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Introduction

Bose-Einstein Condensate (BEC) is a special state of dilute matter in which quantum
physics manifests at a macroscopic scale. It was predicted in 1925 by Einstein [1] gener-
alizing Bose’s work [2] on photons (the massless elementary particles of light quanta).
One of the cornerstones of quantum mechanics is that a (massive) particle, which is
described classically by a trajectory, is in fact more rigorously depicted as a wave. Its
wavelength is set by the de Broglie relation [3] A = h/p where p is the particle mo-
mentum and / the Planck constant. In a gas at thermal equilibrium (temperature T),
the coherence length in the dilute regime is characterized by the thermal wavelength
At o< 1/+/T (which is roughly the average of A for the particles in the gas). At very low
temperature, this typical coherence length becomes larger than the mean inter-particle
distance such that the particle waves overlap and interfere (without need for them to
interact). These interferences when constructive lead to the establishment of a gigantic
wave over the cloud represented by the complex field (the wavefunction) ¥ (r), which
embodies the Bose-Einstein condensate. A second cornerstone of quantum mechan-
ics lies in two points: (i) the time-evolution of a particle-wave is fully dictated by a
special operator named the Hamiltonian; (ii) the state of an assembly of independent
identical particles is entirely described by the number of particles which populate each
of the eigenstates of this single-particle Hamiltonian. The emergence of a macroscopic
quantum state along the Bose-Einstein condensation is intimately linked to the specific
statistics of the population of these single-particle states in a gas of identical particles at
thermal equilibrium. One distinguishes (in our 3D world) two kinds of particles with
respect to this statistics, the Fermions and the Bosons. For non-interacting Bosons, the
statistics causes an accumulation of the atoms in the particle state of minimal energy
(ground-state) for a sufficiently low temperature, corresponding to the occurrence of
the constructive interferences described above and to the BEC transition. Even if sev-
eral earlier phenomena are considered to realize a state equivalent to the BEC such as
the superfluidity in liquid *He [4, 5], the superconductivity of an electron gas in a
metal [7, 8] % or even the lasing of an optical cavity [11] 3 the cooling of atomic Bose gas

1. “Heisa liquid rather than a gas such that interactions are very strong, complicating both the mea-
surements and the theory. In particular, this system only have a minority of atom in their minimal energy
single-particle state [6].

2. Electrons are Fermions and thus are not expected to undergo a BEC transition. However at low
enough temperature the free electrons can loosely bound in pairs and superconductivity can be interpreted
as a condensation of these pairs of electrons, namely the Cooper pairs, that sort of behave as Bosons.
However these pairs of electron are massively delocalized over the system such that all electrons of the
gas participate to the pairing and this arises at the same time as the condensation itself. This results in a
significantly distinct phenomenon compared to a BEC of molecules and leads to important modifications
of the theoretical prediction in this case. A similar state as also been observed in 3He [9, 10], in atom nuclei
(between the protons and neutrons that formed it) and other aspect of nuclear physics.

3. Laser beams can be seen as BECs of photons in one mode of the cavity. However this system is
intrinsically out of thermal equilibrium and thus do not hold within Einstein’s considerations.
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enables the first* experimental realization in 1995 [17-19] of Einstein’s prediction in its
original formulation (see footnotes 1-3).

This experimental achievement was permitted by the invention half a century ago
of the laser source [11, 20] which set the ground for the development of techniques for
cooling and trapping of atomic assemblies. While the laser is often associated with the
idea of heat - it can melt, weld, cut ... - the purity of the light emitted by this source also
serves to cool collections of atoms at temperatures down to a few billionths of a degree
above absolute zero (nK scale) and thus enables experimental observation of BEC in
atomic Bose gases. Note that this ultra-cooling is not limited to Bosonic atoms but was
also performed on Fermionic ensembles [21-23].

Ultracold atomic physics blossoms by rising massive interest beyond the pristine
demonstration of BEC [17-19] and the consecutive study of the condensed phase prop-
erties [24-28] due to two main characteristics : (i) the accuracy of simple theoretical
modeling for these systems in which impurities are essentially absent; (ii) the versa-
tility and tunability of the energy landscapes designed for being experienced by the
atoms. It indeed results in highly controllable systems in which a wide range of physi-
cal problems can be tackled so that it opens groundbreaking perspectives in many other
domains of research in physics. I will briefly illustrate this tremendous input of ultra-
cold atomic gases.

First, the physics of cold atomic gases is not limited to the weakly interacting regime
and many-body problems can also be addressed. A flexible method to control the
strength of interactions between the atoms (and reach the strongly interacting regime)
is based on Feshbach resonances [29, 30], for the species presenting this special feature °.
These resonances occurring in the collision scheme are controlled via the application of
a uniform magnetic field whose variations effectively lead to the tuning of the strength
and the sign of the interactions. This feature for example permitted the experimental
observation in Fermi gases of the crossover from a BEC [31-33] of the molecules that
form in the strongly repulsive case [34] to a superfluid of loosely bound pairs of atoms
[35-38] that arise at low temperature in the weakly attractive regime along Bardeen-
Cooper—Schieffer (BCS) theory (see footnote 2).

Second, the controllability of the energy landscapes — by modifying the equation of
motion dictating the evolution of the system (its Hamiltonian) — brings a wide vari-
ety of problems as potential subjects of study. In particular, due to the universality
of quantum physics, we can reproduce, on our cold atom gases, problems (Hamilto-
nians) from other domains of physics and study their properties on our copy system.
This illustrates the notion of quantum simulation put forward by Feynman in 1982 [39].
The customization of the Hamiltonian is eased in our setups by the use of laser beams.
For example, the trapping potential can be shaped by finely designing these beams in-
tensity and phase profiles or by patterning the intensity variations from interferences
between several of them. Cutting-edge developments have been achieved in the past

4. Latter realizations include exciton polariton BEC [12-14], magnon BEC [15] and photon BEC [16].
Note that the two former systems are not exactly at equilibrium and thus do not strictly realized the
Einstein’s prediction. They are said to realize quasi-equilibrium BEC.

5. The results I will present in this manuscript have been measured on a Rb vapor which does not
show these interesting resonances in a simply accessible range of magnetic field.



several years:

— The use of strongly anisotropic (and tight along some directions) confinement
enables one to change the dimensionality of the gas under study by freezing the
motion of the atoms in one or two directions of space. Then the specificities of
both 1D (e.g. [40, 41]) and 2D (e.g. [42]) physics as the crossover between these
regimes become experimentally explorable.

— The possibility of generating periodic potential of tunable strength from interfer-
ence patterns enables to investigate the physics arising in lattices (e.g [43]). In this
case, the atoms arrange themselves in the periodically spaced energy wells, simi-
larly to the electrons in a solid crystal and reproduce the so-called Bose-Hubbard
Hamiltonian. In this system, a transition from a superfluid phase (at weak lattice
height) to a Mott-insulating phase with a suppression of the fluctuations of the
number of atom per lattice site and the absence of phase coherence over the sys-
tem (at strong lattice depth) was observed [44]. This setup also enables to achieve
a strongly interacting regime and opens the way to a large spectrum of investiga-
tions [45—48].

— Further control of the spatial dependencies of the trap confining a bulk (in op-
position to the lattice) systems is also of huge interest to test various physical
properties. Due to common laser beam profiles, the trapping potentials happen
to be usually non homogeneous (harmonic). It was recently achieved to change
it into a quasi-uniform box [49], closer to the textbook models. In this system,
complementary measurements and more rigorous comparison to theory can be
achieved and a novel insight in physical phenomena can be gained, opening a
new field of investigation.

— In a somehow opposite direction, one can also reproduce a disordered potential
with a tunable range and strength by using for example a laser beam transmit-
ted through a diffusive plate generating a speckle pattern. A particular point of
interest is the effect of disorder on the diffusion of the atoms in the gas and par-
ticularly of the occurrence of the transition toward a localized state predicted by
Anderson [50]. Cold gases enabled a first direct observation of the localization
[51-53] which triggered novel investigations for example toward the issue of the
interplay between the disorder and the interactions between particles.

Many other research efforts may also be quoted. For example, efforts are pointing to-
ward the implementation of two essential points for quantum simulation purpose that
are the realization of (strong) synthetic gauge fields (that reproduce in the Hamiltonian
the effect of a magnetic field on a charged particle like the electron) [54-59], and the
implementation of long-range interactions between atoms [60-62]. A complementary
very active theme of research aims toward ultra-cold chemistry [63].

With these ingredients, the thermodynamics properties of a great number of systems
become accessible with cold atom ensembles. For example, beyond the simple observa-
tion of the thermodynamics transitions whose few examples have been quoted above,
efforts have been undertaken to precisely describe the complete equilibrium behavior
of the gases. This steady behavior is embodied by an equation-of-state (EoS) which
relates the appropriate number of dimensionless quantities to fully determine the state
of the gas. Thus, from the measurement of the EoS, we can deduce all the thermody-
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namics quantities and determine at which values a thermodynamic transition occurs
by observing the discontinuities of some of these variables. Such relations have been
measured in both Bose and Fermi gases [64-71].

Another flourishing trend in atomic physics consists in the study of the dynamical
properties of the system. This study is enabled in cold atom systems due to the unique
possibility of controlling dynamically both the interaction between the atoms and the
energy landscape they feel. Then many dynamical problems can be addressed. Such
investigations bring important complementary information on the gas state. The mani-
festation of a macroscopic quantum behavior is generally linked to the establishment of
a so-called "superfluid" state that is primitively characterized by its response to a flow.
Hence, beyond the historical observation of the collective excitations [72, 73], flow [74—
82] and transport [83-87] experiments have raised great interest.

Linked to the dynamical study, another long-lasting question bears on how a BEC
forms in experiments and how coherence emerges in an initially incoherent gas. This
question can be seen as a specific case of a more general problem, which encompasses
the general question of the coherence establishment when a system is driven through
a thermodynamic transition in a short time ("critical quench"). Close to any transition
point, the microscopic details of the system are predicted to become irrelevant (critical
universality), then a general mechanism may hold for all "critically-quenched" systems.
In this way, studying cold atoms enables to access general properties for any system,
from the cosmology to the particle physics. Such an ubiquitous mechanism was put
forward by Kibble [88] and extended by Zurek [89] and is based on the universal diver-
gences that occurs when approaching a point where a transition toward a coherent state
occurs. In particular the typical equilibration time diverges at this point. Then, in the
case of a finite time evolution through this transition, a specific time emerges at which
the actual evolution can no longer follows these divergent behaviors. At this time, the
evolution reaches a non-equilibrium regime. Kibble and Zurek predicted that a mem-
ory of this non-equilibrium evolution may be kept inside the final coherent state by the
presence of specific long-lived excitations. Quench-induced excitations have been ob-
served in cold atom experiments [90, 91]. Moreover, the counting of these excitations
may bring crucial information on the phase transition that is crossed. Such a quanti-
tative analysis has also been carried out with cold atom assembly confirming thus the
Kibble-Zurek model [92-95].

The work presented in this manuscript focuses on the properties of two-dimensional
(2D) physical systems via the experimental investigation of Bose gases with their mo-
tion frozen out in one direction of space (relying to this aim on the highlighted versa-
tility of the potential shaping). These low dimensional systems are of interest as they
show properties that are dramatically altered compared to the three-dimensional (3D)
case but also vastly distinct from the one-dimensional (1D) fluid. It has been theoreti-
cally shown [96, 97] that in an infinite, homogeneous system of one or two dimensions
with short range interaction, there cannot exist a phase transition associated with the
spontaneous breaking of a continuous symmetry. For example, as noticed as early as
1934 by Peierls [98], in a 1D or 2D world crystals (salt, diamond, snow ...) would not ex-
ist. In such a world thermal and quantum fluctuations have a much more predominant



role than in our common 3D universe and they prohibit the emergence of a long-range
order.

However, some specificities of the 2D case rely on the fact that the thermodynamic
limit within which these conclusions hold is only reached for exponentially large sys-
tems (compare to the introduced thermal length A1) leading to the famous statement
that "the sample would need to be bigger than the state of Texas for the Mermin-
Wagner theorem to be relevant” . Then for a gas produced in a typical cold atom
experiment, which is of a few tens of micrometers large, the size of the system plays
a predominant role in its thermodynamic. In particular, the considerable range of co-
herence (the size over which the particles interfere and thus cohere) in dense and cold
2D gases makes it possible to recover a transition similar to Bose-Einstein condensation
even in the absence of interactions. We also emphasize that the quantum statistics of the
ideal Bose gas also plays an important role at the dimensional crossover from a 3D to a
2D system. As in Bose condensation phenomenon, it helps establishing a macroscopic
population of a single-particle state but primarily in the more tightly confined direction
of the trap. Indeed along this direction the quantized energy levels are more spaced
and so condensation regime easier to achieve. Then if the trap is anisoptropic enough,
the 3D BEC phenomenon splits in two steps of condensation, leading first to the estab-
lishment of reduced dimensionality physics (transverse condensation) and then, if it is
allowed by the thermodynamic of the lower dimensional system, to an overall conden-
sation. Due to the specific 2D marginality, such a Bose-driven crossover may lead to an
important change in the coherence properties of the remaining 2D system.

On the other hand, even at the thermodynamic limit, a 2D gas of interacting particles
undergoes a phase transition to an ordered state with an even slower decay of the co-
herence than the ideal 2D gas. This state shows a superfluid behavior. The necessarily
fundamentally different mechanism behind this transition was described by Berezinskii
[100] and Kosterlitz and Thouless [101]. In this mechanism, quasi long-range coherence
and superfluidity are microscopically enabled by the pairing of special defects in the gas
wavefunction ¢, the vortices, in vortex-antivortex bound pairs of small spatial extent
(on a scale set by the interaction strength). The vortices are points around which the
phase of the complex field i winds, then at the vortex center the density of the gas ||
goes to zero but this perturbation is only local. Their pairing leads to a suppression of
the windings of the phase drastically increasing the coherence range. Since this mech-
anism does not rely on the breaking of a symmetry, all the thermodynamical variables
are continuous at the transition and it is said of infinite order.

Previous experimental investigations of 2D ultra cold gases mainly focus on proper-
ties around the BKT transition point, the critical region. The occurrence of a BKT-type
transition was demonstrated by interference measurement showing the emergence of
a coherent state in which free vortex proliferation is proscribed [42]. The pre-superfluid
state that is the seat for free vortices proliferation ahead of the BKT transition was stud-
ied in [102, 103]. Thermally activated vortex pairs linked to the BKT mechanism were
observed [104]. The continuity of the EoS around the critical point and its approxi-

6. This statement was published in [99] in the context of 2D magnetism but is nevertheless representa-
tive of the 2D specificity.
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mate scale-invariance in the weakly interacting regime were experimentally verified
[69]. Density and phase fluctuation scalings within the critical region were also inves-
tigated [105, 106]. All these experiments were performed in inhomogeneous gases and
their results were linked back to the homogeneous system by considering the gas as
locally equivalent to a uniform one (local density approximation). In these systems,
the spatial variations of the gas properties lead to an intricate dependency between the
location on the sample and the gas degrees of degeneracy.

In the present work, we vary the shape of our gas "container" from a common inho-
mogeneous (harmonic) one to a novel flat bottom box-like trap. We thus enrich both the
properties that can be measured and the physical effects under study. This manuscript
is then mainly divided in three parts:

1. In Chapters 1-3, we present the general principle of the investigations undertaken.
We introduce both the main theoretical results for the relevant regime of parame-
ters of our ultracold Bose gases and the experimental apparatus that we have built
along with the sequence that we have optimized for producing and analyzing our
cold atomic samples.

2. In Chapters 4-5, we show results obtained in a 2D harmonically confined gas.
In these cases we use the space-dependent degree of degeneracy to investigate a
wide range of homogenous-equivalent parameters within a unique cloud config-
uration.

3. In Chapters 6-8, we present our experimental realization of an in-plane uniform
trapping and investigate some specific key features of the 2D gas. Here we use the
space independent degree of degeneracy to explore long-range coherence and the
space-independent populations of the transverse excitations to study the Bose-
driven dimensional crossover.

The detailed outline is the following:

Detailed Outline

In chapter 1, we present a few theoretical results that we will aim to investigate in
the remaining part of this manuscript. The first part focuses on the gas in the full 2D
regime (the transverse motion is nearly perfectly frozen). We present results for both of
a non-interacting and an interacting gas in either a homogeneous or an inhomogeneous
trap. We demonstrate how to link back the inhomogeneous case to the homogeneous
one but also allude to specificities of each configuration. In the second part we consider
a gas in a highly anisotropic trap, but whose transverse motion is not frozen. Then
we introduce a more general description of our gases. We briefly discuss the possible
corrections to retrieve results for a perfectly 2D gas from the case of a weakly excited
transverse motion (which is experimentally relevant). We finally focus on the specificity
of the dimensional crossover in an anisotropic trap, considering highly excited trans-
verse motion. For the specific case of an in-plane uniform trapping, a non-conventional
transition of BEC type arises which we will characterize in detail. This partial conden-
sation will be the main focus of our investigation in our flat trap experiment.
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Chapter 2 presents the experimental apparatus used to produce ultra-cold 2D 8 Rb
gases. In a first part we present the overall sequence along which we generate and
investigate our uniform 2D samples. We mainly detail the changes made during my
PhD on the experimental apparatus whose main frame was designed and constructed
by former PhD students [107-111]. These modifications are two-fold: (i) We switch
from a magnetic to a hybrid magnetic and optical trap to produce a 3D BEC (that we
will latter load in the 2D trap) in order to increase repetition rate.(ii) We switch for an all
optical 2D trap which enables in plane uniform confinement. In a second part we detail
the method used to create a tight transverse confinement and reach (quasi-)2D regime.
We specifically detail calculations of all possible side effects of this 2D confinement that
can be of importance in the scope of producing in-plane uniform traps. Finally we
present preliminary tests of an improved scheme for generating this 2D confinement
that will allow higher trapping frequencies and improved loading of the initial 3D gas.

In chapter 3 we detail the imaging procedure used to measure the gas properties at
the end of the experimental sequence. We first present the specific regime in which we
use the mainstream absorption imaging technique in order to overcome the 2D special
diffusion effects. We then present the two experimental setups implemented to acquire
images of the clouds. Finally we present an exhaustive and renewed calibration of
the analysis of the in-plane density profiles. Due to change in the 2D trapping con-
figuration, the imaging environment has been changed, demanding thus a calibration
campaign to be performed (the previous one was carried out in 2010 [110]).

In chapter 4, we present a measurement of the equation of state (EoS) of the homoge-
neous 2D Bose gas computed from the in-situ density distribution () of harmonically
trapped 2D 8Rb gases. We develop a robust and flawless technique to infer the EoS
from the density profile without any fit of these experimental data. First we develop
a general formalism (inspired from the procedure introduced by Ku et al.[71] for the
unitary 3D Fermi gas) for deriving the EoS in any scale invariant system investigated
within a cold atom experiment. We then apply this formalism to our measurements of
the 2D gas. We extract a highly accurate measurement of the EoS that can be exten-
sively compared to theoretical predictions and serves as a benchmark for them. This
work was published [112], and is reproduced with minor modifications.

In chapter 5, we present a direct measurement of the superfluid behavior of the 2D
homogeneous Bose gas, by moving a local defect in an inhomogeneous 2D sample on
trajectories of equi-density (thus probing a unique homogeneous equivalent configura-
tion). We show evidence for both a normal and a superfluid response to this motion,
depending on the local degree of degeneracy of the gas at the defect position. We com-
pare the results to theoretical predictions of the homogeneous gas. This work was also
published [113], and is reproduced without modifications.

Chapter 6 presents the experimental setup for the production of our box-like poten-
tial. We first set some requirements on the trap «box-like character» from simple theo-
retical calculations on the atomic configurations of interest. The conditions bear on the
maximal fluctuations of the potential inside the trapping region and on the stiffness of
its variation at the edges of this region. We compare two possible realizations using the
same laser beam (far-blue detuned compared to the atomic resonance). One method is
based on the shaping of a beam with an optical phase plate whereas the other relies on
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the simple imaging of a dark mask. In both cases we precisely characterize the trap uni-
formity from the beam intensity profile. We also consider the achieved potential height.
The comparison of these characteristics leads to the choice of the second method which
we implement on our atomic samples in the aim of further physical investigations.

In chapter 7, we present an experimental investigation of the emergence of quantum
coherence in a 2D uniform gas. In our system a coherent behavior is said to be es-
tablished when the characteristic length of the inter-particle correlations (embodied by
the one-body correlation function g1(7)) is notably larger than the value predicted by
Boltzmann statistics, which is set by the thermal wavelength. To measure the degree of
coherence in our gas we use two complementary methods. A first one is based on the
appearance of a bimodal distribution after a free expansion of the gas. The coherence
manifests by a sharp peak in the final density spatial distribution. A second method
is based on matter wave interferences between two initially spatially separated clouds.
In both cases we identify a crossover between an incoherent regime and an extended
coherence. Using appropriate thermodynamic variables we find a universal behavior
for the variation of this crossover. We tested both the quasi-2D regime where the trans-
verse motion is nearly frozen, and the 3D-to-2D crossover (starting with an initially
high population of the transverse excitations). In the first case, we note the emergence
of a quantum coherence at a point matching quasi-condensation regime, ahead from
BKT or BEC transition. In the second case we measure the effect of a partial condensa-
tion (along transverse motion) on the in-plane coherence.

Finally, in chapter 8, we present a dynamical investigation of the establishment of
coherence via a finite-time ramp from a thermal to a deep superfluid state. This ex-
perimental investigation relates to the Kibble Zurek mechanism which encompasses
a large range of physical systems. We start by presenting a theoretical description of
this mechanism highlighting its applicability in our experimental realization. We in-
vestigate quenches through the Bose-driven dimensional crossover. We then present
two experimental measurements of the quench dynamics by detecting and counting
topological defects nucleated via the KZ mechanism. In a first experiment, we directly
observe bulk vortices by revealing their core density hole with a short time of flight. In
the second one we use an annulus geometry and reveal establishment of phase winding
via matter wave interference with a reference central disk of atoms. In both cases, we
tirst demonstrate that the observed defects are linked to the quench dynamics. Then
we fit an exponent for the defect number dependency as a function of the quench time
that we compare to some theoretical predictions.

12



1. Elements of theory on quasi-two-dimensional Bose gases,
from harmonic to uniform trapping

In this first chapter, our aim is to introduce the theoretical concepts that establish the
relevance of our experimental setup to study an interesting and challenging physics.
We will point out the specific features of Bose gases in two dimensions (2D). We will
show in particular that conventional phase transitions do not take place and full long-
range order is not achievable in an ideal infinite 2D gas at non-zero temperature (T > 0)
. As a corollary property, thermal and quantum fluctuations have an enhanced role
in this system, leading to unusual thermodynamic regimes. Moreover, due to the
marginality of the 2D (that is intermediate between three-dimensional (3D) physics in
which long-range order (LRO) survives thermal fluctuations and the most incoherent
one dimensional (1D) physics), we will show that finite-size effects are here of great
importance to recover coherence over the gas. Interactions between particles constitute
an additional ingredient to restore such a quasi-long-range order and a superfluid be-
havior. For all these characteristics behaviors we will highlight the specificities of both
harmonic and uniform trapping as we will experimentally investigate both of these
configurations in the rest of this work. In this theoretical description, we do not aim
to exhaustivity as a more complete picture can be found in recent reviews, such as
[114, 115] or former PhD works in our group [109-111].

We will also point out the particularities of establishing 2D physics within our 3D
world for a gas of Bosonic atoms. We will show that 2D physics is achieved by the
freezing out of one motional degree of freedom in our gas. Such a freezing out can be
established by a simple but constraining condition on the temperature of the gas. In
the specific case of a gas uniformly confined in-plane, we will show that Bose stimu-
lation enables establishment of a 2D regime prior the thermal condition is achieved,
resulting in a sharp dimensional crossover. This crossover is linked but not equivalent
to usual 3D Bose-Einstein condensation (BEC) phenomenon. We will describe in detail
the occurrence of such a transition.

1.1. Specificity of two-dimensional physics

1.1.1. Absence of true long-range order in 2D systems

Usual phase transitions in the 3D space, like Bose-Einstein condensation, arise from
spontaneous breaking of a continuous symmetry and are associated with the emergence
of true long-range order. For the BEC case, spontaneous breaking of gauge invariance
occurs by the specific choice of the phase of the macroscopic wavefunction ¢ that con-
stitutes the order parameter of this phase transition.

Bogoliubov [116], Hohenberg [97] and Mermin and Wagner [96] studied the appear-
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1. Elements of theory on quasi- two-dimensional Bose gases

ance of such spontaneous symmetry breaking transitions in lower dimensional spaces
(dimension d < 3). They conclude that true LRO is unachievable in the thermodynamics
limit and at non-zero temperature for systems with short range interactions and show-
ing Hamiltonian symmetry. In this case, the order is destroyed by long wavelength
thermal fluctuations, more specifically in our atomic gases, by phonons. In a general
way, the coherence is characterized by describing the one-body correlations and we
consider their matrix Gy (r1,r2) = (¢ (r1)P(r2)) (Where $(r) is the annihilation opera-
tor of a particle at position r and (.) stands for the average over the equilibrium state at
temperature T). In a uniform system G; is simply a function of the distance r = r; — r;
and we define the one-body correlation function

N A

g1(r) = (§'(1)$(0)). (1.1)

and the range of coherence as being the characteristic length /. of g; decay with the
distance |r|. Penrose and Onsager [117] generalization of Einstein’s argument consists
in stating that condensation occurs when an eigenvalue of G; is macroscopically popu-
lated. Then in an infinite uniform system, it is the case if g; tends to a non-zero value
when |r| grows to infinity and the condensate density 1 identifies with this limit:

np = lim g1(r), (1.2)

|r|—o0

we see that the absence of true long-range order is equivalent to the absence of Bose-

) . ) |¥|—00
Einstein condensation as g1(r) —— 0.

We should note that:

— In this analysis all the phase transitions are not precluded but only the ones rely-
ing on a mechanism linked to symmetry breaking. We will see that in fact in our
2D gases and in the presence of interactions between the atoms, a transition of a
different kind is expected to occur, reestablishing a «quasi long-range order».

— The proscription of Bose-Einstein condensation is only relevant in the thermo-
dynamics limit. Considering again Penrose and Onsager argument, we see that
finite-size effect can lead to an effective condensation when the correlation length
(. is larger than the characteristic size L of the system itself.

In this section, we will first describe the ideal 2D Bose gas and compute the BEC tran-
sition point while varying the 2D confining potential. Then, we will present the case of
an interacting gas.

1.1.2. Realizing a 2D Bose gas in a 3D world: the deep thermal 2D regime

Before entering in the details of the physics of a 2D gas, we present here how to
realize such a gas in our 3D world. This description gives an insight on the emergence
and the treatment of the 2D wavefunction and its Hamiltonian. This will also facilitate
the introduction of interactions between particles.

Experimentally producing a gas of reduced dimension necessitates to freeze out the
motion in one of the direction of space. For our atomic gases, this translates into im-
posing a very tightly confining potential along this direction. If we impose a harmonic
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1.1. Specificity of two-dimensional physics

confinement along z such that

V(r) =U(p) + %mwg z? (1.3)
(r = p + zu, stands for the 3D position vector, p for the 2D one), freezing out of the mo-
tion along z is achieved if the inter-level spacing fiw, is large enough. Deep 2D regime
(with almost full freezing of the motion along z) corresponds to hw, > kgT where
T is the temperature of the gas, such that z-motion excited states can not be reached
via thermal excitations. Note that the interaction energy may also be considered, we
will discuss in details how to account for the interaction potential in the following and
postpone its discussion there (see 1.1.4.1).
Assuming a freezing of the z motion, the 3D wavefunction ¢(r) of any particle can
be factorized along

. (z/1)
r) = 0(z) with ¢g(z) = A=/ 7z) (1.4)
¥(r) = ¢(p) ¢o(z) Po(2) N
(where xo stands for the zeroth order Hermite function and ¢, = ,/ miwz), and the inter-

esting part of the state is restricted to the 2D wavefunction ¢(p) (which is unspecified
here). The quantum field operator §(r) (defined in Eq.1.1) can be consequently re-
placed by

P(r) = (p) po(2) (1.5)

where @g(z) is the classical field given in Eq. 1.4 and ¢ (p) is a 2D quantum field operator
(which annihilates a particle at position p in plane). Then, by simply integrating the 3D
Hamiltonian H of the atomic assembly along z, we can deduce a 2D Hamiltonian A for
the 2D gas. In the following, we first present the simple case of a non-interacting gas,
for which such a description of the 3D environment behind the 2D gas is not crucial and
then turn to the description of an interacting gas for which it is essential to see the gas
as part of the 3D world (and even only being in a quasi-2D regime for the interactions).

1.1.3. The ideal two-dimensional Bose gas

In the case of non-interacting particles, the splitting between in-plane and z motions
is simplified as the ideal 3D Hamiltonian H;; for a gas of N particles is the sum of N
identical single-particle hamiltonian /&, which in turn directly decompose in:

ho= hy+h (1.6)
. h2o? 1
with h, = — Zmz + Emwg 22 (1.7)
h202
7 p

Then the ideal 2D Hamiltonian #,;; is also the straightforward sum of N identical
single-particle hamiltonian /i, and the integration along z simply turns into a constant
energy contribution to H;; equal to Nfiw, /2.
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1. Elements of theory on quasi- two-dimensional Bose gases

Now let us focus on the physics of the 2D component ¢(p) (dictated by #,;;). We
assume that the eigenstates |¢;);cn and eigenvalues €; of the single-particle 2D Hamil-
tonian fzp are known. Then, within the grand canonical ensemble, the occupancy of the
state 7 is equal to the Bose-Einstein factor f(e;) with:

1

fle) = e 1 (1.9)
where B = 1/kgT, and u is the chemical potential. For this non-interacting case, y is
necessarily smaller than the ground state energy ). We take this reference energy to
be zero, €y = 0. For now on, we call Z = ¢"/ksT the fugacity of the gas, and in the
non-interacting case, Z varies from 0 to 1. The function f of Eq. 1.9 depends on p and Z
for the gas we consider. By definition, the number of atoms N in the gas is then given

by:

[ee]

N =Y f(e) (1.10)
i=0
If we assume that the (in-plane) level spacing is small compared to the thermal energy
kgT, the summation of Eq 1.10 is well approximated by the semi-classical limit:

N = /0 D(e)f(e)de (1.11)

where D(e) is the density of states at energy € (i.e. the number of states whose energy
is comprised between € and € + de, divided by de).

For a gas of characteristic size L in plane, we can then deduce the mean 2D phase-
space-density (PSD) D(?P) = nA2 as the mean surface density equals n = N/L? and
can be computed from Egs. 1.10-1.11, and the thermal wavelength At is given by At =

\/27th? B/ m.

More generally, we can compute the mean value of any one-particle observable A in
our 2D Bose gases by:

1

(A) = S L(@lAlgi)f(e) (112)

I

We have to specify the trapping potential U(p) to compute these sums or integrals.

1.1.3.1. The uniform 2D gas

In this section, we assume that the atoms are uniformly trapped in the horizontal
plane with U(p) = 0 within the confining region '. Then the eigenenergies are given by
the kinetic energy term €, = h?k*/2m where k is the particle wave vector.

In the infinite case, k is not quantized and the eigen-wavefunctions are simply ¢ (p) =
ek /27,

1. outside this region, U(p) = Uparrier With a very high energy barrier compared to the other energy
scales of the problem, for example, Upaprier > kT
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1.1. Specificity of two-dimensional physics

If we assume that the gas is constrained in a square region of the plane of length L
and that we apply periodic boundary conditions on this box, we find k components are
quantized by multiple integers of 27t/ L:

2w . . C s
k= Tn (jxtx + jyuy) with jy,j, € Z (1.13)

where u, and u, are the unit vectors along the axes of the trapping square. Then the
eigenfunction and the eigenenergy corresponding to the eigenstate (jy, j,) write

1 . JxTTX JyTTy
Yiojy (P) = [ exp (1] I ) exp (z yL ) (1.14)
0P,
errjy = mL2 ( % +]§) . (1.15)

The exact sum from Eq.1.10 can be computed numerically for this square box but
also for more complex trapping geometries after determining the eigenenergies in these
precise cases. From this simple square box description, we can deduce in general the
semi-classical limit for any uniform trap (in this limit the trap size L tends toward in-
finity, then all details on the trap geometry become irrelevant.).

Semi-classical limit and equation of state For this square, the density of state is
uniform and equal to D(e) = mL?/(27th?*). If L2 > A%, Eq. 1.10 is well approximated
by Eq. 1.11 and the phase-space-density simply verifies :

DCP) = —In(1-2) (1.16)

Eq. 1.16 linkes D®P) to y and kg T and is the equation of state (EoS) of the homogeneous
ideal 2D Bose gas. We note that the PSD does not admit an upper bound contrarily to
the 3D case. This is a signature of the announced absence of Bose-Einstein condensation
in the ideal 2D gas at thermodynamic limit (L — o).

State occupancies in the semi-classic limit Using Eq.1.16, we can easily study
the two limiting cases of the weakly (for which D?P) < 1) and strongly (for which
DP) > 1) degenerate gases in terms of the occupancies of the various single-particle
states ¢y:

— In the weakly degenerate cases, we deduce that

DD ~ 7 (<« 1), (1.17)

and then |u| > kgT. The Bose distribution is then close to the Boltzmann one

flex) ~ e Pex.
— In the highly degenerate cases, the fugacity Z is close to 1 so that |u| < kgT. We

2. This condition is in general valid in experiments as for a typical T = 100nK, A = 0.6 ym leading to
a thermal surface nA% ~ 1 pum? while trap surfaces realized experimentally vary typically from 100 zm?
to 1000 ym?.
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1. Elements of theory on quasi- two-dimensional Bose gases

find that
DCP) ~ In (kgT/|u|) > 1). (1.18)

The population of an excited state depends on the relative importance of its en-

ergy € compared to the thermal energy kpT:

— For the highly excited states with e, > kgT (that is |k| > V47 /A7), the
population is still close to the Boltzmann prediction f(e) ~ e Péx.

— Whereas for the low energy states, with €, < kgT (that is |k| < VATT/At),
the occupation tends to a Lorentzian dependency in |k| as f(ex) ~ kgT/ (ex +
|u|?) (with e, = h?k*/2m). Moreover as € and |u| are both negligible com-
pared to kgT, the population of these state verifies f(ex) > 1 such that they
have a major contribution to the total phase-space-density.

One-body correlation function and coherence properties Characterizing g; en-
ables to investigate how the range of coherence evolves with the gas parameters. We
define the coherence length /. as the distance |p| at which g is equal to g1(0)/e. In the
infinite homogeneous case, g1 is simply given by

1 o elkr )
= d’k, 1.19
which is the Fourier transform of the Bose population f(e) of the state of momentum
k.
From the two limiting behaviors of the occupancy f(ex), we deduce that:
— In weakly degenerate cases, g1(r) e~ /M which decays rapidly to zero and
the characteristic width is

Ar

o = 2L 1.20

C \/E ( )

— In strongly degenerate cases, g (r) develops a bimodal structure as f(ex) varies
from a Lorentzian to Gaussian shape according to the norm of the wave vector |k|
compared to 1/ €£th) . Then, the Lorentzian contribution dominates for |r| > €£th)

in Eq.1.19 and it translates into a long distance exponential decay of g; (r) whose

characteristic length is ¢ = 11/ \/2m|p|:

gi(r) ~ e/t (1.21)
‘1‘|>>/\T

and, using Eq. 1.18 we find that the characteristic width follows

/\T D(ZD)/Z
= e . 1.22
i (1.22)

For highly enough degenerate cases, the gaussian contribution to g is negligible such
that ’€C - E.

Naive approach to the recovery of BEC in a finite box In the previous paragraph,
we found that g;(r) decays to zero at long distances even in the strongly degenerate
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1.1. Specificity of two-dimensional physics

regime and so an ideal uniform 2D gas does not show Bose-Einstein condensation in
the thermodynamic limit. However, due to the exponential growth of /. with D?P) at
D(P) > 1, a condensation can be easily induced by the finite-size of the system along
Penrose and Onsager argument. Recovery of a condensation is then roughly expected
when L ~ £, which occurs at D®P) ~ In(47tL?/A3).

Exact calculation of the BEC critical point in a finite box In the previous para-
graph, we estimated the threshold for the emergence of a BEC using calculations for
an infinite system and in a final step reintroducing the size L as a cut to the coherence
length /.. The exact condensation point depends in fact on the specific shape of the
uniform potential and the induced specific quantization of the energy levels.

It must be computed using a full quantum treatment of the eigenstates summations.
For each configuration, we can numerically compute the sum over the energy states of
Eq.1.10 and deduce at which D?P) the saturation of the excited states occurs. We call

this value the critical PSD and denote it Dl%%).

Calculations are performed for a square-shaped and disk-shaped trap in [111] and
reveal corrections of these full quantum results compared to the semi-classical rough
approach. We describe D]%lé), by similarity to the semi-classical description, by the
empirical model

LZ
DEY) ~ ¢In (”M) (1.23)
T

Conclusions from the calculations are that:

— The full quantum description mainly reduces the value of the coefficient 7 , up to
a few percents of its semi-classical value (equal to 477), whereas ¢ stays close to 1.

— The dependance on the shape (square, disk) is very weak: results are highly simi-
lar in terms of this critical point as long as we consider traps of the same total area
A and it gives 7 ~ 0.4.

We note that the prediction of Eq.1.23 is in good agreement with the intuitive view
of the occurrence of BEC when the semi-classical integral of Eq.1.11 do not properly
account for the population of the ground state (jy = 1, j, = 1). This is typically the case
when |p| is chosen smaller than the gap between the ground state of the box and the
first excited state: uppc ~ —(27th)%/(2mL?). As when BEC occurs the degeneracy must
be high %, D?P) follows Eq. 1.18 and at the critical chemical potential

DY) ~1n [L2/(nA3)]. (1.24)

Here ¢ = 1and 1 = 1/ = 0.31 which is close to their respective numerical values of
0.99 and 0.39.

3. as at this point, the Bose statistics has to be relevant. From the estimate of y deduced here (|| ~
(2(717’122 /(2mL?)), we infer Z ~ exp (—mA2/L?) which is typically close to 1 (see footnote 2) and justifies
DP) > 1.
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1. Elements of theory on quasi- two-dimensional Bose gases

1.1.3.2. The harmonic 2D gas

In experiments, the most widespread trap is well described by a harmonic poten-
tial. This is for example the case for the dipolar potential created by a far red-detuned
gaussian beam shined on the atoms. Such a configuration has been widely described
elsewhere [109, 110, 115, 118]. I remind here some of the specific properties of a 2D
ideal gas trapped in an harmonic trap of frequency w/2, that is U(p) = $mw?p?:

— By integrating Eq. 1.11 with D(e) = €/ (hw)?, we deduce that in such a trap, con-

densation occurs even in the thermodynamic limit and the critical atom number

is No = %2 I%T :

— If the trapping potential varies smoothly enough, we can apply the local density
approximation (LDA) and consider that around each point p, the gas is locally
at thermal equilibrium. At this local scale, the potential can be considered as
uniform but then the effective chemical potential in the region surrounding p is
reduced compared to its value at the trap center 19 by u(p) = o — U (p). Then,

if hw < kpT the semi-classical approximation applies and the local PSD follows:

DEP)(p) = n(p)At = —In (1 - exp (Bpo — U(p))) (1.25)

We note that such a trapping configuration is remarkably advantageous com-
pared to the uniform case with respect to the possibility of probing several D(?P)
using a unique experimental realization as the effective chemical potential varies
from p at center to —oo in the far wings. In this manuscript, we will show how to
take advantage from this specific property to measure the thermodynamics prop-
erties of the equivalent homogeneous gas. In particular, we measured the EoS of
the 2D uniform gas using density profiles of a harmonically trapped sample and
applying LDA.

1.1.4. The interacting quasi-two-dimensional gas

Until now, we only considered the ideal case of non-interacting atoms and described
single-particle physics. In our experiments, the gases differ from this description as
atoms are colliding with one another leading to more complex physics possibly involv-
ing many-particles phenomena. In 2D, the consideration of this contribution to the
Hamiltonian leads to a new type of phase transition. In this section, I will expose how
to describe interactions occurring in our cold 2D gases. I will then remind the important
physical properties of the gases within this description. I will not dwell on their demon-
strations as they have been extensively reviewed in previous works [109, 110, 115, 118].

1.1.4.1. The «collisionnally» quasi-2D regime and scale invariance

To describe how interactions occurs in our 2D samples, we have to go back consider-
ing it as part of a 3D environment as presented in 1.1.2. Since we consider very dilute
Bose gases at low temperature, we can only account for binary-collisions occurring in
the s-wave channel. In the 3D world, the resulting interaction is well approximated by
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1.1. Specificity of two-dimensional physics

a contact potential:
47ti?

V(ri—r;) = 0,60 (g — r;) (1.26)

where r; (resp. r;) stands for the position of the i-th (resp. j-th) atom of the gas (i,j €

[[1, N]]) and the range of these interactions are characterized by the s-wave scattering

47Th

length as. For our 8Rb atoms, a; = 5.1 nm. We denote g(3 ) = 475 the 3D interaction

strength.

In a pure 2D world, the description of such s-wave interactions would be much more
intricate. This 2D picture would be relevant when the scattering range is much smaller
than the vertical extent of our gas. To be in the «collisionnally two-dimensional»
regime, we must impose ¢, < a;. We note that this constraint is much more strin-
gent than the «thermally 2D» condition deduced in 1.1.2 of £, < Ar/+/27t. For our
typical gases, the temperature is of the order of T ~ 100nK so that At/+/27 ~ 240nm
> a,.

Confinement frequencies enabling the experimental study of two-dimensional physics
turn out to verify ¢, > a, and the interactions are described by the simple 3D picture
of Eq. 1.26. This regime is called «collisonally quasi-two-dimensionality». As previ-
ously described, the 2D hamiltonian # is simply deduced by integrating the 3D one H
along z while replacing the quantum field ¢(r) along Eq. 1.5. Then the 2D interaction
potential operator is given by

X RN
Vot = me / 5 (0)0" (0)(0)P(p)dp. (127)

We note g(?P) = ¢(3P) /(\/274,) the coupling strength of this 2D potential *. We point
out that the reduced coupling strength

g= g0 — \fBr % (1.28)
h 2

is a dimensionless quantity in this 2D case. Hence, there is no breaking of the scale
invariance due to the interactions and it results in a specific property of the 2D EoS:
the phase-space-density D(P) (or any dimensionless thermodynamics quantity) must
only be a function of the dimensionless quantity u/kgT formed from the temperature
and the chemical potential and of the interaction parameter §. We will present an ex-
perimental analysis of this property in Ch. 4.

4. A more general and rigorous deduction of the two-dimensional coupling constant ¢(?P) was set by
Petrov et al. [119, 120]: For our experimental parameters, this general expression is well approximated by
the naive derivation done in the main text.

5. in fact it is only an approximate scale invariance that is preserved due to corrections mentioned in
footnote 4 from [119, 120]. This approximate scale invariance is maintained for weakly interacting gases,
up to some corrective factors.
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1. Elements of theory on quasi- two-dimensional Bose gases

1.1.4.2. Reduction of the density fluctuations and quasi-condensation

The interaction energy is given by

R (2D)
Eot = (Vi) = S5 [(n(p))Po, (1.29)

such that the interaction energy per particle is locally €;,;(p) = §®?P)(n(p)?)/(n(p)). As
for stability reasons, the interactions in our gases are repulsive (a5 >0), minimizing this
energy contribution turns out to be equivalent to minimizing the density fluctuations
An? = (n?) — (n)? at constant average density n = (n). In an ideal thermal gas, (n?) =
2n? (and €;,; = 2gn) whereas when the fluctuations are completely suppressed (n?) =
n? (and €,y = gn). Comparing the lower bound of €;,,; > gn to kgT, we find that density
fluctuations induced by thermal excitations are strongly suppressed in a 2D gas when
DED) > 27/,

More accurately, a thorough analysis of Bogoliubov excitations [115] shows that den-
sity fluctuations at low temperature are given by:

2
an” o2 (kBT> (1.30)

2 72
n nAL gn

and are strongly suppressed as long as D?P) > 1 for any length scale larger than the

healing length ¢. We will study experimentally the reduction of those fluctuations in
E3.

The same Bogoliubov analysis shows that phase fluctuations are the only contribu-
tion to long-wavelength phonons and are not suppressed at low temperature in 2D.
Physical description at low T, high D(?P) and at distances larger than ¢ can be made by
only considering these phase fluctuations.

This state where density fluctuations are suppressed at length scale larger than ¢ but
not phase fluctuations is called a «quasi-condensate» or «presuperfluid» [102, 103].

1.1.4.3. Equation of state of an interacting 2D gas in two limiting cases

Due to the complexity introduced by the interactions between particles, there is no
general prediction for the EoS of an interacting gas. However in some limiting cases we
can perform approximations that give access to the EoS for restricted range of parame-
ters.

Hartree-Fock approximation. The simplest way to take interactions into account is
to use a Mean Field description in which the effect of neigbourghing atoms is approxi-
mated by an average effect. The development of Hartree-Fock formalism leads to mod-
ification of the single-particle Hamiltonian of Eq.1.8 by U(p) — U(p) + 2¢*P)n(p)
in the weakly degenerate regime. Then applying the LDA, the EoS is obtained as in
Eq.1.25 by replacing 4 — p — 2gn, resulting in the implicit relation

DE)(r) = — In (1 — eh/laT-4D/) (1.31)
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1.1. Specificity of two-dimensional physics

in the case of a uniform confinement U = 0. With the relation of Eq. 1.31, we note that
p is no more constrained to u < 0 in this interacting case. This development is valid for
gases with low enough densities, typically up to D?P) < 4 as it assumes large density
fluctuations.

Thomas-Fermi approximation In the opposite case of strongly degenerate gases D2P) >
1, the Hamiltonian of Eq. 1.8 is modified along U(p) — U(p) + g*P)n(p) leading to the
so-called Gross-Pitaevskii equation

hz
Ho(p) = (—ZmA+ U(p) +g(2D)n(p)> 9(p)- (132)
for the macroscopic 2D wavefunction ¢(p). Then in the highly degenerate regime, we
can apply the Thomas—Fermi approximation, neglecting the kinetic term of Eq. 1.32 and
considering a uniform confinement U = 0, we find y = gn and:

pp) _ 2T 1 (1.33)
We note that in this case y > 0.

1.1.4.4. The superfluid state at low T and Berezinskii—Kosterlitz—Thouless
mechanism:

From the Bogoliubov analysis, we also find that at low T, the dispersion relation
shows a non-zero minimal velocity dwy/dk. Then the system is expected to be super-
fluid according to the Landau criterion. We will present in Chapter 5 an experimental
study of the superfluid behavior of the 2D gas.

By neglecting the density fluctuations at distances larger than ¢, we can estimate the
dependency of gi(p) in this superfluid regime. We find that g;(p) shows algebraic
decay in this case [118]:

g1(p) = ns (,p|> for |p[ > ¢ (1.34)

where 7, is the density of the superfluid part of the gas. This decay is consistent with the
absence of true long-range order as it goes to zero at infinite distances. It is nevertheless
very slow compared to the ideal gas behavior and corresponds to a so-called «quasi-
long-range order».

The transition toward this low-T superfluid phase with quasi long-range order oc-
curs via a novel mechanism that is not linked to any continuous symmetry breaking as

6. This also results from a Mean Field treatment of the interactions but now considering a fully con-
densed gas. We assume that the atoms all populate the same macroscopic wavefunction ¢(p) so that the

A~

quantum field ¢(p) of Eq.1.27 is approximated by a classical field. The factor 2 difference compared to
Hartree-Fock description can be understood from the suppression of density fluctuations in the degener-
ate case (see 1.1.4.2). The quantity (n?) thus evolves from 2n? in the thermal regime to 12 in the degenerate
one.
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1. Elements of theory on quasi- two-dimensional Bose gases

stated in 1.1.1. The mechanism was first described by Berezinskii [100] and Kosterlitz
and Thouless [101]. It relies on the appearance and binding of special phase defects
in the gas, namely the vortices that will preclude or enable superfluid behavior of the
fluid.

At low enough temperature, density fluctuations are strongly suppressed and some
coherence appears in the gas (Eq.1.34) so that we are able to define a phase over the
cloud. Vortices are points at which the density cancels and around which the phase
winds by a multiple of 277. The density is here affected only on a small length scale
of the order of g. Above the critical point, the vortices proliferate freely so that they
significantly modify the phase of the gas, preventing the appearance of a superfluid
state. Below the critical point, formation of vortex pairs of opposite «charges» (that is
to say of opposite winding directions) is energetically favorable. The total circulation
of the phase around such a pair cancels and thus they only perturb the gas locally, on
the scale of the pair size that is also typically of the order of . A superfluid behavior is
thus enabled. Pairs of vortices in the critical regions were observed in [121].

Such a transition is not described by an order parameter and is said of «infinite or-
der». Most of the thermodynamics parameters vary smoothly across the transition.
Only the superfluid density n; jumps from 0 to a universal value of 4/ A2 at the transi-
tion [122]. This jump was measured in liquid He films [123] but a direct measurement
of the jump is difficult to implement in our cold atom gas.

BKT theory does not describe quantitatively the transition point in terms of temper-
ature and chemical potential. In a general manner, this proves to be a difficult problem.
A computation via classical field Monte-Carlo simulations gives an estimate of the tran-
sition point in the weakly interacting limit that is a good approximation for our experi-
mental realization. Such calculations have been performed by Prokof’ev, Ruebenacker
and Svistunov [124] and they found:

27th*n 380
(2D) _— BKT __
PR = T ln( - ) (1.35)
7 13.2
Ugxr = kBTBKTiln< g > (136)

For a typical § = 0.1 we expect Déi? ) a2 8.2 and py,, = 0.16kgT. We note that due to
the very slow decay of the g; function for DP) > Déi? ) (Eq. 1.34), the BKT transition
always induce condensation via finite-size effects in any practical situation. To deter-
mine if the condensation that occurs in a specific configuration is driven by interactions
(BKT physics) or by Bose statistics, we must compare Déﬁ? ) to the previously deduced

critical PSD for Bose-Einstein condensation in finite traps D](;Elé) (Eq.1.23 for example).

Prokof’ev and Svistunov [125] also performed Monte Carlo simulations around the
critical point and numerically computed the EoS D?P) = f(u/kgT,§) for an homo-
geneous infinite system, which enables to interpolate between the two known limits
presented in 1.1.4.3. In Ch. 4, we will compare our experimental measurement of the
EoS to these numerical predictions which thus provides an experimental validation of
the classical field approaches.
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1.2. 3D-2D crossover in a uniform trap: transverse condensation phenomenon

Finally, we point out that the correlation length for the (exponential) decay of the g;
function above the transition diverges exponentially with the temperature when ap-
proaching the transition point:

(1.37)

le =~ Arexp < v aTpkr )

VT — Tkt

where a is a dimensionless constant. This exponential law is specific to the 2D marginal
behavior.

1.2. 3D-2D crossover in a uniform trap: transverse condensation
phenomenon

From now on we denote { = kpT/hw,. Previously, we described properties of a
Bose gas in the «deep thermal 2D regime», that is when { < 1 (1.1.2), both for non-
interacting particles and for weakly interacting ones. In this part, we want to go further
in describing Bose gases in a strongly anisotropic confinement linked to a 2D geom-
etry”’ (oblate traps) but not in the «deep thermal 2D regime». As long as { & 1, we
must consider that the full 3D wavefunction correctly pictures the state of our gas. In
particular, we must not only consider the z-motion ground state but also its excitations.
We denote |¢; )j.en- the eigenstates of the z-harmonic confinement, of energies ® j.ficw;.

We are interested in two cases:

— We want to describe cases close to the 2D regime but for which the «deep thermal
2D regime» condition is not achieved, that is { 2 1. In this case we cannot con-
sider that the motion is frozen along the z direction and we must take excitations
into account to precisely picture the gas. As pointed out in [126], such considera-
tions are important in particular with respect to the temperature determination.

— We want to describe the evolution of the gas in a strongly anisotropic oblate con-
finement from a 3D regime (that corresponds to a weakly populated z-motion
ground-state j, = 0) to a 2D one (that is when the z excited states j, >0 are pop-
ulated in minority). In this case we start in a regime with { > 1 and we are

interested in describing the evolution of the population of the z excited states j,

when varying the total phase-space-density Dt(gtD ),

1.2.1. Relevance of the uniform case

In this section, we will thoroughly describe the case of a gas that is uniformly con-
fined in-plane and harmonically confined along z, with an adjustable strength of con-
finement fiw, compared to the thermal energy kgT. We study the case of a strongly
anisotropic confinement with L >> /,.

— In the case ¢ 2 1 we will deduce corrections to the equation of state Eq. 1.16.

7. Using previous notation, in the case of a uniform confinement in-plane, anisotropic traps must verify
{, < L, and in the case of an harmonic one w < w;.
8. as previously, we choose the energy origin so that the ground state has a zero energy.
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1. Elements of theory on quasi- two-dimensional Bose gases

We note that using LDA we can generalize the corrected EoS to any type of con-
finement by replacing u — o — V(r) similarly as in Eq. 1.25.

We can also generalize this description to an interacting gas using a standard
simplifying assumption [127, 128] for weakly interacting cases . It consists in as-
serting that the different atomic assemblies corresponding to the various states
J= of z-motion are not coupled. Then starting from the results for the ideal case,
we can reintroduce interactions in each of these 2D atomic assemblies follow-
ing lines developed in 1.1.4.3. These developments consist in replacing y —
u — g@P)(n2) /(n) (in the two extreme cases of very weakly and very strongly
degenerate gases) where g(ZD ) is the 2D interaction parameter. Note that here
¢1?P) takes a specific value for each level j, as it is obtained by performing in-
tegration over z as in Eq.1.27. The integration must then be performed in each

specific subspace and it gives in g](fD ) = g®P) [ 9;.(2)|*dz

— In the case { > 1 and in this specific trapping configuration, Bose stimulation
plays a crucial role in the occurrence of the 3D to 2D crossover by the introduction
of the notion of transverse condensation (BEC | ) that we will present in details in
the following. We note that the occurrence of a distinct transverse condensation
phenomenon does not hold in the case of an in-plane harmonic confinement. In-
deed, while LDA implies that Bose stimulation locally enhances effectively the
population of the ground state of the z-motion, such an enhancement will de-
pend on the position p and be negligible in the distant wings of the cloud (due
to a lower density). A distinct condensation phenomenon for the z direction is
then precluded by the occurrence of a full condensation phenomenon (at a sim-
ilar PSD). As stated in [129], two step condensation is valid only if the reduced
dimensional system does not show condensation at the thermodynamic limit (the
second step of condensation then results from finite-size effects). In the opposite
case, the two condensation phenomena can not be distinguished. In the non-
uniform case, 2D physics can only be established over the whole cloud via the
thermal condition ¢ < 1.

1.2.2. General description of an non-interacting gas in an oblate confinement
uniform in-plane

Asin 1.1.3.1, we consider a non-interacting gas confined in a square region of the xy
plane of length L inside which the potential is simply U(p) = 0 and for which we apply
the periodic boundary conditions. Then the eigenenergies and eigen-wavefunctions

9. For a more complete description of interactions in quasi-2D gases see [109]. We note that inter-level
interactions can be taken into account in first approximation by modifying intra-level value of the 2D
interaction parameter.
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1.2. 3D-2D crossover in a uniform trap: transverse condensation phenomenon

are:
27T2h2 0 0 .
Ej = mL2 (]x +]y)+]zhw2/ (1.38)
. _ ]x Yy 2
pi(r) = L\F exp(i——) exp(i— )X;Z(gz), (1.39)
with Jxr Jy €EZ and j- €N, (1.40)

where x; stands for the j-th Hermite function. The occupancy of state j is given by
the Bose-Einstein factor f(E;) with f defined in Eq.1.9 and we can compute direct
summation over these energies states in a similar way as in Eqs. 1.10-1.12 to deduced the
gas properties (see Annex A). We note that each 2D assembly of atoms corresponding to
a given j, is simply described by results of 1.1.3.1 while shifting the chemical potential
1t by the energy of state f,: #U?) = p — j,hiw,. This enables to access any dimensionless
gas parameter A whose 2D equation of state is known A = f4(1/kgT) (using results of
1.1) via:

A=Y falBu— Q) (141)
jz:O

If L? > mA3, the semi-classical limit applies in the xy plane and we transform the
sum over j, = (jx, jy) in an integral. For example the EoS for the total 2D PSD Dt(gtD Vis

given by:
(2D) = 152D
D = Y, D) (1.42)

PCD)(j) = —In (1—Ze—fz/€> (1.43)

For a gas in the deep thermally two-dimensional regime where { < 1, only j, = 0
contributes and we find back the previous results D?P) ~ —1In (1 — Z). In the opposite

case where { > 1, we can apply the semi-classical limit in the vertical direction also,
and find:

—+o00
PP — —/ In (1-2Ze7/¢) du (1.44)
JO
+o00 +oo Z zn
_ 2/0 e/t du—gz = 02(2). (1.45)
n=1

where g,(Z) = YI% Z" /n* is the polylogarithm of a order. In the intermediate regime
¢ 2 1, we must use the discrete summation of Eq. 1.42 to predict the EoS of the phase-
space-density with p/kgT.

1.2.3. Transverse condensation phenomenon of a in-plane uniform gas in an
oblate confinement

In this section, in order to investigate the transverse condensation phenomenon (BEC ),
we focus on the case { > 1 where the semi-classical approximation is valid for all
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1. Elements of theory on quasi- two-dimensional Bose gases

quantum number jy, j, and j,. Then each corresponding discrete sum in Eq.1.12 can be
approximated by the integrals of Egs.1.11 and 1.44.

1.2.3.1. Saturation of z excitation populations and transverse condensation
phenomenon.

In this case of ¢ > 1, the 2D PSD is given by Eq. 1.45 which results in
DEP) = [g(2). (1.46)

Since Z <1 and ¢»(Z) remains finite when Z — 1 [g2(1) = 7t2/6], this semi-classical
approximation leads to the paradoxical result that for a given , the total 2D phase-
space-density is bounded from above by {7t?/6. The paradox is lifted by noticing that
when the fugacity Z approaches 1, the population of the lowest vibrational state |j; = 0)
is not properly accounted for when one replaces the discrete sum in Eq. 1.42 by the in-
tegral Eq. 1.44. More precisely within this semi-classical approximation, when the total
phase-space-density approaches the value {712 /6, the result above must be replaced by

D) = DY + DG (1.47)
with forZ~1: D = -In(1-2), DI =cnr*/e. (1.48)
Therefore, when the total phase-space-density D§§F ) is significantly larger than g 7t2/6,

the phase-space-density Dgf ) saturates and additional atoms accumulate essentially

in the j, = 0 state. This is the transverse condensation phenomenon (BEC ) [129].

In the case of an infinite box (L — ©0), only accumulation in the ground state of
the z motion j, = 0 is expected and no true 3D BEC occurs. Indeed, once BEC
takes place, conclusion of 1.1.3.1 for a infinite 2D gas holds and no condensate frac-
tion can arise for the xy motion. In the case of a finite system however, the same rea-
soning leads to a two-step condensation. The gas first reaches reduced dimensionality
regime via BEC | and then condenses in this reduced dimensionality system (BECg,j)
to the overall 3D ground state as result of finite-size effects (as described in 1.1.3.1).
Hence BECgj occurs when 2D phase density of j, = 0 state reaches the critical value

D(S,ZBDE)CM] given by Eq. 1.23. Then the two condensation phenomena, BEC; and BECy,,

can be distinguished when the values of DSZD) at which they occur are (clearly) sep-

arated: D((),Z]g:)q < Délzle)Cfu”. We intuitively understand that this will be the case for

an anisotropic enough trap with ¢, < L. We will give in following section 1.2.3.2, a
quantitative analysis of this separation of the 2 steps of condensation.

In Fig. 1.1, we show the evolution of Déi? ) and D(()zD) with Dt(oztD ) in the case of a finite
square box (see Annex A for calculation principle) of size L chosen ! at L = 200 At
while 7, is given by ¢, = \/{/2m Ar. Our calculations are made for { < 20 which

corresponds to a minimal anisotropy factor L/¢, > 112.

10. In this case, DSZBDE)Q , ~ 9.5 and we have restricted our analysis to the domain of parameters such

that D(()ZD) <9, in order to avoid the regime dominated by finite-size effects.
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Figure 1.1.: Top: Variations of the 2D phase-space-density in the |j, = 0) ground state of the
z motion with the total 2D phase space-density DZY. Bottom: Variations of the
phase-space-density of the excited states of the z motion with Dt(gtD ). The calcu-
lation is made for an ideal gas confined in a square box with periodic boundary

conditions in the xy plane, with a size L = 200 At. The values of { are: 0.1 (olive), 1
(magenta), 5 (cyan), 10 (black), 15 (red), 20 (blue). The dotted lines indicate the crit-

(2D) (2D)

ot »all Dy tend

ical phase-space-density { 1> /6 (same color code). For large D
to parallel linear behavior corresponding to a slope Dt(gtD )/ DSZD) =1 For¢ <1
we do not notice any significant modification from this linear behavior. For { >1,
we point out that the change in curvature in D(()ZD) coincides with the saturation of
Déi?) when Dt(th ) is close to the predicted critical value of { % /6.



1. Elements of theory on quasi- two-dimensional Bose gases

1.2.3.2. Population of z ground-state at transverse condensation point

Let us estimate the 2D phase-space-density associated to the ground state of the z-
motion when the threshold for transverse condensation

Dithec, = m2/6 (1.49)

is reached. Transverse condensation occurs when the population of the j, = 0 state is
significantly different from that of j, = 1, so that it cannot be accounted for properly
by the integral Eq. 1.44. At this moment the chemical potential is on the order of —7iw,
and then Z ~ e~1/¢. Then, from Eq.1.48, we predict D((J,ZIEE)CL = —In(1-2) ~ In(Q).
More precisely, a numerical calculation using full quantum 3D computation of Annex

A gives at the transverse condensation point
2D
Dy, ~1In(g) +0.9. (1.50)

for { between 5 and 20 (see Table 1).

e D(ZD) 7 DSD 11720/ AT Eé/)\T fé/fz

tot,c

5 82 0921 | 25 22 0.80 | 0.90

10 | 165 [ 0959 | 3.2 2.6 1.07 | 0.85
15| 247 | 0972 | 3.6 29 1.27 | 0.82
20| 329 | 0979 | 3.8 3.1 1.43 | 0.80

Table 1.1.: Values of relevant parameters at the point where BEC | occurs. The parameters are
calculated numerically using a finite box of L = 200At and following lines of Annex
A. The correlation length is calculated along lines of 1.2.3.4.

The condition for distinguishing BEC | from the full condensation phenomenon BECg,;

. 2D 2D 2D) . . . . 2D L
is that Dé,BE)CL < D(()/BE)CM. Dé/BE)CL is given in Eq. 1.50 while Dé/BE)CM is given by

Eq.1.23 as BECgy occurs when 2D phase density of j, = 0 state reaches the critical
value obtained for the deep 2D regime in 1.1.3.1. Then owing /2 /A% = /27

2
@D) L=,  _(2D) L
DO,BECﬁ,H ~ 1n(0.4/\—%) = DO,BECL + 21n(0.16E). (1.51)
The 2 step condensation picture is then valid for:
2In(0.16L/4;) > 1 = L > 10 x ¢, (1.52)

1.2.3.3. Link to 3D Bose-Einstein condensation phenomenon

A similar calculation as Eqs 1.42-1.46 gives the value of the 3D phase-space-density

DP) = 13D (0)A3 in the center r = 0. Indeed using the general expression of Eq. 1.12
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Figure 1.2.: Total 3D phase-space-density in the plane z = 0, as a function of the total 2D phase-
space-density (same color code as in Fig. 1.1). These quantities are here deduced
for a full quantum treatment of ideal Bose law taking L = 200Ar. The horizon-
tal line corresponds to Dt(gtD ) (z = 0) = 2.612, which is the predicted threshold
for BEC,. We notice a change in curvature at Dt(gtD ) & 2.612. We note a slight
discrepancy between the crossing of Dt(gtD )(z = 0) = {7?/6 (dotted lines) and

DS’P ) (z = 0) = 2.612 for each of the curves — the latter occurring at higher Dt(gtD ),

for A = Nyt (r)y(r), we find:

ngn (r Z Z FE) pj(r)? (1.53)

Jz=0jx,jy=1

where E;j and ;(r) are given in Egs. 1.38-1.39. We deduce in the semi-classical limit:

3D) 2 ©
Doy = 7 L wOFm (1-2e7/%) ~ g32(2). (1.54)

For the last step of the calculation we used the asymptotic result for the value of the
Hermite functions in z = 0: |x;(0 ~ (11,/j)"!, and we replaced the sum over j; by an
integral (semi-classical approx1mat10n). We reach here again a paradoxical result: since
23/2(1) is finite, the 3D total density seems to be bounded. As above, the solution to
the paradox is that the semi-classical treatment does not properly account for the pop-
ulation of the j, = 0 state when Z approaches 1. More precisely, above the transverse
condensation threshold, one has

PP = D" + DEY (155)
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1. Elements of theory on quasi- two-dimensional Bose gases

with for Z~1: DY) = —/2/7 In(1—-2), DSY ~ g3/»(1) = 2,612,
(1.56)
whereas Déw) < DEP) and DED) ~ DI ~ g¢3,,(Z) below the threshold for BEC | if

¢ > 1. Evolution of Dt(gtD ) is plotted in Fig. 1.2 versus Dt(gtD ).

In other words, transverse condensation occurs when the central 3D phase-space
density approaches the value 2.612, which corresponds to the point where full BEC
occurs in a weakly anisotropic ! gas ¢, ~ L. Here due to the strong anisotropy, full
condensation does not occur at this point but only a partial one that results in projecting
the gas in a lower dimensional state. Then the gas is governed by the specific physics
arising in this reduced dimension space, possibly leading to prediction of other phase
transition(s) at DSZD) > D((),z]?}z)q, following specific theory of the reduced dimensionality
(presented in 1.1 in our case).

1.2.3.4. Influence of transverse condensation on in-plane coherence

As the BEC; phenomenon leads to the establishment of 2D physics for which a ma-
jority of atoms populates the ground state of z-motion, the coherence length /. in the
xy plane is also affected following results of 1.1.3.1. A rough estimate for /. is obtained
by plugging the approximate value D(()ZD) ~ In( into the expression for the coherence
length of a 2D gas in the degenerate regime of Eq. 1.22, which gives

le e Ar/T/4m = 0./V/2, (1.57)

A more precise estimate is given in Table 1.1 for the relevant range of values for
and using a full quantum 3D treatment as explained in Annex A for L = 200Ar. To
obtain these results, we computed numerically the variations of the one-body correla-
tion function g1 (r) for r in the xy plane, and we looked for the wings of this function.
More precisely we considered the point 11,59 where the function g; is divided by 20
with respect to its value in r = 0. At this point we define ¢.. as

1 dngi(r)]
7= ar |, (1.58)

If g1 had an exponential variation for all r, this quantity would take the same value
independently of the location r where it is calculated and /. = ¢.. For a non-strictly
exponential g1, the present definition is a good compromise between considering the
far wings of g1 in order to monitor the appearance of an extended coherence, and re-
stricting to sufficiently small values of r so that the values of g are still significant. The
variation of ¢/ At with Dt(jf’ ) for various values of ¢ is shown in Fig. 1.3.

For Boltzmann statistics, g1(p) o e~™*/* and £ = 0.16 A1. We see in table 1.1 that
at BEC |, the value of £/ is increased by a factor 6 — 9 for { = 10 — 20 with respect to ¢!/
More precisely the result of Eq. 1.57 states that at the threshold for BEC |, the coherence

11. It is also the threshold for an infinite uniform 3D gas.
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Figure 1.3.: Variations of the coherence length ¢, defined in Eq.1.58 with the total 2D phase-
space-density (same color code as in Fig. 1.1).

length in the xy plane is comparable to the size of the ground state along the z direction.
The physical meaning of Eq.1.57 is related to the fact that the 3D phase-space-density
in the plane z = 0 reaches the value 2.612 when BEC; occurs. For a uniform, infinite
3D gas with this spatial density, the coherence length /. would diverge, signaling the
occurrence of a true Bose-Einstein condensation. Here the z-confinement limits the
extension of the coherent part of the gas along z to /., which prevents the divergence of
. and limits its value also to ¢, in the xy plane. In the regime { > 1, the appearance of
a large coherence length in the xy plane and the occurrence of transverse condensation
for the z degree of freedom are thus linked.

