61. Their output beams are overlapped across the vacuum system to form a 1D
lattice. In the experiment, the atoms are loaded into the standing wave in their respective
MOT chambers. Then, the frequency of one laser, here ALS1, is ramped to turn the lattice
into a running wave, thus carrying the atoms to the desired position.

The laser ALS1, outputting up to 50W, is placed on the glass cell side. The laser ALS2,
outputting up to 100W, is placed on the Lithium chamber side. Their optical path is
identical, and boils down to beam shaping and intensity control. The AOMs used here62 are
the same as the other 1064 nm systems, designed for thermal stability, and used exclusively

60PI GmbH, S-330.2SH
61ALS1: ALS-IR-1064-50-A-CC-SF, ALS2: ALS-1064-130-E-CC-SF-ANRS
62Gooch & Housego, 3080-1990
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a) b)

Figure 3.27 | High-power pinhole and motorized mirror. a) The pinholes are made of copper,
watercooled and used as additional protection for the isolator and the lasers themselves.
The red glow is the laser beam seen by the camera, hitting the copper part. The water
is brought by the tubes visible on the left. b) The mirror mount in motorized by the two
servomotors fixed to the aluminum block. The servomotors’ rotation is transferred to the
screws’ axes by the rod and clamp. It is screwed to a standard Thorlabs mount and has a
minimal footprint.

for intensity control. The frequency ramp of ALS1 cannot be done here without losing the
beam alignment, and occurs in the seed laser setup instead (see Fig. 3.24). An important
detail is the position of each focus. As explained in Section 4.2, the optimal way to transport
the atoms with such a lattice was by displacing the foci: they are neither at the center of
the transport area (i.e. the Erbium MOT), nor at the transport extremities (i.e. the Lithium
MOT and glass cell). Instead, each beam is focused 15 cm away from their closest transport
boundary, towards the transport center. That is, ALS1 is focused 15 cm away from the glass
cell and ALS2 is focused 15 cm away from the Lithium MOT, both towards the Erbium
chamber. Both are focused to a waist of w = 300µm.

The sources of the AOMs used here for intensity control went under a few iterations as
well, during our attempts at reducing the lattice (intensity and phase) noise. The changes
were the same as the AOMs used for frequency control on the seed side (see Section 3.3.6),
going progressively towards the final solution where the driver is a static 80MHz source63.

Finally, two components deserve special attention; they are shown in Fig. 3.27. The first
component is the watercooled pinhole. Because the laser beams are very precisely over-
lapped, it was important to add a protection even in addition to the high-power isolators64.
The pinhole is made out of copper, with a hole of ∅1mm, and is watercooled to prevent
any local heating from misaligning optics or inducing air flow. A good side effect of having
displaced foci is that it breaks the symmetry between the beams, and they do not have
identical waists at any given point along the path. It made it possible to block most of the
undesired light by placing such a pinhole on each side, at an advantageous position. For
example, the pinhole close to ALS1 is placed at a position where the beam of ALS1 is small,
while the beam of ALS2 is large. This way, it is possible to have full transmission of the ALS1
beam, while blocking 90% of the ALS2 beam power. They can also be used as an aligning
tool if a laser needs to be replaced.

63QuanticWenzel Premium 80MHz Sprinter Crystal Oscillator
64EOT Eurys 1045-1080nm 5mm-CA
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The second component is the home-built motorized mirror mount. The idea was simply to
turn the mirror mounts’ screws in a precise, controlled and reliable way. It was also designed
to be integrable to an existing system easily by being added to a standard mirror mount
(for example, a Thorlabs mirror mount here). Each mirror mount’s screw is controlled by a
servomotor65, via a rod and a clamp to transmit the movement. The servomotors can then
be interfaced with Python and easily controlled during an experimental sequence. A coarse
alignment has to be done manually first, but a very precise overlap can be achieved with the
servomotors as a second step. The low-profile integration is clearly visible on the picture:
the mount holding the servomotors can be brought from the top, and simply screwed to the
side of the mirror mount. All-in-all, this home-built motorized mirror proved to be a great
low-cost solution for alignment issues, and was a key part to having a working long-distance
transport.

65KST X06



Chapter 4 The path to degeneracy 67

Chapter 4

The path to degeneracy

This chapter is dedicated to the characterization of the machine at its different steps towards
generating a quantum gas of Erbium. As per the rest of the thesis, it will be focused on
the Erbium processes, while the Lithium side is developed in depth in the complementary
thesis of Florian Kiesel [109]. We begin with the laser cooling steps in Section 4.1 which
take place in the Erbium chamber. This section covers the Zeeman slowing (ZS) and Angled
Zeeman Slowing (AZS) processes in Section 4.1.1, moves on to the description of the
Magneto-Optical Trap (MOT) in Section 4.1.2, and finally describes the Optical Dipole Trap
(ODT) in Section 4.1.3. The second part of this chapter presents the long-range transport in
Section 4.2, where a running lattice is used to transport atoms (Erbium and Lithium) from
their respective chambers to the glass cell.

In order to give quick overview, a simplified schematic of the optics setup built around
the Erbium vacuum chamber is shown in Fig. 4.1. There, all the beams necessary for
the steps described in this chapter are displayed, from the ZS beams up to the transport
lattice beams. The ZS and AZS beams (blue) are brought to the experiment by fiber optics.
There, the ZS beam is amplified locally by a slave diode via injection lock as explained
in Section 3.3.3, and sent towards the atomic beam by an in-vacuum aluminum mirror.
The MOT beams (yellow) are delivered with optical fibers as well, simply enlarged before
going in the vacuum chamber, and retro-reflected to cover all directions. Their generation is
detailed in Section 3.3.4. The off-resonant beams at 1064 nm (red) are generated by lasers
placed directly on the experiment table due to their high-power requirements. These beams
are used for the ODT, which was built in the vertical plane, and for the transport, which is
built along a line-of-sight going from the Lithium MOT to the glass cell. More information
on their setup can be found in Section 3.3.6.

Finally, the results presented in this chapter were obtained during the writing of this thesis,
with only minor optimizations to the machine. The goal was to present the standard steps
as they happen in day-to-day operation in the lab, at a good representative performance
level.

4.1 Laser cooling

The laser cooling steps covered in this section are the first steps towards generating ultracold
gases of Erbium in our glass cell. These steps all take place in the Erbium chamber, and are
powerful enough to bring atoms from a high temperature oven at more than 1100 ◦C, down
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Figure 4.1 | MOT and ODT optics setup. Top view (left) and side view (right) of the Erbium chamber,
showing a cut in the horizontal (vertical) plane with their respective laser beams. The ZS
and AZS beam are drawn in blue, the MOT beams in yellow, and the off-resonant beams in
red. The ODT was built in the vertical plane (right), and the transport lattice is the horizontal
beam common to both views. Here, the Lithium chamber is towards the left, and the glass
cell towards the right of the drawn Erbium chamber. For the sake of clarity, the imaging
beams were not drawn here.

to the microkelvin range. Three stages are necessary to reach this level: Zeeman Slowing
(ZS), Angled Zeeman Slowing (AZS), and Magneto-Optical Trapping (MOT).

4.1.1 Zeeman slowing

The first step towards quantum degeneracy is the Zeeman slowing process. Its purpose is
to slow down atoms coming out of the oven at high velocity, down to the capture velocity
of the MOT. It uses laser light resonant with the 30MHz-wide transition of Erbium at
401 nm, which provides a rapid slowing of the atoms. The ZS magnetic field, introduced
in Section 3.2.1, was designed to reach initial velocities up to 600m/s with a laser beam
detuned from the atomic resonance by −640MHz, and reduce it down to 5m/s. In practice,
the design of the ZS coils and vacuum chamber was such, that the distance between its end
point (where the slowing stops) and the MOT was too large. There, because of the radial
heating and the reduction of the longitudinal velocity, atoms exit the ZS with a large fan
angle and only a small fraction of these atoms effectively reach the capture volume of the
MOT, imposed by the size of its beams.

A solution for this issue was to split the slowing in two, by increasing the exit velocity of
the ZS, and by adding a second slowing stage in front of the MOT. This technique, called
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Figure 4.2 | Zeeman slower overview. a) Comparison between the calculated ideal (black), planned
(blue) and real (purple) fields of the ZS. The real field is calculated with the actual currents
sent though the ZS coils. The ZS entrance has a field of −523G instead of the planned
−565G, which corresponds to a ZS capture velocity of 590m/s instead of 617m/s. The ZS
exit has a field of 350G instead of 384G, which corresponds to an exit velocity of 33m/s
instead of 11m/s. b) Measurement of the MOT loading rate for varying AZS power and
frequency, from a detuning of −38MHz (dark blue) to −58MHz (light blue) with steps of
4MHz. The arrow indicates the chosen working point, at 5.3mW per beam and detuning of
−50MHz. c) Measurement of the MOT loading rate for varying ZS power. The saturation
effect comes from the limited MOT beams power and not from a saturation of the ZS beam
itself. Both b) and c) figures were measured for a MOT loading of 1 s with 5 repetitions; the
error bars corresponding to the standard deviation are smaller than the markers.

here Angled Zeeman Slowing (AZS), was demonstrated shortly before in Er [231], Dy [232]
and Yb [233] systems. To increase the exit velocity of the ZS, one only needs to decrease
the final value of the magnetic field. In our case, the magnetic field used in our experiment
is shown in Fig. 4.2. The value at the exit point was changed from 384G to 350G, for a
longitudinal velocity increase from 11m/s to 33m/s. The second slowing stage (the AZS part)
comes in with two additional laser beams, aligned to intersect just in front of the MOT (see
Fig. 4.1). Although they address the same atomic transition, their frequency has to be much
closer to resonance because of the local magnetic field and atoms’ velocity. Finally, the lower
slowing rate over the remaining distance requires a lower power than that of the main ZS
beam. These reasons make this technique advantageous over a blue MOT [186, 234], a
core-shell MOT [235] or a two-stage MOT [176]: it is technically simpler to implement and
has easier requirements.

The current setup is using a ZS beam of ∅ = 10mm at 150mW with a slight focussing
towards the oven, and AZS beams of ∅ = 10mm at an angle of approximately 30 ◦ with the
atomic beam. There, it appears that the AZS can work for a rather large range of detuning
and power (see Fig. 4.2), but the best configuration was determined to be for a power of
5.3mW per beam at a detuning of −50MHz. This configuration yields the highest MOT
loading rate, with the widest maximum power-wise, thus protecting it from small power
fluctuations over time. Finally, the influence of the ZS beam power on the MOT loading rate
was also measured. It appears that the loading rate saturates for high enough ZS power,
although this effect comes from the yellow MOT beams. At the time of measurement, the
yellow laser was slightly misaligned and the output power was only half of its usual value.
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When the same measurement is done at high MOT beam power, no saturation can be seen
on the ZS beam power influence.

4.1.2 Narrow-line Magneto-Optical Trap

Basic principles

Magneto-optical Traps (MOT) have been a ubiquitous tool for cold atoms experiments since
their first realization a few decades ago [4]. They allow the trapping of atoms and their
subsequent cooling down to the Doppler temperature, often in the microkelvin range. From
a historical standpoint, narrow-line MOTs attracted a lot of attention in the ultracold atoms
community after their first realizations in 1999 for Yb atoms [236] on the 556 nm line and
for Sr atoms [237] on the 689 nm line. In both cases, the narrow-line MOT was loaded
from a wide MOT, on the 461 nm and 398 nm lines respectively. Lanthanides were trapped
a few years later, starting with Er [186, 188, 238] and Dy [234, 239]. In particular, the
main point of interest of [188] was the demonstration of direct loading of the narrow MOT,
avoiding a precooling stage and thus greatly reducing the experimental complexity.

Their working principle relies on a combination of radiation pressure and magnetic
gradient to generate two types of forces on the atoms [195, 196]. In general, this is
achieved by shining three pairs of counter-propagating laser beams, red-detuned from an
atomic transition, and by adding a magnetic gradient imposed by a pair of coils. The laser
beams form a so-called optical molasses which imparts a velocity-dependent force on the
atoms: an atom moving in any direction will see an imbalance in the radiation pressure and
absorb more from the beam closer to resonance due to the Doppler effect. An additional
position-dependent force emerges thanks to the magnetic field gradient, which also brings
an imbalance in the radiation pressure due to the Zeeman effect. The first contribution
slows down the atoms and prevents diffusion, while the second contribution effectively
creates a restoring force which brings the atoms back to the center of the trap.

A key point of this technique is its fundamental cooling limit: the Doppler temperature. It
is determined only by the intrinsic parameters of the atomic transition, namely: TD = ℏΓ

2kB
,

where Γ is the transition width. This is precisely where a narrow-line MOT is powerful:
by using a narrow transition, the reachable temperature is much lower than that of a
wide transition. For example, in our experiment the MOTs of Lithium and Erbium rely
on 5.8MHz- and 190 kHz-wide transitions, yielding Doppler temperatures of 138µK and
4.6µK respectively.

However, using a narrow-line MOT is a bit more technically involved than its wide
counterpart. To understand it, one can look at the force exerted on atoms in the trap. A
simple 1D model is qualitatively good enough and can be described by the MOT scattering
force [183]: Fsc = F+ + F− where F± are the forces exerted by each counter-propagating
beam and are given by:

F± = ±ℏkΓ
2

· I/Isat
1 + I/Isat + 4(∆− k · v ∓ µ∇Bx/ℏ)2/Γ2

(4.1)
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Figure 4.3 | MOT concept. a) Scattering force exerted on an atom at rest by a narrow-line MOT, in
a 1D model with two counter-propagating beams, normalized to the maximum scattering
force. The calculations in dark (light) blue were done with our experimental parameters
during loading (compressed) phase. An example of scattering force exerted in a wide
MOT (purple) is shown by multiplying the linewidth by a factor 10 for comparison. The gray
dashed lines indicates the size of our smallest MOT beam and confirms that our optimal
loading parameters match well with our MOT beams’ size. b) Trapping potential exerted by
the loading (dark blue) and compressed (light blue) MOT along the vertical axis. The narrow
nature of the MOT is visible by the typical box-shape of the trapping potential, and by the
visible influence of gravity with the potential tilt. c) Top: representation of the atomic cloud in
the MOT during loading and compressed phases. The atoms are spatially displaced to the
bottom (gravitational sag) and scatter more light from the upward σ− beam. Bottom: In-situ
imaging of the cMOT with horizontal (left) and vertical (right) imaging, after 1 s MOT loading.

Here, the Doppler effect appears as k · v where k is the laser wavevector and v the atom
velocity; the Zeeman effect appears as µ∇Bx/ℏwhere µ is the differential magnetic moment
between the two atomic states and Isat is the saturation intensity of the transition. This
shows that the force exerted by the MOT is non-negligible only in localized positions, namely
x = ∓|∆|/µ∇B, as can be seen in Fig. 4.3. Contrarily to a wide MOT, a narrow-line MOT
effectively exerts pressure “walls” on the atoms, instead of a continuous force in the whole
trapping volume. It also creates a box potential, with an additional tilt when gravity is taken
into account.

This particular situation has one main downside: the capture velocity of such a MOT is
rather low. For Erbium, the capture velocity (which depends on the exact trap configuration
and size) is only on the order of vc ≈ 5m/s. To overcome the problem, it is possible to enlarge
the effective linewidth with power broadening and with frequency sidebands, imparted on
the laser beams with (in our case) a modulation on the AOM (see Section 3.3.4).

Finally, a strong advantage of a narrow MOT is its ability to exploit the gravitational
sag. Thanks to the rather weak radiation pressure exerted by the MOT beams, the atoms
accumulate at the bottom of the trap. During the loading phase, it prevents undesired
scattering from the blue light of the (A)ZS beams. The spatial displacement also increases
the scattering rate from the σ− MOT beam coming from the bottom compared to the one
coming from the top. The scattering imbalance leads to a spontaneous spin polarization
in the gas, where the atoms are optically pumped in the lowest |J,mJ⟩ = |6,−6⟩ Zeeman



Chapter 4 The path to degeneracy 72

substate. This effect can also be used to create a MOT made only of five beams, where the
downward beam is removed [240]. This technique can free optical access for other systems,
such as high-NA imaging with an objective for a quantum gas microscope [241].

MOT loading

Our approach for the Erbium MOT was to follow the example of the already existing
experiments at that time [188, 189], and to load the yellow MOT directly from the ZS.
Initially, the MOT beams were planned to have a diameter of 25mm. However, it proved
to be too small for an efficient capture, and compensating with a high magnetic gradient
provided a limited improvement. We believe the reason was that the atoms did not have
enough time to scatter light from the MOT beams before exiting the trapping volume,
effectively leading to a very small capture velocity. This issue, along with the large distance
between the ZS and the MOT, pointed to using larger MOT beams to reach proper loading
rates.

