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ABSTRACT

This thesis presents the first cavity quantum electrodynamics experiments
performed with a degenerate gas of ®Li with strong atom-atom interactions.
In the first part of this manuscript, I describe the design and building of the
apparatus, which was specifically developed to bring together a high-finesse
optical cavity and a strongly interacting Fermi gas. I describe how the cavity
and all the laser-cooling procedure can be integrated into the same vacuum
chamber, thus speeding up the production cycle of the degenerate Fermi
gas.

This new experimental apparatus is the first of its kind combining these
two fields of quantum physics. Placing a quantum gas of fermions within
an optical resonator gives important technical advantages, allowing for the
fast, all-optical production of a degenerate gas of ®°Li. We apply a technique
modifying the longitudinal structure of the cavity trap to cancel its lattice
structure. It increases phase space density after evaporative cooling, leading
to an ultracold gas at temperature lower than ten percent of the Fermi tem-
perature. I describe how magnetic fields allow us to tune the interatomic in-
teractions, making use of the broad Feshbach resonance of °Li at 832 G and
how we characterize the thermodynamic properties of the ultracold Fermi
gas. The direct observation of phase separation for a spin-imbalanced Fermi
gas, between a fully paired region at the cloud center and a spin-polarized
shell surrounding it, experimentally proves the emergence of superfluidity
at low enough temperatures.

The first experiment showing the strong coupling between cavity photons
and a strongly interacting Fermi gas is shown in this manuscript. The large
avoided-crossings observed during cavity transmission spectroscopy are the
experimental smoking gun of the strong light-matter coupling regime. We
observe the expected scaling of the light-matter coupling strength with the
number of atoms in the gas, proving the coherent coupling of the atoms
with the cavity field.

The third part of this manuscript presents the first cavity quantum elec-
trodynamics experiments in which pairs of atoms couple to cavity photons,
forming a new dressed state: the pair-polariton. This dressed state inher-
its from its atomic part the characteristics of the many-body physics of the
strongly interacting Fermi gas. We confirm experimentally that the proper-
ties of the short-range two-body correlation function, known as Tan’s con-
tact, can directly be measured optically, on the pair-polariton transmission
spectrum. We observe the coherent coupling of the ground state fermion
pairs with the cavity photons and use the pair-polariton to perform single
shot, real-time, weakly destructive measurements of the short range two
body correlation function. This new measurement of Tan’s contact allows
to follow in time the evolution of a single system, in contrast with existing
techniques.

The last part of this thesis shows experiments carried out far in the dis-
persive regime, where both the cavity resonance and the probe laser fre-
quency are far detuned from the atomic resonance. I discuss how we can,
in this regime, measure the atom number evolution in time, with a weak
destructivity. I show that an optical non-linearity emerges, which depends
on the atom-atom interaction strength. Lastly, I present the implementation



of a pump not aligned with the cavity axis, that allows for the creation of
long-range interactions between atoms.

Keywords: Cavity QED, quantum gases, strongly correlated Fermions,
photoassociation, pair-polaritons, Tan’s contact, quantum sensing



RESUME

Cette these présente les premieres expériences d’électrodynamique quan-
tique en cavité réalisées avec un gaz dégénéré de ®Li en présence d’interactions
fortes entre atomes.

La premiere partie de ce manuscrit décrit la conception et la construction
du dispositif expérimental, qui a été développé spécifiquement pour com-
biner une cavité optique de haute finesse et un gaz de Fermi en interaction
forte. Je décris comment la cavité et le dispositif de refroidissement laser
des atomes peuvent étre intégrés dans la méme chambre a vide, accélérant
ainsi le cycle de production du gaz de Fermi dégénéré. Ce nouveau disposi-
tif expérimental est le premier du genre a combiner ces deux domaines de
la physique quantique. Mettre un gaz quantique de fermions a l'intérieur
d’un résonateur optique présente des avantages techniques importants et
permet une production rapide, toute optique, d'un gaz dégénéré de °Li.
Nous utilisons une technique de modification de la structure longitudinale
du piege en cavité afin d’annuler sa structure en réseau. Cela augmente la
densité dans 1'espace des phases apres refroidissement évaporatif, réalisant
un gaz ultra-froid a des températures inférieures a 10% de la température
de Fermi. Je décris comment les champs magnétiques nous permettent de
controler les interactions inter-atomiques en utilisant la large résonance de
Feshbach du °Li a 832 G, et comment nous caractérisons les propriétés ther-
modynamiques du gaz de Fermi ultra-froid. L'observation directe de la sé-
paration de phase dans un gaz de Fermi déséquilibré en spin, entre une
région intégralement appairée au centre du nuage et une enveloppe polar-
isée autour, prouve expérimentalement l'apparition de la superfluidité aux
températures suffisamment basses.