1.3. Conclusion

In this chapter, we presented the main theoretical ingredients of the physics of a two-
dimensional Bose gas. In the case of perfectly 2D atomic samples, we detailed the
occurrence of Bose-Einstein condensation BECgy) to the 2D atomic ground state for an
ideal (i.e. non-interacting) gas, both in an harmonic trap and in a finite uniform box,
while in an infinite uniform 2D gas condensation is fundamentally absent at non zero
temperature due to the general argument of Mermin Wagner. We also pointed some
modifications of the thermodynamics properties of the gas due to the presence of inter-
actions between the particles. We quoted in particular the appearance of a transition of
a novel kind, described by the Berezinskii-Kostlerlitz-Thouless mechanism. A second
point in this chapter is to highlight the relevance of this 2D physics in our 3D world by
presenting a regime of confining configurations (the «deep thermal 2D regime») where
the 2D description applies. We then pointed out some corrections due to the non perfect
realization of this regime. Finally, we presented a specific way to reach the 2D regime,
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1. Elements of theory on quasi- two-dimensional Bose gases

linked to the BEC phenomenon in a strongly oblate uniform confinement. In this case
the BEC phenomenon does not occur fully (in one step) but divides in two steps, sepa-
rated in phase space densities, due to the strong anisotropy of the confinement. First the
condensation occurs in the tighter direction so that a reduced dimensionality physics is
established in the remaining gas. Then low dimensionality (2D in our case) applies and
leads to a full condensation along the lines precised above. We note that this two step
condensation is fundamentally linked to the assumption of a uniform trapping in the
2D plane as it necessitates that BEC does not hold in the thermodynamic limit for the
considered 2D trap.

In the following parts of this manuscript we will present experimental investigations
of the different properties highlighted here. A first part of this manuscript (Chapters
4 and 5) will be devoted to the study of harmonic 2D gases. In this geometry, we will
study the interacting 2D gases physics. We will link back the obtained results to the
uniform case using LDA. In a second part of the manuscript, we will present results
directly obtained in a uniform trapping geometry (Chapters 7 and 8). In this case, we
will investigate the specific transverse condensation phenomenon, in particular via its
consequence on the in-plane coherence of the atomic sample. Before presenting our re-
sults, we will detail the experimental setup that we have built to investigate the specific
regime of the (quasi-)two dimensional gases.
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2. Experimental methods for producing two—dimensional
Bose gases

Since the experimental apparatus used to produce the results presented in this thesis
has been running for several years, the main part of the setup has been built by previous
PhD students. A detailed description of the various setup elements and their evolution
can be found in their successive manuscripts [107-111].

In this chapter, I will present the main line of the production of two—-dimensional
degenerate Bose gases, highlighting the improvements realized during the three years
I spent on the experiment. I will first quickly described the line followed for producing
a tri-dimensional Bose-Einstein Condensate (3D BEC). I will then insist on the specific
operations we developed and used during the last year of my PhD to study uniform
2D Bose gases. The specificity of the production scheme for the necessary flat bottom
potential will be addressed in a following chapter (Ch. 6).

In the second part of this chapter, I will more precisely focus on the experimental real-
ization of the 2D-trapping. I will first characterize the in—place setup whose parameters
were slightly modified since last overview [111]. I will point out the limitations of such
a realization especially in the prospect of creating uniform Bose gases. These stems
from the residual horizontal potential created by the beam which is mainly used to cre-
ate the tight trapping along the vertical direction. I will then present preliminary test
on a new and advantageous setup for producing strong confinement in one direction.
Such a new optical setup will soon be implemented on the experiment.

2.1. Experimental setup

Here I will describe our specific implementation of a cold atom experiment to study
the physics of the 2D Bose gas and produce the experimental results reported in this
manuscript.

2.1.1. Overall description of the experimental setup

As in any cold atoms experiment our setup consists of a vacuum system in which we
can trap and cool atomic sample at the nano-Kelvin scale. The specificity of our own
setup is that it is constituted of two separated chambers with two different vacuum
pressures:

— asteel «MOT chamber» with moderate vacuum in which we trap a sample of ¥’Rb

atoms from the background vapor and perform preliminary cooling on it.

— a glass «science cell», in which cooling is carried further to reach degeneracy and

in which the 2D gas is produced and studied.
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These two chambers are linked by a differential pumping stage along which atoms are
magnetically transported. To reach the desired regime of degenerate 2D Bose gas within
this global setup, a sequence of tens of events mainly consisting in modifying either the
strength of the magnetic fields or the intensity of the optical beams is necessary. These
are controlled and synchronized at the microsecond scale. The control is realized via a
computer based program developed in MIT by Aviv Keshet [130] communicating with
nine analog or digital National Instruments cards and two GPIB devices.

These tens of unit events can be decomposed in typically ten global phases. I will
describe them, distinguishing the creation of a 3D BEC and the further study of a 2D
degenerate Bose gas.

2.1.2. Experimental sequence toward tri-dimensional Bose—Einstein
Condensation

First, I will recall the specific sequence leading to condensation of an atomic sample in
our specific scheme. Until 2012, we were using a magnetic Time Orbiting Potential (TOP)
trap that I will not describe here (for a description of this previous implementation, see
[109, 110]). We are now using an hybrid magnetic and optical trap as implemented in
[131] and [132]. The basic principle of the new procedure was presented in [111] so I
will mainly report on the experimental parameters currently in use. Such a sequence
can be divided in five phases:

1. MOT and loading of the first magnetic trap (8.5s)

This phase is constituted of all the events occurring in the first <MOT chamber».
We load a magneto-optical trap from a background Rb vapor in 8s. The loading
time constant of this trap is typically of 2s for our setup and we typically trap 1 x
10'? atoms in this first step. We then lower the magnetic gradients while shifting
the MOT laser to higher detuning and reducing the power of the repumping beam
to further cool this set of atoms. The resulting temperature at the end of this
stage is typically of T = 200 K. We then use a step of optical molasses in which
we switch off the magnetic gradient to reach T = 100 uK. The atoms are then
optically pumped into the internal state | F = 2, mp = 2 ) before being transferred
to a first quadrupole trap with magnetic gradient b, = 140G/cm. In this trap,
we manage to collect 5 x 10° atoms, at T = 450 uK that we want to transfer to
the science cell before being limited by cloud lifetime. This short lifetime of 1.2s
results from the collisions between the trapped atoms and the background vapor.
In the current setup, the quality of the vacuum in this chamber is maintained via
two cooling Peltier setups (commonly named «cold fingers»).

2. Magnetic transport (6 s)
We transport the atoms over a 50 cm distance, from the «MOT chamber» to the
«science cell», using a series of nine pairs of coils in which we accurately control
the currents [107, 133]. The resulting smooth displacement of the trap center is
set to be nearly adiabatic. The main source of heating is the limited lifetime in
the «MOT chamber». We thus impose a fast initial acceleration to leave quickly
the collision area and reach a region with better vacuum. The first steps of the
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transport constitute the limiting factor to the overall transfer efficiency. They in-
duce losses and heating as shown by round trip transport measurements '. At the
end of this transport stage, we load a second quadrupole trap in the science cell
with b, = 90G/cm. In this trap we can characterize our cloud using horizontal
absorption imaging in the high intensity regime (cf. 3.2.1) and with magnification
M = 1. We measure N ~ 10 atoms and T ~ 150 uK after compressing the cloud
to a upper gradient of b, = 140 G/cm in order to increase the collision rate.

. Radio-frequency evaporation in the quadrupole trap (16s)

To further enhance the collision rate and the phase-space-density before load-
ing the 3D hybrid trap, we then evaporatively cool the gas in this magnetic trap.
We apply a radio—frequency (RF) pulse that induces transitions between different
Zeeman sub-states at a given distance of the zero—field trap center. The frequency
of this RF is then ramped linearly from 30 MHz to 3 MHz. In a quadrupole trap
the evaporation is limited by Majorana spin-flips due to the cancelation of the
magnetic field at the trap center and thus this technique is not sufficient to reach
degeneracy. The value of the final frequency results from a compromise between
a cloud cold enough so that it is efficiently loaded into the later used dipole trap
and a not too cold one to prevent Majorana spin flips. At the end of this phase the
atom number is reduced to N ~ 2 x 10® atoms and the temperature to T ~ 30 uK.

. Loading the hybrid trap (2.55)

In order to circumvent Majorana losses and push evaporation further down to
reach degeneracy, we choose to add a red-detuned optical dipole trap to the
quadrupole gradient, as implemented in [131] and [132]. In our case, such a dipole
trap is created by a laser beam at 1064 nm wavelength with a waist w;, = 50 ym
and a maximal power P;"™ = 8.4 W. We set its propagation along the horizontal
x axis. We should note that its Rayleigh length along x is large — xg = 7.4mm
— 50 the confinement along the beam propagation direction results only from the
remaining magnetic gradient b/, (In our coil configuration, b}, = b./2). The dipole
beam is switched on at the loading power P/°* = 6.7W at the beginning of the
experimental sequence. We load this optical trap from the magnetic one, by low-
ering the magnetic gradient to a small but non-zero value, so that the atoms drop
into the additional trap where they are still magnetically confined in the x direc-
tion. We choose to lower the magnetic gradient down to b, = 12.5G/cm which
is below the gravity-equivalent gradient blzmag = mg/u = 15.4G/cm for atoms
in | F = 2, mp = 2) state. The beam center in the yz plane is set to be vertically
below the quadrupole trap center at a distance d'°*d. We optimized the position
of the zero of the magnetic field in terms of the number of atoms transferred in
the hybrid trap so that d°*d ~ 100 yum. The loading is performed in 2s and the

1. We cannot directly image the cloud during transport, then to image the gas we needed it to be in
either the MOT chamber or the science cell. In the round trip measurements, we image the atomic sample
coming back in the MOT Chamber after the desired number of transport steps (in total there are eleven
steps). The back transport steps are simply defined by reversing the time dependency of the currents used
in the corresponding forth step (of course time reversal is also applied for defining steps order). We should
note that such a simple definition can create additional heating especially for the first steps due to abrupt
change in center of mass velocity and acceleration at the reversing point.
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2. Experimental methods for producing two—dimensional Bose gases

remaining atomic ensemble contains 7 x 10”7 atoms at a temperature T = 10.5 uK.
We can quantitatively describe the trapping potential in this hybrid trap:

Vhybrid(x/ Y Z) = Vmag(x/ Y Z) + Vdip(yzz) —mgz (21)
21,2
where Vinag(x,y,2) = yb;\/(z +d;)2+ a Iy (2.2)
2, 2
Viip(y,2) = U exp <—2y = ) . (2.3)

Uy is the trap depth due to the dipolar force Uy = a x P,/ (mw?) (P, stands
for the dipole beam power). « is deduced from the general expression of the
dipolar force for our parameters, taking into account the beyond Rotating Wave
Approximation term and neglecting thedetuning difference to the fine structure:

_ _ 3nc? r r : : _ 14
= —ﬁ (wofw + w07w>' w is the laser pulsation w = 27 x 2.82 x 10"* Hz,

wy is the mean value of the atomic pulsation wy = wp, /3 + 2wp,/3 = 27 x
3.80 x 10 Hz (taking into account Clebsch-Gordan coefficients) and T’ the mean
natural width T = T'p, /3 + 2T'p, /3 = 27t x 5.97 x 10° Hz. We deduce & = —kp X
157 mK ym2 /W and so Uy /P, = —kp x 20 uK/ W. The loading trapping depth is
so U = —kg x 134 uK

In Eq. 2.1, the coordinates origin is taken to be the center (in yz) and focus location
(in x) of the dipole beam. We set the zero of the magnetic field to be centered in the
horizontal directions x and y on the cloud >. Then a polynomial approximation of
Eq.2.1 gives the trapping frequencies:

hybrid hybrid AUy
w = w,

~ — 24
Y mw? @4)

hybrid b, ’
Wy amid. (2.5)

hybrid hybrid . . .

wy and w; are dominated by dipolar potential effect. They vary from
several hundreds at loading to several tens of Hz after optical evaporation (see
next item). Along the beam propagation, w4 §s dominated by the magnetic

potential and is typically of a few tens of Hz for the considered d, (also varying
during optical evaporation). At loading, the frequencies are summarized in Table
2.1.

5. Optical evaporation in the hybrid trap (13 s)
Once the hybrid trap is loaded, the collision rate is enhanced by a tighter trapping,
Majorana losses are bypassed and now evaporation can be pushed further down.
Here, we use optical evaporation in the dipole trap, simply lowering the beam
power to P, *F. P,"*P may vary from the initial value of P/°*d = 6.7 W to our laser

seed power? P%¢d ~ 40 mW. We performed the evaporation in t’gvap = 13sand

2. this is automatically true for the x direction as it is magnetically trapped but it needs to be aligned
in y direction
3. Our laser is a fiber laser from Azur Light System with a fully integrated servo control of the power. It
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2.1. Experimental setup

.. hybrid
’ Axis i H wiy rl

X 27t x 22.5Hz
y 2t x 719 Hz
Z 21t x 719 Hz

Table 2.1.: Summary of all trapping frequency at the loading of the hybrid trap (P12 = 6.7 W).

reach degeneracy for P; ~ 76 mW.

The value of d'°2¢ reveals insufficient to fully prevent Majorana losses as the mag-
netic field at the cloud center is only b.d°*d = 0.125G. It is thus compulsory to
displace the zero of the magnetic field to a greater distance from the dipole trap

center d; F >d2d before performing the evaporation ramp. It is also important

not to increase d, too much as it results in a decompression of w?ybrid, which
unwantedly decreases the collision rate. d, is optimized on the final BEC to the
highest condensate fraction and is set to d; © ~ 300 um. Typical trapping fre-
quencies at the end of the evaporation ramp (up to the condensation threshold
P,fvap = Py) are given in Table 2.2. The ramping slope is set to be exponential with
time constant T = 0.125 x t’gvap. We can select Psvap to tune the final T and N of

the 3D cloud and thus vary the resulting 2D cloud configuration.

’ Axis i H wlhybrid
X 27 x 13Hz

y 27t X 76 Hz
Z 27t X 76 Hz

Table 2.2.: Summary of all trapping frequencies in the hybrid trap obtained from Eq.2.5 at
the end of the optical evaporation ramp to laser power Py, ~ 76 mW at which

degeneracy is reached. There d, = ds * ~ 300 um

2.1.3. Experimental sequence from 3D BEC to the study of two—dimensional
gases

At the end of these five first experimental stages, we reach 3D degeneracy in typically
465s. In our experiment, we want to study 2D physics. In this aim, we need to change
the trapping configuration of our cloud for it to enter a 2D (or quasi-2D) regime (see
1.1.2). We must care about implementing such changes in an efficient way so that the
2D cloud created covers interesting physical regimes. In this section, I will describe the
experimental phases necessary to create and to study clouds confined in a uniform 2D
geometry. I will present the specific shaping of the trapping beams in other parts of the
manuscript (section 2.2 and Ch. 6).The evolution of the various beam powers of the 2D
and 3D traps as well as of the magnetic gradient are schematized in Fig. 2.1.

is based on the amplification of a seed power. For varying the power at the output of the laser, only the
amplification is mastered. When the amplification is completely switch off, the remaining output is then
the seed power that so constitutes the minimal power reachable.

39



2. Experimental methods for producing two—dimensional Bose gases

f
Plo Lo

clean
Prg™”

load
PLS

evap
Ph, .

1. Transfer into the Hermite—Gauss and box—traps (1 s)

We start by ramping the power of the beam that creates the 2D tight confinement
(along z); it is blue detuned compared to the atomic resonance line and shaped
with a Hermite-Gauss profile (see 2.2 for a description of the beam shaping and
the confinement induced). The beam propagates along x and its profile in the
yz plane at the atom position consists of two bright lobes aligned along y such
that the 2D cloud is trapped in between in a resulting tight vertical (z) harmonic
confinement of pulsation w,. Due to its shape, we commonly name this beam
the «light-sheet» (LS). The first loading step consists in ramping up the LS power
to an intermediate power Piosad in 0.5 s, onto the BEC (we previously aligned the
beam at the position of the 3D gas). Typically at P}%9, w, /27t = 300 Hz. During
this loading, the initial 3D cloud is split into one central — horizontally spread and
vertically tightly confined — component (the 2D cloud) and two possibly remain-
ing side clouds above and below. Only the central part is of interest. This loading
must not be too fast in order to circumvent important heating of the cloud and en-

P theva teva thold J
p p |
> Prs '« »

.................. ,_/ b’mag

P

load
131

P box

+ ; i ; > t
cold 3D gas cold 2D gas

Figure 2.1.: Schematic representation of the evolution of (a, violet) the magnetic gradient b,
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(note that due to coil configuration b, = b]’/ = 1. /2), of the (b, red) power in
the beam used in the hybrid trap Pj, of (a,green) the beam used to create the 2D
(z) confinement P;g and of (b,blue) the beam used to create the 2D in-plane (xy)
uniform confinement P,,y. Durations of the various steps and powers are not to
scale. This scheme enable to visualize the order of the variations of these 4 variable
along the experimental sequence. At the end of t’gvap, we have achieved a 3D cold
gas in the hybrid trap (2.1.2). We load this gas in the 2D trap by successive increases
of Pg and Py« (2.1.3). A 2D gas is achieved at the end of tevap. The 2D experiment

is achieved with a compensated gravity field b = b,



2.1. Experimental setup

abling a good loading efficiency in the 2D trap. This first step reveals indeed the

most sensitive one in terms of losses and heating. This is also the reason why we

choose to progressively increase the light sheet power all along the whole loading

stage (see below).

After this initial step, we quickly (in 10 ms) ramp up an additional optical dipole

trap propagating along z and that confines the atoms in a specific region of the

2D plane. It is created by a blue detuned laser beam presenting a dark region at

its center (see Ch. 6 for a description of the beam shaping and the confinement

induced). We commonly call this trapping potential the «box—trap».

In Fig.2.2, we show the geometric arrangement of the various beams as well as

the magnetic coils around the science cell.

After switching on the box-trap, we can switch off the hybrid trap previously

used for 3D confinement. That is to say:

— we switch off the remaining power of the dipole trap. This is done thanks to a
mechanical shutter as the seed of the laser cannot be switched off (see footnote
3).

— we change the magnetic gradients. We can then set b, and d, to any convenient
values b.?P and d2P as long as it does not result in a negligible confinement *.

We choose b, so that it compensates the gravity field (b2 = b,"*¢). We also
set the magnetic zero further away from the atomic sample d?° = 1.5mm. As

4. compared to the box confinement and the 2D cloud characteristic energies, namely the thermal en-
ergy kgT and the interaction energy per particle €jn;

- Vertical imaging
- micro-trap beam

To CCD
camera

From magnetic
transport

-Horizontal imaging
-Dipole Hybrid trap
-Hermite-Gauss trap

Magnetic
coils / z
. X
Microscope
objective To CCD
camera Y

Figure 2.2.: Schematic representation of the science cell and its surroundings. red arrows rep-
resent the two used optical access to the atomic cloud in science cell and is stated
in red the optical beams propagating on these axes. The coordinate trihedron give
the latter used coordinates names.
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2. Experimental methods for producing two—dimensional Bose gases

described in Annex C, we choose the precise position of the magnetic zero in
the xy plane so that the in—plane atomic distribution is uniform (the result-
ing magnetic gradient can compensate a residual curvature of the light sheet
potential). The choice of a higher d, enables a better control of the in-plane
uniformity.
In the same time as we switch off the hybrid trap (in 150 ms), we ramp up the LS
power to a higher intermediate power Pflsean. Typically at Pfgea“, w,/2m =1.1kHz
and the trap depth along z is increased. At this stage, we get rid of the remaining
atoms outside of the central 2D cloud, which are situated above it®. For jthis,
we effectively reverse the gravity by applying a magnetic gradient b.f1" > p,"$.
Then the atoms feel the effective gravity potential

mg®fz = ub ez — mgz (2.6)

" b’ clean b/Zmﬂg
z
:> ge — g—b/mag Z 0, (2.7)
z

We typically choose b = 27.5G/cm, so ¢*f = 7.7m/s2. We apply it during
T = 150 ms before coming back to the levitating value of the magnetic field b, =

b/zmg . Then the atoms initially located above the central cloud are accelerated
upwards and they hit the upper face of the glass cell (situated at ~ 7.5 mm<«
¢°12 /2 off the atoms). We note that increasing the energy barrier between the
2D cloud and the residual atoms by Pload — Pelean jg egsential to keep the atoms
of the 2D cloud in place during the cleaning process.

2. Final preparation of the 2D—cloud (2.15s)

Once we have isolated our atomic plane and confined the atoms in the box-trap,
we ramp the LS power to its final value P{S. We can vary this value to set the
vertical confinement frequency ® at a value varying from w,/27 ~ 300Hz to
w; /21 ~ 2kHz.

Finally, we can evaporatively cool the gas in the box-trap by lowering the power
of the corresponding beam. We typically divide this power by 1.25 to 50 in teyap =
2 s by applying a linear ramp. We ultimately let the cloud equilibrate for typically
thoid = 500ms. During this whole stage, we keep the magnetic gradient at a
constant value, compensating the gravitation: b, = b;mag = mg/up . We can
estimate the resulting trapping potential from the magnetic gradients. Due to the
coil geometry, b}, = by, = ', = b, /2. The potential at distance r = p + d.u; for the
magnetic zero is

) 1/2
Vinag () = o | (bldz)? + b2p?] 2.8)

As the cloud center matches p = 0 and d, = d?P = 1.5mm we deduce that for all

5. Usually the atom populating the symmetric lobe, below the central plane were expelled due to grav-
ity effect. If it was not the case, we could perform a symmetric step by increasing the effective magnetic
field compared to its value in presence of b, = 12.5G

6. In fact for the experimental results shown in Ch.7 and 8, we preferred to vary the distance of the
atomic sample to the focus of the LS beam (see 2.2.2 for a detailed description of this effect and 7.1.3.1 for
a detailed description of the experimental choices).
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2.1. Experimental setup

position within the cloud” |p| < d,. Then any atom within the cloud (located in
p) feels a potential that approximates as

b2 m
Vinag () = pbldz" + 25, P’ = mgdz’ + o ngD 0%, (2.9)

and the resulting trapping frequencies in xy plane are

1 /8
Vy = Vy - Vmag - % @ ~ 6.4 HZ. (2.10)

3. Possible Time-of-Flight (some ms)

Depending on the quantities we want to measure, we have the possibility to let

the cloud expand freely along certain directions of space for some milliseconds

before imaging it. This technique is usually named Time-of-Flight (ToF) mea-
surement. More precisely, we may switch off:

— The light-sheet confinement that tightly confines the atoms in the vertical di-
rection. This switching off can be done by fast electronic control of Acousto
Optic Modulator (AOM) on the order of the microsecond. When we only
switch off this trap, the gas expands along the vertical direction but not in
the xy plane. Such an expansion is called «one-dimensional Time—of-Flight »
which we abbreviate in 1D ToF®.

— The box—trap confinement that keeps the atoms in a restricted region of space
in the 2D plane. This switching off can be done in ~ 10 us. When we only
switch this trap, the gas expands in the xy plane but not along z. Such an
expansion is called «two—dimensional Time-of-Flight » (2D ToF). To perform
such a Time-of-Flight we usually ramp down the light sheet power to reduce
the effect of possible defects and rugosities of the light-sheet potential (see
2.2.1). We typically choose a remaining confinement of ~ 350 Hz.

— When switching off simultaneously both traps, the gas is expanding in the
three-dimensional free-space and this is conventional «three-dimensional time
of flight» (3D ToF).

We implement these Time—of-Flights without modifying the magnetic fields. Such

changes would induce strong Eddy currents (especially in the translation stage

holding the microscope objective for vertical imaging setup) and thus strong per-
turbations to the later imaging process. We choose the value of this gradient to
b2P = b;mag so that it exactly compensates the effect of gravity. This is highly
convenient as it enables to keep the cloud center of mass in place for all ToF dura-
tions. Hence, we can produce long free—expansion without being limited by the
gas hitting the glass cell and the cloud stays advantageously at the imaging focus
position. The remaining gradients do not imply any important modification to
ToF dynamics as the resulting frequencies are small enough (some Hz).

7. Maximal extension of the cloud is set by the box size and varies typically from 5 ym to 15 ym
8. For this type of ToF we are concerned by the box-potential defects that arise at a small distance
(dgefect S 6 pm) of the focus of this beam (see 6). For w, = 27 x 2kHz, this is reached after an expansion

time of dgefect X VM /hw; ~ 2ms)
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2. Experimental methods for producing two—dimensional Bose gases

4. Absorption Imaging of the cloud (some ms)

To effectively measure the physical properties of our gas, we image its density
distribution at the end of the sequence. We implement an absorption imaging
technique. We shine on the atoms a close to resonance laser beam, collect it at
the output of the cloud thanks to lenses and finally image it on a CCD camera.
We then compare the output intensity profile to the input one. For this we im-
plement a succession of exposures of our camera to record the cloud image and
some reference images in a short time lapse. This process is described in details
in Ch. 3.

2.2. Current realization of tight transverse confinement for 2D trapping:
the Hermite-Gaussian beam

To experimentally realize quasi-two—dimensional confinement of our gas of cold
atoms, we need to generate a trap with very tight confinement in one direction. Such a
tight confinement must freeze out atomic motion in the considered direction (see 1.1.2).
The freezing is realized when the energy gap between the ground state and the first
excited state is much smaller than both the thermal energy kgT and the interaction en-
ergy per particle €in. If the z confinement is harmonic with pulsation w;, we enter the
quasi-2D regime when fiw, 2 kgT, €in. In our typical 2D experiments, the temperature
T is of the order of T ~ 100nK and the chemical potential y ~ kg x 50nK. Then the
quasi-2D regime necessitates w, 2 27 x 2kHz.To implement this tight trapping, we

use an optical dipole trap generated via a specially shaped blue-detuned laser beam
(typically A = 532nm) showing an anisotropic geometry.

2.2.1. Producing an Hermite-Gauss beam

The shaping of this beam is realized in the current setup via the use of a phase plate
as previously implemented in [134]. This phase plate shows a step in phase along one
direction and it imprints a phase of 7t on the upper half of the beam (z > 0) with respect
to the other half (z < 0):

$(z) =mifz>0,¢(z) =0ifz <0 (2.11)

The phase plate is placed on the path of elliptic collimated beam (see below for the
choice of the yz aspect ratio). We refocus this beam after the phase plate at the atom
position by a converging lens of focal f = 100 mm so that the phase imprinted trans-
lates into a specific Hermite-Gaussian intensity profile. To quantitatively describe the
effect of this far blue detuned (A = 532 nm) beam on the atoms, we need to calculate the
spatial dependance of the dipolar force. Hence, we are interested in the intensity profile
Inc at the position of the atoms. The resulting dipole potential is U = alyc where «
can be computed as previously donein 2.1.1. As w = 27 x 5.63 X 104 Hz, we take into
account the beyond Rotating Wave Approximation term and neglect the detuning differ-

- _ _3m(_T r : -
ence to the fine structure. Thus a« = — 2] ( oo T @ w) and numerical application

gives & = kg x 59mK pm?/W. We then need to calculate the Ifg.
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2.2. Tight transverse confinement for 2D trapping: the Hermite-Gaussian beam

z/w,

Figure 2.3.: Normalized intensity profile in the focal plane of the lens (red full line). For com-
parison, the intensity profile without a phase plate is presented in red dashed line

Detailed calculations on the beam propagation where done by previous PhD student
P. Rath [109] in paraxial approximation. In this approximation, the electric field at the
focus of the lens, is simply the Fourier transform of the electric field after the phase
plate, that is the Gaussian beam profile multiplied by the special phase distribution
imprinted.

At the center of the output beam z = 0, the dephasing of 7t of the incoming beam
results in destructive interferences between the two halves of the beam so that the aris-
ing intensity is zero (Fig.2.3). Close to this dark center, as represented in Fig.2.3, the
intensity distribution can be approximated by

[N]

4 —2% 2Py
I(y, ~ ly—5z%e “ with Iy = 2.12
(y,z < wy) Onwgz e with Iy Ty, (2.12)
which leads to an harmonic confinement along z of pulsation
w(y) = = |- o (2.13)
2= mwiw, '

where w, and w, are the beam waists on the atoms (after the focusing lens) in the z and
y directions.

Therefore, the smaller these waists are, the tighter the confinement is. Nevertheless
we can not choose w, too small as we want a uniform confinement along y. From
Eq.2.12, we note that the potential varies with y as the gaussian intensity e W/,
The cloud size along y is set by the box-trap radius Rpox (varying from R ~ 5 ym to
R"%* 15 yum). We typically require w, 2 3Rpox s0 that the potential varies of < 20%°.
We also note that along x, the 2D trap extent is given by the Rayleigh range of the

9. this means that the transverse trapping frequency w;, (that varies as o /I as shown in Eq. 2.13) varies
of < 10% and the interaction parameter ¢ (that is proportional to as/a, and so varies as & /w;) of < 5%
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2. Experimental methods for producing two—dimensional Bose gases

laser xg = mw?/A'". From the specific dependency of the Hermite-Gauss intensity
Ing o (1 + (x/xR)?)%/2, this size must verify xg > 2.5Rp,y so that the potential varies
of < 20%. These constraints sum up as follow:
— w, mustbe as small as possible aslong as xg 2 2.5 x R{¥*. Thusw, 2 /2.5 A R/ ~
2.5 um for A = 532nm.
— w; is limited by the numerical aperture of the focusing lens. In our setup, this
reads w; 2 5 ym.
— wy must be as small as possible (to not reduce the confinement along z) but larger
than w, 2 3 x R ~ 45 ym.
In our setup, we choose w, = 50 yum and we have w, ~ 5um at the focus. We use

cylindric lenses to give the wanted aspect ratio to the beam.

When these conditions are fulfilled, the variations of w, = % ng(;u
z™Yy

are less than 10%. We can thus neglect the corresponding variation of the zero point
energy. The expected value is w, = 27 x 6.08 kHz for Py = 1 W. This corresponds to a
harmonic oscillator length ¢, = v/ii/mw, = 138 nm, and a 2D interaction parameter

g~ -V 87TL15/£Z - 0.18.

over the cloud

2.2.2. Focusing the beam on the atoms by frequency measurement:

Such a tight confinement is in fact realized only if we put the atoms in the focus of
the Hermite-Gauss beam. If not, then the trapping frequency varies along the beam,

mainly due to the broadening of vertical waist w,: w,(x) = w? \/ 1+ (x—x0)* / (xr)%
We now denote w? the waist at focus (w? ~ 5 ym). Then the frequency depends on the
position of the focus xp compared to the atomic position x,; via

0 w?
Wz (Xap; wy, X0, XR) = = (2.14)

(1 + ((2xat — xo)/xR)2)3/4‘

where w? is the value of w; at the focus given in Eq.2.13.

2.2.2.1. Finding the focus

We first note that by experimentally varying the focusing of the beam on the atoms,
we can deduce from Eq. 2.14 both:

1. the position of the focus of the LS beam xy compared to the atom position x;.
We should note that x( is not readily available by direct methods. In particu-
lar, we can not directly image the beam focus with the horizontal imaging setup
due to chromatic shift in the optical elements (we measure a displacement of the
expected focus of 600um). Varying the beam focusing on the atoms may also
manifest in various measurable signals on the atomic sample that we could study
to detect xg. For example, when we get closer to the focus the number of atoms

10. We also note from P. Rath calculations that for position out of the focus —x # 0 — the beam intensity
still cancel at z = 0 so the Rayleigh is the unique source of variation in the confinement along that direction,
collinear to the beam propagation.
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loaded in the 2D trap decreases. However this also depends very sensitively on
the accuracy in side alignment procedures. Trapping frequency measurements
appear to be the most accurate method to find xo.

2. the waist values w, and wy of the LS beam at the atom position can be checked
using the fitted values of xg and w? and assuming that the beam power P; on the
atoms is known. I will give later in this paragraph a numerical example of such a
check. I want to emphasize here that this calibration of the beam waists serves as
a validation of the light sheet alignment procedure.

We can easily perform this inspection of the dependency w, toward (x,; — xg) by
repeating oscillation measurements while varying the position of the focusing lens x r
(and so varying x( by the same quantity) as this lens is set on a translation stage directed
along x. We thus measure the dependency w,(x( ) at a fixed position x,; of the atomic
cloud. To produce one frequency measurement, we observe the breathing mode after
performing an excitation of the vertical confinement. We excite the cloud at the end of
the evaporative ramp of the box—trap by abruptly lowering ! the LS power from P{S

to PfC ~ P{S /4. After this abrupt reduction of the confinement we hold the system
for a varying t¢; up to a few milliseconds in which the oscillation occurs. In order to
reveal the oscillatory phenomenon, we perform a 3D ToF (typically of 5ms) and image
the cloud in horizontal imaging. We focus on the variation of the vertical size (that
contains information on the z velocity distribution) with £, as we expect oscillations
at frequency v = 2 x w$** /2w where w{*¢ is the value of w, at LS power P5°. From v we
can deduce w; at any beam power Prg by w,(Prs) = w*°\/Prg/ PrEe. We observe such
oscillations and fit it by a damped sine of frequency v (see Fig.2.4(a)). The oscillations
indeed show a damping, whose time scale varies with the distance to the focus. In
Fig.2.4(b) we show the resulting variation of w, at LS power P{ ¢ with the position xo r,
arising from the various measurements performed.

We fit w, (xo,r) to Eq.2.14. We find:

— xg = 147.5 4+ 9.5 um, which gives w? = 5.00 & 0.16 ym, in agreement with the
theoretical value w? = 5 um.

— W¥(P =190 +20mW) = 2.76 + 0.1 kHz. If we assume w, = 50 ym, we deduce
wg = 4.93 + 0.33 um, in agreement with previous value. From both xg and w?,
we can also compute w, = 48 £+ 9 ym, in agreement with theoretical value w, =
50 ym.

We conclude that the optical setup is well aligned, and we also gain the knowledge of
the relative position of the focus and the atoms.

2.2.2.2. Choosing the right position for loading the trap

In practice, we cannot work with the atomic cloud in the focus of the Hermit Gaus-
sian beam for severals reasons:

11. due to servo power control problems, we are not able to switch abruptly the trap to a higher value in
a controlled way. We are so obliged to perform the frequency measurement at a lower power of the light
sheet and to rescaled it afterwards
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Figure 2.4.: (a) Example of an excited oscillation on the vertical size of the cloud distribution
after 5ms of 3D ToF. We fit the oscillations to a damped sine. Here the frequency
fitted is v = 2.12kHz and the damping time constant T = 2.58 ms. The frequency
vfor the breathing mode is twice the trapping frequency expected at the excita-
tion power of the light sheet P/ that is here of 47.5mW. In b, we represented the
summary of the oscillation measurement (performed in a 3 day measurement cam-
paign essentially). w; is calculated at the light sheet power P = 190 mW. We then
fit the distribution of w, by Eq.2.14. We find the position of the focus xg r and the

beam characteristics xg and w

1. The vertical extension of the 2D—trap (set by w(x)) fixes the overlap ratio between
the 3D atomic distribution (at the end of the evaporation in the hybrid trap) and
the 2D-trap. Then, the closer we are to the focus, the less important the overlap
and the lower the loading efficiency. At focus, the atomic density loaded remains

very low and reveals insufficient to reach degeneracy along the box—trap ramp.

In its experimental realization, the Hermite-Gauss beam shows defects along y
and these defects are more important (with a higher amplitude and showing also
higher spatial frequency) when we get closer to the focus. The defects character-
istics also change from one side to the other of the focus (that is to say if the atoms
are loaded upstream or downstream compared to the focus position).

3. Finally when ramping up the light-sheet alone (no box-trap) on the 3D cloud and
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2.2. Tight transverse confinement for 2D trapping: the Hermite-Gaussian beam

imaging it in vertical imaging, we see that close to the focus the atomic sample is
deformed compared to the shape of the 3D cloud and is displaced from its original
position along x. The amplitude of the displacement varies with the distance
to the focus from 2 100 um at focus to nearly none at 300 ym away from the
focus. These defects can also explain the oscillation damping we observed in the
vertical frequency measurement (Fig. 2.4). Roughly speaking, the more important
the defects are, the shorter the damping time constant.

We can link these two last points to defects in the LS beam profile. These can be
directly observed by imaging the intensity distribution. They can also be characterized
by their effects on the atomic distribution. We will develop such an analysis in the next
section. For now, we want to conclude on the choice of (x4, — X¢) to realize a satisfying
2D confinement. From previous observations, we want to find a compromise value of
(x4t — xg) due to the opposite characteristics:

— We want to get far enough from the focus so that the densities loaded are suffi-
ciently large and the rugosities of the potential have a negligible influence on the
radial trapping potential.

— We want to be close enough to the focus so that the confinement is tight enough
w; 2 21 x 2kHz to realize a (quasi-)2D regime.

We find the optimum by trapping the atoms upstream to the focus of the Hermite—
Gauss beam ((xz — x0) <0 if the beam propagates toward x>0) and at |x; — xo| =
190 ym = 1.28xg. In Table 2.3, we compute the beam characteristics at this position.

’ Parameters H Expected value at focus ‘ Exp. value at |x — xp| = 190 ym ‘

w, S5um 8.15um
wy 50um 50pum
wz(Prs = 1W) 27 x 6.08 kHz 27 x 2.92 kHz

Table 2.3.: Summary of the beam characteristics at focus and at a distance |x — xp| = 190 ym.
wy is obtained along Eqs.2.13 and 2.14.

2.2.3. Characterizing the resulting potential in the radial plane

In the previous subsection, we saw how to characterize the trapping of the Hermite—
Gauss along the z direction but we have not yet considered the possible effects of this
beam in the xy plane. As we want to superimpose this trap with a flat bottom one in
xy to create a uniform 2D gas (see Ch. 6), we need to precisely characterize all effects in
the xy plane of the 2D confining beam. These can be divided in two parts:

1. An unavoidable effect of the LS beam that stems from the finite size of the beam
and the resulting spatial dependencies of the the beam profile. This results in
a variation of the zero—point energy fiww,/2 along the beam propagation and so
in de-confining potentials in xy directions. We can describe these easily using
Egs.2.13 and 2.14. I will give typical numbers corresponding to our specific setup
in the following paragraph.
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2. Unwanted irregularities of the beam profile resulting in defects in the potential.
These stem from non-perfect optics and phase plate realizations. We cannot sup-
press them completely and we thus need to characterize them.

2.2.3.1. Deconfining Potentials

As we saw previously the Hermite-Gaussian beam creates a trapping potential Uy =
aI(x,y,z) that can be considered in first approximation as harmonic along z: Uyc =
Imw?z2. As stated in 1.1.2, the 2D Hamiltonian 7 is obtained from integrating the 3D
one H along z after replacing the 3D quantum field operator §(r) by ¢(p)@o(z) with
@0(z) being a 1D classical field and ¢(p) a 2D quantum one (see Eq.1.5). If the con-
finement is tight enough, @(z) is simply the ground state of the harmonic oscillator.
The integration of H introduces a term depending on the z confinement in 7, it is an
additive term —l—hzﬂcﬁ*zfy. Then the dependency of w, with x and y leads to small radial
trapping potentials that are not completely negligible. In particular, if we are interested
in generating a uniform in-plane trapping, we need to estimate it carefully.

If we set xp = 0 and the beam center (1o, zo) at coordinates origin, we deduce from
Eqgs.2.13-2.14:

32 _ 2
holiy) . hx(0.0) (ZE%) e (2.15)
withw,(x) = w,(0)\/1+ (x/xr)% (2.16)

This dependency of the zero—point energy results in a «de-confining» potential as it
can be approximated by an harmonic potential with imaginary trapping frequencies.
Trapping frequencies wy and w, along x and y can be estimated by a polynomial ap-
proximation of Eq.2.15. For a cloud trapped in the focus of the LS beam we perform
the approximation around (x,y) = (0,0) which gives

2 2
hew:(x,y)  _ hw:(0,0) (0 3TN [0y 2.17)

2 2 4x% w;
_ hw(0,0) 3hwz(20’0)x2 _ hwz(OZ, O)yZ, (2.18)

2 8xR 2wy

We deduce
w, — Y3 V/hw:(0,0)/m (2.19)
2 XR
w, = YIw:00)/m _ 2 (2.20)
Wy V3w,

For our experimental parameters, we found w, = 1.96w,. De-confining frequencies
varies as a square-root of w,. Typical values of |wy| are of a few Hz. For w, = 27 x 2
kHz, we calculate wy = 27t X 19.65 Hz and wy = 27t X 14.92Hz

We should compare these to the residual magnetic confinement wma,g = 271 X 6.4Hz
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(Eq.2.10). The resulting trapping term in xy is the sum of these two contributions:

1
Ures(x,y) = sm [WIZnag((x - xmag)z + (v — ymag)z) + ngz + wﬁyz)} (2.21)

2
where Xmag and Ymag are the coordinates of the magnetic zero.

We may complete this analysis by computing w, and w, when the cloud center
(x¢,Yc) is not coinciding with the LS beam focus (xo = 0, yo = 0). As we saw in
2.2.2,itis experimentally the case along x: the atoms are trapped at a distance x. > xr to
the focus of the LS beam. This may also be the case along y due to a misalignment but
with smaller importance (typically |y.| < 10 um). The detailed analysis of the effects of
this decentering is performed in Annex. C and here we remind the conclusions of these
calculations.

— For both x and y directions, the potential gradient created (potential terms o x or
y) by a possible miscentering x, # 0 or y. # 0 can be easily corrected by a small
miscentering Xmag 7 0 Or Ymag 7 0 in the opposite directions of the magnetic zero
of typically a few tens of ym.

— Xmag and Ymag stay negligible compared to the vertical miscentering of the mag-
netic zero d,. Thus the residual magnetic trapping frequencies are not affected by
such a compensating discentering.

— Realistic value of y. gives |y.| < 0.2 w, so that the change in wy, is negligible (up
to 4%): wy, ~ wy.

— The chosen defocusing x. of the LS beam at the atom position (see 2.2.2) induces
a significant change in the zero point energy dependency toward x. In particular,
it can change from an anticonfining to a confining configuration as evidenced in
Table 2.4.

— In the case x. # 0 and y, # 0, the rotation of the proper oscillation axis compared
to x can be neglected.

The trapping frequencies for the chosen distance to the focus x, = 190 ym are sum-

marized in Table 2.4.

] w, /21 H wy /27T \ wy/2m \ Wmag /27T ‘

2kHz | i9.65Hz | 1.89Hz | 6.4Hz
1.6kHz || i8.63Hz | 1.69Hz | 6.4Hz
11kHz || i7.15Hz | 1.4Hz 6.4Hz
0.8kHz || i16.10Hz | 1.19Hz | 6.4Hz
03kHz || 13.74Hz | 0.73Hz | 6.4Hz

Table 2.4.: All trapping frequencies for the experimental configuration (i.e.. defocusing of the
LS beam of x, = 190 ym)

2.2.3.2. Defects on the beam profile

As pointed out in 2.2.1, we noticed loading shortcomings along both y and z axis.
Such deficiencies are stronger as we get closer to the focus of the LS beam.
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We can directly observe these defects by a side imaging of the light-sheet intensity
profile 2. In these profiles, we notice higher intensity regions, oriented perpendicularly
to y axis. These bright lines result in barrier potentials V,44(y) for our ¥Rb atoms. This
potential is expected to be anharmonic as the defects are not smoothly varying.

Similar rugosities in the potential along transverse directions to the light-sheet prop-
agation were also pointed out in [110]. At that time, it was easier to characterize anhar-
monicity along vy, as the trapping was harmonic in the three directions of space (now
confinement along y is quasi-uniform. See 6). Defects along y were characterized by
the damping of the oscillations along this axis while exciting this movement and com-
paring it to oscillations in absence of LS beam. As shown in 4.2.1.2, the potential along
y can be reconstructed from density distribution measurements in this harmonic trap.

In our case, we can characterize these potential defects by density measurements:

— By operating a bad alignment of the light-sheet '°, we can directly see the defects
by in—situ imaging of the density distribution. In this case, the potential is the sum
of both contributions of the flat bottom box—trap and of the light-sheet and cold
atomic configuration are greatly influenced by the potential rugosities created by
the light-sheet along y directions.

— We can also characterize the light-sheet defects by comparing experimental and
simulated two—dimensional Time-of-Flight expansion of a cold gas inside the
light sheet '*. We found that the expansion along x is well described by the sim-
ulation whereas the y expansion shows deviations that can be attributed to an
additional anharmonic trapping potential.

2.3. A new setup for tight transverse confinement: the accordion setup

In this section, I will present the scheme of principle and preliminary tests of an al-
ternative setup for shaping a blue detuned laser beam into a light-sheet-like potential
showing highly anisotropic geometry and creating a tight confinement along one di-
rection (z). We wanted to develop a new scheme for this tight confinement for several
reasons:

— to reach a higher 2D interaction parameter ¢ using the same optical power.

— to improve the loading efficiency of the 2D plane from the 3D BEC and reach

higher phase-space-densities.

— to be able to study multiple planes at once

— to have a more versatile apparatus whose parameters can be changed via a com-

puter control and even varied dynamically.

— to get rid of the specific potential defects linked to the use of a phase plate.

12. Due to the presence of a dichroic plate transmitting 780 nm and reflecting 532 nm in the imaging
path, we can not directly nicely image the light sheet potential on the horizontal imaging camera (we see
interferometric perturbation on this image). Instead, we implement a side imaging setup in the path of the
dichroic plate reflection. In these side images, we do not have a sharp resolution of the central trapping
region that is of only one or two pixels.

13. We choose an alignment of the light-sheet beam by minimizing the density defects

14. description of a simulation of 2D ToF along with a comparison to experimental results can be found
in3.3.3
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2.3.1. The accordion scheme of principle

This new setup is not based on a specific shaping of a single beam but on the interfer-
ence between two beams issued from the same laser source. The two beams are set to
arrive along parallel paths distant by D on a lens of focal length f. The two beams con-
verge after the lens and they overlap in the lens focal plane resulting in an interference
pattern. The atoms should be positioned in this focal plane so that they feel the poten-
tial resulting from this special intensity pattern. A scheme of this geometric principle is
given in Fig.2.5. We set x the axis of the beam propagation upstream to the lens and z
the orthogonal axis of the plane containing both beams. Here we assume that the lens
is in the yz plane. Then after the lens the wave vectors of each beam are

27

ky = T(COS(G/Z)uijsin(G/Z)uz) (2.22)
ko = 2TH(COS(G/Z)W—sin((?/Z)uZ) (2.23)

where u; is the unit vector along axis i (with i € {x, y, z}) and A = 532nm is the
wavelength of the beam. 6 is the angle between the two beams after the lens and is
given by

0 = 2 arctan <2D> . (2.24)

We assume that both beams have a similar intensity profile, equals to Iy(x, y, z) /2 with
Ip(x,y, z) being the intensity profile of the (gaussian) beam that would have the unsplit
beam propagating through the lens center 1°. In the focal plane x = f, the intensity is
modulated along

. . 2 i

A 2

where ¢ is the dephasing between the two beams. Mainly it is set by the path difference
0 between the two beams and ¢ = 2716/A. Then a fringe pattern appears along z:

15. The intensity profile of each beam in the focal plane are in fact distinct. In this footnote, we denote
then I (x,y,z) and I_(x,y,z) for the beams propagating along k4 and k_ respectively. They can be
considered similar if .

— the corresponding incident beam profiles I@ (x,y,z) and I’ (x,y,z) are identical. This would be
the case if the path difference § between the two beams is zero. In our case § # 0 but its effect is
usually negligible due to the very large waist w’ upstream to the lens (¢ is very small compared to
the Rayleigh length xg ). If we use numerical values of footnote 16 w' = w. = wj, ~ 340 ym, we
find xg = 680mm. And in the setup of Fig 2.6, § < 100 mm < xg.

— we can neglect the effect of the difference between the wave vectors of the two beams (Egs. 2.22-
2.23) on the intensity profiles in the focal-plane x = f. This is the case if we consider a configuration

9

where 4|z|f sin(6/2) cos(6/2) = 2Dz#2+f2 < w? where w; is the beam waist along z at the atom

position. z must cover all the abscissa range investigated by the atoms in the trap. Then D must be
small (d large) and z close to the beams centers (such that Dz < w? typically).
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I(z) e cos? (tz/d + ¢/2) with a fringe spacing d of

A _MWDAT P (2.26)

4= 2sin(0/2) D

D
§ = 2arctan [ —
(Qf

Lens

Figure 2.5.: Scheme of the interference setup. Two parallel (propagating along x) beams issued
from the same laser source (A = 532nm) are set incident on a converging lens
of focal f. The two beams interfere at the focal point (if the incidence is at 77/2
as in the scheme. If not, they will overlap in an other point of the focal plane).
Interference pattern happens along z-direction and its spacing is d.

2.3.2. Choices for experimental implementation

The lens used to combine the two beams is an achromatic triplet (f = 100 mm) in or-
der to reduce astigmatism or other aberrations due to the fact that the beams go through
the edges of the lens. The diameter of the lens fixes an upper bound to D, in our case
D < Dmax = 26 mm so that the minimal d that we can realize is dpin = 2 pm. A maxi-
mal value of 4 will be introduced by the way the two beams are split (see 2.3.4) and is
typically of dmax = 20 pm.

The extent of the fringe pattern is fixed along z and y by the waists w,, w, of the
beams at the position of the atoms and along x by the overlap region of the two beams
which is of

Wy _ 2fw,

Xext "~ tan(9/2) D (2.27)

Asin 2.2.1, to produce a tight 2D confinement along z we must impose that the extent
of the potential along x and y are large enough compared to the in-plane cloud extent
(Z 3RPY). In order not to reduce the intensity Iy (and so the confining strength, see
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2.3.3), the waists must also be as small as possible. Then the waists are constrained
along:

— wy 2 3RPY ~ 45 ym.

— w, must be large enough so that xex; 2 3R[Y for all D. The most constraining

~

case is for D = Dmax and w, 2 3R Dax/ (2f) = 6 um.

— w, must be large enough so that the two beams intensity profiles can be con-
sidered as equal over the trapping region (see footnote 15). Typically we want
to trap the atoms in the dark fringe closest to the beam center so that the trap
center verifies |z| < d/2 (see 2.3.3). If we consider the extreme case of a trap

center in z = d/2, the atoms typically investigates 0 < z < d. Then condition

2Dz#z+f2 < w? obtained in footnote 15 is maximally constraining for z = d
and implies w? > 2Af2/\/D2/4 + f2 = 106 ym?.

— w, must be large enough to contain at least two fringes maxima and w, 2 2d. The
most constraining case is for d = dmax and w, 2 2dmax = 40 ym in our case. Note
that this value strongly depends on the requirement on dmax used at the loading
of the 2D trap and is mainly set by the extent ¢, of the 3D gas we load (see 2.3.4).
It happens to be the most constraining of the three last points in our case.

For the preliminary tests we have chosen an isotropic configuration w, = w, ~

50 ym.

2.3.3. Characterizing the transverse confinement (toward tighter trapping)

As in the current setup described in previous section, the patterned intensity profile
I(r) would lead, if we position the atoms at x ~ f, to a dipolar potential U(x,y,z)
tightly confining along z:

U(x,y,z) =2aly(x,y,z) cos? <Z (z + 5;)) ) (2.28)

where & = kg x 59 mK ym? /W (see 2.2.1). If we assume that the beams are focused in
the lens focal plane then Iy(x = f,y,z) ~ —220_exp (—2 (Zz + 7 ) ) The atoms can be

W, wy w2 ' ow}

trapped around any intensity minimum which are positionedinz, = (1/2—-56/A+p)d
with p € Z. To maximize the confinement frequency, we will choose the minimum p
such that z,, is the closest to the beam center z = 0. Itis z. = d ((1/2 = 5/A) [1] = 1/2)
where [.] denotes the modulo operator and —d/2 < z. < d/2. We note that we must be
able to set z. = Oby selecting 6/A. Near the trap center the potential of Eq. 2.28 can be
approximated to

2%aly(x,y, z¢)

o (z—z)2. (2.29)

U(x,y,z) ~

corresponding to an harmonic frequency of

_ 2 Jado(x,y,2c)

w(x,y) = 3 - (2.30)
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In the focal plane and assuming d < w,, y < wy:

o [ 2aP
w(xy) ~w. = | 7nmwz‘)wy (2.31)

We report in Table 2.5 the expected confinement frequencies w, and the resulting 2D
interaction parameters ¢ for our ¥Rb atoms for two total beam power Py = 1W and
Py = 250mW and typical interference spacings that we will consider in our setup.
We note that at same power, the confinement frequency w, /27 is a factor >3 larger
compared to the phase plate shaping detailed in 2.2.1.

y d | w/2r (AW) [ §AW) | w:/2m 250mW) | § (250 mW) |
Amin = 2 ym 19kHz 0.33 9.4kHz 0.23
dmax =20pm | 1.9KkHz 0.1 945 Hz 0.07
4pym 9.4kHz 0.23 4.7kHz 0.16

Table 2.5.: Value of w; and § in the case of a trapping from an interference pattern of spacing
d varying from dpin to dmax and for two values of the maxima power Py = 1 W and
Py = 250 mW. In these calculations we use selected value of w, = wy = 50 um (see
2.3.2).

2.3.4. Dynamical variation of the confinement strength (toward optimal loading
of the 2D-trap)

We tested on a bench setup an experimental design to vary dynamically the fringe
spacing d within the experimental sequence. We image the fringe patterns in the focal
plane of the achromat lens thanks to a microscope objective (magnification x20) on a
CCD camera (WinCamD camera from DataRay inc.).

Such a dynamical variation of d is highly interesting for experimental applications
for several reasons. First due to current atoms imaging issues, we actually want to
study a unique 2D trap and then load the atoms of our 3D gas in a unique fringe of the
interference pattern (see 2.1.3 and Fig. 2.1 for a description of a typical loading scheme).
Second the loading efficiency of the atoms of the 3D cold gas in the 2D trap is roughly
proportional to the overlap of a single dark region in the fringe pattern and of the
considered 3D cloud (and thus to the ratio of the cloud-size ¢, along z to d). From
this two first remarks, we conclude that we want to use a large value of d at loading so
that oz ~ d and ¢; < 2d. On the other hand w; is inversely proportional to d (Eq.2.31)
so that in the final configuration we want to use a small value of d. Then, a variation
of d from a large value dmax to the optimal trapping value dpin enables both an efficient
loading of a unique plane (if we choose d = dmax at loading) and an optimally tight
confinement at the end of the experimental sequence (if we vary d down to dmin at the
end of the 2D cloud preparation).

In our case, we choose to implement a dynamical variation of d using an experimen-
tal setup schematize in Fig. 2.6 and inspired from [135]. In this setup the two beams
are separated by the use of two polarizing beam splitters. The power in each beam is
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Piezo-Control
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Figure 2.6.: Scheme of the specific setup used for a dynamical control of the fringe pattern. A
unique translation stage is used, bearing mirror M, and fiwing the beam position
at its output compared to a set of two cubes. The cubes are two Polarizing Beam
Splitters (PBS). The A/2 plate is set so that half of the power is transmitted by
PBS;. It is then transmitted by PBS; to a position-piezo-controlled mirror Mz. On
its return way due to the double crossing of a A/4 plate, the beam is transmuted
via PBS;. D is varied as twice to the distance of the the beam at output of M; to
the cube edges. dy sets the path difference between the 2 beams.

controlled by a A/2-waveplate. The distance D between the two beams is set by the
impact point of the beam on the coated interface of the beam-splitters. This impact
point can be dynamically varied by moving the mirror M, positioned upstream to the
A/2-waveplate. This mirror is placed on the translation stage. This setup verified the
following crucial constraints for being used with atomic ensembles:

— to have an especially robust setup: The difference of path between the two beams,
in terms of absolute length J but also of physical spatial separation, must be min-
imized. In our selected scheme the spatial separation of the beam is minimized
but the absolute path difference is not zero. More precisely J is set by the distance
dy of the mirror M3 to the center of the cube PBS; and by the length of the cubes
Leubes 6 = D +2(dyv + Lewpe /2 — D/2) = Lewpe + 2dM. Thus we want to minimize
both L.ype and dy. Typically dy ~ 40 mm so that 6 ~ 100 mm.

— to have an especially reliable setup: The number of moving elements that enables
to vary the beam separation D from Dpin to Dmax must also be minimized. In the
implemented setup only one mirror is set on a translation stage (Fig. 2.6).

— the motorized translation stage on which we place the moving element(s) of the
setup must be carefully selected (for a use on the atoms): The stage must be linear
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and must travel over Dmax — Dmin ~ 25mm in a time < 1s. The restricting point
lies in the smoothness of this motion (a discontinuity in 4 may lead to heating of
the atomic sample) whereas the reproducibility and the exactness are not limiting.
We have chosen the linear stage L5110 1” from PI miCos GmbH with DC motor.
Its travel range is of 26 mm and its maximal velocity of 90 mm/s, which match
our requirements. The DC motor provides a very smooth operation.
— a fine and dynamic tuning of the position of the dark parts of the fringe pattern
must be implemented. In our case it relies on a fine control of the path difference
0 by means of a piezo-control on the position of mirror M, (not yet tested).

— the system must be isolated from the vibrations and other perturbations such that
the fringe pattern is highly stable. For this we designed two specific elements:
(i) We draw a special mount made of brass that holds all the optical elements
on the path of the beam after its splitting (i.e. the two cubes, the mirror M3 and
the A/4-waveplate). (ii) We designed a box that isolates the whole setup from
the outside (air movement, heating, mechanical vibrations...) by surrounding it
with plexiglass and stain. Then the unwanted changes of J are minimized (note
that the fine control on § presented in previous item may in addition enable to
dynamically correct for the residual ones, if they are not occurring on a too short
time scale).

The dynamical variations of 4 have been tested on a camera. In this setup, the mini-
mal D is imposed by the clipping of the beam at the edges of the cubes. This clipping
leads to a loss in the beam power at the atoms position and ultimately to deformations
of the fringe pattern. We measured a maximally acceptable value of dmax = 15 — 20 ym.
It must depend on the specific choice '° of f, w, and w,. For this minimal separation of
the beam, we see 2 to 3 fringes on the pattern. We measured dmin ~ 2.2 ym. We tested
by stopping the motion at intermediate values that the fringe position and contrast are
not modified by moving the beam apart, that is that the beam images are not shifted by
a displacement over the lens. We have not yet tested the smoothness of the evolution
of the fringe pattern during the operation of the translation stage and its dependency
to the velocity used.

We have tested the stability of a fixed fringes pattern on various time scales, from the
ms to the day. We measured the stability by the evolution of the fringe contrast within
a continuous exposure of the camera. We note that both the holding mount and the
isolation box strongly enhanced the stability both over short and long times. We have
not yet performed test neither of a final version of the isolation box we designed nor
of a setup where a piezo control of the mirror M3 is implemented. In the isolated and
solidly mounted setup test we did not measure fringes fluctuations at short time scale,
we noticed blurring of the fringe position due to drift in the alignment from time scales
of ~ 1h (reduction of the contrast over the full exposure of ~ 20%). Such a stability

16. We note that upstream to the lens the beam waists are given by wg = Af/nw; (i = y,z). For our
choice of waists at the atom position w = w, = wy, = 50 um we found w’ = w, = w) ~ 340 ym.
d = dmax = 20 ym gives D = Dp,j, = 2.66 mm so that the beams are distant from the edges of the cubes by
Dinin/2 ~ 4w'. The quality of the coating of cube edges and their corner quality must also be taken into
account. Note that we have chosen our cubes for the importance of the certified clear aperture (> 85% of
the central dimension). The cubes are PBS-532-100 from Melles Griot.
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seems encouraging for an experimental use of the setup even if some complementary
tests are still needed.

2.4. Conclusion

In this chapter we detailed the experimental setup and the experimental sequence
that we implemented to produce and study 2D Bose gases. We insisted on the imple-
mentation of the 2D tight confinement potential in our experiment and pointed out its
possible drawbacks. In particular we have been recently (see Chs. 6-8) more concerned
by the incidental spatially dependent in-plane potential compared to previous study
as our aim evolves toward producing in-plane uniform gases. We also presented an
alternative way to implement the 2D trapping that must palliate some of these defects.
To deduce physical results from the produced gases, we must be able to quantitatively
determine some of their parameters. This is commonly performed thanks to density
distribution imaging. We will now discuss the validity of absorption imaging for 2D
gases and present the specific implementation of this imaging in our current setup.
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3. Imaging of our experimental gases

In this chapter I will present the experimental choices made for imaging our 2D cloud
density distribution n(x, y). Usually n(x, y) is deduced from investigating emitted, ab-
sorbed or scattered photons by the considered atomic sample. In our setup, we im-
plemented the common absorption imaging technique that consists in shining a quasi-
resonant laser beam onto the atoms and observing the "shadow" of the cloud with a
camera. In [136] (reproduced in Annex D) we highlighted restrictions to absorption
imaging in its traditional implementation due to multiple scattering between atoms of
a 2D cloud. To circumvent its limitations, we associate both low and high probing in-
tensities. In the first part of this chapter, I explain why such a combination enables a
quantitative analysis of the atomic density of our sample: I give an explicit model to
deduce these profiles from light intensity measurements and shed to light its validity
domains in terms of imaging parameters. Then I present our experimental setup in
which we implement this imaging technique. Finally, I present a full calibration proce-
dure of our imaging setup in this extended regime of imaging parameters.

3.1. Non-saturating and saturating absorption imaging

The traditional implementation of absorption imaging uses a low intensity probe
beam and Beer-Lambert law

d(x,y) = oon(x,y) =In[L(x,y)/I(x,y)] (3.1)

to deduce the atomic density n(x,y) from the incoming L (x, y) and outgoing It(x,y)
intensity profile (0 is the (constant) absorption cross section). Beer Lambert law relies
on a mean-field treatment of the effect of the atoms on the electric field (via their aver-
age density). This mean-field approach is not valid for too high densities. In a 2D gas,
we show in Annex D that collective scattering effects make the absorption cross-section
dependent on 1 when 7 exceeds a few atoms per ym? and the gas thickness is smaller
than a few wavelengths. This induces a deficit of detectivity in the traditional absorp-
tion imaging analysis when used in the high density regions of our cloud constrained
to 2D. In Annex D, we develop a theoretical description of this detectivity deficit in the
simplified case of a | = 0 — ]’ = 1 transition. This gives a qualitative understanding of
the phenomenon but does not enable a quantitative description of the modified relation
between n(x,y), If(x,y) and Li(x,y).

To circumvent this lack of quantitative understanding of the conventional absorption
imaging, we developed a new imaging procedure that I will briefly described here (as
it has been done in more details in [110]). This new imaging technique keeps using
absorption of a close to resonance laser beam. The difference is that it relies on the satu-
ration of the atomic transition at high probing beam intensity, as it was first developed
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in the 3D case by G. Reinaudi & al [137].

3.1.1. Principle of saturating absorption imaging

Using intensities of the order of several tens of atomic transition saturation intensity
It strongly excites the atomic ensemble: each atom is then permanently driven to its
higher energy state by incoming photons from the probe beam. As, in this saturation
regime, each atom spends half of its time in the excited state, it becomes less sensitive
to photons from the desexcitation of the neighboring particles. Thus, collective effects
due to multiple scattering of a single photon are reduced.

Quantitatively, in this regime, if I stands for the natural line width of the atomic tran-
sition, each atom scatters I'/2 photons per second. If we probe a 2D cloud of atomic
density n(x,y) with a beam of incoming intensity I;(x,y) and of frequency wy /27
(close to the atomic resonance) then the intensity detected on the camera is

r
L(x,y) = Li(x,y) —n(x,y) x 5 % hor. (3.2)
Thus we can deduce n(x, y) from the intensity profiles [; and Iy:

Li(x,y) — I(x,y)

Isat

a(x,y) = n(x,y)o0 = (3.3)
where 0y is the low intensity absorption cross section 0y = I'ficwy, /21s4¢. This technique
gives access to a quantity (the optical density (OD) d) proportional to the atomic density
n for all range of n by detecting the intensity profiles I; and I;.

3.1.2. Absorption imaging at arbitrary intensity, some theoretical analysis

In the previous subsection, we described the high intensity absorption imaging tech-
nique as a reliable measurement of n. Nevertheless, as it uses higher probing intensity
than the traditional non-saturating absorption imaging, it also results in higher noise
on the measured atomic density due to photon shot noise in I; and I;. The lower n
is, the higher the relative importance of this noise. In the regions of low 1, both satu-
rating and non-saturating techniques reliably estimate the atomic density and then we
prefer using the non-saturating one. We thus implement an imaging procedure that is
a combination of the novel saturating technique reliable in the regions of high n with
the traditional non saturating mode which is more precise in the regions of low n (for
example in the wings of an harmonically trapped cloud). In the following, we will give
a general description of the relation between n(x, y) and I;(x,y) and I(x,y) both in the
low and the high intensity regimes and deduce a unique relation between these quanti-
ties. The calibration of our imaging procedure will then relies on the assessment of the
unknown empirical parameters of this description.

The interaction between a probe beam (frequency wy /27) and a single atom is char-
acterized by the absorption cross section o defined by the relation v = ¢/ (hiwy ), where
7 is here the photon scattering rate and I the intensity of the beam on the atoms. In the
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3.1. Non-saturating and saturating absorption imaging

case of a monochromatic resonant beam probing a two-level atom:

T
_21+Isat'

v (34)
In the limit where I < I, the absorption cross section is 0y = I'fiwy, /2 Lsat.

In practice, this simple relation is modified as one must take into account stray mag-
netic fields, non-zero linewidth of the probe laser, optical pumping effects, etc. To
model this complex situation, we heuristically replace Is,; by an effective saturation
intensity alsat and I' by an effective linewidth BI'. Then the number of photons N,
scattered during an imaging pulse of duration T writes

I
Ny =9T="F%F—-T, 3.5
A (3:5)
or equivalently
P
0 =0)——7 3.6
00‘ + I/ Lsat (3.6

At low intensity N, is proportional to I as in the two-level case, but with a multiplica-
tive coefficient f/a due (for example) to the broadening of the resonance line. At large
intensity the number of scattered photons saturates at fI't/2 instead of I't/2, which
models a reduction of the scattering rate that can be caused (for instance) by magnetic
shift of the resonance. We note that, in our setup described in Ch. 2!, trapping is all-
optical at the end of our sequence, thus stray magnetic field are negligible. Then, we
expect B = 1. We check this identity experimentally (see 3.3.4).
The intensity of the beam at the output of the cloud is given by

—In li(x,y) =on(x
i (T ) o 7

where ¢ depends on the effective intensity I on the atoms (Eq. 3.6). If the optical thick-
ness of the cloud is large, i.e. if the intensity I; just after the plane of atoms is signifi-
cantly lower than the intensity [ just before this plane, the effective intensity I must be
determined in a self-consistent manner by imposing;:

If:Ii—ﬂ(T(I) I. (38)

The elimination of the effective intensity I from Egs. 3.6-3.8 yields to the generalized

OD?
d(x,y) =nopp = —ualn (?) +

as in [137]. The first member of the right-hand side of Eq.3.9 dominates in the low in-
tensity limit (I; < Isat), and corresponds to the Beer—Lambert law. In the high intensity

I — I

3.9
Isat ( )

1. This setup is the one used for uniform 2D-trapping (see Chs. 6-8). We develop a calibration, for this
specific setup in 3.3. For measurement in 2d harmonic trap calibrations are details in [110].

2. In Eq.3.9, the OD is in fact multiply by f compared to the physical one. Nevertheless, we saw that
we expect § = 1 thus d must be equal to the physical OD.
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limit (I; > Isat), the second member of the right-hand side dominates and matches the
saturating regime of Eq.3.3. We note that a enables coherence between data taken at
different imaging intensities and with varying exposure times. p links the measured
atomic density distribution to the physical one.

3.1.3. Constraints on the imaging parameters

In the previous subsection, we have seen that shining a resonant beam on an atom
assembly enables the determination of its density distribution n(x,y), whatever the
incident intensity I; is. From absorption and scattering effects, the spatial distribution
of the outgoing beam intensity I¢(x, y) is linked to n(x, y) and I;(x, y) along Eq. 3.9. We
will now identify some limitations to the accuracy of this measurement and point out
that the couple formed by the pulse duration 7, and the intensity of the beam I = s,
at the atom position must be chosen with care.

While shining a laser beam close to resonance on an atomic ensemble, the photons
are not only absorbed but also exert a force on the atoms - the radiative pressure -
which perturbs the atomic distribution we want to detect. To be reliable, the absorption
measurement must use a beam that does not affect too much n(x, y) while still enabling
its detection on a camera at the output of an imaging setup. More precisely, the action of
the beam on the atoms is due to the fact that each photon absorbed by an atom transfers
to it its momentum #ik. Then, the resulting force is directed along the beam propagation
and is in average equal to y X fik where 7y is the photon scattering rate given in Eq.7.23.
For monochromatic resonant beam, the resulting average acceleration for an two-level
atom is then

kT 1
= —c 3.10
T 2T+ L (3.10)
If T stands for the duration of the atom exposure to the probe light, then this accel-
eration results in a non zero global velocity v; = at and in a global displacement

de = at?/2.

3.1.3.1. Doppler effect

The acquisition of a non-zero v, leads to a Doppler shift of the probing beam fre-
quency seen by the atoms. It becomes of importance in the imaging process when it
shifts the detuning of the beam J on the order of a fraction of the atomic linewidth
broadened ? by the beam intensity I = slsy¢ on the atoms I'v/1 + s.