Expanding our MOT beams’ size led to a somewhat exotic geometry, where all three
beams have a different size. One horizontal beam has a diameter of ∅ = 50mm. The
second horizontal beam has an effective diameter of ∅ = 40mm, because it is clipped on
the CF40 viewport there. Unfortunately, the planned CF63 viewport became leaky during
the machine’s bake-out, and had to be exchanged for the current CF40 one. The vertical
beam has an effective diameter of ∅ = 25mm because the optics and breadboard around
the vacuum chamber were planned for a 1 ” beam, and it was not reasonable to change
them for larger a beam size when we decided to increase the MOT volume. Nevertheless, it
was important that all beams were shaped with the same optical components and path, so
that their intensity is identical even if the beams are clipped at different sizes. The beam
expansion was made by placing the fiber only in a fiber holder1, using the fiber’s high NA
to let the beam expand and collimating it with a lens placed by hand a few centimeters
away. This trick proved to be very space- and cost-efficient, avoiding purchasing any beam
expander or using large telescopes around the vacuum chamber.

The main characteristics of our setup are given in Fig. 4.4. In short, our setup is able to
trap up to ∼ 7 · 108 atoms at an initial loading rate of 50 · 106 atoms/s, and the 1/e-lifetime
of the full trap was measured at ∼ 150 s. These numbers are reached when the different
laser setups are optimized and the laser beam power is maximized. With our current beam
configuration, this is achieved when there is at least 45mW per MOT beam, corresponding
to a peak intensity of 35Isat. The results shown here were obtained with a yellow power
of 20mW per beam, meaning a peak intensity of ∼ 16Isat, and ultimately yielding about
half the loading rate, at 24 · 106 atoms/s. The atom number was measured here with the
vertical absorption imaging of the MOT chamber, after compressing the MOT to its standard
parameters (see Chapter B).

During the loading phase, the magnetic field gradient is set at ∇B = 4.85G/cm, and the
beams’ frequency is detuned by ∆ = −10.8MHz (≈ 57Γ), spectrally broadened by 700 kHz
and 1.6MHz sidebands imparted on the AOM by a signal generator (see Section 3.3.4).
Combined with power broadening, these sidebands are enough to cover a large range of

1Thorlabs, S120-APC or equivalent
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Figure 4.4 | MOT overview. a) Atom number in the MOT after 1 s loading, for magnetic offsets deviating
from their optimal values Bx = By = 0.7G and Bz = 1.25G. b) Atom number in the
MOT after 1 s loading, for varying laser detuning (blue) and magnetic gradient (purple).
Each curved was measured when the other was on its optimal value, at ∆ = −57Γ and
∇B = 4.85G/cm respectively. c) Atom number in the MOT for varying loading time. The
line is an exponential fit to the data points. All error bars were omitted for better readability.

velocity classes addressable by the MOT, thus increasing its capture velocity. The position of
the MOT can be controlled by the magnetic field offsets, and has to be optimized for high
loading rates. The magnetic gradient was also optimized with the detuning, by measuring
2D maps to look for a global maximum at different Bz values; the procedure is explained
more thoroughly in Chapter A.

The first set of measurements presented in Fig. 4.4 shows the MOT loading rate when
displaced from its optimal position via the magnetic offsets. Interestingly, the magnetic
field offsets can be tweaked by rather large values, up to ±2G for the horizontal position
(Bx and By), and even further for the vertical position (Bz). This robust loading proved to
be important to survive the crosstalk with the Lithium chamber. In particular, when the
Lithium atoms are being evaporated at high field (320G) in their ODT [109], the impact
on the Erbium chamber is on the order of 0.5G. With this large range, it is still possible to
load the Erbium MOT without worrying about a compensation of the field change in the
Lithium chamber.

The second set of measurements shows the MOT loading rate when the resonance condi-
tion is changed, with either the laser detuning or the magnetic gradient. These parameters
effectively change the resonance conditions of the MOT, by changing the size of the “shell”
where the atoms are being trapped. The best parameters correspond to the situation where
the resonance conditions match with the beam size (see Fig. 4.3). The asymmetry in the
curves can be explained by the MOT’s bowl shape, where a large detuning or small gradient
lead to a fast decrease of the loading rate.

The loading curve shown in Fig. 4.4 was obtained with these parameters, and fitted with
the following exponential growth function: N(t) = Nsat(1− e−t/τ ) + c. From that fit, we
extract the loading rate of 24 · 106 atoms/s, the saturation value at 2.7 · 108 atoms and the
half-loading time of τ1/2 = 3.8 s.
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MOT compression

After loading the MOT, the (A)ZS beams are shut off and the compression occurs. During
the compression, all remaining parameters: the yellow power, broadening and detuning, the
magnetic gradient, and the magnetic offsets are ramped simultaneously. The broadening
is ramped down in 150ms, while the other parameters are ramped in 300ms. The yellow
beams are brought closer to resonance, from ∆ = −10.8MHz (≈ 57Γ) to ∆ = −2.4MHz
(≈ 13Γ), and their power is reduced from 20mW (16Isat) to 30µW (0.02Isat). The magnetic
gradient is also reduced, from ∇B = 4.85G/cm to ∇B = 3.5G/cm. With these parameters,
the compressed MOT (cMOT) does not lose atoms, and yields a temperature of T = 8.5µK,
about twice the Doppler temperature. The observed cMOT atom number, cloud size and
temperature give can be used to estimate the Phase Space Density (PSD), with an average
value of ∼ 2 · 10−6 and a peak value of ∼ 8 · 10−6.

A more complete study of the compression itself is presented in Section A.2. The important
message therein, is that the temperature is the cMOT is influenced a lot more strongly by
the yellow intensity than by the frequency. The temperature is measured by time-of-flight
thermometry, which is explained in Chapter B.

4.1.3 Optical Dipole Trap

Design considerations

The Erbium Optical Dipole Trap (ODT), used to collect the atoms after the cMOT stage,
was implemented for two main reasons. First, it was important to have the possibility of
cooling the atoms further via evaporation, in case the loading into the transport was not
good enough with the cMOT temperature. Second, the main motivation was to ensure that
the transported cloud would be dense and as small as possible, in order to transfer the
transported cloud in the glass cell’s trap with minimal heating. Otherwise, if the cloud size
is comparable to the trap size, some heating can occur due to the atoms loaded from the
traps’ wings. For these atoms, the difference in potential energy from their position to the
center of the trap will to be converted in kinetic energy, and the whole atomic ensemble
will heat.

The current ODT setup is the result of a few iterations. For a long time, the laser light
was derived from an ALS2 laser. Currently, the ODT is derived from an IPG Yb fibre laser
instead3, which is used sequentially to trap Lithium and Erbium atoms after their respective
MOT stages. The main advantage of using the IPG laser over the ALS laser is the amount
of power it can provide to the trap: the IPG laser can output as much as 150W, compared
to an effective 35W with the ALS laser. However, its multimode emission proved to be
problematic for Lithium atoms, where it was not possible to perform in-trap cooling with
the Lithium gray molasses [109]. For the Erbium trap, the reason why we had to switch
from ALS to IPG was a sequence issue. Because the ALS laser was used in both the Erbium
chamber and the glass cell, the issue arose when we tried a combined sequence to overlap

2ALS-IR-1064-50-A-SF
3IPG YLR-200-LP-WC
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Figure 4.5 | ODT calculations. The trap depth is calculated for two different beam powers, at 130W
(a) and 30W (b) per beam. The potential reference is taken at the deepest point of the trap,
close to the center. The equipotential lines (red) show the opening of the trap in both cases,
occurring at 400µK and 70µK respectively.

the two species in the glass cell. At that point, we were transporting Lithium atoms to the
glass cell first and held it in a dipole trap. Meanwhile, Erbium atoms were still in the MOT
stage, hence the timing conflict: loading the Erbium in their ODT was simply not possible
because the laser was already in use to hold the Lithium atoms in the glass cell. The solution
was to share the light from the IPG laser, which was used exclusively for the Lithium ODT
until then. An Arduino-controlled waveplate was built, in order to send the laser light either
to the Lithium chamber or to the Erbium chamber during the sequence. The details of that
setup are given in the complementary thesis [109].

The Erbium trap was built in the vertical plane, as can be seen on Fig. 4.1. The motivation
was to minimize the footprint taken by the setup on the optical access around the Erbium
chamber. The trap is made by a single beam that we recycle, i.e. that we use to overlap with
itself and close the trap. However, the orientation of the trap is problematic when it comes
to the gravitational sag. The trap potential calculations shown on Fig. 4.5 demonstrate that
the weak axis of the trap cannot properly hold the atoms against gravity on its own. The
calculations were made for the real setup parameters, where the trap itself is formed by
the two beams, focused to waists of w = 90µm and intersecting at an angle θ = 53 ◦. The
transport beams are also included in the calculations, although their impact is minor and
can barely be seen on the plots. With this geometry, the trap can reach a depth of 850µK
when the beams are set at 130W each. Naively, that number would look very good on the
paper, but the issue is that the laser beams open the trap at a much lower depth. On Fig. 4.5,
it is clearly visible when looking at the equipotential lines. Even at full power, the trap has
an effective depth of ∼ 200µK only, and goes down to a depth of ∼ 30µK when the power
is reduced to ∼ 30W per beam. The issue is that the atoms fall through the trap via the
arms, unless magnetic levitation is applied. It also means that the trap cannot be used for a
full evaporation, because either the atoms are lost, or their temperature reaches a plateau
imposed by the magnetic levitation [242].
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Figure 4.6 | ODT overview. a) Atom number in the ODT for magnetic offsets deviating from their
optimal values Bx = 0.27G, By = 0.37G and Bz = −0.1G. b) Atom number in the
ODT for varying laser detuning (blue) and magnetic gradient (purple). Each curved was
measured when the other was on its optimal value, at ∆ = −14.8Γ and ∇B = 3.5G/cm
respectively. c) Atom number in the ODT, for varying MOT loading time. The curves are
obtained for cMOT thermalization times of 50ms (light blue), 100ms, 200ms and 300ms
(dark blue). All measurements were done after 500ms holding in the trap and with levitating
field.

The interferences are suppressed by using orthogonal polarizations in the two beams. To
ensure a clean polarization, one can use an optical setup made of one Polarized Beam Splitter
(PBS), followed by a λ/4-, a λ/2- and a λ/4-waveplate, in this order (see Fig. 4.1). With
these components, one can make any arbitrary polarization on a laser beam, which is very
convenient to compensate for imperfections coming from the other optical components on
the path (mirrors, viewports, etc.). The “triple waveplates” technique is used for both beams,
to maximize the polarization purity. In our setup, it was possible to measure the polarization
purity with a PBS on the upper breadboard, where an extinction ratio of more than 104

was measured. The overlap is controlled by two motorized mirror mounts. Under the
vacuum chamber, the first beam is coarsely aligned with a 1µrad-sensitive mount4. Above
the vacuum chamber, the second beam is overlapped precisely with a 0.5µrad-sensitive
mount5.

ODT loading

An overview of the ODT loading is given in Fig. 4.6. The transfer from the cMOT to the ODT
was optimized in a way similar to the MOT optimization, and the procedure is detailed in
Section A.3. For these measurements, the MOT was loaded for 2 s, compressed in 300ms
and held in the cMOT for 200ms of thermalization time. The ODT beams are turned to
full power before the compression starts, and the atoms kept in the trap for 500ms after
shutting off the MOT beams. During this holding time, the atoms are levitated with a
magnetic gradient of 4.2G/cm; the long delay is to make sure that non-trapped atoms are
not present on the absorption pictures. There, it appears that the cMOT position is quite
4Agilis AG-M100N
5New Focus, Picomotor 8821
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critical, and deviations of ±0.2G are enough to move the cMOT away from the ODT. This
order of magnitude is in the range of the Lithium coils’ influence, and thus need to be taken
into account. For example, depending on the experimental sequence, the Lithium coils can
be on or off, leading to a displacement of the cMOT large enough to prevent loading in
the ODT. The narrow range of acceptable parameters is also reflected on the final cMOT
frequency and gradient. The detuning is constrained to a ±2Γ range, and the gradient in a
±0.3G/cm range. Finally, the ODT saturation was measured against the MOT loading time.
The measurements shown on the right-most figure correspond to different thermalization
times, which turned out to be more critical than we anticipated. There, it seems that the
ODT can saturate at 4 · 106 atoms for thermalization times longer than 200ms, but the trap
loading behaviour changes qualitatively at short times. This effect was attributed to slow
dynamics during the compression and thermalization steps, because of to the narrow nature
of the yellow transition.

4.2 Transport

4.2.1 Design considerations

Transporting trapped atoms is, on the paper, rather simple: one only needs to move the
trap which holds the atoms. In practice, many technical details (such as the adiabaticity
or the overall noise) have to be carefully taken into account to successfully transport an
atomic cloud, which depend on the exact transport technique. Many different approaches
have already been demonstrated, and they can be decomposed in three major groups: the
moving trap can be purely magnetic, optical, or a combination of both. The first approach
can be applied to magnetically trappable atoms, i.e. atoms in a low-field seeking state, and
is realized with coils in anti-Helmholtz configuration. In that case, either a whole chain
of coil pairs can be used sequentially [216, 243], or a single coil pair can be translated
to move the quadrupole’s field center [244, 245]. The second approach is more universal
and can be executed in various ways, all relying on a movable ODT. It can be done by
displacing the trap itself with a translation stage as well [246, 247], by moving the trapping
beam’s focus via a tunable lens [248–251], or by lattice transport [252–254]. The latter
is done by superimposing two counter-propagating beams to create a standing wave (the
1D lattice), and the atoms are transported by detuning one of the lasers, thus creating
a running lattice. Finally, the third approach uses a combination of magnetic and dipole
trapping, usually using a single far-detuned beam in combination with a magnetic offset
and gradient [255, 256]. The above introduction is by no means an exhaustive list, and
more exotic techniques have been employed, such as guiding atoms through hollow-core
fibers [257, 258] or blue-detuned hollow beams [259].

In our experiment, the transport setup had to be (coarsely) designed hand-in-hand with
the vacuum system and its intrinsic mechanical constraints. Based on the overall shape of
the apparatus and the size of the glass cell, it was clear that the transport could not be done
with a movable focus. The long distance (up to 1m) as well as the small aperture of the
glass cell’s front face (12× 12mm) simply do not provide enough space for a highly focused
beam. Moreover, a magnetic-trap-based transport setup was not possible either, because
Erbium atoms are spin-polarized in their lowest Zeeman state, which is a high-field seeking
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state. For these reasons, the final setup, inspired from [253, 254], naturally converged
towards a lattice-based solution.

A preliminary study was done on the lattice beam shape [260], to determine whether
a Bessel beam [253, 261, 262] would be advantageous thanks to their non-diffracting
properties. However, a high-quality Bessel beam requires a high-quality axicon lens, and is
very sensitive to the alignment between the beam and the lens; any pointing drift would
result in a degraded beam shape over time. Additionally, the amount of power in the central
spot of the Bessel profile (the fraction of the beam effectively used for transport) is rather
low, with about 10% of the total power. Interestingly, the low power is balanced with the
small size of the spot and results in a similar intensity than can be achieved with Gaussian
beam, however at the cost of a much smaller trapping volume and fewer transported atoms.
Following these considerations, the design was chosen to be a lattice transport made by
two Gaussian beams, and the optimal parameters were determined numerically.

The calculations of the beams’ waists and focus positions, and the resulting trapping
potential are summarized in Fig. 4.7. The optimal parameters for the waist and focus
were determined by looking at the beam intensity and interferences depth along the path.
Using the well-known equations of a gaussian beam, the intensity can be calculated, for any
position along the propagation axis x, as:

I(x, y, z) = I0(x)e
− 2(y2+z2)

w(x)2 (4.2)

where I0(x) and w(x) are the peak intensity and beam radius at the position x, given by

I0(x) =
2P

πw(x)2
(4.3)

and

w(x) = w0

√
1 +

(
x− xf
xR

)2

(4.4)

where P is the beam power, wo the beam waist and xR the Rayleigh range. For counter-
propagating beams, the lattice structure emerges from the interferences, yielding a varying
intensity described by

I(x, y, z) = I1 + I2 + 2
√
I1I2 cos(2kx) (4.5)

where the subscripts 1 and 2 denote the two beams, and the coordinate dependence of
I1 and I2 have been omitted for clarity. From these definitions, it is straightforward to
determine the lattice’s barrier height and total trap depth, along and perpendicular to the
propagation axis respectively. The former is given by the amplitude of the interferences only
(hence a lower value than the trap depth), and the latter by the overall intensity:

Ulatt = 4α
√
I1I2 (4.6)
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Figure 4.7 | Transport beams design calculations. a) Minimal value of the lattice height (left) and
total depth (right) of the transport beams along the whole transport direction, for beam
powers of 30W and 80W. Both plots are normalized to their maximal value and the star
denotes the current operating parameters. b) Lattice height (top) and trap depth (bottom)
for Er (blue) and Li (pink) along the transport path, calculated with (light) and without (dark)
gravity. For Er, the gravitation was scaled down to 15%.

and

Utot = α
(
I1 + I2 + 2

√
I1I2

)
(4.7)

where α is the polarizability of the atom.