La premiére expérience démontrant le couplage fort entre des photons en
cavité et un gaz de Fermi en interaction forte est décrite dans ce manuscrit.
Les importants anti-croisements observés lors de la spectroscopie en trans-
mission de la cavité constitue une preuve éclatante du régime de couplage
fort entre lumiére et matiére. Nous observons le comportement attendu de
la force de couplage lumiére-matiére en fonction du nombre d’atomes, ce
qui montre le couplage cohérent des atomes au champ de cavité.

La troisieme partie de ce manuscrit présente les premieres expériences
d’électrodynamique quantique en cavité ol des paires atomiques sont cou-
plées aux photons en cavité, réalisant ainsi un nouvel état habillé : le polari-
ton de paire. Cet état habillé hérite de sa composante atomique les carac-
téristiques a N-corps du gaz de Fermi en interaction forte. Nous confirmons
par l'expérience que les propriétés de la fonction de corrélation a deux corps
a courte portée, appelée contact de Tan, peuvent étre mesurées directement
par détection optique, sur le spectre de transmission du polariton de paire.
Nous observons le couplage cohérent des paires de fermions dans 1’état fon-
damental avec les photons en cavité et utilisons le polariton de paire pour
réaliser une mesure faiblement destructive, en temps réel et en une seule
acquisition de la fonction de corrélation a deux corps et a courte portée.
Cette nouvelle mesure du contact de Tan permet de suivre I'évolution tem-
porelle d'un systéme unique contrairement aux autres méthodes existantes.
La derniére partie de ce manuscrit présente des expériences menées dans le
régime fortement dispersif, ot la résonance de la cavité comme la fréquence
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du laser de sonde sont largement désaccordées de la résonance atomique. Je
discute la fagon dont nous pouvons suivre, dans ce régime, 1’évolution au
cours du temps du nombre d’atomes de maniere faiblement destructive. Je
démontre 1'émergence d’une non-linéarité optique qui dépend de la force
de l'interaction entre atomes. En dernier lieu, je décris l'introduction d'une
pompe non parallele a I'axe de la cavité, qui permet de faire apparaitre des
interactions a longue portée entre les atomes.

Keywords: Electrodynamique quantique en cavité, gaz quantique, Fer-
mions fortement corrélés, photoassociation, pair-polaritons, contact de Tan,
mesure quantique
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INTRODUCTION

Cavity quantum electrodynamics (QED) is a cornerstone of quantum sci-
ence, from quantum simulation [1] to quantum information [2] and quan-
tum sensing [3-5]. Condensed matter physics has provided experimental
platforms where the strong coupling between individual systems in cav-
ity or circuit QED [6, 7], such as Josephson junctions[8-11], nanophotonics
structures [12] or quantum dots [13-17], constitute now the building blocks
for the architecture of quantum computers [18—22]. In parallel, more fun-
damental aspects of strongly correlated materials [23] interacting with light
have been explored [24, 25], and interest has grown to use these systems for
the next generation of quantum technologies, hoping for the ability to con-
trol superconductivity with light [26-29]. However, these strongly correlated
systems are so far restricted to the weak coupling regime.

In the last decades, the field of cavity QED in atomic physics has also
shown impressive progresses [1], making it possible to control the interac-
tion between light and atoms at the level of a single quanta [30-32]. These
breakthroughs lead to the simulation of new phases of matter [33—35], to
use atoms as quantum network memories [36, 37], and to perform quantum
measurements of both atomic and electromagnetic field properties [38-40],
reaching the quantum limit [41]. While the study of single atoms or ther-
mal ensembles coupled to cavities is studied for more than twenty years
[42], combining ultracold and degenerate quantum gases and cavity QED
is more recent, with the first quantum gas of bosons reaching the strong
light-matter coupling regime in 2007 [43, 44]. The study of these systems
has allowed to create new type of interactions between atoms [45—47], to
perform extremely sensitive measurement using spin-squeezing [38, 39], to
create atomic clocks [48] and to simulate new phases of matter [33, 34, 49,
50] such as supersolidity [35, 51-53].

Among all these different systems, almost all of them are weakly inter-
acting gases, making it possible to calculate their ground state and compare
it with the results of the experiment. Only one example of a strongly-corre-
lated system strongly coupled to light has been studied so far, the bosonic
Mott insulator [33, 34]. In this system, the atom-atom interactions between
bosons are made dominant by placing the gas in a three-dimensional deep
optical lattice. Moreover the coupling between light and matter has only
been studied in the context of single atom optical or microwave transitions.
Despite theoretical and experimental interests [54-57], the strong coupling
to molecular transitions has never been observed experimentally with cold
atoms, while the optical addressing of molecular transitions in quantum
gases is becoming an important topic with the emergence of ultracold and
degenerate molecular gases [58]. Cavity QED with molecular transitions
could help in the preparation of ground state molecules [59-61] or to per-
form coherent quantum chemistry [62-67]

The work presented in this manuscripts brings a new strongly correlated
system to the cavity QED field [68]. We couple a strongly interacting Fermi
gas to the electromagnetic field of an optical cavity, giving us a simultaneous



and independent control of both the strong atom-atom and atom-photon
interactions. Our atomic system displays very rich properties in its ground
state due to the large short-range interactions, such as pairing and super-
fluidity [69, 70]. Applying an external magnetic field allows us to tune the
interactions [71], creating at will a gas of interacting bosonic molecules, a
fermionic gas of Cooper pairs or a strongly interacting Fermi gas with uni-
tary-limited interactions [69]. In addition, taking advantage of the pre-exis-
tent pair correlations in the ground state, we address molecular transitions
to excited molecular states [72] and reach the strong light-matter coupling
regime, creating for the first time dressed-states mixing pairs of atoms and
cavity photons.