As the atoms are put in motion in the direction of the beam propagation, the resulting
detuning is dpoppler = 0L — kvr, where . = Wi — wat is the laser detuning compared
to the atomic transition frequency w,/27r. The Doppler shift kv, depends thus linearly
on 7. We can define for a given saturation parameter s, the value of T denoted 11 for

3. If we shine a two-level atom with a beam of intensity I = slsyt and arbitrary detuning J then the

photon scattering rate is given by:

_r s
7T 2 A ts) +402/T2

which corresponds to a Lorentzian function of § with a broadened linewidth I'v/1 +s > T.

(3.11)
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3.1. Non-saturating and saturating absorption imaging

which the Doppler shift equals the intensity—broadened linewidth:

IV1i4+s=kvr = 1 =Toy/s(1+1/s)3 (3.12)
where Ty = 2m/hk* = 42.8 us (3.13)

7 shows a minimum in s = 2 with 17 (s = 2) = /27/2T,. Typically we put as an
upper bound T < 1r/4. Then, for the intermediate saturation parameters s ~ 2, we
must restrict to T < 25 us. For lower saturation parameters (s ~ 1/4), we can choose
imaging pulses of some tens of microseconds (typically up to 60 ps).

3.1.3.2. Atomic displacement

In the previous paragraph, we have seen that, because of the Doppler effect, T is
constrained to a few tens of microseconds. The atomic displacement d can also become
problematic when it leads to driving the atoms out of focus. For our high resolution
vertical imaging setup *, the depth of field (DoF) is ~ 10 um (see 3.2.2 for details) and
we require that the atoms move by less than this distance. We can deduced for each T,
the maximally acceptable value of s denoted s*(7) for which the induced displacement
equals the DoF:

DoF = dy=d (r)s*s(z()ril (3.14)
2
with d; (1) = vr x <F2T) (3.15)

where vy = fik/m denotes the recoil velocity. We deduce:

-1 .
o { ((t/Ty)? = 1) if 7> T (316)
(ee} ift < T1

where T; corresponds to d; (T = T;) = DoF and equals to:

2 [DoF x T
T =2, 220 —134us (3.17)
r Orec

Then for s > 1, T must not exceed T; so that d; < DoF. For longer 7, the dis-
placement effect is also more constraining than the Doppler effect as the former de-
pends quadratically in time and not linearly. This leads for T ~ 50 us to a very low
bound in s: I < 0.08Is¢. This happens to be experimentally difficult to work with as
it leads to very small numbers of counts for our vertical imaging setup large magnifi-
cation (see 3.2.2). Typically, we do not want to work with intensity I < Is/4. Then
T S Tiv 1+ 1/Smin ~ 30 ps with spmin ~ 0.25.

4. This constraint does not apply for our horizontal imaging setup (see 3.2.1 for details) where the DoF
is much larger (~ 100 ym)
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Figure 3.1.: Reliable and unreliable domains of imaging parameters due to Doppler effect and
displacement over the pulse duration T for varying saturation parameter s.

3.1.3.3. Summary

The constraints depicted above can be summarized by defining which couples (7, s)
lead to accurate detection under both conditions of small Doppler detuning and small
displacements. We can plot reliable and unreliable domains in the convenient (1/s, T)
planar representation as done in Fig.3.1. The constraints can be summarized in this
plane by two threshold curves (1/s%, 7*) whose equations are deduced from above
calculations [Egs. 3.12-3.17] to be:

T; Ti
Detuning: 7% = ZO s*(141/s*)3, with ZO =10.7 us (3.18)
Displacement: t* = T;v1+1/s*, with Ty =13.4us (3.19)

The limit of acceptable domain of T as a function of 1/s is defined by the lower value
of these two curves as plotted in Fig.3.1. Doppler effect happens to never be the most
constraining of the two effects: We are always limited for our choice of imaging param-
eters by the small DoF. We deduce that there is no limitation on s for T<T; ~ 13 ys.
From pulse time 7> 13 us, we must restrict to I < s*(T) Lot where s* (7) is set along
Eq.3.19.

We conclude this analysis by choosing the relevant range of imaging parameters for

both regimes of saturating and non saturating absorption imaging:

— For our saturating imaging pulse, we choose T = 4 s, that lies in the "un-
constrained" T domain. We can then choose imaging intensities up to several
hundreds of ;. In fact, we do not want to use too high I as it leads to higher
photon shot noise on the detection of n. We typically use I = 40Iy.
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3.2. Imaging setup

— As stated in the previous paragraph, we do not want to use I < I,¢/4 for detection
reasons. Then we must restrict to T S 30 s (as represented in the Fig.3.1). For
our non saturating imaging pulse, we choose T = 20 us, which enables s as high
as 0.8.

3.2. Imaging setup

In our experimental apparatus we are able to image our gases in two orthogonal
directions of space:

— Along the x horizontal axis, with a moderately precise setup that mainly serves

during the alignment procedure.

— Along the z vertical axis, with a highly precise setup that serves for the diagnostic

of our gas configuration.
As absorption imaging is a destructive process we can not image the same cloud succes-
sively in the two directions and must repeat the production sequence to obtain images
of similar clouds in varying imaging configurations.

With this two setups we can perform absorption imaging of the ¥Rb atoms close
to the resonance of their D; line (5%S;,, — 52P3,;). We can adjust the detuning of our
probing beam of approximately +3 I' around the atomic transition thanks to an acousto-
optic modulator. We can also vary the intensity of the probing beam from 0.2 to 60 Is,¢
at the position of the atomic sample thanks to a second acousto-optic modulator and
use both high and low intensity imaging. In both cases, we use linearly polarized light
such that we do not have to worry about the magnetic field direction during imaging.
Such a polarization does not correspond to an (approximately) cycling transition and
we have to take into account corrections linked to averaging over hyperfine sublevels
(such corrections modify the value of coefficient a of Eq.3.9 by a factor 15/7 in the
stationary regime). In this configuration, we must also ensure that the steady state of
the Bloch Optics equations is reached and be sure that population has redistributed
over the sublevels.

3.2.1. Horizontal Imaging

The horizontal imaging beam is collinear with both the hybrid trap and the light-
sheet beams (propagating along x) and perpendicular to the box—trap beam (propagat-
ing along z, see Ch. 2 and Fig.2.2 for an overall description of the experimental setup).

The beam intensity is collected via an achromatic triplet of focal length f = 150 mm
from Melles—Griot. The in-situ distribution of the 2D atomic cloud is then appearing
as a thin stroke limited by optical resolution along this imaging axis. Typically, we fit a
gaussian of 3 ym waist, in agreement with the expected imaging triplet resolution. We
deduce the DoF of this setup to be ~ 100 ym.

The outgoing beam intensity distribution is detected by a CCD camera (Ace, Basler)
of quantum efficiency of 24% at 780 nm °. The camera is placed after a telescope formed
by the imaging triplet and an optical doublet so that it images the central plane of

5. Its quantum efficiency is of 54% at 545nm. We need to multiple this value by the relative response at
780nm that is of 0.45.
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Figure 3.2.: Optical scheme for the horizontal imaging. The second lens can be chosen to
adjust the magnification: either M = 5 with f; = d; = 750 mm or M = 1 with
fz = dz = 150 mm.

the atomic cloud (see Fig.3.2). The magnification of this imaging system can be either
M =1or M = 5, by exchanging the second doublet of the telescope, as indicated in
Fig.3.2.

We can use both low intensity technique with® an exposure time Texp = 40 s and
an intensity [ ~ Ist/5, and the high intensity one with Texp = 4 s and I = 40 [s5: by
adding an optical density filter (OD = 1) after the telescope to not saturate the camera.
This imaging axis is primarily a diagnostic tool: it is mainly used to align the different
optical dipole traps on each other and to perform some calibration measurements (for
example frequency measurements of 2.2.2). We did not carefully calibrate the imaging
parameters on this axis and the density is only determined up to a global multiplicative
factor.

3.2.2. Vertical Imaging

650 mm 400 mm
Mi;_me_ﬂpe Mask for cco
1?_ Jlilcnl:n[: f=250 mm Frame Transfer =400 mm f=400 mm camera

Figure 3.3.: Optical scheme for the vertical imaging. A specially designed high N' A (= 0.45)
is positioned just below the glass cell to image the cloud position. The total mag-
nification is M = 25. The mask for the frame transfer is placed at the intermediate
focus.

6. We remind that the constraints in 3.1.3 only hold for the vertical imaging setup. In this setup, the
DoF is ten times smaller so that the constraints due to displacement effect are stronger. The magnification
of the setup is also 5 to 25 times greater resulting in a stronger constraint on the minimal s (even though
the quantum efficiency also has to be taken into account in this last statement.).
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3.3. Calibrating absorption imaging coefficients.

The vertical imaging beam is perpendicular to the 2D atomic plane and is propagat-
ing downward along this vertical axis (see Ch. 2 and Fig.2.2 for an overall description
of the experimental setup). This axis is used for precise measurements of the atomic
density distribution.

As described in previous works [110], [111], this precision relies on a custom made
microscope objective of high numerical aperture (VA = 7.Av) so that it enables high
resolution on the atomic density. The tests carried out on a reference target by T. Yefsah
[110] showed a resolution ~ 1 um. Together with a triplet, this objective forms an in-
termediate image of the atoms with magnification M; = 25. This intermediate image
makes a source for a telescope of magnification M, = 1, finally projecting the image
on a CCD camera (see Fig.3.3). The total magnification of this system is M = 25 so
that the pixels correspond to an effective size of 0.52 ym x 0.52 ym (real size of 13 ym).
From an analysis of atomic images, we deduced that the total imaging system had a
resolution better than 2 yum. We infer the DoF of this setup to be ~ 10 um.

The camera (Pixis 1024, Princeton Instruments) is also a fundamental element for our
precision requirement as it has a very high quantum efficiency (>95% at A = 780 nm)
and a low-noise readout which leads to shot-noise limited images.

To use the previously described imaging procedure for a quantitative analysis of our
cloud, several calibrations are necessary:

— On the camera the intensities I; and I; are known only through the number of
counts on the CCD frame and the high intensity term of Eq.3.9, (L — L)/ Lat,
is normalized to a theoretically known value Is,¢. We will thus need to precisely
calibrate the number of counts on the camera corresponding to the actual intensity
I = Ist on the atoms (see 3.3.2) .

— We will need to calibrate the imaging parameters « (see 3.3.3) and B (see 3.3.4)
used in Eq. 3.9 to link the physical atomic density to measured intensities in this
specific setup.

— We will also introduce a third parameter, -y, absent from Eq. 3.9, due to the specific
mode in which we use our camera (see 3.3.1).

3.3. Calibrating absorption imaging coefficients.

3.3.1. Frame Transfer and additional intensity per frame exposure: introducing a
new coefficient ¢

As described in detail in [110], for measuring precisely the 2D density distribution,
we use the high efficiency camera of 3.2.2 in the so-called Frame Transfer mode. This
mode enables to take several pictures in a very short time lapse (less than 1 ms between
two images).

Such a high repetition rate is of great importance in our absorption imaging proce-
dure. As implied by Eq.3.9, we need to know at the same time, the outgoing I;(x, y)
and the incoming I;(x, y) intensity distributions in the atomic plane. To this aim, we ex-
perimentally take two successive images of our probing beam intensity, Z,, o is taken
with the laser shined in the presence of the atoms and Z, 4. in their absence 7. T, at.

7. Between the two images, the atoms are depumped to the F = 1 ground state
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and Z,,, at. cannot be measured at the exact same time but we want to minimize the time
lapse in between in order to filter out the effect of temporal fluctuations in intensity and
pointing (that would result in unwanted discrepancy between the two images). We also
take a third dark picture Z 4, with no imaging beam pulse during the exposure time to
distinguish ambient lighting from interesting photons coming through the atomic slab.
It must also be taken close in time to the two first images to minimize variations but it
is less sensitive than imaging beam fluctuations. In the imaging sequence we thus need
three successive (useful) exposures of the CCD camera. The first one is necessarily the
image of the atomic cloud Zy,, at, then comes the most sensitive reference 7, ot. and we
finish taking Zg,,x. The imaging sequence is represented in Fig.3.4. We then compare
the matrices of the counted number of incoming photons Z; = Zn at. — Zgark With the
counted number of photons transmitted through the atomic cloud Zy = Zy; at. — Zgark-

Ty at. Tnoat. Tark
| | | | | |
I Texp I I TEXE I I Texp I
CCD
transfer transfer exposure
‘ ‘ ‘ ‘ | ! time
| | | | | |
| | | | | |
l ! l ! l . Imaging
1 1 ] l 1 ' Intensity
| | | — ) |
I T | | T | ‘ ‘
| ! ! ! | !
| ! I | | !
| | | | | |
| | | | | |
1 1 1 1 1 1

Figure 3.4.: Imaging sequence in the Frame Transfer mode. We successively expose during a
time Texp the acquisition region of the CCD frame to acquire Zy. at., Znoat. and
Zgark- During each exposure we displace the information contained by the pixels
to the storage region (transfer). Between Zy, ;. and Zyo at., we depump the atomic
sample to the F = 1 ground state.

A high repetition rate is traditionally difficult to achieve with a high efficiency camera
as ours without adding unwanted noise or errors. It is achieved in the Frame Transfer
mode by not reading out the different pictures between the successive exposures of
the CCD frame. The successive pictures are simply moved very rapidly from one set of
pixels to an other - not-exposed - one where they are so preserved until the final reading
out process. We name this preserved region of the CCD the storage region. Then the
initially exposed region of the CCD is blank and can be exposed again. We name this
region of the CCD which collects photons during the exposure periods the acquisition
region. The CCD frame is finally entirely (storage region and acquisition region) read
out after the number of desired exposures.

The separation of the CCD frame in the acquisition region and the storage region
must then be effective both in the computation process but also in a physical manner:
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3.3. Calibrating absorption imaging coefficients.

In order to preserve the information gathered, the storage region must be physically
hidden to not receive photons during the camera exposure periods. To implement this
acquisition mode we need to optically mask a part of the CCD chip. In our design, we
physically hide a region optically-conjugated to the storage region in the intermediate
image plane after the first triplet as shown in Fig.3.3. The sharp cut separating both
regions is realized thanks to a razor blade. A few unwanted photons can nevertheless
reach the storage region and can be counted up to the stored data at each successive
exposure period. Then, instead of being fixed from their initial exposure in the acqui-
sition region, the pixels value of the data stored are increased for each exposure time
following there initial transfer to the storage region. We denote C the average number
of these extra counts per exposure. The exposure time Ty, being fixed for all our light
pulse durations T (Texp = 70 us), C is a constant of our setup.

We experimentally observed an additional exposure of the stored frame in our ex-
perimental data. We calibrated C by comparing the over-exposure of the first and sec-
ond frame compared to the third one when blocking the imaging beam. We took 20
absorption images while blocking the imaging beam and compared the three frames
corresponding to the useful one for Frame Transfer (see Fig.3.4). As the beam is blocked,
in the ideal case where C is zero, these three frames must correspond to the same mean
number of counts. If C is non zero then we must measure some discrepancy between
the three frames: The first (resp. second) frame must have in average A3 = 2C (resp.
Ay3 = C) counts in more than the third. On the three frames, we compared the mean
numbers of counts in a region of interest of 101 x 101 pixels centered on the atomic
cloud position and away from the frame edges. We measured A;3 = 17.6(7) and
A3 = 8.2(4) (errorbars are standard deviations). From this, we deduce C = 8.5(4).
We can easily repeat this calibration procedure regularly simply taking a few images
with the beam blocked and check that C is not modified.

We check that C is not changed if we unblock the probing beam but take image in the
absence of atoms. In that case we compare only the two first frames in which the pulse
beam is produced (see Fig.3.4). We found C = 11(4). In this case, we found a higher
error due to higher photon shot noise.

In our imaging analysis, we take this correction into account and correct Z,, ;. by
subtracting 2C and Z, at. by subtracting C. Eq. 3.9 is then corrected along

Ir—2 L —1
f 7)+ Pt
L=

(3.20)

Isat

dEi’l(To,B:—lxln<

with v is the intensity corresponding to the photon number C, v = C hwr/ (Texp Apx)
wihere Ap, the effective area of a pixel of the camera at the atom location, ¢ = 11.5(5) yW/cm?.
Such a correction is important for non-saturating imaging procedure and it mainly af-

fects the low—density regions of the cloud.

3.3.2. Calibrating the number of counts to the actual intensity seen by the
atoms: efficiency y

To use high intensity absorption imaging, we need to accurately determine the num-

ber of CCD counts per imaging pulse Z&3™ corresponding to I = Iy = 1.67 mW/cm? in
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the atomic plane. The expected value for a pulse of duration T imaged along a perfect
path and by an ideal camera is Igat = T Apx Isat/hwy. The correction 7 to this value is
due both to the transmission efficiency of our imaging setup #pam and to the camera
quantum efficiency #cam.

We directly estimate #7,. by power measurements along the path. We take into
account corrections due to the two uncoated diopters of (the upper face of) the glass
cell and to the irrelevant power loss due to the razor blade ®. We find Npath = 0.43. This
low value is explained by:

— the two uncoated diopters of (the bottom face of) the glass cell ton the beam path

in between the atomic sample and the camera.

— the large number of optical diopters of the specially designed and large aperture

microscope objective used in this setup.

We also directly measure the quantum efficiency of our Princeton camera by compar-
ing the measured power just in front of the chip to the power deduced from the total
number of counts Zeount on the CCD frame ?: Peount = Zeount T Hewr.. We find Heam = 0.89
compatible with the theoretical value 10 of ngg@l = 0.855. We choose to use this value of
fcam = 0.855. The global efficiency is then 77 = #pah #cam = 0.365.

3.3.3. Calibration of the « coefficient

Once the conversion from the number of counts Z; and Zy to the intensity I; and It
is determined (via 77 and <), we can address the calibration of the coefficients appear-
ing in Eq. 3.9, namely « and B. In this equation, « is the coefficient enabling coherence
between all sets of imaging parameters (various pulse durations T and probe beam in-
tensities I = slg,¢). Indeed, it corrects the relative amplitudes of the "high" and the "low"
intensity terms contributing to the optical density (OD). The principle of the calibration
of the coefficient « relies on this aim of consistency: When we vary the imaging pa-
rameters T and s as we keep constant the atomic density n (the cloud configuration), it
must exist an appropriate value of «, denoted a*, for which the OD distribution d, (x, y)
computed along

dy (x,y) = —aln Gf Eii;) 4k (x’y)ls_aff (x’y>, (3.21)

similar to Eq. 3.9, is a constant. a* is then the value of « for which the estimate of Eq. 3.21
is proportional to the physical atomic density (to the multiplicative factor fop).
3.3.3.1. Need for a new calibration of the « coefficient

Calibrations of the coefficient « (and of the detectivity coefficient ) for our experi-
ment were completed in 2010 as described in [110]. It needed to be redone since the

8. The purpose of the razor blade is to block a part of the imaging beam that is far from the image of
the atomic sample in this intermediate image plane. So the power loss induced by this mask is not a loss
of information on the atomic density. Only useless photons are eliminated and they must not be taken into
account in our efficiency calibration

9. We also correct for out of frame intensity by performing a Gaussian fit

10. taking into account the interferometric filter at the entrance of the camera

72



3.3. Calibrating absorption imaging coefficients.

experimental setup has been deeply modified since then (see Ch. 2). In particular, the
magnetic fields applied during the imaging pulse have substantially changed. We do
not anymore trap the 2D atomic sample with a magnetic confinement as the Trap Orbit-
ing Potential (TOP) in use until 2012. Now the atoms in the 2D plane are only held by
optical potentials (the light-sheet and the box-trap). Nevertheless, we use a magnetic
gradient to levitate our atomic ensemble and compensate the gravity (b, = 15G/cm)
in our fully-optical trap .

Furthermore, the calibration procedure needed to be modified for recent experiments.
As described in [110], we previously calibrated « using in-situ images of a 3D cloud at
varying imaging parameters. At that time, both the 2D and the 3D clouds were confined
in a TOP trap and so the in-situ environment of both clouds were the same. Moreover,
in the TOP trap, our gases were harmonically confined so that we were able to probe
with a unique in-situ cloud a wide range of densities. Finally, to circumvent density
effects, we could focus on the low-density wings of this cloud.

In our new setup, all these attributes are modified. First due to the switch to a fully
optical 2D trap loaded from an hybrid magnetic and optical trap, the environment be-
tween the 3D and the 2D trap is changed (see 2.1.2) 2. To calibrate the imaging, we
prefer to directly use the final 2D configuration to be sure not to perturb our calibra-
tion by changes in the environment. Second, the uniform potential in the 2D (xy)-plane
precludes using in—situ images for the calibration. Indeed, in such a potential, we can-
not investigate a varying range of n by in—situ imaging. To overcome this, we use 2D
Time-of-Flight (see 2.1.3) to let the density distribution expands into a non-uniform
one, while remaining confined in the 2D plane. We can also use an additional 3D ToF to
lower the density of the atomic cloud but short enough so that the measurement is not
perturbed by out-of-focus effects. As the depth—of-field is DoF = 10 um, for typical
temperature T = 100nK, we are limited to ToF duration < 3 ms. Note that we keep the
levitating magnetic gradient active (with constant b, and d,) during these ToFs and the
imaging process so that the in-situ magnetic environment is preserved until imaging
(in particular no Eddy currents may perturb the calibration).

3.3.3.2. Principle of the calibration procedure for « coefficient

In a general manner, the experimental procedure to calibrate a consists in the follow-
ing steps:

1. We select an appropriate experimental configuration for our 2D expanding cloud.
In practice, we choose the values of the final powers of the hybrid-trap and the

box~trap beams and the ToF durations '°.

2. We take a set of N absorption images of the cloud prepared in this reference con-
figuration '* with various couples (7,s). We choose T € {4, 8, 10, 12, 16, 20} us.

11. The zero of the magnetic field is above the atoms at a distance d, ~ 1.5mm (see 2.1.3). The resulting
magnetic field is thus By = bld, = 2.25G.

12. Due to the reduced values d; ~ 300 um and b, = 12.5G/cm used for the hybrid trapping, the
magnetic field at the atom position is By ~ 0.4 G in this case.

13. In fact we will select two of these configurations, and do the following procedure for both.

14. as the imaging process is destructive, we cannot image several times the same cloud so we repeat
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3. Imaging of our experimental gases

As pointed out in 3.1.3, we must care that (7, s) corresponds to a reliable configu-
ration in terms of radiative pressure effects. For each image k € [1, N], we obtain

the matrices Iv(\f )at, Ilg];)at and Ig;)rk of the number of counts on the camera for the

various exposures of Fig.3.4.

3. Then we compute for each image k € [1, N] and for each pixel (x,y) the intensity
distributions of the input and output beams:

Lxyk) = (I0, -1 —C)hw/(tAy) (3.22)
I(x,yk) = (TW, -z —20) hwr/(tAp). (3.23)

and deduce the log part djos (corresponding to the "low" intensity term) and the
difference part dgs (the "high" intensity term) of Eq. 3.21:

I (x,y; k
diog (X, y;k) = —1In (W) (3.24)
L(x,y;k)— It (x, 1k
daiee (x, 1;k) = (x.y 371 tf( J ). (3.25)

4. We want to compare the behaviors of dj,; and dgis while varying (t,s) and de-
duce a* the value of « for which

du (x,y;k) = adiog (x, ¥ k) + daie (x, Y k) (3.26)

is a constant. We point out that in Egs. 3.22-3.26 , we took into account the previ-
ously calibrated imaging coefficients ° C and 7.

The comparison of the N images must be carried out considering the variation of the
density n (or equivalently of d) within the cloud configuration. The most severe way
to account for these variations is to treat each pixel (x,y) independently (as they corre-
spond to independent tiny regions of the cloud of fixed density n(x, y)). To improve the
calibration quality, we perform some averaging of our data on pixels sets with the same
(expected) n. We use disk-shaped box—trap potentials. After some 2D or 3D expansion
times, the uniformity of the density distribution is lost but the azimuthal symmetry of
the initial profile is preserved. Then, we perform azimuthal averaging and examine
optical density in terms of distance to the cloud center r '°: diog (r:k) , daige (1;k) and
dy (1; k).

3.3.3.3. A new calibration procedure for « coefficient

To perform this calibration, we have in fact developed two methods:

the same preparation.

15. In the previous calibrations (performed in 2010), v was unknown and so set to zero and # was set
to 1. We infer from this that the newly calibrated value of a and B must be strongly modified from the
previously values #(2019) = 2.6 and (2010) = (.4 even if the physical apparatus was not changed.

16. We take the residual anisotropy of the cloud distribution into account in the definition of ». We first
perform a gaussian fit of our data and account for the fitted ellipticity. These fits also give the position of
the cloud center.
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3.3. Calibrating absorption imaging coefficients.

1. The historical analysis procedure developed by G. Reinaudi [137]. It is based on
minimizing the standard deviation of the optical density d, (x,y; k) over « for a
set of (7, s). This was used in the previous calibration campaign in 2010 [110]. The
results of this method for our 2014 calibration campaign are detailed in Annex E. It
leads to unexpected observations inspiring us the development of a new analysis
procedure.

2. The new and more straightforward method we settled at the occasion of the
2014 campaign. It is based on a simple linear fit on the set of the N couples
(diog (x,y;k) , daige (x,y;k)) from which we deduce the optical density d and the
parameter «*. It, in particular, enables a better analysis of our experimental data
points, a discrimination of outlying points, a study of possible deviations to the
expected law for some sets of imaging parameters and an estimate of the fit con-
fidence on our calibrated coefficient.

We implemented these analysis for two cloud configurations:

— one «cold » configuration where the cloud shows high densities. The 2D traps
are directly loaded from a 3D BEC and the box-trap height is then lower to very
small final value to reach cold temperature and highly degenerate 2D regime. We
then use a 2D ToF of 6éms followed by a 3D ToF of 2ms to reduce the possible
multiple-scattering effects.

— one «hot » configuration where the density is lower and the cloud is not degener-
ate. The 2D traps loaded from a 3D thermal gas and only moderately evaporated.
We then use a 2D ToF of 3ms but not the 3D ToF as the densities are already suffi-
ciently low to avoid 2D multiple scattering effects '”.

Both configurations were measured during two different series so we analyzed in total
data from 4 different series.

3.3.3.4. Description of the new calibration procedure: direct fit of the optical
density terms.

In this analysis we directly compare the two terms djog (7; k) and dgig (7; k) defined
in Egs. 3.24-3.25 contributing to the optical density (Egs. 3.9 and 3.26).We remind here
their definition:

L(x,yk
dlog(x/y;k) = —In <W> (327)
L(x,y; k) — It (x,1y;k
daige (x, y; k) = (xy 37[8&:( Y ). (3.28)

The log term has a dominant contribution for small probing intensity (I < Ig) and the
difference term prevails at high probing intensity (I >> Isat). Then the couple (diog (75 k),
dais (1;k)) roughly varies from (a*d(r),0) to (0,d(r)) when s(= I/ Is) varies from s ~

17. the 2D ToF is performed at a lower power of the LS beam so that the confinement along z is reduced
to w; /27 = 300Hz. The thickness of the cloud is then enlarged to ¢, ~ 880 nm so that multiple scattering
effect are already negligible at optical densities d < 2 as k¢, = 7.1( cf Annex D)
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3. Imaging of our experimental gases

0tos >> 1 (whered (r) is the OD at radius r - d (r) = Poon (r) - and a* is the physical
value of the « coefficient.).
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Six examples of sets of couples (diog (R; k), dgits (R; k)) corresponding to four dis-
tinct atomic densities n1(R). The set correspond to data from one of the «cold» se-
ries. They are obtained from azimuthal averaging at radius R = 10px, R = 20 px,
R = 30px, R = 38px, R = 46px, R = 54 px (in camera pixels). Each point cor-
responds to one picture and thus to one specific imaging configuration. The solid
lines is the linear fit and the two parameters resulting from this fit are indicated
below.
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3. Imaging of our experimental gases

In fact, according to Eq. 3.9, we expect that all couples (for all imaging parameters T
and s) collapse into a line of equation

ddiff (1’; k) =d (1’) - zx*dlog (7’,’ k) (329)

We can then directly evaluate a* and d(r) by a linear regression of our experimental
set of (diog (7;k) , daie (7;k)) at a given radius r. This fit gives an estimate of a* for each
radius r denoted aj; (7). We expect aj; (r) to be approximately constant (equal to a*).

In this analysis, we may visualize any possible defect of the experimental data as we
directly plot the physical contributions dog (7; k) and dgjst (; k). For all series of data and
all r, we do not detect any flaw in the sets of (diog (7; k) , daise (7;k)) as shown in Fig.3.5,
for an example of six sets corresponding to distinct atomic densities 7(R) obtained
at different R within the same data series. One point in these graphs corresponds to
one couple (7,s). We observe no systematic deviation of the point sets to the linear
law (distribution of the residuals of the fit is centered around zero) for all investigated
n(R). Moreover, the dispersion of the dg¢ (7; k) data points stays of the same relative
order for all dj,g (7; k) in each data set and does not reveal any pathologic behavior. We
conclude that we can rely on the linear fits (as long as the data points are themselves of
good enough quality that is for example for a high enough n(R)).

It is also clear from Fig. 3.5 that the slope of the linear fits aj; (R) depends on n(R).
In the six sets shown, it seems that &} (R) increases with n(R) (as shown in d(R) fitted
values or from the simple fact that 7(R) decreases with R).

Thus this dependency has to be interpreted as a physical phenomenon and not as a
tflaw of the experimental data. We will attempt to give a physical explanation in the next
section but before we will use the results of the linear fit to conclude on a* value. These
direct linear fit has the advantage to give an estimation of the experimental confidence
in a* and thus of the uncertainty of the calibration contrarily to the historical procedure
(see Annex E). From this knowledge, we can effectively and quantitatively point out
the discrepancies of the fitted a* according to the atomic density #n on the overall set of
data and enhance it as a physical effect. We can directly represent a* as a function the
estimated density 1 o« d by plotting the couples of fitted parameters (dy, (7), af;, (7)) as
done in Fig. 3.6. We notice a change in a*(d) dependency and identify:

— A plateau a*(d) = a;j, at low density d < 5. The fits seems reliable for d >
0.7 (relying on error bars amplitude). In this restricted range of d, the weighted
average of a*(d) gives o} = 3.73(13).

— A deviation toward larger a* at high density d >5. We fit a linear dependency to
a*(d) and find ajy, (4) = 3.75(37) + [0.21(3)] x d.

3.3.3.5. Qualitatively (possible) physical explanation to the «* dependency on
the atomic density n:

We conclude in the previous section that a*(d) dependency must be understood as
a physical effect. As the highlighted dependency occurs at high d (Fig.3.6), one is
tempted to incriminate multiple scattering effects once again. In this section, I will
explained why such an effect may potentially explain the observed variation of a* with
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Figure 3.6.: Fitted values of d (r) and a* (r) for all series (1 and 3 correspond to the hot con-
figuration. 2 and 4 to the cold one). The error bars represents the 95% confidence
interval of the linear fit. In this graph, we circle the data represented in Fig.3.5
(from series 4). We identify a plateau for d € [0.7;5]. The thick solid line represent
the weighted average on this plateau «f =~ = 3.73(13). For d > 5, we character-
ized the variation of a* by a linear dependency aﬁigh(d) = 3.75(37) + [0.21(3)] x 4.
We do not plotted data with d < 0.7 as they lead to unreliable values of the fitted
coefficients d (r) and a* (r). The dash-dotted black line identifies the separation
between the different regimes.

d. However, I will not give any quantitive model to this.

Multiple scattering effects occur in the very dense regions of the cloud. In the model
developed in Annex D, we saw that the effect becomes negligible for thick enough
cloud with k/; > 1 (¢, stands for the thickness of the cloud). We calculated for example
that, for d < 4, the effect disappears for k¢, 2 20 . But in our samples we deduce from
the linear fits that the OD '® can be as large as d ~ 25 (in the center of our «cold» clouds).
In such a regime, the thickness threshold on k/, for neglecting multiple scattering effects
must be strongly increased. In our experiment, we restrict to cloud transverse extension
smaller than the imaging depth of field DoF = 10 um, leading to k¢, < k DoF ~ 80.
Then, in the very dense regions of the cloud, multiple scattering effects can still be of
importance.

Intuitively, multiple scattering effects tend to decrease the number of photons scat-

18. In these fits, we, in fact, deduced the OD up to the multiplicative factor . Nevertheless, we expect
(see 3.1.2) and will experimentally confirm (see 3.3.4) that p = 1.

79



3. Imaging of our experimental gases

tered by the cloud. In consequence, the outgoing beam intensity I{"** measured after
crossing the cloud is greater than the value If P expected from application of the law
of Eq.3.9 with a constant a extracted from the reliables low density region (« = aj_ )
[mes > [P, Then, both the log part and the difference part of the measured OD are
lower than the predictions:

e - 2y [ — 27
f me f
dlog = —1In (1_7> Z dipg = —In <1—7> (3.30)
exp_Ii_Ifxp"i_,y > mes_li_lfmes-i")’ 331
S (3.31)

These multiple scattering effects should become of less and less importance as we
increase the probing beam intensity ;. At the limit I; — oo, they must disappear. Then
the shifts dlegg — fro‘gs and dg)i(g — d3if are decreasing functions of I;. As demonstrated
in previous section, [; < Isy¢ corresponds in the plane (dlog, dgiff) to high diog ~ ad and
low dgif < d. In the contrary, [; > Isat corresponds to low djog < d and high dgig ~ d.
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Figure 3.7.: Graphical representation of the possible effects of multiple scattering on (d1og, daisr)
distribution at a high d and varying imagin% parameters. We consider a fixed d(=
10), the expected distribution set along dgi(ff = d —a*d; P and is represented by

log
the dotted purple line. For a given (dle:;g, dz)i(g), we expect from multiple scattering

effect a shift of both measured quantities (df}s, d3if) with dfe® < di’F and d? <
dZ’i(f};. It is represented by the orange arrows. The shift is larger when s is lower that
is to say in the lower right corner of the plane (see text). The solid teal line shows

the schematic resulting behavior of (dﬁ)‘gs, dge)-

Then, as represented in Fig. 3.7, multiple scattering effects induce a shift in the re-
lation dgitf = f (dlog) that can be interpreted as an increase of the absolute value of
the slope as the shift d5; — dT¢® decreases with decreasing value of diog- The relation
dgigs = f(d1og) may or may not stay linear while the multiple scattering effects decrease
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3.3. Calibrating absorption imaging coefficients.

with increasing I. As shown in Fig. 3.5, experimental observations are in agreement
with a new linear dependency. To fully explain this new linear law requires a more
quantitative model of the disappearance of multiple scattering effects with increasing
probing intensity. Nevertheless, the effect deduced from this analysis is in qualitative
agreement with the observed increase of a* with the optical density for d > 5.

3.3.3.6. Conclusion on « analysis:

In conclusion, we think that multiple scattering effects explain the observed variation
of the imaging coefficient a* with atomic density n. We then rely on a* value only for
low enough densities (d < 5 or equivalently n < 17 yum~2) and take a* = 3.73(13).

To compute 7 in the denser regions of the cloud, we must develop a new procedure.
As we experimentally shown that the dgi¢ still follows a linear dependency in djg,
we deduce that Eq. 3.9 remains an (empirically) valid relation to compute the physical
density. Nevertheless, we then need to compute a specific value of « for each n with
a(n) > a*. We implement an empirical model for a(n) deduced from a new fit of the
set of the experimental couples (d,a*) of Fig. 3.6. We fit the total set (d,a*) to a «slope-
breaking» function given by

a(d) = apreq + Coreak X ((d —deut) + |d — dewt|) /2 (3.32)

We chose to set dcyt to 2.5. We then fitted af, ., = 3.75(14) which is in agreement with
the value of a*, and cpreax = 0.26(2). We will then use the empirical model:

a(n) =a*+0.13 X ((n — neyt) + |1 — neut|) (3.33)

where eyt = dewt/0p = 8.6 um 2 and a* = 3.73.
Then the procedure to compute a(n) and n for each pixel (x,y) of an absorption
image will be iterative and proceed as follow:

1. We compute dog (x,y) and dgigs (%, y) according to Eqgs. 3.24-3.25.
2. We compute a first estimate of the OD by dy (x,y) = a* diog (X, y) + daift (X, y)-

3. Then there are two possibilities. If do(x,y) < 2.5 then n(x,y) = do(x,y)/0p and
a(x,y) = a*. Otherwise, we compute n(x,y) and a(x,y) by an iterative process:

a) We compute an approximate value of a by ag(x,y) = a(do(x,y)/00) from
Eq. 3.33 and using the first estimate of the OD, dy(x, ).

b) We deduce anew guess of the OD by dy (x,y) = ao(x,y) diog (X, y) + daigs (X, ¥)-

c) We appraise the accuracy of this new estimate by comparing the two suc-
cessive evaluations dy (x,y) and d; (x,y). We consider that the process has
converged when these two quantities are different by less than a few per-
cent (typically 5%) from their mean value. If it is the case, then we set

n(x,y) = di(x,y) /00, a(x,y) = ag(x,y) and we exit the looping process '°.

19. We note that to treat burnt pixels we also impose & < a5x. We choose a5y = 30 so that it corre-
sponds to a maximal OD d,;,4x ~ 100
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3. Imaging of our experimental gases

d) If the process has not converged yet, we calculate a new guess of the co-
efficient a, a1(x,y) = a(d1(x,y)/0p) from Eq.3.33 taking into account the
modification of the OD.

e) We deduce a third assessment of the OD ds (x,y) = a1(x,y) diog (x,y) +
dgigf (X, y) and compare it to dq (x,y). As previously, if the discrepancy is
small enough to consider that the process has converged we set n(x,y) =
da(x,y)/00, a(x,y) = a1(x,y) and we exit the looping process.

f) As long as the process has not converged, we recompute an k' estimate
ar-1(x,y) = a(de1(x,y)/00) and dy (x,y) = ax—1(x,y) drog (X, ¥) + daitr (X, ).
The discrepancy between dy_1(x,y) and di(x, y) decreases with k and reach
the «process—convergence» condition at a given k. We then set n(x,y) =
di(x,y)/00, a(x,y) = ax_1(x,y) and we exit the looping process.

Such an iterative computation must converge fast if the imaging parameters have been
correctly chosen. Usually, less than five iterations are needed. We note that if there
are some very dense regions in the cloud, then the higher the probing intensity is, the
more efficient this procedure. It also turns more accurate as it lower the influence of
bad calibration of the empirical model a ().

3.3.4. Calibrating the global detectivity factor

In Eq. 3.9, Bis the coefficient that links the model to the physical reality: it ensures the
correspondence between the measured density distribution to the physical one. To find
its experimental value, we must rely on other physical properties that depend on the
gas density distribution. For our setup we choose to use two—-dimensional expansion
of a highly degenerated uniform 2D cloud.

In a 2D ToF, the interactions play an substantial role (if they are already important
in-situ) in the expansion dynamics as the 2D confinement remains active and the gas
does not expand along z. If we assume the gas is highly degenerate, we can model
its expansion using (2D) Gross-Pitaevskii (GP) equation (see Annex B) in which the
interacting terms has an «amplitude» o« §N (where N is the total atoms number and
g is the 2D interaction parameter for the expanding cloud). The evolution of the in-
plane density distribution depends on this interaction term and so on N. Hence, we
can estimate N by comparing the experimental evolution n(x, y, tror) (< du- (X, Y, t1oF))
to distribution resulting from GP simulations for various N and varying the time-of-
flight duration top. By comparing this dynamical estimate of N denoted Nop 1or to a
simple sum over the optical density matrix dy- (x,y) (Eq. 3.26), we deduce the physical
value of B, denoted B*.

This technique is experimentally robust as it is based:

— on one hand, on the overall description of a dynamical evolution (with t1.F),

which filters out defects appearing for a specific ttoF.

— on the other hand, on the integration of the density distribution over the cloud,

which is a robust operation, reducing sensitivity to noise.

To characterize the 2D ToF evolution of both the experimental and the simulated
density distributions (and then compare them), we simply use two fitted parameters
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3.3. Calibrating absorption imaging coefficients.

that are the widths oy (trr) and oy (tror) of a gaussian fit of these distributions. We
keep differentiating both x and y axis sizes as they are not similar in terms of residual
trapping potentials*’. The evolution is recorded over a set of trof typically varying
from 0 to 26 ms with 14 different values.

We took experimental data for these 2D-ToF, in a unique and highly degenerated ex-
perimental configuration. To experimentally characterize the evolution of nmes(x,y),
we combine both high (HI) and low (LI) intensity imaging techniques (see 3.2.2). For
short t1.r, we expect the LI imaging to be unreliable due to high densities. We indeed
measure an effective broadening of the LI values of o (t1r) and oy (t1or) for fror <12ms
compared to the HI ones. For these times, we must rely on the HI measurements. Nev-
ertheless, the longer t1.r, the more the density drops so that for t1,r >14ms we find
that the HI technique leads to greater noise in 0y (t1.r) and oy (t1or) than the LI mea-
surements. We then set the experimental values of the sizes 0y" (tror) and 0, (t1oF)
to the LI values for tro,p > 14 ms and otherwise to the HI values. We average over
three repetitions. Finally, we note that the evolution of both sizes becomes different for
ttor 2, 16 ms. This time must be the characteristic time for the potential defects along y
(see 2.2.3.2 for details) to manifest. Thus we will not consider the evolution of stp for
tTor > 16 ms.

To simulate the evolution of the gas, we use the 3D version of Gross-Pitaevskii simu-
lations as detailed in Annex B. The specific parameters for this simulation are

— The z confinement is reduced for the 2D ToF and equals w, /27 = 360Hz .

— The box-trap is a disk of radius R,r. It is on for t < 0 and abruptly switch off at

t = 0. We adjust Rt so that the gaussian widths fitted at t,r = 0 ms matches
the experimental ones. It gives R, = 12.25 um for a theoretical expectation of
Ryr =12 pym.
— The residual confinement described in 2.2.3.1 leads to frequencies v, = 0.3 Hz
and v, =i x 4.1 Hz.
(mag) (mag)

— The magnetic confinement leads to v, =y = 6.5 Hz (see 2.1.3).

In this simulation, we do not account for the potential defects described in 2.2.3.2 but
we eliminated data that can be perturbed by their effects.

We repeat this simulation for N varying from 40000 to 150000. We fit the result-
ing column density distribution 1.y (x,y, tor|N) = [ dz| (x,y, z, tror|N) |* (where ¢
is the computed 3D wavefunction) by a gaussian that gives the characteristics sizes
O';im(N, tToF) and Usim(N, tToF)-

To compute the experimental value of Nop 1,5, we want to find the best matching N
comparing (05" (tror), 0y (t1or)) to (05™(N, tror), (f;im(N , t1or)) for all time—of—flight
t1or € [0,26] ms. We in fact notice that we could not find a perfectly matching N for all
ttor as shown in Fig. 3.8. In particular, we notice that for t1,r <6 ms, the experimentally
fitted values (0% (t1or), 0y " (t1or)) Seem to expand more quickly than expected from
their longer time evolution. Such a fast evolution at short times must be an imaging
artifact due again to multiple scattering effects in this highly degenerate configuration.
We will thus not consider t,r <6ms. We also notice discrepancies in the fitted and

20. As characterized in 2.2.3, the light-sheet beam induced in—plane de—confining potentials and uncon-
trolled rugosities that are different for x and y axis.
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3. Imaging of our experimental gases
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Figure 3.8.: Gaussian sizes along the 2D ToF expansion (f1.p) for the experimental data (dots)
and the simulations (solid lines): (left) oy and (right) 0;,. We lighten the considered
t1or for the analysis and darken the unused ones.

simulated sizes at trop > 20ms. This can both be due to loss in experimental signal
quality (as indicated by the increase in error bars) or some flaw in the modeling of
residual trapping effects. For our calibration, we will then rely on t1,r € [6;18] ms for
oy and for trop € [6;14] ms for oy,

From these data, we compute x? between simulated and experimental size over all
considered t1.f, for each axis and for each N. We deduce N by fitting the set of x*(N)
according to:

X*(N) = a® + ¢ x (N — Np)? (3.34)

N is the best matching atom number. We found for oy, Ny = 76.5 x 103+ 1.5 x 103
and for 0y, Ny = 74.7 x 10° 2.6 x 10%. As both directions x and y do not exactly
give the same results, we consider the mean value of these fits. We deduce: Nop 1or =
75.6 x 10° £ 2.1 x 10°.

We will then compare this estimation to a simple integration of d,- (x,y) /0o from
Eq.3.26 and taking into account the the imaging coefficient C = 8.5, = 0.365 and
a* = 3.73. We also take into account the correction of « at high density by Eq.3.33 and
compute the optical density d (x, ) as described in conclusion of of the subsection 3.3.3.
Then:

_ d(x,y)
Ncount - /C loud o (335)
= /Cloudn (x,y) x p=PBN (3.36)

We directly perform this integration on the 2D ToF images previously fitted. As we
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3.4. Conclusion

pointed out, for the shortest time—-of—flight t1,r <6 ms, multiple scattering effects are
not negligible and so we will not take these data into account. We found Neount =
71.8 x 10° £ 5.3 x 10%. Then the physical value of B is given by * = Ncount/ Nap 1or and
B* = 0.95(10). Such a value of p* is compatible with the expected value f* = 1 (from
the fact that magnetic fields are negligible during the imaging process). We will then
use B* = 1.

3.4. Conclusion

In this chapter, we presented an imaging technique which is reliable for a two-
dimensional gas whatever its density is. This technique is based on absorption imaging
used in the saturating together with the non—saturating regimes. We inferred that the
relation between the incoming intensity distribution I;, the outgoing one I; and the
atomic density 7 is given by:

n(x,y)oop = —aln (Iz((xx, yy))—_%;y) + it y) ;fitx'y) +T (3.37)

taken into account the specificity of our acquisition process.

This relation is valid for all sets of imaging intensities and pulse durations as long as

we are not perturbed by:

— Multiple scattering effects occurring in the dense regions of the cloud when using
low probing intensity and when the cloud is thin, as presented in Annex D. In
this chapter, we pointed out that multiple scattering effects are still visible in the
high intensity images of our densest uniform 2D clouds. We can empirically take
into account these effects by introducing a dependency of a with n as carried out
in 3.3.3.6. The introduced dependency a(n) is simply fitted on a set of calibration
data and does not rely on a theoretical model, it could then bring up flaws in the
density measurement. The lower the probing intensity is, the higher the impor-
tance of multiple scattering effects and the larger the resulting defects. We then
only allow to use this dependency a(n) for the high intensity images and discard
the low intensity images in these dense regions.

— Modifications of the imaged atomic distribution due to radiative pressure effects
that Doppler shifted the probing beam compared to the atomic transition and
displace the atoms out of focus, as pointed out in 3.1.3.

When these conditions are fulfilled, the optical density is given by Eq.3.37. In this

chapter, we presented a calibration of all free coefficients necessary for a quantitative
analysis of absorption images along this line:

1. We precisely calibrated the acquisition error by estimating the photons over—
counts C (and corresponding intensity ) due to dark—exposures before the reading—
out process in the Frame Transfer mode.

2. We quantitatively estimated the global efficiency of our imaging setup # so that
we precisely know the number of counts Z&™ = 5Z0, corresponding to the sat-
uration intensity of our ¥Rb atoms, IY,, = Z0 fiw; /T. Then the highly saturat-

ing regime of absorption imaging is calibrated (up to the factor B that we expect
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3. Imaging of our experimental gases

equals to 1).

3. To fully estimate the detectivity for all range of imaging parameters, we calibrate
the coefficient « linking the high to the low intensity regime. We found the ex-
pected constant value a*, valid for low densities (n < 17.2 um~2). We noticed a
dependency of a on n for higher n. We calibrate the dependency law a(n).

4. After performing these three calibrations, we coherently checked that g = 1.

We summarize these calibrations in Table 3.1:

] Coefficient H Calibrated Value ‘
n 0.365
C 8.5(4)
ot 3.7(1)
a(n) 3.73+0.13 x ((n — newt) + |1 — newt|)
B 1

Table 3.1.: Summary of all the calibration of imaging coefficients.

We estimate that the density profile obtained from this method may show 10% to
20% systematic errors.
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4. Fit-free determination of the equation of state of the 2D
Bose gas and scale invariance

In this chapter we are interested in an experimental investigation of the equation of
state EoS of a (homogeneous) 2D Bose gas which is the relation between its 2D phase
space density (PSD) D = nA%, its temperature T and its chemical potential y as intro-
duced in Ch. 1. To experimentally investigate this relation over a wide range of y and
T we use an inhomogeneous (harmonically trapped) gas. We finally use the local den-
sity approximation (LDA) to relate this measurements to the homogeneous system as
introduced in 1.1.3.2.

We performed a first measurement of this EoS in 2011 [70] whose results are repro-
duced in Annex F. It relies on the determination of T and pg the chemical potential at
the center of the cloud by a fit of the wings of the in-situ density distribution (based
on the dependency of the in-plane confinement U(p)) for each cloud realization to the
known theoretical results in the dilute regime (see 1.1.4.3). The local density approxi-
mation (LDA) then enables to deduce the chemical potential y(p) = g — U(p) in each
point of the trap [65] and relates it to the local value of the PSD D(p) = n(p)A% (where
the density is determined along lines of Ch. 3). From this measurement we checked the
(approximate) scale invariance of the EoS of a 2D Bose gas (see 1.1.4.1). It states that
for all cloud configurations D only depends the ratio /kgT (and of the 2D interaction
parameter ¢ but it is not varied in our measurements). In general, the scale invariance
occurs in any fluid where no explicit energy/length scale is associated to the (binary)
interaction potential.

The (approximate) scale invariance of the EoS makes possible to measure it using a
more robust procedure which do not use any fitting parameter. This method is inspired
from the procedure introduced by Ku et al.[71] for the unitary 3D Fermi gas (which also
shows scale invariance). In this chapter, we formally generalize this "fit free" method
of determination to any scale invariant EoS measured in any quantum gas in a known
trapping potential. Then we apply this formalism to the set of data used in our former
measurement of the EoS [70]. The main lines of this work has been developed by a
former PhD student in our group, Rémi Desbuquois. This procedure leads to a much
more accurate determination of the relation with no systematic errors. Then it enables
a comparison to theoretical predictions for an interacting gas (see 1.1.4) that are of par-
ticular interest in the critical region (beyond the approximation of 1.1.4.3). In particular
it provides an important experimental test for classical field approaches (such as the
ones developed by Prokof’ev and Svistunov [125], see 1.1.4.4) which are believed to
accurately describe quantum systems in the weakly interacting but non-perturbative
regime.

The following chapter has been initially published in [112], and is reproduced here. Important
modifications are announced by brackets.
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4. Fit-free determination of the equation of state and scale invariance

4.1. General "fit free" formalism for determination of a scale-invariant
EoS

Homogeneous matter at thermal equilibrium is described by an equation of state, i.e.,
a functional relation between thermodynamic variables of the system. While the EoS
is analytically known for ideal gases, one must resort to approximations or numerical
calculations to determine the EoS of interacting fluids, which must then be compared
to experiments. Thanks to a precise control of temperature, confining potential and in-
teraction strength, cold atomic gases constitute a system of choice for the experimental
determination of quantum matter EoS [65]. While performed on atomic systems, such
measurements often provide crucial insight on generic physical problems, well beyond
the atomic physics perspective. Prominent examples are the recent measurements of
the EoS of atomic Fermi gases [66, 68, 71, 138], which provided a precious quantitative
support for our understanding of strongly interacting fermions at low temperature.
[Here we are interested in another important paradigm accessible to atomic gases that
is the 2D systems and their specific Berezinskii-Kosterlitz-Thouless (BKT) transition
briefly introduced in 1.1.4.4.

In this section, we want to generalize the method put forward in [71] which overcome
systematic errors of the usual methods for determining the EoS of a cold atomic (see
Annex F and [69, 70] in which an imperfect calibration of imaging system will lead to
misestimate of n(p) thus of D and through the fitting process in u and T. The method
of [71] is based on the use of two specific thermodynamic variables, the pressure and
the compressibility; in addition, absolute energy scales T and y are replaced by a single
relative scale dy, which was itself determined by the LDA through dy = —dU. Our
method does not rely on specific thermodynamic variables but rather provides a generic
formalism that can readily be applied to other quantum systems.]

4.1.1. A set of new dimensionless variables X,

We start our analysis by considering an atomic gas in thermodynamic equilibrium
confined in a known potential U(p). The only hypothesis for the method is the LDA,
which entails that n(p) depends on position only through the local value of the trapping
potential: n(p) = n[U(p)]. Although this method is applicable to any dimension, we
focus here on the particular case of the two-dimensional gas for the sake of clarity. Let
us introduce the energy E[U(p))] with p = (x,y), defined by

2
E= %n, (4.1)

which we want to combine with other relevant energies in order to form useful dimen-
sionless variables. Though no absolute energy scales are readily available, a relative
energy scale is provided by the variation of the trapping potential dU. Furthermore,
quantities formed in this manner are directly connected by the LDA to the properties
of the uniform gas using the relation du = —dU. Thus, we define the dimensionless

1. In dimension d, this equation takes the general form E = 12 n2/4 /m
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4.1. General "fit free" formalism for determination of a scale-invariant EoS

quantities

0'E d'E
X, = Ev—1 pv—1
y=E 7_(_1)1/ ! uv’

ouY
where v is an integer. By convention, Xy = 1 and a negative v will instead correspond
to |v| successive integrations of E with respect to U, with for example

(4.2)

. 1 *© / /
X 1= /U E(U) dur’. 4.3)
From a given image of the gas n(p), one can thus construct all functions X, (V') (assum-
ing that U(p) is well known.

4.1.2. Determination of the EoS by mean of the X,

In the case of a scale invariant system, the knowledge of a single thermodynamic
variable X, is sufficient to determine the state of the fluid, hence the values of all other
variables X,/. In other words, all individual measurements must collapse on a single
line in each plane {X,, X,/ }, irrespective of their temperature and chemical potential.
Such a line is a valid EoS of the fluid under consideration.

Once the X, are known, all other thermodynamic quantities can be determined, up to
an integration constant. In particular, one can derive the phase-space density D and the
ratio « = y/kgT. Let us suppose that a point (Xf,o), Xls(,))) can be identified in a known
portion the EoS, and that it corresponds to the values ay and Dy. The link between the
set {X, } and («, D) is provided by

(1) X, X3
DXV = Dyexp ( /X o ToTERET Xv+1dxv> , (4.4)
(1)
(1)y _ 1 /X D(Xy)
IX(XV ) =y + T X1<,0) (1/ — 1)X1XV T Xv+1 dX, . (45)

The determination of («, D) thus requires the knowledge of a triplet {X;, Xy, Xy41}-
This requirement can be weakened by choosing v = 1 or v = —1, in which case only
the pairs { X1, X_1} or {Xj, Xo} are needed.

4.1.3. Some examples

[We illustrate here in larger details this general formalism with the examples of the
EoS established in Ch. 1.

4.1.3.1. The non interacting 2D gas

In 1.1.3, we established the EoS of the ideal 2D gas confined in a potential U in terms
of the PSD along Eq.1.25. As E = DkgT /27, we deduce the general relation

E[U] = —]‘2‘3—; In (1 — Z[U]) with Z[U] = elto~W)/ksT (4.6)
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Figure 4.1.: Determination of the EoS with variables X_; and Xj, along with known limits.
The simple cases of the ideal Bose gas (Boltzmann gas) is shown in blue dashed (
dotted) line. The known limits of the EoS of the weakly interacting 2D Bose gas are
indicated by a black point for the Thomas—Fermi limit and by a black full line for
the Hartree—Fock mean field theory. The red line results from the averaging over
all the separate intensity profiles, with the error bars corresponding to the standard
error introduced by the averaging procedure. The data shown here contains ~ 100
different values of X_4. Inset: distribution of measured values of X_1 and X;. The
gray level indicates the number of individual data points falling in each pixel.

(where o < 0 is the chemical potential at the trap center). From this relation we can
deduce the dependencies of the X,’s in the local fugacity Z = Z[U], which lead to
implicit relations between any couple of X,’s. For example in the three simplifying
cases that we shed to light in previous section :

11
Xi[Z] = m1/Z -1 (4.7)
X4[Z] = anff(—Z)z)]z (4.8)

1 —ZIn(1-2)

XlZl = G- zp

(4.9)

where ¢ is the second polylogarithm function. The corresponding EoS can be simply
plotted by varying the fugacity Z from 0 to 1.
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4.1. General "fit free" formalism for determination of a scale-invariant EoS

Maxwell-Boltzmann approximation If we consider now a gas in the very weakly
degenerate regime (with |yo| > kgT) then the EoS linking D to Z can be simplify along
Eq.1.17 and we recover the classical Boltzmann prediction D = Z. We deduce from
Z[U] dependency (Eq.4.6) the simple dependencies of the X,’s (in the three cases of
interest):

X\[Z) = Z/2% (4.10)
X_4[Z] = 2n/Z (4.11)
X2[Z] = (Z/2n)? (4.12)

and the EoS are simply X_; = 1/X; (as shown in Fig. 4.1) and X, = X3. In a gen-
eral manner, the EoS in terms of the X,’s can be obtained analytically in this classical
description.

4.1.3.2. The interacting 2D gases

For an interacting 2D gas, the EoS is not known analytically; however for the Bosonic
case, it can be approximated in two limiting cases (see 1.1.4.3).

Hartree Fock Approximation In the weakly degenerate regime, Hartree—Fock ap-
proximation applies and leads to the EoS of Eq. 1.31. It rewrites as an implicit equation
of E[U]
_ KT (no—U~2GE[U]) /KT
E[U] = -2 In (1 e ) , (4.13)

from which we extracted numerically the values of X_; and X; and plotted the corre-
sponding EoS in Fig. 4.1.

Thomas Fermi Approximation In the opposite case of a strongly degenerate gas
(u>kgT), the gas is described by the Thomas—Fermi equation (Eq. 1.33) and

po—U
= -1, 4.14
) = - (@.14)
Then, all X, are constant, with
X4 = g/2 (4.15)
X; = 1/§ (4.16)
X, =0 (4.17)

The Thomas Fermi approximation then leads to a single point EoS in any (X,, X,/)
representation as shown in Fig. 4.1 ]
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4. Fit-free determination of the equation of state and scale invariance

4.2. Application to the 2D Bose gas across BKT transition

[We now turn to the practical implementation of this method for processing data
obtained with a quasi-2D rubidium weakly interacting gas. First we will present the
experimental procedure to acquire the density profiles n[U] in terms of the in-plane
trapping potential. We note that in our 2D geometry (contrarily to [71]), the spatial
density n(p) is directly accessible from an image of the cloud. Then we will follow
the procedure described in the first part of this chapter to our experimental profile and
deduce a measurement of EoS (y/kgT, D) around the critical BKT point with unprece-
dented accuracy.]

4.2.1. Acquiring Experimental profile n(U)
4.2.1.1. Experimental sequence

Our experimental preparation follows the lines detailed in [70, 110, 139]. We start
with a 3D gas of ¥Rb atoms, confined in their F = mp = 2 state in a magnetic trap.
To create a 2D system, we shine an off-resonant blue-detuned laser beam on the atoms,
with an intensity node in the plane z = 0. The resulting potential provides a strong con-
finement perpendicular to this plane, with oscillation frequency w, /27 = 1.9 (2) kHz,
which decreases at most by 5% over typical distribution radii. This corresponds to the
interaction strength § = V8mas/l, ~ 0.1, where a; is the 3D scattering length and
l, = Vh/mw; (see 1.1.4.1). The energy hw, is comparable to the thermal energy kgT,
which ensures that most of the atoms occupy the ground state of the potential along
z (see 4.2.2.3 and Annex F). For the analysis presented below, we used a data set of
80 samples, with temperatures ranging from 30nK to 150nK and atom numbers from
25000 to 120 000.

4.2.1.2. Characterization of the in-plane trapping potential

[Though the method presented above relies neither on a thermometry of individ-
ual images nor on a precise determination of the detectivity of the imaging system, a
precise knowledge of the trapping potential along xy is required. In this data set, the
in-plane trapping is mainly provided by the TOP trap which results in an harmonic
confinement. The mean oscillation frequency is measured via excitation of the center of
mass oscillation and w, /27 = 20.6 (1) Hz. However as outlined in 2.2.3 the intensity
profile of the beam that freezes the z degree of freedom may also affects this U(p) and
leads to some anharmonicity.]

The following section was initially published as part of the supplemental material of [70], and
is reproduced without modifications

These imperfections are revealed by looking at the center of mass oscillations x¢m (¢)
and Yem(t), shown in Fig. 4.2a,b. Whereas the oscillation along the direction of propa-
gation of the “freezing laser" (x) shows no deviation with respect to harmonic motion,
the oscillation along vy is damped. This is likely caused by irregularities of the trans-
verse intensity profile of the freezing laser. In order to cope with these defects we have
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4.2. Application to the 2D Bose gas across BKT transition

abandoned the standard technique consisting in making angular average of the images
to produce radial density profiles. Instead we take advantage of the separability of the
potential in the xy plane: U(x,y) = mw2x?/2 + SU(y), where 6U(y) accounts for the
magnetic trapping potential and the irregularities of the freezing laser. We consider
cuts of the measured density profile along the x direction, measured for various y;’s
withi = 1,...,q. In practice, we consider the g = 31 central lines of our images. We
expect that two cuts corresponding to y; and y» coincide, provided we shift the second
one by making the substitution mw?x?> — mw?x* + 6U(y2) — 6U(y1). In practice we
perform a least-square fit to optimize the superposition of the various cuts, taking the
numbers JU(y;) as parameters. We use a single set of SU(y;) to fit a whole series of
images taken at a given temperature. The robustness of the procedure is excellent, as
shown in Fig. 4.2c, where we give the reconstructed potential éU(y), with bars corre-
sponding to the statistical errors of the 6U(y;)’s for various series of images acquired at
different temperatures.

4.2.1.3. Imaging procedure

After letting the cloud equilibrate for 3 s in this combined magnetic and dipole trap,
we measure the density distribution n(r) by performing in-situ absorption imaging
with a probe beam perpendicular to the plane of the atoms. [Following lines presented
in Ch. 3, we use a combination of saturating (typically, the intensity shined on the atoms
is I ~ 40I5¢) and non-saturating (typically I/ s+ ~ 0.7) absorption imaging technique.
The first one is reliable for all n but suffers from bad signal-to-noise ratio at low n. The
second is less noisy but suffers systematic errors at high n (see Annex D). Since both

c)

Yem In ym
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Holdtime in s

Figure 4.2.: (a) and (b) Center of mass oscillations (hollow circles o) along x (a) and y (b). The
red lines correspond to a fit with a sine (a) and a damped sine (b). (c) Reconstructed
potential along the y axis (filled circles o) and a harmonic fit (red line).
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4. Fit-free determination of the equation of state and scale invariance

imaging processes destroy the atomic distribution, each sample is prepared twice and
imaged successively in the low and high intensity regime.]

In Fig. 4.3 we show typical density distributions of 2D atomic clouds, together with
the corresponding function n[U(p)]. The cloud (a) exhibits a significant thermal frac-
tion, contrarily to cloud (b), which is essentially in the Thomas-Fermi regime. The latter
illustrates the power of this fit-free method, since it can be incorporated as such in our
determination of the EoS. On the opposite, it would be discarded in a conventional
approach, owing to the impossibility to assign it a temperature.
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Figure 4.3.: (a) and (b) Density distributions of 2D atomic samples of 8Rb corresponding to
a partially degenerate (a) and a strongly degenerate cloud (b). (c) Correspond-
ing function n[U(p)|resulting from azimuthal averaging. The distributions are ob-
tained with high intensity imaging.
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4.2. Application to the 2D Bose gas across BKT transition

4.2.2. Implementation of the "fit-free" method
4.2.2.1. EoS in terms of the new variables X,

Though both choices of variables (X_1, X1) and (X3, X») are in principle possible, the
latter requires the experimental evaluation of a second-order derivative, which often
suffers from a poor signal-to-noise ratio. By contrast the choice (X_1, X7), also adopted
in [71] when writing the EoS in terms of pressure and compressibility, appears particu-
larly robust”. For each image, we perform an azimuthal average and compute a set of
~ 70 data points (X_1, X;), where the low (high) values of X_; correspond to the high
(low) density regions of the image.

In a first step, we combine all sets obtained from images acquired at various temper-
atures and various atom numbers to test the scale invariance. As explained above, each
individual measurement should sit on the same universal curve in the (X_1, X;) plane,
provided the interaction strength ¢ is constant. We show in the inset of Fig. 4.1 the
repartition of data points in the (X_1, X ) plane, which fall as expected around a single
curve. In the main panel we plot the corresponding average curve, which provides the
EoS of our gas”®.

4.2.2.2. EoS for the conventional variables 1 /kgT and D

In order to re-express this EoS in terms of the more traditional variables « and D,
we now need to apply the transformations of Eqs. 4.4 and 4.5. However, this trans-
formation must be adapted to account for possible imperfections in the calibration of
the detectivity of our imaging setup. Indeed, as in most cold atoms experiments, we
only measure the density up to a global multiplicative factor 8, which is defined as
the ratio between the unknown actual absorption cross-section and the ideal one ex-
pected for monochromatic probe light in the absence of stray magnetic fields. Taking
this calibration factor into account amounts to replacing Eqgs. 4.4 and 4.5 by

XV /g
D(XM) = Dyexp ( / X dx ) (4.18)

xOp (v—1)X1Xy + Xpp1

X1/ D(X
2£ o (X) dx, (4.19)
mJxO s (v—1)X1Xy + Xp1

a(XM) = wo +

where the bounds of the integrals now depend on g and where XI(,O) / BV corresponds to
the reference values ap and Dy. The value of B is a priori unknown; however, it can be
determined by fitting the measured EoS to the Hartree—Fock mean-field (HFMF) theory,
which is a good approximation in the region a <0. This procedure applies to any other
quantum gas, provided one has a good knowledge of the EoS in a given segment of the
parameters space.

2. In our case, the compressibility is given by x = X1/ (n? h?/m) and the pressure by P = X_1 n?h?/m
3. We extract data points with X_1 <2.5 (X_1 >2.5) from high (low) intensity imaging.
4. This factor is taken into account in Eq.4.1 by E = B(H? /m)n. The definition of X,, is unchanged.
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Figure 4.4.: (a) Equation of state of the 2D Bose gas, determined with Eqs. 4.4 and 4.5 (red
points), with a detailed view of the critical region around the BKT transition (blue
dash-dotted line) in (b). Statistical error bars are too small to be shown on these
plots. We show for comparison the classical field Monte Carlo prediction Dy, [125]
in black squares, the Thomas—Fermi limit in black dash-dotted line and the HFMF
theory in black full line. We provide a quantitative estimate of the difference be-
tween measurement and prediction in (c). There, we plot D /Dy, — 1, where zero
indicates perfect agreement. The error bars result from a boostrap analysis of the
experimental data.

We choose the bound of Eqgs. 4.18 and 4.19 at X° ; = 3, which corresponds to a phase-
space density Dy = 1.45 and ap = —0.22, well within the HFMF regime, and find
a detectivity factor B = 0.456 (1)° after taking into account the contribution of the
transverse excitations as we will describe in next paragraph.

4.2.2.3. Removing the contribution for thermally populated transverse states

The method presented in the main text assumes the EoS to be strictly scale invari-
ant. However, when the temperature T of an individual realization is on the order of

5. The error bar on this value is calculated through a bootstrap analysis. The result is consistent with
our (less precise) previous estimate for the same setup, f = 0.40(2), which was based on a different
method [70].
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4.2. Application to the 2D Bose gas across BKT transition

the harmonic oscillator level spacing fiw, /kg ~ 100 nK, a fraction of the atoms occupy
transverse excited states of the confinement potential. Their contribution can be evalu-
ated and self-consistently removed in the following manner.

1. We calculate the EoS in variables (X_1, X;) with the method described above.
This process yields a preliminary determination of the EoS, as well as a value for
the detectivity By) = 0.481(4). Both these measurements contain a systematic
error introduced by the thermally populated transverse levels.

2. We measure the temperature and the chemical potential of the atomic distribu-
tion of each individual image by fixing the detectivity f to the value determined
above, and by fitting with the EoS measured previously. Since the EoS contains
excited levels in its determination, we expect that the measured temperature will
also be affected. Note that the population of the excited states is only 10% of the
total population at most: we therefore expect a similarly small shift of the tem-
perature and chemical potential.

3. We self-consistently evaluate the contribution of the excited levels to the total den-
sity, assuming the atoms in the excited states of the z motion to be in the HFMF
regime [70, 103, 109] (see also Annex F) and subtract them to obtain an estimate
of the population of the ground state. We find that the phase-space density asso-
ciated with the excited states is at most 0.5, which justifies to describe these states
with the HFMF approximation.

4. With the new estimate of the population of the ground state for each image, we
generate a new EoS with the method outlined above. We also determine a more
accurate value of the detectivity, and find p =0.456(1).

5. In principle, this process can be iterated to obtain an even more accurate deter-
mination of the temperature for each image. However, this does not lead to an
improved measurement.

As shown in Fig. 4.5, the subtraction of the excited states does not significantly affect
the EoS, though the detectivity is significantly modified.