The best parameters for the transport beams were determined by calculating the minimal
value of both quantities along the transport distance, for various pairs of focus positions xf
and beam waists w0. The calculations were initially done for a symmetric scenario, where
both transport beams had 80W of power and therefore their foci were made equidistant
from the center.6 However, the laser on the glass cell side (ALS1) had to be replaced by
another with half the output power (see Section 3.3.6), but the setup was not modified
further. The plots shown on Fig. 4.7a were calculated for our current setup, where the
beams have 80W and 30W respectively. The optimum pair of (xf , w0) = (10 cm, 260µm) is
slightly shifted from our current operating parameters of (xf , w0) = (15 cm, 300µm), built
when we had two identical lasers. The difference has no impact regarding the bottleneck of
this setup: the total depth. With beams as large as w0 = 300µm, the intensity cannot be
high enough to create deep traps for Er atoms and hold them against gravity.

The problem is clear when one looks at the lattice height and total depth along the
transport distance, calculated for both Er and Li in Fig. 4.7b. While Ulatt is not affected by
gravity, Utot needs to contain an additional −mgz term in its definition (see Eq. (4.7)) to
properly represent the situation. For Li, the light mass makes this new contribution small
compared to the optical potential: adding the gravity term only lowers the trap depth by
∼ 10%. For Er, the tilted potential was calculated for a downscaled gravitational potential;
with a downwards vertical force of 0.15 ·Fgrav, the trap already opens over the entire Erbium

6The position xf is defined as the distance from the transport’s edge towards the center. At xf = 0 cm the
beams are focused on the Li MOT and glass cell respectively, at xf = 50 cm they are both focused on the Er
MOT.
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transport distance. The problem was solved by levitating Er with a magnetic gradient to
remove the tilt from the gravitational potential.

The magnetic levitation of Er is done by only a single, static pair of coils which spans
over the whole transport, already introduced in Section 3.2.3. The main reason behind this
choice was experimental simplicity. Among the transport setups mentioned earlier, the ones
which include a magnetic system are invariably dynamical in nature: the coils are either
translated or used sequentially, and both approaches have their own issues. A translation
stage can be a significant source of mechanical noise, and needs to be both precise enough
in position and velocity, over 1m. The footprint is also large, in an area where the real
estate is expensive, and cannot be as fast as the lattice. Finally, time-varying fields also bring
their own share of issues, from undesired induced currents, to slow time scales compared to
the optical setup again. The transport setup built here only requires to be turned on when
the Er transport step starts, and turned off when it is over. The main issue in our current
design is the speed of the transport coils: because they are very large (about 80× 12 cm),
they have a large inductance and can be used in typical ramps of ∼ 200ms minimum.

4.2.2 Transport characterization

Standard sequence After loading the ODT (see Section 4.1.3), the atoms are transferred to
the transport lattice in three steps. First, to prevent the atoms from falling through the trap,
the MOT and vertical offset coils are used to levitate the atoms. The gradient is ramped
to 4.2G/cm and the vertical offset to 6G, both in 10ms. The offset is necessary to push
the magnetic field zero under the atoms, so that the magnetic gradient is vertical and not
pulling the atoms to the side. Then, the MOT coils are replaced by the racetracks and
launch coils, with simultaneous ramps of 200ms. In the final setup, top racetrack, bottom
racetrack and launch coils are ramped to 20A, 48A, and 25A respectively. The racetracks
provide the gradient over the transport distance, and the launch coil helps with the starting
point (see Section 3.2.3). Finally, the ODT is ramped down in 500ms at a vertical offset
of 2.7G, and the atoms are trapped in the transport lattice. The transport itself is made
by ramping the detuning to 11.6MHz in 20ms, corresponding to a maximum velocity of
v = ∆ν·λ

2 = 6.2m/s, for an acceleration of alatt = 0.58MHz/ms ≡ 308m/s2. The atoms
are transported at maximum velocity for 60ms and, when reaching the glass cell, they are
decelerated in the same way as the initial acceleration. No heating was detected during
the transport: the cloud’s temperature was measured at 4.5µK and 3.2µK before and after
transport respectively. The small temperature difference comes from the loss of atoms,
which can be understood as evaporative cooling.

Beyond these default values, the transport setup was characterized in three sets of
measurements, reported in Fig. 4.8. First, we measure the number of atoms reaching
the glass cell when the racetrack coils are set to different values (Fig. 4.8a). The second
measurement was done for different accelerations and maximum velocities (Fig. 4.8b). The
third measurement was done to properly estimate the transport efficiency (Fig. 4.8c), by
transporting the atoms back into the MOT chamber. The last measurement was necessary
because the imaging conditions in the glass cell were not optimal: the atoms are transported
in the cell and imaged directly, with the magnetic fields still present. In this configuration,
the atoms are aligned along the vertical axis, imposed by the field, and the absorption
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Figure 4.8 | Transport overview. a) Atom number in the glass cell after transport, for various currents
in the racetrack coils and at a fixed offset of Bz = 2.7G during the ODT evaporation.
The purple stars indicate the constant-offset diagonal of 20G, for gradients of 3.2G/cm
(lower left) and 4.8G/cm (upper right). The orange stars indicate the constant-gradient
diagonal of 4.0G/cm, at offsets of 25G (upper left) and 12G (lower right). b) Atom number
in the glass cell after transport, for various accelerations and maximum velocities. Both
quantities are given in the units of the lattice detuning, which are the relevant numbers
for an experimentalist working in the laboratory. The atom number increases for higher
maximum velocities and lower acceleration values, measured up to 20MHz (≡ 10m/s) and
2.8MHz/ms (≡ 1.5 km/s2). The range is chosen to be relevant for Li as well, but atom
number could be increased for lower accelerations (see text). c) Roundtrip efficiency for
various maximum velocities, at constant accelerations of 0.7MHz/ms (≡ 370m/s2). For
the lowest velocity (2.2MHz ≡ 1.17m/s), the lower efficiency is due to the long holding time
of more than 400ms to complete the roundtrip. The sudden drop in atom number at 52 cm
happens when the transport goes far enough for the atoms to be slammed against the glass
cell’s wall. d) Absorption pictures of the clouds before (left) and after (right) transport, taken
at 5ms and 0ms TOF respectively. The change in optical density is due to atom loss during
transport and non-optimal imaging in the glass cell.

imaging cannot be done with a closed transition because the imaging beam is horizontal.
Although it was possible to image the cloud, the detected atom number only gives a low
boundary on the real atom number. It was also not possible to remove the levitation, for
two reasons. Either the atoms would fall out of the transport beams, or they would need to
be transferred in a dipole trap, in which case the measured transport efficiency would be
biased because the transfer is not lossless.
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Transport fields To evaluate the impact of the transport fields, the racetracks were set at
different pairs of currents (Ib, It) = ([0, 30 ]A, [40, 60 ]A) during the sequence described
above. The region where atoms are detected lies nicely along the decreasing diagonal (upper
left to lower right), where the gradient is constant. The maximum atom number is found at7
(Ib, It) = (20, 40)A, where the gradient is 4.0G/cm, with atoms detected only for vertical
gradients between 3.2G/cm and 4.8G/cm. Regarding the offset, whose constant values lie
along the second diagonal, an important loss feature is detected around (Ib, It) = (18, 50)A.
This atom loss is attributed to the presence of a Feshbach resonance during the transfer from
the ODT to the lattice in the Er chamber, instead of the transport itself. During this transfer
(described in the sequence above), the total magnetic field is given by the contributions of
the racetracks coils, but also that of the MOT coils and the Earth field. When accounting
for all contributions, the field’s magnitude is close to 20G, in the vicinity of the Feshbach
resonances of Erbium [169]. In particular, the strongest loss feature seen around the point
at (Ib, It) = (18, 50)A lies on the wide resonance at 20.5G.

At the default parameters, the offset from the racetracks varies from 15.5G at the starting
point, to 13.5G at the end of transport. Again, when taking the field of Earth in consid-
eration, the additional contribution brings the transport into a region densely populated
by Feshbach resonances. However, our assumptions regarding the absence of detection of
these resonances are twofold: the atoms are still rather hot, in the classical regime, and
the resonances are suppressed by the lattice. The first aspect imposes a selection on the
detectable resonances: at this temperature, long holding times are required to see an effect,
and only the wider resonances can be observed [26]. The second aspect comes from the
confinement of the atoms in the lattice sites. The lattice turns the cloud into a series of
2D classical gases, for which the scattering amplitude never diverges. In other terms, the
lattice could suppress the collision channels to form Feshbach molecules, leading to a strong
suppression of the atom losses for a classical gas [263, 264]. However, these assumptions
would require a proper investigation for conclusive statements.

Transport dynamics The acceleration andmaximum velocity were scanned together (Fig. 4.8b)
to determine how fast the transport can be, without losing or heating the atoms. The results
show that the number of transported atoms is rather unaffected for acceleration below
alatt,max = 1.5MHz/ms ≡ 800m/s2, and maximum velocities above vmin = 1.3m/s, reached
at the detuning ∆ν = 2.5MHz. Although some transport resonances were visible for cer-
tain transport velocities (see Section A.4), their impact was minor and the transported
cloud’s density was constant over this whole area. These resonances also displayed a strong
dependence on the beams’alignment, and the pattern has been changing after each realign-
ment procedure, even after the addition of servomotors to control the beams’ position (see
Section 3.3.6).

Interestingly, the cloud can be accelerated and transported faster than we anticipated. As
a reference, we defined the “natural acceleration” as the quantity anat = ahoν

2
ho, derived

from the harmonic oscillator length aho =
√
ℏ/mωl and frequency νho = wl/2π. For atoms

7All values of magnetic field gradient and offset at given for the start position of the transport, where atoms
are loaded in the lattice.
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in a lattice, the trap frequency can be obtained from:

El = ℏωl = 2Er

√
V0

Er
(4.8)

where Er = h2/8md2l is the recoil energy and V0 the trap depth. In our case, the lattice
depth at the transport start is given by Ulatt(0) = 12.5µK for Erbium, yielding a trap
frequency of ωl = 2π · 215 kHz and a natural acceleration anat ≈ 47m/s2, about 17 times
lower than alatt,max. The same phenomenon was observed in a Cesium transport setup [265],
where accelerations of 4 km/s2 were achieved, also on the order of 12anat,Cs. However, the
transport is also limited in time: a slow transport runs into losses for times that become
comparable to the lifetime of trapped clouds of Erbium, measured at 200ms on the starting
point. Moreover, Lithium tends to provide higher transport efficiencies for high accelerations,
on the order of 1.4 km/s2 [109]. To transport both species together (see Chapter 6), a
compromise has to be found to get enough atoms in the cell.

Transport efficiency The roundtrip measurements are the only tool at our disposal for the
initial transport beams’ alignment. They are done by transporting the atoms to increasing
distances, and back to the starting point. By mapping the transport time to the atoms’
position, it is possible to know when they are lost and hence when the beams lose overlap.
These measurements also proved necessary to estimate the survival of Erbium in transport,
because of the poor imaging conditions in the glass cell mentioned before.

The measurements shown in Fig. 4.8c were obtained for three velocities: 1.17m/s,
2.77m/s and 4.90m/s (detuning of 2.2MHz, 5.2MHz, 9.2MHz resp.), with a common
acceleration of 370m/s2 (0.7MHz/ms). For these measurements, the travel time for a full
roundtrip took 95ms, 180ms and 430ms respectively. The plots were normalized to the
travelled distance and atom number at the start, extracted from exponential fits to the
different curves. The fact that they all collapse on the same curve illustrates well the fact
that our losses are mostly position-dependent. Mostly, because slowest transport shows a
noticeably lower efficiency, for which the additional losses are simply due to its long holding
time of 400ms, comparable to the trap lifetime of 450ms at the starting point. In terms of
atom losses, the three fits to the curve give a decay of:

γ1/e(t) = 15 · 103 /s, 13 · 103 /s, and 6.5 · 103 /s

for the fastest to slowest transports. However, normalized to the distance, the decays are:

γ1/e(d) = 23 · 103 /cm, 26 · 103 /cm, and 49 · 103 /cm

in the same order, where it becomes clear that the slowest transport has additional losses
because of the longer holding time. The roundtrip efficiency of 25% gives a single-way
efficiency of 50%, which can be considered a low boundary to our current setup. Since the
measurement was taken, several improvements were done to the setup, and one can expect
the efficiency to be higher now, but would need to be remeasured to know the exact number.
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Chapter 5

Species-selective trapping of Er-Li

5.1 Theory of dynamical polarizability

The concept of polarizability is of crucial importance in the field of matter-light interactions,
as it encapsulates the response of a system to an electric field. In ultracold atoms experiments,
the system under study is typically an ensemble of atoms (from several millions in many-body
systems, down to single atoms in few-body systems), and the electric field is typically that of
a laser beam. For example, Optical Dipole Traps (ODTs) are still one of the most important
tools at the disposal of experimentalists to study low-energy physics, and their working
principle relies entirely on this concept. As we shall explain in this chapter, the precise
knowledge of an atom’s electronic structure and its levels is instrumental in determining
its polarizability. In turn, a good understanding of an atom’s polarizability is a precious
guide for any experiment, especially when it comes to the choice of a laser’s wavelength
depending on to its intended purpose.

5.1.1 Classical picture

The following considerations on the polarizability can be found in several textbooks, and
here we broadly follow the approach taken in References [134, 266, 267]. In general, for
an electric field E, the system’s induced dipole moment p can be written as:

p = αE (5.1)

where the polarizability α can be decomposed in two parts: static and dynamic. The
static polarizability is a scalar quantity which characterizes the response of a system to
a constant electric field. The dynamic polarizability characterizes the system’s response
to an oscillating field, and cannot be reduced to a scalar; in general, this quantity is
complex and frequency-dependent. Two important quantities can be derived in a classical
framework. First, the interaction potential between the induced dipole and the oscillating
field E(r, t) = êE(r)e−iωt + c.c. is given by:

Udip(r) = −1

2
⟨p · E⟩ = − 1

2ϵ0c
Re(α)I(r) (5.2)

Second, by considering the light as a stream of photons ℏω, one can also derive the scattering
rate:

Γsc(r) =
⟨ṗ · E⟩
ℏω

=
1

ℏϵ0c
Im(α)I(r) (5.3)
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In both equations, the brackets are the time average of the oscillating terms and I = 2ϵ0c|E|2
is the field intensity. As explained later, these two quantities are the basis of dipole-trapping,
and depend on the real and imaginary part of the polarizability respectively.