Our hybrid system of photons and strongly correlated fermions opens up
a variety of applications, ranging from quantum sensing to quantum sim-
ulation of strongly correlated fermionic systems. The dressing of molecular
transitions captures the properties of the ground state of the many-body
system, which is magnified by the light-matter coupling strength. We ob-
serve the pair-correlations of the gas directly in the optical spectrum in a
weakly-destructive manner [73]. As a direct application, we could perform
measurement of the dynamics of the gas, which represents a notoriously
difficult problem that could be tackled by quantum simulation [74]. It also
provides an observable with minimal disturbance, allowing to study the dy-
namics of a single system, which is beneficial as it is independent of prepa-
ration noise. On a similar aspect, the dispersive coupling between a strongly
interacting Fermi gas and cavity photons gives a direct access to the number
of particle in the gas with a weak destructivity due to the strong dispersive
coupling strength that reduces the heating from spontaneous emission [75].
These measurements are very promising and make our experiment a suit-
able platform to study slow dynamics such as transport in strongly corre-
lated system, another problem where quantum simulation is pertinent due
to the complexity of coming from both the dynamics and the strong correla-
tions in the gas [74]. The strong coupling to molecular transitions represents
also an interesting realization as the ability to control molecular transitions
with a quantum field would be an interesting new tool for the production
and study of degenerate gas of dipolar molecules [58].

The manuscript is organized as follows:

e In Chapter 2, I will describe the design of the vacuum system per-
mitting to combine strong magnetic fields and a high finesse optical
cavity. The design and properties of the high finesse cavity as well as
a new type of bulk-machined electromagnets particularly suited for
cold atoms experiment are presented in this chapter.

e In Chapter 3, I will discuss the experimental sequence that we use to
produce large and degenerate clouds of °Li with strong atom-atom in-
teractions. After an overview of the sequence, I will detail step by step
each phase of the production sequence from laser cooling to evapo-
rative cooling to quantum degeneracy. In this chapter, I will present
in details the stabilization scheme used to ensure both a relative and
absolute frequency stability between all the lasers and the science cav-
ity. I will also discuss how we make use of the longitudinal mode of
the resonator to create a lattice-free cavity trap, making it possible to
perform an efficient evaporative cooling directly in the cavity-based



optical dipole trap. Finally I will introduce the probing techniques we
use to characterize our system.

In Chapter 4, I will describe atom-atom interactions in the context
of dilute quantum gases with contact interactions. I will then discuss
how the presence of a Feshbach resonance allows to tune the inter-
action strength by applying an external magnetic field, leading to a
strongly correlated Fermi gas. In this strongly correlated regime, treat-
ing the two-body scattering problem is not enough to describe such
systems. I will introduce the experimental consequences of the many-
body Hamiltonian, leading to the existence of pairs and superfluidity
in the ground state of a strongly interacting Fermi gas. I will finally
explain how we experimentally characterize these properties.

In Chapter 5, I will show the first experiments where the strong light-

matter coupling is reached between the cavity photons and the strongly
interacting Fermi gas. I will first describe the general features of light-

matter interaction in the context of cavity QED, with the emergence

of dressed-states mixing photons of the cavity and atoms of the Fermi

gas, forming polaritons. I will detail how we can accurately describe

the mode structure of our cavity, giving us the possibility to have rea-

sonable predictions for the energy spectrum of the system that we

probe by the mean of cavity transmission spectroscopy. I will present

the transmission spectra for a spin-balanced and a spin-polarized Fermi
gas, showing good agreement with the simulations. The experimental

confirmation of the coherent coupling of the cavity photons with the

atoms is obtained by measuring the scaling of the collective light-mat-

ter coupling strength with the number of atoms in the gas.

In Chapter 6, I will discuss the strong-coupling regime that we reached
on molecular transitions addressed by photoassociation. I will present
a simple model explaining the emergence of photoassociation transi-
tions in a quantum gases. After some discussions on the complexity
of an accurate description of the reality of these interaction potentials,
I will show that we can probe such transitions and observe them per-
forming cavity transmission spectroscopy measurements. The strong
light-matter coupling to these transitions creates new dressed-states
hybridizing pairs of atoms of opposite spins and photons, the pair-po-
laritons. We can thus coherently address the many-body excitations
of the quantum gas. In the second part of this chapter, I will show
that such dressed-states are sensitive to the short-range physics of the
strongly interacting Fermi gas, giving us access the universal quan-
tity that describes this physics, Tan’s contact. Finally, I will discuss
a last promising experimental result showing that the pair-polaritons
are suitable to perform real-time, weakly-destructive measurements of
the short-range two-body correlation function.