4.2.2.4. Comparison to theory predictions

The EoS in terms of the variables («, D) — obtained after a small correction due to
excited states of the z motion — is shown in Fig. 4.4a, along with the numerical predic-
tion Dy, [125]. The reconstructed EoS is remarkably smooth and doesn’t display any
particular feature at the transition point. This observation is also made on the EoS for
pressure, entropy and heat capacity(see 4.2.2.5). This illustrates the “infinite order" na-
ture of the BKT transition, which is not associated to any singularity of thermodynamic
quantities ©, as opposed to phase transitions driven by the breaking of a continuous
symmetry, such as the second order lambda transition observed at MIT [71]. To com-
pare quantitatively the reconstructed EoS with the numerical prediction, we plot the
quantity D/Dy, — 1 in Fig. 4.4¢c, and find it to lie consistently below 15 %, and even

6. A singularity however appears in the superfluid density, which has to be distinguished from the
total density, as the former enters only in the response of the system to an external drag or rotation.
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Figure 4.5.: EoS of the 2D Bose gas, determined with Eqs. 4.4 and 4.5. The measurement with-
out (with) subtraction of the population of the excited levels is shown in blue (red)
line.

below 5 % around the phase transition, which occurs at yc/kgT ~ 0.17 [125]. The de-
viation observed in the fluctuation region below the critical chemical potential might
signal deviations to the classical field picture which is expected to be accurate for § < 1
[124,125]. Theoretically this deviation could be addressed using Quantum Monte Carlo
methods [127, 140].

4.2.2.5. EoS in other variables

Owing to the scale invariance of the two dimensional Bose gas, the EoS with any pair
of variables can in principle be deduced from the one for D and . We show in Fig. 4.6
three measurements of such EoS. For example, the pressure is deduced from the density
by n = (dP/du)r and is expressed in dimensionless units:

P A% 1
=—1=—D>X,. 42
P ks = 1 (4.20)
Once the pressure is known, extensive variables such as the entropy and the heat capac-
ity can be deduced. The former is derived from the entropy per unit area s = (P/0T),,
and the latter from the internal energy C = (dU/9T),. Expressed in terms of previously
determined thermodynamic quantities, we have

S P C P
m—zﬁ—w and m—ﬁ—a+wX_1X1 (421)
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Figure 4.6.: Equations of state of the 2D Bose gas, derived from the HFMF theory (black line)
and reconstructed following our method (red points), expressed with (a) the pres-
sure P, (b) the entropy per particle S/ N and (c) the heat capacity per particle C/N.

4.3. Conclusion

In conclusion, we have presented a method to determine the EoS of a scale-invariant
fluid. This method does not rely on thermometry of individual images, nor on the pre-
cise calibration of the detectivity, and leads to a strong reduction of the noise level in
the measurement. We have applied it to the case of a weakly interacting Bose gas and
obtained its EoS with a precision of few percents, in excellent agreement with a theoret-
ical prediction obtained from a classical Monte Carlo simulation. Using the response of
the gas to a gauge field, originating for example from a rotation, this method could be
extended to access the superfluid fraction of the gas along the lines proposed in [65]. In
principle, this method is not limited to scale invariant systems, and could be extended
to any situation described by two independent dimensionless parameters, such as the
zero temperature limit of the Fermi gas, either for a spin-balanced gas with varying
interactions [138], or for a unitary spin-imbalanced Fermi gas [64].
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5. Superfluidity in two dimensions

In this chapter we are interested in a direct experimental proof of the superfluid be-
havior of the 2D Bose gas. Following theoretical description of the beginning of 1.1.4.4,
this is characterizing the absence of heating (up to a critical velocity v.) of the 2D fluid
when excited by a moving obstacle (at velocity v). In this work, we perform "heating"
measurements of our cloud after rotating a potential defect for a time 7. We use har-
monically trap 2D gases and move the defect along an equi-potential such that, by ap-
plying local density approximation (LDA), we investigate a fixed phase space density
D = nA2. We vary the velocity v of the defect and the value of D investigated in order
to map the emergence of the superfluid behavior in the corresponding homogeneous
system.

The following chapter was initially published in [113], and is reproduced without modifications

‘Flow without friction” is a hallmark of superfluidity [141]. It corresponds to a me-
tastable state in which the fluid has a non-zero relative velocity v with respect to an
external body such as the wall of the container or an impurity. This metastable state is
separated from the equilibrium state of the system (v = 0) by a large energy barrier, so
that the flow can persist for a macroscopic time. The height of the barrier decreases as
v increases, and eventually passes below a threshold (proportional to the thermal en-
ergy) for a critical velocity v.. The microscopic mechanism limiting the barrier height
depends on the nature of the defect and is associated to the creation of phonons and/or
vortices [141]. While the quantitative comparison between experiments and theory is
complicated for liquid *He, cold atomic gases in the weakly interacting regime are well
suited for precise tests of many-body physics. In particular, superfluidity was observed
in 3D atomic gases by stirring a laser beam or an optical lattice through bosonic [74~
77, 142] or fermionic [78] fluids and by observing the resulting heating or excitations.
Here we transpose this search for dissipation-less motion to a disc-shaped, non ho-
mogeneous 2D Bose gas. We use a small obstacle to locally perturb the system. The
obstacle moves at constant velocity on a circle centered on the cloud, allowing us to
probe the gas at a fixed density. We repeat the experiment for various atom numbers,
temperatures and stirring radii and identify a critical point for superfluid behavior.

5.1. Data acquisition

5.1.1. Experimental scheme

Our experiments are performed with 2D Bose gases of N = 35000 to 95000 8 Rb
atoms confined in a cylindrically symmetric harmonic potential V (r) + W(z) (see [70]).
The trap frequencies are w,/2m = 25.0(5) Hz in the horizontal plane and w,/2m =
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5. Superfluidity in two dimensions
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Stirring a 2D Bose gas. a, A trapped 2D gas of ¥ Rb atoms is perturbed by a
focussed laser beam, which moves at constant velocity on a circle centred on the
cloud. The stirring beam has a frequency larger than the 8’Rb resonance frequency
(‘blue detuning’ of ~ 2nm) and thus creates a repulsive potential which causes a
dip in the density profile. b, The stirring beam is focussed onto the 2D cloud via
a microscope objective of numerical aperture 0.45, which is also used for imaging.
We overlap the two beam paths with a polarizing beam splitter cube (PBS). The
position of the stirring beam is controlled by a two-axis piezo-driven mirror. ¢, in
situ false-color image of the 2D cloud in the presence of the laser beam (average
over six images). From the dip in the density we deduce the waist of the laser
beam as wy = 2.0(5) ym. In this image, the intensity of the beam is chosen three
times higher than in the stirring experiment to make the hole well visible even in
the center of the cloud. We use similar images, but with the stirring beam switched
off, to determine the temperature T and the chemical potential i from a fit of the
Hartree-Fock prediction to the wings of the cloud [70].

1.4 (1) kHz in the vertical direction. We use gases with temperature T and central chem-
ical potential y in the range 65-120nK and kg x (35-60) nK, respectively. The interac-

tion energy

per particle is given by Uin; = (h2§/m)n, where n is the 2D spatial density

(typically 100 atoms/um? in the center), m the atomic mass and § the dimensionless
interaction strength. Here § = v/87ta/l, = 0.093, where a = 5.3nm is the 3D scattering
length and I, = /Ii/mw,. The energy hw, (kg x 70nK) is comparable to kgT and Ujnt
(~ kg x 40nK at the trap center). Thanks to Bose statistics, which limits to typically
10% the fractional atomic density in the axially excited states at the obstacle position,
our gas is well described by the quasi-2D fluid model (see Supplemental Material of

[70]).
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5.2. Observation of a critical velocity

We stir the cloud with a laser beam which creates a repulsive potential with height
Vitir = kp x 80nK. This is at least twice the local chemical potential po.(r) = u — V(7).
The beam has a Gaussian profile with a waist of wy = 2.0 (5) ym, which is larger than
the local healing length ¢ = 1/./3n (=~ 0.3 um at the trap center), but small compared
to the size of the cloud (full width at half maximum =~ 25 um) (see Fig.5.1). We stir
for typically teir = 0.2s at constant velocity v in a circle of radius r centered on the
cloud. The intensity of the stirring beam is ramped on and off in ~ 5ms without any
significant additional heating. Once the stirring beam is switched off, we let the cloud
relax for 0.1 s and measure the temperature T;.

5.1.2. Heating response and fit

For each configuration (N, T, r), we repeat this experiment for various v from 0 to
2mm/s and a fixed stirring time tsi,. We find two different regimes for the response
and we show an example of each in Fig.5.2. In Fig.5.2a, there is a clear threshold be-
havior with no discernable dissipation below a critical velocity. In contrast, in Fig.5.2b,
the temperature increases without a threshold. We identify these behaviors as the su-
perfluid and normal response, respectively. To model these data we choose for a given
configuration the fit function

T¢(v) = Teg + & - tsir - max[(v* — 02),0], (5.1)

which describes the heating of a 2D superfluid in the presence of a moving point-like
defect [143]. In equation (5.1) the three fit parameters are the temperature at zero veloc-
ity T¢, the heating coefficient x, and the critical velocity v.. In the normal state, the fit
finds v, ~ 0 and the according quadratic heating stems from the linear scaling of the
drag force. In the absence of the stirring beam, there is no significant heating and we
measure the temperature T;. The presence of the stirring beam at zero velocity leads to
a ‘background heating’ T; ) — T; ~ 10nK, which we attribute to photon scattering. In
the following, we use the mean temperature T = (T; + T() /2 to characterize the cloud.

5.2. Observation of a critical velocity

In Fig. 5.3, we summarize our data obtained for different configurations (N, T, r). We
show in Fig.5.3a the fitted critical velocities versus the single parameter po.(r) /kpT.
The relevance of this parameter results from (i) the local character of the excitation, so
that the response of the fluid to the moving perturbation is expected to be similar to
that of a uniform gas with the same temperature and the chemical potential p,, (ii)
the scale invariance of the weakly-interacting 2D Bose gas, whose thermodynamical
properties do not depend separately on i and T, but only on the ratio u/kgT (see [69,
70, 125]). In particular, this ratio is univocally related to the phase space density, and
thus characterizes the degree of degeneracy of the cloud.

Quite remarkably, the ensemble of our data for v. when plotted as a function of
tioc/ kg T shows a threshold between values compatible with zero and clearly non-zero
values. This threshold is located at pyo./kgT = 0.24, somewhat above the prediction
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Figure 5.2.: Evidence for a critical velocity. Two typical curves of the temperature after stir-

ring the laser beam at varying velocities. a, In the superfluid regime, we observe
a critical velocity (here v. = 0.87(9) mm/s), below which there is no dissipation.
b, In the normal regime, the heating is quadratic in the velocity. The fitted heating
coefficients are x = 18(3)nK - s/mm? and x = 26(3)nK - s/mm? in a and b, re-
spectively. The experimental parameters are (N, T, u, r)=(87000, 89 nK, kg x 59nK,
14.4™m) and (38000, 67 nK, kg x 39nK, 16.6 "m) for a and b, respectively, yielding
Hioc/ kT = 0.36 and pyoc/kgT = 0.04. The data points are the average of typ-
ically ten shots. The y error bars show the standard deviation. The x error bar
denotes the spread of velocities along the size of the stirring beam (1/ /e radius).
The solid line is a fit to the data according to equation (5.1). The stirring time is
0.2 s for all data points. Note that the three low-lying data points in a correspond
to the completion of an odd number of half turns. For these data points, where
we see a downshift of the temperature by approximately 1.5nK, we also observe a
displacement of the center of mass of the cloud by a few ym. ¢ and d, Calculated
radial density distribution for the clouds in a and b, respectively. The dashed blue
curve shows the superfluid density, the solid red curve shows the normal den-
sity. The stirring beam potential is indicated by the grey shaded area (in arbitrary
units). The densities are calculated via the local density approximation from the
prediction for an infinite uniform system [125]. The jump of the superfluid density
from zero to a universal value of 4/ )\éB (where Agp is the thermal de Broglie wave-
length) is a prominent feature of the BKT transition. The normal density makes a
corresponding jump to keep the total density continuous.

(u/kgT). = 0.15 for the superfluid phase transition in a uniform system [125] with

g = 0.093.

If we assume that the stirrer must stand entirely in the superfluid core in

order to yield a non-zero critical velocity, then the deviation can be attributed to the
non-zero width of the stirring beam. The range of jo./kpT corresponding to the extent
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5.3. Comparison with theory and previous measurements

of this beam is indicated by the horizontal error bars in Fig.5.3a. Note that the finite
size of our trapped atomic clouds might also shift the BKT transition, but the effect is
expected to be small (a few percent) and in the opposite direction [125].

We limit the presented stirring radii to r > 10 ym such that the stirring frequencies
w = v/r for the relevant velocities v ~ v, are well below w,. Indeed, smaller radii
correspond to a larger centripetal acceleration. This could lead to additional heating
via the phonon analog of synchrotron radiation, as observed in the formally similar
context of capillary waves generated by a rotating object [144].

5.3. Comparison with theory and previous measurements

For a homogeneous system, the value of the critical velocity is limited by two dis-
sipation mechanisms, the excitation of phonons or vortices. For a point-like obstacle
[143], phonon excitation dominates and v, is equal to the speed of sound, given in the
zero temperature limit by ¢ = #\/gn/m (= 1.6mm/s for n = 50 atoms/ um?) (this
situation is described by the celebrated Landau criterion [141]). When the obstacle size
wy increases and becomes comparable to ¢, dissipation via the nucleation of vortex-
antivortex pairs (vortex rings in 3D) becomes significant [145-147]. The correspond-
ing v, is then notably reduced with respect to cs. In the limit of very large obstacles
(wp > (), an analytical analysis of the superfluid flow stability yields v. ~ i/ mwy < ¢
(see [148, 149]). With an obstacle size wy 2 ¢, our experimental situation is intermediate
between these two asymptotic regimes. For a non-homogeneous system like ours with
the stirring obstacle close to the border of the expected superfluid regime, one can also
excite surface modes [132, 150], which constitute an additional dissipation mechanism.

Our measured critical velocities are in the range 0.5-1.0mm/s, i.e., v./cs = 0.3 —
0.6. By contrast, previous experiments in 3D clouds found lower fractions v./cs ~
0.1 (see [75]). The difference may be due to the larger size of the obstacles that were
used, and to the average along the axis of the stirring beam of the density distribution
in the 3D gas [151]. The dominant dissipation mechanism could be revealed by e.g.
directly observing the created vortex pairs as in [142] or interferometrically detecting
the Cerenkov-like wave pattern for v > c; as in experiments with a non-equilibrium 2D
superfluid of exciton-polariton quasi-particles [152].

5.4. Heating coeficient

Fig. 5.3b shows the fitted heating coefficients x for the normal (red circles) and super-
fluid data (blue circles). In the normal region, we expect the heating to scale linearly
with the normal density n,, (see [76]). Using the prediction of [125] for 7in, (averaged
over the size of the stirring beam) we fit k = a; - 7in, and obtain a; ~ 3 - 107°nK - s.
This value is in reasonable agreement with the prediction of a model [76] of a single
particle with a thermal velocity distribution of mean & = +/7wkgT /2m colliding with a
moving hard wall of width L = wy yielding a; = 16mLo/7ntNkg ~ 6 -107°nK - s (for
N = 65000 and T = 90nK). In particular our data nicely reproduce the maximum of
fino around the expected superfluid transition point. In the superfluid case and v > v,

105



5. Superfluidity in two dimensions

0.5

v: (mm/s)

0

40 |

20

x (nK s /mm?)

w1l "]
E i
S

et

| ]

RS

T

. | \ !
—-0.2 —-0.1 0 0.1 0.2 0.3 0.4 0.5
,uloc/kBT
T T

4
4
4
4
4
7’
4
4
- ’ —
’
>
’
A —

’
- @
-
-
-
-
-
-
-

! \
—-0.2 —-0.1 0 0.1 0.2 0.3 0.4 0.5
,uloc/kBT

Figure 5.3.: Superfluid behaviour across the BKT transition. a, The critical velocities v. ob-

tained from the curves as in Fig.(5.2) plotted versus the single parameter . /kgT,
which is the relevant quantity due to the scale invariance of the weakly-interacting
2D Bose gas. Our data show a threshold between critical velocities compatible with
zero and clearly non-zero critical velocities. It is located at pjo. /kgT ~ 0.24 (dashed
line), somewhat above the prediction (yjc./kT). = 0.15 for the BKT transition in
an infinite uniform system [125] (the grey shaded area indicates the normal state
by this prediction). The x error bars indicate the region of .. /kpT that is traced
by the stirring beam due to its size (using the 1/+/e width of the beam) and due to
the ‘background heating’. The y error bar is the fitting error. The inset to a shows
the critical velocity plotted versus the stirring radius r. Due to the different atom
numbers and temperatures of the clouds, we can find superfluid or normal be-
haviour for the same radius. b, The heating coefficient x as a function of yjo./kgT
for the normal data (red circles) and the superfluid data (blue circles). The red solid
line shows a fit of x linear in the normal density, as expected from a single-particle
model. The blue dashed line shows an empirical fit quadratic in the superfluid
density. The calculation for the densities assumes T = 90nK and the densities are
averaged over the size of the stirring beam.

we empirically fit a quadratic scaling of the heating with density ¥ = a, - n3; and find
a; = 8-107nK-s - 'm?. In principle, one could develop a more refined model to de-

scribe the

superfluid region, by taking into account the coexistence of the normal and

superfluid states via the sum of two heating terms. However, within the accuracy of
our data, we did not find any evidence for the need of such a more refined description.
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5.5. conclusion

5.5. conclusion

We have presented a direct proof of the superfluid character of a trapped 2D Bose
gas. An interesting extension of our work would be the study of superfluidity from the
complementary point of view of persistent currents, by adapting to 2D the pioneering
experiments performed in 3D toroidal traps [79-81].
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6. The uniform two-dimensional Bose gas

In this chapter, I will present our experimental development toward the production
of a two—dimensional uniform atomic gas. For creating such an unusual atomic sample,
we need to shape the confining potential into a box-like one in the radial directions
whereas along the vertical axis the confinement is still set by the light-sheet beam (see
2.2). The resulting radial potential must show:

— a central uniform region where the potential is constant (equals to Upettom) and
where the atoms can be trapped. We characterized this central region by its typical
radial extension Ryy.

— ahigh energy barrier of height Upayrier delimiting this central trapping region from
the outer anti-confining one. This edge domain where the potential varies from
Upottom t0 Uparrier must ideally be of zero spatial extent (that is to say of infinite
sharpness).

Of course, every possible experimental implementation of such a trapping configu-
ration would present some defects compared to these ideal characteristics, which are
non-uniformities of the central trapping region and a finite stiffness of the edges. The
relative importance of these defects for the various implementation options dictates an
experimental choice between them.

In a first part, I will introduce specifications on the potential properties emanating
from the particular gas configurations we want to study. Then, I will detail two schemes
for creating uniform trapping using a single laser beam, far blue-detuned compared to
the atomic resonance. These two schemes consist in two ways of shaping the beam
to display a dark center at the position of the atoms. In both cases, I will present a
quantitative and detailed characterization of the potential created, both theoretically
and experimentally to justify our choice.

6.1. Experimental specifications for our 2D Uniform trap

In this section, I deduce specific constraints on the uniform trapping potential stem-
ming from a theoretical analysis of the range of cloud parameters we want to study.
These constraints will give rise to specifications for our experimental realization of uni-
form trapping, that I will present later on. It will lead to a choice between the different
possibilities. I start by presenting the physical regime we are interested in for our gas
and deduce the atomic configurations we want to achieve in terms of atom number N,
temperature T and interaction energy per particle €int. I then define the resulting con-
straints on the trap height, on the uniformity of its central region and on the steepness
of its edges. Finally, I present various possibilities for experimentally realizing such a
trapping configuration and select two of them for further experimental tests.
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6. The uniform two-dimensional Bose gas

6.1.1. Physical properties of the gas under study

The physical configuration of the 2D gas we want to create, which is characterized
by N, T and €jyt, is constrained by the combination of the range of physical properties
of interest in our studies and of the characteristics of our 2D trapping configuration.

In our experiments, we want to vary these cloud parameters to test the thermody-
namic transitions described in Chapter 1 —namely the partial condensation along trans-
verse condensation (BEC | ), the condensation to the full ground state induced in 2D by
finite-size effects and the Berezinskii—Kosterlitz—Thouless (BKT) transition. In our con-
figuration, BEC | arises at total 2D phase—space density (PSD) Dt(gtD ) = D JA2 equals
to Dt(gf %ECL ~ 712/6 x kgT/hw, (where n?P) stands for the total 2D atomic density,
At for the thermal wavelength and w, stands for the oscillation frequency of the trans-
verse motion). Due to the requirement on the trap anisotropy for the relevance of the
two step condensation picture (see 1.2.3.2), we restrain ourselves to kgT < 15w, so

that typically ! Dt(gtllj %ECL < 25. The two latter transitions (BEC and BKT) occur at a

larger 2D phase-space density (PSD) verifying DSZD) A D(()IZ]?E)C, D(g,zglzT ~ 8. For study-

ing gas properties around these transitions, we thus want to cover a typical range of
phase—space density Dt(stD ) varying from 1 to 100.

As the typical atom number achievable in our 2D gases varies from N = 10° to
N = 10° and the box surface ranges ? in Apo, = 300-900 m?, the typical atomic density
varies from n(®?) = 1 to 150 um~2. For realizing the desired PSDs, we then roughly
study T around 100 nK, typically varied from a few tens up to a few hundreds nK. In
these cases, we can estimate the interaction energy of our gas, by:

— using predictions from classical Monte Carlo simulations [124, 125] or solving
Gross Pitaevskii equation (see Annex B). These predictions are valid for our cold-
est cloud (compared to temperature associated with transverse trapping energy
gap hw,/kg which varies from 20nK to 100nK) and for high enough value of
DD) (see Ch. 1). Note that in Thomas-Fermi approximation it simplifies in € ~
1/2 ~ kgT §DPP) /47t (for the most degenerate cases).

— performing a first order approximation from ideal Bose law calculations (see An-
nex A for details). We perform such an estimate for the hottest clouds and lowest
trapping frequency w, /27 = 350 Hz for which previous prediction does not ap-
ply. In this approximation, we find €jn; S kpT for the considered atomic numbers
N and temperatures T.

6.1.2. Deduced constraints on the trapping potential

The techniques that I will present in this chapter to create a box-like potential are
based on the use of a single far-blue-detuned (A = 532nm) laser beam of intensity
I. This beam gives rise to a dipolar potential U = «I on the atoms with « = kg x

1. Note that in this case the 2D PSD corresponding to the ground state of the z-motion D(()ZD) = n(()ZD) A

(nézD> is the 2D density of atoms populating the ground-state of the z-motion) is logarithmically smaller
2D Co 2D
than Dt(ot, ) EC, (see Eq. 1.51) , which gives Dé, BE)Q <4

2. This is set by the radial extent of the LS beam that provides transverse confinement (see 2.2.1).
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6.1. Experimental specifications for our 2D Uniform trap

59 mK um? /W (as for the 2D light-sheet potential. see 2.2.1 for details). We thus want
to shape its intensity profile at the position of our sample to create a «hollow beam»,
that presents:

— a central dark region of constant (and small) intensity Ioom, that constitutes an

«intensity hole».
— a sharp intensity variation at the edges of this «hole» to a high maximal value
Larrier-

— a smoothly varying outer region from this intensity maximum toward the outer

and dark region of the beam.

I will present in next sections how to create such a profile, I now focus on the con-
straints on this intensity profile due to the specific cloud configurations under study, as
introduced above.

The constraints bear on three main characteristics:

6.1.2.1. The maximal energy barrier Uy...ir cOnfining the atoms in the central
region

To be able to load a 3D gas of temperature T in the box-trap potential without evap-
oratively cutting its thermal excitations distribution, the necessary energy barrier must
verifies Uparrier 2 10 to 20 X kgT. As we want to load gases of T 2 250 nK, the resulting
condition reads

uoad = wpload > gp x5 uK. 6.1)

barrier barrier ~v

From this inequality, we infer the total power P\%9 needed in the beam depending on

the specific setup used for creating this trap geometry.

6.1.2.2. The uniformity of the trap center:

In order to avoid perturbing the atomic distribution, the variations of the confining
potential in the central uniform region must be small compared to the largest energy
scale between the gas temperature kgT and its interaction energy €int. We call 6U the
typical variation of the potential height in the central region °.

We want to characterize the maximally acceptable variation éUmax compared to the
energy barrier Upaprier *. We impose® 6Umax = kpT/2. As, due to evaporation con-
dition, the ratio of the potential barrier and the temperature is typically bounded to
Uparrier/k8T < 10, then, in the intensity profile at the position of the atoms, the maxi-
mal variation of intensity in the central region must be less than 5% of the maximal

3. We will see at the end of the paragraph how to self-consistently define such a central region: It will be
delimited by an upper potential bound Umin = Uppttom + 6Umax Where Umay is the maximally acceptable
value for 6U

4. We compare the variation U and the barrier Uy ey realized at the same laser power P,y. As they
are both proportional to this power, the final condition on ratio éUmax/Uparrier Will be independent on
Ppox

5. Note that, for the most degenerate gases (D<2D ) 2 4m/g), the condition given in Eq. 6.2 on the trap
bottom flatness is relaxed due to the prevailing interaction energy €j 2 kgT that introduces a higher
energy scale tending to uniformize cloud density.
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6. The uniform two-dimensional Bose gas

intensity:

SU < OUnax = ubzagi”. (6.2)

We coherently define the central trapping region to be the domain in which the potential
varies by less than dUmax = Uparrier /20. It is then defined by the value of the potential
at its edges Umin = Ubottom + Ubarrier / 20.

6.1.2.3. The steepness of the walls:

Due to the relation between the temperature and the total energy barrier of the po-
tential, Uparrier 2 5—10 X kT, Uparrier happens not to be the relevant reference for defin-
ing the edges felt by the atoms: The potential barriers seen by the atomic ensemble
is more accurately described by a fraction of the total height, typically we take it to
Umax = Umin + Uparrier/5 Where Unin is the previously introduced potential limit to
the inner trapping region. To describe quantitatively the steepness of this part of the

potential, we will measure two quantities:

1. First, we define the characteristic length on which the potential varies from Umin
to Umax. This length scale will be called the «stiffness» of the uniform trap and it
will be denoted by 7 in the rest of this chapter. If  stands for the abscissa along
straight paths going from the center of the beam to its edges:

_ u(Rbarrier) = umax = ubottom + ubarrier/ 4
77 N <Rbarrier B rmin>paths / { u(rmin) — umin = ubottom + ubarrier / 20 (63)
To be sharp, the edges must correspond to an 7 that is short compared to the
other characteristic macroscopic lengths of the problem. This is commonly the
trap extension® Ry, and we impose 77 < Rpox/3. Typically, Ryox ranges in 5-15
pm resulting in 7 S 1.7-5 ym. 1 must also be smaller than or comparable to the
microscopic length of the problem, that is commonly the healing length ¢ defined
by ¢ = 1/+/$n. For our configuration, we typically have { = 0.5-1.5 ym. and we
impose 7 < ¢. In conclusion, # characterizes the relevant edges of the potential
and we require it to be of a few micrometers or less.

2. To consider our trap as a box-like one, we also want to differentiate it from the
commonly used harmonic-trap. To do so, we need to characterize the way the
potential varies from its center to the edges. We thus perform a power-law fit of
the potential from 7 = 0 to 7 = Rpapier that is the abscissa’ for which the potential
is equal to Umax defined in Eq. 6.3. The fitting function used is:

ffit(r) = Ibottom +B (7’/Rbarrier>/S (64)

6. For anisotropic trap, we would in fact define several stiffness, one for each symmetry axis . To do so,
we perform averages in Eq. 6.3 over paths along each symmetry axis. We would compare each of them to
the corresponding axis characteristic size.

7. Before performing such a fit, we in fact usually realize some averaging of the potential profile to con-
vert dependency U(x,y) — V(r). For box-trap presenting rotation symmetry, we perform usual azimuthal
averaging. For trap presenting no rotation symmetry, we will use averaged cut along each symmetry axis.
This will usually result in several power law fits characterization, one for each axis.
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6.1. Experimental specifications for our 2D Uniform trap

We will impose ® a power-law coefficient > 5.

Those two quantities are related as, for a given radius Ry, the lower S is, the larger
1. But the precise relation between them depends on the radius Ry of the trapping
region. Both quantities give, in their respective way, an interesting insight on the con-
finement of our cloud. We are thus interested in computing both quantities for each of
our experimental implementation.

6.1.3. Choice on experimental technique to realize the uniform trap

Several techniques have been developed over years to realize a box-like or at least
non-harmonic potential. In most of these previous experimental realizations, we note
that the potential needed to be three-dimensional. In this section, I will briefly intro-
duced selected examples. I will point out two realizations we have tested experimen-
tally in our setup and that I will detail in the rest of the chapter.

A first technique have been developed to create dark non-harmonic potentials using
phase plates [153]. This strategy is very similar to the solution we have implemented
for creating the 2D light-sheet potential (see 2.2). A specific phase is imprinted on an
initially Gaussian beam that is then focused with a lens. The phase profile is then con-
verted into an intensity profile. Various choices have been made concerning the specific
phase imprint used in these setups. The first proposals were only using one plate gener-
ating, after conjugation, either a Laguerre-Gaussian beam [153] or a Hermite—Gaussian
one [154]. Due to typical 3D geometry used in experiments, it was profitable to com-
bine several of them as in [155, 156]. In our advantageous 2D geometry, we can keep
using a unique plate. We choose to test this technique experimentally on our atoms.

Axicon lenses have been used to create collimated beam exhibiting an hollow center
as in [157] and [158]. The hollow center is robust along the beam propagation. It never-
theless needs to be cleaned to be of a sufficient quality to uniformly trap atoms. Such a
cleaning is done using a dark spot in combination with this special lenses (see [157]).

In our specific configuration, due to the huge advantage of 2D geometry, we in fact
develop a much simpler method, only using the cleaning mask to create the hollow
beam at the specific image position. This technique only manipulates intensity profiles
using diffraction on the mask. Then the cancelation of the beam profile is not extended
along the beam propagation and has a short «depth of field», that is that the central
hollow region is deformed and blurred when getting away from the precise focus po-
sition. Nevertheless, due to our planar geometry, we were comforted in trying this
simple method prior to any complication using special optics devices.

One can use a rapidly rotating laser beam that creates the desired barrier by time-
averaging (if the rotation frequency is high enough compared to the evolution time of
the atomic cloud). Such a method has been implemented using a Acousto—Optic Mod-
ulator in [159]. It is a very versatile procedure but it has only been implemented for
creating large traps (typical radius of 100 ym) confining hotter clouds (typically of sev-

8. This choice is arbitrary and simply sets to be significantly different from an harmonic behavior.
Previous PhD student Rémi Desbuquois [111] in fact imposes a more severe constraint (8 2 10) in order
to inverse BKT and BEC transitions apparition order.
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6. The uniform two-dimensional Bose gas

eral tens of uK). We did not consider this technique in our setup. We were in particular
concerned by heating issues.

In Hadzibabic group [49], 3D uniform potential are created via the use of a Spatial
Light Modulator (SLM). This technique also use a phase imprint but here the phase
imprinted can be controlled dynamically to correct for optical defects. This technique
was first implemented in [160]. The specific refreshing frequency of such a device made
them unusable for our specific experimental setup. For this reason, we discard this
possible implementation.

In the rest of the chapter, I will present the experimental implementation of the two
methods pointed out as relevant for our specific configuration. For each of them, I will
characterize the uniform potential and compare the results to the specifications defined
in this section. This will lead to an experimental choice between them:

1. We first developed a holographic method using a phase plate to generate a La-
guerre Gaussian beam of high order. Even though seemingly robust (as the can-
celation of the intensity profile is topologically ensured), such a technique reveals
experimentally limited in terms of both barrier height and trap bottom quality.
As not complying with the experimental requirements for our gases, we decided
to discard it.

2. We then developed a simple geometrical imaging method using a blocking mask
that we image at the position of the atoms. Even though the cancelation of the
beam profile only occurs at the exact image position of the mask, we experimen-
tally select this second method as the most relevant to simulate uniform trapping
in our specific 2D geometry (Note that such a conclusion would not hold for the
3D case).

6.2. Uniform trap via holographic shaping

6.2.1. Principle

The first method we implemented to create a box-like potential is an holographic
method using an optical phase plate. The experimental setup is described in Fig. 6.1(b)
and follows the same principle as the 2D shaping (see 2.2). The phase plate imprints a
specific phase on a collimated Gaussian beam. This beam is then focused on the atoms
with a lens so that the phase imprint translates into a special amplitude profile at this
position. The phase imprint chosen for creating the desired «hollow beam» at the lens
focus is a linear function of the angle while a constant with the radius so that it results
in a phase winding when completing a revolution around the plate” (see Fig.6.1(a).
The overall phase winding must be a multiple n of 27. Such a phase is thus similar to
the one found in a n-fold vortex.

As for the 2D shaping (see 2.2.1), the resulting trapping potential U is deduced from
the intensity profile Iy at the focus of the lens by U = alyg. Detailed calculations
of the intensity profile I in the paraxial approximation were performed by previous

9. We should note that in practice the phase is not continuously varying with the angle but use discrete
steps defining tiny phase sectors (typically our phase plates are made of 96 sectors)
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Figure 6.1.: (a) Six-fold phase vortex imprinted by the phase plate. Though only four phase
sectors per 27T step are represented, our phase plates have 16 sectors per 27 step.
(b) Experimental setup required to create a stadium with a phase plate.

PhD student P. Rath [109]. I will summarize them here. For a phase winding of n x 27,
the electric field in the focal plane (parameterized by the polar coordinates (p, ¢)) of the
lens of focal length f is given by

E(p,¢) = /r dr dOEq(r, 0) i nfe 170 <os(0=¢) (6.5)

where Ej is the electric field distribution in the plane of the phase plate (parameterized
by the polar coordinates (r,6)) and k = 27t/ A. For a Gaussian profile Ey of waist wy (at
the phase plate location), this integral can be fully evaluated. Around the origin, the
electric field can be approximated at the lowest order by

2IJbOX in(P i "
E(p —0,¢) 1/77_“0626 (w{)) (6.6)

where P, is the total power of the beam, and wy) is the waist at the focus of the lens
and writes w) = A f /7 wy. We note that the intensity distribution Iy (e |E|?) and so
the trapping potential U is proportional to (o/w})*" for p — 0. Then the higher 7 is,
the flatter the central confining region. In practice, we choose to use a phase plate with
n=6.

6.2.2. Theoretical expectations

Using the general formula obtained by exact integration of Eq. 6.5 for all radius p and
for a Gaussian beam (see [109] for details), we compute the whole intensity profile at
the focus of the lens and show it in Fig. 6.2. From this theoretical profile, we deduce the
expected properties for the trapping potential.

First, we note that, in the center, the intensity cancels perfectly I(p = 0) = 0. The
intensity shows thus a maximum (denoted Ip,rier) at an intermediate radius Rparrier
and we find Rpaprier & 3.2 wj. For p > Rparrier, the intensity is decreasing slowly and the
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6. The uniform two-dimensional Bose gas

initial beam power is redistributed all along this important outer region. In particular,
for p > 5w}, we fit a decay behavior I & p~3. We now characterize the inner trapping
region and its edges.

6.2.2.1. Radius of the box-trap

We define the extent of the central dark region by giving the radius inside which the
intensity do not exceed 5% of the intensity peak Imin = Ibarrier/20. This radius denoted
Rypox corresponds to the radius of the resulting uniform-trap on the atoms and we find

I(Rbox) = Ibarrier/zo = Rbox ~ 15 w6~ (6~7)

For the range of Ry of interest, wj must vary from 3 ym to 10 um. To create such a
small size, we need a specially designed optical setup to strongly focus our beam onto
the atoms. The minimally achievable value of the trap radius will be limited by the
resolution ¢ of our imaging setup (Rpox 2 1.50).

~

6.2.2.2. Barrier height of the box-trap

Due to the slow decay in the wings of the profile, I ayier is only a small fraction of the
intensity maximum Iy = 2P/ (nwbz) of the same Gaussian beam in the absence of the
phase plate. We find

2Ppox & a P,
Iparrier =~ 0.014 Iy = Upaprier = 0.014 7T(RT0;15)2 =0.02 Rﬁ: (6.8)

For a typical box-trap of radius Rpox = 10 um, we expect Uparrier = 11.8 uK for Pyox =
1 W. From the constraint of Eq. 6.1, we deduce that for the same Ry = 10 ym, we need
a total power of B,y = 850 mW. We note that the power needed depends strongly on
the box-trap radius as Ppox R%OX. Since only Pyox ~ 500mW are available in our
experimental setup, we then have to restrict to Rpox S 8 pm.

6.2.2.3. Steepness of the edges of the box-trap

First, we note that the intensity varies from Inin to Iparrier in @ characteristic length
that is Rparrier — Rbox = 1.7w)) ~ Rpoy (seeFig. 6.2). As we pointed out previously, only
the sharp variation of the potential at small values is relevant to define the steepness of
the resulting potential barrier seen by the atomic ensemble. We then characterize this
steepness as introduced in 6.1.2 and compute:

— The stiffness 7 = Rparrier — "min = 0.41w(, = 0.27Rpox.

— The power-law coefficient § = 6.55 £ 0.07.

For such an implementation, the theoretical steepness is limited, but still marginally
satisfies the requirements 17 < Ry, /3 and B > 5 defined in 6.1.2. Then, if it is realized
experimentally, it must be sufficient to realize a box potential with sharp edges.
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Figure 6.2.: In red solid line, intensity distribution for a phase plate with a 127t phase winding
in paraxial approximation. This beam profile is extracted from exact integration of
Eq.6.5 for a Gaussian beam. Ij is the intensity in the center of a Gaussian beam
with the same total power P. In orange is presented the power low fit of the trap
edges using Eq. 6.4. The fit gives p = 6.55 £ 0.07.

6.2.3. Experimental results and reasons for abandon

Such a scheme of principle have been tested in a previous campaign on a simplified
optical setup by former PhD students P. Rath [109] and D. Jacob. While still noticing
some defects, the results were supporting for an experimental test on the atoms. I recall
here briefly the deviations compared to the theoretical expectations they pointed out:

— They observed steeper walls than expected.

— The resulting hollow shape is slightly hexagonal, certainly due to the discrete
sectors on the plate. We must take this into account for our detailed cloud analysis
but it does not constitute a stringent limitation.

— An intensity bump occurs at the center of the profile when looking exactly at the
focus of the lens. They manage to get rid of this non—-uniformity by moving away
from the focus '°.

Following these conclusions, we decided to implement such a trapping potential on
our main experimental setup.

In this first experimental implementation on the atoms, the box-trap was propagating
upward and so counter—-propagating compared to the vertical imaging beam (see 3.2.2
and Fig.3.3 for a description of the imaging setup). It was superimposed with the
imaging beam just before the microscope objective and imaged on the atoms by this
same microscope objective !

10. Note that we perform the same trick for aligning the light-sheet beam which is also generated from
a phase-plate (see 2.2.2)

11. We should note that the microscope objective was design for use with 780 nm wavelength light.
Then some chromatic effects may occur.
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6. The uniform two-dimensional Bose gas

In this setup, we can image the intensity profile of the beam on a side imaging setup
with a camera set at a conjugated position to the location of the atomic plane. This
imaging setup enable to estimate the potential that is effectively felt by the atoms. An
example of the measured intensity distribution is presented in Fig.6.3(a), and an az-
imuthal averaging is performed in Fig.6.3(b). For our implementation on the main
experimental setup, we obtain similar results than in the preliminary tests described
above but with stronger defects of the potential center. We perform a quantitative anal-
ysis of the trap characteristics as described in the following.
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Figure 6.3.: (a) Intensity distribution created by a phase plate with a 1277 winding. (b) Radial
average of the intensity distribution (red line), along with a fit of the central region
with the fitting function from Eq. 6.4 (orange line). The fit is performed for r < Ry
(see Eq.6.7), and the fitted power is f = 7.98 instead of 6.55 as expected from
previous theoretical analysis. The black dotted line correspond to the theoretical
profile with a waist given by Rpox/1.5 = 10 um. This plot enhance the increased
steepness of the potential barrier in the experiment.

6.2.3.1. Radius of the box-trap and trap bottom

The mean intensity in the trapping center in this distribution is I,ottom = 0.015Iparrier-
We characterize as previously the radius of the uniform trap to be the distance at which
the intensity is equals to Imin = Ivottom + (Imax — Ibottom ) /20. We find here Rpox = 15 ym
and deduce w(, = 10 um. We should note that, in this precise experimental realization,
we displaced the atomic plane away from the focus of the box-trap beam in order to
lower the effect of the central bump already observed in preliminary tests. The radius
value results then from a compromise between the unwanted increase in the beam waist
size due to this defocusing and the gain in uniformity of the central trapping domain.
Rpox = 15 um corresponds to the maximally acceptable extent of the box-trap in terms
of light sheet radial waist (see 2.2). We highlight that:

1. This configuration gives rise to a limited energy barrier of Upaprier ~ 2.6 uK for
the available power P,ox ~ 500 mW bounding then the temperature of the loaded
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6.2. Uniform trap via holographic shaping

gas.

2. Due to the use of the maximally acceptable Ry, and thus the maximal defocusing
of the box-trap beam, this configuration corresponds to the most favorable one in
terms of the trap bottom fluctuations and edges steepness. Configurations with
smaller radii will necessary lead to more important defects.

6.2.3.2. Steepness of the edges of the box-trap

The intensity maximum Lyyrier is found at Rpaprier = 24 pm which is smaller than
expected. Such an observation agrees with the preliminary-test conclusion that the
walls are steeper than expected. Then the intensity varies from approximately I, ottom to
Lyarrier in @ characteristic extent of Rpayrier — Rpox = 0.9 wj,. The walls steepness is quan-
titatively characterized by the variation at small values of the potential as introduced
in 6.1.2 and we find:

— A stiffness § = 0.34 w}] = 0.23 Ry that is 20% shorter than expected stiffness

and satisfies the required 77 < Rpox /3.

— A power-law coefficient § = 7.98 4= 0.01 that is also steeper than expected and

satisfies the requirements.

6.2.3.3. Uniformity of the trap bottom

1 b)
3 |
&
'%\‘ | I }
z 0.5
9
k=

025 ,l« .
i
l“»ﬂ " W\ )“ ‘}v“
0 | |

|
—40 =20 0 20 40

rin pym

Figure 6.4.: (a) Intensity distribution created by a phase plate. The intensity has been rescaled
to reveal the features in the center of the beam. (b) Two cuts of the intensity distri-
bution shown in (a).

The uniformity of the central part of the intensity distribution is our major concern.
Contrarily to what was observed in the preliminary tests, we could not get rid of the
bump at the center of the trap. This is due to the fact that we had to limit the dis-
placement from the focus to keep Rpox < 15 um. The intensity profile is presented in
Fig. 6.4(a) with a rescaled intensity that reveals several defects:
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6. The uniform two-dimensional Bose gas

— We clearly distinguish six intensity minima. This can be understood if we con-

sider the phase plate as an imprint of six individual phase vortices, instead of a
single six-fold vortex. For an ideal phase plate, the centers of the vortices coin-
cide so that they are equivalent to the expected six-fold vortex. If the phase plate
presents some defects, the vortex centers can be shifted so that the resulting to-
tal phase distribution is only equivalent to a six-fold vortex in the wings of the
intensity distribution and not in its inner region.

These six minima result in intensity bumps, at the center as well as along six radial
lines, which remain important even when moving away from the focus.

The edges are not perfectly symmetric and also show some defects. Thus the en-
ergy of barrier Up,,rier i NOt a constant along all path that goes from the center to
the wings of the intensity profile. We must then compare the variation of intensity
in the center 6U to the minimum barrier height over the straight paths, denoted
by their angle 6, Uf®t . = min(Uparrier (0))-

barrier

Then for the intensity profile shown in Fig.6.4(b), the maximal intensity defect is as
large as 40% of the barrier height (and its mean value is (5U) ~ 0.07 Ut . ) which is
too important for our applications (see Eq. 6.2).

barrier

In short, this implementation of an uniform trap does not fulfill the prerequisite de-
fined at the beginning of the chapter. For this reason, we present in the following section
an alternative method for producing a uniform confinement.
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Figure 6.5.: Optical setup for the creation of a stadium potential in the experiment. In this

120

setup we use to lenses of focal lengths f; = 500mm and f, = 150mm respectively.
We place them such that either the glass plate holding the masks imprint or the
atoms are located at their focus. In between the two lenses, the beam profile is
cut by either the intrinsic setup aperture that is limited by a slit placed just after
the second lens or a deliberate diaphragm placed inside the telescope to control at
with order we do cut the diffraction pattern.



6.3. The dark spot method

6.3. The dark spot method

6.3.1. Principle and theoretical expectations.

A straightforward way for creating a hollow-core beam consists in simply putting
a mask at a given position on its path and forming the image of the mask plane at
the wanted location. The mask can be of any shape. As the mask does not transmit
light, just after the mask position, the intensity profile is simply the Gaussian profile
truncated to zero by the mask shape. Mathematically, if we call ¢(x, y) the transmission
in the plane of the mask, t(x,y) is defined by #(x,y) = 0 if (x,y) is inside the mask
shape and t(x,y) = 1 elsewhere. Then the intensity profile just after the mask plate is
defined by

li(x,y) = fzj’gez’z/ “ Hx,y) (6.9)
where wy is the waist of the laser at the position of the mask and P,y is the available
laser power.

This intensity will be reformed, up to a magnification factor M, onto the atoms by
the imaging setup as presented schematically in Fig.6.5. In the limit of infinite and
perfect optical elements and paraxial beam propagation, the intensity profile It(x’,y’)
is equal to [i(x, y) with (¥, ") = M (x,y):

() = L /M,y M) = %e—%’z/wz (/MY M) (6.10)

where we defined w = Muwy, the waist if the beam at the position of the atoms.

For now on, to compare to the previous implementation using a phase plate imprint,
we will consider a disk-shaped mask of radius Ry,asx and note r (resp. ') the radial
coordinate in the mask (resp. atom) plane. Then

If(r') = %ewz/ ©if ' >Rpoy  and  Ip(r') = 0,if ' < Rpox (6.11)

where Rpox = MRpask is the hollow-core size at the position of the atoms.

6.3.1.1. Barrier height and optimal waist

For a fixed laser power P,y and a fixed mask radius Ry, the intensity barrier (i.e.
the intensity at the edges of the mask) is maximal for w = V2 Rpox. Then, the energy

barrier is given by
x B box

o R2
ern RboX

Ubarrier = (6~12)
For a given power P, the energy barrier corresponding to this setup is then 5.8 times
greater than the one expected in the holographic method (see Eq. 6.8) for the same trap
radius Rpox. We then only need Pyox = 325mW for Rpox = 15um to satisfy Eq.6.1,
which is available in our setup.
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6.3.1.2. Steepness of the edges and flatness of the bottom of the trap:

In the previously used limit of infinite and perfect optical elements and paraxial beam
propagation, both the steepness of the barrier and the flatness of the bottom of the
potential are expected to be infinite (or set by the mask quality). In practice, these will
be limited by the numerical aperture of the imaging system.

6.3.1.3. Aperture Effects on the trap quality

I present a detailed simulation of the effect of a finite aperture on the beam propa-
gation and resulting trap quality in Annex G. The aperture is a disk of radius Rgjaphr
centered on the beam and placed inside the telescope that image the mask onto the
atomic sample (as it is experimentally relevant to simulate the actual effect of the clip-
ping objects in our setup, see Fig. 6.5 and comments in Annex G). I summarize here the
conclusions of this analysis.

For our setup characteristics, the aperture affects the trap quality at the level of the
experimental requirements defined in 6.1.2 if Rgjaphy < 15mm. This is thus in practice
a relevant effect. Both the edge steepness and the trap bottom uniformity are affected
by the finite aperture. The overall tendency is the larger the aperture, the shorter the
stiffness length 7, the higher the power law coefficient g, the flatter the trap bottom.
For aperture sizes Rgjaphr. < 3mm the limiting feature is the variation of the potential
in the central region compared to the barrier height, while both the stiffness 77 and the
power law coefficient B comply with their required values. However this tendency
is only true in average. In fact, every parameter shows oscillatory behavior with the
aperture size. We explain this oscillation by the position of the cut realized by the
diaphragm compared to the intensity extrema of the beam pattern inside the telescope
(which depend on the specific mask size and shape used). For aperture smaller than
Rdiaphr < 15mm, we can still reach a satisfying regime of uniform trapping by finely
tuning the effective aperture of our optical system (and in particular by reducing it).
For this reason we place a diaphragm of adjustable aperture inside the telescope as
shown in Fig. 6.5.

6.3.2. Experimental setup

In our experimental setup, the box-trap is propagating downward onto the atoms.
It is thus collinear to the vertical imaging beam with which it is superimposed using
a dichroic plate. Both beams are focused onto the atoms via an achromatic doublet of
focal length f, = 150 mm and radius R = 15mm. Ahead of this imaging lens, the beam
is focused on the atomic plane. We place a first spherical lens of focal f; = 500 mm so
that the glass plate holding the mask imprint is at the focus of this lens. The two lenses
are separated by d = f; + f> so that the resulting magnification of the global setup is
M =023.

Just after the imaging doublet, the beam profile is cut by a geometrically unavoidable
slit of radius > R = 9 mm. We also deliberately insert a diaphragm inside the telescope

12. This limiting element for the aperture of the system is in fact an asymmetric slit made in the bread-
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6.3. The dark spot method

to advantageously control the cut performed in the diffraction pattern as explained in
previous section (see Annex G for more details). We manually choose the aperture of
this diaphragm for each of the used dark masks to optimize the bottom flatness of the
resulting box-trap. This setup is schematized in Fig. 6.5.

As we aim to create a stadium of radius Ry varying from 5 to 15 ym, we use physical
dark masks whose sizes R, vary from 15 ym to 50 um. We choose '° a beam waist at
the position of the mask wy = 160 ym.

The masks are realized by a clean-room deposit on a wedged AR coated glass plate
of good surface quality '*. We deposit a 80nm gold film on the non-wedged face by
electro-lithography. The resolution of deposit is then of the order of a few tens of nm.
Rare parasite drops of the metal are also deposited outside the mask regions during
the process but the probability of such an error is low. In our experimental realization
of the dark spot—plate no error spot are found at less than 300 ym of any of our masks
and so are not seen by the laser beam. Our deposit were realized by the engineer José
Palomo. On a single glass plate we imprint several patterns. In the actual setup, we
imprint at the center of the plate a grid of 6 x 6 patterns distant of 2.5mm. Along this
grid:

1. the typical half-size (half-length or radius according to the shape) of the masks
varies from R,k = 15 pm to Rypask = 50 pm in real space.

2. the shape of the mask itself changes between a disk, a square, a rectangle, an
annulus, a target or a set of two-parallel rectangles.

The glass plate is set on a three-axis translation stage so that we can change easily from
one pattern to the other and adjust the conjugation of its plane to the atom position.
Even though the box-trap beam is superimposed with the vertical imaging one, due
to the presence of a dichroic plate and of an interferometric filter, it is not easy to directly
image the mask using the atomic imaging path. We thus implemented a side imaging
setup using the reflection of the dichroic plate just after the microscope objective. In
this setup, we image the box-trap beam at a conjugate position of the atoms. This side
imaging gives a good insight of the potential seen by the atoms. We indeed noticed a
good match between the defects seen in this side imaging and the one observed in a

board to transmit the beams toward the glass cell. Its minimal half width corresponds to the indicated
value R =9.

13. We are not varying this waist with the radius of the mask selected for a given experiment. Hence,
we cannot be in an optimized configuration where wy = /2R, for all our trap configurations. We
decided to get away from this optimal configuration and choose a much larger beam than our masks. In
this configuration, the barrier height at a given power is reduced but it results less sensitive to any change
in the trap properties (size or shape) and then on the mask considered. For our experimental values, we

found a maximal potential barrier at the center of the beam of Uéglﬂ or

= 8K at the full available power

Pyox = 500mW. When we vary the trap extent Ry, the effective barrier is only a fraction of Ul(a?m o FOT
the considered boxes in this manuscript, this fraction varies from 0.98 for a disk of radius Ryox = 5 um to
0.83 for a disk of radius Ry,x = 15um and 0.69 for a square of same half width Ly, /2 = 15 ym. Then,
Uparrier is varying with the trapping configuration but less drastically than if we choose a smaller beam.
We also note that the maximal barrier height is in good agreement with the experimental specification

14. Thorlabs WW11050-C10 glass plate. The reflection is specified to be of 0.2% for A = 532nm, the
wedge define the small angle between both faces and it is of 30 arc minute, and the surface flatness is

specified to be of A /20 at A = 633 nm.
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6. The uniform two-dimensional Bose gas

very cold atomic sample trapped in the box potential that we reset to its full power at
the end of the experimental sequence (i.e. at the end the evaporation ramp).

6.3.3. Experimental results and reason for the choice

We show in Fig. 6.6(a) the intensity distribution measured on the side imaging setup
for a disk-shaped mask of radius Rp,s = 40 um '°. A thorough analysis of this type of
images leads to the conclusions described in the following.
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Figure 6.6.: (a) Intensity distribution created by a disk shaped dark spot of radius Rk =
40 pm in the atomic plane. The magnification of the side imaging setup is cali-
brated along lines detailed in footnote 15 (b) Radial average of the intensity distri-
bution (red points), along with a fit of the central region using the fitting function
from Eq. 6.4 (orange line). The fit is performed for r < Rp,ier (See Eq. 6.7), and the
fitted power is 8 = 15.

6.3.3.1. Potential Barrier and Radius of the box-trap

The maximum in the intensity profile of Fig. 6.6(a) is denoted Iy1a. As the trap is not
perfectly symmetric '°, there exist paths from the center to the edges along which the
intensity always remains below Iyiax. Then, the trap barrier L,yier corresponds to the

15. In this scheme, we do not know precisely the magnification of our side imaging setup. Nevertheless,
we precisely know the expected size of the box—trap created from the size of the mask imaged and the
magnification of main setup Rpox = MRk We thus calibrate the side magnification My, by an
analysis of the imaged intensity profile similar to Fig. 6.6(a). More precisely, we compute the transmitted
fraction of the initial beam T = Pirunc/ Pinc that is the ratio of the power in the imaged truncated profile
Pirunc to the incident power Pi,.. We estimate T from a Gaussian fit on the wing of the beam (outside of the

dark spot). By matching T to the expected value of the transmission Texp = exp(— %) (for a disk-shaped
mask), we deduce an effective pixel size of 0.38 ym on the side imaging camera and a magnification factor
Miige = 16.

16. We note that such a dissymmetry of the barrier could come from a misalignment of the center of the
mask compared to the center of the beam. We indeed fitted a displacement of the center of the Gaussian
beam compared to the center of the trapping region of ~ 2 ym along both horizontal axis in Fig. 6.6
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6.3. The dark spot method

smallest intensity barrier encountered along these paths. For shown intensity profile,
we find Iaprier ~ 0.6 IMax and the barrier potential is located at Rpaprier = 14.9 pm of
the trap center. The mean intensity in the central dark region of this distribution is
Ivottom = 0.056 Iparrier- We then define the trapping region as the central domain whose
edges are characterized by an intensity equals t0 Imin = Ipottom + (Ibarrier — Ibottom ) /20,
its radius is typically of 9.7 ym.

6.3.3.2. Uniformity of the trap bottom

We are here interested in the potential variations in the central trapping region de-
fined in the intensity profile by the edge intensity Ini,. In this experimental image
obtained with a disk—shaped mask of radius Ry,,sx = 40 ym, we notice the appearance
of three bumps in the intensity profile with a ~ 120 ° rotation symmetry that are also re-
vealed in the radial average of the beam. We show in Fig. 6.7(a), a zoom of the intensity
profile on the center with a rescaling of the intensity to enhance the defects of the dis-
tribution. In this central region, we measure a maximal defect of 12% of Irrier Whereas
the standard deviation of the potential in this central region is only 3% of Ipaysier- This is
a drastic improvement compared to the phase plate realization (see 6.2.3) since Eq. 6.2 is
now fulfilled in terms of standard deviation and and the maximal defects are strongly
reduced.
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Figure 6.7.: (a) Intensity distribution created by the dark spot. The intensity has been rescaled
to reveal the features in the center of the beam. (b) Two cuts of the intensity distri-
bution shown in (a).

6.3.3.3. Steepness of the edges of the box-trap:

We are now interested in the variations of the intensity up to the intermediate value
Imax. We compute:

— The stiffness 7 = 1.18 £ 0.28 ym.

— The power-law fit exponent (Eq. 6.4) B = 15+ 1.6.
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6. The uniform two-dimensional Bose gas

We note that this steepness is greatly improved compared to the phase plate realization
(see 6.2.3) and complies with the given specifications.

6.3.3.4. Various shapes of the potential

Figure 6.8.: Example of the possible changes in shape or in size of the box-trap. We show the
intensity profile for: a disk (upper left) of larger radius than previously (Rpox =
15 ym instead of Rpox = 12 pm), a square (upper right), two rectangles (we can
also produce a unique rectangle of the same size — lower left), a target that is made
of a central disk circled by an annulus (lower right).

We can versatilely change the shape of our box-trap potential by changing the mask
placed on the path of the beam. Examples of the different intensity profiles realized are
given in Fig. 6.8. As the characteristic lengths and symmetries of the diffraction pattern
generated vary with this shape, the resulting trap attributes are also modified. Such
modifications are particularly stringent for mask shapes like the set of two rectangles or
the target where both the trapping region and the separation between the disconnected
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6.4. Conclusion

traps show shorter characteristic length scales. This results in:

— A smother variation of the trap edges with r. For both the target (central disk and
annulus) and the two rectangles (small axis) presented in Fig. 6.8, we fit power
law of B ~ 4. We note that this decrease of the power law coefficient only oc-
curs along direction presenting small characteristic lengths. For the rectangles for
example, we fit  ~ 10 along their long axis.

— A lower intensity barrier at the edge of these traps (i.e. the minimum of the in-
tensity barrier over the straight paths going from the center to the outer regions
of the traps) compared to a disk geometry of similar area. According to the pat-
tern, this can be due either to the non-respect of the initial beam symmetry (for
the square and the rectangles for example) or to the small characteristic length
of traps separation (for the twin-rectangles and the target). In this latter case,
the intensity separation between the trap is affected by the finite steepness of the
intensity variations when imaging the traps separation.

— An increasing importance in the trap bottom bumps due to both the relative low-
ering of the energy barrier to which we have to compare the defects and the short-
ening of the characteristic lengths of the mask. This shortened length translates
into an increase of the characteristic length in the diffraction pattern appearing
within the imaging telescope. Thus, the effect of the finite aperture of the imaging
system is strengthened as described in Annex G.

In these potentials, we manage to trap two—dimensional atomic samples and to in-
vestigate their parameters space by evaporatively cool them in the box-trap (see 2.1.3
for details on the experimental procedure). We will present in the remaining part of this
manuscript the results we obtain with this setup. I show in Fig. 6.9 examples of in-situ
atomic density distributions obtained at the end of the experimental sequence and for
various shapes of the box-trap mask.

6.4. Conclusion

In this chapter, I presented the experimental techniques we use to produce radial
trapping potentials that can be considered as uniform over the whole atomic sample.
They are created by shaping a far-blue-detuned laser beam showing a hollow center at
the position of the atoms. I quantitatively described the specifications on the intensity
profile characteristics imposed by the atomic configurations we want to study. These
specifications bear on:

— The absolute value of the intensity maximum found at the edges of the hollow

center that should be used for the loading of the trap.

— The smallness (S 5%) of the variations of the intensity inside the hollow center

compared to the edge barrier intensity.

— The spatial extent (< few ym) and the intensity spatial dependency (power law

coefficient 2> 5) at the edges of the hollow center.

We selected a shaping technique based on a simple dark mask imaging at the atoms
position, which complies with these specifications. The most restrictive point is the
rugosity of the trap center. We achieved a rms value of ~ 3% of Uparrier- One way to
improve further the setup is to increase the aperture of the mask imaging setup. We
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Figure 6.9.: Examples of atomic density distributions measured after evaporation toward the
degenerate regime in the box-trap. In these four examples, we vary the shape of
the mask. We used respectively a disk of radius R,k = 40 ym; a square of size
Limask = 80 um; two rectangle of widths Ly ,sx = 80 ym and /. = 40 pm spaced
by dmask = 15 pm along their small axis; a target of inner, intermediate and outer
radii Rk = 15, 30, 50 um respectively.

can think of using optical elements with a larger numerical aperture like for example
replacing the imaging doublet by a microscope objective. An other source of improve-
ment relies on the possibility of a dynamical control of the shape of the mask. Such an
improvement can be made using a set of computer—controlled movable micro-mirrors
instead of a static deposit on a glass plate. Preliminary tests of this type of devices have
been performed by Master student David Perconte.
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7. Coherence of the Uniform 2D Bose gas

In this chapter, we present our experimental investigation of the apparition of a co-
herent behavior in 2D uniform gases while varying the cloud atom number N and tem-
perature T. In a first part, we describe how we measure these cloud parameters and
in particular how we perform thermometry. In this challenging 2D uniform geometry,
temperature is determined by an original method based on an empirical description of
the loading of the 2D traps and of the final evaporative cooling realized via ramping the
box-potential height. Then, we demonstrate emergence of coherence in this gas along
with changes in the loading conditions or the evaporation ramp end point. First we
measure the appearance of bimodality in the velocity distribution by a Time-of-Flight
(ToF) technique. Second, we develop a matter-wave interference technique between
two quasi-identical and coplanar clouds from which we characterize coherence via a
description of the fringe patterns observed after an in-plane expansion.

7.1. Thermometry of 2D uniform Bose gases

Determining the temperature T and the chemical potential y of a degenerate uniform
2D Bose gas reveals being highly challenging tasks. For example, compared to previ-
ous measurements performed in 2D harmonic traps (see Chapters 4 and 5), we cannot
benefit here from any specific spatial dependency of in-situ density distribution as the
density is uniform over the sample for any cloud parameters (see Fig. 6.9 for examples
of in-situ distributions).

It is then necessary to use Time-of-Flight (ToF) measurements of the atomic density
distribution (see 2.1.3 for technical details). In such a measurement, we let the cloud
expands freely by releasing all the trapping potentials, then the initial momentum dis-
tribution is converted into the density distribution and can be characterized. However,
performing a fit of this ToF density distribution enabling determination of T and u or
even the condensed fraction Iy happens to be excessively involved. Usual methods
for such a characterization used, for example, for 3D harmonically-trapped gases rely
on a two-independent-components description of the gas. The thermal part is then
commonly described by ideal Bose law [161, 162], assuming fugactity z = 1 when gas
reaches condensed behavior, so that it is possible to determine the temperature T by a
(single-parameter) fit of the outer part ("wings") of the ToF density distribution. The
condensed fraction I'ly is then deduced from the ratio of atom numbers integrated from
each fitted component of the bimodal density distribution and the chemical potential
u is deduced from description of condensed distribution for example using Thomas
Fermi approximation.Specificity of 2D uniform gases leads to divergence of Bose law
prediction at limit z — 1 (see Chapter 1) making the assumption z = 1 irrelevant.
Moreover, fitting simultaneously z and T from wings shape of the density distribution
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7. Coherence of the Uniform 2D Bose gas

reveals very unstable. We notice such a fit instability even for simulated ideal distribu-
tion. Both dependencies occurs to be too entangled by the fitting law to be effectively
determined without any further inputs.

Finally, in our experimental setup, transverse excitations play a major role in the es-
tablishment of the physics under interest (see following and Chapter 1), complicating
further the description of our experimental gases. Then the definition of a fitting func-
tion valid for every cloud configurations under study is extremely complicated as, in
this case, neither purely 2D nor semi-classical 3D description are accurately depicting
the relevant energy states and their populations.

To address these difficulties, we developed an original approach of the temperature
establishment in our gases leading to the deduction of a general empirical model. Using
tits of a partial data set along with this empirical model, we deduce temperature for all
cloud configurations.

7.1.1. Measuring Velocity Distribution Variance

As introduced, to determine the temperature T of our 2D uniform gases, it is neces-
sary to perform Time-of-Flight (ToF) expansion and image the resulting density distri-
bution after a given duration 7. The imaged distribution gives access to characteristics
of the initial velocity distribution. For example, the variance of initial velocity distribu-
tion Av? can be deduced from the variance of the expanded spatial distribution Ax? by
the simple relation

Ax? = Ax% + Av*T? (7.1)

where Ax is the in-situ width of spatial distribution '.

We perform ToF of duration ranging from 8 to 16 ms. We choose the specific duration
for each mask shape considered so that the fitted size Ax after expansion is several times
larger than the extent of initial spatial distribution Axq for all non-purely-condensed
situations?. Then we can deduce Av from the knowledge of Ax and Axy with small
error.

We image the in-plane density distribution of the cloud using low intensity absorp-
tion imaging technique along vertical axis (see Chapter 3). We image all considered
atomic configurations after the same Time-of-Flight duration 7. The upper limit for T
comes from reduction of signal to noise ratio in density measurements while imaging
the hottest and sparsest cloud configurations with increasing Time-of-Flight duration.
Examples of ToF density distributions are given in Fig.7.1.

1. The relation of Eq. 7.1 neglect influence of interaction between particles during the expansion.This is
valid in our geometry due to the very fast expansion along the tightly confined direction of space (z). Then
atomic density drops within very short time scale and the interaction term immediately becomes negligible
compared to the kinetic one. We quantitatively checked the negligible effect of the interactions on the time-
of-flight expansion for our experimental parameters by performing 3D Gross-Pitaevskii simulations (see
B) which enables to simulate the evolution of either an interacting or a non-interacting gas at T = 0 after
releasing all traps.

2. Rigorous choice of this duration is explained in details in next section. It is based on the expected
thermal width from Boltzmann prediction of any of the considered distributions. The width expected from
thermal expansion is given by Axpoy, = VkgT/m T. We impose that, for all considered T, Axp,y;, to be at
least twice Axg: Axpol, > 2Axg
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Figure 7.1.: Examples of density distribution after 12 ms of ToF from a cloud initially confined
in a square of size L = 24um after azimuthal average (blue dots) and correspond-
ing average for the 2D double Gaussian fit performed (red solid line) and Gaus-
sian of largest width of this fit (green dashed line). The four plots correspond to
four different cloud configurations with varying end of 3D and 2D evaporation
ramps. The respective couples of parameters (N, T) are (a): (19 x 103,27 nK), (b):
(38 x 103,145 nK), (c): (27 x 103,91 nK) and (d) : (27 x 103,145 nK). Insets: corre-
sponding 2D density distribution.

We fit the ToF in-plane density distribution by a sum of two 2D Gaussian functions
of same 2D center of coordinates (xo, yo), ellipticity > € and orientation 6 but different
amplitudes A; and A, and sizes ¢y and o7:

XZ + €2Y2 XZ +€2y2

f(x,y) = Ajexp(— 202 )+ Asexp(— 202 )+ B (7.2)
X = (x—xp)cosf+ (y—1yo)sinb (7.3)
Y = (y—yo)cost — (x—xp)siné (7.4)

As illustrated in Fig.7.1, this double-Gaussian-fit nicely takes into account the bi-
modality of the density distribution measured and so enables determination of both
the atom number N and standard deviation of density distribution Ax with good accu-

3. such an ellipticity enables to take into account effects of remaining anisotropy in the levitating fields
and effects of initial trapping configuration and enables a better fit to experimental data. We checked that
for a given configuration the orientation is not strongly varying and that ellipticity remains close to 1.
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7. Coherence of the Uniform 2D Bose gas

racy via

N = 271 (A0} + Ayo3)/e (7.5)
Ax* = (A0} + Ayo3)/e(A107 + Ayo3) (7.6)

We then deduce Av from the precise Time-of-Flight duration T and the initial distribu-
tion width Axg. Axg is estimated from a preliminary fit, performed once for each of the
box-potential, as it is, in very good approximation, fixed by the shape of this box and
independent of the atomic cloud configuration, in this uniform setup.

7.1.2. Estimate of temperature T for the less interacting clouds

From the measurement of Av and N, we can infer values for the temperature T and
the fugacity z of the gas by neglecting effects of interactions between atoms in the in-
situ configuration and applying ideal Bose prediction (details on these calculations can
be found in Annex A).

7.1.2.1. Self-consistent validation of the estimate

Such an estimate will be relevant only for gas configurations in which the inter-
action energy is negligible. We auto-coherently distinguish the "suited" configura-
tions by computing a first order contribution of the interaction potential to the (single-
particle) Hamiltonian by gn(0), following lines developed in A.3 (g is the 3D interac-
tion parameter and n(0) the ideal estimate of the central 3D density of the cloud). We
will consider as relevant the ideal law estimate for gases that self-consistently verify
gn(0) < kg x 4.5nK as it corresponds in practice to gn(0) < hiw,/4, kgT /10 for all the
considered situations (then within this condition the interaction energy contribution is
negligible compared to the kinetic and potential energies). In this case, we assume that
the eigenstates wavefunction spatial dependencies, energies and populations are neg-
ligibly modified compared to the ideal predictions and so the temperature T and the
fugacity z are accurately assessed from an ideal interpolation from the known values of
Avand N.