At this point, there is no additional knowledge of the polarizability itself. An intuitive
picture is drawn by the Lorentz model. This model is a simplistic approach to the description
of an atom placed in an oscillating electric field, where the electron (of mass me and
charge e) is elastically bound to the nucleus. Here, under the long-wavelength and far-field
approximations, the equation of motion ẍ+ Γωẋ+ ω2

0x = −eE(t)/me is that of a damped
oscillator with eigenfrequency w0 and damping rate Γω given by:

Γω =
e2ω2

6πϵ0mec3
(5.4)

This damping stems from the emitted radiation as described by the Larmor formula and
depends on the frequency ω of the driving field. The polarizability can be extracted from
the integration of the equation of motion, and put in the commonly written form:

α =
e2

me

1

ω2
0 − ω2 − iωΓω

= 6πϵ0mec
3 Γ/ω2

0

ω2
0 − ω2 − i(ω3/ω2

0)Γ
(5.5)

where Γ ≡ Γω0 = (ω0/ω)
2Γω is the damping rate on resonance. This approach, although

(almost) fully classical, already provides a good description of the atom-light interaction, and
captures many phenomena, such as absorption and refraction, or the different (Rayleigh,
Thomson, and resonant) scattering regimes. It is now possible to use this expression of the
polarizability to write the dipole potential and the scattering rates as:

Udip(r) = −3πc2

2ω3
0

(
Γ

ω0 − ω
+

Γ

ω0 + ω

)
I(r) (5.6)

γsc(r) =
3πc2

2ℏω3
0

(
ω

ω0

)3( Γ

ω0 − ω
+

Γ

ω0 + ω

)2

I(r) (5.7)

However, this description is limited to the perturbative case, where the saturation is avoided
by either large detuning or small intensities. In the case of optical dipole traps, this conditions
is verified since the light is far-detuned from any resonance, yet |∆| = |ω − ω0| ≪ ω0 is
still fulfilled. Moreover, it allows one to make an important approximation, the so-called
rotating-wave approximation. There, the counter-rotating term Γ/(ω0+ω) can be neglected
compared to the fast-rotating term Γ/(ω0 − ω), and the above expressions can be simplified
to:

Udip(r) =
3πc2

2ω3
0

(
Γ

∆

)
I(r) (5.8)

γsc(r) =
3πc2

2ℏω3
0

(
Γ

∆

)2

I(r) (5.9)

These two equations are key results when it comes to understanding the principle of dipole
trapping. Indeed, atoms can be trapped in a potential and maintained a low temperature
only if the heating rate, coming mostly from the scattering of light, is low enough. Here, the
scaling plays in favor of a low ratio of scattering rate to trapping depth, since the dependence
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on the detuning is not the same:

Udip(r) ∝
I(r)

∆
and γsc(r) ∝

I(r)

∆2
(5.10)

For far-detuned light, it means that a large potential can be reached, while the scattering
(and hence) heating is kept low. Additionally, the sign of the detuning is also changing
the trapping potential. For red-detuned light (∆ < 0), the potential forms a well, where
the energy is minimized at the highest intensity point. On the other hand, blue-detuned
light (∆ < 0) makes the dipole potential repulsive, and the energy is minimized at the
lowest intensity point. While both situations can be used for ODTs, a blue-detuned trap
requires more complicated beam shapes to collect atoms in a low-intensity region. This is
typically made by using hollow beams or light sheets to create trapping potentials [268].
Interestingly, an ODT made with blue-detuned light can impart less heating on the atoms in
certain circumstances. In a 3D harmonic trap, the ratio of heating rates is given by [134]:

Ṫblue

Ṫred

=
3κ

2

kBT

|U0|
(5.11)

where U0 is the trap depth at its center and κ a scaling factor depending on the trap
geometry. This ratio shows that blue-detuned traps are advantageous in tight confinements
(|U0| ≫ kBT ), or with uniform potentials where the boundaries are made with “hard walls”
(κ ≪ 1). However, the calculations made in [269] show that the heating rate is identical in
the case of optical lattices. Finally, one also needs to consider the available technology for
such traps, and more often than not, a red-detuned trap is easier to produce with high-power
lasers, typically operating at 1064 nm with 10W to 100W of output power.

5.1.2 Quantum picture

A more precise picture can be obtained by a semi-classical treatment of the problem.
Interestingly, the results from such a treatment yield the exact same results as the Lorentz
model in the perturbative, non-saturated case. The only difference is the presence of an
additional scaling factor on the force exerted on the electron, the so-called oscillator strength.
However, if the system is strongly excited, the classical model cannot take into account
saturation effects and its validity breaks down. A powerful model was established several
decades ago, where the atom and laser photons are treated a one system: the dressed-
states [270]. Starting with a closed two-level approximation for the atom, the Hamiltonian
of the system is written as:

Ĥ = ĤA + ĤF + V̂ (5.12)

where the three terms are the Hamiltonians of the atom, of the field, and of the atom-field
coupling respectively. Here, the coupling term connects the ground and excited states of
the atom, and is treated as a perturbation. It takes the usual form V̂ = er̂ · E = −µ̂ · E
where eµ̂ = −er̂ is the dipole operator. In the dressed-state picture, the eigenstates of the
Hamiltonian are now a combination of the atomic internal state, and the number of photon
in a mode of the field. They are usually written as |g, n⟩ and |e, n− 1⟩, where the atom is in
its ground or excited state, and the number of photons is either n or n− 1. These states are
bunched in manifolds of total energy En, and the manifolds are separated by the energy
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En+1 − En = ℏω of a photon. However, the atom-light coupling connects the states of a
given manifold, and thus induce an energy shift that can be calculated with second-order
perturbation theory. For our two-level approach, the energy shift is given by:

∆Ee,g = ±|⟨e|V̂ |g⟩|2

Ee − Eg
= ±|⟨e|µ̂|g⟩|2

ℏ∆
|E|2 (5.13)

where the ground and excited states shift are given by the plus or minus sign respectively.
An important precision is that with the coupling, the eigenstates are not the |g, n⟩ and
|e, n− 1⟩ anymore, but an admixture of them. Said another way, the atom stays in its ground
state most of the time (due to low saturation), and the effective energy-shifted ground state
becomes the relevant one for the potential felt by the atom. A second precision concerns
the damping rate Γ derived in the classical picture. The Larmor formula cannot be applied
anymore, and this rate must be determined another way. In this two-level framework, it
is typically equated to the decay rate from the excited level [134, 266], and has to be
calculated by the dipole matrix element of the driven transition:

Γ =
ω3
0

3πϵ0ℏc3
|⟨e|µ̂|g⟩|2 (5.14)

The energy shift can then be simplified further, and takes the form:

∆Ee,g = ±3πc2

2ω3
0

Γ

∆
I(r) (5.15)

This energy shift, also called “Stark shift” or “light shift”, corresponds to the dipole potential
already derived in Eq. (5.8). As it is dependent on the local intensity I(r), one can understand
why a gaussian beam creates a potential well with a gaussian shape. Finally, one can
characterize the strength of the coupling between the two states with Rabi frequency Ω,
which depends on the dipole operator as:

Ω =
⟨e|µ̂|g⟩

ℏ
|E| (5.16)

and write the above expressions in their famous form:

Udip =
ℏΩ2

4∆
(5.17)

and
γsc =

ΓΩ2

4∆2
(5.18)

As a last step, a more realistic description of the problem at hand requires a multi-level
atom model to capture all the interesting aspects of dynamical polarizability. In that case,
one needs to add the contributions to the energy shift from all individual upper states, in
the sum-over-states approach. With our formalism, the principle can be expressed (for the
ground state) as:

∆Eg =
∑
i

|⟨ei|µi|g⟩|2

Ei − Eg
=

3πc2

2ω3
0

∑
i

Γi

∆i
I(r) (5.19)
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and the last Eqs. (5.17) and (5.18) can be written as:

U
(tot)
dip =

∑
i

U
(i)
dip =

∑
i

ℏΩ2
i

4∆i
(5.20)

and
γ(tot)sc =

∑
i

γ(i)sc =
∑
i

ΓΩ2
i

4∆2
i

(5.21)

These equations contain all the ingredients necessary to have an intuitive understanding
of the dynamical polarizability. Because we now take into account all excited states with
their spontaneous decay rate, the situation becomes more complex than a simple two-level
system with a single resonance. Instead, for a given laser wavelength, some levels will be
blue- or red-detuned and their contributions will be shifting the atomic state energy to
higher or lower energy. Naturally, such a shift happens for the atomic ground state, but
to excited states as well. Several special cases can then emerge from this. For example, a
magic wavelength corresponds to the situation where the ground state and an excited state
are shifted by the exact same amount. This remarkable feature is typically exploited in
high-precision systems such as atomic clocks [271]. A second special case, of particular
interest here, is the tune-out wavelength: the polarizability’s vanishing point, where all
contributions from the different states cancel out and ∆E = 0. The tune-out wavelength
is specific to an atom’s internal state, and corresponds to the wavelength at which the
atom does not feel any light shift, thus any trapping potential. This feature can be used
for state-dependent or species-dependent traps, as explained in Section 2.3.1. Here, this
chapter focuses on the measurement of Erbium’s tune-out wavelength close to its 841 nm
transition.

In the most general case, where the laser light is elliptically polarized with the unit vector
polarization e, the dipole potential can be written as [162, 272]:

U(r, θp, θk,A, ω) =− 1

2ϵ0c
I(r)Re(αtot)

=− 1

2ϵ0c
I(r)

[
Re(αs(ω)) +A cos(θk)

mJ

2J
Re(αv(ω))

+
3m2

J − J(J + 1)

J(2J − 1)
· 3 cos

2(θp)− 1

2
Re(αt(ω))

] (5.22)

where |e·ez|2 = cos2 (θp), θk is the angle between z and the wave vector k,A is the ellipticity
parameter, and mJ is the magnetic sublevel of the atom. The scalar, vectorial and tensorial
components of the polarizability were noted as αs, αv, αt and are given by:

αs(ω) = −

√
1

3(2J + 1)
α
(0)
J (ω),

αv(ω) = +

√
2J

(J + 1)(2J + 1)
α
(1)
J (ω),

αt(ω) = +

√
2J(2J − 1)

3(J + 1)(2J + 1)(2J + 3)
α
(2)
J (ω),

(5.23)
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with

α
(K)
J (ω) =

√
2K + 1×

∑
J ′

(−1)J+J ′

×
{
1 K 1
J J ′ J

}
|⟨J ′||d||J⟩|2

× 1

ℏ
Re
[

1

∆−
J ′J − iγJ ′/2

+
(−1)K

∆+
J ′J − iγJ ′/2

]
.

(5.24)

Here, the sum includes all dipole allowed transitions from J to J ′ (∆J = ±1, 0), the curly
brackets matrix denotes the Wigner 6-j symbol, γJ ′ is the excited state natural line width
and ∆±

J ′J = ωJ ′J ± ω is the detuning from the J → J ′ transition.

The three components of the polarizability can be intuitively understood as follows. The
scalar part depends only on the light’s frequency, and has a fully isotropic character; it does
not depend on the field polarization or direction and shifts all atomic states mJ identically.
The vector part depends on the atomic sublevel mJ and on the light’s ellipticity, and two
cases must be distinguished. When the light is linearly polarized, the vector shift is the
same for all mJ states and no light shift is induced; this part vanishes. When the light is
circularly polarized, the vector shift is not identical for the mJ states, and the light lifts their
degeneracy, thus behaving as a “fictitious magnetic field” [273]. Finally, the tensor part
contains the anisotropy [266]: it depends on the angle θp between the atom’s quantization
axis and the polarization axis, but also on the quantum numbers J and m2

J .

5.1.3 The case of Erbium-Lithium

With the above considerations, it becomes easy to understand why Er and Li have dramati-
cally different polarizabilities. To begin with, some remarks can be made on the different
polarizability contributions. First, the vector part requires J ≥ 1/2 and the tensor part
J ≥ 1 to be non-zero. This is relevant for many cases. For example, atoms in a J = 0 state
(such as Sr, Yb or noble gases in their ground state) only have the scalar contribution to
their dynamical polarizability [141]. For atoms in a J = 1/2 state (such as alkali in their
ground state), the tensor part is vanishing due to the Wigner 6-j symbol, and only the scalar
and vector components are present. Second, like most experiments, our measurements
were done with linearly polarized light (see Section 5.2.2). It means that for Li, the only
contribution to the polarizability is scalar. In contrast, Er has a complex electronic configu-
ration, with a submerged shell where the 4f12 shell is open while the 6s2 shell is closed,
resulting in a J = 6 ground state. The highly non-isotropic electronic distribution gives
rise to a very rich atomic spectrum, with transitions ranging from the Hz to the MHz scale.
Having such a large angular momentum also explains the strong magnetic properties of
Er, and its strong tensor polarizability [272, 274]. Their respective polarizabilities, in this
context, can thus be simplified to:

ULi(r, θp, ω) = − 1

2ϵ0c
I(r)Re(αs(ω)) (5.25)
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Figure 5.1 | Dynamical polarizability of Er and Li. a) The calculated polarizabilities of Er (grey, blue)
and Li (pink) are calculated for the 350 nm-900 nm range. The full polarizability of Er (grey)
is obtained when accounting for all transitions; the filtered polarizability (blue) is calculated
after keeping only the wide UV transitions and the narrow transition at 841 nm. b) Atomic
levels involved in the calculated polarizability of Er (left) and Li (right), where the colors
correspond to the lines on figure a). The main transitions, typically used for laser cooling,
are indicated with arrows. The tune-out wavelength of interest is indicated by the star
symbol on both figures.

and
UEr(r, θp, ω) = − 1

2ϵ0c
I(r)

[
Re(αs(ω)) +

3 cos2(θp)− 1

2
Re(αt(ω))

]
(5.26)

where the prefactor 3m2
J−J(J+1)

J(2J−1) = 1 for Er in its ground state |J = 6,mJ = −6⟩.

The difference between Er and Li is best illustrated with the calculations of their respec-
tive dynamical polarizability, shown in Fig. 5.1. These calculations were done based on
Eqs. (5.25) and (5.26), with the theoretical data of Er from [162], where experimental
values for the 401 nm [165], 583 nm [275] and 841 nm [48] transitions were included. The
polarizability of Li was taken from [161]. There, the difference between these atoms is strik-
ing: while Lithium has only one transition at 671 nm and a corresponding broad divergence
in its polarizability, Erbium has a very rich spectrum, where transitions are grouped mostly
in the UV or blue range, from 350 nm to 480 nm, as well as around 580 nm and 630 nm. It is
also clear that Er’s spectrum is governed by its wide transitions at 400 nm, as represented in
Fig. 5.1. On the left figure, the grey line is the calculated polarizability of Er based on all
transitions and states currently known. The blue line is based on a filtered set of transitions,
for which the Einstein coefficient is larger than the threshold: Aij > 2 · 106 s−1 and to which
the 841 nm was added manually. Such a selection highlights two important features. First,
the global envelope of Er’s polarizability, with its divergence around 400 nm and similar
to that of Li, becomes clearly visible. Second, it also shows that the tune-out wavelength,
close to Er’s 841 nm transition, is also mostly determined by the UV/blue transitions and the
nearby infrared transition.

Finally, it also displays why ErLi is an interesting platform for species-selective trapping, as
mentioned already in Section 2.3.1. On the one hand, although Er’s tune-out seems close to
its 841 nm transition, the linewidth is quite narrow, at Γ841 = 2π · 8 kHz. In comparison, the
tune-out wavelength is expected to be found at a blue-detuning of |∆| ≳ 100GHz ≈ 107·ΓEr

841.
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For such a detuning, the scattering rate is very low, on the order of γEr = 10mHz. On
the other hand, the tune-out is also located far away from the Li D1 and D2 transitions at
671 nm, at a red -detuning of |∆| ≳ 107 · ΓLi

671. At this wavelength, Li atoms can thus be
trapped in an ODT with a low scattering rate of γLi ≈ 10mHz as well, providing favorable
conditions for a species-selective trap.

5.2 Experimental setup

The experimental setup used to measure Erbium’s tune-out was designed in a way such that,
after reaching degeneracy, the Erbium BEC and the Lithium DFG would have significant
overlap. The Erbium cloud would be trapped in a 1064 nm ODT, and the Lithium cloud in
a 841 nm ODT operating on the tune-out wavelength. This configuration requires careful
planning, to determine adequate trap shapes so that the condensed Bose gas does not shrink
to a small fraction of the Fermi gas’ volume.

5.2.1 Designing the optical traps

Erbium trap The first step is to determine the Erbium trap’s shape, based on the available
laser power and final BEC size, when the Er atoms form a pure condensate with T = 0K. An
important criterion for that trap was that it should be tight enough to confine against gravity
even at low intensity, to allow evaporation without any helping measure (such as magnetic
levitation) while maintaining good overlap with the superimposed Lithium cloud. Although
many beam sizes had to be considered, Fig. 5.2 shows the calculated characteristics of the
trap for two beams overlapping at 90 ◦, with 1/e-waists of wv,h = 35× 590µm. There, the
trapping potential is calculated for different laser powers, where one can see the significant
tilt due to gravity. When lowering the laser power from 10W to 5W per beam to evaporate
Erbium, the trap becomes very shallow and its local minimum shifts to lower positions, from
z = −5µm to z = −13µm. For a pure BEC, a good way to evaluate the trap depth is by
comparing it to the cloud’s chemical potential. As a rule of thumb, a good relative depth for
an ODT is given by U/µ ≈ 10 for efficient loading without heating, and U/µ ≳ 1 to keep
atoms in a shallow trap. If the trap depth is less than the chemical potential, the atoms are
not trapped anymore and start to spill out. The relative trap depth was calculated here for
clouds of 103, 104, and 105 Erbium atoms. Assuming a pure BEC, the chemical potential
can be calculated with [276]:

µEr =
ℏω̄
2

(
15Nas
āho

)2/5

(5.27)

where ω̄ = (ωxωyωz)
1/3 is the mean trap frequency, as is the Er-Er scattering length (set

to 100a0 in the calculations) and aho =
√
ℏ/mω̄ is the harmonic oscillator length. Here,

the mean trap frequency was calculated for all laser powers by approximating the real,
anharmonic potential with a local harmonic trap. The relative trap depth decreases quickly
when the laser power goes below P = 6W, and completely opens at P = 4.8W.
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Figure 5.2 | Design of the Erbium trap. a) Total trap potential, for crossed trapping beams of 30 ×
590µm waists, and 10W (light blue) down to 5W (dark blue) per beam. The tilt is due to
gravity and leads to gravitational sag, visible here as the displacement of the trap minimum
(pink dots). b) Relative trap depth (scaled to the chemical potential) for various atom
numbers in the BEC. c) BEC diameters in vertical (blue, left axis) and horizontal (pink, right
axis) directions. The cloud size scales weakly with NEr, so the trap can be used for large
ranges of atom numbers.