In Chapter 7, I will present the first experiments where the strongly-
correlated Fermi gas is coupled dispersively to the cavity light field. In
this regime, we show that weakly destructive measurements of atom
number are made possible as the enhanced emission in the cavity
mode compared with spontaneous emission reduces spurious heating.
In the second part of this chapter, I will present experiments where the
atomic density couples dynamically to the cavity field, leading to op-
tomechanical Kerr non-linearities probed by cavity transmission spec-



troscopy. We measure this characteristic non-linearity as a function of
the short-range interactions and observe a clear dependence. Ongoing
work is being carried to connect this non-linearity to the short-range
physics of the strongly correlated Fermi gas. Last I will present the
first steps to realize a strongly interacting Fermi gas with cavity-me-
diated long-range interactions. We have observed self-organization of
the cloud by pumping the cloud with a small angle compared with the
cavity axis, characterized by the emergence of a superradiant phase.
This constitutes the experimental smoking gun of the presence of cav-
ity-mediated long-range interactions in the gas.

In Chapter 8, I will conclude with a short review of the long term per-
spective of the experiment, both regarding quantum simulation and
quantum sensing of strongly correlated systems.
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COMBINING CAVITY QED AND
STRONGLY INTERACTING FERMI GAS






EXPERIMENTAL APPARATUS

In this chapter I will describe the specificities of our experiment which
brings in the same apparatus a high finesse cavity and a deeply degenerate
Fermi gas with large interactions. The vacuum system is designed around
a single science chamber where all the production stages and the measure-
ments are performed. This approach allows for a fast experimental cycle
of ~ 4s. I will first describe the vacuum system and then focus on the sci-
ence chamber which accommodates a trichroic optical cavity as well as large
magnetic fields. I will then detail the technical characteristics of the optical
resonator. In a second part, I will present the ensemble of electromagnets
used to create various bias magnetic fields or gradients of magnetic field
specifically designed to fit around the science chamber hosting the cavity.
Finally I will close this chapter with a description of the program used to
computer-control program apparatus and dynamically produce the degen-
erate Fermi gas.

CHAPTER CONTENTS
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2.1.1  General overview 8
2.1.2  Oven chamber 10
2.1.3  Science chamber 12
2.1.4  Preparation procedure for UHV components 14
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2.3.3  Optical properties of the science cavity 30
2.4 Electromagnets 31
2.4.1  General overview and simulation of magnetic fields 31
2.4.2  Summary of coil properties 31
2.4.3  Compact bulk-machined electromagnets for quantum gases ex-
periments 34
2.4.4 Radiofrequency doubly resonant circuit 45
2.5 Experimental computer control 47
2.5.1  Labscript presentation 47
2.5.2  General architecture 48

This chapter closely follows the publications :

K. Roux,B. Cilenti, V. Helson , H. Konishi and J.-P. Brantut
Compact bulk-machined electromagnets for quantum gases experiments
Scipost Physics 6, 048 (2019)

K. Roux, V. Helson , H. Konishi and ].-P. Brantut
Cavity-assisted preparation and detection of a unitary Fermi gas
New Journal of Physics 23, 043029 (20121)



8

| Experimental apparatus

2.1 VACUUM SYSTEM
2.1.1 General overview

W have developed an experimental platform to couple a degenerate gas of
strongly interaction fermions with photons in an optical cavity. The appa-
ratus requires to combine multiple optical accesses to address the atoms
optically, large magnetic fields to tune the short range interactions between
atoms and an optical cavity with high finesse, well isolated from acous-
tic noise. Making these specifications compatible with a ultra-high vacuum
(UHV) chamber represents an important technical challenge.

0.40 m

Pumping section
Differential vacuum
pipe

Lithium oven Science chamber >
y

Figure 2.1: An apparatus for cavity QED and strongly interacting Fermi gas. a
Overview of the apparatus. On the oven section where the lithium oven (A) is placed,
high vacuum is maintained by an ion pump (B, Agilent Vaclon 20) and a getter pump
(C, SAES Capacitor D400) abd a getter pump (C). A slow beam of atoms is created by
a Zeeman slower (F). The science chamber features an ensemble of electromagnets
for magneto-optical trapping and for the use of Feshbach resonances (G). Ultra-high
vacuum in this section is ensured by a combined getter and ion pump (H,SAES
NexTORR D100o-10). b Top-view representation of the vacuum system. Colors refer
to different functions of the apparatus: oven section (green), conical pipe ensuring
differential pumping (blue), science chamber (yellow) and pumping section (red).