7.1.2.2. Fit via Bose law computation

To perform ideal Bose law prediction for our gas configuration, we consider a full
quantum 3D treatment of Bose statistics as described in Annex A. In this description,
the eigenstates of the single-particle Hamiltonian are labelled by three integers j =
(jxs jy, j=) corresponding to the eigenenergy E; (Eq. A.1). Their populations at thermal
equilibrium in a gas of chemical potential # (Grand canonical description) are given by
Bose Einstein factor f; = f(E;, T,ef*) = (exp [(Ej — 1) /kgT] — 1)~. Then, we obtain
numerical estimates of N and Av from the knowledge of the fugacity z = ef* and the
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7.1. Thermometry of 2D uniform Bose gases

temperature T via the formulae

N = ) f(E;Tz) (7.7)
]
W\ 2+
A = (fm> ; > Y F(E;,T,2) (7.8)

We numerically inverted this relation using grid values of N, Av and T. Evaluation
points are spaced by "logarithmic" * steps of 0.2 and typically vary from 10° to 10° for N,
from 0.5mm/s to 8mm/s for Av and from 10 nK to 1K for T. We deduce an estimate
of (z, T) for each experimental point (N, Av) using this pre-computed abacus.

7.1.3. Empirical model for temperature dependency
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Figure 7.2.: Example of data sets (and fits) T (U, ) for a disk of radius R = 12 ym at w, /27w =
365 Hz. For each density distribution imaged, we compute T from a ideal 3D full
quantum Bose law treatment (black points). We only consider data point with
gn(0) < kg x 4.5 nK (blue circled points). We fit the empirical model of Eq.7.10 on
these selected data points (red line).

We then look at the dependency of the estimated temperature T for a range of very

4. For a quantity Q within N, Av and T, the (1 + 1)™ value is defined from n'" value used by Q(n +
1) = (1+ f)Q(n) where f is called the "logarithmic step".
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weakly interacting cloud configurations with the energy barrier height of the box-
potential U,y as shown in Fig.7.2. As T is set by the final ramp of Uy, via evaporative
cooling of the 2D uniform gas (see 2.1 for details), we expect an "evaporative" scaling
between these two quantities. From the measured weakly-interacting configurations,
we indeed notice an approximately constant T for a fixed value of Uy and for a given
trapping configuration, that is a given transverse frequency w, /27 and given box size
and shape. Standard deviations of T are typically of the order of 10% (see Fig.7.2 and
Fig.7.4 (a)).

7.1.3.1. Justification of the temperature dependency at loading

We observe that this scaling relation extends for all the considered barrier height Uy,
even at the loading condition Ullj%id. We do not see any effect of the 3D gas temperature
that we load in the 2D traps on the resulting 2D gas temperature Tjoaq. Tioad is a constant
for a given trapping configuration.

This independency on the 3D gas temperature is actually justified by the fact that the
loaded gas is first evaporatively cooled in its volume by the 2D confining beam as we
will evidence here. In this case, the loaded 2D configuration is only influenced by the
initial 3D configuration in its atom number Nj,,q and not in its temperature Tjo,q. Such
a primary cooling is explained by the limited 2D light-sheet potential height Vi 5 o at the
moment we load the 3D gas in it, that is when switching off the hybrid trap (see 2.1.3).
In the following, we estimate Vig at trap center using paraxial approximation calcu-
lations (see 2.2.1 and Fig. 2.3) and estimating the beam power P; s at the corresponding
moment of the experimental sequence.

In this chapter we present results for two different transverse confinement configu-
rations of frequencies w, /27 = 365 Hz and w, /27 = 1460 Hz. These two confinement
configurations correspond to two different experimental sequences in terms of loading
of the 2D traps. The value of Vi g is then estimated differently in both cases:

— Configuration w./27r = 1460 Hz matches to the optimal situation whose experi-
mental sequence is detailed in Chapter 2. In this case, the hybrid trap is switched
off while ramping the 2D power between P/% (corresponding to transverse fre-
quency wa /271 = 330Hz and Vﬁ%fg = kp x 430nK) and P{€a" (corresponding
to transverse frequency wg€" /27t = 1100 Hz and Vfgfg“ = kg x 5.1 uK). It is then
complex to precisely estimate the relevant height for 3D gas evaporation due to
the time dependency introduced. As the ramp lasts 150 ms, the hybrid trap is
switched off after 10ms and the relevant thermalization time is ~ 10 ms, the rele-
vant height must be Vigg ~ 1-2 uK.

— Configuration w./27t = 365Hz is linked to a simpler situation and a thorough
analysis can be performed. Indeed, to lower the trapping frequency, the maximal
power P{S is actually not changed but the atoms are simply put further away —
at distance xo — from the focus of the Hermite-Gaussian beam. From this proce-
dure, the loading of the gas is eased while the trapping frequency is decreased
(as detailed in 2.2.2). The chosen distance is xg = 840 ym instead of 190 ym in the
optimal configuration. In this case, the loading of the 3D gas is directly performed
at full power P{S and the relevant barrier height is V159 = kg x 1.9uK.
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7.1. Thermometry of 2D uniform Bose gases

As the maximal temperatures observed are Tj,oq ~ 250 nK, these values of Vig are
compatible with a typical evaporation factor of order 1715 = Vis0/Tioad ~ 8.

We can push this investigation further by estimating the effective potential height
Vis,ut taking into account the radial waist of the 2D beam w, = 50 ym and extent of the
box-potential in-plane. We denote dmax the maximal in-plane distance from both the
box and the light-sheet centers (that are assumed to be the same) explored by the atoms
confined in this given box. For the different uniform trap shapes, we roughly observe
that Tjoaq scales inversely with dmax. We estimate the effective potential height seen by
the atoms via

Visur = Visoexp(—2d5,./w}) (7.9)

We find an approximately constant evaporation factor 1715 ;v = Vis 1/ Tioad = 7-65
for all trap configurations with fluctuation of 3.5% over the four investigated configu-
rations at w, /27 = 365 Hz that are disk-shaped boxes of radius R = 9 ym, R = 12 ym
and R = 15 ym and a square-shaped box of size L = 24 ym (see Fig.7.3).

7.1.3.2. Choice of the empirical model

Starting from this "general" loading condition, we assume that the scaling of the tem-
perature with the barrier height of the box-potential Uy, observed for weakly interact-
ing gases is in fact verified for all atomic configurations. Such an ubiquitous scaling is
validated by the universality of evaporation mechanism involved while ramping the
box-potential height Uy = U(t) at the end of the experimental sequence.

We want to characterize this dependency of T over U,y by a simple empirical model
T = foox,w. (Ubox) representing the variation of the temperature along the evaporation
ramp Uy, = U(f) and simply depending on the shape and size of the uniform box
and transverse trapping frequency w, /27 (via the loading condition), i.e. the overall
2D trapping configuration.

Due to the loading effect of the 2D-confining beam, evaporation factor 7 = Upox/ kT
decreases along evaporation ramp. As the temperature evidently decreases to zero
when Uox — 0, we find that the temperature can be empirically fitted by the simple
dependency

T(Upox) = To (1 — e thox/ ”0) (7.10)

where Ty and Uy are the two fitting parameters, Tj is the characteristic loading tem-
perature, Uy is a characteristic energy scale of the evaporation in the box. For T — 0, the
evaporation factor is simply given by 7o = Uy /kgTp. 17(Upox) typically varies from 11 to
4 for transverse frequency w,/2m = 365 Hz and from 14 to 4 for transverse frequency
wy /27w = 1460 Hz.

In Fig.7.2, we give examples of an experimental data set (Upoy, T) measured for a
given trapping configuration and the related fit by Eq.7.10. We summarize in Fig.7.3,
the various computed relations for a set of investigated uniform trap shapes and trans-
verse confinements.
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Figure 7.3.: Fitted relations (solid lines and points) T(Upey) for various trap shapes and con-
finement: disks of radius R = 9 um (orange right triangles), R = 12um (red
squares) at frequency w, /27 = 365 Hz, square of size L = 24 ym (blue left trian-
gles) at same frequency and disk of radius R = 12 ym at w, /27 = 1460 Hz (green
circles). The dash line and corresponding points represent the approximated rela-
tion for square of size L = 24 ym (purple circles) at w, /27w = 1460 Hz assuming a
decoupling of the dependancies. The shown points correspond to the predicted T
for the usual experimentally used values of the trap potential. The highest of them
matches the loading configuration.

7.1.3.3. Generalization of the temperature relation

We may also deduce the relation T = fyox . (Upox) for any given trapping configura-
tion bypassing the necessity of a direct measurement campaign of a data set (Upox, T)
in this configuration.

To perform such a deduction, we assume that:

— T dependency in box shape can be fully embodied in a simple function of the

previously introduced maximal extent dmax (see 7.1.3.1).

— T dependencies in dmax and w; are decoupled such that T (Upox; dmax, wz) =

g(ubOXI wz) X h(ubOX/ dmax)-

Such assumptions are verified experimentally at the loading point as we studied that
T o w?exp(—2d% ./ wﬁ) For further evaporatively cooled points, we note that evapo-
ration dynamics only depends on this initial condition and on the box potential height
Upox. In our setup where we use a box-potential beam of constant waist wy,oy (see 6.3.2),
this height depends on the box shape and is clearly independent on w;, justifying the
decoupling assumption for all U,y.

With these assumptions, we can compute the relation T = fpox . (Upox) for a couple
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7.1. Thermometry of 2D uniform Bose gases

(dmax, w;) via a simple cross-multiplication of measured complementary relations °. We
perform such a cross-multiplication to compute relation for a square box of size L =
24 ym at w, /27 = 1460 Hz as represented in Fig. 7.3.

More precisely, we note that Uy is simply deduced from the central height of the
box-potential beam Uy, o and from the maximal spatial extent of the box trapping re-
gion dmax via

_nJ2 2
ubox = ubox,O e 2hma [ Who (7-11)
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Figure 7.4.: Renormalized temperature 7y defined in Eq.7.12. (a) Mean data points T(Upey)
at w; /27 = 365Hz and for various trap shapes and confinement: disk of radius
R = 9 ym (orange right triangles), R = 12 ym (red left triangles), square of size L =
24 ym (blue squares). Gray line shows global fit of these data points by Eq.7.10.
We find agreement with independency toward box shape. (b) Mean data points
T(Upoy) at wz /27 = 1460 Hz for a disk of radius R = 12 ym (blue squares).Gray
line shows global fit of these data points by Eq.7.10. As we have less data at our
disposal for this trapping configuration we impose 19 = Uy /T at the value found
for data at w, /2 = 365Hz: 1y = 3.5 as it dictates the temperature evolution at
very low box potential and must so be independent from the loading condition.

In our specific experimental setup, we can in fact produce a more in-depth analysis
by noticing that both the box-potential-beam and the 2D-beam have very similar radial
waists Wpox = 48 ym and wy, = 50 yum. As the previously enhanced dependencies of T
O dyy,x Manifest via factors e~ 24/ o and e~ 2/ we can approach T dependency
at all points of the evaporation ramp by a unique multiplicative factor e 2hna/ 0" with
w ~ 50 um. To check this dependency, we compute the estimated temperatures 7 at
trap center by renormalizing the measured temperatures T by:

T( ubox,O/ dmax; wz) = T<ubox,0/ dmax: wz) EZd%mx/wz~ (712)

5. for example from 3 complementary measurments performed at (d.y, @Wz), (dmax,w.) and
(dinax, @%)
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7. Coherence of the Uniform 2D Bose gas

We observe that the renormalized temperature 7 only depends on Uy, o and w; (Fig.7.4).
Then the temperature dependency can be simply expressed as:

T(Upox) = T(Ubox,Or w;) e—denax/wz , w = 50pum (7.13)
T(ubOX,OI wz) = 76((472) (1 — e*Ubox,o/Uo(wz)> . (7.14)

With these last relations, we can compute T (Upoy) for any box shape at these two fre-
quencies. We fit the renormalized experimental data of Upey o (Eq.7.11) and T (Eq.7.12)
by Eq.7.14. As we have less data at our disposal at w, /27 = 1460 Hz, we impose a
fixed value for 179 = Uy /kgTy that is the factor that governs the temperature evolution
at very low Uy,oy. Indeed, as only the loading condition is changed between the various
confinement configurations, #p must be independent from w.. We then impose 79 at
the value resulting from the fit of the data at w,/27m = 365Hz, 179 = 3.50(25). Then
the fit of the data at w,/27m = 1460 Hz, only has one free parameter. We note that the
result from this constrained fit lies within the error bar of a free fit for which we found
no = 4.3+t 1.3 and Ty = 216(31) nK. The fitted coefficients are summarized in Table 7.1.

| w22 | Ty | W/ks | o |
365Hz || 275(8)nK | 969(75) nK | 3.49(25)
1460 Hz || 203(18) nK | 712[115] nK | 3.50[25]

Table 7.1.: Summary of fitted parameters 7o, Uy, 110 = Uo/ kT for fit of function T (Upex 0, wz)
defined in Eq.7.13. Fitted function is given in Eq.7.14. For w,/2m = 1460 Hz, we
impose value of g to 3.5 that is the fitted value for w, /27t = 365 Hz. The error bars
in square brace on Uy and 7y are obtained by taking the same error bar on 7y than
for w,/2m = 365 Hz.

7.2. Emergence of Coherence seen in the momentum distribution

From the density distribution measured in ToF, whose examples are given in Fig.7.1,
we may further characterize the velocity distribution. Beyond the simple assessment
of its variance Av studied in the previous section, we will now describe in more details
its shape. As we are interested in featuring the emergence of a phase coherence in 2D
uniform gases, we are willing to describe a deviation of the population of low-energy
states compared to Boltzmann prediction. These states are associated to the central part
of the density distribution observed after a long Time-of-Flight expansion.

We quantitatively observed that, whereas for the hottest and least dense atomic con-
figurations (Fig.7.1 (d)) the distribution has a quasi-pure Gaussian-like shape, the dis-
tribution shows some bimodal features when performing further evaporative cooling
(i.e. lowering the temperature: Fig.7.1(a) and (c)) or loading a denser 3D cloud in
our 2D traps (i.e. increasing the atom number: Fig.7.1(b)). A sharp peak emerges at
center of the ToF density distribution. This peak translates an "abnormal” (i.e. non-
Boltzmanian) occupation of the low-momentum states. Such a feature in the ToF den-
sity distribution also features the occurrence of a conjugated bimodality in the g; cor-
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7.2. Emergence of Coherence seen in the momentum distribution

relation function as it is simply the Fourier transform of the momentum distribution of
our uniform gas (see Eq. 1.19). This bimodality matches an increase of the g; charac-
teristic decay length /. as the sharp peak observed in ToF is associated by conjugation
to a broad component in the g; spatial distribution. It is then effectively a signature of
an increasing phase coherence within the gas. In this section our aim is to characterize
quantitatively the apparition of this coherent peak with a varying cloud configuration
(N, T).

7.2.1. Estimating the population of the low excited states

To characterize the population of the low-energy states and quantitatively report for
the observed bimodal momentum distribution, we use the same measurements of the
density distribution of a single uniform cloud after a 3D ToF but now consider all acces-
sible cloud configurations, whatever their interaction energy is. We use ToF of duration
T = 8-16 ms according to the initial size of the cloud and use the same duration T
for all evaporation parameters considered. More quantitatively now, the value of T is
chosen for each trap shape considered so that it is long enough for the size expected
from a thermal expansion Axpoy, = Tv/kpT/m (Note that temperature used are T 2 10
nK) to be at least twice the initial standard deviation of the spatial distribution Ax:
AXBoltz = 2Ax0.

We use the same double Gaussian fit as given in Eq.7.3 but we now impose 0, to
at least 1.75 time larger © than o7 to clearly associate the first Gaussian with a central
peak of small extension compared to thermal wings fitted in the second Gaussian. We
also impose that o7 varies in a limited range so that it is neither too small compared to
the initial size of the cloud nor too large compared to the expected width Axggy, from
Boltzmann predictions. Typically we admit variations of £50% around a mean value
obtained from a first run of the fit over the whole set of data taken in a given trapping
configuration.

We denote Nj (resp. N») the number of atoms fitted in the sharpest (resp. broadest)
Gaussian:

Nip = 2mAip07,/e€ (7.15)

and N, the total atom number given in Eq.7.6, is simply N = Ny + N. We characterize
the importance of the central peak compared to the thermal wings by the ratio A =
N1/N. This ratio gives an empirical characterization of the peakiness of the velocity
distribution and so the deviation from the Boltzmann predictions of the population of
the low-energy states. We note that this characterization does not enable to deduce
the population of the overall ground-state N(g ) which would be deduced from N
by subtracting the population of all excited states N’. Due to Bose statistics, density
distribution of all the excited states cannot be described by a Gaussian behavior and
N, # N'. No further physical interpretation of the measured atoms numbers N; and
N is then permitted and A is not an estimation of the condensed fraction I'y.

6. we checked that the results are not strongly modified if we impose 0p > 2.2507
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7.2.2. Phase Diagram for A

7.2.2.1. Measurements
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Figure 7.5.: Contour plot representation of the evolution of A with the cloud parameters (N, T)
for an initial gas confined in (a) a disk of radius R = 12um transversely confined
in an harmonic trap of frequency w, /27 = 365 Hz (colors are interpolated from a
set of 517 images); (b) a disk of radius R = 12um with w, /27 = 1460 Hz (colors
are interpolated from a set of 195 images); (c) a square of size L = 24um with
wz/2m = 365 Hz (colors are interpolated from a set of 154 images); and (d) a disk
of radius R = 9um with w, /27 = 365 Hz (colors are interpolated from a set of 123
images). The expected evolution of coherence is highlighted by predicted critical
lines of BEC, (solid orange line), BECg,; (dash-dotted red line) phenomena and
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higher and lower bounds for BKT transition (dashed blue line).

We record A while varying the cloud parameters (N,T) by displacing the end points

of the two evaporation ramps used in our experiment, that are (see 2.1 for details):

— the 3D (hybrid-trap) evaporation that changes the loaded 3D gas configuration,

— the 2D (box-trap) evaporation ramp that sets the final temperature.

For a given trapping configuration, we measure a large number of experimental density
distributions corresponding to an also large number of cloud configurations. For each
of them we compute the triplet of parameters (N, T, A). Typically T varies from 10 to
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7.2. Emergence of Coherence seen in the momentum distribution

250 nK and N varies” from 103 to 10°.
We repeat these measurements for different shapes and areas of the box potential
and for different transverse confinement frequencies. Varying the shape and size of the
box potential enables to test universality and robustness of the coherent behavior in a
finite-size uniform 2D trap. Changing the transverse confinement frequency enables to
test the emergence of 2D physics via transverse condensation (BEC | ) phenomenon (see
1.2.3 and following) and the resulting effect on the appearance of n extended coherence
in-plane. Indeed, the two ranges spanned by w, and T allow us to explore both the
frozen ({ < 1) and unfrozen ({ > 1) regimes for the z-motion, where { = kgT/hw:.
We show the resulting phase diagram of variation of A in false colors in Fig. 7.5 for a set
of four trapping configurations with:
— two distinct trapping frequencies w, /27 = 365 Hz and w, /27 = 1460 Hz, differ-
ing by a factor 4.

— two different mask shapes: disk and square.

— a varied area of box-potential between 254um? and 576um? changing thus by a
factor 2.3.

7.2.2.2. Comparing to theoretical predictions

We compare the evolution of A with N and T to theoretical expectations. Intuitively,
we expect coherence to emerge close to the crossing of the thermodynamics transitions
predicted to occur in the gas. In our case they are the Bose-Einstein Condensation
(BEC) or Beresinskii—Kosterlitz—Thouless (BKT) transitions (see 1.1.3.1 and 1.1.4.4). We
also note that due to the use of a small trapping frequency w,/2m = 365Hz, trans-
verse excitations are not frozen for all considered cloud parameters. Then freezing
of z-motion is reached through transverse condensation (BEC, ) and transverse excita-
tions play a major role in establishment of a coherent behavior (see 1.2.3 and in partic-
ular 1.2.3.4). Thanks to BEC | mechanism, freezing of the z-motion is reached even if
kpT >hw; ({>1). In a finite system, it leads to a two-step condensation by first reach-
ing reduced dimensionality regime via transverse condensation and then condensing
in this reduced dimensionality system (BECgy)) to the overall 3D ground-state. In this
section we describe the specific computations we performed to picture the expected
transition lines for our specific experimental configuration.

Theoretical prediction for BEC transitions We compute the critical atom number
for BEC phenomena using the full quantum 3D treatment of the ideal Bose law pre-
sented in Annex A (as in 7.1.2). In short, we consider a vertical harmonic confinement
of frequency w,/2m and a perfectly uniform in-plane trap of square shape with size
L = VA where A is the area of the experimental uniform trap. The eigenstates of the
single-particle Hamiltonian are labelled by j = (jx, jy, jz)-

For each trapping configurations of interest, we consider a set of temperatures T and
atom numbers N and compute the populations of the transverse |j; = 0) and overall

7. More precisely, N ranges from 10* to 10° for the weak z-confinement configuration w; /27t = 365 Hz
and from 10° to 3 x 10* for the strong z-confinement configuration w, /27 = 1460 Hz
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Figure 7.6.: (a) (resp. (b)). Fit performed on simulated populations of the (a) transverse (resp.
(b) overall) ground-state for T =10 nK (dark green), 50nK, 100nK, 150 nK, 200nK.
transverse trapping confinement is set to w, /27 = 365 Hz and in-plane uniform
trap is of square shape with the same area than a disk of R = 12 ym. We compute
N (resp. N(O,O,O)) for N ranging from 100 to 1.5 x 10° (circles). We fit (solid lines)
the atom number in the respective ground-state to N by a linear increase from a
threshold value that we identify with the critical atom numbers N, for BEC | (resp.
BECy,;). Insets: Same data and fits but representing the condensed fraction that
is the ratio of the atom number in the ground-state to the overall atom number
Ng)/N (resp. N(g,0)/ N). We note deviation of the transverse condensed fraction
to the hyperbolic function with a smoother dependency observed.

ground-state |0,0,0) ® of the system that we respectively denote Ny and N(g ) (see

8. In Annex A (and in our calculations) we in fact consider Dirichlet boundary conditions such that
JxsJjy =1, jz > 0, then the overall ground-state |0,0,0) corresponds to [jx =1, j; = 1, j, = 0). We however
decided to keep the more "comprehensive” notation |0, 0, 0) for the ground-state.
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7.2. Emergence of Coherence seen in the momentum distribution

A.2.1). For a given temperature, we fit the differences between Bose and Boltzmann
predictions for these populations by a linear threshold function toward the total atom
number N as shown in Fig.7.6. We identify the critical atom number for the transverse
condensation N gﬁc (respectively the overall condensation N, E)E,g,:o)) to the value of the fit
threshold parameter obtained when fitting the difference in N(g) (resp. N(g)). Note
that for < 1, the notion of transverse condition becomes insignificant as Boltzmann

law directly predicts that a majority of atoms populates |j; = 0).

Theoretical predictions for BKT transition To infer a prediction on the critical point

of the BKT transition, we rely on the classical Monte Carlo calculation performed by
Prokof’ev, Ruebenacker and Svistunov [125] in the weakly interacting limit and in the
absence of transverse excitations (tight transverse confinement regime of { < 1). In
this regime, the authors infer a numerical prediction for critical 2D phase-space-density
(PSD, denoted for the rest of this chapter D):

D.=1In <380~<3)> (7.16)
where § is the 2D reduced interaction parameter and the 2D PSD is defined by D =
n?PIA2 with nP) being the atomic surface density n?P) = [dz n®P)(z). In the

weakly interacting and tight transverse confinement limit, the interaction parameter
is simply given by §(*) = \/87as/ ¢, (where a; is the 3D scattering length, a; = 5.1 nm
for Rb , and /4, is the vertical oscillator length ¢, = \/Ii/mw;) and the atomic surface
density by n(?P) = N/ A = Nyg)/ A for our uniform setup.

As these calculations are only strictly valid for a pure 2D gas whereas in our experi-
mental configuration transverse excitations play an important role, we cannot directly
rely on their result. However, we can use it to deduce upper and lower bounds for the
transition point implementing two different views on the values of the 2D PSD and of
the reduced interaction parameter ¢ contributing to BKT physics in these transversely
excited gases.

To obtain an upper bound to the critical atom number for BKT transition, we consider
that only atoms in the transverse ground-state |j, = 0) contribute to the 2D transition
and so 2D PSD is obtained by taking n(2D) = N(O) /A. In this case, we use a more
refined estimate ¢°ff of the reduced interaction parameter, taking into account the non-
zero contribution of the interaction between the z ground-state and the z excited states
populations to mean interaction energy for the particles in |j, = 0)

g~eff _ E'Afdgr <]Z = 0"7int<r)‘]'z = 0>

2 2
h N(o)

> g (7.17)

where Vit is the interaction potential operator given in Eq. A.10. We compute g from
the estimate of the density distribution in each transverse excited state obtained by
solving the full quantum 3D treatment of the ideal Bose law (Annex A). This procedure
gives a first order correction to §, depending on N and T, denoted §*(N, T). We then
deduce the upper critical number for the BKT transition NEIIfT by recursively solving
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the implicit relation

2
No) (N, T)).Z =In (g"‘?ff??\gT)) (7.18)

To estimate a lower bound for the critical atom number for BKT transition, we con-
sider the opposite approximation where all atoms contribute equally to the 2D transi-
tion so that the 2D PSD is given by taking 7(2P) = N /.A. In this case, the reduced inter-
action parameter is given by integrating the overall interaction term along z (Eq. A.12
) and we denote it §’. It is then reduced compared to §(°) due to broadening of this
density distribution compared to the ground-state width /:

§= 47ms/dz n%lD)(z) < g(o) (7.19)

where 11(1p)(z) is the axial density distribution (n(;p)(z) = [ dp n®P)(p,z) ~ AnGP)(z)).
We compute ¢’ from the estimation of this axial density distribution by solving the same
full quantum 3D treatment of the ideal Bose law. This procedure also gives a first order
correction to §, depending on N and T, denoted §'(N, T). We then deduce the lower
critical number for BKT transition NPXT by recursively solving the second implicit re-

lation N 280
V2 _ VU
M =1n <g/ W T)> (7.20)

In Fig.7.5, we show the four resulting theoretical lines N(T) that represent the ex-
pected evolution of coherence with cloud parameters. We note that variation of A
quantitiavely follows the curvature of these lines.

7.2.3. Critical Atom Numbers for A

From the contour plot of Fig. 7.5, that summarizes the ensemble of our data, we note
a typical variation of a sharp cross-over (or a phase transition), with essentially no bi-
modality (A < 1) below a critical atom number N.(T) and a fast increase of A for
N> N.(T). We fit the critical atom number N, for the appearance of bimodality in ve-
locity distributions by considering sets of data at fixed T (i.e. at fixed Upyy).

We fit each resulting collection of A(N) by a threshold function of type:

FIN) = (1= Ne/N)O(N > N) (7.21)

where © stands for the Heaviside function. This is the expected relation for the true
condensed fraction Ily = Ngg)/N. As we do not rigorously measure Iy, the fit by
Eq.7.21 reveals a practical yet empirical way to determine the point where A rises above
zero. As we do not developed a rigorous insight on the behavior of A, we decided not to
rely on the N(T) fitted on data collections whereno A ~ 0 "plateau"” were observed (i.e.
all measured data shown some bimodal features). The limit was set to 4 experimental
raw points with A <0.1. Examples of reliable fits are shown in Fig.7.7 after binning of
the raw data. We summarize the variations of N with T in Fig. 7.8. Reliable N, are rep-
resented with plain dark green circles whereas the fitted N in absence of an observed
zero plateau are represented by light green stars. In this case, we must considered that
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Figure 7.7.: Example of data sets (N, A) at fixed T and associated fits along Eq. 7.21 for (a) a

disk of radius R = 12um transversely confined in an harmonic trap of frequency
wy /21 = 365 Hz for 4 different T = 170nK, 190 nK,222 nK and 228 nK; (b) a disk
of radius R = 12um with w,/27r = 1460Hz for 5 different T = 33nK, 60nK,
100nK, 157 nK and 178 nK. (c) a square of size L = 24um with w, /27 = 365 Hz for
3 temperatures T = 172nK, 185nK and 209 nK (d) a disk of radius R = 9um with
wz /21 = 365 Hz for 5 temperatures T = 85nK, 104 nK, 164 nK, 183nK and 173 nK.
The represented data are binned in N and error bars represents standard deviation
on the binned ranges (ranges width is 1000 atoms for data at w,/27w = 1460 Hz
and 4000 for w,/2m = 365Hz. Colors match the different temperatures; with
increasing T, the color order is red, orange, yellow, green, cyan, light blue, dark
blue, purple, magenta, salmon.

the critical atom number is comprised between 0 and the lowest measured number as

indicated by the corresponding errors bars.

Clearly the bimodal behavior that we observe in our gases appears for atom numbers
N lower than the critical values for both BECy,;; and BKT transitions at fixed T. This re-
veals that Bose law significantly affects the population of the low-excited states and the
resulting extent of the phase coherence prior to these transitions. In other world, this
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Figure 7.8.: Evolution of fitted critical number N, for A with the temperature T for an initial

gas confined in (a) a disk of radius R = 12um transversely confined in an har-
monic trap of frequency w,/2m = 365Hz. (b) a disk of radius R = 12um with
wz/2m = 1460 Hz. (c) a square of size L = 24um with w, /27 = 365 Hz. (d) a disk
of radius R = 9um with w,/2m = 365 Hz. The expected evolution of coherence is
highlighted by the predicted critical lines of BEC (solid light green line), BECy,y
(dash-dotted dark green line) phenomena and higher and lower bounds for BKT
transition (dashed blue line). Dark green circles show reliable fits of N.(T) as ex-
emplified in Fig.7.7. Light green stars represent unreliable fitted values of N from
data set presenting no zero plateau of A. In this latter case, error-bars represent the
observation uncertainty from zero to the first atom number observed correspond-
ing to non zero A.

modification implies an increase of the characteristic length /. for the decay of the g;
such that it results significantly different from its thermal value Ar/+/7 (see Eq.1.20).
Moreover, we highlight that the coherence revealed from these ToF measurements al-
ways appears at similar (or higher) critical numbers than the ones needed for BEC; to
occur. Thus, the measured coherence must be understood as a signature of 2D-ness of
the gas. We will describe in more details the deviation and the matches of this experi-
mental lines to theories in 7.4.
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7.3. Matter-wave interferences

7.3. Matter-wave interferences

Matter-wave interference between independent atomic or molecular clouds is a pow-
erful tool to monitor the emergence of extended coherence [24, 42, 49, 163, 164]. In
our experimental setup, thanks to the versatility of the box-trapping configuration, we
were able to implement and detect the fringes patterns resulting from interferences of
two coplanar similar clouds. In this section I will present our procedure to make inter-
fere two independent gases and characterize the coherence from the resulting fringes
patterns. Such measurements nicely complement the one described in previous sec-
tion and we will see in a last part that they both eventually fall in a common curve
describing the evolution of coherence in our gas in terms of dimensionless parameters.

7.3.1. Detecting matter-wave interference
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Figure 7.9.: a, Example of density distribution after a 16 ms in-plane expansion of two coplanar
clouds. Insets: frame of the selected region for Fourier transform. b, 1D Fourier
transform of each line y of the density distribution.

Using a mask shape showing a double site structure, we create two coplanar (i.e.
positioned in the same vertical plane) rectangular 2D gases of same size (see Fig. 6.9 for
example of in-situ density distribution) and initially spatially separated. In our setup
the two rectangles are set parallel along their long axis y of extent L = 24 ym. Along
their short axis x, they extend over I = L/2 and are spaced by d = 4.5 ym. Our setup
is designed so that the long rectangle axis y is aligned with the vertical axis of our CCD
camera frame.

To study matter-wave interference between the two clouds, we perform a 2D ToF (see
2.1.3 for details). It consists in abruptly switching off the box-potential while keeping
the confinement along the z-direction. In this way, both gases expand in-plane. This
point ensures that the atoms stay in focus with our imaging system, which allows us to
observe interference fringes with a good resolution in the region where the two clouds
overlap . We observe that the two gases start to overlap for expansion times T > 4 ms

9. We note that in such a type of expansion the interactions between atoms may play a role. Indeed,

147



7. Coherence of the Uniform 2D Bose gas

and then, in some configurations, we note the appearance of fringe patterns as shown
in Fig. 7.9(a).

We record the fringes patterns for longer expansion times T > 10 ms so that they are
observed over the whole cloud and that the atomic density drops sufficiently to be able
to use low intensity absorption imaging technique to observe these fringes in the den-
sity distribution [136]. This imaging technique is only partially quantitative in our 2D
geometry. Nevertheless, we choose to use this incomplete imaging technique as it offers
a larger signal to noise ratio compared to a fully-quantitative high intensity technique
[137] and so ultimately a better diagnosis of the fringe patterns. Note that multiple
scattering saturation effects may result in underestimating the fringe contrast for the
densest clouds ' and shortest expansion times used as the optical densities measured
are as high as 2.

7.3.2. Characterizing fringes pattern

The observed fringe patterns are approximately rectilinear and parallel to the long
rectangle axis (and so to the camera CCD frame vertical axis y) but commonly present
some distortions. We analyze the fringes pattern line by line on a selected central region
of the camera image (see Fig 7.9(a)). This line by line analysis enables a characterization
of the fringe contrast that is not influenced by the importance of the distortions. The
size of the region for performing the analysis is fixed for all cloud configurations at a
given Time-of-Flight duration 7 and is typically of 48 to 76 lines per 62 to 100 columns
for T varying from 10 to 20 ms.

We perform a fit of the density n(x, y;) on each line ! of pixels by

n(x) = o ( e/ CR) 4 o=/ 27 o (kox + 4,)) (7.22)

where 0y is the Gaussian width of the overall cloud, ¢ is the Gaussian width of the
interference domain, kg is the momentum component associated with the fringe spacing
A = 27t /ko, ¢ is the fringe phase and c is the fringe contrast. We impose the interference
region to be large enough ¢ > 7A but not necessarily equals to the total cloud size oy.
We let ko fluctuate around its expected value by +25% to 30% depending on 7 to take
into account distortion effects and other fluctuations in fringe patterns.

By Fourier transforming the density dependency 1 (x) resulting from the fit to Eq. 7.22,
we compute for each line I an estimate of the one dimensional Fourier transform 7i [k, ;]
of n(x,y;). An example of |7i[ky, ;]| obtained by a direct Fourier transform from exper-
imental distribution is given in Fig.7.9(b). Each line shows typically 3 characteristic

compared to the previous 3D expansion where the fast dynamics along z axis leads to a sudden drop
of the atomic 3D density, here the density remains of the order its initial value and the same conclusion
holds for the interaction energy. However, we note that for all points where we observe emergence of an
extended phase coherence, interaction are in practice negligible in the in-situ configuration and hence play
no role in the 2D expansion (see 7.4. A Bose law treatment described in Annex A self-consistentlypredicts
gn®P)(0) < kg x 10nK < fiw,, kgT). Interactions may play a role at higher densities, thus when full
coherence is already established. This may lead to a reduction in the fringe contrast in this case.

10. We however expect that for the configurations where we measure emergence of an extended phase
coherence, these multiple scattering effects to be negligible (similarly to the negligible effects of the inter-
actions between particles).
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7.3. Matter-wave interferences

peaks, one at zero momentum corresponding to the total cloud and two at opposite
k. of approximately constant value over the whole distribution. These auxiliary peaks
correspond to the fringes pattern and arise at momentum k, = +kg. The phase of the
complex value 7i(ko, y;) is then equal to the phase of the fringes ¢. The use of the result
of the fit to Eq.7.22 enables a more accurate estimate of the peak position ko, phase ¢
and amplitude.

We consider the complex value of this hybrid density 7ilky, y;] at the momentum k, =
ko(y;) and compute an equivalent of the one body correlation function:

v(d) = [(ilko(y), y]i* [ko(y + d),y +d])y | (7.23)

where * denotes the complex conjugation. For two infinite rectangles of zero thick-
ness and of identical initial one body correlation function g1 (y) = (¢(y)$*(0)) (where
(y) is the annihilation operator for a particle at position ), a simple integration gives
v(d) = |g1(d)|* [165]. Here the non-zero extension of the rectangles along x and their
finite initial size along y make it more difficult to provide an analytic relation between
v and the initial g1(r) of the gases. However 7(d) remains a useful and quantitative
tool to characterize the fringe pattern.

In an incoherent gas, g1 (r) is expected to be a Gaussian of width At/ V2. To study
the coherence of the initial gas on a spatial scale larger than this thermal width, we
study (d) for d 2 Amin where Apin is the thermal length At for the lowest tempera-
ture observed (and is thus approximately four times larger than the largest width of
|g1(7)|?). We also restrict ourselves to relatively small values of d due to distortions of
the fringes over long distances (d must be short compared to L but still long compared
to Amin). Typically Amin = 2 ym (as minimal temperature investigated are as low as
~ 10nK) and we consider the averaged value of y(d) for d varying between ~ 2 ym
and ~ 6 ym. As a camera pixel corresponds to 0.52 ym on the atomic sample, we effec-
tively consider the discrete average of y(d) for d varying from 4 to 10 pixels ':

10px

I'= (y(d)aepsing. = 2 7(d) (7.24)
d=4px

For the parameter I to take a value significantly different from 0, one needs a rela-
tively large contrast on each line, and relatively straight fringes over the relevant dis-
tances d, so that the phases of the different complex contrasts 7i[ko(y), y] do not average
out.

We note that the challenging point in this characterization lies in the quality perfor-
mances of the fit to Eq. 7.22 for each line /. In this fit function six free parameters have to
be determined whereas the single density lines may show important shot noise (from
photonics noise inherent to absorption imaging technique) making each fit very sensi-
tive to initial condition. We describe our effort for performing a good initialization of
this fit in Annex H.

11. We note that the results depend very weakly on the precise choice of this averaging range. In prac-
tice, we note that y(d) shows very similar behavior with (N, T) for d € [1,40]. Restricting the averaging
range to [4, 10] enables to increase signal to noise ratio.
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7. Coherence of the Uniform 2D Bose gas

7.3.3. Phase Diagram and critical atom number for T’
7.3.3.1. Phase Diagram

As for the velocity distribution phase diagrams, we measure a large number of ex-
perimental fringe patterns corresponding to an also large number of cloud configura-
tions (N, T). We deduce (N, T) for these fringes pattern configurations from Time-of-
Flight measurements performed on a single square box of same total area that is with
L = 24pum (as in Fig. 7.5) as similar densities '? are observed in both cases after identical
preparation sequence (i.e. same evaporation ramps) '°.

We compute the value of I' from the measured interference patterns so that for each
image we get a triplet (N, T,T'). In Fig.7.10, we plot I while varying the cloud param-
eters (N, T). We show results obtained for two trapping frequencies, w, /27w = 365Hz
and w,/2m = 1460Hz. As for the equivalent plot for the bimodality parameter A
shown in Fig.7.5, no indication of coherence appears in the lower right corner (I' ~ 0
for large T and small N), and T increases for larger N/lower T. For a given T, the
variation of I' with N shows the same threshold-type behavior as A.

7.3.3.2. Critical atom number for I’

We then also estimate the critical atom numbers N, for observing fringe patterns with
a significant contrast by fitting the variation of I' with N at fixed T by fitting:

F(N) = Ag(1 — Ne/N)O(N > N) (7.25)

where O stands for the Heaviside function. Note that here we do not assume a rise to
unity of the fitting function contrarily to Eq.7.21 as I' may take arbitrary values. This
implies the use of a second fitting parameter Ay that might increase the error on the de-
termination of the critical atom number in this case. The fitting parameter N, reliably
estimates the atom number N for which I' rises above zero for all data collections where
a significant I' ~ 0 "plateau" is observed (i.e. clouds without fringes were observed).
We summarize the variations of N with T in Fig.7.11. Reliable N, are represented with
plain dark green circles whereas the fitted N, in absence of an observed zero plateau
are represented by light green stars. In this case, as for A, we must considered that the
critical atom number is comprised between 0 and the lowest measured number as indi-
cated by the errors bars. We note an overall very similar evolution of the fringes signal
compared to the one extracted from the bimodality of the velocity distribution. We
conclude that both Time-of-Flight characterization of velocity distributions and matter-
wave interferences give a similar insight on the emergence of phase coherence in 2D
uniform Bose gases.

12. Each rectangle in this setup presents half the area of the square cloud studied but also half number
of atoms so that the spatial density is equivalent to this square case.

13. We then assume that the separation d has negligible influence on the setting of the cloud configura-
tion (N, T) via evaporation ramps and that in particular the same law T(U,,y) as the one deduced in 7.1
for the square of size L = 24 ym applies. For each preparation sequence we deduce N from averaging ~ 5
ToF measurements

150



7.4. Scaling Laws for emergence of Coherence
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Figure 7.10.: Contour plot representation of the evolution of I' with the clouds parameters
(N, T), for two initially rectangular gases of sizes L = 24ym and | = 12um,
spaced by d = 4.5um and transversely confined in an harmonic trap of frequency
(@) wy/2m = 365Hz (b) w, /27w = 1460Hz. N is the total atom number of the two
clouds and we checked by complementary in situ measurement that each cloud
contains approximately N/2 atoms. T is obtained from empirical law T (Uyyy)
deduced in 7.1 for the square of size L = 24 ym. To observed the fringes pat-
terns, we performed 2D ToF of 16 ms (resp. 10ms) for (a) (resp. (b)) Colors are
interpolated from a set of 100 (resp. 140) images over which we consider in av-
erage 61 (resp. 48) lines. As in 7.5, we represent theoretical critical lines of BEC |
phenomenon (solid orange line), BECy,;; phenomenon (dash-dotted red line) and
higher and lower bounds for BKT transition (dashed blue line). The theoretical
lines are computed for a square of L = 24 ym

7.4. Scaling Laws for emergence of Coherence

From the two experimental characterizations described above, we are now interested
in highlighting universal features in the appearance of coherence in 2D uniform gases
and, more precisely, while looking at various { = kgT/hw,. We have summarized
in Fig.7.12 the ensemble of our results for N.(T) obtained in the two regimes { > 1
(achieved for w,/2m = 365Hz) and ¢ < 1 (w./2m = 1460 Hz). It gives the variations of
the critical phase-space-density D. = N.A%/ A for the emergence of both bimodality as
described in 7.2 (full symbols) and fringe patterns as described in 7.3 (open symbols) as
a function of ¢. The results lie on a universal curve, independent of the shape and size
of the gas: D, is approximately constant for { < 1, whereas it increases linearly with
¢ when ¢ > 1. This is in line with our understanding of the transverse condensation
BEC, phenomenon.

In the regime of a strong confinement in the z-direction, { < 1, Bose and Boltzmann
statistics do not lead to dramatically different descriptions of the z degree of freedom.
Both indicate that a majority of atoms occupy the ground-state |j, = 0), independently
of the surface density. Then, from the theoretical description of ideal 2D gases (see
1.1.3), one expects that the coherence length in the xy-plane increase sufficiently to
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Figure 7.11.: Fitted critical atoms numbers N, from Eq. 7.25, for the fringes contrast parame-
ter I' shown in 7.10. Transverse confinement is varied: (a) w,/27m = 365Hz (b)
w; /2 = 1460 Hz. N is the total atom number of the two clouds. T is obtained
from empirical law T(U,yy) deduced in 7.1 for the square of size L = 24 ym
We represent theoretical critical lines of BEC; phenomenon (solid orange line),
BEC¢,;; phenomenon (dash-dotted red line) and higher and lower bounds for BKT
transition (dashed blue line).The theoretical lines are computed for a square of
L=24pum

lead to a bimodal velocity distribution and to interference patterns when the 2D phase-
space-density D = n}\% (where n stands here for the surface density n(2P)y significantly
exceeds 1. More precisely, as detailed in 1.1.3.1 (Egs. 1.17-1.22) in the case D 2 1, g1(7)
acquires a bimodal structure: in addition to its incoherent Gaussian structure of 1/e—
width At/+/7t, a broader feature o exp(—r/{) develops, with the characteristic length
given in Eq. 1.22 and reminded here:

AT
/= exp(D/2). 7.26
iz op(P/2) (7.26)
The fast (exponential) increase of ¢ with D, which is specific to 2D physics, entails
that the phase coherence is strongly enhanced, with a factor larger than 4 between the
widths at 1/e of the Gaussian and the Lorentzian components, as soon as D > 4. Then
we expect coherence to arise at a constant value of D:

D = Deop > 1 (7.27)

In the weaker confinement regime in the z-direction, { 2 1, BEC; phenomenon be-
comes relevant and leads to discrepancies between Bose and Boltzmann descriptions.
As thoroughly described in 1.2, Bose statistics implies that the 2D phase-space-density
that can be accumulated in the excited states of the z-motion D’ = D — Dy is bounded
D' < Dj. (see 1.2.3.1). When D’ reaches this bound, every additional atom must accu-
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Figure 7.12.: Scaling law for the emergence of coherence in a quasi2D Bose gas. Variation of
the critical phase-space-density Dot for observing a bimodal distribution (full
symbols) and distinct matter-wave interferences (open symbols), as a function of
the dimensionless parameter { = kgT/ (hv;). This plot summarizes data obtained
for various confinement shapes and sizes, as well as two different trapping fre-
quencies, v; = 365 Hz: disk R = 12 ym (red left triangles), disk R = 9 ym (light
green up triangle), square L = 24 ym (blue square), v, = 1460 Hz: disk R = 12 ym
(yellow right triangles), disk R = 9 ym (green down triangles). Interferences are
also observed at the same two frequencies : v, = 365 Hz (dark blue open circles)
and v, = 1460 Hz (violet open diamonds). Black dash-dotted line shows a fit to
the overall data set of a linear increase of Dot with a threshold at low {. We
obtain a plateau at Dot = 3.8(7) for { < 2.1(8), which gives from Eq.7.26 a cor-
relation length ¢ = 1.9(7)A7. The linear increase show a ramp of 1.39(9) close to
the semi-classical expectation of 712/6. We note for ideal Bose law computations
(see methods), that £/ At is approximately constant over the transition line and
equals to 1.6(2).
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7. Coherence of the Uniform 2D Bose gas

mulate in the ground-state |j, = 0) of the z-motion, which is associated to the PSD Dy
and then the total PSD is D = Dj, ., + Dp. In the case { > 1, a semi-classical treatment

leads to:
2

p =Z

max Z g (728)

In this case, BEC | occurs when Dy is not properly accounted by the semi-classical ap-
proximation which leads to D. ~ D}, and Dy [~ In({)] = 1 (see 1.2.3.2, Eq.1.50).
Then, it appears from Eq.7.26 that a bimodal structure arises in g; and the coherence

length in the xy-plane becomes large compared to its thermal value o = Ap/ VT
(see 1.2.3.4 for more details). In the regime { >> 1, the appearance of a large coherence
length in the xy-plane and the occurrence of transverse condensation for the z degree of
freedom are thus linked. Then, the expected threshold line for emergence of coherence
on D must show some increase with . From Eq.7.28, in the regime where { > 1, we

14 ;

. . . . 2
expect an approximately linear " increase of the critical PSD with a slope of 7

7.[2
D =~ ? C + DC,3D (7.29)

We fit the overall data set of D, by a linear increase with a threshold at low :

De = Dep +a(Z — o) O = o) (7.30)

We obtain a plateau at D9 = 3.8 (7) for { < {p = 2.1(8). We note that the D, for emer-
gence of coherence is much lower (approximately half of it) than the expected value for
the BEC/BKT transitions. This is due to the fast growth of the correlation length with
D of Eq.7.26 and it thus matches the above theoretical description of the tight confining
regime. The linear increase for { > (o presents a slope of 1.4 (1) compatible with the
semi-classical expectation of 712/6. Note that the error bars given here do not take into
account uncertainties on N and T determinations.

Using ideal Bose law computations described in Annex A, we can compute the spatial
dependency of the one-body correlation function g () for all couples (N, T) appearing
in Fig. 7.12. We estimate the width /. at 1/e of g1 in the xy-plane and we found it that it
is approximately constant over the transition line ¢, = 1.6(7)€£th).

From this ideal description, we have also calculated for all couples (N, T) the max-
imal interaction energy per particle EM® = (47thas/m)n®?)(0). For all points we
find that Ef?* < kg x 10nK is smaller than both fiw, and kgT, justifying a posteri-
ori the ideal gas approximation. The emergence of bimodality is therefore driven by
single-particle physics and not by interactions, contrarily to the superfluid transition
expected for larger phase-space densities (BKT physics). The regime corresponding to
the transition threshold in Fig.7.12 is similar to the quasi-condensate/pre-superfluid
state observed in [102, 103] for 8Rb atoms in a 2D harmonic potential. In that case, the

analysis is complicated by the fact that the BEC | phenomenon is position-dependent,

14. More precisely, from our theoretical development in 1.2.3, we expect BEC | to occur at Do = Dj .y +

Dy, with D}, = %Z ¢ and Dy =~ In() + 0.9 (Egs. 1.47-1.50), leading to a logarithmic correction to the
linear dependency.
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as evidenced by Quantum Monte Carlo calculations [166]. The advantage of our ho-
mogeneous setup is that extended coherence emerges simultaneously over the whole
sample, and is thus easier to discriminate from interaction effects expected for larger
spatial densities.

7.5. Conclusion

In this chapter, we presented our results on the steady state behavior of 2D uniform
Bose gases.

Firstly, we presented an original thermometry of our 2D uniform gases based on an
empirical description of the trap loading and evaporative cooling phenomena. From an
experimental investigation of temperature from Bose law calculations performed on a
partial data set (considering only cloud with negligible interaction energy contribution)
we deduced a general relation between the temperature T and the box-potential height
Upox. This relation depends on the transverse trapping configuration — more precisely
on the potential height V15 when we load the 3D gas into the 2D traps — and on the
box-potential shape — more precisely on the maximally explored distance from the trap
center dpax. The final relation reads

ngnax Zdrznax

T(ubox; VLS/dmax) = T(uboxe w? ;VLS) e (7-31)
___u
T(UiVis) = TolVis) (1—e kaTost>> ,w=50um.  (7.32)

We computed the characteristic loading temperature 7, for our two reference trapping
configurations and the global factor # as summarized in Table 7.1.

Secondly, we presented two sets of measurements characterizing the emergence of a
coherent behavior in our 2D uniform gases while varying the cloud atom number N
and temperature T. We characterize this phase coherence in two complementary ways:

1. We highlighted an abnormal population of the in-plane low-momentum states by
characterizing the bimodality of the density distribution measured after a Time-
of-Flight expansion.

2. We outlined the wave-like behavior of 2D uniform gases by characterizing the
interference generated when making two identical but initially separated gases
overlap.

Finally, we highlighted a universal variation of the critical phase-space-density for
the emergence of an extended coherence as a function of { = kgT /hw,, which charac-
terize the strength of the transverse confinement compared to the temperature. For the
tight confining regime, { < 1, we show that coherence appears in a 2D uniform gas at a
constant phase-space-density D.o ~ 4 that is smaller that the expected critical PSD for
BEC and BKT transitions D. gkt ~ D pec ~ 8. Such a deviation reveals the rapid in-
crease of the correlation length /. as soon as D 2 1 in the 2D geometry and corresponds
to the quasi-condensation or pre-superfluid regime [102, 103, 125]. For weaker trans-
verse confinements { > 1, we highlight a linear variation of D, with { which matches
the description of the transverse condensation phenomenon BEC; [129].
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7. Coherence of the Uniform 2D Bose gas

In these measurements, the coherence is considered as an equilibrium property of the
gas. In our experiment, it is in fact established via a forced evaporative cooling over a
finite ramp time. The finite duration of the evaporation ramp also implies interesting
dynamical features of the coherence establishment that we will study in next chapter.
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8. Kibble-Zurek mechanism at the dimensional crossover

Dynamics at the crossing of a thermodynamic transition is a widespread topic of
investigation in physics, from the study of the early universe to nanoscopic laboratory
experiments.

Generally speaking, when approaching a transition point, both the thermalization
time T and the correlation length ¢ diverge. First the divergence of ¢ leads to the emer-
gence of a universal behavior close to the transition point: as ¢ grows to infinity, micro-
scopic details of the system under interest become irrelevant. Behavior of the system
is then dictated by the universality class ' of the transition that is crossed. The univer-
sality of this behavior is embodied in thermodynamic critical exponents characterizing
the steady—state power-law dependencies of interesting physical quantities close to the
transition point with respect to the distance to this point (in terms of a given control
parameter). If the transition is crossed via a finite ramp of a control parameter, how-
ever, ¢ would never reach its predicted infinite value. Indeed, as the thermalization
time T also diverges, there will be a time f before the transition occurs for which ther-
malization is no longer possible and ¢ will be frozen out at f before the transition. Such
a freezing out leads to the formation of independent domains of characteristic size &
in each of which a choice of the order parameter value is made. These domains will
merge after the transition is crossed ? leading to the formation of robust topological de-
fects at their boundaries that subsist within the globally coherent system. The size of
the independent domains and the density of defects are intimately linked to the equi-
librium description of the considered transition and may serve to identify the class of
universality at which it belongs.

This ubiquitous mechanism was first put forward by Kibble [88] concerning cosmo-
logical systems and extended by Zurek [89] to condensed matter field. Kibble and
Zurek description enable a quantitative prediction of the scaling of both the size of
the independent domains and the consequent density of defects. Signatures of Kibble—
Zurek physics and quantitative scaling properties have been studied in a variety of ex-
perimental systems such as liquid crystals [167], helium [168, 169], ion chains [170, 171],
superconducting loops [172] and cold atom gases [91, 93-95].

In this chapter, I present a quantitative analysis of KZ mechanism for our specific
uniform quasi-2D setup. Thanks to the uniformity of our gas, we get closer to the
original prediction from Kibble and Zurek than previous experiments realized on cold

1. Universality classes constitutes a categorization of phase transitions coming from the application of
the Renormalization Group (RG). Phase transitions belonging to the same universality class are equivalent
under the renormalization transformations around the critical point. They have the same relevant observ-
ables (i.e. the ones that grow under the renormalization transformations) and only differ by irrelevant
observables (the ones that decay under the renormalization transformations). Then they have the same
values of their critical exponents.

2. in fact, the merging should occur also at a time f after the transition point. By symmetry, the freezing-
out holds for a duration  in each side of the transition.
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gases [91, 93]. In these cases, inherent non-homogeneities imply a dominant role of the
causality principle [173], which in particular leads to a strong reduction of the number
of topological defects and a major change in the scaling properties. Indeed, whereas, in
presence of inhomogeneities, the transition occurs successively in the different regions
of the gas, in the uniform case, coherence is established simultaneously over the whole
cloud matching the previously described independent choice of order parameter per
frozen out domains. Then a different and interesting regime can be achieved with our
uniform configuration.

In a first part, I will present an overview of Kibble-Zurek predictions emphasizing
on the specificity of uniform systems versus inhomogeneous ones and presenting some
particularities of the applicability of KZ predictions to our experiments. Then I will
present two experimental configurations in which we observed topological defects for-
mation when quenching a gas successively through BEC | and BECy,;;/BKT transitions
(see Chs. 1 and 7). We studied the lifetime, the probability of occurrences and the mean
numbers of these defects and the scalings of the latter properties as a function of the
quench time for both configurations, which we compare to KZ predictions:

— We observe nucleation of vortices in 2D uniform, simply connected gases. In this
case, the vortices are revealed by expanding cores density holes after short 3D
Time—-of-Flight. In this case, we can in particular study the spatial distribution
and the correlations of the vortices.

— We observe nucleation of persistent currents in an annular gas. In this case, the
vortex phase windings are revealed by matter-wave interference with a central
disk of atoms that serves as a phase reference. We are in this case able to charac-
terize the sign and the charge of the corresponding vortices.

8.1. Kibble-Zurek Mechanism

8.1.1. General description of the mechanism

As introduced, Kibble-Zurek mechanism states than when approaching a transition
point via a finite ramp of duration 75 of a control parameter T, independent coherent
patches are formed prior to the transition crossing. Topological defects are nucleated
when these patches merge into a unique coherent system, after the transition has oc-
curred. Both scaling of the size of the independent patches & and of the number of the
topological defects Ny or Ny, as a function of the quench duration 7g are dictated by
the divergences of both the correlation length ¢ and the thermalization time 7 at the
transition. These divergences are typically ® featured at equilibrium — or by extension
in the adiabatic regime— by universal critical exponents v and vz respectively:

3. Note that for transitions of infinite order (as BKT), a quench would not lead to a power-law scaling
of ¢ and 7. It was nevertheless shown that Kibble-Zurek mechanism keeps applying then, leading to more
a complicated scaling that was the object of recent theoretical analysis [174, 175].
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8.1. Kibble—Zurek Mechanism

fe) = 1)
T(e) = ’;ﬁ/z (8.2)

where € is the distance to the transition point in terms of the control parameter T (T,
standing for its value at the transition):

TC_T

€= T

(8.3)

Values of critical exponents v and z depend on the universality class of the transition
considered.

If we perform a ramp of € in a time 7 from €(t = 0)>0 to e(t = 179) < 0, then
as we approach the transition time t* such as e(t = t*) = 0, the thermalization time
T(t)[= 7(e(t))] diverges. As long as 7(t) stays small compared to the time before the
transition crossing |t* — t| > 7(t), then the adiabaticity of the evolution holds. Out
of equilibrium dynamics arises when this adiabaticity condition is no longer verified:
|t* —t| < (). We denote f the time distance to transition for which

A

T(t" — 1) ~ F (8.4)

f is called the freezing out time as it matches the time distance to the transition point at
which adiabaticity fails. At this moment physical parameters can no longer follow the
dynamics imposed by the forced ramp of the control parameter.

In particular, at this time f, the correlation length is frozen to the value {(t* — f). The
system can not equilibrate on length scales larger than (+* — f) and no coherence can
then be established on larger scales. From this observation, Kibble and Zurek suggest
that this frozen out correlation length &(+* — f) matches the size of the independent co-
herent domains that are formed due to this freezing out of the dynamics:

~

§=¢(t -1 (8.5)

Then the mean number (over a large number of realizations) of independent domains
Ny4 formed and observed at the end is given by

Vv
feP
where f 2 1 is a numerical factor correcting for non-independent choice of the order

parameter value between the "initial" patches *, for example due to diffusion during the
freezing out period [176]; D is the dimension of the patches we consider and V is the

Ny (8.6)

4. The term "initial" patches here refers to the patches formed at time t* — , whose mean number
is V/EP. Then, with this correction, Ny corresponds to the mean number of domains observed at time
~ t* + I, that is at the end of the freezing out period, just before the merging of the domains. This value of
Ny is the relevant one to deduce the mean number of topological defects that are formed.
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8. Kibble—Zurek mechanism at the dimensional crossover

fluid volume in this space. For example:

— For a uniform 2D gas as considered in 8.2, patches are bi-dimensional (D = 2)
and the volume is equal to the area of the box V = A.

— For an annular geometry as considered in 8.3, we will see that we can look at the
patches as effectively ® one-dimensional D = 1 and the volume is equal to the
annulus circumference V = C.

On each coherent domain formed at the freezing out time, the phase ¢ of the wave-
function (that is the order parameter for BEC transition) is approximately constant and
its value is chosen randomly and independently. Hence, there is a chance to find an
accumulation of the phase around a closed loop that crosses some boundaries between
several of theses patches. During the coarsening dynamics at the transition crossing,
the patches merge together and the point around which the phase winds up forms a
topological phase defect, namely a vortex. From Kibble-Zurek formalism described
above, we can deduce the mean number of topological defects that are nucleated in the
quench. We distinguish two specific geometries that we will later experimentally study,
an annular and a bulk geometry:

— In an annular geometry, the domains numbered by i € [1; Ng] form a one di-
mensional chain around the annulus. The choice of the independent phases ¢; on
each domain i may lead to a persistent current if the phase accumulated around
the annulus Ag = Zf\ffl((piﬂ — ¢i)[27t] (where [.] stands for the modulo oper-
ation) is a non—zero multiple n,, of 277. Then the mean over a large number of
realizations (noted ( . )) of flux quanta n,, (= A¢/2m) that are created is directly
deduced from the number of domains Ny as, if Ng > 1, the variation of the phase
over the circumference can be seen as a random walk of Ny steps. The precise
scaling law of Ag to Ny depends on the range of Ny. If the number of patches is
large (Ng > 1), Ag follows the law of large numbers and the winding number n,,

verifies
(Inwl) ~\/(n%) o< v/Na. (8.7)

Such a scaling law has been checked by numerical simulations using Stochastic
Gross—Pitaevskii Equation (SGPE) for instance in [177]°. If Ny < 1, then scaling
law is modified [178, 179] in

(n%) ~ Ng (8.8)
(Inwl) ~ N3 (8.9)
In experimental investigations of 8.3, we will consider Ny, = (|ny|). If the number

of patches is intermediate between these two regimes, the scaling law must transit
between Eq. 8.7 and Egs. 8.8—8.9. Our experimental realization of 8.3 holds in this
situation. We have implemented simple simulations to estimate the correction to
the scaling law by performing random walks on relevant number Ny of patches
and fitting the resulting averaged winding number toward Ny (see 8.3.3.2) .

5. For considering so the characteristic patches size ¢ must be larger than the width of the annulus.
6. In this paper the smallest C /¢ considered is 30. The critical exponent found is 0.126 very closed from
MF prediction 0.125
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8.1. Kibble—Zurek Mechanism

— For the nucleation of topological defects in the volume of the fluids in our uni-
form 2D gas of 8.2, scaling law of the mean defect number N is more complex
to infer. It has been shown experimentally and theoretically that when merging
independent condensates of random phases, vortices are formed and their mean
number N, depends on the merging rate [180, 181]. If the merging is slow enough,
the vortices can only formed at the intersection of several (> 3) domains, then the
number of vortices observed in one configuration is set by the simple geomet-
rical organizations of the phases ¢; around the various intersection points (via
the geodesic argument [182]). However if the merging is too fast, vortices can
be nucleated from interference at the boundary between two domains. These in-
terferences create instabilities that may decay in vortex anti-vortex pairs. Some
of the generated vortices or anti-vortices may then survives (and not annihilate)
within the resulting cloud. It was shown [180, 181] that the nucleation efficiency
can be embodied by a constant f, that does not depend on the critical exponents

so that
_ Ng

N, — —d
\' fv

(8.10)

8.1.2. Specific description of the mechanism in our experiment.

In our experiment, the quench through a transition to a coherent state is realized
by performing the final evaporation ramp of the micro-trap potential height Uy, (see
2.1.3). During this ramp, we vary the temperature T (see 7.1) but also the 2D charac-
ter of the gas. In this sense, nor defining the order parameter that is ramped neither
pointing out the critical phenomenon that leads to the formation of a coherent state
(and if crossed via a finite ramp to topological defects) are straightforward tasks. In
this section, our aim is to clarify the way KZ mechanism applies in our case.

The measurements detailed in this chapter have been taken at w, = 27 x 365 Hz
~ kg/h x 17nK. The loading temperature is typically of the order of Tjp,q ~ 200nK
such that the starting value of { = kgT/hw; is (joad =~ 12 > 1 and we are in the 3D
regime. More precisely, we compute an initial occupation of the ground state of the
z-motion of 23%. In contrary, the final temperature is T ~ 10nK and ¢ ~ 0.6 < 1: we
reach a 2D regime with a final occupation of the ground state of the z-motion of nearly
100%. Ashighlighted in Chapters 1 and 7, in this case two transitions occur successively
(two-step condensation). First, at temperature T , the transverse condensation (BEC )
occurs, leading to emergence of a 2D behavior of the gas, with a dominant population
of the ground state of the z—motion. Second, at temperature Tg,; < T, in—plane conden-
sation (BECgy);) or BKT transition are crossed leading to a "true" superfluid state. BEC ;.
occurs at a 3D phase-space-density D®P) ~x 2.612 as the gas is weakly interacting there
(see 1.2.3.3), and we show that at this point, the 2D phase-space-density associated to
the population of the ground state of the z-motion is of the order of DézD) ~ In(Q)
that is of the order of 2 in our case (see 1.2.3.2). BECg,;; and BKT happens at a similar

. (2D) . . .
phase-space-density Dy’ ~ 8 in our configuration.

In 1.2.3.4 we theoretically demonstrated and in Ch. 7 we experimentally verified that
the occurrence of the BEC | phenomenon leads to a state of increased coherence length
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8. Kibble—Zurek mechanism at the dimensional crossover

compared to the thermal length At both in the z-direction but also (more subtly) in-
plane. Then the establishment of such an extended coherence at crossing of BEC | phe-
nomenon makes it relevant for the KZ formalism: In our ramp, the topological defects
that may be nucleated via a KZ-like mechanism must be formed when approaching the
BEC, point, which corresponds to a sharp dimensional crossover. The temperature can
be seen as the order parameter varied and T, = T .

To understand the details of the application of KZ-like mechanism in this case, we
must analyze how the coherence length ¢ evolves close to the transition point. We
will start from the case of a 3D condensation considering a similar geometry’. In this
case the previously developed KZ formalism simply applies using BEC universality
class exponents and leads to the formation of coherent domains of size 4 (Eq. 8.5)
isotropic for the 3 directions of space. For a condensation arising in two steps (that
is for traps with a higher anisotropy L/ ¢, > 10), the same description than for this 3D
case applies up to the first step of the condensation. As the isotropy of the evolution
keeps being relevant up to this first step, the size of the coherent domains must then
be limited by the smallest dimension if the gas, that is to say its typical thickness. It
thus sets a validity bound to the 3D description of the KZ mechanism for this two-step
condensation. More insight (see 1.2.3.4 for more details and rigorous derivation) in
such a bounding effect can be obtained by injecting the order of magnitude D(()ZD) ~
In (¢) in the 2D coherence length formula . = AreP/2/+/4m (Eq.1.22), we found an
in-plane correlation length /. ~ ¢/ V2 with ¢, = \/fi/mw. such that . matches (in
order of magnitude) the thickness of the ground-state of the z-motion: At the transverse
condensation point, the in—-plane coherence length is equal to the correlation length in
the z-direction and is set by the characteristic thickness of the gas.

Then, for the fastest cooling ramps, KZ description for a BEC-type transition predicts
domain sizes for a 3D fluid that are smaller than ~ ¢,/+/2, and it can thus provide a
good description of our system. For a slower cooling, large coherent domains would
be expected in 3D, but in this case, the 2D nature of our gas cuts the critical divergence
of the correlation length (at the value & > 1,)% and slows down the emergence of the
coherent patches. In this slow cooling regime, we thus expect to find an excess of topo-
logical defects with respect to the 3D KZ prediction and a reduced variation’ of the
numbers of domains toward the quench time above the corresponding threshold in 7.

For the fast cooling regime, the number of patches scales according to the BEC uni-

7. we consider a uniform in-plane confinement and a transverse harmonic one but with different nu-
meric parameters: 3D condensation is relevant when the two described steps for the condensation are not
distinguishable anymore. Quantitatively, it is the case when the characteristic size of the box potential L is
of the order of the size of the harmonic oscillator ¢, = /11/mw; (see Eq.1.51). In our case we have a ratio
of 1 : 53 between the two rms size of the traps.

8. such an effect can be seen as finite size effect in the transverse direction, see the corresponding
subsection 8.1.5.

9. Following literally our analysis, we deduced that this reduced variation should be a constant one.
In reality this variation may be more sophisticatedly affected by the further evolution of the coherence,
beyond the unique BEC; phenomenon. Then we can not rigorously conclude on the occurrence of a
plateau. In our experimental investigation however, we do not reach a sufficient precision to distinguish
a constant from a slow decay. For conveniency, we will use the plateau terminology rather a reduced
dependency in the rest of this chapter for describing this divergence cut effect
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8.1. Kibble—Zurek Mechanism

versality class prediction. It can be described using a Mean—Field (MF) formulation '

(i.e. Ginzburg-Landau theory) that gives v = 1/2 and z = 2 (see e.g. [? ]). Beyond
Mean—Field predictions have also been developed. In our case 11 we will considered the
so—called Model F [185]. We summarize in Table 8.1, the different values of the expo-
nents that could describe our gas.

Exponent | BEC, MF | BEC, Model F
v 1/2 2/3
z 2 3/2

Table 8.1.: Prediction for critical exponents v and z for BEC universality class described in a
Mean-Field (BEC MF) approximation (Ginzburg-Landau theory) or beyond Mean—
Field Model F [185].

Note that in our case, we are not studying the BKT transition. BKT transition would
also lead to highly interesting physics as it is of infinite order and do not lead to a
power-law scaling of ¢ and 7. It was shown that Kibble-Zurek mechanism neverthe-
less keeps applying then, leading to a more complicated scaling that was the object of
recent theoretical analysis [174, 175]. To reach such an interesting physics it is neces-
sary to use higher transverse trapping frequencies and larger in-plane boxes to be able
to make irrelevant the BEC | phenomenon and to separate the scales of BEC¢,; and BKT
transitions compared to our current implementation.

In our case, pushing further the evaporation to reach the deep 2D regime is a simple
mean to facilitate the visualization of the topological defects.