The resulting cloud size can now be calculated, in the Thomas-Fermi approximation,
with [276]:

REr
i =

√
2µ

mEr

1

ωi
(5.28)

where i denotes the different radii for a non-isotropic trap. With this trap geometry, an
Erbium BEC would have diameters ranging from Dv,h = (2 × 15)µm for 103 atoms, to
Dv,h = (5× 35)µm for 105 atoms.

Lithium trap The Lithium trap was designed in parallel with the Erbium trap, to ensure
that the Fermi gas inside would not keep a much larger diameter than the Erbium BEC
because of the Fermi pressure. Just like the previous paragraph, only the calculations with
the final values for the trap are shown here. The approach was to make the Lithium trap with
a dimple beam, focused to small waists to reach high intensities and strong confinement.
The notion of dimple is clear when looking at the calculated trapping potentials shown
in Fig. 5.3. There, the potential is the sum of the 1064 nm and 841 nm beams, with the
dimple beam focused to 1/e-waists of wv,h = 5× 20µm. Thanks to the larger polarizability
of Li at 841 nm compared to 1064 nm (αLi

841 ≈ 2 · αLi
1064), the tight focus of the dimple beam

provides a very strong confinement compared to the large 1064 nm beams. The relative
trap depth was also determined, although for the dimple beam alone. Indeed, if the dimple
is not deep enough compared to the DFG’s chemical potential, the atoms would start to
spread in the large ODT and degeneracy would not be achieved. The relative trap depth
is defined here as the ratio of the trap depth over the Fermi energy, which is the natural
energy scale for a non-interacting, spin-polarized Fermi gas. Thanks to the combination of
larger polarizability and tight focus, the power requirements are rather low: for a realistic
atom number NLi = 104 in the DFG, the dimple is still dominating over the large ODT down
to P ≈ 7mW.
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Figure 5.3 | Design of the Lithium trap. a) Total trap potential, for a dimple beam of 5× 20µm waists,
and 150mW (light blue) down to 7mW (light blue). The dimple beam is superimposed
with the Erbium trap, here at 5W per beam. The gravitational tilt, although present on this
image, is clearly weaker than for Erbium. b) Relative trap depth (scaled to the Fermi energy)
for various atom numbers in the DFG. c) DFG diameters in vertical (blue, left axis) and
horizontal (pink, right axis) directions, scaled to the previously calculated Erbium BEC size.
The horizontal size is given only for the tightly-confining axis of the dimple (see text). With
these trap sizes, the DFG is larger than the BEC in the vertical direction, but smaller in the
tight horizontal direction.

Similarly as Erbium, the Lithium cloud size is calculated, in the degenerate limit, according
to [131]:

RLi
i =

√
2EF

mLi

1

ωi
(5.29)

where µ is assimilated to the Fermi energy EF = ℏω̄(3NLi)
1/3, i denotes the different

spatial axes and ωi the associated trap frequency. The calculated DFG size is shown on
Fig. 5.3, scaled to the BEC size. It is given only for the tightly-confining axis of the dimple
beam, and not for the weakly-confining axis along the beam’s propagation direction. In
the latter case, the Li DFG is expected to be much larger than the Er BEC because the trap
confinement is given by the Rayleigh length of zR = 1.5mm. To maintain a full overlap
of the clouds, a second beam would be required to close the weakly-confining axis, and
constrict the Li cloud in a smaller volume. As expected, the Fermi pressure maintains the
DFG in a more spherical shape than the BEC even with the large aspect ratio of the traps.
Here, the vertical diameter is larger than the BEC, from a ratio of Dv,Li = 3.8 ·Dv,Er for
NEr = 103, to Dv,Li = 1.5 ·Dv,Er for NEr = 105. However, on the horizontal plane the ratio
is inverted, with Dh,Li = 0.65 ·Dh,Er for NEr = 103, to Dv,Li = 0.25 ·Dh,Er for NEr = 105.
Here, the realistic number of NEr = 104 provides a satisfying overlap of the clouds, where
the thermalization can be expected to occur via sympathetic cooling.

5.2.2 Implementing the optical traps

The two traps were built in the glass cell, to hold the atoms after being transported from
their respective MOT chambers. The setup is represented in Fig. 5.4. The large 1064 nm
crossed ODT was made by shining two beams of waists (wh, wv) = (590 × 35)µm, at an
angle of 55 ◦ and with up to 10W per beam. The interferences were suppressed by using two
different diffraction orders from AOMs used for intensity control, for a total frequency shift
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Figure 5.4 | Tune-out measurement setup. a) Cut, top view from the glass cell with the trapping
beams. “ODT1” and “ODT2” are the elliptical 1064 nm ODT beams used for the large trap.
“DIMPLE” is the 841 nm tight beam used to find Erbium’s tune-out wavelength. The various
coils (Feshbach: orange, offsets: red and blue, cut lens: green) around the experiment are
also drawn. a) Cut lens placed closed to the glass cell, to tightly focus the dimple beam.
Finding the focal point required a precise positioning with the translation stage to maximize
the trap frequencies.

of 150MHz. However, one of the ODT beams is is freqeucny-shifted in the same direction
as the transport beams and they can interefere together, leading to undesired heating.
The heating was detected by lifetime measurements, which indicated a suppression of the
interferences for a detuning ∆ ≥ 15MHz between the ODT and transport beams. More
details on the optical setup can be found in Section 3.3.6.

The dimple trap simply consists of a single beam, derived from the TiSa laser with the
setup explained in Section 3.3.5. This beam is focused to waists of (wh, wv) = (21× 5)µm,
by going through the various telescopes placed on the path, and focused to its final values
by a “cut lens” placed approximately 10 cm away from the glass cell. The lens has a focal
length of 100mm, and was cut on the sides to minimize its footprint and the amount of
blocked optical access. A picture of the lens and its mounting stage is shown in Fig. 5.4. The
micrometer stage used to align the focus of the beam is also visible here, as well as the glass
cell in the background. This lens is also used for an imaging path for both Er and Li, with a
large magnification for good detection of clouds after the transport or with very short time
of flights (TOF). However, this imaging axis is rarely used, since the usual TOF required
for temperature measurements imply that the clouds are not imaged on the camera chip
anymore.

5.3 Measurements

5.3.1 Experimental sequence

All the measurements performed in the glass cell and reported here were performed on the
individual species, without using a mixture. Because the goal was to measure the tune-out
wavelength and its (non-) dissipative effects, using a mixture was not necessary and would
only add a layer of complexity for no substantial gain. The following subsection goes over
the experimental sequences used for both species. For Erbium, more information on each of
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the steps can be found in their dedicated sections in Chapter 4. For Lithium, the cooling
and transport steps can be found described in the companion thesis [109].

Erbium sequence The procedure used for Erbium follows the standard approach [177, 189]
for this species, and differs slightly from the sequence explained in Section 4.2.2 in the
transport step. We describe the sequence from the point where the Er atoms are trapped in
their ODT, with the additional contribution of high-power transport beam. To transport the
atoms in the glass cell, the second transport beam is ramped up to 30W to form a 1D-lattice.
Then, the ODT is ramped down in 50ms and the atoms are moved into the cell, over 50 cm
in 165ms by detuning one of the transport beam. The acceleration is done in 9.6ms to a
maximum detuning and velocities of 6MHz and 3.2m/s. The corresponding acceleration
of 333m/s2, lower than the natural acceleration anat = 47m/s2 introduced earlier (see
Section 4.2.2). Finally, the atoms are transferred in the elliptical ODT presented in the
previous section. The transfer is made by ramping up the ODT power in 10ms, followed by
a ramp down of the transport beams power in 400ms. Once the lattice gone, the magnetic
fields are also transferred from the racetracks to the cell coils, with simultaneous ramps
of 200ms. This transfer requires careful compensation of the magnetic fields, to prevent
the Erbium atoms from being pulled to the side of the trap by a stray magnetic gradient.
Because the trap is weakly confining in the horizontal plane, even a small gradient of 1G/cm
is enough to pull a significant fraction of the atoms out of the trap. The compensation is
done by two offset coils (along the x-axis of Fig. 5.4) driven by independent power supplies
to provide both offset and gradient. The vertical confinement is strong enough to switch
off the levitation field, and the vertical offset is reduced to 4.9G in order to prevent the
magnetic zero from crossing the atomic cloud. With this sequence, the atoms are loaded in
the elliptical ODT at a temperature of TEr ≈ 1µK, and the tune-out measurements can be
done.

Lithium sequence The preparation sequence of Lithium follows closely that of Erbium.
First, the MOT is loaded from a decreasing-field Zeeman slower, where the end part of
the ZS field matches the MOT gradient. Both are operating on the D2 line of Li at 671 nm.
One particularity of the setup is the presence of an additional Transversal Cooling (TC),
at the oven’s output and before the ZS. This transversal cooling operates on the D1 line,
and optically pumps (OP) the atom in their |F,mF ⟩ = |3/2,−3/2⟩ state. This state is the
only state addressed by the ZS and as such, with the combination of OP and TC, a MOT
loading rate of 2 · 107 atoms/s was observed. After loading the MOT for 5 s, the compression
happens over 60ms and the cMOT is held for 20ms of thermalization. At that point, the
cMOT hold approximately 108 atoms, cooled down to 300µK.

The atoms are transferred in a 1070 nm multimode ODT, produced by two beams overlap-
ping at a small angle of 10 ◦, focused to waist of 65µm and with 150W each. One of the
transport beam is also added to the trap, although its contribution is small compared to
the ODT itself. The Lithium cloud is then a spin mixture of |F,mF ⟩ = |1/2,±1/2⟩ (usually
denoted |1⟩ and |2⟩), and is cooled down by evaporation at 320G, with a laser power ramp
down in 3 s. Here, a full evaporation already reaches the degenerate regime. However, the
second transport beam is ramped up in power 200ms before the end of the evaporation to
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load the lattice, and the atoms are transported in the glass cell. The transport is done over
1m, and takes 112ms.

When the atoms arrive in the cell, their population in the |1/2,−1/2⟩ state is transferred
to the |3/2,−3/2⟩ by a rapid adiabatic passage. The transfer is made with a 100 kHz-wide
RF-field sweep in 25ms, at a field of 3.4G. These states, usually denoted |1⟩ and |3⟩, have
more favorable scattering properties, and it makes it possible to load the same elliptical
1064 nm trap as for Erbium without going to the required high fields (320G or 600G and
higher) for the |1⟩-|2⟩ mixture. Once in the favorable mixture for scattering, the lattice
is ramped down in 10ms, followed by the dimple ramp up over 3 s. Finally, the ODT is
ramped down in 100ms, and the Lithium atoms are held in the dimple trap only, at a final
temperature of TLi ≈ 10µK.

5.3.2 Parametric heating and tune-out detection

Several methods can be used to locate a tune-out wavelength for an atom. A commonly
used technique is Kapitza-Dirac diffraction [143, 144, 150, 152, 154], where the atoms
are placed in an optical lattice and the number of atoms diffracted by Bragg scattering is
measured. At the tune-out wavelength, no side-peaks can be observed on the long TOF
measurements. However, to be applied to Erbium atoms, this technique requires the atoms
to be in a BEC state, otherwise their thermal spread is too fast to resolve the side peaks
reliably. Other tune-out measurements have been performed with different approaches,
such as interferometry [147, 151] or direct measurement of the trap frequency [277].
In our setup, the natural choice was to measure the tune-out via parametric heating, a
technique relying on periodic modulation of the trapping potential[141, 155, 277, 278].
In this approach, the trap is modulated at its resonant heating frequency to induce atom
losses during the long modulation time. The tune-out is identified as the point where the
modulation vanishes for the atoms, and the losses are minimized. The main advantages of
this technique are its long integration times and reduced systematic effects compared to the
atom interferometers, as well as its low technical complexity.

Owing to our trapping configuration, measuring the trap frequency was rather straight-
forward. The results presented in Fig. 5.5 are atom loss spectroscopy measurements, where
the trap and tune-out frequencies were detected. First, after trapping the Erbium atoms in
the 1064 nm elliptical ODT, the dimple beam was turned on for 1 s with a full-amplitude
modulation (from 0 to 500mW) at different modulation frequencies. Away from the tune-
out, the observed trap frequency, visible in Fig. 5.5 with its first two harmonics, was located
at 280Hz. Second, the tune-out frequency was identified for a given angle θp between the
atoms’ quantization axis (magnetic field) and the linearly-polarized dimple light. It was
done by modulating the dimple beam at the trap frequency to resonantly heat the Erbium
cloud for 5 s, and measuring the losses. The tune-out is extracted by applying a gaussian fit
to the atom survival signal to know precisely where the atom losses are minimized. Once the
tune-out located, it was possible to confirm it by performing the measurement of the trap
frequency again. As expected, and visible in Fig. 5.5, the measurement changes qualitatively,
and no resonance is visible anymore when the dimple is set on the tune-out. The position of
the tune-out was also measured for different intensities of the 1064 nm trap, and it could be
confirmed experimentally that the tune-out results were independent of this parameter.
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Figure 5.5 | Detection of Erbium’s tune-out wavelength. a) Parametric heating of Erbium in the
1064 nm elliptical ODT by the 841 nm dimple. Away from the tune-out (blue dots), the mea-
sured trapped atom number shows minima at three modulation frequencies, corresponding
to the 1064 nm trap frequency at 280Hz and its first two harmonics at 560Hz and 840Hz.
On the tune-out (black dots), no additional atom loss is observed and the noise is attributed
to experimental instabilities. b) Tune-out detection for various angles θp. The maximal atom
number for each set of measurements (all normalized here) determines the frequency of the
tune-out for the given θp. This number is determined by a gaussian fit (blue line) of the data
to each set separately. The detuning value is given with respect to the 841 nm transition.

5.3.3 Anisotropy of the tune-out

The tune-out anisotropy was measured by repeating the previous experiments with varying
θp. Three sets of measurement, done at θp = 8 ◦, 52 ◦ and 90 ◦, are presented in Fig. 5.5.
These measurements, obtained for a total of 9 angle values, are summarized in Fig. 5.6.
On this figure, the tune-out frequency is drawn as a function of the angle θp and shows
the expected anisotropic behaviour. It was measured to be in a range of ∆0 = 80GHz to
∆90 = 245GHz for θp = 0 ◦ to 90 ◦, blue-detuned from the 841 nm transition. However,
the measured values show a discrepancy with the theoretical calculations of the tune-out
wavelength, especially at large angles. To quantify the mismatch between theory and
experiment, the different contributions to the total polarizability are written explicitly as:

αs =
αs,841

∆
+ αs,0 (5.30)

and
αt =

αt,841

∆
+ αt,0 (5.31)

where the subscripts 841 and 0 denote the contributions of the nearby 841 nm line and the
“background” contribution from all other (far-detuned) transitions respectively. This approx-
imation is reasonable since the background contribution of all distant lines is essentially
constant over the range of interest. The tune-out condition can then be formulated as:

∆θ = −
αs,841 +

1
2

(
3 cos θ2 − 1

)
αt,841

αs,0 +
1
2 (3 cos θ

2 − 1)α0
(5.32)

which corresponds to the condition where the local contribution of the nearby line is exactly
cancelled by the “background” contribution from the other lines. Fitting this equation to the
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Figure 5.6 | Anisotropy of Erbium’s tune-out and polarizability. a) Angular dependence of the
tune-out wavelength. The tune-out wavelength measurements (blue dots) are extracted
from several sets of measurements (partially shown in Fig. 5.5) and fitted with Eq. (5.32)
(blue line). The theoretical plot (black line) shows good agreement with the small angles,
but significant deviation for large angles. The discrepancy was attributed to an incorrect
knowledge of the tensor part of the polarizability (see text). The detuning value is given
with respect to the 841 nm transition. b) Calculated polarizability of Erbium close to the
841 nm transition for various θp angles. The zero-crossing shift corresponds to the change
in tune-out wavelength shown in a).

measurements yields αs,0 = (193± 5) a.u. and αt,0 = (−17± 0.4) a.u., with 1 a.u. = 4πϵ0a
3
b ,

where ab is the Bohr radius. In comparison, the theoretical predictions of αth
s,0 = 184 a.u. and

αth
s,0 = −1.6 a.u. show a good agreement for the scalar part, but a large 10-fold difference in

the tensor part. Although error on the measured polarizabilities are limited by the current
uncertainty of the linewidth Γ841 = (8.0± 0.2) kHz, the experiment-theory mismatch was
attributed to the spectral data and theoretical model for the Erbium atom. The ab-initio
and benchmarked calculations for a heavy atom are notoriously difficult [272, 274, 279],
and rely on precise knowledge of the electronic structure and subsequent atomic transitions.
In our case, the data available and used for the calculations [162] contained some values
which did not agree with experimentally measured values, an issue that can already explain
the observed difference.