The design of the vacuum chamber was guided by the choice of realizing
all the laser cooling operations as well as the cavity QED measurements in
the same place, in a single main chamber called the science chamber. Per-
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forming all the operations in the same vacuum chamber, without any optical
or magnetic transport of the cloud allows us to speed up the experimental
duty cycle of the machine, thus facilitating the day to day operation of the
apparatus.

The vacuum system is depicted in figure 2.1.a. It can be separated into sev-
eral parts. The section depicted in green in figure 2.1.b is the lithium oven
chamber. It is connected to the science chamber (yellow) by a 40 cm differ-
ential pumping tube (light blue). The low background pressure required in
the science chamber is ensured by a vacuum pump attached to the pump-
ing section (red). The two sections are connected by a large diameter conical
tube, offering the possibility for large pumping rates.

a

Figure 2.2: Overview of the vacuum system generating UHV. a Cut view of the
apparatus. The oven section on the left is connected to a conical pipe which ensure
a differential vacuum with the science chamber at the center. These two sections can
be isolated from each other by a gate valve. The oven section is pumped with an
ion pump and a getter pump. On the right the 4-way cross accomodate the large
getter pump combined with a small ion pump. This section connects to the main
chamber via a conical pipe of diameter 60 mm on the science chamber and 100 mm
on the pumping cross. This view also shows the conical electromagnet between the
oven and the science chamber as well as the ensemble of electromagnets around the
science chamber. These will be presented in detail in a latter section. b Picture of the
assembled vacuum system with all electromagnets installed.
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As depicted in figure 2.2.a and .b, a tapered electromagnet is positioned
around the differential pumping pipe linking the oven section with the sci-
ence chamber. Moreover a complex set of electromagnets surrounds the
main chamber and will be described in detail in section 2.4.

The connections between the different sections of the UHV system can
have two purposes : to maximize the conductance to ensure the possibility
of a high pumping rate, or to build up the largest differential pressure to
isolate two sections from each other. The conical pipe linking the oven sec-
tion to the science chamber is designed to isolate the two sections, while the
conical pipe between the science chamber and the pumping section is di-
mensioned to ensure the largest conductance possible. We model each con-
necting element to extract their conductances and then extrapolate either
the corresponding maximal pumping capability or the pressure reduction
due to the connection. The conduction of a tube is given by [76] :

C=avA/4 (2.1)

with a a function of the transition probability proportional to 1/L with
L the length of the tube. v = /8kgT/mim is the average velocity of the gas
species considered, m the mass, T the temperature and kg the Boltzmann
constant. A is the cross section of the tube aperture. Similarly just an orifice
of section A has a conductance given by :

C=vA/4 (2.2)

The L = 360 mm conical tube combined with the pinhole aperture of
diameter d; = 5 mm at its input and d; = 12 mm allows to build up
a differential pressure given by the conical pipe conductivity between the
lithium oven section and the science chamber [76] :

4rtv dds3
C=—r [T+ 12— :
3 <+(d1+d2)l_> @3)

giving a conductance of C = 0.58 L/s for H;. On the other end, the conical
connection between the science chamber has an aperture with a diameter of
104 mm on the pumping section side and of 79 mm on the science chamber
one and a length of 158 mm. This gives a conductance of ~ 1.8 x 10 L/s for
hydrogen and ~ 6.6 x 103 L/s for nitrogen. In this case the conductance of
the section is not limiting compared with the nominal pumping rate of the
vacuum pumps installed on the setup.

In the following I will describe in detail each of the different vacuum
chamber sections.

2.1.2 Qwven chamber

The oven section is the place where the solid pieces of lithium placed in a
small crucible (figure 2.3.a A) are heated up to create a hot vapour of °Li. A
resistive heating wire is wound on the outside of the crucible, the temper-
ature of which can be tuned by adjusting the value of the current running
through the wire. This part is carefully isolated with several layers of insu-
lating wool, ceramics and aluminium sheets. A thermocouple is placed in a
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small aperture machined on the back of the crucible to monitor the temper-
ature of the oven in a reproducible manner. The crucible and the tank of the
lithium oven section machined out of non magnetic austenitic stainless steel
316L (DIN:1.4404).

Figure 2.3: Lithium oven vacuum section. (a,b) A 3-D view of the oven section. A
small crucible of cylindrical shape (A) is used to host the solid lithium which is
then heated up to 350 °C to produce a hot vapour of ®Li. Part of this vapour travels
through the oven tank where the atomic flux can be blocked by a metallic flag (I)
controlled by a stepper motor (G). It first crosses the gate valve (D) and then the
pinhole positioned at the entrance of the conical pipe to then be slowed inside the
Zeeman slower tube. The oven tank pressure is brought to 5 x 10~ '®mbar using an
Agilent ion pump (B) (20 L/s) and a passive getter pump (C). A pressure gauge (E)
monitors the oven tank pressure and an angled valve(F) makes it possible to connect
a turbopump group in order to pre-pump the chamber starting from atmospheric
pressure. The oven tank and the conical pipe are connected by an all-stainless-steel
bellow (H) used to align the ®Li oven in direct view with the center of the science
chamber, thus maximizing the atomic flux to the center of the science chamber.