8.1.3. Homogeneous Kibble-Zurek mechanism
8.1.3.1. Linear ramp model

The historical argument by Kibble and Zurek bears on homogeneous systems. They
consider a uniform quench of the temperature T (or more generally any control param-

eter) and they assume this ramp to be linear in time '*:

T(t) = T. <1 - T;) (8.11)

10. We note that such values of critical exponents are correct for space dimension larger or equal to 4.
Then corrections must be taken into account in our 3D case for a more accurate description taking into
account the enhanced role of fluctuations.

11. Other predictions based on Monte Carlo calculations to compute z value can also be used [183, 184].
We note that the value of z coefficient depends on the dynamics considered and is not well characterized.

12. Until now we considered T as the ramp time until the crossing of the transition. As we consider
here a symmetric ramp around the transition, the value of 7 is only half the total duration of the ramp. In
fact the rigorous definition of g for all ramp types is linked to the notion of quench rate that is the slope

of the ramp in temperature divided by the temperature at the transition. Inversely, 7o = T¢ % (t*) -

Then it simply extend to the non-linear case, see 8.1.3.2.
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8. Kibble—Zurek mechanism at the dimensional crossover

with t varying from —1g to 7g so that e(t) = t/1g and the transition time +* = 0. Then,
the freezing out time defined in Eq. 8.4 is given by

0

1
= P f= (TOTVZ> T (8.12)

T(f)

and we deduce the scaling of the characteristic size of the domains:

) 0\ FE
t-a(2) .13
0
We denote d the critical exponent for the domain size:
v
14wz (8.14)

For the considered description of the BEC class of universality summarized in Table 8.1,
the possible values of the critical exponents for either looking at vortex nucleation in a
2D gas or at winding numbers around an annulus, are detailed in Table 8.2.

Quantity power-law exponent | MF | Model F
G d 1/4 | 1/3
Ny —dy = —2d -1/2| -2/3
(Inw|)yif¢ < C —dy = —d/2 -1/8 | —1/6
(Inw|)ifE>C —dy = —2d -1/2| —2/3

Table 8.2.: Critical exponents for the characteristic size of domains ¢, the mean number of vor-
tices in a 2D gas Ny or the winding number N,, around an annulus in their depen-
dency toward the quench time 7. C denotes the circumference of the annulus so

that the mean number of domains in the annulus is Ny = C/¢.

8.1.3.2. Some insights on non-linear ramps and application to our experimental
ramp:

Experimentally, it may be complex to implement a linear ramp of the temperature
T as it is not monitored directly but via an evaporative cooling control parameter. In
our case this control parameter is the box—potential height Uy,y. We studied in detail
the relation between T and Uy in 7.1 and showed an exponential dependency fol-
lowing Eq.7.10 (due to loading condition influence). In the experiments described in
this chapter, we will consider a linear ramp of the box—potential height Uy, so that in
the approximation of an adiabatic following of the temperature, the ramp on T results
non-linear.

In this case, we have to reconsider the starting argument of Kibble and Zurek on the
freezing out determination of the size of the domains (see Egs. 8.4 and 8.5) and find new
scaling laws of f and ¢ with Tg. In a general way, this is a complex issue as the implicit
relation defining the freezing out time in Eq. 8.4 cannot be generally solved. Neverthe-
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8.1. Kibble—Zurek Mechanism

less, as KZ scaling is fully determined by the physics happening between two times: the
transition time t* and the self—consistently defined freezing out time t = t* — f, conclu-
sions can be drawn if the description of the evolution between these two times can be
simplified. In particular, if the evolution of the control parameter can be approximated
by a linear ramp in this range , then the KZ scaling law is unchanged. The quench time
To will however take a local value characterizing this local evolution that may depend

on the transition time *:
1_1]dT .
dt

T(‘Sf

(8.15)

Such an approximation is valid if the slope of T does not vary too much between t* — f
and t*, for instance:

(8.16)

~

,__dT/dt()
dT/dt (t* — 1)

In our case, the ramp of Uy, is set linear between a loading value U(t = 0) = Ullfoid

and a final value U(t = 1) = Ugox very small compared to the initial one U (1) <
u(o):

t
U(t) ~ upoad (1 — T) (8.17)
0

Assuming adiabatic following of the temperature along relation of Eq.7.10 deduced
in previous chapter, we find

uload uload Th — T(t
Cil'f (t) — _ l‘t:lox Eex <_U(t)> _ _ “box 0 ( ) (8.18)
0 TQ UO Uo T0
and deduce a local effective quench duration at time ¢

(loc) dT -

o () = Tc G (1) (8.19)
Uy Te

tlead Ty —T(t) © (8.20)

T. U ujod < t )
= o= ——exp| > (1——|. 8.21
27, yjowd P ( U \' 1 (8.21)

By applying condition of Eq.8.16 and using latter expression of Eq.8.21, the linear
approximation is valid if the freezing out time separation is small compared to some
fraction of the actual quench duration 7:

N Uy
box

In Eq.7.10, Up divides between the high and low potential-height values compared to

the loading condition effect and is typically a fraction of U924, Uy ~ U/°24 /3.

If Eq. 8.22 is verified, then, using Eq. 8.20, the local quench time of interest defined in

165



8. Kibble—Zurek mechanism at the dimensional crossover

N
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Figure 8.1.: (a) Evolution of cloud parameters N (green disks, left axis) and T (blue diamonds,
right axis) along the evaporation ramp. ¢ is the time along the ramp and 7 the
ramp duration. (b) Deduced predictions using ideal Bose law calculations of the

2D phase-space-density associated to |j; = 0) state D(()m) (green disks, left label)
and the 3D PSD at trap center DpBD) (blue diamond, right axis). Grey dash-dotted

line highlight the time where D®P) = 2,612, matching the time at which BECp
occurs(see 1.2.3.3). We find that the relevant transition occurs at t* = 0.417.

Eq.8.15 is simply
U Tc

T Ty T, (8.23)
OX

TH R TQ
that is directly proportional to 7g. Then the scaling law predicted for the size of the
domains — and thus for the resulting one for the topological defects observed — is un-
changed compared to Eq. 8.13.

To study further applicability of linear approximation, we must study the value of 7.
Assuming linear approximation and considering vz = 1 (see Table 8.1), Eq. 8.12 writes

f= /07 (8.24)

where 19 is the thermalization time of the normal gas and is typically identified with
the collision time 1) = T ~ 4 ms (see Annex I). Té is given by Eq. 8.23 such that the
condition of Eq. 8.22 reads
T

Up To—T.
It depends on the value of the critical temperature T; for the considered ramp. When
performing a ramp on the box—potential height, the couple (N, T') of cloud parameters
evolves when varying Uy,ox. We show in Ch. 7, measurements of this couple for various
trapping configurations and loading conditions. We consider here the evolution mea-
sured for the specific geometry presented in the following section 8.2 1* and plot their
time dependency in Fig. 8.1(a).

T0 (8.25)

13. We can perform similar calculations for the geometry presented in 8.3 . Due to similarities in trans-
verse trapping and in the size of the in-plane box (similar d,y, A), it is then not drastically different. The
former situation is nevertheless easier to describe due to a simpler geometry.
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8.1. Kibble—Zurek Mechanism

To study the BEC transition point on this ramp, we use ideal Bose law calculations
as presented in Annex A for a square box of size L = 30 um and a transverse con-
finement frequency w,/2m = 365Hz. We deduce both the populations of the single-
particle states and the extent of the gas in the transverse direction so that we can com-
pute the 2D and 3D phase space densities D?P) and D®P). We plot their time evolution
along the ramp in Fig. 8.1(b). From these calculations, we found that DBD) raises above
2.612 at t* = 0.417Q, defining the time at which BEC; occurs. We deduce T, = 142
nK while we measure Ty = 194nK and Ué%id/ Uy = 2.2. In this case, Eq.8.25 reads
T0 Z 6T0 ~ 24 ms.

If we consider evaporation ramps longer than few tens of milliseconds, the linear
approximation is valid in our configuration and KZ scalings summarized in Table 8.2
apply. We will only consider these cases in practice as the adiabatic following of the
temperature along the ramp also requires quench times longer than a few collision
times and 7o 2 25 ms.

8.1.4. Specificity of transition crossing in homogeneous systems: some
insights on the inhomogeneous KZ phenomenon

In most of the previous experiments testing KZ mechanism ([91, 93, 94, 170, 171],
see [186] for a review), the systems under study is intrinsic non-homogeneous. In this
section, we want to briefly highlight how inhomogeneities constitute a limitation in
testing KZ mechanism along its original formulation and demonstrate — by contrast
— the original input of our uniform setup. We point out the specificity of transition
dynamics in uniform setups in which causality [173] is avoided by simultaneity of the
transition over the whole cloud, recovering the original argument of KZ mechanism.
Hence, dynamical features of transition crossing are expected to be strongly enhanced
in uniform systems.

In this section, we will only present the main lines of the understanding of KZ mech-
anism in an inhomogeneous system without entering in the details of the calculations
as it is not the main point of our experimental investigation presented further. In-depth
proofs of the presented arguments can be found in [187].

In an inhomogeneous system, the critical temperature at which transition occurs de-
pends on the location r via Tc(r). Then as the temperature is commonly the same over
the whole cloud, the crossing of the transition can be seen as the propagation of a coher-
ent front. Regions with higher T; are crossing the transition first and choose an initial
arbitrary value of the order parameter. Neighboring regions will successively reach the
transition point and then, if the transition is slow enough, the choice of the order pa-
rameter in these regions is dictated by proximity from the original choice of the most
coherent regions. KZ mechanism is relevant in such traps only for regions where the
transition front is too rapid so that the coherent parts have no time to impose their
choice to the neighboring incoherent ones. We will called these regions, the Kibble—
Zurek (KZ) domain. KZ domain limits are set by the condition of a local non-adiabatic
propagation of the transition front.

For a finite quench time, such regions always exist as the gas always shows regions
that locally look like an homogeneous system. In an harmonic trap, this would be
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8. Kibble—Zurek mechanism at the dimensional crossover

the case in the central region where the density reaches its maximal value and so its
gradient is zero and in the far outer region where the density asymptotically decays to
zero. The size of the KZ domain then depends on the quench rate.

KZ prediction applies for each of the KZ domain components in which 7o, f and ¢
take local values due to the spatial dependency of T,(r). Using Local Density Approx-
imation (LDA), we can deduce a local density of topological defects n, = N,/V by
applying the uniform prediction obtained in previous section 8.1.1. Then the average
total number of defects is computed by integrating n,(r) over the KZ domain:

Ny = / iy (#)dr (8.26)
JKZ domain

For fast enough quenches (compared to some characteristics time deduced from the
trap shape), KZ domain can match the entire cloud. In this case, the KZ scaling deduced
for uniform clouds is not modified. For slower quenches however, some regions of the
cloud will be excluded from KZ domain. In a typical harmonic trap, this excluded region
forms a ring. Due to the ring radii dependency on the quench duration 7, scaling of the
number of vortices detected toward 7g is modified by the inhomogeneity. In the limit
of very slow quench, we can approximately compute Eq.8.26 (by considering only a
very small central KZ domain). In an harmonic trap, we find for example a modified
scaling

( 0 >2(u(1+D/2)+1)/(1+vz)

Ny < [ —

1Q
This limit corresponds to a power-law of greater exponentd’ =2(v(1+D/2)+1)/(1+
vz) than the homogeneous scaling described in Eqs. 8.10-8.13 whose exponent is Dd =
vD/(1+ vz). In between these two limiting cases of extremely fast quenches and slow
ones, the scaling of Ny to 7o must evolve from power-law scaling of exponent dD to
exponent d’. We also point out in these calculations that the total number of vortices
is strongly reduced compared to the homogeneous case as they can only be found in

restricted parts of the gas.

(8.27)

We note that the KZ prediction has been extended to inhomogeneous systems by
performing some approximations that enable one to deduce them from the original
case of a uniform system. The KZ mechanism is then no longer universal but needs a
non-adiabatic condition to be verified. The inhomogeneities lead to an ease of the adi-
abaticity thanks to the causality principle. Indeed, if the evolution is slow then the KZ
domain is very limited and only a very small part of the gas evolves out of equilibrium
at the transition crossing. The characteristics evolution rate for defining this slowness
is here set by the comparison of the freezing-out correlation length & (at this rate) to the
typical scale of the trap spatial variations. In a uniform gas adiabaticity of the evolution
can be recovered only in case of a finite system (non-adiabaticity is always induced by
the crossing of a transition in an infinite uniform gas, see 8.1.5 for an insight on finite
size effects). Here out-of-equilibrium dynamics is prevented if & becomes larger than
the cloud size itself. Thus considering gases of similar sizes, the characteristic slow evo-
lution corresponds to a smaller rate (longer time scale) in the homogeneous case than
in the non-homogeneous one. We conclude that homogeneous systems appear very
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promising in terms of studying out-of-equilibrium and dynamical phenomena.

Finally, we note that the KZ predictions for inhomogeneous systems are deduced
from the original prediction by applying LDA. Such an approximation must be consid-
ered with care as we analyze physical phenomena close to a transition point where the
characteristic length ¢ diverges. In particular we deduce the scaling of the number of
defects from a local value of the size of the coherent domains &(r) that may be larger
than the characteristic length of the inhomogeneities of the potential. Such issues may
be addressed by taking into account by the effect of finite size on scaling properties that
we will not address in next paragraph but we will not further investigate this question
latter on in this work.

8.1.5. Some insights on finite size effects on scaling properties

The scaling laws described above have been established considering an infinite sys-
tem. However, experimental systems are always of finite size. We denote L the char-
acteristic size of the system. We immediately grasp that when the characteristic size of
the domains ¢ deduced from the infinite system prediction becomes larger than L, the
scaling law must be strongly modified. When ¢ > L, the influence of L must reduce the
influence of & over the number of defects nucleated as then a vanishingly small num-
ber of topological defects are expected to be formed whatever the quench rate is. It has
been more rigorously demonstrated that critical behavior of both homogeneous [188]
and inhomogeneous [189, 190] gases is modified from the finite size of the system. A
more in—depth study of the modification of the critical exponent can be performed us-
ing the Renormalization Group Theory (similarly to the works presented in the three
last references) but goes beyond the scope of this manuscript.

8.2. Nucleation of vortices in a 2D uniform gas via Kibble—Zurek
mechanism

We will now describe a first experiment in which we tested KZ mechanism on a
2D uniform gas. We use a similar geometry as the ones used to test establishment of
coherence as a steady state property of our gases in Ch. 7. In that chapter, we studied
the coherence as a function of the final equilibrium configuration (N, T) of the gas.
Nevertheless, the finite duration of the evaporation ramp used to establish the coherent
behavior also implies interesting dynamical features of the coherence establishment
due to the crossing of the relevant transitions in a uniform 2D geometry, BEC | , BECy,y
and BKT.

In this section I present our test of KZ mechanism at crossing of BEC | (see 8.1.2) by
observing topological defects that survive in the coherent gas, namely vortices.

8.2.1. Characterizing vortices via Time—of-Flight measurements
8.2.1.1. Experimental sequence

For these measurements, we use a box potential of square shape and of length L =
30 ym transversely confined in a harmonic trap of frequency w,/2m = 365 Hz. After
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8. Kibble—Zurek mechanism at the dimensional crossover

R 200 ks

Figure 8.2.: Examples of density distribution after 4.5ms of ToF showing (left) 1 and (right) 3
hole(s) of high contrast, corresponding to topologically protected expanding vor-
tex core(s).

loading these 2D traps from a 3D cold gas (see 2.1.3 and Fig.2.1), we ramp down the
box height Uy, to its final value in a time fevap and finally wait for a time ty,q14. In this
chapter, we consider fixed final end points for both the ramps performed within the
hybrid trap (see 2.1.2) and within the 2D box-potential (see 2.1.3). Then, the final cloud
configuration is fixed, the temperature is T ~ 11nK (see 7.1) and the atomic density
n?P) ~ 50 at/ pm?.

In this configuration, topological defects expected from KZ mechanism are vortices
(see last point of 8.1.1 and [91, 180? ]). The predicted size of the vortex in—situ is deter-

mined by the healing length ¢ = 1//gn(2P). By performing 3D Gross-Pitaevskii calcu-
lations in imaginary time (see Annex B) , we deduce the 3D ground-state wave function
in our trapping configuration taking into account interactions. As the final configura-
tion of our gas is highly degenerate with T;/T ~ 150 where T; = 27h*n/ (kgm) is
the degeneracy temperature, the deduced ground-state gives a good approximation of
the actual macroscopic wavefunction of the coherent part of our sample. We estimate ¢
along Eqs.B.23-B.25 and we assess ¢ ~ 0.7 um for the considered atomic density. As our
imaging resolution is of the order of 1-2 ym, we expected the vortices not to be visible
in situ and indeed we detect no density holes in the corresponding absorption images.

We then perform a short Time-of-Flight expansion and image our gas along the verti-
cal axis with high intensity absorption imaging (see Ch. 3) to let the vortex cores widen.
In the resulting density distribution, we observe deep density holes in arbitrary num-
ber per realization (up to 5) and located at random positions as shown in Fig.8.2. We
observed similar density holes for different cloud shapes (disk and square of smaller
sizes) and confinement frequencies (as at frequency of w, /27t = 1460 Hz) but we only
performed a systematic analysis on the above described configuration.
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8.2. Nucleation of vortices in a 2D uniform gas
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Figure 8.3.: (a). Evolution of the fitted contrast ¢ (green square, right axis) and of the average

size ¢ (red circle, left axis) of the density holes with the expansion duration T.

We fit each density hole by an hyperbolic tangent deep (of contrast ¢ and size ¢)

convoluted by of gaussian of waist w = 1 ym corresponding to effect of imaging

resolution and depth of field (Eq. 8.28). We fit w from a preliminary analysis of the

holes as detailed in the text. For each T, we fit in average 20 density holes. We

note that ¢ increases with 7. The dashed red line is a linear fit of the variation of

¢ and serves as a guide to the eye. (b). Evolution of ¢ and of ¢ (same code as (a))

with the position on the cloud for a fixed T = 4.5ms. We fit 1430 vortices. The

position on the cloud is denoted by the distance to the closest edge of the initial

square-box and we binned the data around the abscissa of the shown dots. We note

that vortices are distorted when close to the edges. For holes located at a distance

larger than 4 ym from the edges (represented by the blue dashed-dotted line), the

characteristics are independent from its position on the cloud (the dashed red line

shows the mean value of ¢ in this case). In both cases, ¢ is compatible with ¢ = 1
(dashed green lines).

8.2.1.2. Identifying density holes to vortex cores.

We identify all relevant holes in the in—plane density distribution n(x,y) by an au-
tomatized procedure. We first compute the average density over a large number of
pictures for each Time-of-Flight duration 7, 1n,,(x,y; T), and consider the difference 14
0(x,y) = np(x,y;7)/(nm)(t) —n(x,y)/(n) where (.) stands for the spatial average.
We then analyze peaks of § of high enough amplitude, more precisely we look at the
sets of pixels (x,y) for which é(x,y) > b x (6(x,y)) and typically b = 10. We will iden-
tify a set 1° of pixels to a physical defect if it is of large enough size (typically it must
contain between 15 and 100 pixels for T = 4.5ms) and of circular enough shape (the
solidity '© of the set of pixels considered must be greater than 0.5).

To identify the nature of these density holes, we perform a statistical analysis of the

14. Considering here the difference and not the division enables a more reliable investigation of the
wings of the cloud (where n,,(x,y) ~ 0) in these Time-of-Flight measurements.

15. a set of pixel is defined as a connected component of the true regions in the boolean matrix é(x, y) >
b x (8(x,y)), after having performed some morphological operation to get rid of the noise of this boolean
matrix.

16. The solidity of a set of pixels is the proportion of pixels of the convex hull of the set that belong to
the considered set, the convex hull being the smallest convex polygon that contains all the considered set.
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8. Kibble—Zurek mechanism at the dimensional crossover

hole properties. We perform a fit of the density distribution around each detected hole.
The fitting function is:

p(x,y) = (pox*g)(x,y) (8.28)

1 2 2
with ¢(x,y) = Norss exp(— * er_zy ) (8.29)
po(x,y) = po((1—c)+ctanh(r(x,y)/c)) (8.30)
r(xy) = y/(xcosb +ysin6)? +eX(ysinf — xsin6)? (8.31)

where * denotes the convolution operator. g(x,y) is a Gaussian representing the effect
of imaging imperfections (finite imaging resolution, finite depth of field) and po(x, y) is
the physical expectation of density dependency around a vortex core (for ¢ = 1).

We first estimate the size g; of the vortices for each T by a manual method. We
then consider the ratio pmes(x,y) = n(x,y)/ny(x,y;T), on a square region of 1.5 x
i(T) around each density hole (these domains are located inside the cloud so that
m(x,y;T) # 0).

We perform a preliminary fit of pmes(x, y) to the simpler function pg(x,y) given in
Eq.8.30, neglecting imaging effects. From fitting the overall set of experimental vor-
tices, we compute an expected relation between the fitted contrast ¢ and the fitted size
¢ valid for the observed vortices.

To deduce the imaging imperfection function g(x,y) (Eq.8.29), and the physical con-
trast of the vortices ¢y, we simulate a set of density distributions perturbed by a vortex
(along Eq.8.30) while varying the size ¢s and the contrast ¢ of the vortices and con-
voluting it by a Gaussian g(x,y) of varying width o5. We fit the resulting density dis-
tribution by the same procedure as the experimental vortices and deduce a theoretical
relation between fitted parameters ¢ and ¢ for a given contrast cs and imaging width
0s while varying the size ¢s of the simulated vortex (as it reproduces variations of T
for physical vortices). By computing the minimal distance between the simulated and
experimental sets of (¢, ), we found the contrast of the vortices ¢y, = 1 and the width
of the imaging gaussian ¢ = 1 ym.

We then perform a final fit of pmes(¥,y) to the function given in Eq. 8.28 with fixed
imaging width ¢ = 1 ym and fixed or varying contrast c. We analyze the variations of
the resulting fit parameters ¢ and c for different Time—of-Flight durations and different
locations in the cloud. We analyze the variations of c and ¢ at a fixed T over the whole
set of experimental realizations studied latter on in this chapter (corresponding to 1430
vortices at T = 4.5ms). We note that all the observed holes show similar ¢ and c for
all cloud realizations and all hole positions !” on the cloud (Fig. 8.3 (b)). We analyze the
variations of c and ¢ when varying 7. We use 10 values of T between 0.5ms and 16 ms,
and record a set of 38 images for each T corresponding to a number of fitted vortices
varying from 15 to 25 (with an average vortex number per realization Ny = 0.52). The

17. We however note a distortion of the vortices when they get to close to the edges. More specifically we
observe elliptic vortices with long axis perpendicular to the edge and with larger area than bulk vortices
(see Fig.8.2). Such distortions must be due to effect of the short Time—of-Flight on density distribution.
For holes located at a distance larger than 4 ym from the edges, we note that the influence of the edges is
not perceptible anymore.
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8.2. Nucleation of vortices in a 2D uniform gas

average ¢ shows a typical increase with T and the measured contrast is compatible with
c =1 (Fig. 8.3 (a)).

All these observations are the signature that the density holes correspond to topolog-

ically protected expanding single vortex cores:

— They are not close vortex—antivortex pairs for which predicted evolution from
Gross—Pitaevskii real time evolution simulations lead to an annihilation of the
two defects in Time—of-Flight '®. This process results in a decreasing ¢ with 7 that
we do not observe here.

— They are not phonons as these phase defects would also create density hole of
strongly varying sizes for different realizations due to the range of their possible
momenta. They would also result in a lower average contrast (see for example
[191-193]).

We now fix the Time—of-Flight duration to T = 4.5 ms for which the density holes are

well visible and study in more details the statistics of the observed vortices.

8.2.2. Justifying dynamical origin of the vortices

70

60 - B

o
S

% of all realisatior

20

Vortex number per image

Figure 8.4.: Histogram of vortex number realization over the 2460 analyzed images. We note
that most of the images (59%) show no vortices while the mean number of vortices
over this set of image is 0.58 vortex per realization. Most of the images present-
ing some vortices only show one, with probability of 71%. We observe multiple
vortices in 12% of all the cases.

In our measurement campaign, we studied vortex nucleation for varying experimen-
tal parameters and, in total, we analyze 2460 images corresponding to a total of 1430
vortices detected. On this set of images, we observe a number of vortices varying from

18. simulations were performed for distances between the vortex and the anti-vortex up to a few healing
lengths (typically 5)
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8. Kibble—Zurek mechanism at the dimensional crossover

shot-to-shot such that it indicates a stochastic nucleation mechanism. We measure up
to 5 vortices per image and histograms of occurrences are given in Fig. 8.4.

To predict the mean vortex number expected from a steady-state thermal activation
in the final configuration of our gas we use the semi—classical field predictions from [194].
Our final configuration corresponds to a temperature T = 11 nK and an interaction en-
ergy per particle €ijn ~ kg x 5.5nK (which we deduce from 3D Gross—Pitaevskii calcu-
lations in imaginary time along Eq. B.24, see 8.2.1 for validity).Such a highly degenerate
configuration (2kgT/€int ~ 1) lies outside the range of parameters considered in [194]
and the predictions obtained for a 1.5 times higher temperature leads to a vanishingly
small mean number of vortices nucleated Ny < 5 x 10712, Then it is highly unlikely
that vortices are nucleated from thermal activation in our final experimental configura-
tion. Moreover, [194] also predicts that vortices must arrange in close pairs of vortices
of opposite charge in this configuration as the correlation between pairs is predicted
to be high at short distances and nearly zero at long range. The high occurrence of
vortices detected as well as the non pairing of the observed vortices is in clear disagree-
ment with this steady—state prediction. Such a high discrepancy fully excludes thermal
excitations from the possible mechanisms that the vortices may originate from. The
observed topological defects must then have a dynamical origin.

In the following, we study this dynamical origin by varying the two times that char-
acterize the evolution of the gas, the duration of evaporation in the uniform trap fevap
and the hold duration after evaporation tpqq (see Fig.2.1 for a summary of the experi-
mental sequence and a schematic definition of these times).

8.2.3. Studying the quench dynamics

For the results presented in this section, we fixed t,oq = 500ms and studied the
evolution of the average vortex number Ny as a function of fevap. The correspond-
ing data, given in Fig.8.5, show a decrease of Ny with fevap, passing from Ny ~ 1 for
tevap = 50ms to Ny ~ 0.4 for tevap = 250 ms. For longer evaporation times, Ny, remains
approximately constant within the error-bars ', and we fit Ny = 0.40 (3) (see legend of
Fig. 8.5 for details). The decrease of Ny with tevap suggests that the observed vortices are
nucleated via a Kibble-Zurek (KZ) type mechanism, occurring when the transition to
the phase coherent regime is crossed. Note that we observe a similar behavior for data
taken at t;,5g = O ms. Such a behavior is in qualitative agreement with the expectations
of 8.1.2.

8.2.3.1. Fit of critical exponent for the quench dynamics

For a quantitative analysis of KZ mechanism in our configuration, we fitted the ex-
pected power-law decay, Ny o t&”;‘io, to the measured variations of Ny for tevap < 250 ms
(see Fig.8.5). We performed a linear fit to the logarithmic quantities and took into ac-
count the errobars on Ny in the weights of the fit. The fitted exponent d, = 0.69 (17)

19. Error-bars are obtained from a bootstrap method [196]. For this we use 10 000 bootstrap data samples
and compute the confidence interval at 1/e of the mean from the set of vortex numbers extracted for all
realizations at given ty)q and fevap. The same bootstrapping method will be applied for the data in the
rest of this chapter.
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Figure 8.5.: Evolution of the mean number of vortices N, with quench time tevap for a fixed
thold = 500ms (green circle). The number of images per point ranges from 37 to 233
(mean number of images being 90 and median number 46). Error-bars are obtained
from a bootstrapping approach (see footnote 19). We restrict to tevap > 50ms to
ensure that local thermal equilibrium is reached at any time during the evaporation
ramp ([195] and see Annex I for an estimation of the collision time in the weakly

degenerate configurations). We fit of a power-law decay N, o te_v‘ivp to the short
time data (tevap < tcut ~ 250ms) and a plateau to the longer time data (fevap > tcut)-
The fit of the power-law decay restricted to tevap < 250ms gives an exponent
dy = 0.69 (17). The simultaneous fit of the two behavior (red line) gives the same
exponent d, = 0.69 (19), and a plateau at long time at Ny, = 0.40 (3). The threshold
time between these two behaviors is fitted to t.yt = 189(56) ms.

is in good agreement with the prediction d, = 2/3 for the beyond Mean—Field predic-
tion of model F given in 8.2 whereas the MF prediction for a pure mean-field transition,
dy = 1/2, is notably lower than our result.

8.2.3.2. Description of the plateau at longer quench times

The non-zero plateau found for long teyap may be the signature of the breakdown of
the KZ model due to the restricted size of the gas in the transverse direction and the
emergence of 2D physics as explained in 8.1.2. This emergence of 2D leads to a "cut"
(or "smoothening”) in the divergence of the coherence length {. at the characteristic gas
thickness, of the order of the size of the transverse harmonic oscillator ground state /..
By proportionality, a similar "cut" is performed for the domain size ¢ to some multiple
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8. Kibble—Zurek mechanism at the dimensional crossover

of £,. We note ¢ = g/, and g set the proportionality factor at the plateau appearance 2.

As l; = 0.6 ym < L, then, the gas still holds an important number of domains in-plane,
leading to a non-zero mean number of vortices nucleated. Due to the fixed size of the
cut, this number remains constant with varying 7, leading to a plateau.

From the value of the plateau N, ~ 0.4, the deduced relation from laws of Egs. 8.6
and 8.10, \/ffy & ~ L/+/Ny = 47 um is compatible with usual range f = 1-5 ,f, = 5-
10 [176, 177, 186, 197] and choosing g within 12 — 40 (see footnote 20 for validity of this
range). We note that f, must also take into account here some dissipation effects with
the non-zero t;,,q and may be greater than the range usually found in the literature,
(typically by a factor 2 — 3, see 8.2.4), this simply leads to a smaller range of g = 4 — 20.
From these ranges, the whole picture appears to be consistent. It however seems diffi-
cult to conclude more assertively on the validity of the BEC | scenario by a quantitative
analysis of the plateau value; such a limitation is in fact inherent to Kibble-Zurek for-
malism which sets proportionality relations more than accurate equalities.

8.2.4. Analyzing dissipation dynamics of the vortices

The variation of the number of vortices N, with the hold time t;,)q allows us to study
the fate of vortices that have been nucleated during the evaporation. We quantitatively
analyze this evolution (Fig.8.6) after a short quench of tevap = 50ms. We observe a
decay of Ny with the hold time, from N, = 2.3 initially to 0.3 at long hold time (2s).

8.2.4.1. Principle of vortices dissipative dynamics simulations

To interpret this decay, we modeled the dynamics of the vortices in the gas. These
simulations have been developed by a permanent member from our team, Sylvain
Nascimbene. The modeled is based on two ingredients:

1. The conservative motion of a vortex in the velocity field created by the other vor-
tices, including the vortex images from the boundaries of the box potential. Such
image vortices, which are positioned outside the fluid are necessary to compen-
sate for the velocity field created by a physical vortex (inside the fluid) at the
edge of the gas and thus satisfy the boundary condition on the flow [198, 199].
Simulations are performed in a disk shape uniform trap of radius R = /7L for
conveniency of this geometry in terms of image determination. The velocity field
generated by a vortex at distance r from the vortex core is [199]

h r
u(r) = iauz X —

5 (8.32)

20. First we want to emphasis that as pointed out in 8.1.2 due to the further evolution of the 2D gas,
this reasoning performed here to describe the plateau is a simplification. ¢ may keep increasing after the
crossing of the BEC | transition point but more slowly that what is expected for standard BEC. This must
lead to correction and in particular g must be larger than our simple picture. In our simplified picture
that matches well the observed variations of Ny, ¢ has two origin: cf must be a few correlation rms size £,
which itself must be of the order of magnitude of /;, typically 1 — 10 x £, (for {. a more precise estimate
can be obtained using numerical computations as in 1.2.3.4, Table 1.1 and Fig. 1.3. However we cannot get
a better insight on the dependency of ¢ on £, from such simulations). Then g must roughly varies between
5 and 50.
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Figure 8.6.: Evolution of the mean vortex number N, with the hold duration at the end of
the evaporation ramp ty1q, for tevap = 50 ms (green circles), teyvap = 200ms (red
diamonds), tevap = 2000 ms (blue triangle). For the shortest quench time feyap =
50ms, we note a decay of Ny decelerating with tj14. Note that for this set of data,
the number of images per point ranges from 24 to 181 (mean number of images
being 59). We match this time evolution with simulations of vortices dynamics
(see description in the text) and found damping coefficient « = 0.06(2) and initial
vortex number Ny = 2.5(3). The green solid line shows the simulated evolution
of Ny from the vortex dynamics dictated by the previously fitted coefficients and
obtained from 100 initial cast. For teyvap = 200ms (resp fevap = 2000ms), the
number of realizations is constant and equals to 36 (resp. ranges from 31 to 563).
For longer quench times tevap = 200 ms, we note absence of evolution of the mean
vortex number within the error-bars (dashed line represent the weighted average
value for each ty,q (same colors)). Error-bars are obtained from a bootstrapping
approach (see footnote 19).

where u, stands for the unitary vector along the vertical axis and the sign depends
on the direction of the vortex phase winding. Then, in the presence of N vortices
numbered by i € [1; N |, the velocity of the vortex j (in absence of dissipation) is
given by
Z)]' = Zui(r]' - 1‘1') (833)
i#]
where r; is the position of the vortex i and u;(r) its velocity field given by Eq. 8.32.

2. The dissipation induced by the scattering of thermal excitations by the vortices,
which results in a friction force [199]. Following calculations from [200], the effect
of a vortex on the velocity of a second vortex distant from r can be grasped by a
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modification of its velocity field u(r) given in Eq. 8.32 by adding

ou = Z—: <—u(r) + 4 /%u(r) X uz> (8.34)

where n, n, and ng stands respectively for the superfluid, the non superfluid and
the condensed density so that n = ng + n,. ¢ = #*§/m is the 2D interaction pa-
rameter. Then in the presence of N vortices, the velocity of the vortex j is modified

along
v = ;(”i(r]'_ri)"_‘s”i(rj_fi)) (8.35)
7]
Nn Vi — ¥ nn [ 8No 1’]‘—1’l':|
= L uilri—r)| |(1— = Juz X o+ =7y [ 8.36
;‘ l<] 4 [( ”s) : |1’]‘—Ti| ns \ kgT ”’j_ri| ( )

Here, we will neglect the effect of the slowing down of the motion and only consider
the arising of a transverse component to the velocity such that the velocity of the vortex
j approximates to

Nn g?’lo 1’]' — r;
P~ (ri—ri) + — ) = |wi(rj — 1) | —— 8.37
vj g; (udn rl)-{-nS kBT]qu rJ\‘m__rJ> (8.37)
Then the friction is characterized phenomenologically by a unique damping coefficient
=" /870
ng kBT

To compare the predictions of this model to our data, we perform simulations of the
evolution of an initial set of several vortices along the system of equations bearing on
the vortex positions and velocities deduced from Eq.8.37 (along with the straightfor-
ward relation v; = dr;/dt). The initial distribution of vortices is randomly cast with
the following characteristics:

— the number of vortices per realization is a random number drawn from a Pois-
sonian distribution of parameter Ny that represent the mean vortex number at
thold = Omes.

— the positions of the vortices on the cloud are randomly chosen with an initial
uniform probability for distributing the vortices on the cloud.

— the charges of the vortices are also randomly chosen without any correlation be-
tween them.

While varying ty,o1q along this simulated evolution, vortices move within the cloud and
we "manually” annihilate them (i.e. erase from longer time evolution simulation) in two
cases:

— when they get too close to the edges of the trap, that is their distance from the
center is larger than 0.999R. We then physically expect the vortex to be absorbed
by the edges of the trap.

— when they get too close to an other vortex of opposite sign, that is when their
distance become smaller than 0.001R. We then physically expect that the two
vortices merge together and annihilate.
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8.2.4.2. Results of vortex dissipative dynamics simulations

We record a from numerical resolution of this model, the mean vortex number Ny,
the occurrence of a given vortex number and the vortex positions from which we ana-
lyze individual locations and correlations (see following sections). In particular, it leads
to a non-exponential, slowing down decay of Ny, with details that depend on the initial
number of vortices Ny and the cloud superfluid fraction s /n. We match this evolution
to our experimental data by varying both Ny and a and by minimizing the x? distance
of the simulated evolution to the experimental data (their confidence intervals are de-
duced by the analysis of the curvature of this x?). We take into account the effective
initial value of tj,,14 induced in the end of the evaporation ramp of 32.5ms as teyap = 50
ms (see 8.1.3.2). From this match, we find « = 0.06(2) and Ny = 2.5(2). In the follow-
ing, we assume that « is a constant for all considered fevap (due to local thermalization
condition) so that we can predict the evolution for all initial value of the vortex num-
ber Ny. From the fitted value of a, we can then perform simulations and record vortex
numbers, positions and correlations evolutions with t},514 for various teyap.

For the estimating thermal fraction n,/n in the final cloud configuration, we use
an estimate of the 2D interaction parameter g from the 3D Gross—Pitaevskii imaginary
time simulations (as in 8.2.1, see Annex B for details). For the considered atomic density
n = 50 yum? and assuming 1y ~ n we found gno ~ kg x 11nK. The resulting thermal
fraction is n, /n ~ 0.06(2).

8.2.4.3. Further observations on the evolution with f,,4

For longer quenches tevap 2 200ms, we note an absence of evolution of N, with
thold, Within error-bars (see footnote 19). This is due to the fact that the fast start of
the dissipative evolution is in reality hidden within the end of the evaporation ramp.
Indeed, as computed in 8.1.3.2, we found that the transition occurs at t* = 0.35¢cyap SO
that for tevap of a fews hundreds of ms, the fast decay that is observed at tpo9 < 100 ms
is fully hidden within the end of the evaporation ramp and the predicted slow decay is
negligible.

We note that for teyap = 50 ms at short t,4, the images of the clouds are quite fuzzy,
probably because of the presence of important non thermal phononic excitations pro-
duced (in addition to vortices) by the evaporation ramp. This is the origin of the fluc-
tuations of Ny at short t,14 visible in Fig. 8.6, as it is then difficult to make a precise
counting of vortices. The choice t,,g = 500ms for studying the quench dynamics in
Fig. 8.5 was made according to the two latter observations.

The finite lifetime of the vortices in our sample points to a general issue that one
faces in the experimental studies on the KZ mechanism. In principle the KZ formalism
gives a prediction on the state of the system within the freezing out period around the
transition (i.e. t € [t* — f, t* + f]). Experimentally we observe the system at a later stage,
at a moment when the various domains have merged, and we detect the topological
defects formed from this merging. In spite of their robustness, the number of vortices
is not strictly conserved after the crossing of the transition, and its decrease depends on
their initial positions. A precise comparison between our results and KZ theory should
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take this evolution into account, for example using stochastic mean-field methods [201,
202].

8.2.5. Complementary analysis

8.2.5.1. Evolution in occurrence of vortex numbers

thold< 100 ms.tevap< 100ms tholg» 100 ms. tevap< 100 ms tevaps 100ms
T T T T ‘ T T T T T ‘ " T T ‘

0.3 (X3

proportion of occurences
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vortex numbers

Figure 8.7.: Proportion of occurrence of vortex numbers for three ranges of couples(thoid,tevap):
(left) dark—green histogram for tevap < 100ms, tpo1q < 100ms (205 images) , (mid-
dle) middle-green histogram teyap < 100ms, tpo1q >100ms (656 images), (right)
yellow histogram for teyap >100ms, all 4 (1499 images). Results of dissipative
dynamics simulations for Ny = 2.5 and & = 0.06 (corresponding to the fit per-
formed in Fig. 8.6 and so to fevap ~ 50 ms) are plotted in red lines on the relevant
histogram (that is feyap < 100ms, see footnote 21). We perform evolution from 5000
initial casts. To obtained the simulated curves, we simulated various t},,g and we
averaged the same proportion of evolutions at a given t,oq as in the experimental
histograms.

We previously highlighted that the number of vortices detected per atomic realiza-
tion varies from shot to shot, revealing their stochastic origin. We note that as N, varies
with both t,54 and fevap, the probability of occurrence of a given number of vortices
evolves similarly. In Fig. 8.7, we compare histograms of occurrence for long and short
characteristics times. We note a strong evolution of the histogram for both short ;44
and teyap compared to long ty,,1q or long fevap-

The evolution with ty,,4 after a short quench time (fevap < 100 ms) is embedding the
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8.2. Nucleation of vortices in a 2D uniform gas

fast decay analyzed in the previous subsection in terms of Ny, and can be nicely repro-
duced by the previously presented dissipative dynamics simulations of 8.2.4.1%!. For
long quench times, there is no visible effect of holding the gas on the number occur-
rence. In this case, the initial fast decay of the vortex number is hidden within the end
of the evaporation ramp. Then, we represented a unique histogram for all the value of
thold-

The evolution of the size of the patches with the quench time is also embedded in
the occurrence of a given vortex number for one cloud realization while varying tevap-
For short quench times (fevap < 100ms), multiple vortices probability is non negligible
whereas for long quench times (fevap > 100ms), we usually excite only a single vortex or
none.

8.2.5.2. Vortices location
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Figure 8.8.: (a) Positions of the detected density holes (red points) after a ToF expansion of
4.5ms for tevap = 50ms and all values of t,,1q. We represent their position on a
schematic representation of the initial square uniform trap (dark region) that we
position by centering it on the center of mass of the detected atomic distribution.
The mean region of non negligible density after the ToF expansion is represented
in gray. (b) Histogram of the distances to the edges of the initial box for the same
data set as in (a) (green histogram). Error-bar are obtained from a bootstrapping
approach. The red line correspond to the histogram for random positions of the
vortices over the square. The blue solid line is the result of dissipative dynamics
simulation computed with Ny = 2.5 and a« = 0.06 that are the fitted values for an
evolution after a quench of fevap ~ 50ms. The histogram is obtained from 5000
initial draws. We simulated various fy,,q and we averaged the results of these
simulations by considering the same proportion of evolutions at a given tj,14 as in
the experimental histogram.

We characterize the position of the vortices in the cloud by their distance to the edges
of the initial square box of length L = 30 ym. We thus assume that:

21. The fitted parameters Ny = 2.5 and & = 0.06 corresponding to the fit of experimental data taken with
tevap = 50ms are only relevant for the short fevap < 100ms. For longer tevap, a lower value of Ny must
be used to perform similar simulation. Such a value can not be deduced from our dissipative simulations.
We must either perform a fit at longer fevap or rely on the KZ scaling analyzed in 8.2.2.
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8. Kibble—Zurek mechanism at the dimensional crossover

— the center of mass of the ToF density distribution is the same as the original one.

— their displacement during the 4.5ms of ToF is negligible so that the detected posi-

tion is a good estimation of their initial position.

In Fig.8.8 we show the histogram of the distances to the edges of the box for all
configurations of t,,q4 and for fixed fevap = 50ms. We note a distortion compared to
a perfectly randomly distributed set of vortices by both a depletion of the edges and
of the center. From the dissipative dynamics simulation (see 8.2.4.1), we can predict
the effect of the hold time on the vortex distribution. We perform such a statistical
analysis of a high number (typically 5000) of simulated configurations initially drawn
with Ny = 2.5 and evolved with & = 0.06. We average on the same t},44 spreading than
experimental data (see Fig. 8.6 for more information on this data set). Such a simulation
explains well the depletion from the edges but not the observed depletion of the center.

Such a depletion of central region may be linked to KZ mechanism itself. Indeed, as
KZ mechanism is linked to a geometrical argument of phase patches spatial organiza-
tion (see 8.1.1), it is easier to organize phase patches to create a vortex configuration
(that is an organization where a phase winding around several patches is created) at
the edges, as the absence of atoms intuitively reduces the constraint on the spatial or-
ganization of the patches (that are thus in lower number at the edges).

8.2.5.3. Correlation between the vortices

On the whole set of data (all fevap and all ty,1q), we also compute the mean distance
to the closest vortex for all multiple vortices realizations while varying both feyap and
thold (Fig.8.9). Such an analysis enables studying the dynamics of correlations between
the vortices. We first note that the longer t,4 is, the further away the vortices are
located. Such a moving apart of the vortices is well reproduced by dissipative dynamics
simulation results performed as in previous paragraph. At this point of the analysis, it
is not easy to comment on the specific shape of the distances distribution as statistic is
not high enough and simulations are too naive.

8.2.6. Conclusion

In this section, we have presented measurements on the detection of free vortices in
a strongly degenerate 2D gas. We showed that these vortices have a stochastic and dy-
namical origin that we identified as being due to the KZ mechanism. We performed a
quantitative analysis of the scaling of the mean vortex number N as a function of the
quench duration feyap for both the short fevap values at which we expect a power-law
scaling and at long fevap values at which we expect a significantly slower decay Ny. In
our case the long time evolution is compatible with a plateau at Ny ~ 0.4. The short-
tevap power-law fit reveals the universal behavior at BEC | transition or crossover and is
equals to dy = 0.69(17), corresponding to a scaling for the domain size & of d = 0.35(9),
compatible with beyond MF predictions d = 1/3 (see 8.2). We noted that the dissipative
dynamics of the vortices may constitute a limitation to our analysis and we performed
a physical analysis of this process. We developed a modeling for this dissipative dy-
namics which account for the observed slowing-down decay of N, and estimate the
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Figure 8.9.: Histograms of distances to the first neighboring vortex per atomic sample for all
possible evaporation time and (left) t;,q < 100ms (right) tqq >100ms. His-
tograms are made from 188 (resp. 158) distances for the different times domains.
The blue solid lines are the result of dissipative dynamics simulation computed
with Ny = 2.5and a = 0.06 that are the fitted values for an evolution after a quench
of tevap ~ 50ms. The histogram is obtained from 5000 initial casts. We simulated
various toq and we averaged the results of these simulations by considering the
same proportion of evolutions at a given fyoq as in the respective experimental
histograms they described.

superfluid fraction of our gas ns/n ~ 0.94(2). This model is however too limited to
perform a quantitative correction of the scaling law exponent d. We noted that the fi-
nite size of the system may also induce some limitations to this scaling. Finally we
performed some complementary but preliminary analysis on the vortex spatial distri-
butions that would be interesting to push further in order to shed a new light on the
nucleation process and the dissipation dynamics. In the next section, we will present
another experimental study of the KZ physics based on the detection of supercurrents
in an annular geometry. This second geometry allows us to complement the present
analysis, leading to a second estimate of the scaling exponent d via the measurement
of dy,. It will also give access to other properties such as the sign and the charge of the
topological defects.
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8. Kibble—Zurek mechanism at the dimensional crossover

8.3. Nucleation of supercurrents in an annular Bose gas via Kibble—Zurek
mechanism

In this section, we describe a second experimental procedure to study Kibble-Zurek
mechanism. In this study we use a geometry reproducing the original argument con-
sidered by Zurek [89] by studying the phase winding of a (super-)fluid in an annular ge-
ometry. In this geometry, the phase winding of the macroscopic wavefunction around
the annulus must be a multiple of 277, ensuring the quantization of the circulation of
the fluid velocity. Supercurrents in annular BECs are usually created in a determinis-
tic way by using laser beams to impart angular momentum on the atoms [79, 81, 203]
or by rotating a weak link along the annulus [204]. Here we study supercurrents that
have a stochastic origin, justify it, describe their nucleation rate and compare it to KZ
predictions. For each realization of the experiment, we use a novel method, based on
matter-wave interferences between this annulus and a central disk acting as a phase
reference, to measure the charge as well as the sign of the random supercurrent >2.

8.3.1. Characterizing vortices current by matter-wave interference in a target
8.3.1.1. Experimental sequence

For these measurements, we use a target-like box potential, consisting of a disk of
radius Rg = 4.5 ym surrounded by a ring of inner (resp. outer) radius of Ri, = 9um
(resp. Rout = 15 um) (see Fig. 6.9 for an example of in-situ density distribution). Trans-
verse confinement is w, /27t = 365Hz. As in the previous section, once the 2D traps
are loaded we perform evaporative cooling by ramping down the box potential barrier
height U,y in a time teyap to its final value and hold it at this constant value for a time
thold- The final temperature is ~ 10nK and the surface densities are similar in the ring
and the disk and equal to n?P) ~ 80 um~2. From 3D imaginary time Gross Pitaevskii
calculations (see Annex B), we deduce that typical interaction energy per atom is €jnt ~
kg x 8nK (Eq. B.24), and the gas is marginally quasi-2D with kgT, €int S fiw,. These
parameters correspond to a large 2D phase-space-density, D = pA? > 100, so that the
gas is deeply in the superfluid regime at the end of the evaporation ramp.

We use matter-wave interference to probe the relative phase distribution between the
cloud in the central disk and the one in the ring by performing a 2D ToF, similar to the
detection of the fringes in 7.3 except that in the present case the interaction energy of
the gas is non negligible: We abruptly switch off the box-potential while keeping the
confinement along the z-direction. The clouds experience a hydrodynamical expansion
during which the initial interaction energy is converted into kinetic energy. After 7ms
of expansion, we record the interference pattern by imaging the atomic gas along the
vertical direction.

22. A similar method has recently been developed to investigate the supercurrent generated by a rotat-
ing weak link [205]
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8.3. Nucleation of supercurrents in an annular Bose gas

8.3.1.2. Identifying supercurrent from fringe patterns

Typical interference patterns are shown in Fig.8.10. Most of them consist in con-
centric rings, as expected for a quasi-uniform phase distribution in the disk and the
annulus. However we also observe a significant fraction of spiral patterns, revealing
the presence of a phase winding in the wavefunction of one of the two clouds.
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Figure 8.10.: Experimental interference patterns. Examples of interference patterns after ex-
pansion in the 2D plane, along with contrast-amplified pictures. (a) without
phase winding, (b) with phase winding —27, (c) with phase winding +27, (d)
with phase winding +47t.

We developed an automatized procedure to analyze these patterns, which recon-
structs the phase ¢(0) of the fringes along a line of azimuthal angle 6. This method
has been implemented by a PhD student of our team, Laura Corman. For each picture,
the center is determined manually. Then we proceed in two steps to reconstruct the
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8. Kibble—Zurek mechanism at the dimensional crossover

phase profile: contrast amplification and fit.

To amplify the contrast, the pictures are first convoluted by a 2 x 2 matrix with con-
stant coefficients. This filters out high frequency noise but does not blur the interference
pattern. Then radial cuts with angle 6 € {0,27t/n,--- ,27(1 —1/n)} are performed
(typically n = 150), and the positions of local maxima are recorded, giving the contrast
amplified picture.

To retrieve the phase, we perform a convolution of the contrast amplified picture
with a gaussian of width 3 pixels and we fit the radial cuts of the convoluted, contrast-
amplified pictures with the function:

f(r,k,¢,A,c) = Asin(kr+¢) +c (8.38)

for points with distance to the center ¥ € [rmin, "max)- First, the parameter k is left as
a free parameter to fit the radial cuts. Then the averaged kmean OVver all fits is taken as
a fixed parameter and all the radial cuts are fitted again. The phase ¢ is recorded as a
function of the angle 0 of the radial cut>>. From the accumulated phase A¢ as the angle
6 varies from 0 to 271, we associate to each pattern a winding number n,, = A¢/2m,
which is a positive, null or negative integer.

8.3.2. Studying the supercurrent origin
8.3.2.1. Stochastic Origin

We record n,, for many realizations of the same experimental sequence. It takes a
random value varying from —2 to 2 (with a probability varying when varying fevap)
The average mean winding number over all the runs is compatible with a zero mean
value. We show in Fig.8.11 an example of measured probability distribution of n,, for
the ensemble of data shown in Fig.8.13. It corresponds to (1) = 0.001 £ 0.012. This
confirms the stochastic nature of the mechanism at the origin of this phase winding.

8.3.2.2. Location of the phase winding

The phase winding at the origin of spiral-like interferences patterns can be due either
to a vortex in the central disk or to a quantized persistent current in the outer ring. We
can experimentally eliminate the first possibility by noticing that we never observe any
vortex signature in the small disk of radius Ry = 4.5um by the method presented in 8.2,
performing short 3D ToF. Hence we conclude that the spiral interference patterns reveal
the presence of a supercurrent in the annulus, whose charge and orientation correspond
to the modulus and sign of the winding number n,,.

By varying the hold duration t,4 at the end of the experimental sequence with a
constant value of the evaporation duration feyap, we measure the lifetime of this super-
current. We perform this measurement for tevap = 25 and measure a lifetime of 7s,

23. ¢ is define up to a multiple of 27t. As we are interested in the difference ¢(6 = 27(1 —1/n)) — (0 =
0), we are not sensitive to the absolute value of ¢ but we take care of making this function continuous for
6 varying from 0 to 27t by applying unwrapping procedure. This is that no jump of ¢ larger than 27 is
tolerated for two successive 6, 0; = 27t x j/nand 6,1 =27 x (j+1)/n.
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Figure 8.11.: Histogram showing the distribution of the winding numbers #n,, for all data
shown in 8.13, with t,5;g = 0.5s and fevap varying from 25ms to 2s. In total,
this graph includes 237 realizations and 6 different teyap. It corresponds to an
average of (n,,) = 0.001 £ 0.012.

similar to the cloud lifetime (see Fig. 8.12).

8.3.2.3. Dynamical origin

As for the vortices observed in 8.2, the supercurrents can either be due to thermal
excitations or result from the quench cooling. Similar to what was performed in 8.2.2,
we show here that due to the high degeneracy of the final configuration, a thermal
explanation of the observed probability of n,, is precluded. Indeed, if these currents
had a thermal origin, their probability of occurrence would be given by the Boltzmann
law p(n) o exp [—E(nw) / kgT], where the energy of the supercurrent is

h*n
E() = n ——= In (Rout/Rin) - (8.39)

taking into account only the kinetic term ?*. This leads to

P(le) & (Rm /Rout)n‘ZND/2 ’ (840)

24. We neglect modification of the surface density n due to the presence of the vortices. This is a good
approximation, especially in this geometry, as the effect of the vortex on the density extends over a size of
the order of the healing length ¢ ~ 0.5 ym around the vortex core. Eq.8.39 corresponds to a vortex core
with the central region r < Ry, then the modification of the density is negligible.
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Figure 8.12.: Mean absolute winding number as a function of hold time (tevap = 28). Average
number of realizations per point is 22.6. The data is fitted with an exponential
with a time constant of 7s.

which is vanishing small for n,, # 0 for our large final phase space densities D > 100,
in clear disagreement with the typical 20-50% of pictures showing phase winding. Note
that the probability for a vortex to appear in the central disk as a thermal excitation is
even smaller than (8.40) because Ri, and Ryt should be replaced respectively by the
healing length ¢ and Ry.

This simple calculation confirms the dynamical origin of the supercurrents observed
within the ring. Both the dynamical and the stochastic natures of the nucleation mech-
anism strongly promote an explanation through KZ mechanism.

8.3.3. Studying the quench dynamics
8.3.3.1. Fit of the power-law exponent for quench dynamics.

To check that the quench cooling is indeed responsible for the formation of these
supercurrents, we study the variation of Ny, = (|ny|) for evaporation times spanning
two orders of magnitude. We summarize in Fig. 8.13 the experimental variation of Ny,
with tevap. We note an overall decrease of Ny, from 0.6 (tevap = 0.0255) to 0.2 (tevap =
2s). A power-law fit to the data, inspired by the prediction for the KZ mechanism,
leads to Ny, t;vivfj with dy, = 0.19(6). Such an exponent is in good agreement with
beyond Mean-Field prediction of d,, ~ 0.17 and slightly disagreed from MF predictions
of dyw = 0.125 obtained for a large number of domains Ng > 1. We note that the
average windings measured 0.2 < N,, < 0.6, must in fact correspond to moderately
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Figure 8.13.: Mean absolute winding number as a function of evaporation time. (t;qq = 0.55)
in log-log scale. Average number of realizations per point is 39.5. A power-law

fit to the data, (|nw|) te‘v‘ivg), gives dy, = 0.19(6).

large values of Ny. Using the random-walk 2> relation Ng ~ 12N2, (expected to be
valid for Ny > 1), we estimate that Ny < 10. Then the power-law scaling must be
modified and the exponent d,, predicted must then take an intermediate value between
predictions of Eqs.8.8 and 8.7.

8.3.3.2. Estimation of domain numbers and corrections of the power-law scaling

To interpret our results we have developed a simple one-dimensional (1D) model
following the KZ scenario presented in [89, 177]. This study has been carried out by a
permanent member from our team, Jérome Beugnon. We consider a 1D ring of perime-
ter L and we assume that, when BEC | is crossed, Ny domains of uniform phase ¢;,
j €[ 1, Nq] are created. As we are interested in Ap = ;V:dl_l((pjﬂ — ¢;)[27t] (see 8.1.1),
we consider the phase steps ¢; = (@;11 — ¢;)[27t] for j € [ 1; Ng — 1]. Each run of the
experiment is modeled by a set of {¢;} where the phases ¢; are independent random
variables uniformly drawn in (—7t, 7t]. For each set of {¢;} we calculate the total phase
variation along the ring Ag = }; ¢; and define n,, as the nearest integer to Ap/27. We
then average over many draws of the set {¢;} and compute an average winding num-

25. To obtain this relation we consider a one-dimensional random walk on the phase steps ¢; between
neighboring patches (numbered i and i 4 1) as detailed in 8.3.3.2. Then all ¢; are random variables uni-
formly drawn in (-7, 7t]. Then Ap = | ¥; ¢;| ~ny>1 VVNa Ap where Ap = 7/+/3 is the standard devia-
tion of the variables ¢;. Then ny = A@/27m ~N,>1 \/Ng/12
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ber Ny,. We report on Fig. 8.14 the computed variations of N, as a function of Ny. For
large values of Ny we find that Ny, scales like /Ny as expected from Eq.8.7.
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Figure 8.14.: Average absolute winding number as the number of phase domains is increased
in log-log scale. The points are the results of the simulation and the line the
power-law fit to points for the relevant regime for the experiments described here.

Our experimental range 0.2 < N,, < 0.6 is obtained for 3 < Ny < 10 in this model.
In this domains, we do not expect to recover an exact power-law behavior but in first
approximation a power-law fit to the predicted variations of N, to Ny gives

Ny, o« N3%. (8.41)

with an increase of the exponent from 0.5 to 0.8 compared to the large Ny case. Then
the expected power-law scaling as a function of the quench time fteyap is dw = 0.2 for
MF prediction and d,, = 0.27 for beyond MF prediction. Such corrections make unclear
with which model our data best agree with. In addition, other effects may also be
considered such as the role of the predicted long time plateau (see 8.1.2 for a description
of this effect) or other finite size effects.

We note from this model that the expected size ¢ of the domains varies from 7 to
25 um. Then ¢ is larger than the transverse size of the annulus, which justifies the use
of a 1D model. (f is also larger than the size Ry of the central disk, which confirms the
fact that we do not observe any vortex in this small disk. The two main assumptions
in these calculations are then auto-coherently verified. This model remains a simple
insight on the phase winding establishment in the superfluid assuming independent
choice of the phases on a given number of predefined domains. To better predict the
phase winding scaling with the quench time more sophisticated calculations must be
performed such as using Stochastic Gross—Pitaevskii Equation (SGPE) [177].
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8.3.3.3. Corrections due to predicted long time plateau for quench through BEC |

As described in 8.1.2, the transition that leads to freezing out of coherent domains is
the transverse condensation. In this crossing, the in-plane correlation length is limited
by the transverse extension of the cloud and for long enough quench times, the number
of domains created must be fixed only by ¢, and not by the quench rate. This would
then result in a non-zero plateau for N,,. From the quality of our data we cannot distin-
guish such a plateau. However, the physical configuration studied in this section is not
drastically different from the one studied in previous section 8.2 for which a plateau
was clearly 26 observed for tevap longer than several hundreds of ms. Assuming a sim-
ilar threshold time appears compatible with the data of Fig.8.13. If it is true that we
expect a reduced variation of Ny at tevap 2 250 ms, the power-law fit for tevap up to 2s
must underestimate the actual exponent dy, (for tevap < 250 ms) as it approximate the
"kinky" variation in a straight one, slower than the actual start. Such an underestimate
may conclude to a better agreement with beyond MF expectations of Model F while still
considering corrections due to small Ny, compared to previous conclusions.

8.3.4. Other limitations

As for the vortex nucleation described in 8.2, limitations to the predicted scaling laws
may come from:

— the modification of the power-law scaling due to the finite size of the box.

— the variation of the effective hold time with teap even though we note that in
this case it must have less influence due to the long lifetime of the supercurrents
observed

— the effects of inhomogeneities of the trap potential along the annulus (see 6 for a
description of these non-homogeneities).

There is another assumption specific to this geometry that could limit the validity of
the theoretical description of the annulus as a 1D chain of domains. Domains are in
fact 3D patches of fluids and vortices can be generated in the volume of the fluid as
described in the previous section 8.2. Such an event remains very seldom due to the
size of the system: the transverse size along the annulus is 6 ym while the minimum
average size of the domains deduced from simple modeling of 8.3.3.2 is 7 ym, justifying
the 1D description in first approximation.

8.3.5. Characterizing phonons from fringes patterns

In this last paragraph, we show that one can extract more information from the inter-
ference patterns, which goes beyond the determination of the topological number 1.
In particular the ripples of the fringes are related to the phase distribution of the flu-
ids in the central disk and the ring, which is characterized by the one-body correlation
function g;. This function plays a specially important role for low-dimensional systems,

26. Note that in this case the expected exponent dy ~ 4d,y. This faster decay at short tevap makes it easier
to distinguish a change toward a slower decay at long fevap and explains why a plateau is observable or
not depending on the case.
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Figure 8.15.: (a) Typical phase distribution reconstructed from the phase profile ¢(6) of the in-
terference pattern of Fig. 8.10(b) showing a winding number of -1. (b) Real value
of the angular correlation function reconstructed from the phase of the interfer-
ence patterns with 18 realizations of fevap = 25 and t,51q = 4s. When Ny # 0 the
linear phase winding is subtracted before computing g;.

since it indicates how long-range order is destroyed by thermal phonons. To give an es-
timate of g1, we study the angular dependance of the phase of the fringes ¢(0) as shown
on Fig.8.15a. In particular we consider the periodic function d¢(0) = ¢(0) — ny 0,
which describes the deviation of the reconstructed phase from a perfect linear winding.
We construct the angular correlation function:
ggeXp)(Q) = <ei[5¢(6,)75¢(6/+0”>9’,realizations (8-42)
where the average is taken over all images irrespective of the value of n,,, and which
is expected to be real in the limit of a large number of realizations. A typical example
for Re [ggeXp)] is given in Fig. 8.15b, where the minimum for 6 = 7 gives an indication
of the phase coherence between diametrically opposite points. To relate quantitatively

giexP ) (6) to the coherence properties of the gas in the ring, two hypotheses are needed:

— We suppose that the fluid in the central disk acts as a phase reference, so that the
ripples of the fringes come essentially from the phase fluctuations in the ring. In-
deed the small size of this disk guarantees that phonon modes are only weakly
populated. Using Bogoliubov description of the excitations and a minimal phonon
wavevector of k ~ 1/Ryp, we fund a maximal population of the order of one atom
per mode.

— We assume that the fluctuations of the phase of the fringe pattern directly reflect
the phase of the atomic wave function along the ring. We check this hypothesis by
simulating numerically the hydrodynamical expansion using 2D Gross Pitaevskii
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simulations (see Annex B). These precise simulations have been performed by co-
worker Sylvain Nascimbéne. We first compute the ground state of N = 5 x 10*
atoms in the target potential using 2D imaginary time Gross-Pitaevskii calcula-
tions. A phase fluctuation 6¢(6) is then added by hand to the wave function in
the ring. We then simulate the hydrodynamical expansion by evolving the Gross-
Pitaevskii equation in real time during 7ms. The phase d¢(0) of the fringe pat-
tern is finally obtained using the same procedure as for experimental pictures. A
comparison between two typical phase distributions 5¢(6) and 6¢(6) is given in
Fig.8.16. Both phase profiles are similar, confirming that the phase reconstructed
from the interference pattern corresponds in good approximation to the in-situ
phase of the gas.

The measured angular correlation function ggeXp) (0) can thus be used to reconstruct
the first-order correlation function of the gas in the annulus. This correlation function
could allow one to extract the evolution of the phonon distribution during the thermal-
ization of the fluid.
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Figure 8.16.: Comparison between the phase fluctuations of an initial state in the annulus (6¢,
solid line) and the phase profile deduced with the interference method used in
the experiment (¢, red points).

8.4. Conclusion

In this chapter, we presented two measurements testing Kibble-Zurek mechanism at
the dimensional cross-over between 2D and 3D in a uniform 2D gas. We shown that
topological defects can be nucleated at the transition crossing even for long evapora-
tion ramps, highlighting the specificity of the specificity of the emergence of coherence
in uniform gases. We have presented a quantitative analysis of the KZ scaling of the
number of domains Nyg with the quench time feyvap through the measurements of the
mean number of topological defects N, (number of vortex cores in a bulk geometry)
or Ny, (number of phase windings in an annular geometry). The measured exponent
for the related power-law scaling of the number of coherent domains Ny o tgvap gives
respectively d = 0.35(9) and d = 0.38(12), in agreement with beyond MF prediction of
d=1/3.
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8. Kibble—Zurek mechanism at the dimensional crossover

In the presented studies we were able to test KZ scaling law only over a limited range
of tevap precluding a clear discrimination between MF from beyond MF predictions.
This limitation is in fact intrinsic to the system under study. First, the range of study is
limited for tevap by two extreme effects:

— tevap should be chosen long enough so that at any given time a local thermal equi-
librium is achieved in the cloud (see Annex I). As the collision time at the crossing
of the transition is T.oy ~ 4 ms, we impose fevap > 25ms?/

— The largest tevap is set by the cloud lifetime that is of 6s in our case. Then we
impose fevap < 3.

In our case, we can then test 2 orders of magnitude of fevap (and this relative range
cannot be significantly modified). Moreover due to the expectation of a plateau of Ny
for long quench times through the dimensional crossover, the range of study of the
power-law scaling is actually more limited. In 8.2, we found a characteristic time for
this plateau at fevap =~ 250 ms, restricting the range for power-law study to one order
of magnitude in teyap. Finally, as we work with a uniform system, the expected power-
law exponent is smaller than 1, resulting in an even smaller accessible range for Ny (and
the relative range that can be investigated in Ny is then fixed). It could be interesting
to study situations with larger absolute values of Ny. For a given density the local
equilibrium requirement limits the lower value of ¢ and one can only increase the size
of the system L in order to increase N4. Within current experimental techniques, it
should be possible to load one order of magnitude more atoms, leading to an increase
of Ny by the same factor, assuming fixed transverse sizes.

In this study, we considered only the weakly interacting regime for which we showed
that an extended quantum coherence emerges essentially due to ideal Bose statistics
(see Ch.7). Our work also motivates future research in the direction of strongly in-
teracting 2D gases [206], for which the order of the various transitions could be inter-
changed. In particular the critical D for the BKT transition should decrease, and reach
ultimately the universal value of the "superfluid jump", D = 4 [122]. In this case, the
emergence of extended coherence in the 2D gas would be essentially driven by the in-
teractions. Indeed once the superfluid transition is crossed, the one-body correlation
function is expected to decay very slowly, g1(r) o« r~%, with a <1/4. It would be inter-
esting to revisit the statistics of formation of quench-induced topological defects in this
case, for which significant deviations to the KZ power-law scaling have been predicted
[174,175].

27. Note that a similar condition is imposed by the applicability of linear approximation in the quench
in temperature, see 8.1.3.2
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Concluding remarks

Summary

In this thesis, we studied experimentally the two-dimensional Bose gas starting from
a local investigation of conventional harmonically confined samples to the develop-
ment of a direct exploration of homogeneous gases. In the harmonic trapping case, we
used the induced spatial dependency of the degree of degeneracy of the gas D to probe
several homogeneous-equivalent configurations within a unique experimental realiza-
tion. In the uniform configuration, we used the spatial independency of D to probe
long distance effects. In the first case, we measured the equation of state around the
BKT critical point and explored the transition from a thermal to a superfluid behav-
ior. In the second case, we characterized the (extended) coherence range at equilibrium
varying the degree of degeneracy of a 2D gas and the strength of the confinement along
the third direction of space. We also tested the dynamics of the establishment of the
in-plane coherence along the dimensional crossover.

The measurements on the uniform 2D traps that we presented in this manuscript
constitute our first studies in this specific trapping configuration. Comparing to state-
of-the-art achievements in our research community they are rather innovative. We want
to push these investigations further and study in-depth the specially accessible prop-
erties in a homogeneous configuration. We are also eager to investigate other range
of parameters for our cloud configuration (other transverse confinements, other inter-
action regimes, other in-plane sizes...). Finally, we also wish to implement new box
geometries that will enable us to explore original physical phenomena. I detail here
some of these further developments and directions of research.