5.3.4 Non-dissipative, species-selective trapping

With the tune-out wavelength found and characterized, it is now possible to use it as a
species-selective trap. To reduce the scattering-induced dissipation, the tune-out is set to
the largest detuning ∆90 = 245GHz obtained for the orthogonal configuration. To quantify
the dissipative effect of the dimple beam due to light scattering, the lifetimes of both Er and
Li were measured and reported in Fig. 5.7.

For Erbium, the cloud was held in the 1064 nm trap and exposed to the 841 nm light, set on
the tune-out. The power of the dimple beam was set to 500mW, which corresponds to a trap
depth of ULi = 200 kB · µK for Li, and linearly polarized with θp = 90 ◦. The Er cloud was
held in the trap for up to thold = 100 s, and the lifetimes of τEr841 = 66±16 s and τEr = 58±18 s,
with and without dimple respectively, were obtained by an exponential fit to the decay
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Figure 5.7 | Lifetimes of Erbium and Lithium in the species-selective trap. The lifetime of Erbium
was measured in the 1064 nm trap, with (dark blue) and without (light blue) exposure to the
tune-out beam with P841 = 500mW. The lifetime of Lithium was measured in the tune-out
beam at 100, 300 and 500mW (light to dark pink), corresponding to trap depths of 40, 120
and 200µK. Each point is an average of 10 measurements, and the error bars represent
the standard error of the mean.

curves. The non-dissipative character of the trap is demonstrated by the identical lifetimes,
indicating that no heating due to light scattering could be detected this way. Moreover,
it is straightforward to estimate the scattering rate of Er on the basis of Eq. (5.21). As a
pessimistic estimate, the scattering rate can be overestimated by assuming a constant light
intensity over the whole cloud, set to be the dimple peak intensity. In that case, the calculated
scattering rate of Er is γEr = 1.5Hz, leading to an energy increase of ṪEr = 2Erγ = 250 nK/s
where Er = (ℏk2)/2m is the recoil energy imparted by a single photon. Since the geometric
overlap of the Erbium cloud and dimple beam is only about 5%, the heating rate can be
scaled down to ṪEr,eff ≈ 12.5 nK/s. One can also get a convenient heating rate depending on
the Li trap depth when normalizing these numbers to it, and get: ṪEr/ULi = 1.3 nK/(µK · s).

For Lithium, the atoms were held in the dimple beam alone, however for shorter holding
times and for different dimple beam powers. Although the average lifetime of τLi841 =
15.7 ± 1.9 s is shorter than for Er, the scattering rate is coincidentally identical, with
γLi = 1.5Hz. However, the energy input rate is 28-fold increased to ṪLi/ULi = 40nK/(µK · s)
due to its lower mass.

Two additional points are worth mentioning. First, the energy input rate is not always
the good metric to look at for experiments. In the case of small atom number (for example,
100 atoms in a lattice setup), the timescale provided by the scattering rate γ can be long
enough to perform experiments without a single scattering event taking place. Second, it
is interesting to note that the lifetime of lithium is power-independent. This suggests that
the trap has reached a fundamental limit imposed by photon scattering, for which both
the trap depth and energy input rate scale linearly with the laser intensity. This becomes
apparent when writing the energy input scaled to the trap depth as:

Ṫ

Udip
=

2Erγ

Udip
∝ Γ

ℏ∆
(5.33)

When this photon-scattering limit is reached, the power-independent lifetime becomes an
intrinsic property of dipole traps, and was observed for both Er and Li in the 1064 nm trap.
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Chapter 6

Quantum mixture of Erbium and Lithium

6.1 Experimental setup and sequence

The measurements presented in this chapter were obtained with a different optical setup
and sequence than that of Chapter 5, as we explain now. This new setup is also one iteration
step further than the results presented in [109], where the Optical Dipole Trap has been
modified. With the implementation of a tighter trap, the comparably higher trap frequencies
led to a faster evaporation, and ultimately to the formation of a quantum mixture of Er
and Li. The results presented in this chapter were all obtained at the end of this work, and
represent the current situation at the time of writing.

The optical setup is sketched in Fig. 6.1a, where the difference with Fig. 5.4 is clear. The
trap is now made by the contribution of three beams in total: the Front Beam (FB), the Cross
Beam 1 (CB1) and the Cross Beam 2 (CB2), all operating at 1064 nm. The FB, propagating
along the direction of the transport beams (y−axis), has an elliptical profile with waists
(wh, wv)FB = (29 × 16)µm. It is used to confine atoms along the x− and z−axes. Then,
CB1 and CB2 are co-propagating beams close to the x−axis, used to close the trap along the
y−axis. They are not used simultaneously but sequentially, to tighten the trap during the
evaporation. Their waists are (wh, wv)CB1 = (360×43)µm and (wh, wv)CB2 = (32×225)µm
respectively, and they cross FB at an angle of approximately 80 ◦ due to the presence of the
cut lens on the side of the glass cell.

Regarding the experimental sequence, several major changes have occurred compared
to the previous chapter. First, both species are now transported simultaneously to the
glass cell. After loading Li in the transport lattice as before, the cloud is moved to the Er
chamber, where the Magneto-Optical Trap (MOT) is still loading. Then, the yellow MOT
is compressed and Er atoms are loaded in the transport beams directly from the cMOT,
without the “filtering” step of the ODT. This way, both Er and Li are transported to the glass
cell together, thus simplifying the sequence considerably. Although it makes the Erbium
cloud much larger than before (on the order of 1mm), transferring this cloud in the cell
ODT proved to be fine heating-wise, and even yielded a higher atom number for Er. At that
point, about 4 · 106 Er atoms and 105 Li atoms have been transported to the glass cell, before
their transfer in the cell ODT.

The next steps of the sequence, required to transfer the atoms in the final ODT, are
drawn in Fig. 6.1b. First, an optimized offset field of Bz = 2.2G is applied in 40ms to
the transport fields (∇B = 4.2G/cm and Btp = 13.5G, see Section 4.2.2) to hold the
atoms. Then the FB and CB1 trapping beams are ramped up in 200ms to PFB = 2W and
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Figure 6.1 | Experimental setup and sequence for the quantum mixture. a) The setup is similar
to Fig. 5.4 except for the laser beams. They have been replaced with three new beams:
the Front Beam (FB), Cross Beam 1 (CB1) and Cross Beam 2 (CB2) for an increased trap
frequency and cross-species thermalization time (see text). b) Sketch of the experimental
sequence showing the power of relevant laser beams (top) and magnetic components
(bottom) for the handling of atoms in the glass cell. The atoms are loaded in the cell ODT,
followed by a spin purification of Li in |1⟩, and the final evaporation into the quantum regime.
The complete cycle time (including the loading and transport steps - not shown here) is
approximately 15 s.

PCB1 = 20W. The generated trap has a depth of UEr = 141µK and ULi = 216µK for
each species. However, the large mass of Erbium effectively reduces the trap to UEr,g =
129µK because of the gravitational pull. To calculate the corresponding trap frequencies,
the trapping potential (tilted by gravity) was numerically approximated by a harmonic
potential which describes the bottom of the trap well despite the anharmonicity (see also
Section 5.2). The frequencies were found to be (νx, νy, νz)Er = (611, 526, 1489)Hz for Er
and (νx, νy, νz)Li = (4164, 3260, 9751)Hz for Li. In the setup, the trap frequencies were
measured within the 10% of these calculated values via parametric heating, attesting of the
reasonably good alignment of the beams.

Once the trap ready, the levitation gradient and offset field are ramped down to 0G/cm
and 1.9G in 200ms, while a side gradient of ∇By = 0.25G/cm is added to prevent Er
atoms from spilling through the side of the trap. Then follows the extinction of the transport
beams in 40ms. At that point, both species are held in the ODT only, but the Li cloud is still
in a |1⟩ − |2⟩ mixture. The atomic ensemble is purified into a spin-polarized cloud of Li in
state |1⟩ to prevent eventual heating effects or atom loss. The state preparation is performed
by population transfer of the atoms in state |2⟩ to |3⟩ via rapid adiabatic passage [131].
The magnetic field is set to Bz = 2G, and an RF-coil oriented along the y−axis drives the
|2⟩ → |3⟩ transition with a frequency sweep at 225.4± 0.175MHz over 55ms. The field is
then ramped to the usual imaging conditions, and the atoms pumped in the |3⟩ state are
ejected from the trap with a 30µs-pulse of resonant light. This procedure is repeated three
times, after which no atoms in either |2⟩ or |3⟩ are detectable anymore.

The final step to reach quantum degeneracy is the evaporation, performed with three
distinct ramps. The first ramp (evap1) is a transfer from CB1 to CB2, which are ramped
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to 0W and 25W in 1 s, while FB is ramped down to 1W. The second ramp (evap2) is
a quick reduction of the laser beam powers, to 0.65W and 2W in 1 s for FB and CB2
respectively. The third ramp (evap3) is the last evaporation phase, where only FB is ramping
down, to approximately 0.38W in 5 s. During the entire process, the magnetic field is set
at Bz = 1.4G, which was determined to be the best value for evaporation, in agreement
with [170].

6.2 Reaching double degeneracy

Before the evaporation ramps start and the mixture is brought to the quantum regime, an
additional waiting step is necessary to fully load the final cell trap. This waiting step, not
mentioned before, occurs between the state preparation of Li, and the beginning of the
evaporation (see Fig. 6.1b). The measurements shown in Fig. 6.2 are the atom number
and temperature in the ODT for various waiting times, up to 20 s. These measurements
were obtained in two different configurations: with an Er-Li mixture, and with a cloud of Er
atoms only. The configuration with Li alone could not be achieved, since the thermalization
(and subsequent loading of the trap) is not possible at low field, due to the weak Li-Li
interactions.

In the Er-Li configuration, the thermalization of Li is ensured by the cold bath of Er atoms
around. As a result, the transfer from the large transport beam into the first ODT requires
several seconds for the atoms to scatter into the trap. This effect can be seen clearly on
the Li atom number, which increases during the first 5 s of holding time. The increase is
explained by atoms coming from the wings of the trap, which slowly scatter into the ODT
with the help of Er, as already observed in our experiment before [109]. In contrast, the
number of Er atoms decreases at a constant rate for the entire duration, showing that the
transfer is already done at the end of the state-preparation stage. Interestingly, things
change qualitatively in the absence of Li atoms. In that case, Er behaves like Li and displays
a rather long loading time as well, with atom number increasing during the first 10 s before
decaying at the same rate during the second half of the holding stage.

The curves shown in Fig. 6.2a were fitted with a saturated exponential increase for Li and
Er (in Er-Li and Er configurations respectively) and with a linear decrease for Er (in Er-Li
configuration). From these fits, one can extract the initial atom numbers, time-constant for
the loading rate, and the decay rate. In the Er-Li configuration, we obtain:

N i
Er = 1.65 · 105 and N i

Li = 3.1 · 103

Nf
Er = 0.8 · 105 and Nf

Li = 6.8 · 103
(6.1)

with a decay rate and time constant of:

ṄEr = −4 · 103 /s and τLi = 1.7 s (6.2)

In the Er-alone configuration, for the rising part we obtain:

N i
Er = 0.9 · 105 (6.3)
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Figure 6.2 | Accumulation and thermalization of atoms in the trap before evaporation. a) Atom
number of Er (blue) and Li (pink) during the holding step. The number of Er atoms shows a
qualitative difference in the Er-Li (dark blue) and Er-alone (light blue) cases. b) Temperature
of Er (blue) and Li (pink) during the holdig step. The solid lines are fit to the data; the dashed
lines serve as guide for the eye (see text).

with a time constant of:
τEr = 4.0 s (6.4)

Moreover, the transfer from the transport beams to the ODT heats the atoms, which then
thermalize during the same holding phase. The temperatures of both clouds, measured via
time-of-flight thermometry (see Section B.2) and reported in Fig. 6.2b, show a high initial
value, followed by a decay towards equilibrium over the entire holding time. The relevant
numbers for this long thermalization were obtained again via an exponential decay fit, from
which the initial and final temperatures, as well as the time constant were found to be:

T i
Er alone = 17.2µK, T i

Er = 15.9µK, T i
Li = 24.9µK

T i
Er alone = 7.9µK, T f

Er = 7.9µK, T f
Li = 12.2µK

with
τEr alone = 4.8 s, τEr = 4.5 s, τLi = 4.2 s (6.5)

The qualitative differences between the Er-Li and Er-alone configurations are not fully
understood, and would require a proper investigation to draw any serious conclusion.
However, several comments can be made. To begin with, it would seem that Er-Li has faster
dynamics than Er-alone, based on the following observations. While the number of trapped
Er atoms increases over several seconds in the Er-alone configuration, the peak value is
already reached at the first point of the Er-Li measurement. Coincidentally, the fit of NEr

indicates a saturation value of 1.65 · 105 atoms in the Er-alone case, which is exactly the
initial number of the Er-Li case. This aspect would suggest that when Er is alone, it takes
several seconds for the all the atoms to reach the trap, while the presence of Li makes the
Er cloud denser in the beginning, resulting in a faster transfer. On the temperature side,
it appears that Er atoms are barely affected by the additional heat load brought by the
Li atoms. This appears clearly in Fig. 6.2b, where the two Er curves are almost identical.
The only detectable difference was the initial temperature of Er (extracted from the fit),
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which increases from 15.9µK to 17.2µK, followed by a slightly shorter thermalization
time, which decreases from 4.8 s to 4.5 s. The equilibrium temperature of 7.9µK is also the
same in both situations. An interesting point here is the temperature offset between Er
and Li. It starts with Li being hotter than Er by ∼ 10µK, but decreases to a difference of
∼ 4µK at equilibrium. This difference, although not fully understood, is also visible in other
works with quantum mixtures that include Li [214, 280]. As we shall see, the difference
decreases further during the evaporation, until it becomes smaller than 1µK in the last
stage of evaporation. However, it also confirms a central point of our experiment, which
was unknown in the beginning of this thesis: Er and Li can thermalize together.

We can now turn to the final result of this work: the formation of a quantum mixture of
166Er and 6Li. The atom number and temperature of both Er and Li, shown in Fig. 6.3a,
were measured along the evap2 and evap3 ramps, when the atoms are in the final trap
made by FB and CB2. During the entire process, the number of Li atoms stays constant at
NLi ≈ 1500, while Er atoms are being evaporated until none remain at tevap = 5.5 s. Thus,
Li atoms are being sympathetically cooled by the surrounding Er atoms, which take the
thermal energy out of the system when they escape the trap via forced evaporation. At
the beginning of evap2, TEr = 9µK and TLi = 10µK, and they decrease quickly to reach
TEr = 2.7µK and TLi = 3.4µK by the beginning of evap3. After a total of 5 s of evaporation,
the measured temperatures were TEr = 0.4µK and TLi = 0.7µK, both below their BEC and
Fermi temperatures. Interestingly, it seems that the temperature of Li follows that of Er
during evap2, but they start splitting apart in evap3. This effect could be originating from a
reduced overlap between the clouds, since the gravitational sag of Er progressively increases
up to 3µm, which is on the order of the clouds’ diameters. However, a clear separation was
not observed, and the thermalization of Li keeps on going through the whole evaporation.
The increasing temperature difference was instead attributed to the thermometry itself,
since time-of-flight measurements are increasingly unreliable as the degeneracy increases.