During the operation of the experiment, the oven is heated up to ~ 350 °C,
inducing a large outgassing rate of this section. In order to not degrade the

11
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vacuum quality in the science chamber, this section is as isolated as possible
from the main one, as shown by the calculation of the small conductance
between them. We also have a large pumping capability in the oven section
to limit the increase of pressure even at high oven temperatures. For this
purpose, two vacuum pumps are installed. An Agilent Vaclon StarCell ion
pump (figure 2.3.a B) and a non-evaporable getter (NEG) pump SAES Ca-
pacitor D400 (figure 2.3 a D) allow for about 400 L/s of pumping capability
for H,, 100 L/s for N, (mainly pumped by the NEG pump) and about 10
L/s for heavier elements (mainly by the ion pump). The pressure of this
chamber is monitored with a Pfeiffer PBR26o pirani pressure gauge (fig-
ure 2.3.a E). The typical pressure reached in operating conditions is about
5 x 10~ 1% mbar. The oven section can be isolated from the rest of the setup
by a VAT CF16 all-metal gate valve (figure 2.3.a D).

As the flux of hot lithium is quite high, it can coat transparent glass
surfaces, making them almost fully reflective. To avoid the viewport in di-
rect view of the oven on the other side of the apparatus getting coated, a
small piece of stainless steel is fixed on a post (figure 2.3.b I) itself mounted
onto a stepper motor (figure 2.3b G). It also avoids having the flux of hot
lithium atoms hitting the cloud in the chamber while performing experi-
ments, which would drastically reduce the lifetime of the trapped cloud.

2.1.3 Science chamber

Generating ultra-high vacuum

The ultra-high vacuum necessary to operate quantum gases experiments is
made possible in this apparatus by using a combined NEG pump with a
small ion pump (SAES NexTORR D1000-10). They are positioned on the
pumping section, consisting in a 4—way cross made out of non magnetic
austenitic stainless steel. The residual gas in the main chamber is pumped
through the conical pipe connecting the two sections. The large 79 mm di-
ameter on the main chamber side and CF100 flange on the pumping cross
side (figure 2.4 A) ensure a large conductivity as calculated in the previous
section.

The pressure in this section is monitored using a cold cathode pressure
gauge Pfeiffer IKR 270 (figure 2.4 C) with a minimum measurable pressure
of 5x 10711 mbar. As this gauge is placed fairly far from the science cham-
ber, with reductions from CF100 to CF40 flanges and two 90° elbows, it is ex-
pected to measure a pressure about 8 times larger than the actual one in the
science chamber. We measure pressures of about 5 x 107! mbar, consistent
with a background pressure in the science chamber of about 10~'! mbar.
On the opposite side of the CF40 3-way cross where the gauge is attached,
an angle all-metal VAT valve connects to the pumping group used to pump
the setup while baking the ensemble. In direct line of view with the connec-
tion to the science chamber, a CF63 sapphire viewport is installed, giving a
large optical access used to slow down the atomic beam (see Chapter 3). The
last CF100 flange is used to connect 3 coaxial electrical feedthroughs (figure
2.4 B) that are used to electrically control piezoelectric actuators and send
radio-frequency signals to an antenna in the science chamber (see section

2.3).
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Figure 2.4: Pumping section. The pumping section is built around a custom CF100
4—way cross. One connection links the pumping section to the main science chamber.
One port hosts 3 electrical feedthroughs while the other one is kept blind. At the
bottom port a CF reduction from 100 to 40 holds a 3—way cross hosting the pressure
gauge on one side and an angled VAT valve on the other. The turbopump group can
be attached there. On the top CF100 port, a pump combining a getter and an ion
pump is fixed. This pump is the only element that actively pumps the background
gas in the main chamber once the turbopump is disconnected.

Combining large magnetic fields and a high finesse cavity : details of the science
chamber design

The science chamber is based on a CF200 cylinder ( see figure 2.5). This
cylinder is made out of non magnetic austenitic stainless steel 316L. It is
connected to the differential pumping tube by a CF40 flange. On the op-
posite side, a conical tube is soldered on the body of the CF200 cylinder
with an aperture of 158 mm diameter. The end of the pipe is attached to the
pumping section with a CF100 flange. The top and bottom CF200 flanges
are closed with two reentrant viewports (UKAEA) (figure 2.5 B). The large
60 mm clear optical aperture of these viewports come 45 mm away from
the center of the science chamber, where the atoms will be located. It offers
a maximal numerical aperture of 0.63.