Beyond coherence measurement, toward a characterization of the
correlations and the fluctuations in a 2D uniform gas

In chapter 7, we were interested in a simple characterization of the g; () decay, ex-
tracting a single number that characterizes the coherence range from two much more
complex sources of information, the 2D density spatial distribution of an expanding
gas and the 2D fringes pattern resulting from the overlap of two initially independent
gases. A more complete description of the correlations can be extracted from a more
in-depth analysis of similar measurements. This is of particular interest in the uniform
configuration since long range correlation analysis is relevant (i.e. it is not limited by
the inhomogeneity range, only by the size of the cloud). Then a measure of the full g1 (7)
dependency may be achievable in our experiment. In this case if a high enough pre-
cision is achieved, we may expect (see 1.1.3.1 and 1.1.4.4) to observe a transition from
a Gaussian behavior (predicted for the thermal gas) to a exponential decay (predicted
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8. Kibble—Zurek mechanism at the dimensional crossover

from ideal Bose law) and/or to an algebraic decrease (as expected in the superfluid
phase) with the increase of the degree of degeneracy of the gas. Moreover the BKT
theory predicts an intimate link between the algebraic decay exponent # and the su-
perfluid density ns : 7 = 1/(ns A%). Then ny can potentially be extracted from the
measure of g1 spatial dependency. We note that as the system size here limits the range
of investigation and may perturb it we are willing to produce larger 2D traps.

From density distribution measurements higher-order correlation functions may also
be measured [111, 207]. The second order correlation function, also called density-
density correlation function g, is of special interest as it enables a description of both
density and phase fluctuations (by performing either in situ or Time-of-Flight measure-
ments) [192, 208]. A similar technique has been developed earlier for 1D gases [191].
In a (homogeneous) 2D gas, the specific behavior of the g» function in Time-of-Flight
may also prove the algebraic decay of the g; correlations and gives access to the ex-
ponent 7 [192]. Some developments have also been carried out for 2D harmonically
confined gases [105, 106, 111] but gave limited results due to the restrictions introduced
by the spatial dependency of the gas properties. Here again, the specificity of the uni-
form configuration is to give access to a close to the text-book configuration along with
permitting to carry out this study over large distances. By varying the degree of de-
generacy, we may revisit the previously described evolution from a thermal to a quasi-
condensate to a superfluid state by describing here the thermal excitations of the gas: It
must evolve from a fully fluctuating gas to a regime where the density fluctuation are
strongly suppressed over large scales while the phase remains fluctuating with a prolif-
eration of phase windings defects, to a final state where the free vortices are precluded
but the phase keeps fluctuating over long range (see 1.1.4.2). In the latter regime, a
large scale analysis of the power spectrum of the resulting density fluctuations after a
Time-of-Flight expansion may as announced give access to 7 and thus to ns.

The observations of density and phase fluctuations are not limited to the equilib-
rium characterization of the 2D gas but is also of interest for describing the dynamical
establishment of the coherence as alluded in 8.3.5. We may thus perform a precise cor-
relation analysis in a quench through a transition toward a coherent state to investigate
not only the robust topological defects that survives long after the quench as in chapter
8 but also the short lived excitations such as phonons [95]. Here we would need to look
at the gas at times closer to the transition point. Their scaling properties would provide
valuable insights on the thermodynamics transitions occurring in 2D [209, 210] and a
more in-depth comprehension of the dynamics occurring from their quenched crossing.

We finally note that the recent development of single atom imaging techniques [211-
214] enables a more in-depth investigation of the (high-order) correlations and may be
implemented in our setup [111]. From this we may drastically gain information on the
statistics of excitations.

Toward tighter confinement and strongly interacting gases

In our experimental study of the uniform gas performed up to this date, we have
mainly focused on statistical effects. Indeed, we considered only loose transverse con-
finement with w, /27 < 1.5kHz such that the 2D interaction parameters are restricted
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8.4. Conclusion

to weakly interacting values § < 0.1. This has several consequences on the physical
properties that can potentially be investigated.

First, due to the limited energy spacing between the excited and the ground states for
the z-motion, 2D is only marginally achieved, leading to a crucial role of the transverse
excitations in the way 2D physics is established. Using this loosely confined configura-
tion we pioneered investigations of the Bose-driven partial condensation phenomenon
BEC, in 2D. However it would also be interesting to study the opposite configura-
tion of a deep 2D regime with kgT < fiw, over a large range of temperature. In this
configuration we may also expect to achieve a better exploitation of the Time-of-Flight
measurements, for example extracting a reliable value of the condensed fraction of the
gas, due to the simplification of the theoretical model (where no sum over the z excited
states is needed).

Second, in the weakly interacting regime, the superfluid BKT transition is expected
at a relatively large value of the 2D phase-space-density (Eq. 1.35) D?P) ~ 8 whereas
in the strongly interacting case, this quantity tends toward its «superfluid jump» value
of D?P) = 4[122]. In 2D, due to the ideal prediction of an exponential growth of the
correlation length with D(2D) extended coherence (compared to the thermally set range
Ar, with in our gas A7 < 1 um) is expected for D(?P) ~ 4 (see Eq. 1.22 and 7.4). Then in
the weakly interacting case, emergence of quantum coherence is essentially driven by a
statistical effect; when the superfluid transition is crossed, the coherence length set by
Bose statistics is comparable to our box size. In the strongly interacting case however,
the emergence of an extended coherence in the 2D gas would be essentially driven by
the interactions : close to the BKT point the characteristic length of the exponential
decay diverges (see Eq. 1.37) and at the onset of the superfluid regime an algebraic
decay of g1(r) establishes.

It would be interesting to revisit our study of the emergence of coherence in these
deep 2D and/or strongly interacting regimes ?® both as a function of the equilibrium
properties of the gas and following a quench evolution throughout a coherent state. The
scaling of the number of topological defects nucleated along a quench in the strongly
interacting regime is of particular interest. It is indeed extremely different from the
configuration described in this manuscript as the relevant transition (that is the one
that establishes an extended coherence) for this quench is the interaction-induced BKT
transition. For such a transition of infinite order, the KZ mechanism keeps applying
but the theoretical expectations happen to be vastly modified. In particular, the scaling
of the defect number toward the quench rate is not expected to follow a power law
variation [174, 175]. The observation of such an altered dependency would constitute
an original investigation of the refined applicability of the KZ mechanism, beyond finite
order transitions.

We highlight that such a tight confinement and strongly interacting regime can be
achieved by the implementation of the new confinement setup presented in 2.3.

28. Note that in our case, as we cannot vary the scattering length a5 (no Feshbach resonances) these two
regimes are intimately linked
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8. Kibble—Zurek mechanism at the dimensional crossover

Toward other uniform geometries and transport measurements

A third direction for further study would be to vary the shape of our box potential. A
first point is to vary the size of this trap. As noticed theoretically, due to the exponential
growth of the coherence length, the finite size of the samples has a predominant role on
the thermodynamical properties of the gas (see Eq. 1.23 for example). Changing this
size may enable to study its effects. If we vary simultaneously the interaction strength,
we can look at the order of the occurrence of either a (finite-size) statistic-driven or an
interaction-driven condensation in 2D (see 1.1.4.4 and [111, 115]). Moreover, as high-
lighted in 8.4 to study further the quench scaling of the density of defects via KZ mech-
anism, as we can not change the relative range of the defect number, it is necessary to
vary the size of the sample which modify the absolute defect number. We can then ex-
tend our KZ exponent determination by simultaneously fitting its scaling on data taken
with different box sizes.

A more subtle change of geometry can be realized to study new physical phenom-
ena. A particularly interesting idea is for example to use the two spatially-separated
rectangular boxes geometry (see 7.3 and Fig. 6.9) and modity it by creating a small
potential channel between the two gases. We can think of dynamically closing and
opening this channel by tightly focusing a blue detuned laser beam on it. This beam
would be similar in its experimental implementation to the stirring beam used to probe
the superfluid behavior of our gas (see 5.1.1) for which we achieved a waist of 2 ym on
the atoms. Compared to the distance between the two parallel rectangular clouds (of
4.5 ym), this beam provides the desired «gate» effect on the trapping potential. Open-
ing and closing the channel enable to make the two linked clouds coherent or not. The
statistical distribution of their relative phase can be tested by a repetitive measurement
of the fringes patterns.

In this configuration, we can also study transport properties along the channel and
their evolution for various degrees of degeneracy of the clouds. Such a measurement
complements our probing of the superfluid behavior via the response to a moving de-
fect detailed in chapter 5 but can also address a wider scope of problems. Recent exper-
iments have initiated the exploration of transport properties with ultracold atom gases
[80, 82-87]. They are of interest for example for quantum simulations purpose or atom-
tronics [215] as they provide an equivalent for the conduction phenomenon. By varying
the intensity of the «gate beam» we can vary the importance of the leak between the two
reservoirs and then reach the regime of a weak leak in which the transport occurs at the
single quantum level. Then in the superfluid regime a Josephson like effect reveals
[216]. We may investigate the transition from this Josephson transport to a hydrody-
namical one according to the energy height of the channel by exploring for example
the oscillations in the atom numbers of each box (see [84, 217, 218] for examples of ex-
perimental realizations). Following lines of [219], we may be interested in controlling
the regime of transportation for the normal and the superfluid components indepen-
dently. By adding a disorder potential in the channel, we can for example realized a
specific regime of transport that is named the superleak : In this case, the transport of
the normal part is prohibited and only the superfluid may be transported. The disorder
potential can be created by using the speckle pattern of a laser beam. Further interesting
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8.4. Conclusion

properties from transport measurements may be accessed by controlling the population
and/or the temperature of each of the boxes independently.
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A. Ideal Bose description of the uniform 2D gases.

By neglecting the effects of the interactions between atoms and applying the ideal
Bose predictions for the non-interacting single-particle Hamiltonian, we can deduce
predictions for many of the gas properties at thermal equilibrium. In our uniform trap
configurations, this approximation happens to be relevant in a large number of con-
figurations around the critical points of interest (see Ch. 7-8). We can self-consistently
check its validity by estimating the interaction energy per particle in a first order ap-
proximation.

A.1. Ideal description of the gas at thermal equilibrium

To apply the ideal Bose law predictions to our gas configuration, we consider a full
quantum 3D treatment of the Hamiltonian eigenstates (as introduced in 1.2.2). The
Hamiltonian has no interaction contribution and the confinement potentials are mod-
eled as follow:

— The vertical confinement is purely harmonic of pulsation w, (We use two config-

urations w, /27 = 365 Hz and w, /271 = 1460 Hz).

— We consider an in—plane confinement perfectly uniform and of square shape of
size L. To reproduce the experimental configurations for which the box shape
varies, we choose L = v/.A where A is the area of the considered box. This sim-
plification is justified by the more thorough simulations performed by previous
PhD student Rémi Desbuquois [111] taking into account exact levels description
of a disk-shape uniform box. These simulations conclude in a dominant depen-
dency on the area of the box potential and only small corrections coming from the
exact geometry.

Here we consider the Dirichlet boundaries conditions. The eigenstates of the corre-

sponding single-particle Hamiltonian are labelled by three integers jy,j, > 1, j. > 0
and its energy and eigenfunction are (taking the energy of the ground-state to be zero):

wh L, o .
Ei = 5 maUxtiy—2)+j:hws, (A1)
1 . .
Pi(r) = ——=sin(mjxx/L) sin(mj,y/L) x;.(z/L2), (A.2)

LV

where (; = /Ii/mw, and y; is the j-th Hermite function. If we consider a gas of N
non-interacting particles at temperature T, the occupation factor of level j = (jx, jy, jz)
is given by Bose statistics:

1
exp [(Ej — u)/kgT] — 1

(A.3)

N
Il
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where i < 0 is the chemical potential of the gasand N = }; f;.

A.2. Computing predictions

We perform numerical computations by considering all levels within j = (j, <
gy <, g < jY). Each quantum number jy, j, and j, are upper bounded
by a value that takes into account energies as high as 20 x kpT :

. 5L . 20kgT
max — Y & omax _—
r - AT ’ ]Z - hwz (A4)

From Egs.A.1-A.3, we can estimate a wide range of parameters along the lines ex-
plained below.

A.2.1. Occupation of the single-particle states

Following Eq. A.3, we can characterize the state |¢) of a gas of N particles at ther-
mal equilibrium by its average over a large number of realizations. In average, it is
populated along

[Gl) [P = f; (A5)

Note: To relate this results to A.2.2 we note that | (j|)|> = (N;) where N; is the operator
number of particles in state j and is given by N]- = ﬁ;fﬁj (a; annihilates one particle in
state |f)). Such a knowledge of the population of the single-particle states enables to
calculate all the averages considered in the following sections.

In this manuscript, we are particularly interested in:

— the population of the overall ground-state N o) = NIl 0) = f(1,1,0)

— the population of the ground-state of the z-motion |j; = 0) thatis Ng) = ITg)N =

Zfojy f(erjy'O)'

A.2.2. Mean value of one-body observables

Using the second quantification formalism, the general expression of any one-body
observable A = i Aivis ﬁ;fl aj, (where 4; stands for the annihilation operator in the |5)
state). Its average for a gas of N particles at thermal equilibrium can then be calculated
along

(A) =) fiAjj (with A; s, = (1] Aljp)). (A.6)
J

For example, the variance of the in-plane velocity v* = 02 + vﬁ is given by:

AN R
AV = (%) = (Eﬂ) ; 5 'f; (A7)

202



The first order correlation function g; between the points r and ' writes

A~

gi1(r,7") = (B()'P(r)) = }_ fi; (r)w;(r') (A.8)
]
as the field operator is given by (r) = ¥; ¢j(r)a; (with ¢;(r) given in Eq. A.2).

A.2.3. Mean value of two-body observables

In the same way, we can estimate the average value of a two-body observable whose

general expression is B = Yjvivisia Bivdaisis ﬁ;-rl ﬁ;fzﬁj3ﬁj ,- It is then calculated along
(B) =} f5,f3,Bjuir vy With B s i = (| (| Blja)1f3))- (A.9)

Jida

For example, the interaction potential operator (assuming the binary contact approx-
imation with s-wave channel collisions) is defined as

Vint(r) = gCPVGT ()" () (r)(r) (A.10)
where g©®P) is the 3D interaction parameter introduced in 1.1.4.1, g(®P) = %as. Then

the first order approximation of this total interaction energy (in this non-interacting
treatment) averages to

Eine = ;/d3r<‘7int(1’)> (A.11)
= T hfrye ™ [ @Rl . a12
7.

A.3. self-consistent validity of the non-interacting treatment

The estimate deduced from such a Bose law treatment is relevant only for gas config-
urations in which the interaction energy is negligible. We self-consistently verified this
assumption, by estimating the first order contribution of an interaction energy value
in the ideal approximation. Rather than calculating its average value by integrating
Eq. A.12 we will consider its maximal (local) contribution to the Hamiltonian'. As
highlighted in 1.1.4, a first order contribution of the interaction energy to the single-
particle Hamiltonian can be estimated by the spatial dependent factor

(3D) (n®P)(r)?)

R (A.13)

hint =9

1. This choice is made for two reasons. First the integration of Eq. A.12 is a complex numerical task.
Second we are interested in the perturbation that can induced the interaction energy in the population of
the single-particle state. Then it is sensible to consider the importance of the contribution in the (single-
particle) Hamiltonian to then estimate a first order correction to the eigenenergies and eigenstates by
applying the perturbation theory for example.
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while (1n®P) (r)2) varies from 2(n®P)(#))2 in a thermal gas to (n®P) (¢))? in a highly de-
generate regime (suppression of density fluctuations). We must then compare the value
of g(3D ) (n(3D ) (r)), which gives the range of hin, to the other characteristic energies of
the gas. As the negligibility must be verified in all parts of the cloud, we estimate the
maximal value of ¢©®P)(nP)(¢)) over the cloud, which is obtained in r = 0. We es-
timate 7(37)(0) from the ideal Bose law calculations. We will consider as relevant the
ideal estimations for gases that self-consistently verify that ¢n(®P)(0) is smaller than a
certain limit. This limit is usually set to a fraction of the thermal energy kgT and of the
level spacing for the transverse confinement 7w, .
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B. Gross-Pitaevskii simulations to estimate the gas
parameters in the highly degenerate regime.

Along this work we use Gross-Pitaevskii simulations to compute the gas proper-
ties in the highly degenerated configurations. Gross-Pitaevskii simulations enable to
take into account the interaction contribution using Mean-Field approximation. In these
simulations we assume that all particles populate the ground state of the macroscopic
Hamiltonian H, then contributing to a macroscopic wavefunction (equivalently, we as-
sume that the temperature of the gas is zero, T = 0). It thus provides a first order
approximation to the treatment of interactions between atoms in the highly degenerate
case.

B.1. Principle of GrossPitaevskii simulations

B.1.1. Time dependent Gross-Pitaevskii equations

To perform such a simulation we use the time-dependent Gross-Pitaevskii equation
(GPE), also called non-linear Schrodinger equation (NLSE) in 3D:

ihaggr) = (D+K)y(r) (B.1)
with Dp(r) = (V(r)+ g PINIp(r)[2) (r) (B.2)

N h? 92

Kyp(r) = —%ﬁlﬁ(") (B.3)

where r is the 3D position vector, ¢(r) is the 3D macroscopic wavefunction with the
normalization condition [ |¢(r)[>d®r = 1, N is the total number of atoms, V(r) is the

3D-trapping potential; finally ¢(®P) = %2“5 is the 3D interaction parameter. Then the
macroscopic Hamiltonian is H = D + K.

B.1.1.1. Defining the confining potential VV

In our case the 3D potential has a dominant harmonic contribution of pulsation w,
along z and a dominant uniform contribution in the xy-plane. We denote p the 2D
position vector such that » = p + zu, (u, stands for the unit vector along z). Then we
can write

V(r) = U(p)+ %wgﬁ +oV(r) (B.4)
with U(p) = Ubarrier ®(P ¢ BOX) (B.5)
oV (r)] < |V(r)]. (B.6)
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where O is the Heaviside function. U(p) is thus a 2D perfectly uniform potential with
infinitely sharp edges. In our simulations we commonly use disk-shape boxes for sim-
plicity reasons, assuming then that the specific shape has a negligible influence. To
reproduce the experimental configuration, we use a disk of same area as the box used
in the experiment and populate it with the experimentally measured atom number N.

OV (r) stands for all the corrections that can be made to the simple description de-

tailed above. Several corrections may be included:

— As shown in 2.1.1, the use of a magnetic gradient for compensating gravity field
along z simultaneously induces a shallow harmonic confinement in-plane. We
take this correction into account by calculating the approximate harmonic trap-
ping frequencies (Eq. 2.10) created by a magnetic gradient that perfectly compen-
sates the gravity field along z (b, = 15G/cm) and whose zero is perfectly at the
vertical of the trap center, at a distance dmag = 1.45 mm from this center. In the
simulations used in this manuscript we took this correction into account.

— As shown in 2.2.3.1, the light-sheet beam creating the confinement along z also
leads to a shallow harmonic trapping (or anti-trapping) in-plane. We take this
correction into account, also considering for the actual distance d of the atoms
compared to the focus of this beam (see Annex C).This distance is 4 = 190 ym for
configuration at w, /27w = 1460 Hz and d = 840 ym for configuration at w, /27w =
365 Hz. In our simulations, we took this correction into account.

— Due to the finite waist of the light-sheet beam in-plane w, = 50 ym, the z-trapping
frequency varies within the box. At the position p, w; is proportional to the square
root of the intensity of the beam at this position and then varies as exp(—p?/w?)
(see Eq.2.13). In the 3D simulations performed in this work, we take this correc-
tion into account by using a local definition of the z-trapping frequency w,(r) =
w; exp(—p?/w;).

— Non uniformity of the box-trap bottom (see 6.3.3.2) as well as non-harmonicities
of the light-sheet confinement (see 2.2.3.2 for example) could also be added. We
do not model such an effect in our simulations.

B.1.1.2. 2D approximation for the Gross-Pitaevskii equation

In our case as, the confinement along z is rather strong, we can assume that the chem-
ical potential y is negligible compare to fiw,. With this assumption, we state that inter-
actions have a negligible effect along z and we can then assume that only the single-
particle ground-state of the z-motion is populated. In this approximation, we can then
project this 3D equation in a 2D one using the decomposition:

Xo(z/¢2)
= B.7
¥(r) = 9(p) N (B.7)
where xg stands for the zeroth Hermite function and ¢, = +/i/mw, for the size of z-
harmonic oscillator . ¢(p) is the 2D macroscopic wavefunction and the 3D normaliza-

1. Here, we neglect the contribution of 6V (r) depending on z. It is possible to take into account this
modification of V(r) in Eq. B.8 by correcting according the integration performed. It translates quantita-
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tion condition translates in the 2D condition [ |¢(p)|?d?e = 1. Then Eq.B.1 integrates
in:

iha‘ba(f L — (D+R) elp) (B.8)
with Dp(p) = (U(p)+U(p) +g*ON|p(p)?) $(p) (B.9)

N 2 82

£90) = 3 3ort(e) (B.10)

where 5U(p) is the component of §V correcting the in-plane confinement; g(?P) =
V87 s

mil,

As the 2D equation is an approximation of the 3D one, the resolution of Eq.B.1 is
more rigorous than of Eq. B.8 (but necessitate more computations). In particular, it takes
into account the modifications of the z macroscopic ground-state due to interactions
between atoms. These can be important in our highly degenerate gases (D(P) > 100)
and relatively loose trapping of w, /27 = 365 Hz. In most of the cases, we performed
3D calculations, except in 8.3.5 (for the qualitative justification of g analysis).

is the 2D interaction parameter, linked to the reduced one by g?P) = 1?3 /m.

B.1.2. Method for solving the time-dependent GPE

We solve Eq.B.1 (resp. Eq.B.8) by using a split-step method. In this method we
perform an evolution by small time steps dt by successively solving over each small
step the two partial evolutions:

1. in the direct spatial domain, we evolve ¢ along :

ihagir) = Dy(r) (resp. iha(g(lp =D¢(p)) (B.11)

2. in the frequency one, we evolve ¢ along :

ihai’g&r) = Ky(r) (resp. 1haq;(:)) = Ko(p)) (B.12)

The two evolutions of Egs. B.11 and B.12 are independently easily solvable in the spec-
ified spaces. In first approximation, they can be treated separately along the small
time steps as then the commutator of dtD (resp. dtD) and dtK (resp. dtK) can be
neglected: it contributes to terms of an order smaller in df. More rigorously, using
Baker-Hausdorff formula in Eq. B.1, we find :

l/)(r,t—i—dt) _ eidt(K+D)/hlp(r’ t) _ eidtK/heidtD/hll]<r, t) +O(dt2) (B.13)

Then, if we choose a small enough value of dt so that |$Ky|, |4Dy| < 1. The
solution of Eq. B.1 (resp. Eq. B.8) evolved between t and t + dt is well approximated by

tively in a modification of the 2D interaction parameter g(ZD )
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¢(r,t+dt) = TF '[exp ( ) TF[e 4Py (r, 1)]] (B.14)

(resp. p(p,t +dt) = TF '[exp <— > TP[eidtﬁ(j)(p, Hl] ). (B.15)
where TF is the Fourier transform operator and k (resp. x) is the variable conjugated to
r (resp. p) by Fourier transform. The evolution from t = 0 to t = fis performed using
t/dt successive steps.

B.2. Numerical computations

B.2.1. Computing the macroscopic ground state wavefunction for the trap
sample

We compute the ground state wavefunction ¢y(r) of the macroscopic Hamiltonian
H =D + Rof Eq.B.1 (resp. H = D + K of Eq. B.8) by evolving the state along Eq. B.14
(resp. B.15) in imaginary time, that is replacing the time f of this equation along (so
called Wick rotation):

t— T = —it (B.16)

We start the evolution from an arbitrary wavefunction ¢(r,t = 0) = y(r) that can
be in a general way decomposed over the eigenstates |¢x) of H (resp. H) along |¢y) =
Y ro Ck|@x). We number the eigenstates in the increasing order of their energies € and
we set the origin of the energies to g = 0. We also assume that the ground-state
|@o) is not degenerate so that €, >0, Vk>0. Then, applying the propagation operator

exp(— ) after the transformation of Eq. B.16, we find :

Y(r,t =it) = Z ckexp(—%)\(pw = col¢o) (B.17)
k=0

If we perform the evolution for a long enough time T compared to the first excitation
energy gap €1 (i.e. T > h/e€1), then the evolved wavefunction is directly proportional to
the ground state wavefunction ¢y(r). As the evolution is performed in imaginary time,
then the normalization is not implicitly conserved along the evolution. Then in our
numerical procedure, we reestablished the normalization condition [ |¢(r,iT)[*?d% =1
(resp. [ |¢(p,iT)[*d%p = 1) after each time step of duration dt by dividing ¢ (r, iT) (resp.

¢(p,iT)) by its norm \/f | (r,iT)|2d3r (resp. \/f lp(p,iT)|2d2p).

In the numerical calculation, we typically use time steps of 10~* ms and compute the
evolution for 10 ms. The 3D grid contains 152 x 152 x 32 voxels, with a voxel size 0.52 x
0.52 x 0.26 um?3. The 2D grid contains 70 x 70 pixels, with a pixel size 0.52 x 0.52 ym?.
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B.2.2. Deducing the gas parameters

From the determination of the ground state of the macroscopic Hamiltonian, we are
in particular interested in estimating the various contributions to the total energy. These
are the potential energy Epot, the kinetic energy Ey;, and interaction energy Ei,: and they
are given by the following integrals over the cloud:

Epi = N [V(Olp(r)Pd, (B.18)
hZ
En — 27];7 [19p)Pa, (B.19)
2
Emi = 72”:1 s N2 / p(r)|* dr. (B.20)

We can obtain the value of the chemical potential u by taking the derivative of the
total energy with respect to N and subtracting the single-particle ground state energy:

1 o1

“[,{ — N (Epot + Ekil’l + 2Eint) — m — Ehwz. (B.Zl)

We can also be interested in calculating the modification of characteristic parameters
due to the interactions. For instance, the extent Az of the atomic sample along z is
modified compared to its ideal value ¢,/+/2 and is given by:

AP = / I (r)[2 22d% (B.22)
The 2D interaction parameters is similarly modified and calculated along:
g = 4ma, A / p(r)[* dPr. (B.23)

so that the interaction energy per particle €int = Eint/ N (Eq. B.20) writes

2~
€int = %f N/A = g®P)uP) /2, (B.24)

Where ¢?P) = 72§ /m is the 2D interaction parameter and n(??) = N/ A is the mean
2D density. Then we note that the contribution of Ejy; to p is g(zD )n2D) | From g value
we can deduced the modified healing length:

¢ =1//gnD), (B.25)

Finally, we note also the in-plane extent of the cloud is slightly modified due to the
effects of the healing length, which is the characteristic length scale for the variations
of ¢ at the edges of the trap, and due to the corrections to uniformity in 6V (r). These
extents are given by similar integrations as in Eq. B.22, replacing z — x, y or p.

For example, we performed a 3D Gross-Pitaevskii computation for a gas with a sur-

209



face density of 72P) = 50 um~2 and trapped in disk of R = 16.9 um (corresponding to

the same area than a square of L = 30 um). We found :

:textbfEnergies | Values (/kg) || Parameters | Ideal values | Modified values
Exin/N 3.4nK Az 397 nm 479 nm
Epot/N 6.66 nNK g 0.0455 0.0388
Eint/N 5.35nK G 663 nm 718 nm

u 12.0nK Ap 11.968 yum 11.948 ym

Table B.1.: Results of a GP simulation for an atomic sample confined in a harmonic trap along
z of w;/2m = 365Hz and a uniform disk in-plane of R = 16.9 um. The surface

density for the simulation is n(?P) = 50 um~2. We compute the various energy
contributions and the resulting chemical potential. We also highlight the various
corrections to the characteristic cloud parameters.

B.2.3. Computing 2D and 3D Time-of-Flight evolutions of the wavefunction.

Using a real time evolution we can also compute the evolution of the macroscopic
wavefunction after some brutal changes in the trapping configuration. For example,
we can simulate an abrupt switching off of the box-trap potential U — this corresponds
to evolution of a highly degenerate gas in a 2D ToF — or an abrupt switching off of the
full potential V — this depicts evolution of T = 0 coherent gas in 3D ToF (see 2.1.3).

For these evolutions, we start from the previously computed ¢ (r) ground-state wave-
function and perform further evolution in real time, taking into account the modified
potential in B.14 (or B.15). In this case, the normalization of the wavefunction is con-
served during the evolution and the size of the grid is imposed from the choice of the
@o(r) computation. We use the same time steps as for the imaginary-time evolution
which is of 10~* ms while typical ToF evolutions are from a few to a few tens of ms.

The evolution is performed for a given time  in order to reproduced the wanted ex-
perimental measurements. In this evolution, the temperature T of the gas does not play
any role and the expansion is due to the conversion of the total energy of the ground
state into kinetic energy. Usually we are interested in the in-plane spatial density dis-
tribution n(x, y) after such a ToF evolution:

nixy) = [ ()P dz. (B.26)
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C. Residual radial confinements for a decentered cloud
compared to the light-sheet beam focus

This appendix details the calculations of the shift in the residual anti—confinement
created by the light-sheet beam in the case where the cloud is not positioned at the
focus center of this beam. We remind that the light-sheet (LS) beam is designed to
create a tight confinement along the z-direction (see 2.2). A residual radial effect occurs
from the radial dependency of the zero-point energy of the z-motion. Calculations have
been carried out for a cloud confined in the center focus (x,y) = (0,0) of the beam in
2.2.3.1. In this annex we will detail a further analysis of the resulting trapping around
the atomic sample center (x., y.) differing from the beam center (0, 0).

C.1. Decentering along the LS-beam propagation direction x

We pointed out in 2.2.2 that positioning the atom sample out of the LS beam focus (at
x. # 0) is compulsory to achieve satisfying experimental conditions. There, we stated
that the focus of the beam must be displaced compared to the atom position by more
than a Rayleigh length xr. We will describe such a case by x, = axg and in our optimal
experimental configuration, we have & = 1.28.

We can develop the radial potential fiw.(x,y)/2 (engendered by the freezing out of
the z motion) around x = x. instead of x = 0 (see 2.2.3.1) to deduce the shift in w,
and wy. We first keep y = 0 so that only w, is modified and we set w¢ = w.(x.,0) =
w:(0,0) (14 a?)~3/4. Then the trapping potential along x is

hw, hws 3u 3(5a% —2) ’
= 1o T (x) o+ 22 8 (r—x)?). (€1
7 (@0) 2 < 20Tl T g ramg F %)) ©
We see that :

— The main effect of Eq.C.1 is a potential gradient U = —U} (x — x;). We will
compensate it on the experiment in our alignment procedure (based on making
the 2D atomic density profile as much uniform as possible) by decentering the
position of the magnetic zero xmag from x.. We will estimate latter in this section
the displacement needed to exactly compensate this effect.

— The second order approximation leads to an important modification of the longi-
tudinal deconfining frequency along:

_ 3(5a2 —2) \/hwg/m‘ C2)

8(1+a2)? 1

Wixrox,

The deconfinement effect is lowered when we go away from the focus. If we
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displace the atoms by |x.| > v/2/5xg = 0.6xg, the resulting potential is in fact
confining.

In our case, we found :

hw;(x0,0)/m

Wyy, = 0578 -
R

— i 0.196 w,. (C.3)

Now we estimate the displacement xp,g 7 0 we need to impose to the magnetic zero
position for compensating the linear dependency of the potential in the atom position
x — xc. The magnetic potential of Eq. 2.8 centered on (X¥mag 7 X¢, Ymag) is:

1/2
(x — xmag)z i (y — ymag)z
4 4

Vinag (X, y) = b, |d2 + (C4)

We want to approximate this potential around x = x. (we set Ay = Xmag — X and
suppose Y¢ = Ymag = 0) :

meA m
Vinag(x,0) = mgD. — 4%; (x —x) + szi (x — x.)? (C.5)

where D, = \/d?+ AZ/4. (C.6)

Then if we want that Vinag(x,0) and fiw, (x,0) /2 linear contributions cancel, we must
impose:

Bhws 2axg mg
— T = - 2A C7
8x% (1+a?) 8D, ~ " 7
2
_ [wxeo(wf) w
Ay = < mag T a2*® (C.8)

where wyo(wf) is the deconfining angular frequency calculated according to Eq.2.19
(as if the atoms where at the LS focus) but with a reduced frequency w; calculated
along Eq.C.2 in x = x. (which is its value at the actual position of the atoms x.). As
this frequency is typically lower than the magnetic confinement frequency (see 2.4),
we find that we must move the zero of the magnetic field away from the cloud center
by 4% to 30% of the Rayleigh length xr for the highest frequencies used, and in the
opposite direction compared to the displacement of the cloud center from the LS focus.
We quantitatively find |Ay| € [10,40] um. Then, we can still consider D, ~ d, and the
magnetic trapping frequency wmag is not modified.

In conclusion, the defocusing of the light-sheet beam on the atoms creates:

— a potential gradient that can easily be compensated by a small decentering (com-
pared to the cloud center) of the magnetic zero in the direction of the beam prop-
agation and on a distance of some tens of micrometers.

— a deep change in the x-confinement due to the variation of the zero-point energy
in x but no change in the magnetic confinement along x as the displacement are
too small compared to the important vertical decentering of the magnetic zero in
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our configuration.

C.2. Decentering along the transverse and weakly direction, y

In general we do not want a decentering along x to occur but it can happen that
Ye # 0 because of:

— amisalignment due to some flaws in the alignment procedure,

— a deliberate misalignment chosen to avoid the deep rugosities of the light-sheet

potential at some position y in the beam (see 2.2.3.2).

In both cases, such a decentering is definitely smaller than the one studied along x
axis, it is typically restricted to some percents (up to 20%) of the beam waist : y. = pw,
with 8 < 0.2.

As previously we approximate the radial potential fiw,(x,y)/2 around y = y., first
keeping x = 0. We set w.* = w,(0,y.) = w.(0, 0)e~#*. Then the potential along y writes

hw.(0,y)  hwf 28 22 —1 )
We see that :
— The first order effect is again a potential gradient U = —Uy (y —yc). As pre-

viously, we will compensate it experimentally by decentering the position of the
zero of the magnetic field ymag from y.. Once again, we deduce it value by equal-
izing the magnetic slope Sm—ljgz 2Ay with the one B hwy / wy resulting from the LS

potential. This gives
‘e 2
Ay = — (a]yNO(aJZ)> ﬁwy (C.10)

Wmag

where wywo(w/;) is the deconfining angular frequency calculated according to
Eq.2.19 (as if the atoms where at the LS focus) but with a reduced frequency w.,*
corresponding to the one at the actual position of the atoms y. (see next item). A,
varies from 3 to 30 ym typically so that its amplitude is also negligible compared
to d,; hence the magnetic confinement is not affected.

— The second order effect leads to a modification of the y-deconfining frequency
along :

Oy = ,/2ﬁ2—1w (C.11)

The multiplicative correction factor /2% — 1 changes the anti—confinement into
a confinement at = 1/v/2. As B < 0.2, the modification of wy stays small and
the maximal absolute value of the correction factor is 0.96. We will then suppose
that this modification is negligible.
In conclusion, the miscentering of the light-sheet beam in the y-direction leads to
— a potential gradient that can easily be compensated as previously by a small de-
centering (compared to the cloud center) of the magnetic zero ymag on a distance
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of some ym.
— a negligible modification of both the trapping frequencies associated with the
zero-point energy and with magnetic gradient.

C.3. Decentering along both x and y directions

We should note that if the cloud is decentered in both x and y directions (x. =
axgr # 0, yo = Ppw, # 0), a coupling term proportional to (x — x.)(y — y.) appears.
We can define a corresponding coupling frequency by equalizing the coupling term to
L, (x — x) (v — o)

If we combine both development of the potential given in Eq.C.2 and Eq.C.11, we
find :

hws(xy) _ hele (28 2 1
— = 5 (1 - @(y —Ye) + w2 (v — yc)2> (C.12)
3 3(50&2 — 2)
(- s g g ) €1

where w)¢ = w,(0,0) (1+ a2)~3/4 ¢=F*. Then the coupling frequency is

B 3aB  \/hwi/m
B \/1+oc2 (C14)

A /xRWy
3 w ”
= ’/1+[ch ,/XTZ Wy (w;©) (C.15)

where wy~o (w,) is the deconfining angular frequency calculated according to Eq.2.19
(as if the atoms where at the LS focus) but with a reduced frequency w,¢ correspond-
ing to the one at the actual position of the atoms (x.,y.). For now on, we suppose
that the cloud is always decentered along x with a typical & = 1.28. The coupling fre-
quency then depends on the square root of decentering along y direction /p (that can
be wanted or unwanted but remains small 8 < 0.2). Then,

wxyN (xe/ye)

|wxyN(xc/yc)| S/ 0'31 wyNO(w/Z/C) (C.16)

Such an oscillation remains small compared to the anti—confinement in y-direction wy~.,,, ~

Wy~0 (w,°) but is of the same order than the confinement along x. From this coupling
term, we can infer a new oscillation axis for which the oscillations are decoupled. Such
axes X and Y are defined by the angle 0 they make with the original axis from the
experiment x and y:

X = (x—x)cosf+ (y—y.)sind (C.17)
Y = —(x—x)sinf+ (y —y.)cosb (C.18)
//C
and h“’(z’”/) — h‘gz + U X + UyY + % (X% +07Y?) (C.19)
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By developing the quadratic term we find :

2

(,ny
tan20 = 5 5 (C.20)
(,L)y — Wwx
(1-282)(1+42) xg + (5a2—2) wy (C.21)
3wy Tl x

As both the collinear and coupling frequencies are small compared to the transverse

one : w?, w,%y < wﬁ, the axis of decoupling is nearly the same than the experimental

one. We found 6 = —0.05. The resulting frequencies are also approximately equal to
the x, y ones:

Ox = 0201wy o(w,) = 1.027Wxr, (C.22)
Oy = 0.955wy0(w.%) = 0.996W;~y, (C.23)

In conclusion, the coupling between the collinear (x) and transverse (y) axes to the
propagation of the light-sheet beam can always be neglected.
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D. Conventional imaging of an atomic ensemble, limitations
due to bi—dimensionality

The following annex was initially published in [136], and is reproduced without modifications
except for introducing remarks and words within brackets

In this annex we present a theoretical analysis of the absorption imaging technique
used to determine the atomic density 7(r) of a 2D cloud. Previous experimental works
of our group [139] shown that the absorption imaging in the low intensity regime (I <
Isat) interpreted along Beer Lambert law (Eq. D.1) leads to underestimating n in the
dense regions of a 2D gases (i.e. n > o~ ! where ¢ stands for the photon scattering
cross-section). In order to understand this phenomenon and be able to use absorption
imaging to investigate the physical properties of our gases, we developed a theoretical
model for this effect. In this annex, we first present our modeling of the atom-light
interaction, using both the two-level (with a | = 0 ground state and a | = 1 excited
state) and the rotating wave approximations. Then we explain the principle of the
calculation for the absorption of a weak probe beam crossing the atom slab, we only
consider a single-photon interacting with a (dense) atom assembly (thus neglecting any
collective effects between photons and/or multiplication of excited atoms). Finally we
present our numerical results in which we observed an effective reduction of the optical
density (OD) compared to Beer Lambert prediction in the case of high densities.

D.1. Theoretical analysis of the multiple scattering effect

To access the atomic density 7(r), one usually relies on the interaction of the atoms
with quasi-resonant laser light. The most common method is absorption imaging,
in which the shadow imprinted by the cloud on a low intensity probe beam is im-
aged on a camera. The simplest modelling of absorption imaging is based on a mean-
field approach, in which one assumes that the local value of the electric field driving
an atomic dipole at a given location depends only on the average density of scatter-
ers. One can then relate the attenuation of the laser beam to the column atomic den-
sity n(©°) (x,y) = [ n(r) dz along the line-of-sight z. The optical density of the cloud
D(x,y) = In[Lin(x,y)/ Iout(x, y)] is given by the Beer-Lambert law

Dy (x,y) = o n'(x,y), (D.1)

where ¢ is the photon scattering cross-section, and I, (resp. Iout) are the incoming (resp.
outgoing) intensity of the probe laser in the plane xy perpendicular to the propagation
axis. For a closed two-level atomic transition of frequency wp = cko, o depends on the
wavelength Ay = 271/k¢ associated to this transition and on the detuning A = w — wy
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between the probe light frequency w and the atomic frequency:

312 20
ol 0, =22,

C=1re T o T (D.2)

Here I represents the natural line width of the transition (i.e., I'! is the natural life
time of the excited state of the transition). Eq. D.2 assumes that the intensity of the
probe beam is much lower than the saturation intensity of the atomic transition. Quasi-
resonant absorption imaging is widely used to measure the spatial distribution of atomic
gases after a long time-of-flight, when the density has dropped sufficiently so that the
mean-field approximation leading to Eq. D.1 is valid.

One can also use absorption imaging to probe in situ samples, at least in the case
where ¢ n1( is not very large so that the output intensity is not vanishingly small.
This is in particular the case for low dimensional gases. Consider for example a 2D
gas, such that the translational degree of freedom along z has been frozen. For a probe
beam propagating along this axis, one can transpose the Beer-Lambert law of Eq. D.1
by simply replacing the column density by the surface density 7(2P) of the gas. This 2D
Beer-Lambert law can be heuristically justified by treating each atom as a disk of area o
that blocks every photon incident on it. In an area A >> ¢ containing N = An(®P) > 1
randomly placed atoms, the probability that a photon is not blocked by any of the disks
is (1—0/A)N ~ exp(—on®P).

In a quasi-2D gas there is however an important limitation on the optical densities
to which one may apply the Beer-Lambert prediction of Eq.D.1. Already for con(??) =
1 the mean interparticle distance is only 0.7 Ap and one may expect that the optical
response of an atom strongly depends on the precise location of its neighbours. More
precisely the exchange of photons between closely spaced atoms induces a resonant
van der Waals interaction that significantly shifts the atomic resonance frequency with
respect to its bare value wy. The optical density of the gas at resonance may then be
reduced with respect to Eq. D.1, and this was indeed observed in a series of experiments
performed with a degenerate 8Rb gas [70, 139].

The general subject of the propagation of a light wave in a dense atomic sample,
where multiple scattering plays an essential role, has been the subject of numerous ex-
perimental and theoretical works (see e.g. [220, 221] in the context of cold atoms, and
[222] for a review). Here we present a quantitative treatment of the collective effects that
appear when a weak probe beam interacts with a quasi-2D atomic gas. We consider an
ensemble of N atoms at rest with random positions and we investigate the transmission
of quasi-resonant light by the atom sheet. We model the resonance transition between
the atomic ground (g) and excited (e) statesby a | = 0 <+ ], = 1 transition. We present
two equivalent approaches; the first one is based on the calculation of the field radiated
by an assembly of N dipoles, where each dipole is driven by an external field plus the
field radiated by the N — 1 other dipoles; the second one uses the standard T matrix
formalism of scattering theory. We show that in both cases the optical density of the
medium can be determined by solving the same 3N x 3N linear system. A similar for-
malism has been previously used for the study of light propagation in small 3D atomic
samples, in the presence of multiple scattering (see e.g. [223-230]). However its appli-
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cation to quasi-2D samples has (to our knowledge) not yet been investigated, except
in the context of Anderson localisation of light [224]. Our numerical calculations are
performed for N = 2048 atoms, which is sufficient to reach the ‘thermodynamic limit’
for the range of parameters that is relevant for experiments. We show in particular
that even for moderate values of 0pn(°Y, the optical density is notably reduced com-
pared to what is expected from the Beer-Lambert law (e.g., more than 20 % reduction for
opn(©) = 1). We investigate how the absorption line shape is modified by the resonant
van der Waals interactions and we also show how the result Eq. D.1 is recovered when
one increases the thickness of the gas, for a given column density 7(°). Note that our
simulations are performed with a much smaller atom number than in real experiments
(N is up to 10° in [70, 139]). However we expect our results to be relevant for addressing
experimental realisations, since the light attenuation can be treated in the local density
approximation. Indeed in the ‘thermodynamic limit" mentioned above, the optical den-
sity D at a point (x,y) depends only on the spatial density n(x,y,z) along the line of
sight, and not on the overall density distribution n(x’,y’,z") in the sample.

D.2. Modelling the atom-light interaction

D.2.1. The electromagnetic field

We use the standard description of the quantised electromagnetic field in the Coulomb
gauge [231], and choose periodic boundary conditions in the cubic-shaped quantisation
volume V = LyLyL,. We denote a, ¢ the destruction operator of a photon with wave
vector g and polarisation s (s_Lg). The Hamiltonian of the quantised field is

Hp =Y heqa) sags, (D.3)
q,s
and the transverse electric field operator reads E(r) = E®) (r) + E(7) (r) with

hC i T
Z e z) q, s€ S, (D4)

+
and EC)(r) = (E(+) (r)) . The wave vectors g are quantised in the volume V as q; =
2nn;/Li, i = x,y,z, where n; is a positive or negative integer.

D.2.2. The atomic medium

We consider a collection of N identical atoms at rest in positions r;, j = 1,... N. We
model the atomic resonance transition by a two-level system with a ground state |g)
with angular momentum J, = 0 and an excited level of angular momentum J, = 1. We
choose as a basis set for the excited manifold the three Zeeman sublevels |e,), « = x, , z,
where |e,) is the eigenstate with eigenvalue 0 of the component ], of the atomic angular
momentum operator. We denote 7wy the energy difference between e and g. The atomic
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Hamiltonian is thus (up to a constant)
N
HA:Z fiwg | = ea)(f : eal- (D.5)

The restriction to a two-level approximation is legitimate if the detuning A between
the probe and the atomic frequencies is much smaller than wy. The modelling of this
transition by a [ = 0 <> ], = 1 transition leads to a relatively simple algebra. The
transitions that are used for absorption imaging in real experiments often involve more
Zeeman states (J; = 2 <> J. = 3 for Rb atoms in [70, 139]), but are more complex
to handle [232, 233] and they are thus out of the scope of this [work]. However we
believe that the most salient features of multiple scattering and resonant van der Waals
interactions are captured by our simple level scheme.

D.2.3. The atom-light coupling

We treat the atom-light interaction using the electric dipole approximation (length
gauge), which is legitimate since the resonance wavelength of the atoms A is much
larger than the atomic size. We write the atom-light coupling as:

V=-) Dj Er), (D.6)
]

where D; is the dipole operator for the atom j. We will use the rotating wave approxi-
mation (RWA), which consists in keeping only the resonant terms in the coupling:

Vz—zwﬂfmmmm@, (D.7)
]

(+)

where h.c. stands for Hermitian conjugate. Here D j

dipole operator for atom j:

represents the raising part of the

D](+):d Yo liten)(j:glta, (D.8)

a=xy,z

where d is the electric dipole associated to the g — e transition and #, is a unit vector in
the direction «.

When a single atom is coupled to the electromagnetic field, this coupling results in
the modification of the resonance frequency (Lamb shift) and in the fact that the excited
state e acquires a non-zero width T’

2,3
_ d“wy
3meghcd

(D.9)

For simplicity we will incorporate the Lamb shift in the definition of wy. Note that the
proper calculation for this shift requires that one goes beyond the two-level and the
rotating wave approximations. The linewidth I' on the other hand can be calculated
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from the above expressions for V using the Fermi golden rule.

The RWA provides a very significant simplification of the treatment of the atom-light
coupling, in the sense that the total number of excitations is a conserved quantity. The
annihilation (resp. creation) of a photon is always associated with the transition of
one of the N atoms from g to e (resp. from e to g). This would not be the case if the
non-resonant terms of the electric dipole coupling DE+) -E") and DE_) - E™) were also
taken into account. For a single atom, the small parameter associated to the RWA is
A/ wy, which is in practice in the range 107 — 10~7. For a collection of atoms, the RWA
is still an excellent approximation if the shifts introduced by resonant van der Waals
interactions are small compared to atomic frequencies. In practice this requires that the
interatomic distances remain very large compared to the atom size (Bohr radius).

Formally the use of the electric dipole interaction implies to add to the Hamiltonian
an additional contact term between the dipoles (see e.g. [223, 234]). This term will play
no role in our numerical simulations because we will surround the position of each
atom by a small excluded volume, which mimics the short range repulsive interaction
between atoms. We checked that the results of our numerical calculations (see Sec.
D.4) do not depend on the size of the excluded volume, and we can safely omit the
additional contact term in the present work.

D.3. Interaction of a probe laser beam with a dense quasi-2D atomic
sample

We present in this section the general formalism that allows one to calculate the ab-
sorption of a quasi-resonant laser beam by a slab of N atoms. We address this question
using two different approaches. The first one maps the problem onto the collective be-
haviour of an assembly of N oscillating dipoles [223]. The equation of motion for each
dipole is obtained using the Heisenberg picture for the Hamiltonian presented in sec-
tion D.2. It contains two driving terms, one from the incident probe field and one from
the field radiated by all the other dipoles at the location of the dipole under study. The
steady-state of this assembly of dipoles is obtained by solving a set of 3N linear equa-
tions. The second approach uses the standard quantum scattering theory [235], which
is well suited for perturbative calculations and partial resummations of diagrams. We
suppose that one photon is incident on the atomic medium and we use resummation
techniques to take into account the multiple scattering events that can occur before
the photon emerges from the medium. The relevant quantity in this approach is the
probability amplitude Tj; that the outgoing photon is detected in the same mode as the
incident one [225, 228], and we show that Tj; is obtained from the same set of equations
as the values of the dipoles in the first approach.

D.3.1. Wave propagation in an assembly of driven dipoles.

In this section we assume that the incident field is prepared in a coherent state cor-
responding to a monochromatic plane wave Ey € ¢/**~“!). We choose the polarization
€ to be linear and parallel to the x axis (e = #y). Since we considera J; =0 <> Jo = 1
transition, this choice does not play a significant role and we checked that we recover
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essentially the same results with a circular polarisation. Note that the situation would
be different for an atomic transition with larger J, and J. since optical pumping pro-
cesses would then depend crucially on the polarisation of the probe laser.

The amplitude Ej, is supposed to be small enough that the steady-state populations
of the excited states ¢;, are small compared to unity. This ensures that the response of
each atomic dipole is linear in Ey; this approximation is valid when the Rabi frequency
dE; /1 is small compared to the natural width I or the detuning A.

Using the atom-light coupling of Eq. D.6, the equations of motion for the annihilation
operators a, s in the Heisenberg picture read:

. _ cq . D, —ig-ry
g,s(t) = —icqags(t) + GTY ]Z/s Dji(t)e ™" . (D.10)

This equation can be integrated between the initial time ¢y and the time ¢, and the result
can be injected in the expression for the transverse field to provide its value at any point
r:

tt(]

Ey(r,t) = Efree,n (7, t +ZZ/ ZgOV

jul g8
[iDjr,a/(t —T)e iq-(r—ry)—icqt SuSy + h.c.] , (D.11)

where Egq. stands for the value obtained in the absence of atoms. We now take the
quantum average of this set of equations. In the steady-state regime the expectation
value of the dipole operator D;(t) can be written d]-e_i“’t + c.c., and the average of
Efee(r, t) is the incident field Ep € eikz—wh) | c.c.. We denote the average value of the
transverse field operator in r as (E(r,t)) = E(r) e ™! + c.c., and we obtain after some
algebra (see e.g. [223, 236])

E(r) = Ep e e + Zg,” up)djo g, (D.12)
67'[8() i

where we set u; = k(r — r;) (with k = ko),

”auzx’

Sua (U) = Op ol (1) + ho(u), (D.13)
and
3 e 3 ezu
hi(u) = E—3(u +iu—1), hy(u) = 5 u3( u? — 3iu +3). (D.14)

The function g, . (kr) is identical to the one appearing in classical electrodynamics
[237], when calculating the field radiated in r by a dipole located at the origin.
(=)

We proceed similarly for the equations of motion for the dipole operators D j and
take their average value in steady-state. The result can be put in the form [223]
. 67te
(5 + l)d]',a -+ Z g,,(,a/(ujj/)dj/,a/ = — N 0 Ereqe zkz, (D.15)

I'#i o
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where the reduced detunig 6 = 2A/T has been defined in Eq. D.2 and u; ; = k(ry — r;).
This can be written with matrix notation

[M]|X) =[Y) (D.16)

where the 3N vectors | X) and |Y) are defined by

3
Xjp = -k

7T 6megEL s Yia = €', (D.17)

and where the complex symmetric matrix [M] has its diagonal coefficients equal to 6 + i
and its off-diagonal coefficients (for j # j') given by g, (u;). This matrix belongs to
the general class of Euclidean matrices [238], for which the (i, j) element can be written
as a function F(r;, r;) of points r; in the Euclidean space. The spectral properties of these
matrices for a random distribution of the #;’s (as it will be the case in this work, see Sec.
D.4) have been studied in [238-241].

Eq. D.15 has a simple physical interpretation: in steady-state each dipole d; is driven
by the sum of the incident field Ej, and the field radiated by all the other dipoles. This
set of 3N equations was first introduced by L. L. Foldy in [242] who named it, together
with Eq. D.12, “the fundamental equations of multiple scattering". Indeed for a given
incident field, the solution of Eq. D.16 provides the value of each dipole d;, which can
then be injected in Eq. D.12 to obtain the value of the total field at any point in space.

D.3.2. Absorption signal

From the expression of the average value of the dipoles we now extract the absorp-
tion coefficient of the probe beam and the optical density of the gas. We suppose that
the N atoms are uniformly spread in a cylinder of radius R along the z axis and located
between z = —¢,;/2 and z = {,/2. We can consider two experimental setups to ad-
dress this problem. The first one, represented in Fig. D.1a, consists in measuring after
the atomic sample the total light intensity with the same momentum k = kii, as the
incident probe beam. This can be achieved by placing a lens with the same size as the
atomic sample, in the plane z = ¢’ > ¢, /2 just after the sample. The light field at the fo-
cal point of the lens F gives the desired attenuation coefficient. We refer to this method
as “global’, since the field E(F) provides information over the whole atomic cloud. One
can also use the setup sketched in Fig. D.1b, which forms an image of the atom slab on a
camera and provides a ‘local’ measurement of the absorption coefficient. In real exper-
iments local measurements are often favored because trapped atomic sample are non
homogeneous and it is desirable to access the spatial distribution of the particles. How-
ever for our geometry with a uniform density of scatterers, spatial information on the
absorption of the probe beam is not relevant. Therefore we only present the formalism
for global measurements, which is simpler to derive and leads to slightly more general
expressions. We checked numerically that we obtained very similar results when we
modelled the local procedure.

We assume that the lens in Fig. D.la operates in the paraxial regime, i.e., its focal
length f is much larger than its radius R. We relate the field at the image focal point of
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Figure D.1.: Two possible setups for measuring the absorption of an incident probe beam by a
slab of atoms using a lens of focal f. a) Global probe. b) Local probe.

the lens to the field in the plane z = ¢’ just before the lens:
ietkf
Aof

where the integral runs over the lens area. Since the incident probe beam is supposed to
be linearly polarised along x, we calculate the x component of the field in F. Plugging
the value of the field given in Eqgs. D.12-D.17 we obtain the transmission coefficient

E(F) = — E(x,y,t') dxdy, (D.18)

—ikt’

Ex(F)|w:
(F)with atoms —1— € =7 Z ]“/ Lk r—r])] dxdy . (D.19)

T="E0)

no atom

This result can be simplified in the limit of a large lens by using an approximated value
for the integral appearing in Eq. D.19. We suppose that k¢’ > 1 so that the dominant
part in gy, is the e’ /u contribution to h;. More precisely the domain in the lens plane

contributing to the integral for the dipole j is essentially a disk of radius /A (¢’ — z;) ~

VAL centered on (xj,y;). When this small disk is entirely included in the lens aperture,
i.e., the larger disk of radius R centered on x = y = 0, we obtain

/ Qralk )] dxdy ~ 3;727'[5)(,“61'1((6’—@) . (D.20)

We use the result Eq. D.20 for all atoms, which amounts to neglect edge effects for the
dipoles located at the border of the lens, and we obtain:

T =1 soon 11, (D.21)

with n(°) = N /7tR? and where the coefficient IT is defined by
= Ly e D.22
- N Z jx€ . ( . )
]

This coefficient captures the whole physics of multiple scattering and resonant van der
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Waals interactions among the N atoms. Indeed one takes into account all possible cou-
plings between the dipoles when solving the 3N x 3N system [M]|X) = |Y). Once T
is known the optical density is obtained from

D=In|T| 2. (D.23)

As an example, consider the limit of a very sparse sample where multiple scattering
does not play a significant role (cpn(®) < 1). All non-diagonal matrix elements in [M]
are then negligible and [M] is simply the identity matrix, times i + J. Each X; , solution
of the system of Eq. D.16 is equal to ¢/*% / (i + §), and we obtain as expected:

1 o n(col)
1 ) iy 1 00
oon' ™ «1: Tal-— ogn®, Dx T

2(1— i)

(D.24)

D.3.3. Light absorption as a quantum scattering process

In order to study the attenuation of a weak probe beam propagating along the z axis
when it crosses the atomic medium, we can also use quantum scattering theory. The
Hamiltonian of the problem is

H=Hy+V, Hy = Hp + Hg, (D.25)

and we consider the initial state where all atoms are in their ground state and where a
single photon of wave vector k = ki, and polarisation € = i, is incident on the atomic
medium

¥i) = 19) @[k e), (D.26)

with [G) =1[1:g,2:g, ...,N : g). The state |¥;) is an eigenstate of Hy with energy
hw. The interaction of the photon with the atomic medium, described by the coupling
V, can be viewed as a collision process during which an arbitrary number of elemen-
tary scattering events can take place. Each event starts from a state |G) ® |g,s) and
corresponds to:
(i) The absorption of the photon in mode g, s by atom j, which jumps from its ground
state |j : ) to one of its excited states | : e,). The state of the system is then

i) =11:8, ...,j €a,...,N:g) ®|vac), (D.27)

where |vac) stands for the vacuum state of the electromagnetic field. The sub-
space spanned by the states |} ,) has dimension 3N.
(ii) The emission of a photon in the mode (¢', s’) by atom j, which falls back into its
ground state.
Finally a photon emerges from the atomic sample, and we want to determine the prob-
ability amplitude to find this photon in the same mode |k, €) as the initial one.
The T matrix defined as

1

TE)=V4Ver v,
(B)=V+Ve—gro,

(D.28)
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where 04 is a small positive number that tends to zero at the end of the calculation,
provides a convenient tool to calculate this probability amplitude. Generally

Tif = (YIT(E)[Y)) (D.29)

gives the probability amplitude to find the system in the final state |'¥ ;) after the scatter-
ing process. The states [¥;) and |¥¢) are eigenstates of the unperturbed Hamiltonian
Hy, with energy E;. Here we are interested in the element Tj; of the T matrix, corre-
sponding to the choice [¥f) = [¥;). Using the definition of Eq.D.28 we find

_ hond® k(-2 1
T”— ZSOV ;e ] <g]/,x‘m’g],x>. (D.30)

We now have to calculate the (3N) x (3N) matrix elements of the operator 1/ (z — H),
with z = hiwy, + 10, entering into Eq. D.30. We introduce the two orthogonal projectors
P and Q, where P projects on the subspace with zero photon, and Q projects on the
orthogonal subspace. We thus have

Pl&ja) = |Eja) P|G) ® |k, e) =0, (D.31)
Ql&ja) =0 QIG) ® |k, e) = 1G) @ |k, €). (D.32)

We define the displacement operator

Q
R(z)=V+V %4 D.33
) =~ QHQ - QVQ (D-39)
and use the general result [231]
1 P
P P = , D.34
z—H zZ— Heff ( )
where the effective Hamiltonian Hg is
Heg = P (Ho + R(z)) P. (D.35)

For the following calculations, it is convenient to introduce the dimensionless matrix
[M] proportional to the denominator of the right hand side of Eq. D.34:

2

Ml a) = 70 ¢

Ejr |z — Hetf|Eja)- (D.36)
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It is straightforward to check ! that for z — hiw this matrix coincides with the symmetric
matrix appearing in Eq. D.16. Indeed the matrix elements of R(z) are

eiq~(rj/—rj)
2w (D-37)

hd? .
(Epw|R(2)Ejw) = 5oV ;cq SiSu
which can be calculated explicitly. For j = j, the real part of this expression is the Lamb
shift that we reincorporate in the definition of wy, and its imaginary part reads:

AT
<5j,a’|R(Z)’5j,zx> = —Z? 50(,04’ . (D38)
For j # j/, the sum over (g,s) appearing in Eq.D.37 is the propagator of a photon
from an atom in 7; in internal state |e,), to another atom in rj in internal state |e,).
This is nothing but (up to a multiplicative coefficient) the expression that we already

introduced for the field radiated in r; by a dipole located in r;:

AT
<gj’,a/’R(Z)’5j,a> = _Tgoc,tx’(uj,j’% (D.39)

where the tensor g, . is defined in Eqs. D.13-D.14.

Suppose now that the atoms are uniformly distributed over the transverse area L.L,
of the quantisation volume. We set n(®) = N/ ( LyL,) and we rewrite the expression of
Eq.D.30 of the desired matrix element Tj; as

1aon(“ﬂ)rl , (D.40)

TiiLz _ 1 o
J2)(%) = o

ne 2N’

(col) Zeik(Zj*Zj/) [M—l](
2

where the coefficient I'T has been defined in Eq.D.22. The result Eq.D.40 combined with
Eq. D.21 leads to

Tii L,
T=1- =
which constitutes the ‘optical theorem’ for our slab geometry, since it relates the atten-
uation of the probe beam 7 to the forward scattering amplitude Tj;.

The emergence of resonant van der Waals interactions is straightforward in this ap-
proach. Let us consider for simplicity the case where only N = 2 atoms are present.
The effective Hamiltonian Hegs is a 6 X 6 matrix that can be easily diagonalized and its
eigenvectors, with one atom in |e) and one in |g), form in this particular case an orthog-
onal basis, although H,¢ is non-Hermitian [243, 244]. For a short distance r between the
atoms (kr < 1), the leading term in k(1) and hy(u) is u~3 and the energies (real parts
of the eigenvalues) of the six eigenstates vary as ~ +hT'/ (kr)? (resonant dipole-dipole
interaction). The imaginary parts of the eigenvalues, which give the inverse of the ra-
diative lifetime of the states, tend either to I or 0 when r — 0, which correspond to the
superradiant and subradiant states for a pair of atoms, respectively [245].

(D.41)

1. As for the derivation leading from Eq. D.10 to Eq. D.12, one must take into account the non-resonant
terms that are usually dropped in the RWA, in order to ensure the proper convergence of the sum of
Eq.D.37 and obtain the tensor g,
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For N > 2 the eigenvectors of the non-Hermitian Euclidean matrix He are in general
non orthogonal, which complicates the use of standard techniques of spectral theory in
this context [240, 241]. More precisely, one could think of solving the linear system
of Eq.D.16, or equivalently calculating T;; in Eq. D.30, by using the expansion of the
column vector |Y) defined in Eq. D.17 on the left (|a;)) and right ({8;|) eigenvectors
of Hegr. Then one could inject this expansion in the general expression of the matrix
element Tj;, to express it as a sum of the contributions of the various eigenvalues of
H.¢. However the physical discussion based on this approach is made difficult by the
fact that since Heg is non-Hermitian, the {|a;)} and the {|B;)} bases do not coincide.
Hence the weight (8;|Y)(Y|a;) of a given eigenvalue in the sum providing the value of
T;; is not a positive number, and this complicates the interpretation of the result.

As a final comment we note that our approach does not make use of the quite com-
mon concept of self-energy. In the context of the propagation of waves in a random
medium [222], the self-energy X appears by averaging the relation G = Gy + GoVG
over disorder , where G = 1/(z — H) and Gy = 1/(z — Hp). The average G of G then
satisfies G = Gy + GoZG, where T is an infinite sum of irreducible diagrams. Here we
choose a different but equivalent route, which consists in solving exactly the scattering
problem for N atoms and 1 photon for a given realisation of the disorder, i.e., a given
draw {r;} of the positions of the atoms, obtain the attenuation 7 of the sample, and
subsequently average this result over several realisations of the disorder (see § D.4).

D.3.4. Beyond the sparse sample case: 3D vs. 2D

For a sparse sample, we already calculated the optical density at first order in den-
sity (Eq. D.24) and the result is identical for a strictly 2D gas and a thick one. The
approach based on quantum scattering theory is well suited to go beyond this first or-
der approximation and look for differences between the 2D and 3D cases. The basis of
the calculation is the series expansion of Eq. D.34, which gives

1 P = P
P P =
Z—H()

(PR(Z)P ! ) . (D.42)

z—H _z—H0+E z — Hy

n=1
Consider the case of a resonant probe § = 0 for simplicity. The result 7 a2 1 — gpn(< /2
obtained for a sparse sample in Eq. D.24 corresponds to the first term [P/ (z — Hp)] of
this expansion. Here we investigate the next order term and explain why one can still
recover the Beer-Lambert law for a thick (3D) gas, but not for a 2D sample.

Double scattering diagrams for a thick sample (k/, > 1). We start our study by
adding the first term (n = 1) in the expansion of Eq.D.42 to the zero-th order term
already taken into account in Eq. D.24. This amounts to take into account the diagrams
where the incident photon is scattered on a single atom, and those where the photon
‘bounces’ on two atoms before leaving the atomic sample. Injecting the first two terms
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of the expansion of Eq.D.42 into Eq. D.40, we obtain

'T'HLZ . 1 (COl)
ne 27"

. 1 ik(zi—zy
—1 + N Z Z ek( ] j )gxx(u]']'/>] . (D.43)

j#

We now have to average this result on the positions of the atoms j and ;. There are
N(N — 1) ~ N? couples (j,j'). Assuming that the gas is dilute so that the average
distance between two atoms (in particular |z; — zj|) is much larger than k!, the leading
term in gy, is the e’ /u contribution of k(1) in Egs. (D.13)-(D.14). We thus arrive at

i BN e @ D.44
i+——(e ’r_r,|> , (D.44)

where the average is taken over the positions r and #’ of two atoms. We first calculate
the average over the xy coordinates and we get (cf. Eq. (D.20))

TiiL, 1 (col) [

= —0opn

i H /! H !
s (col) / ik(z—2") ,ik|z—Z/|
te 5 i+ —opn'“® (e e >] . (D.45)

2

For a thick gas (k¢, > 1) the bracket in this expression has an average value of ~ 1/2.
Indeed the function to be averaged is equal to 1 if z < z/, which occurs in half of the
cases, and it oscillates and averages to zero in the other half of the cases, where z > z'.
We thus obtain the approximate value of the transmission coefficient:

TiiL, 1

1 2
. —1_ ~1_ 2 (col) ; — (col)
ki,>1: T=1-—1i = 1 2(7071 + 3 ((Ton ) , (D.46)

where we recognize the first three terms of the power series expansion of 7~ = exp(—aon(©V /2),

corresponding to the optical density D = gon (<D,

Double scattering diagrams for a 2D gas (¢, = 0). When all atoms are sitting in the
same plane, the evaluation of the second order term (and the subsequent ones) in the
expansion of Tj; in powers of the density is modified with respect to the 3D case. The
calculation starts as above and the second term in the bracket of Eq. (D.43) can now be
written ,

N Z Z:lgxx(ujj’) = n(2D) /gxx(u) d*u . (D.47)

j7#

If we keep only the terms varying as ¢ /u in h; and hy (Eq. (D.14)), we can calculate
analytically the integral in (D.47) and find the same result as in 3D, i.e., icon®P) /4. If
this was the only contribution to (D.47), it would lead to the Beer-Lambert law also in
2D, at least at second order in density. However one can check that a significant con-
tribution to the integral in (D.47) comes from the region u = kr < 1. In this region, it
is not legitimate to keep only the term in e /kr in hq, hy, since the terms in e*" / (kr)3,
corresponding to the short range resonant van der Waals interaction, are actually dom-
inant. Therefore the expansion of the transmission coefficient 7" in powers of the den-
sity differs from (D.46), and one cannot recover the Beer-Lambert law at second order
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in density. Calculating analytically corrections to this law could be done following the
procedure of [223]. Here we will use a numerical method to determine the deviation
with respect to the Beer—Lambert law (see section D.4.2).

Remark. For a 3D gas there are also corrections to the second term in Eq. (D.45) due
the 1/73 contributions to #; and hy. However these corrections have a different scaling
with the density and can be made negligible. More precisely their order of magnitude is

nBP)k=3, to be compared with the value ~ 1n(©Vk~2 of the second term in Eq. (D.45).
Therefore one can have simultaneously n®P)k=3 < 1 and n(©°Vk~2 > 1, if the thickness
¢, of the gas along z is > 1/k.

D.4. Absorption of light by a slab of atoms

In order to study quantitatively the optical response of a quasi-2D gas, we have per-
formed a Monte Carlo calculation of the transmission factor 7 given in Eq. (D.21), and
of the related optical density D = In |7'| 2. We start our calculation by randomly draw-
ing the positions of the N atoms, we then solve numerically the 3N x 3N linear system
(D.16), and finally inject the result for the N dipoles in the expression of 7.