So far, these temperatures were obtained with TOF measurements, which depend on
a Gaussian fit of the released cloud, and cannot be reliably used in the quantum regime.
For Er, which reaches its condensation onset at 4.4 s, only the last few points need to be
remeasured to extract the temperature with a bimodal fit. However, Li enters the degenerate
regime much earlier, close to the end of evap2. Although a Gaussian fit can reliably capture
the shape of a Fermi cloud for temperatures as low as T/TF ≈ 0.5 [109, 131], the precise
measurement of a Fermi gas’ degeneracy requires a fit of the cloud’s shape with its exact
2D-density distribution (integrated along the imaging’s direction). For Er, a bimodal fit to
the 1D (integrated) profile encompasses the thermal and condensed fractions via [276]:

n(x) = n0,the
−x2/2σ2

x + n0,c

(
1−

[ x
w

]2)2

(6.6)

where σx is the thermal cloud radius, and w the BEC radius. From such a fit, one can retrieve
the condensed fraction by integrating the two contributions, and the critical temperature
can be obtained with:

kBTc ≈ 0.94ℏωN1/3 (6.7)
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Figure 6.3 | Evaporation to the quantum regime for Er and Li. a) Atom number (left) and temperature
(right) of Er (blue) and Li (pink) during the evap2 and evap3 ramps. The number of Li atoms
remains constant, while Er is being evaporated from the trap, demonstrating an efficient
sympathetic cooling. The atom number and temperature of Er in the absence of Li atoms
(light blue) is identical to the Er-Li situation (dark blue). The Fermi (dotted) and critical (dash-
dotted) temperatures were obtained with the calculated trap frequencies and measured
atom numbers during the entire evaporation. b) Degeneracy of the Li cloud during the
evaporation. The numerical value was obtained from a 2D fit of the absorption pictures’
profile; the increase at the end is attributed to a impure spin polarization (see text). c)
Integrated profiles of the Er cloud at the BEC onset (left) and end of evaporation (right).
The bimodal fit includes a thermal (dotted) and a condensed (dash-dotted) part, from which
the condensed fraction and critical temperature are obtained. d) Slice profiles of the Li
absorption pictures. The Gaussian fit (dotted) is done on the wings of the cloud only. The
Fermi fit (dark pink) is done on the 2D column density. The deviation from a Gaussian cloud
is clearly observed at high degeneracy.
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For Li, the fit is best performed on the 2D column density via [131]:

nF,2D(x, y) = n2D,0

Li2

(
−exp

[
q − ( x2

R2
x
+ y2

R2
y
)f(eq)

])
Li2(−eq)

(6.8)

with
R2

i =
2kBT

mω2
i

f(eµβ) and f(x) =
1 + x

x
ln(1 + x) (6.9)

where Li2 is the polylogarithm of order 2, q = µβ is the fugacity, and Ri the Fermi radius
along the i-direction1. From the fit, the degeneracy is obtained with:

T

TF
= [−6Li3(−eq)]−1/3 (6.10)

Using these fits, it was possible to determine precisely the degeneracy of the Li cloud as well
as the BEC onset and condensed fraction of Er. The value of T/TF is given in Fig. 6.3b, for
which an independent dataset had to be taken at a later date than the TOF measurements.
The fitted Fermi profiles show that Li is already in the DFG state at tevap = 1.4 s with
T/TF = 0.5, and decreases linearly to the minimal value of T/TF = 0.2 at tevap = 4.4 s.
For the last second of evaporation, it seems that the relative temperature goes up again,
reaching T/TF = 0.23 at tevap = 5.4 s. This undesired heating, which does not appear on
the previous data (Fig. 6.3a), was attributed to experimental instabilities that lead to a
non-pure state preparation of Li. An investigation of this stage revealed that a large part
of the atoms were still present in the state |2⟩ (about 25%), a situation which resulted in
an effectively deformed Fermi surface at high degeneracy, which the fit could not properly
account for. After solving the issue, it seems that the Li cloud can now reach T/TF = 0.15,
a result which still needs confirmation at the time of writing.

Finally, the precise fits of Er and Li along the evaporation are also presented in Fig. 6.3cd.
On the one hand, the fit to the partially condensed Er cloud reveals a final temperature
of TEr = 255 nK, for a condensed fraction of Nc/N = 0.55. At the last evaporation point
(tevap = 5.4 s), the trap is fully open for Er and no atoms remain. On the other hand, the fit
to the DFG of Li shows the clear deviation from a gaussian cloud for the lowest TLi/TF = 0.2
measurement.

1More precisely, this quantity is the size of a Fermi gas, constructed from the limits of a thermal cloud at
T ≫ TF and the Fermi radius at T = 0 (see [131])
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Chapter 7

Conclusion and outlook

This thesis presented the design, construction and first experimental results of a novel
apparatus capable of producing quantum mixtures of 166Er and 6Li. In the present work,
a strong emphasis was put on the Erbium side; the Lithium side can be found in the
companion thesis of Florian Kiesel [109]. We began with an explanation of our machine’s
central motivation with a brief introduction to the Fermi-Hubbard model and its open
questions, followed by a presentation of the currently known limits to cooling. We explained
how, with the aid of a species-selective trap, our experiment could achieve the ambitious
goal of producing a Fermi gas with unprecedented degeneracy. We then proceeded to a
thorough description of the different subsystems implemented over the course of the thesis,
consisting of the vacuum apparatus, laser setups and magnetic coil systems.

The performance of our apparatus was also characterized, demonstrating the successful
laser-cooling of Er atoms down to the microkelvin range, using state-of-the-art techniques.
Starting from a hot gas at ∼ 1300K, the atoms travel through a spin-flip Zeeman Slower
operating on the 401 nm-transition aided with an Angled Slowing step, before their capture
by a magneto-optical trap operating on the 583 nm-transition. There, we observe a loading
rate of up to 5 ·107 atoms/s, with a saturation value of up to 7 ·108 atoms. After compression,
the cloud’s temperature was measured to be 8µK. The transfer to an Optical Dipole Trap is
reported as well, wherein up to 4 · 106 atoms could be loaded and further cooled to 4.5µK.
The subsequent transfer into, and successful transport of the atoms over 50 cm towards the
glass cell is also documented, with a final number of up to 4 · 106 atoms reaching the end of
transport.

We then proceeded to the measurement of the tune-out wavelength of Erbium near its
841 nm-transition. The tune-out’s anisotropy was also characterized, and its position was
found to be from 78GHz to 245GHz red-detuned from the transition. Most importantly, a
species-selective trap of 6Li was demonstrated using the tune-out wavelength, for which a
power-independent lifetime of 15 s was observed. Finally, we demonstrated the production
of a Bose-Fermi quantum degenerate mixture of 166Er and 6Li, achieved by the simultaneous
sympathetic cooling of Li by Er, and the forced evaporation of Er from the trap. The efficient
cross-species thermalization led to a Fermi gas with T/TF = 0.2, trapped along a BEC with
a condensed fraction of 55%.
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Outlook

Species-selective trapping

The next natural step of our experiment is the implementation of a species-selective trap
operating at Erbium’s previously measured tune-out wavelength. Such a trap offers several
decisive advantages.

First, loading Lithium into a tighter confinement with higher trap frequencies increases
its absolute temperature while leaving the degeneracy parameter T/TF unchanged. In the
presence of a surrounding cold Er bath, this temperature increase can be compensated by
sympathetic cooling, provided that the cooling power of Er is sufficient. In this regime, a
careful optimization of the experimental parameters could lead to a substantial improvement
of the Lithium degeneracy. Preliminary measurements are currently underway in the
laboratory to explore this approach. So far, the first tests have proven very promising, with
an immediate enhancement of the Lithium degeneracy, reaching T/TF = 0.1.

Second, the tune-out trap enables a high degree of species-selective control. In particular,
when combined with our tilt stages, it allows for a controlled displacement of the trap
during the evaporation sequence. Thanks to their angular precision, these stages can be
used to compensate the gravitational sag of Er, thereby maintaining an optimal spatial
overlap between the two atomic clouds throughout the evaporation.

Third, this configuration provides independent control over Er via its dedicated trapping
potential. Depending on the targeted application, the Er cloud can either be evaporated into
the Bose-Einstein condensate regime or maintained in a classical state. In the condensed
regime, the Er cloud can serve as a precise thermometer for the fermionic Lithium gas [123].
When kept classical, its larger size and higher specific heat capacity make it an efficient
coolant, enhancing evaporative and sympathetic cooling performance.

Polaron physics

Looking further ahead, our experiment is particularly well suited for the investigation of
polaron physics [281, 282]. This regime emerges in a two-component mixture, when one
species is sufficiently dilute to be treated as a mobile impurity immersed in a many-body
bath formed by the other component. Polaron physics describes how this mobile impurity is
dressed by excitations of its surrounding medium, forming a quasiparticle called a polaron.
As the impurity moves, it distorts the environment, and the combined object behaves as a
single entity with renormalized properties such as an effective mass, energy, and lifetime.

The Er-Li mixture enables the exploration of distinct polaron regimes, with either Bose or
Fermi polarons according to the choice of the minority species. In particular, an infinite-
mass impurity can be realized with the help of the large mass imbalance, or with a tight
tune-out trap. Polaron oscillations can also be investigated using the combination of the
species-selective trap and the tilt stages. In this scheme, Li atoms are confined in the
species-selective trap, which can then be rapidly displaced using the tilt stages to excite
center-of-mass oscillations of the Lithium cloud.
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Efimov effect

The Efimov effect [283] is a phenomenon arising from two-body interactions, in a three-body
system. It manifests itself as an infinite sequence of weakly bound trimer states (called
Efimov states), even when no two-body bound state exists. Although originally predicted in
the context of nuclear physics, the Efimov effect is also realized in ultracold atomic systems,
where it manifests as enhanced three-body loss rates in the vicinity of Feshbach resonances.
Compared to homonuclear gases, heteronuclear mixtures offer a richer Efimov spectrum,
which becomes increasingly dense with larger mass imbalance (see [159] and references
therein). Moreover, the presence of broad interspecies Feshbach resonances facilitates the
experimental observation of this effect, a feature that appears to be naturally available in
the Er-Li mixture [171].

Lattice physics

In the long term, the implementation of several key subsystems is still required to reach
the milestone of lattice physics, and access both Fermi-Hubbard and Bose-Hubbard models.
Recently, the implementation of a tune-out lattice has been initiated as part of a Master’s
project. Our approach differs from the entropy-engineering scheme of [43], as the cooling
is instead provided by the Er reservoir, while the doping is controlled directly through the
loading of Li.

In-situ and spin-resolved imaging will be provided by a high-resolution objective already
positioned near the glass cell, prepared for the implementation of a quantum gas microscope.
The objective is intended to be used in combination with near-resonant optical tweezers
for Li, operating at 675 nm, implemented using a Spatial Light Modulator (SLM) and
mapped onto the lattice sites. This novel scheme is inspired from a similar imging setup with
1064 nm-tweezers [284], where a robust fluorescence imaging technique was demonstrated.
In comparison, the near-resonant tweezers require much less power for the same trap depth,
and have a smaller diffraction limit (hence a higher resolution). This approach additionally
relies on in-trapD1 gray-molasses cooling of Li, which also provides the fluorescence photons
collected by the objective. The construction and testing of this subsystem is already under
way as part of another Master’s project.

Finally, both the polarons and lattice projects benefit from a subsystem equipped with a
Digital Micromirror Device (DMD). The DMD will be used to flatten the potential of either
the optical dipole trap or the lattice, since a homogeneous potential landscape is essential
for controlled studies of polaron and lattice physics. Once again, this project is already well
under way as a Master’s thesis.
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Appendix A

Supplemental Material for Chapter 4

This appendix presents the kind of scans and measurements which can (and sometimes
have to) be done to find the optimal parameters of the different preparation steps. The
measurements presented here focus on the different steps presented in Chapter 4. The
MOT loading discussed in Section A.1, and the cMOT temperature in Section A.2. Then,
the ODT loading is discussed in Section A.3, and finally the transport setup is presented in
Section A.4.

A.1 MOT

The MOT can be quickly optimized by a series of 1D scans, on essentially all the parameters.
However, such iterative scans can lead one to a local maximum, especially if the scans are
not repeated.

The measurements in Fig. A.1 provide a global overview of the MOT parameters for
optimal loading. They were all obtained by absorption imaging in the Erbium chamber
(along the vertical direction), after 1 s MOT loading time in Section A.1, 5 s MOT loading
time in Section A.2, and with 3 repetitions per point. The MOT itself is too dilute to be
imaged without compression, so the absorption pictures were taken after compressing the
MOT to the default cMOT parameters. These “2D+1” maps were obtained as a way to have
a visual representation of the MOT position, by checking slices in a 3D parameter space. On
the left, the MOT offsets fields Bx and By were scanned from −2.5G to +2.5G to determine
the best MOT position in the horizontal plane. On the right, the MOT frequency and gradient
were scanned to determine the optimal MOT volume, provided that the position is centered
correctly before. The frequency was scanned from 45Γ to 78Γ, and the gradient from
3.5G/cm to 7G/cm. In both situations, the maps were measured at different vertical offsets
Bz, from 0G to 3G. The final values, used in our experiment at the time of writing, are
summarized in Table A.1.

Interestingly, at low values of Bz (0G and lower), it is possible to see the effect the
(A)ZS beams on the atom number. On the figures (for Bz = 0− 1G), it appears as a local
minimum with an additional “blob” on the right part of the signal, close to Bx = 2G. When
decreasing Bz further, this effect gets stronger, until the MOT cannot be loaded anymore.
Even further, it becomes possible to load the MOT above the blue beams, although this was
never investigated.
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A.2 cMOT

The cMOT temperature, after a long enough thermalization time and assuming that no sub-
Doppler mechanism is taking place, depends solely on the scattering rate. Said otherwise,
the laser parameters are the important experimental knobs that can be used to reach the
Doppler temperature. As it stems from Eq. (4.1), one can reach this temperature with a
detuning of∆ = −Γ/2, and with peak intensity lower than the saturation intensity. Typically,
the lowest temperatures are reached for intensities of I ∼ 0.1Isat [237, 285].

Here, we make a systematic study of the cMOT to understand and calibrate its behaviour
to our control system. The MOT was loaded for 5 s before compression, to be closer to the
actual cycle times during experiments. Because of the large atom number in that situation,
the imaging beam was detuned to image only 1/10 of the atom number and avoid saturation.
The compression ramps are identical to that used in the main text, see Section 4.1.2. The
parameters scanned is this study are the laser detuning and intensity. The laser detuning
was scanned from −5Γ to −18Γ, and the intensity from 0.01 Isat to 0.35 Isat. The cMOT
was imaged after 5ms and 20ms time-of-flight (TOF), to ensure that the cloud has enough
time to expand, while staying within the camera’s view.

The cMOT was characterized by measuring its atom number and diameter at short and
long TOFs, to extract its temperature and pseudo-density from only two points. The diameter
is obtained by fitting a Gaussian profile to the imaged cloud, which can be done even at
short TOF with the vertical imaging. The temperature requires more points to be measured
properly (see Chapter B), but the ratio of the cloud size between these two TOFs is already
a good indicator. The pseudo-density is only an estimate of the cloud’s density, given simply
by the ratio of atom number to the cloud size: npseudo = Nat/wxwy, and corresponds to an
average column density.

The results shown in Fig. A.2 can be understood well by looking at the right column.
There, we plot the ratio of the atom number, cloud diameter, and pseudo-density between
the two shots at 5ms and 20ms. The coldest cMOT can be expected to be in the area where
the cloud expanded the least, i.e. where the ratio of cloud size is the smallest (center right).
This area also matches with the highest density ratio (lower right). The highest initial
density can be found at a detuning of ∼ −8Γ (lower left), but it is due to atom loss and
not colder temperatures. This is confirmed the sharp diameter ratio increase (center right),
where the cloud is actually hotter because the laser is closer to resonance.

The temperature measurements were done in the high density ratio area (lower right),
and indicated there by the star symbols. The values reported in Table A.2 indicate that the
cMOT temperature is heavily influenced by the laser detuning, and to a lesser extent by
the laser power. There, the cloud goes from ∼ 13µK (upper stars line) to ∼ 8.5µK (lower
stars line). Finally, it is important to note that the optimal cMOT parameters are different
depending on the figure of merit. The coldest cMOT is reached at −16.8Γ and 0.02 Isat, but
the best transfer to the ODT in terms of atom number is reached at −14.5Γ and 0.13 Isat,
where the cloud temperature is ∼ 14µK.
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A.3 ODT

The procedure followed here is essentially the same as for the MOT, explained in Section A.1.
Just like the MOT, the ODT loading can be quickly optimized with 1D scans on the cMOT
parameters. However, the parameters in question are mutually dependent and one can
rather easily fall into a local maximum.

A very good mapping can be obtained by the “2D+1” maps shown in Fig. A.3, and the
final parameters are summarized in Table A.3. To get these measurements, the cMOT is
roughly aligned to the ODT in the first place, before doing the precise scans. Then, the ODT
loading is measured for a MOT loading time of 2 s, a compression ramp of 300ms and a
thermalization time of 150ms. The MOT beams are then shuttered, and the atoms held in
the ODT for 500ms with a levitating field of 4.2G/cm. For these measurements, the transport
beams were not turned on; adding them during the ODT loading typically doubles the atom
number.

The precise alignment is done as follows. First, the cMOT horizontal position is scanned
via the Bx and By offsets, at different Bz values. Then, the final compression parameters
(cMOT detuning and power) are scanned for each optimal position at their respective Bz

offsets. From the shape of the measurements in the two columns, it appears that the transfer
from cMOT to ODT is very consistent. First, the horizontal position barely changes for
different vertical positions, and the signal keeps its overall shape. Second, the optimal
detuning simply moves towards larger values when the vertical position is changed, while
the signal’s shape stays consistent as well. From this, it is clear that the vertical displacement
is simply compensated by the cMOT resonant “shell” via the detuning. There, it can also be
inferred that larger negative Bz values move the cMOT upwards. Finally, it is interesting
to note that the horizontal position has a “hole” close to (Bx, By) = (0.4, 0.3)G. This was
attributed to an overlap of the ODT with the magnetic zero, leading to dipolar losses in the
Erbium cloud.