Tuning the interatomic interactions for °Li requires to reach magnetic
fields of the order of 800 G. Moreover, trapping and cooling a thermal cloud
requires large magnetic field gradients. For these reasons, several sets of
electromagnets are installed around the science chamber. Two pairs of coils
based on hollow-core copper wire (figure 2.5 D) realize both a magnetic
field gradient at the center of the chamber and a quartic magnetic field
bias as they are close to the Helmholtz configuration. In addition, a set
of electromagnets is placed inside the reentrant viewport (figure 2.5 C) to
create a large bias magnetic field up to 1100 G. Small compensation coils are
placed on this electromagnet block to finely tune the position of the saddle
point of the magnetic field.

Lastly, the science chamber hosts the heart of this experiment, the high
finesse Fabry-Perot cavity (figure 2.5 A). The cavity is placed on a science
platform positioned on top of several elements which isolate it from acoustic
noise coming from the environment. This part will be presented in detail in
section 2.3 dedicated to the optical cavity.
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| Experimental apparatus

Figure 2.5: The science chamber. The science chamber is designed around a CF200
cylinder. The top and bottom accommodate reentrant viewports (B). The science
cavity platform (A) sits at the center of the chamber. Electromagnets are positioned
around the chamber (D) and in the reentrant viewports (C) to create large bias mag-
netic fields as well as magnetic field gradients.

The science chamber has additional optical accesses positioned all around
the CF200 cylinder. Two CF16 viewports are positioned along the cavity
axis( defined as the x-axis in figure 2.5). From this axis 4 CF40 viewports are
positioned in the horizontal plane, tilted with an angle of +45°. Four CF16
viewports make an angle of +18°with respect to the cavity axis. All these
optical access are used to laser-cool and trap the atomic cloud during the
experimental sequence (described in Chapter 3). An additional set of four
CF16 viewports are positioned with a £15°angle with respect to the hori-
zontal plane and tilted horizontally with respect to the cavity axis by £25°.
They can be used to add an optical lattice along the vertical direction for ex-
ample. This geometry grants us all the necessary optical access to perform
the cooling procedure, reach the quantum degenerate regime and perform
the cavity quantum electrodynamics experiments in the same chamber.

2.1.4 Preparation procedure for UHV components

All the vacuum components presented in the previous sections have been
carefully prepared in order to limit the possible contaminations that would
have increased the outgassing rate of the apparatus and consequently lead
to higher background pressure. Here I present the main steps that have been
followed and successfully lead to a background pressure compatible with
quantum gases experiments.

* All the stainless steel parts making up the vacuum chamber have been
carefully cleaned with solvents (acetone and isopropanol) using an



ultrasonic bath. For pieces that were previously machined with oil, a
precleaning with a TICKOPUR solution was performed. Once this step
is completed an extra step of cleaning with deionized water to remove
all possible traces of solvents is performed.

The stainless steel parts were baked at air, at high temperature for du-
rations from 24 to 48 h. This procedure, is called air firing. As the pro-
duction of stainless steel produces a large quantity of dihydrogen, that
ends up trapped inside the material, the outgassing of stainless steel
parts is mainly due to the hydrogen diffusing through the material
and outgassing in the vacuum. As dihydrogen is a small molecule, the
entire volume can outgass dihydrogen contrary to heavier elements
that can only be outgassed from the surface. Several procedures, with

different degrees of complexity, can help to reduce this outgassing rate.

One solution is to coat the inner surface of the chamber with a layer
of oxide (TiO;) which would act as a barrier and consequently trap
the dihydrogen inside the stainless steel. Another approach consists in
using as active material to coat the inner surfaces. Then these surfaces
would act as a pump, and reduce the background pressure. Non-evap-
orable-getter (NEG) material can be vaporized to coat such surfaces in
the limit where they are relatively flat, simple and with large radii
of curvature. Both techniques requires complex manufacturing pro-
cesses. Moreover the NEG coating needs to be thermally activated to
start acting as a pump. This activation temperature is about 100 °C. In
our case, we applied the air firing technique to create a layer of oxide
due to a high temperature air baking. The typical temperature is about
400 °C and needs to be kept below 450 °C in order not to modify the
crystalline structure of the austenetic stainless steel which would lead
to unwanted magnetization. This oxidation procedure gives the gold
color of the vacuum chamber as it can be seen in figure 2.2.b.

All parts installed inside the vacuum chamber were cleaned with sol-
vents and then baked inside a small vacuum chamber, pumped with a
scroll pump attached to a turbopump. The outgassing was monitored
on a residual gas analyzer (RGA). The baking was stopped when the
outgassing of heavy elements reached the background detection of the
RGA. A small table 2.1 summarizes the baking temperatures of differ-
ent elements used on the experiment.

Table 2.1: Typical baking temperatures for in-vacuum parts.

’ H Vacum baking | Air Firing

Stainless steel 280 °C 400 °C
(316L/1.4404/1.4435)

Titanium 250 °C -
Viton 200 °C -
Cavity mirror 150 °C -
Coaxial cables (Accu- 200 °C -
glass)

* The entire apparatus, without the viewports, was baked under vac-
uum at 280 °C for several days.