The atoms are uniformly distributed in a cylinder of axis z, with a radius R and a
thickness /.. The largest spatial densities considered in this work correspond to a mean
inter-particle distance ~ k~!. Around each atom we choose a small excluded volume
with a linear size 2 = 0.01k~!. We varied a by a factor 10 around this value and checked
that our results were essentially unchanged. Apart from this excluded volume we do
not include any correlation between the positions of the atoms. This choice is justified
physically by the fact that, in the case of large phase space densities which motivates
our study, the density fluctuations in a 2D Bose gas are strongly reduced and the two-
body correlation function g»(r, ') is such that g (r, ) ~ 1 [124].

In this section we first determine the value of N that is needed to reach the ‘thermody-
namic limit” for our problem: for a given thickness ¢, D should not be an independent
function of the number of atoms N and the disk radius R, but should depend only of
the ratio N/ wR? = n(®). We will see that this imposes to use relatively large number of
atoms, typically N > 1000, for the largest spatial densities considered here. All subse-
quent calculations are performed with N = 2048. We then study the dependence of D
with the various parameters of the problem: the column density (<), the thickness of
the gas /,, and the detuning A. In particular we show that for a given n(®°) we recover
the 3D result of Eq. D.1 when the thickness /; is chosen sufficiently large.

D.4.1. Reaching the ‘thermodynamic limit’

We start our study by testing the minimal atom number that is necessary to obtain a
faithful estimate of the optical density. We choose a given value of n(°°) = N /7R? and
we investigate how D depends on N either for a strictly 2D gas (¢, = 0) or for a gas
extending significantly along the third direction (¢, = 20k~!). We consider a resonant
probe for this study (A = 0). We vary N by multiplicative steps of 2, from N = 8 up to
N = 2048 and we determine how large N must be so that D is a function of () only.
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Figure D.2.: Variation of the optical density D = In|7|~2 calculated from (D.21) as function
of the number of atoms N, for £, = 0 (a) and ¢, = 20k~! (b), and for 4 values of
the density: gon(2?) = 0.5 (black empty squares), 1 (red empty circles), 2 (green
diamonds) and 4 (blue filled circles). The bars indicate the standard deviations.
The dotted lines give the value obtained for our largest value of N (N = 2048).
The results have been obtained at resonance (A = 0).

The results are shown in Fig.D.2a and Fig. D.2b, where we plot D as a function
of N. We perform this study for four values of the density n(<°V, corresponding to
Uon(“’l) = 0.5,1,2 and 4. Let us consider first the smallest value 0’01’1(C01) = 0.5. For
each value of N we perform a number of draws that is sufficient to bring the standard
error below 2 x 1072 and we find that the calculated optical density is independent of
N (within standard error) already for N 2 100, for both values of /.. Consider now our
largest value oon'©) = 4; for a strictly 2D gas (¢, = 0), D reaches an approximately
constant value independent of N for N > 1000. For 0pn(®) = 4 and a relatively thick
gas (¢, = 20k~ !, blue squares in Fig. D.2b), reaching the thermodynamic limit is more
problematic since there is still a clear difference between the results obtained with 1024
and 2048 atoms. This situation thus corresponds to the limit of validity of our numer-
ical results. In the remaining part of the [annex] we will show only results obtained
with N = 2048 atoms for column densities not exceeding opn(®) = 4. The number of
independent draws of the atomic positions (at least 8) is chosen such that the standard
error for each data point is below 2%.

D.4.2. Measured optical density vs. Beer—-Lambert prediction

We now investigate the variation of the optical density D = In|7|~? as function of
the column density of the sample 1(°°), or equivalently of the Beer-Lambert prediction
Dpr. = n(©g. We suppose in this section that the probe beam is resonant (A = 0), and
we address the cases of a strictly 2D gas (¢, = 0) and a thick slab (¢, = 20k™1).

Consider first the case of a strictly 2D case, ¢, = 0, leading to the results shown in
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Figure D.3.: Variations of the optical density D as function of the Beer-Lambert prediction
Dg for £, = 0 (a) and ¢; = 20k~ ! (b). The black dotted line is the straight line of
slope 1. In (a) the continuous red line is a quadratic fit D = Dpgi (1 — p Dpr) with
u = 0.22 to the data points with Dpp, < 1. The calculations are done for N = 2048,
A = 0 and the bars indicate standard deviations.

Fig.D.3a. We see that D differs significantly (~ 25%) from Dgy, already for Dgy, around
1. A quadratic fit to the calculated variation of D for oon®P) < 1 (continuous red line)
gives

D~ DBL (1 —0.22 DBL) . (D48)

The discrepancy between D and Dgy, increases when the density increases: for D = 4,
the calculated D is only ~ 1.4. For such a large density the average distance between
nearest neighbours is ~ k=1 and the energy shifts due to the dipole-dipole interactions
are comparable to or larger than the linewidth I'. The atomic medium is then much less
opaque to a resonant probe beam than in the absence of dipole-dipole coupling.

Consider now the case of a thick sample, ¢/, = 20k~! (Fig.D.3b). The calculated
optical density is then very close to the Beer-Lambert prediction over the whole range
that we studied. This means that in our chosen range of optical densities, the mean-field
approximation leading to Dgy, is satisfactory as soon as the sample thickness exceeds a
few optical wavelengths A = 27 /k.

It is interesting to characterize how the optical density evolves from the value for a
strictly 2D gas to the expected value from the Beer-Lambert law Dg;, when the thickness
of the gas increases. We show in Fig. D.4 the variation of D as function of ¢, for three
values of the column density corresponding to Dg;, = 1,2 and 4. An exponential fit
D = a+ Bexp(—L;/L;) to these data for 2k~1 < ¢, < 20k™! gives a good account
of the observed variation over this range, and it provides the characteristic thickness
¢. needed to recover the Beer-Lambert law. We find that ¢, ~ 3.0k™! for Dg;. = 1,
¢, ~ 35k ! for Dp;, =2, and {. ~ 4.4k~ for Dy, = 4.
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Figure D.4.: Variation of D with the thickness ¢, of the gas for various column densities cor-
responding to D, = 1 (red squares), 2 (green circles), 4 (blue diamonds). The
continuous lines are exponential fits to the data. The dotted lines give the Beer—
Lambert result. The calculations are done for N = 2048, A = 0 and the bars
indicate standard deviations.

Remark. For the largest value of the column density considered here (1n(®V oy = 4) we
find that D increases slightly above the value Dg when , is chosen larger than 20k~
(upper value considered in Fig. D.4). We believe that this is a consequence of the edge
terms that we neglected when approximating Eq. (D.19) by Eq. (D.21). These terms
become significant for Dg;, = 4 because for our atom number N = 2048, the sample
radius R ~ 55k~! is then not very large compared to its thickness for ¢, > 20k~!. In
order to check this assumption, we also calculated numerically the result of Eq. (D.19)
(instead of Eq. (D.21)) for practical values of the parameters (position and radius) of
the lens represented in Fig. D.la. The results give again D ~ Dgr, but now with D
remaining below Dg;. Since our emphasis in this [annex] is rather put on the 2D case,
we will not explore this aspect further here.
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Figure D.5.: (a) Variation of D with the reduced detuning 6 = 2A/T of the probe laser in the
case of a 2D gas (¢, = 0), for three values of the column density opn() =1 (red
squares), 2 (green circles), and 4 (blue diamonds). (b) Blue full squares: same data
as in (a), now plotted for D/Dgy, as function of J. Blue open squares: D/Dpr
for a thick gas (¢, = 20k~'). Black stars: D/Dg for a 2D gas ({; = 0) and a
large exclusion region around each atom (a = k=1). All data in (b) correspond to

(Ton(ZD) = 4. The calculations are done with N = 2048 atoms and the bars indicate
standard deviations.

D.4.3. Absorption line shape

Resonant van der Waals interactions manifest themselves not only in the reduction
of the optical density at resonance but also in the overall line shape of the absorption
profile. To investigate this problem we have studied the variations of D with the de-
tuning of the probe laser. We show in Fig. D.5a the results for a strictly 2D gas (¢, = 0)
for n(®Vgy = 1,2 and 4. Several features show up in this series of plots. First we
note a blue shift of the resonance, which increases with n2D) and reaches A ~ I'/4 for
0pn?P) = 4. We also note a slight broadening of the central part of the absorption line,
since the full-width at half maximum, which is equal to I for an isolated atom, is ~ 1.3I'
for n(®lgy = 4. Finally we note the emergence of large, non-symmetric wings in the
absorption profile. This asymmetry is made more visible in Fig. D.5b, where we show
with full blue squares the same data as in Fig. D.5a for n(®oy = 4, but now plotting
D/ Dgy, as function of 4. For a detuning § = +£15, the calculated optical density exceeds
the Beer-Lambert prediction by a factor 4.1 (resp. 2.8) on the red (resp. blue) side.

In order to get a better understanding of these various features, we give in Fig. D.5b
two additional results. On the one hand we plot with empty blue squares the variations
of D/Dpgy, for a thick gas (£, = 20 k~1) with the same column density nlDgy = 4.
There are still some differences between D and Dpy, in this case, as already pointed
out in [228], but they are much smaller than in the ¢/, = 0 case. This indicates that the
strong deviations with respect to the Beer-Lambert law that we observe in Fig. D.5a are
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specific 2D features. On the other hand we plot with black stars the variations of D/ Dg.
for a 2D gas (¢, = 0) in which we artificially increased the exclusion radius around each
atom up to a = k™! instead of 4 = 0.01k! (blue full squares) for the other results in
this [annex]. This procedure, which was suggested to us by Robin Kaiser, allows one to
discriminate between effects due to isolated pairs of closely spaced atoms, and many-
body features resulting from multiple scattering of photons among larger clusters of
atoms. The comparison of the results obtained for a = 0.01k~! and a = k! suggests
that the blue shift of the resonance line, which is present in both cases, is a many-body
phenomenon, whereas the large amplitude wings with a blue-red asymmetry, which
occurs only for a = 0.01 k=1, is rather an effect of close pairs.

This asymmetry in the wings of the absorption line in a 2D gas can actually be un-
derstood in a semi-quantitative manner by a simple reasoning. We recall that for two
atoms at a distance r < k™!, the levels involving one ground and one excited atom
have an energy (real part of the eigenvalues of Hg) that is displaced by ~ +hT/ (kr)3.
A given detuning é can thus be associated to a distance r between the two mem-
bers of a pair that will resonantly absorb the light. To be more specific let us con-
sider a pair of atoms with kr < 1, and suppose for simplicity that it is aligned ei-
ther along the polarization axis of the light (x) or perpendicularly to the axis (). In
both cases the excited state of the pair that is coupled to the laser is the symmetric
combination (|1 : ¢;2 : ex) + |1 : ex;2 : g))/+/2. If the pair is aligned along the x
axis, this state has an energy hiwo — 34T /2(kr)3, hence it is resonant with red detuned
light such that § = —3/(kr)3. If the pair axis is perpendicular to x, the state written
above has an energy hwy + 31T /4(kr)3, hence it is resonant with blue detuned light
such that § = 3/2(kr)3. This clearly leads to an asymmetry between red and blue de-
tuning; indeed the pair distance r needed for ensuring resonance for a given 6 > 0,
Toiwe = (3/2]6])1/3 k™1, is smaller than the value r.q = (3/]6])'/2k~! for the opposite
value —4. Since the probability density for the pair distance at small 7 is P(r) o r in 2D
for randomly drawn positions, we expect the absorption signal to be stronger for —d
than for 4-6. In a 3D geometry the variation of the probability density at small r is even
stronger (P(r) « r2), but it is compensated by the fact that the probability of occurrence
of pairs that are resonant with blue detuned light is dimensionally increased. For exam-
ple in our simplified modelling where the pair axis is aligned with the references axes,
a given pair will be resonant with blue detuned light in 2/3 of the cases (axis along y
or z) and resonant with red detuned light only in 1/3 of the cases (axis along x). This
explains why the asymmetry of the absorption profile is much reduced for a 3D gas in
comparison to the 2D case.

D.5. Conclusion

We have presented in this [annex] a detailed analysis of the scattering of light by a
disordered distribution of atoms in a quasi-two dimensional geometry. The particles
were treated as fixed scatterers and their internal structure was modeled as a two-level
system, with a ] = 0 ground state and a | = 1 excited state. In spite of these simplifying
assumptions the general trend of our results is in good agreement with the experimen-
tal finding of [139], where a variation of the measured optical density similar to that of
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Fig. D.3 was measured.

Several improvements in our modeling can be considered in order to reach a quanti-
tative agreement with theory and experiment. The first one is to include the relatively
complex atomic structure of the alkali-metal species used in practice, with a multiply
degenerate ground state; this could be done following the lines of [232, 233]. A second
improvement consists in taking into account the atomic motion. This is in principle a
formidable task, because it leads to a spectacular increase in the dimension of the rel-
evant Hilbert space. This addition can however be performed in practice in some lim-
iting cases, for example if one assumes that the particles are tightly bound in a lattice
[246, 247]. When the atom-light interaction is used only to probe the spatial atomic dis-
tribution of the gas, neglecting the particle motion should not be a major problem. In-
deed the duration of the light pulse is quite short (~ 10 microseconds only). Each atom
scatters only a few photons in this time interval and its displacement is then smaller
than the mean interatomic spacing for the spatial densities encountered in practice.
The acceleration of the atoms under the effect of resonant van der Waals interaction
should also have a minor effect under relevant experimental conditions.

Finally another aspect that could be valuably studied is the interaction of the gas with
an intense laser beam [137]. One could thus validate the intuitive idea that saturation
phenomena reduce the effects of resonant van der Waals interactions [69, 70], and are
thus helpful to provide a faithful estimate of the atomic density from the light absorp-
tion signal. A first step in this direction consists in implementing the tools developed
in [248, 249], which allow one to study the modification of the coherent propagation
of light in an dilute medium, due to the non-linear optical response of the scatterers.
In particular it would be interesting to investigate if the instabilities found in [249] can
play a significant role in absorption imaging of dense atomic clouds.
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E. Historical procedure and results for the calibration of the
« imaging coefficient

In this annex, I will present the "historical" procedure to calibrate the value of the
imaging coefficient &, which has been introduced in chapter 3 (see for example Eq. 3.9).
This procedure was initially developed by G. Reinaudi [137] and used for the previous
calibration on our experiment, which has been performed by T. Yefsah [110] in 2010. I
will present such an analysis for the data taken during our new calibration campaign
whose reasons and details have been presented in 3.3.3.1 and 3.3.3.2. As stated in this
latter section, we actually started by implementing this "historical" analysis on our set
of data but the surprising results obtained led us to build up a new and more straight-
forward procedure for computing a. The results of this new analysis are presented in
3.3.3 and complete the overall imaging calibration procedure. The development pre-
sented in this annex are thus unnecessary for the completeness of the calibration but
it reveals profitable to analyze them thoroughly: First, we note that its conclusions are
in agreement with the new analysis (see e.g Fig. 3.6 and Fig. E.2) and so the calibration
performed with this new campaign is not intrinsically different from its previous real-
izations. Second, it is interesting to highlight the lack of understanding we get from
using this method and how this is fixed by the new procedure developed in the main
text (see 3.3.3.4).

E.1. Principle

As introduced in 3.3.3, the principle of any analysis for the calibration of a* (which
denotes the physical value of the parameter a of Eq.3.9) is to find the value of this
coefficient for which the optical density distribution d, (x,y;s, T) over one cloud con-
figuration (whose spatial dependency is embodied by the variables (x, y)) is a constant
toward the variations of the imaging parameters, namely the intensity of the probe
beam I = slsy and its pulse duration 7. We remind that d, is given by:

dy = adiog + daiss (E.1)
Iy — 2y
h = —1 E.2
where djog n<11—’y> (E.2)
and dgi = m (E.3)
7’]Isat

where I; and It denote the distributions of the light intensity arriving or going out of
the cloud, v and 7 are constants of our imaging setup introduced in 3.3.1 and 3.3.2
respectively.

In the "historical" procedure presented here, one deduces a* by minimizing the de-
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viation of the optical densities d, (toward a) over a set of N images taken in the same
cloud configuration but with varying s and 7. For this minimization, an intermediate
quantity is computed on which a fit is ultimately performed. Such an indirect method
somehow hides the defects of the experimental data and makes the analysis of the ex-
perimental errors more complex.

In practice, the procedure is the following :

1.

As explained in the main text in the case of the new method, we have at our
disposal a set of N absorption images of a cloud always prepared in the same
configuration. The images are taken successively, repeating the same prepara-
tion sequence several times and varying at the end of each production stage the
imaging parameters s and T used to take an absorption picture of the gas.

For each image k of this set, we compute the azimuthal average ! of the optical
density d, (r; k) for a given range of &« (manually introduced along Eq. E.1).

We compute the standard deviation, noted (7, «), of this optical density d, (7; k)
over the whole set of N images: o (r,a) = stdic1 N [da(7;k)]. 0 (7, ) thus estimates
the variations of the optical density computed with a given a on a given radius
r over the range of the considered couples (s, T) and taking into account their
numerous repetitions.

. For each radius r, o(r, a) typically shows a minimum at a given value of « called

a*(r). We fit o (r, ) variations to

0(r,2) = \/Omin(r)? + C(r)2(& — a*(r))2 (E.4)

The fitted parameter a*(r) is an estimate of the physical value a* we want to
calibrate at the radius r.

Note: This fit generally gives a perfect match to the computed standard deviation
in terms of «. Indeed, ¢ is representing the fluctuations according to a smoothly
varying parameter « that we artificially introduced (see step 2 of the procedure).
Hence, from this artifact, o(r, &) shows a noiseless variation versus « perfectly
described by the hyperbolic model of Eq. E.4. Nevertheless, such a perfect match
does not give any indication on the quality of the experimental data themselves.
No errorbars can be extracted directly from this fit and a more sophisticate anal-
ysis of the data set must be carried out to evaluate the experimental deviations
within this method.

For the radii r where this analysis is valid, we expect a* (r) to be equal to the phys-

ical value of the coefficient «. It must then be a constant with r and its averaged

value must not depend on the set of data considered. We thus complete this anal-

ysis, by selecting a set of relevant r for which our previous analysis is accurate.

These radii should correspond to a specified range of atomic densities n(r):

— n(r) must not be too low so that the determination of a* is not too sensitive to
the intensity shot noise of the probe beam;

1. For an explanation of the use of the azimuthal average,see 3.3.3.2. The aim is to lower the noise
compared to a pixel-wise comparison of the optical density by performing an averaging on comparable
cloud regions.

238



— n(r) must not be too high so that we are not sensitive to the collective effects
(see Annex D) and thus Eq. E.1 demonstrated in 3.1.2 remains valid for all the
probing intensities (I = sls,t) considered.

The cloud configuration we considered for the recent calibration campaign (see

3.3.3.1 and 3.3.3.3) used a free expansion of the atomic distribution (2D and if

necessary 3D) which is uniform in-situ. Then framing the value of n(r) simply
translates into selecting a continuous range of radii : r € ["min, 'max] for each of
the calibration set taken. We then deduce the global value of a* by averaging

a*(r) on this range of radii.

E.2. Results

As detailed in the main text (see 3.3.3.3), the ensemble of data for the new calibration
campaign is composed of four different sets of images. Roughly, two were taken in a
"hot" cloud configuration and the other two in a "cold" one, enabling thus to investigate
an enlarged range of optical densities.

In Fig.E.1, we show, for one of these four data sets (the set numbered 2 in Table
E.1), the extracted values of a*(r) and omin(7) from fitting of the set of o(r,a) to Eq.E.4
(see E.1). In this figure, we also show an estimate of the optical density d,—37 (r) that
is computed along Eq.E.1 with a fixed? « = 3.7 and averaged over all the images:
da=37(r) = (da=37(r; k) ) nep,Nj-

We then want to average the values of the first fitting parameter a*(r) on a given
range of radii ¥ € [Fmin, 'max| tO estimate a* (see E.1), independently for each of our
four data sets. In order to set [min, Ymax] We compare for each r, the value of the second
fitting parameter omin(7) to the estimated optical density dy—37(7). Omin(7) assesses the
deviation of the optical density d, of Eq. E.1 computed with & = a*(r) at the radius r.
We thus consider the relative deviation of the density () = Omin(7)/da=37(r) ata fixed
r. As the absolute value of 7(r) depends on the set of images considered, we compare
it to the minimal value it takes 7y over this given set. Then to distinguish the relevant r
from the irrelevant ones for the calibration, we arbitrarily fix a maximal value f to the
ratio 7(r)/0p. Relevant ’s are those for which 7(r) < fdp (not too high variations of
the density). Typically, we choose f = 1.4 and this corresponds to a range ['min, "max]
spanning typically 2 gaussian widths of the atomic cloud.

As shown in Fig. E.1 where relevant data are represented in blue (and irrelevant ones
in red), we note that the value of a*(r) is well approximated by a constant in the ex-
tracted range of r (as expected theoretically). In Fig. E.1, we show the average value
of this blue points and its error. We denote af;, the estimate of the physical value of
assessed through this average.

In Table E.1, we summarize all the fitted values af;, for the four data sets available.
We found different values of af;, according to the set considered. At this point of the
analysis, we could not distinguish if such an intriguing result was due to the overall

2. We choose such a value as we expect it to be close to the physical value a*. We could also define an
expected optical density per radius directly from the fits, by dgyy (r) = a* (r)diog (1) + daige (1) where a*(7)
is the value of # deduced from the fit for each radius r. The following results are not drastically changed
by this choice.
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data quality, to few outlier data points or to a physical effect. This uncertainty led us to

develop a new analysis.
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Figure E.1.: Fitted values of oy (a) and a* (b) for the set 2 as function of the distance to the
cloud center . In (a) we also show an estimate of the optical density given by
choosing an ab-initio value of &, &« = 3.7 (see text). To be on a comparable scale, we
multiply the minimum of the standard deviation o, by 10 on this representation.
In both graphs, we represented in red the discarded data. As described in the text,
These are point showing a too high oy value compared to their optical density
dy=37 (7). In (b), we also show the result of fitting a*(r) by a constant on the
relevant domain a* = 7.1 (1).

series Cloud | Fitted a*
Number || Conf.
1 "hot" 3.0(1)
2 "cold" 7.1(1)
3 "hot" 4.8(1)
4 "cold" 6.4 (1)

Table E.1.: Summary of all the fitted values of a* on the 4 data sets.

To conclude this "historical" analysis and further highlight the need for a new anal-
ysis, we also represent here our data in the same way it is commonly done in the new
calibration procedure developed in the main text ( see 3.3.3 and Fig. 3.6). In this repre-
sentation, we compare the results of these four data sets by representing all the fitted
a*(r) as a function of the estimated optical density d. Here (i.e. in the "historical" anal-
ysis case, we use the previously described estimate of the optical density dy—37 (7; k).
Such a representation is shown in Fig. E.2.

With this representation, we find that for a given d, all the data of the four sets are
approximately compatible with each other whereas all the average values af;, computed
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above are not. In this representation, we roughly identify two separated plateaus, as
shown in Fig.E.2, one at high d with a higher value of a* that we denote Kpighs and
a second one at low d corresponding to a lower value of a* that we name «f . A
weighted average of a*(d) for d € [0.5;5] gives a} = 3.60 (14) and for d > 5 gives
Ko, = 6.84 (13) .
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Figure E.2.: Fitted values of a* for all data sets plotted as function of an estimate of the optical
density given, as stated previously by choosing an ab-initio value of a, « = 3.7.
We saw two separated plateaus according to the density values. The dotted black
lines identify the separation between the plateaus. The thick solid lines shows
the averaged constant values for each plateaus. We found &}, = 3.60 (14) for
d € [0.5;5] and ajy,,, = 6.84(13) ford > 5

In fact, we came up with the new analysis idea as this last representation gives the in-
tuition that «* depends on the atomic density. As this historical sophisticated procedure
does not easily enable an inspection of the experimental data quality or the detection
of outliers in our data, we were in need for a better understanding of this unusual and
unexpected behavior of our coefficient «, varying with d. The new procedure which
results in a more straightforward manipulation of the experimental data enables this
inspection. In particular it gives an insight into all the experimental points leading to a
given a*(d) as shown in Fig. 3.5.
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F. A conventional analysis of equation of state of the
two-dimensional Bose gas

As introduced in Ch. 4, a first measurement of the equation of state (EoS) of a 2D
uniform Bose gas was performed in 2011 following a conventional analysis method
based on a thermometry of individual images [70]. The main parts of this article are
reproduced here, while a novel and more accurate determination of this same EoS is
presented in the main text (along with the description of the experimental preparation
of the gases).

F.1. Analysis of the images

The following experimental investigation of the EoS of a 2D Bose gas has been per-
formed on a similar set of data as in the investigation of 4.2. The sequence for the
preparation of the 2D samples as the experimental parameters are detailed in 4.2.1 and
are thus not reproduced here. At the end of the data acquisition process we have for
each atomic configuration two images successively taken in the high and in the low
intensity regime (see Ch. 3) as illustrated in Fig. F.1. Here we will extract from each pair
of images the temperature T, the chemical potential at center y and the density n(p) in
any pixel of the image.

The following section was initially published as part of the supplemental material of [70], and
is reproduced without modifications

From the density profile of the low-intensity image, we determine the temperature
T and the chemical potential y by fitting the low density region with the prediction
of the Hartree-Fock mean field theory (HFMF). Our fitting function takes into account
the residual excitation of the z degree of freedom. Actually, this fit of the whole set
of images also provides the value of the detection efficiency p = 0.40 (2). The high-
intensity image provides us with the density profile n(p).

Once T and u are known, we self-consistently determine the population of the excited
states using the method described in [103, 118], assuming the atoms in the excited states
j > 1 of the z motion to be in the HFMF regime. In practice we restrict the analysis to the
first ten levels. In order to give an estimation of the contribution of the various levels j >
1 to the total density, we show in Fig. F.2a numerical results obtained by applying this
procedure to a numerically generated profile, produced using the prediction [125] with
T =100nK and p/kgT = 0.45. This temperature is on the high side of our experimental
range, where the influence of the atoms in the excited states along z is expected to be the
most important. We plot in Fig. F.2a the phase space density of the excited states D),
distinguishing the contribution of the state(s) j = 1, j = (1,2), j = (1,2,3), etc. For
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Figure F.1.: Absorption imaging of quasi-2D clouds of 8 Rb atoms. (a) Image obtained with a
short pulse (~ 2us) of an intense probe beam (I/Isz;t = 40) . (b) Image obtained
with a longer pulse (50 yus) of a weak probe beam (I/ Isat = 0.5). The processing of
images (a) and (b) is detailed in [Ch. 3]. (c) and (d) Radial density profiles for image
(a) (hollow circles o) and image (b) (filled circles ®) in linear (c) and logarithmic (d)
scales. The solid line combines the predictions of the HFMF theory, of [125] in the

intermediate regime and of the Thomas-Fermi approximation y = 1> gn/min the
central region (T = 133nK, i /kp = 47 nK).

comparison we also plot the profile D(0) obtained from [125], associated to the atoms in
the ground state. Note that the contribution of the states j >4 is already negligible. The
phase space density associated to each excited state is lower than 0.5, which justifies to
treat the atoms in these states within the HFMF approximation. The flattened shape of
the density distributions in the central region is due to the repulsive interaction with the
atoms in the ground state of the z motion. This procedure also allows us to calculate the
effective potential felt by the atoms in j = 0, when the repulsive potential W(p) created
by the atoms in j > 1 is taken into account. Plotting together W(p) and the trapping
potential V(p) (Fig. FE2b) we see that W(p) is essentially negligible (< 1nK) and one
can thus consider the density n0(p) to be insensitive to the presence of the atoms in
j>1

F.2. Thermodynamic analysis

The following section was initially published in [70], and is reproduced without modifications
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Figure F.2.: (a) Phase space density of the ground (solid red line) and excited state(s) of the z-
motion. The n-th line from the bottom corresponds to the contributions of excited
levels 1 to n. (b) Comparison of the trapping potential (red solid line) and the
repulsive potential created by the excited atoms on the population in the ground
state (blue dotted line).
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Figure F.3.: Equations of state for (a) the reduced pressure P, (b) the phase space density D
and (c) the entropy per particle S. The HFMF prediction is plotted in black full line
and extended in dotted line beyond the expected superfluid transition. The dashed
red line is the Thomas-Fermi prediction. In (a) the grey area indicates the region
of parameter space accessible to an ideal gas. In (b) the thick grey line indicates
the prediction from [125]. For u/kgT > 0.2, data obtained for the same control
parameters (trap loading time and evaporative cooling ramp) have been grouped
and error bars indicate standard deviation of the measurement. For y/kgT < 0.2,
data are displayed for individual images, thus with no error bar. The vertical dash-
dotted line (blue) indicates the prediction [124] for the superfluid transition.

F.2.1. EoS for the pressure

We start our thermodynamic analysis by inferring the pressure P(u, T) of the ho-
mogeneous gas from our measurements. Here we adapt to the 2D case the technique
presented in [65], which has been used successfully in 3D for Fermi gases [66]. We
show that P(y, T) is directly related to the atom number Ny = [ no(p)d?r in our
harmonic trap. Indeed, the LDA relates ny(p) to the density of the homogenous gas
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nﬁﬂ [u — V(p), T])'. For an isotropic harmonic potential V(p) = mw?r?/2 the total

atom number is

14
No= 2 [" a2 Ty, (E1)

me _ hom

and using the thermodynamic relation ”}(12023 = (9P/ou)y, we find Ny = (271/mw?)

P(u,T). Introducing the dimensionless quantity P = P/\%/ kgT, which we refer to as
the reduced pressure, we then obtain

2
P(u,T) = (ﬁ) No, (E2)
where w is to be replaced by the geometrical mean of w, and w, for an non-isotropic
potential. Our results are summarized in Fig. F.3a, where we plot P deduced from Eq.
(E2) as function of u/kgT. The temperatures of the data entering in this plot range
from 40 nK to 150 nK. The fact that all data points collapse on the same line show that
P is a function of the ratio y/kgT only, as expected from the scale invariance of the
system. The HFMF theory is represented by a continuous line in the normal region
and by a dotted line in the superfluid region. The dashed line is the Thomas-Fermi
prediction at zero temperature P = 7(u/kgT)?/§. The grey area is the parameter
subspace accessible to an ideal Bose gas. Interestingly, although the phase space density
D can take arbitrarily large values, one can show in the ideal gas case that the reduced
pressure P = ¢»(z) < 712/6, where g is the dilogarithm function and z = exp(u/kgT)
(z <1 for an ideal Bose gas).

F.2.2. EoS for the phase space density

We show in Fig. F.3b our measurements for the phase space density D, obtained from
the central density of each cloud. In wide gray line we plot the prediction of [125],
which is in good agreement with our results. A further confirmation of this agreement
is shown in Fig. F.1c, where we plot in full line the numerically generated profile using
[125] for the fitted T and y. A measurement of D(u/kgT, §) was also reported in [69]
for a quasi-2D Cesium gas, for § ranging from 0.05 to 0.26. Our results agree well with
those measurements over the covered range (D < 20 in [69] for § similar to ours).

F.2.3. EoS for the entropy

From our measurements of P and D we also obtain the equation of state for the

entropy per particle S(u, T):

S P u
which can be derived starting from the entropy per unit area s = (dP/9T) |, assuming
the EoS for P to be scale invariant?. The corresponding result is shown in Fig. F.3c.

1. The LDA holds for short range interactions when the spatial density is nearly constant over the
microscopic length scales set by At and by the healing length & = (§n)~1/2.

2. A similar method has been used for a 3D Fermi gas at unitarity, Martin Zwierlein, private commu-
nication, February 2011.
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As expected, S is large in the non-degenerate regime and rapidly decreases around
u/kgT =~ 0.17, where the superfluid transition is expected for our value of § [124].
Finally S tends to zero in the Thomas—Fermi regime. Our data points with the largest
phase-space density (1/kgT > 0.5) correspond to S = 0.06 (1) kg only. For comparison
the entropy per particle reported in [250] for a 2D Mott insulator is ~ 0.3kg. Note
that since the BKT transition is of infinite order, one does not expect any discontinuous
change for P, D or S at the superfluid transition for an infinite homogeneous fluid,
although the superfluid density jumps suddenly from 0 to 4/A% [122].

F.3. Measuring the interaction energy

The following section was initially published in [70], and is reproduced without modifications

We now turn to the last part of our study, where we illustrate how to measure the
various contributions to the energy of our trapped 2D gases: potential energy E, in the
external trapping potential, kinetic energy of the particles Ey, and interaction energy
between atoms E;. We first point out the simple relation E, = Ey + E;, obtained from
virial theorem assuming 2D contact interaction. We measure E, = [ no(p) V(p) d*r
from an in situ image, but we still need to disentangle the contributions of Ey and E;
to the total energy. This can be done by abruptly switching off interactions at time
t = 0, either via a Feshbach resonance or effectively by using a “one dimensional" (1D)
ToF described below. Each particle then undergoes a free harmonic motion p(f) =
cos(wt) p(0) +sin(wt) v(0) /w. The potential energy after a time ¢ following the switch-
ing off of the interactions is

Ep(t) = Ep(0) cos®(wt) + Ex(0) sin®(wt), (F4)

where we used the fact that the correlation (p(0) - v(0)) is zero at thermal equilibrium.
Thus we can extract Ey(0) from the time evolution of Ej,, which we obtain from the
density profiles at different times ¢.

In order to implement this procedure, we perform the 1D ToF mentioned above by
switching off abruptly the laser providing the confinement along z while keeping the
magnetic confinement in the xy plane. The gas then expands very fast along the initially
strongly confined direction z, as shown in figures F.4a to F.4d, and interactions between
particles drop to a negligible value after a time of a few w; !, where w; ! ~ 100 us. The
subsequent evolution in the xy plane occurs on a longer time scale given by w™! ~ 8 ms.
From Eq. (F4) and Ey (0) < E(0), we expect the size of the gas to decrease for t S w ™!,
which can be understood in simple physical terms. The equilibrium state of the 2D
gas results from a balance between the trapping potential, which tends to compress the
gas, and the kinetic and interaction energies, which tend to increase its area. When
interaction energy drops to zero the equilibrium is broken and the gas implodes in the
xy plane. A similar 1D ToF technique was used recently in Boulder with the value of
t fixed at 7t/2w [103]. For this particular choice the initial momentum distribution is
converted into position distribution and can thus be measured accurately [251].
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Figure F4.: (a) to (d) Side view of a cloud initially in the 2D regime and expanding along z
once the laser providing the confinement in this direction has been switched off. (a)
t =1ms; (b) t =2ms; (c) t = 3ms; (d) t = 4ms. (e) Time evolution of the potential
energy E,. The different lines represent a fit to the data of a parabola (solid black
line), the time evolution assuming flattened density fluctuations (dashed red line)
and the one expected for a dilute non-condensed gas (dash-dotted green line).

We show in figure F.4e an example of measurement of E,(t) for a gas with Ny =
6.110%, T = 72nK, and u/kgT = 0.59. From the contraction of the gas, we infer
Ex/Ep = 0.56 (3), from which we deduce E;/E, = 0.44 (3) using virial theorem. This
configuration is thus neither completely in the very dilute regime (E; < Ey ~ E;) nor
in the Thomas-Fermi regime (Ex < E; ~ Ep) and contains comparable thermal and
quasi-coherent fractions.

The measurement of E; is of particular interest in this case since it gives access to the
density fluctuations in the gas. Indeed, by definition E; = (h*g/2m) [(n3(p)) d?r =
(h*g/2m)F [(no(p))? d?r [252], where we have introduced the parameter F that char-
acterizes the degree to which density fluctuation are reduced. In the limiting case
of a dilute, non-condensed gas, one expects F = 2, since (n%) = 2(ng)?, while in
the opposite limit of a ‘flattened” density profile /=1. Since our measurement pro-
vides us with E;, we can infer the value of F, from the comparison with the quantity
(WG /2m) [{no(p))? d°r, calculated using the in situ density profile ng. For the condi-
tions of figure F.4e, we find 7 = 1.1 (1), very close to the value 1 for flattened density
fluctuations. Note that this is obtained for a gas still far from the Thomas—Fermi limit
since Ex ~ E;. This “early" reduction of density fluctuations is an important ingredient
for the proper operation of the BKT mechanism. This presuperfluid phase, whose ex-
istence was also inferred by different methods in [69, 102, 103], constitutes a medium
that can support vortices, which pair at the superfluid threshold.
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F.4. Conclusion
The following section was initially published in [70], and is reproduced without modifications

In conclusion we presented in this Letter various aspects of the thermodynamics of a
2D Bose gas, investigating first the EoS’s for the pressure, the phase space density and
the entropy. Our results confirm the scale invariance that was discussed theoretically
in [125] and observed in [69] for D. We point out that the entropy per particle drops
notably below 0.1 kg beyond the transition point. With such a low entropy a 2D Bose
gas can constitue excellent coolants for other quantum fluids such as a 2D Fermi gas
[253]. We also presented a method that allows one to extract the various contributions
to the total energy of the system. By applying it to a degenerate but not fully coherent
2D cloud, we find that density fluctuation are nearly frozen, marking the presuperfluid
phase.

250



G. Aperture effect on the uniform trap implementation via
dark mask imaging.

In this annex, we give some insights about the effect of a finite aperture in the dark
mask imaging setup used to create the uniform potential as described in Chapter 6.
Such a finite aperture can be due to the finite size of the lens (or other blocking ele-
ments on the path of the beam). In our setup it results in fact from a diaphragm set
on the path of the beam, just after the second lens of the telescope !, as described in
6.3.2. In this annex, we simulate the effect of a similar diaphragm placed in between
the two lenses of the telescope (for simplicity of the simulation and of the modeling)
on the resulting potential by modeling the beam propagation along the imaging setup.
We analyze the intensity profile imaged at the position where the atoms are trapped as
it is proportional to the generated trapping potential. We are particularly interested in
the resulting modifications on the uniform trap properties, namely the trap bottom uni-
formity and its edges steepness. We will characterize them quantitatively and compare
the results to the specifications required experimentally, as described in 6.1.2.

G.1. Principle of the simulation

G.1.1. Simulating the beam propagation

In the goal introduced above, we simulate the beam propagation after its transmis-
sion across the glass plate holding the dark spot imprints and over a modeled imaging
setup until a location equivalent to the one of the atomic cloud. For this simulation,
we model the experimental imaging setup that is described in 6.3.2 with the scheme
represented in Fig. G.1. Then, the simulation procedure is as follow:

1. The light beam just before the glass plate holding the dark spots is assumed to be
gaussian and non-elliptic. We set its waist to wy = 50 yum (we also checked that
this value does not affect the conclusions on the trap uniformity by few comple-
mentary analysis at wp = 150 ym).

2. The dark spot is assumed to be perfectly opaque and presenting infinitely sharp
edges. Then the electric field just after the plate writes.

Ei(x,y) e/ t(x,y) (G.1)

where t(x,y) = 0 if (x,y) is inside the mask shape and t(x,y) = 1 elsewhere.
We set the mask to be centered on the beam and we choose a characteristic half-

1. The diaphragm is considered close enough from the second lens so that it is equivalent to position it
inside the telescope, as modeled here
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length of the mask to be Ry,sx = 40 ym so that it matches to the usual values in
our experimental setup.

In the whole simulation, we will assume that the propagation is well described
within paraxial approximation.

The imaging setup is composed of a two-lenses telescope. We suppose that the
lenses are well described within the thin lens approximation. We assume in this
simulation that they both have the same focal length f = 500 mm. We perform
such a simplification in order to facilitate the grid definitions for the Fourier trans-
form and not affect the final resolution of the simulation at a given grid size. Then,
the resulting telescope has a magnification of Mgim = 1 instead of Mexp = 0.3 in
the experimental setup. In the resulting intensity profile, it simply translates by a
rescaling of an overall factor of Mgim / Mexp = 10/3 compared to the experimen-
tal one but no shape modification are expected from this substitution.

The mask is set at the focus of the first lens so that the electric field just after this

lens is
kx B kl

=k, =
o f
where k = 271/ A is the wave number of the beam (A = 532nm), Ei(kx, ky) is the
Fourier transform of the electric field just after the mask given in Eq. G.1.

Ei(x,y) oce” 7" Eyky = ) (G22)

Both lenses are separated by a distance 4 along which the beam propagates freely
according to :

. i(k2+k3) i

Eq(ky, ky) xe % “Ey(ky, ky) (G.3)

where Eq (ky, ky) (resp. Ez(kx, ky)) is the Fourier transform of the electric field just
after the first lens given in Eq. G.2 (resp. after the propagation over the distance
d). In the presented simulation results, we took d = 100 cm. We also checked that
the results are not drastically modified if we choose d = 500 cm or d = 50 cm.

After this propagation, we model a circular diaphragm aperture of radius Rgjaphr
that cuts the electric field outside its range:

Eqa(x,y) = Eq(x,y) D(x,y) (G.4)

where D(x,y) = 1if (x,y) is inside the diaphragm aperture and D(x,y) = 0
elsewhere. We set this diaphragm to be centered on the beam and on the mask so
that

1 ifr < Rdiaphr

D(r) = { 0 ifr> Rajaphe (G-5)

Finally, we image the beam at the focus of the second lens as it must match the
position of the atoms. The final electric beam is then:
Ex(x,y) e ¥ By (kx — kjf,ky - ’}y> (G.6)

where Ez4(ky, ky) is the Fourier transform of the electric field just after diaphragm.
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Figure G.1.: Schematic representation of the optical setup simulated. We describe this setup
in paraxial approximation and using thin lenses model. In this setup we use to
lenses of focal lengths f = 500 mm. The mask imprinted on a initially gaussian
beam is at focus of the first lens. We compute the resulting intensity profile at the
focus of the second lens. Just before this lens, we cut the electric field distribution
but a circular aperture of radius Rgjapnr Which account for both the effect of the
slit and of the diaphragm of the experimental setup of Fig.6.5.

For this simulation we use a 4096 x 4096 grid. We represent the input beam in a
grid varying from —10wy to 10wy (it results being the same for the output beam as the
magnification of the simulated setup is Mgim = 1).

G.1.2. Analyzing the simulated intensity profile
At the end of this process we analyze the output intensity profile Ism (x, y) = |E2(x,y)|?
in terms of its resulting uniform trapping quality as introduced in chapter 6 and sum-

marized here:

1. We characterize the trap bottom variations by computing :

— The difference JI between the value of the potential inside the inner trapping
region and its average value Ipotom. This inner region is defined by the simply
connected domain where the potential is less than Imin = Ipottom + (Ibarrier —
Inottom) /20 where Ip,rier is the intensity maximum on the edges of this region.
We characterize 61 in percentage of (Iparrier — Ibottom)- We may consider the
maximum of I over the the inner trapping region, we denote this quantity
Olmax -

— We can also describe the trap bottom quality in terms of the standard deviation
of 61 over the whole central trapping region. We denote this quantity d1y.

2. We characterize the edges steepness by computing:
— The characteristic length 7 within which the intensity varies from Iin t0 Imax =
Lyottom + (Ivarrier — Ibottom ) /4 as for the experimental characterization.
— The power law fitted exponent using fitting function of Eq. 6.4 of these edges
from r = 0 to r = rmax, the position where I = Inax.
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G.2. Results on a disk

G.2.1. Intensity Profiles

Rdiaphragm = 3mm Rdiaphragm =4mm

Rdiaphragm = Rdiaphragm = 6mm

Rdiaphragm =8mm Rdiaphragm =10mm

O

Figure G.2.: Examples of simulated intensity profiles with various diaphragm apertures
Raiaphr = 3, 4, 5, 6, 8 and 10mm. We use a initially disk shaped mask of ra-
dius Ryask = 40 ym. It is imaged via a 1 to 1 telescope made up with two lenses
of focal f = 500 mm.
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We first select a unique mask configuration and look at the effects of a variation of
the diaphragm aperture Rgiaphr On the simulated intensity profile at the position of the
atoms. We choose a disk shape mask as it is the easiest to analyze: it indeed preserves
the beam symmetry and offers the possibility of using radial averaging. The mask is
then defined by:

t(r) =1 ,if r>Rpask = 40 ym or t(r) =0 ,if r < Rpask = 40 ym (G.7)

Typically we vary the radius of the diaphragm from Rgjapnhy = 3mm t0 Rgjaphr =
30 mm (which are relevant for our experimental configuration in which Rgiaphy = 9 mm).
For apertures Rgijaphy < 2.8 mm, we note that the intensity profile does not show any
trapping region. In Fig. G.2, we show six examples of intensity distributions obtained
via this simulation procedure using six different value of Rgjaph- In these siximages, we
see that the intensity structures appearing in the trap center change with the diaphragm
aperture. For the largest Ryiaph, they tend to disappear. For the short Ryiaphr, @ central
bump appears but its intensity does not vary monotonically with Rgjaphe. More pre-
cisely, we note by varying both the mask radius Ryask and the diaphragm one Rgjaphr
that this peak appears and disappears according to the relative position of the aper-
ture cut compared to the various order peaks in the diffraction pattern imposed by the
mask in the intensity profile at the position of the diaphragm. It appears that being able
to select the precise radius at which we cut the distribution is a fundamental feature
for optimizing the uniformity of the resulting trapping potential, similar to a (rough)-
apodization.

G.2.2. Characterizing trap properties

To confirm these preliminary observations, we characterize the trapping properties
quantitatively. We plotted the resulting values in Fig. G.3 for the uniformity of the trap
bottom and the steepness of the edges. There, we renormalize the length scales by the
experimental magnification Meyp, = 0.3. In these plots, we note an overall tendency to
recover the uniformity and the sharpness of the edges with an increasing Rgiaph:-

1. We note that a sufficiently high stiffness is reached even at very short aperture
Rgiaphr 2, 3mm. For example, the power law coefficient f is larger than 5 for
Rgiaphr > 3.2mm. Indeed, the sharpness is expected to be affected if we cut spa-
tial frequencies of the order of k ~ M /#n where 7 is the required stiffness at the
position of the atoms. In 6.1 we impose 17 S Rpox/3 = MRpask/3 = 4 um for

Rpask = 40 pm and M = Mexp = 0.3. We deduce that the corresponding aper-
3fA

m - 3.2 mm.

ture is Rdiaphr =

2. The limiting aspect is then the variations of the potential inside the trapping
region. For Rgjapnr < 15mm, the maximal defect in the trap bottom verified
OUmax < 5% as specified. For smaller apertures, we note that the trap-bottom
defect oscillates with Rdiaphr and can reach values, as high as dUmax ~ 40% for
Rgiaphr & 4.5 mm with this specific mask. Nevertheless we note that whatever the

radius is we can always reduce the aperture size to find a configuration where the
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trap-bottom defect complies with the specifications (apodization). In our experi-
mental setup, the aperture set by the rough optical setup (in the absence of the ad-
justable diaphragm) is Rgjapny & 9 mm (see 6.3.2). It then lies in this "apodization”
range and we complement our optical setup by adding a diaphragm of adjustable
aperture inside the telescope to perform the desired optimization on the trap qual-
ity. We note that for the mask considered in this simulation, Rgiaphr &~ 9mm is
close to an optimum.

In fact we notice that all features show oscillations with the aperture and we precisely
describe the extrema positions in terms of the diaphragm aperture Rgjapn,- We first note
that the maximal (resp. minimal) values of the trap bottom variations (as represented
by dUgq, dUmax 0r Uppttom) Match the position of the minimal (resp. maximal) values
of the stiffness of the potential 7. We can then only consider one of these variables to
represent the global variations of the trap characteristics. From now on, we describe
the oscillations of the trapping properties by the variation of 6Ugq with the diaphragm
aperture Rgjaphr-

Following the qualitative conclusions of G.2.1, we can compare these oscillations to
the azimuthal average of the intensity profile juste before the diaphragm. From this,
we infer the cut realized by our circular diaphragm. For getting an insight on this
intensity profile, we note the similarity of the optical setup considered to the Fraunhofer
diffraction by a disk-shaped aperture that results in an Airy pattern:

2
Lairy (r) o <h§cx>) where x = 27-”/)1;@( (G.8)

We can also numerically estimate this intensity profile using our previous model for the
light propagation and by considering the profile:

Iy(r) = |Eq(r)[? (G.9)

where E;(r) is the azimuthal average of the field calculated in Eq. G.3 just before the
diaphragm cutting.

First, we notice that the oscillation of the trapping properties occurs at a length scale
corresponding to the diffraction pattern modulation obtained from Airy function or
from the more accurately simulated intensity profile I;(r). For Rgiaph varying from
3 mm to 30 mm, the average spacing of the extrema is ~ 3.3 mm for all these oscillations.
We also note an "inversion" between the largest spacing? from maxima in intensity to
minima in the trap bottom variations.

For a quantitative comparison, we plot in Fig. G.4 the variations of the trap char-
acteristics for an aperture Rgiaphr along with the intensity value at the cutting radius
r = Rdiaphr @s function of this radius. We note that the maxima in dUgq are located at
radii close to, but greater than, the intensity minima. On the selected range of Riaphr,
the distance between these two successive extrema is, in average, dmax = 180 um. We
note in the same way, that the minima in dUgy are located at radii close to, but greater

2. Indeed the spacing of the maxima is not rigorously equal th the spacing of the minima for each of
the considered oscillations.
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Figure G.3.: (a)-(b) :Evolution of the uniformity of the trap bottom WithRgiaphyr.: (2) mean value
of the potential in the trapping region, (b) maximal (blue) and rms (green) varia-
tions of the potential in this region. The red area is the forbidden domain where
the variation of the trap bottom is more than 5% of the trap barrier (Note that by
definition of the trapping region, dUmax > 0.05). (c)-(d): Evolution of the steep-
ness of the edges with Ryjapn,: (¢) fitted stiffness on the simulated intensity profile,
(d) power law coefficient obtained from the fit of its elliptic average. The red area
corresponds to the forbidden domain where § < 5. The gray area corresponds to
the domain where no trapping region is found in the resulting intensity distribu-
tion.

than, the intensity maxima. On the selected range of radii, the distance between these
two successive extrema is, in average, dmin = 700 ym.If the diaphragm cuts the elec-
tric field distribution close to a minimum of the diffraction pattern then the resulting
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Figure G.4.: Comparison of the evolution of the trap properties and of the diffracted intensity
at the edge of the diaphragm in terms of the diaphragm radius Rgjaph, itself. For
visibility we renormalize the intensity profile by their value at the minimally used
radius for the cut Rgjapny = 3mm

trap shows the highest discrepancies to a box-like one; whereas it results very close to
the expected quality of a uniform trap when the cut is made near a maximum of the
distribution.

G.2.3. auxiliary effects: varying the size and the shape of the mask

By performing similar simulations while varying the mask functions ¢(x, y), we note
that these conclusions hold for various mask shapes and sizes. More precisely, the
conclusions are qualitatively the same but the quantitative results are modified.

First, we note that if we perform a simple rescaling of the mask then the quantitative
description of the trapping quality is the same up to a basic rescaling of the diaphragm
aperture. Indeed, from previous analysis, we pointed out the intimate link between
the position of the cut in the diffraction pattern and the resulting trap quality. As un-
derstood from the previous simplified description using Airy pattern, the cutting effect
can be expressed in terms of the dimensionless quantity x = 27T R giaphr Rmask /A f- Then,
when changing R .5k by a multiplicative factor v, the conclusions hold for the rescaled
aperture Ryiaphr /-

We performed simulations for various mask types — square, rectangle and annulus.
In each case, we note the appearance and disappearance of intensity bumps inside the
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inner trapping region though not always simply located at the center. Their position
and their number change according to the precise intensity pattern in the plane of the
diaphragm and on the order of the cut maxima in this pattern. However, we computed
that they similarly result in an oscillatory behavior in the characteristics of the trap
uniformity. The positions of the extrema are shifted compared to the simple case of the
disk shape mask for which the beam symmetry is preserved by the mask cut and thus
a unique length scale Ry, is introduced by this cut.

We show in Fig. G.5 an example of the intensity defects appearing when cutting the
diffraction pattern resulting from the use of a square-shaped mask of half side length
of 40 ym. We rescale the intensity to 15% of the barrier in order to enhance the trap bot-
tom variations. We point out the evolution of the number of the intensity peaks in the
trapping domain with the diaphragm aperture. Apart from these geometry changes,
we also notice a variation in the maximum and standard deviation of the intensity of
these defects with the radius. This translates in oscillations in the uniform trap quality
as previously observed with the disk-shaped mask. We note from unshown simula-
tions that for Rgjaphr S 5mm the resulting beam profile presents smooth corners and
is intermediate between a square and a disk shape. It also shows an important bump
at the center of the distribution. For Rgjapny = 3 mm, the potential is equivalent to the
diffraction by a disk-shaped mask.

G.3. Conclusion

In conclusion, we showed that a diaphragm placed just in front of the second lens of
the telescope used for imaging our dark mask has a drastic effect on the uniform trap
quality. For the characteristic sizes of our setup, these modifications are non-negligible
in terms of atomic sensitivity for radii Rgjaphr S 15 mm which is the case in our setup.
In this case, the limiting feature for identifying our trap to a box-like one is the trap
bottom uniformity, that is to say the importance of the variations of the intensity in the
central region (where the atoms are confined) compared to the height of the barrier that
bounds this region. For an aperture smaller than Rgjsphy S 15 mm, we note that we can
still reach a satisfying regime by fine-tuning the effective aperture of our optical sys-
tem, for example by setting it to a smaller value by adding a diaphragm of adjustable
aperture on the path of the beam. This technique is similar to an rough apodization
process. Indeed, the trap quality shows an oscillatory behavior with the aperture size
due to the specific position of the cut performed by the diaphragm within the diffrac-
tion pattern (position compared to the local intensity minima or maxima.) shown by
the beam inside the telescope.
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Figure G.5.: Examples of simulated intensity profiles for a square-shaped mask when vary-
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ing Rgjaphr- We simulate the intensity profile using the procedure described in
G.1.1. We use Rgjapnr = 7, 8.8, 10.3, 12, 13.4 and 15mm which correspond to
the detected extrema (alternatively maxima and minima) of 61lq. We rescale the
intensity to 15% of the barrier to enhance the trap bottom defects.



H. Procedure for Initialization of fringe pattern fit

In 7.3.2, we are interested in characterizing quantitatively the evolution of the fringe
pattern resulting from matter-wave interference between two similar but independent
rectangular clouds set parallel and coplanar, with the cloud parameters. The interfer-
ences result in roughly linear fringes aligned along the separation between the two
clouds, roughly matching the vertical axis of our imaging camera. As described in the
main text, we characterize the fringes contrast by performing an initial fit of the density
on each line [ of pixels n(x, y;) to Eq.7.22 which reads:

n(x) = n (efxz/ZUg + ce— X /20° cos(kox +¢)) (H.1)

This fit function has six free parameters:
1. ng is the central density on the line /,
0y is the gaussian width of the overall cloud,
o is the gaussian width of the interference domain,
ko is the momentum component associated with the fringe spacing A = 27t /ky,

¢ is the fringe phase,

o G A @ N

c is the fringe contrast.

The most challenging part of our contrast characterization lies in the quality perfor-
mance of this fit for each line of the initial density n(x, y;) whereas the data may show
important shot noise (from photonics noise inherent to absorption imaging technique)
making each fit very sensitive to the initial condition. To enhance the performance our
titting procedure, we performed a sophisticated initialization using several preliminary
tits. We detail this procedure here.

Firstly, we initialize the phase ¢ and the fringe momentum k( by using a contrast en-
hancement method and by fitting each line of the resulting contrast-enhanced picture.
We first convolute the 2D density distribution by a 2 x 2 matrix with constant coeffi-
cients so that the high—frequency noise is filtered out but the fringes are not blurred.
On this smooth picture, we detect local maxima of each line and produce a resulting
boolean matrix of local-line-maxima (showing 1 at each detected maxima). We smooth
out this intermediate matrix by convoluting it with a gaussian whose width is selected !
to filter out the noise without merging the different fringes and thus produce a contrast-
amplified picture. We finally iterate once this contrast enhancement procedure on the
first contrast-amplified picture. To initialize the phase ¢ and the momentum kj of the
fit of n(x,y;) , we fit the corresponding lines of the final contrast-amplified picture by
a pure sinusoid:

n(x) = np (14 co cos(kox + ¢)) (H.2)

1. The precise value of this width depends on Time-of-Flight duration T used
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Note that the contrast ¢¢ of the fitted sinusoid has no link to the initial fringes contrast
.

Secondly, we initialize the contrast c and the gaussian widths oy and ¢, and a second
test value of fringe momentum kg by fitting the norm of the 1D Fourier transform of
each line of pixels |i(ky,y;)|*. This transform enables to get ride of the phase param-
eter and to isolate the interesting momentum domain. This decouples better the noise
component from the fringe component than the direct space signal. We fit |7i(ky, y;)|?
by a sum of three gaussian peaks:

2 ~ ~
|ﬁ(kx)|2 = N(z) <e_k,%/‘7~02 _I,_CZ (e_(kx—kﬂ)z/az +e_(kx+k0)2/(72>) + b (H3)

The peak centered on k, = 0 corresponds to the cloud density itself. The fringes reveals
in two symmetric peaks centered on £ko and of reduced amplitude compared to the
central peak by a factor c?/4, ¢ equaling the fringes contrast in real space. We note that
photonic shot noise contributes to |7i(ky)|? as a constant offset. The parameter b > 0
added in Eq. H.3 aims in accounting for such a contribution. Note that such an effect of
the shot noise blurs the signal of the fringes pattern by leading to random fluctuations
of the order of b for any k. The effect is thus more important as ny and c are small.

We initialize the various parameters of the preliminary fits of Eqs. H.2 and H.3 ei-
ther with constant preselected values or, if it exists, with the results of the previously
performed fit of the above line n(x,y;_1) along Eq. H.1. We choose the best matching?
result between these two initializations.

Finally, we perform three fits of the initial density n(x,y;) along Eq. H.1, with three
different initializations:

1. We initialize all six parameters with the results of the previously performed fit of
the above line n(x,y;_1) along Eq. 7.22.

2. Weinitialize the phase ¢, and the fringe momentum ko from the contrast-enhanced
fit. The contrast c, the widths ¢y and ¢ and the density ng are initialized from pre-
selected constant values.

3. Weinitialize the contrast ¢, the widths 0y and ¢, and the fringe momentum ko from
the Fourier-transform fit and the phase ¢ and ny from the "second-initialization"
fit detailed in the last point.

We then choose the best matching (defined as in footnote 2) result between the three fits
and deduce the values of 7 from Eq.7.23 from which we ultimately obtain the fringe
coherence parameter I' via Eq.7.24.

2. The best match is defined here by the highest value of the R? determination coefficient that is the
normalized difference between the total sum of square SSiot and the residual sum of square SSyes: R?2 =

1-— %:“: with, if we denotes 7; the experimental data at pixel i, f; the fitted value at same pixel and N the
total number of pixel in a line, SSres = ¥ (11; — f;)%, SStot = Yi(n; — A1) and 71 = % Zil\i1 n;
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. Estimate of the collision time in a thermal cloud

In this annex, we define and calculate the collision time 7., for a thermal cloud con-
fined in-plane in a uniform trap and along z by an harmonic potential. The estimate of
this characteristic time reveals important for accurately defining time scale over which
thermalization occurs and then setting the experimental time variables accordingly. It is
also significant for the study of its dynamical properties as the one presented in Chapter
8. First it gives the scale for a local equilibrium to be set and so a temperature to be de-
fined (it must be a few T.j). Second it is a key variable in the general Kibble-Zurek (KZ)
formalism (which study the quench dynamic at the crossing of a transition point) used
in Chapter 8: It enters as the characteristic scale of the thermalization time divergence
of Eq. 8.2 which is used to analyze the "freezing-out" of the dynamics at the vicinity of
the transition point. Estimating this characteristic time is then useful to determine the
range of durations over which it is relevant to consider a ramp in temperature in our
investigation of the KZ mechanism (see 8.1.3.2).

l.1. Definition

We define the average collision time ., as :

1

I
(el

where
— 0 is the elastic cross-section. For a Bose gas of identical particles, cold enough for
the inter-particle interactions to be characterized in the contact approximation by
a unique scattering length as, the cross-section simply follows o = 87ta2. For Rb
the s-wave scattering length is a; = 5.1 nm.
— 71 is the average density defined by

n= il/nz(r)da’r (L2)

Here and for the rest of the Annex, n(r) stands for the 3D spatial density.
— 0 is the average velocity of the colliding particles. It is defined by

ff pii(p)d>p (13)

where 77 is the reduced mass of the colliding particles. 7i(p) is the density in
the conjugated space for the reduced particle (of mass 7i7), deduced from integra-
tion of the global phase space density d(r, p): 7i(p) = [ d(r, p)d°r while n(r) =
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[ d(r, p)d®p (d is precisely defined by the choice of a normalization condition).

I.2. Calculation using Boltzmann predictions

1.2.1. Average velocity

In the ideal case, we have 7i(p) « exp % and :

1 3/2
i <mmﬂm> /f“psz P @4)

For identical particles the reduced mass is 71 = m /2 and thus we have

16ksT
m

S|

(L5)

.2.2. Average density

For a classical thermal gas trapped in a potential V (), we have n(r) = n(0) exp (— Zé? )

where 11(0) is the density at the trap center. We consider a transverse harmonic confine-
ment of frequency w; /27 and a perfectly uniform in-plane confinement of area .A. Then

kgT
muw?

n(0) = (16)

and
=10 w

We can express this average density in terms of the average velocity given in Eq. 1.5

and find :
N 2w,

= — ) L
"7 Ao (18)
1.2.3. Collision time
Reinjecting the previous expression in Eq. 1.1, we find :
1
Teoll = 1.9)

16n(2P) a2,

where 1(?P) denotes the two-dimensional uniform density of the gas N/.A. The result
is remarkably independent of the temperature.

As a reference point, we will first use the BEC  transition point. We however already
point out that, due to the intrinsically non negligible Bose stimulation, Boltzmann pre-
dictions developed here lead to an overestimate of the actual collision time. Using
w, /27 = 365 Hz and typical ! surface density n(?P) = 75 um~2 , we find 7., = 14 ms.

1. it matches the BEC transition point of interest in 8.1.2. In this study, we consider a gas confined in
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For configuration deep in the thermal regime, which would be more reliably de-
scribed by the previous development (negligible Bose stimulation) and which is of in-
terest for a quantitative description of the KZ argument (for example in 8.1.3.2), the
surface density would be much higher and thus 7. shorter. Indeed, in our uniform
geometry, the surface of gas is constant, while evaporative cooling leads to a loss of
atoms. The value of 7 in this classical calculation is then reduced by the same factor
than N is higher.

1.3. Calculation using Bose Law

In order to go further in the estimate of 7.,;, we will now use Bose statistics instead
of Boltzmann approximation, still applying the definition of Eq.1.1, for a set of inde-
pendent particles. This approximation must give a better estimate close to the BEC |
transition point that is of interest here (as in 8.1.2) as then the effect of Bose statistics can
not be neglected (at least as far as the description of z-motion is concerned). We con-
sider the same trapping potential V() as in the previous section (sum of a transverse
harmonic confinement of frequency w,/2m and a perfectly uniform in-plane confine-
ment of area .4). We perform Bose computations as described in Annex A using a full
quantum 3D treatment of the states. In this calculation, the spatial density is given by:

P (r) = N@' (1) $(r) = }_ filw;(r) (10)
J

where ;(r) is the wavefunction for the state j = (jy, ji,, j-) and is given by (Eq. A.2)

P;(r) = L\l/? sin(7jxx/L) sin(rtjyy/L) xj,(2/£2), (L11)

in the case of a square box, with £, = (i/mw,)'/? and X;j is the j-th Hermite function.
f; stands for the occupation factor of the same state j and is given by ideal Bose law
formula (Eq. A.3):

1
Po= 1.12
T = e [ =W /kaT] —1 2
ith E 7T2 2 0 0 % 11
wit j Yml2 (]x +]y - 2) + Jz hw; (I1.13)

The value of the mean velocity o must also be modified. It can be approximated to
the mean value:

1 - 1 h 2 . . . 1, hw, V2
900 = —\(P?) = (N;f][(,ZJ (z +iy) + (= + 5) ;"D (I.14)

in which we replaced the mass m by the reduced mass 71. Such a formula is easily

a square of L = 30 um and the BEC transition point corresponds to a temperature is T = 148nK and a
atom number N = 65700.
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summable and we check that using Boltzmann prediction for f; (instead of Bose for-
mula), we numerically recover the prediction of Eq.1.5. For the parameters given in
footnote 1, we found 3%°%¢ = 9.38 mm/s instead of = 8.47 mm/s using Boltzmann
prediction.

1.3.1. Approximating spatial density dependency

Performing numerical summations to deduce the full dependency of the density is
an involved task but to have an insight on the modifications of the collision time due to
Bose statistics, we can perform some approximations. We first assume that :

1. the in-plane density is uniform so that n(r) = n(z).

2. the z-dependency of the density can still be encompassed by a gaussian but with
a modified width ¢5°%¢ compared to the thermal value of ¢ given in Eq. L6.

We compute the modified width ¢£°¢ by inverting Eq. .6 which is valid within pre-
vious approximations and using the central 3D density 175°%¢(0) deduced from Bose law

along Eq.1.10:

N
o = 115
V2mtnBese(0) A (L15)

For the parameters given in footnote 1, we found ¢£°°¢ = 0.84 um instead of o, =

Bose _
1.63 um. We deduce the simple rescaling relation : 715°%¢ = ﬁfl and Tgﬁfe = ’TZUZ SBose Teoll-

The collision time is then reduced to 729 = 6.6 ms.

Using Bose law, it is easy to characterize a configuration away from the transition
point by simply considering a (relatively) small value of the fugacity z. For example,
we choose z = 0.96 (at the transition point we had z = 0.998 for the considered pa-
rameters). Using a typical temperature of T = 250nK (characteristic of our loading
conditions, see 7.1) we deduce N = 1.4 x 10° and found Tgﬁfe = 3.9ms.

In conclusion, the characteristic collision time typically verifies 79 < 10ms in a 2D
thermal cloud above or around the BEC transition point and for our typical experi-

mental parameters.
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Résumé

La dimensionnalité d'un systeme affecte fortement ses propriétés physiques; les transitions de phase
qui s’y déroulent ainsi que le type d’ordre qui y apparait dépendent de la dimension. Dans les sys-
temes de basse dimension, la cohérence s’avere plus difficile a établir car les fluctuations thermiques et
quantiques y jouent un rdle plus important. Le fluide de Bose a deux dimensions est particuliérement
intéressant car, méme si un ordre total est exclu, un ordre résiduel a « quasi-longue » portée s’établit a
basse température. Deux ingrédients ont un effet significatif sur 1’état du systeme : (i) la taille finie d'un
systéme réel permet de retrouver une occupation macroscopique d'un état a une particule; (ii) les inter-
actions entre particules conduisent a I'apparition d’un type non-conventionnel de transition de phase
vers un état superfluide.

Dans cette these, nous présentons une étude expérimentale du gaz de Bose bidimensionnel (2D) uti-
lisant deux types de paysages énergétiques pour piéger nos atomes. Dans la premiere partie, nous utili-
sons la dépendance spatiale de certaines propriétés locales d'un gaz inhomogene pour caractériser 1'état
du systeme homogene équivalent. Nous extrayons son équation d’état des profils de densité et nous
testons son comportement superfluide en mesurant le chauffage induit par le mouvement d'une per-
turbation locale. Dans la deuxiéme partie, nous observons et caractérisons I’émergence d’une cohérence
de phase étendue dans un gaz 2D homogene, en particulier via le passage de trois dimensions a deux
(croisement dimensionnel). Nous étudions 1’établissement dynamique de la cohérence par un passage
rapide du croisement dimensionnel et nous observons des défauts topologiques dans I'état superfluide
final. Nous comparons nos résultats avec les prédictions du mécanisme de Kibble-Zurek.

Mots-clés : Condensation de Bose-Einstein, basse dimension, équation d’état, superfluidité, gaz uni-
forme, cohérence de phase quantique.

Abstract

The dimensionality of a system strongly affects its physical properties; the phase transitions that take
place and the type of order that arises depend on the dimension. In low dimensional systems phase
coherence proves more difficult to achieve as both thermal and quantum fluctuations play a stronger
role. The two-dimensional Bose fluid is of particular interest as even if full order is precluded, a residual
"quasi-long" range order arises at low temperatures. Then two ingredients have a significant effect
on the state of the system: (i) the finite size of a real system enables one to recover of a macroscopic
occupation of a single-particle state; (ii) the interactions between particles lead to the emergence of a
non-conventional type of phase transition toward a superfluid state.

In this thesis, we present an experimental study of the two-dimensional (2D) Bose gas using two dif-
ferent energy landscapes to trap our atoms. In the first part, we use the spatial dependence of some
local properties of an inhomogeneous gas to characterize the state of the equivalent homogeneous sys-
tem. We extract its equation of state with a high accuracy from the gas density profiles and test its
superfluid behavior by measuring the heating induced by a moving local perturbation. In the second
part, we observe and characterize the emergence of an extended phase coherence in a 2D homogeneous
gas in particular via a 3D-to-2D dimensional crossover. We investigate the dynamical establishment of
the coherence via a rapid crossing of the dimensional crossover and observe topological defects in the
final superfluid state. We compare our findings with the predictions for the Kibble-Zurek mechanism.

Key words: Bose-Einstein condensation, low dimension, equation of state, superfluidity, uniform
gas, quantum phase coherence.
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