A.4 Transport

The Figs. A.4 and A.5 display extended information compared to the summary presented
in Section 4.2.2. They focus on the characterization of the transport setup by scanning its
magnetic fields and dynamics respectively.

In addition to the explanations given in the main text, it is interesting to also take a look
at the cloud’s shape. The shape was extracted from the absorption pictures by a 2D fit
of the thermal cloud, and the pseudo-density was defined as PD = N/ωxωy. The latter
corresponds to the column density of the cloud, integrated along the imaging direction. In
both measurements sets, a filter was applied on the atom number to be able to fit the data,
with N ≥ Nth = 6 · 104.

On Fig. A.4, the Feshbach resonance observed at 20G enlarges the cloud in both directions,
resulting in a lower pseudo-density. Interestingly, the vertical diameter shows a strong
dependence on the levitation gradient, with a seemingly bimodal behaviour. When the
cloud is under-levitated, the atoms accumulate at the bottom of the transport lattice and the
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cloud’s vertical diameter is ≈ 180µm When it is slightly over-levitated, it abruptly increases
to ≈ 220µm. Although the difference is not large, the threshold lies clearly along the
levitation diagonal of 4.0G/cm (see Section 4.2.2), and deviations from this position impact
the transfer to the cell’s trap (unfortunately not measured here).

On Fig. A.5, the transport resonances mentioned in Section 4.2.2 are clearly visible on
the cloud’s diameter. These resonances are only dependent on the maximum velocity of
the transport lattice, and can be understood as follows. During the transport, experimental
imperfections (e.g. the back-reflections of the transport beams) induce a “bumpiness” for
the atoms, at a given frequency. When that frequency is resonant with some physical
quantities involved (such as the local trap frequency), some form of parametric heating can
take place and heat the cloud. Here, the pattern was always strongly dependent on the
transport beams’alignment, and changed after every realignment procedure. For this reason,
and because it also never proved to be problematic in our sequence, the problem at hand
was not properly investigated and no real conclusion was drawn. Instead, the transport
is always parametrized to be away from these resonances, for both Er and Li. Especially
here, the resonances seem to be akin to a breathing mode, where an increase in the vertical
diameter is compensated by a decrease in the horizontal diameter, leading to an overall
flat pseudo-density. The only trend that was of real interest to us was the monotonous
increase of atom number for low accelerations but high velocities. In the end, the transport
also needs to take into account the presence of Lithium atoms and their own preferential
parameters, which are usually in a region of much higher accelerations and velocities.
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MOT cMOT

Bx/By/Bz (G) 0.7 / 0.7 / 1.25 0.3 / 0.37 / -0.1
∇B (G/cm) 4.85 3.5

Detuning (Γ) -57 -13.7
Laser power (Isat) 16 0.02-0.1

Table A.1 | MOT and cMOT parameters. The default parameters for MOT and cMOT used in the
experiment. The cMOT parameters have to be adapted to the desired goal, such as coldest
cloud or best ODT loading.

I0/Isat
Detuning (Γ)

13.7 14.7 16.8

0.11 13.3µK 12.8µK 12.6µK

0.07 10.5µK 10.1µK 9.60µK

0.02 8.70µK 8.55µK 8.30µK

Table A.2 | cMOT temperatures. The cMOT temperature was measured for the different points
indicated by stars in Fig. A.2. Here, the laser power is the most relevant parameter for a cold
cloud, with a stronger influence than laser detuning. The lowest temperature was measured
to be 8.3µK for a detuning of 16.8Γ, although at the price of slightly lower atom number.

cMOT

Bx/By/Bz (G) 0.27 / 0.37 / -0.1
∇B (G/cm) 3.5

Detuning (Γ) -14.7
Laser power (Isat) 0.13

Table A.3 | cMOT parameters for ODT loading. Parameters extracted from the measurements of
Fig. A.3, obtained with ODT beams alone (no transport beams).
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Figure A.1 | MOT optimization. 2D maps of the MOT position in the horizontal plane (left) and its
volume (right). The horizontal position is changed with the magnetic offsets and the volume
with the laser detuning and magnetic gradient. The measurements were done for several
vertical offsets to align the MOT to its best loading position.
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in the bottom right figure (density ratio) indicate where the temperature was measured.
The temperature dependence on laser power is stronger than the dependence on laser
frequency (see text). The cMOT can reach temperatures down to 8µK.
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Figure A.3 | cMOT to ODT transfer optimization. The ODT loading from the cMOT is studied by
looking at the number of trapped atoms after 500ms in the dipole trap (with levitation), for
different horizontal offset fields (left) and cMOT detunings and powers (right). The scans
were repeated for different vertical offset fields (rows), to obtain the “2D+1” representation
of the parameter space. The measurements were done for a MOT loading of 2 s, at an
ODT power of 130W per beam and with 4 repetitions. The peak atom number is approx.
3.5 · 106, about 10% of the atoms from the cMOT. On the left row, the dark dot is a local
loss of atoms due to the proximity of the magnetic zero (see text). On the right row, the shift
towards higher detuning for higher Bz offsets is consistent with the vertical displacement of
the cMOT.
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Figure A.4 | Transport fields optimization Atom number (upper left), cloud diameters (middle row)
and pseudo-density (upper right) of the transported clouds for varying racetracks fields. The
standard transport values at (Ib, It) = (20A, 48A) (star symbol) are set to the maximum
of transported atom number. The Feshbach resonance is clearly visible on both the atom
number and cloud size. The over- or under-levitation is also visible on the cloud’s size and
position. Absorption pictures of the transported cloud (bottom row) are shown for different
points of the 2D map.
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Figure A.5 | Transport speeds optimization Atom number (upper left), cloud diameters (middle row)
and pseudo-density (upper right) of the transported clouds for varying accelerations and
maximum speeds. The standard transport values at (∆, alatt) = (11.6MHz, 0.58MHz/ms)
(star symbol) are set to be in the high-density region, and away from the transport reso-
nances. They correspond to velocities and accelerations of (v, a) = (6.2m/s, 308m/s2)
The transport resonances the cloud’s size, especially the vertical diameter. Absorption
pictures of the transported cloud (bottom row) are shown for different points of the 2D map.
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Appendix B

Detection methods

B.1 Absorption imaging

Absorption imaging is the standard procedure used to take pictures of the atomic ensemble
in most ultracold atoms experiments. The principle is straightforward: a collimated beam
of resonant light is sent on the atoms, which then absorb the photons and spontaneously re-
emit them (given that the intensity is much lower than the transition’s saturation intensity).
The plane containing is then imaged and focused on the sensor of a CCD camera1. A second
image is taken shortly after the image with the absorbed light (typically from 50µs to 150ms
depending on the imaging setup and imaged atoms), to be used as a reference. Finally, a
third picture can eventually be taken with no imaging light or atoms, to measure the dark
noise of the camera itself to subtract it from the previous images. In our case, the camera
was found to be stable enough from shot-to-shot to avoid using the third image, but a precise
imaging scenario should take this effect into account. On the picture with atoms, the light
intensity is reduced by the absorption according to the Beer-Lambert law:

I = I0e
−n(x,y)σ (B.1)

where n(x, y) is the column density of the cloud and σ the cross-section given by:

σ =
σ0

1 + I0/Isat + (2∆/Γ)2
(B.2)

with σ0 = ℏωΓ/2Isat the cross-section on resonance, ∆ the detuning, Γ the transition’s
linewidth and Isat the saturation intensity. From these equations, the Optical Density (OD),
defined as OD(x, y) = n(x, y)σ, can be retrieved immediately from the ratio of the two
images:

OD = ln
Ibackground
Iatoms

(B.3)

The conversion from OD to atom number is then obtained by integrating the image:

N =

∫∫ ∞

−∞
n(x, y)dxdy =

1

σ

∫∫ ∞

−∞
OD(x, y)dxdy (B.4)

1Allied Vision Technologies GmbH, Manta G-145B NIR mono PoE W270
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Figure B.1 | TOF thermometry. The absorption pictures (top row) of an Er cloud, released from a cMOT
at 8µK, are fitted with a 2D-gaussian function (middle row), from which the temperature is
derived (bottom row). The last points of the TOF were not included in the temperature fit
because the cloud had fallen far enough to be partially out of the imaging field of view, and
in an area with lower imaging light intensity, thus underestimating the cloud size.
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Finally, absorption imaging has a bound on its reachable resolution, given by the Abbe
diffraction limit:

d =
λ

2NA
(B.5)

where λ is the imaging light’s wavelength and NA the numerical aperture of the imaging
system. Examples of such absorption pictures are given in Fig. B.1. The last usual quantity
is the Phase-Space Density (PSD), defined by:

D = nλ3
dB (B.6)

with λdB =
√
2πℏ2/mkBT the de Broglie wavelength. The PSD is actually the proper metric

to quantify how close one is from the quantum regime. Essentially, reaching a PSD of the
order of D ≈ 1 marks the onset of degeneracy, for BECs or DFGs. In particular, the onset of
Bose-Einstein condensation happens at D ≈ 2.6 for atoms in a harmonic trap, and diverges
for high degeneracy. For fermions, the Pauli blocking prevents the PSD from diverging, and
D grows asymptotically with lower temperatures.

B.2 TOF thermometry

Most of the temperature values given in this thesis were obtained by Time-of-Flight (TOF)
thermometry, where the temperature is extracted from the expansion of the cloud after its
release from a trap. For a thermal cloud governed by Maxwell-Boltzmann distribution, the
cloud’s size during expansion is given by:

σ(t) =
√
σ2
0 + v̄2t2 (B.7)

where the average velocity v̄ of the atoms is used to define an associated temperature
T = mv̄2/kB.

An example of such TOF thermometry is given in Fig. B.1, for a cloud of Er atoms released
from a compressed Magneto-Optical Trap (MOT) with a measured temperature of 8µK.
This method is particularly adequate for classical clouds with a high enough optical density,
but several effects can lead to inaccurate results [276]. For example, residual magnetic
fields and gradients, or a slow quench of the trap itself can influence the ballistic expansion
of the cloud and lead to falsified measurements. The atom number can also be biased if the
saturation parameter is close to (or above) unity, or too low and the beam is fully absorbed
by the cloud.

B.3 Fermi thermometry

As discussed in Section 6.2 and [109, 131], the temperature of a Degenerate Fermi Gas
(DFG) cannot be derived properly by TOF thermometry for T/TF ≲ 0.5. For a thermal cloud,
the entirety of the cloud size gives the temperature, which is obtained from a gaussian fit.
For a DFG, the Fermi pressure results in a shape close to that of a gaussian, but where the
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Figure B.2 | Fermi thermometry. Absorption picture of a DFG of Li (left), 2D-fit of the cloud (center),
and residuals from the fit to the raw data (right). The OD of the absorption picture is rather
low due to the long TOF (4ms) and low atom number (∼3000). The residuum shows value
on the order of 5 · 10−4, as well as the high-frequency noise also visible on the fitted data.
This data point corresponds to the coldest T/TF = 0.2 mentioned in Section 6.2.

information regarding the temperature lies in the low-density wings of distribution (i.e. at
the Fermi surface). The thermometry of deeply degenerate Fermi clouds is thus famously
difficult, since it is limited by the Signal-to-Noise Ratio (SNR) of the cloud’s edges. Here, it
is possible to fit the density distribution with a 2D-fit of the column density given by the
absorption imaging. In that case, the 2D function for Fermi profiles is then:

nF,2D(x, y) = n2D,0

Li2

(
− exp

[
q − ( x2

R2
x
+ y2

R2
y
)f(eq)

])
Li2(−eq)

(B.8)

where the fugacity q = µβ, the logarithm of the fugacity, determines the shape of the cloud.
For clouds with radial symmetry, it is also possible to make an azimuthal average to obtain
a 1D profile2 with an enhanced SNR, especially close to the edge. Finally, it is important
to note that such a radial average is far superior to an integration along an axis, since this
operation would result in a mixing of regions with high or low local degeneracy, hence
destroying the sought signal. In our experiments, the Fermi gas of 6Li is routinely fitted
with the function given above; the procedure is illustrated in Fig. B.2.

Finally, below T/TF ≲ 0.1, the 2D fit reaches its limit as well, since the shape gets
increasingly more difficult to distinguish from the T = 0 case. At that point, unless an
exceptional imaging system is used for the absorption pictures, the standard solution is
to use a second species as a thermometer, assuming that the cross-species thermalization
occurs. Of course, the second species should either be classical or bosonic (but only partially
condensed) to avoid the issue.

2One must be careful here: the radially-averaged profile corresponds to a slice through the 2D profile, and not
an integrated profile along one of the directions
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B.4 Bose thermometry

The thermometry of bosons is more accessible than its fermionic counterpart. It consists
in doing bimodal fits to the absorption pictures, where the appearance of a sharp peak on
top of the (gaussian) velocity is often presented as the “smoking gun” of condensation.
The fit can be done either on the 2D-profiles from imaging, or on a 1D-profile obtained by
integration of the absorption picture along one axis. In the 2D case, the fit is made with:

n(x, y) = n0,the
−x2/2σ2

x−y2/2σ2
y + n0,c

(
1−

[
x

wx

]2
−
[
y

wy

]2)2

(B.9)

while the integrated case is best fitted with:

n(x) = n0,the
−x2/2σ2

x + n0,c

(
1−

[ x
w

]2)2

(B.10)

where wi =
√
2µ/mω2

i is the half-length of the trapped BEC along the direction i. From
such a fit, one can retrieve both the absolute and critical temperatures of the cloud, given
by:

kBT ≈ 0.94ℏωN1/3

(
1− NC

Ntot

)1/3

(B.11)

and
kBTc ≈ 0.94ℏωN1/3 (B.12)

which are linked via:
Nc

Ntot
= 1−

(
T

TC

)3

(B.13)
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Appendix C

Assembly and baking

The assembly of the vacuum system took over several weeks, between the assembly of the
different parts, closing all the leaks, and baking the apparatus. An important preliminary step
was the air-baking of the main chamber. Air-baking the vacuum components at 450 ◦C for 24
hours creates a layer of oxidation, which in turn prevents the outgassing of hydrogen from
the walls [286]. During the process, the sharp edges of the CF connections were protected
with blind flanges and silver-annealed gaskets, screwed to the chamber by silvered screws.
After the baking, the oxidation layer of the stainless steel chamber turned it to a bronze
color, while the blind flanges came out goldened. This oxidation layer also makes the baking
much faster, since we could reach the floor value of the turbopump in approximately one
day (compared to a typical week long of baking).

A hard-learned lesson was also to keep your molecular turbopump connected and
pumping when you activate the getter materials of the NEG pumps. Otherwise, the
surrounding ion pumps will get saturated, and a good vacuum not possible anymore.
Fortunately, the ion pumps can also be purged by removing their permanent magnet and
baking them at 400 ◦C for 8 h. In our case, it was possible to purge them very nicely into the
turbopump overnight, and the procedure resulted in an even faster pressure decay during
the last cooldown.

Figure C.1 | Air baking of the main vacuum chamber The main vacuum chamber was placed in
a large oven (left), to be air-baked at 450 ◦C for 24 h. After the air-baking, the surface is
oxidized and now has a bronze color (right).



Appendix C Assembly and baking 126

Figure C.2 | Filling and closing the Er oven. Approximately 100 g of Er chunks (left) were placed in
the oven. After placing the small chunks in the crucible, it is maintained in place at the exit
of the oven by a Tantalum filament (right, star shaped).

Figure C.3 | Vacuum assembly with laser alignment. One laser pointer per arm (Er/Li) was fixed at
one end of the table and aligned to it. The vacuum parts were assembled by continuously
checking the line-of-sight through the machine, a task optics-cleaning papers excel at.
Special thanks to our student Max, for not hesitating one second before sacrificing his
phone camera for the greater cause (no camera was harmed in the making of this machine).
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Figure C.4 | Perks of assembling a vacuum system. Left: a clueless PhD student in its natural
habitat, learning from the utmost expert. Right: demonstration of the creative usage of
optical tables required to assemble such a system.

Figure C.5 | Vacuum apparatus under construction.
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Figure C.6 | Wrapped machine for baking. The entire apparatus was wrapped in heating filaments
and covered in insulating material to ensure a homogeneous thermalization during the
baking, to prevent any cold spot inside which could result in degraded vacuum. One must
be careful with the placement of heating filaments, to keep the viewports at a maximum
temperature of 180 ◦. Sensors were placed inside to monitor the temperature in many
strategic spots.

Figure C.7 | Mounting of glass cell coils setup. The bare glass cell (left) was kept protected with a
metallic tube until the coils setup was brought around it (right). The racetracks coils are
above and below the cell; in the background one can see the Er chamber as well.
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