15
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* Once all components and viewports were installed, the entire setup
was baked under vacuum to a temperature of 150 °C in order to not
damage the dielectric coating of the viewports and mirrors. The NEG
elements of the pump were also heated up to 250 °C during this baking
to reduce their outgassing rate, while they were activated. This baking
lasted as long as the background pressure of all heavy elements was
above the background detection of the RGA.

¢ At the end of the baking procedure, the NEG pumps were activated by
heating the NEG elements to 400°C for 1 h. Then, the ion pump was
also activated and the turbopump disconnected by closing the angle,
all-metal valve.

2.2 LITHIUM 6 ATOM

Lithium is an alkali metal with 3 electrons. Two electrons fill the Ts shell.
One valence electron occupies the 2s shell. The valence electron of °Li has
consequently a principal quantum number n = 2 in its ground state. Two
isotopes exist in nature, /Li which is a boson and the one used in this project,
6Li, which is a fermion.

H D1 line D2 line
Mass my ig 9.988341-10727 kg
Wavelength A 670.992477 nm | 670.977380 nm
Frequency v 446.789596 THz | 446.799649 THz
Fine Splitting Arg 10.052778 GHz
Lifetime T 446.789634 ns
Natural linewidth Ty 2m-5.8724 MHz
Recoil temperature T 3.53581152 pK

Table 2.2: Optical properties of ®Li. Reproduced from [77].

The 2S state has an orbital angular momentum L = 0, while the 2P state
has L = 1. In addition, the ®Li valence electron has an intrinsic spin S = 1/2.
The nucleus made out of 3 protons and neutrons leads to a total nuclear
angular momentum I = 1, which is constant as the quantum state of the
nucleus is not influenced by manipulations of the valence electron. The in-
ternal structure is affected by different couplings emerging from :

e The spin-orbit interaction between L and S. The interaction energy
between the two dipole moments reads

. 1B
H =
SO = JmecZh

(2.4)

1dU(r) 4 4
T dr LS]

with e the elementary charge, m the mass of the electron, c the speed
of light, U(r) the Coulomb potential produced by the nucleus and the
core electrons and r the radial coordinate. ug = eh/2m is the Bohr
magneton.

This interaction term lifts the degeneracy for electronic states of orbital
angular momentum L > 0. In our case, the 2P state has two differ-
ent states emerging from the spin-orbit coupling. In the presence of



Property Value

251 /2 Magnetic dipole constant as, , 152.1368407 MHz - h
2Pq /2 Magnetic dipole constant azp, , 17.386 MHz - h
2P3 s, Magnetic dipole constant azp, , —1.155MHz-h
2P, Electric quadrupole constant byp, , —0.10MHz-h
Orbital g-factor gr. 1—me/mep; = 0.999 99587
Electron g-factor gs 2.002319 304 362
Nuclear g-factor gp —0.000445587 1

Table 2.3: Hyperfine constants of °Li. Reproduced from [77].

the spin-orbit interaction, the good quantum number to describe the
eigenstates of the system is the total angular momentum | = L+, as
it commutes with the Hamiltonian. The possible values for | are given
by L -S| < J < L+S. The so called fine splitting of the 2P states leads
to two states of total angular momenta ] = 1/2 and ] = 3/2. They are
separated by 10.056 GHz at zero magnetic field. The transition from
the 2§; /, to the 2Py, state is called the D; line and the one between
the 2S; /, and the 2P3 , state is called the D; line. The properties of
these two lines are summarized in table 2.2.

* A second set of interactions affects the internal structure leading to the
so-called hyperfine structure. It is first due to the coupling between
the nuclear spin I and the magnetic dipole electric quadrupole elec-
tric fields created by the valence electron. Second, the Fermi contact
interaction between the nuclear and the electronic spin also contribute
to the modification of the level structure. The contact interaction van-
ishes for orbital angular momentum L # 0. This term is responsible
for the hyperfine structure emerging from the 2S; /, state. The mag-
netic dipole and electric quadrupole interaction terms are non zero
when the electronic wavefunction is not spherically symmetric (L # 0).
This term lift the degeneracy of the states 2P; ,, and 2P3 ;. As shown
in [78], in the limit of the Hartree-Fock approximation, the magnetic
dipole and the contact interaction Hamiltonian can be written as,

~f+ £§f (2.5)

The hyperfine interaction Hamiltonian simplifies into

Pr = a(L,))j - 1 (2.6)

with a the hyperfine constant reported in table 2.3 for each of the
manifolds, accounting for the three different interaction mechanisms.

To describe the hyperfine structure it is convenient to define a total atomic
angular momentum F = J +I. The quantum number F can take two values
respectively 1/2 and 3/2 for the 2S; /, and 2P/, states. For the state 2P3 /,,
] = 3/2 leads to three hyperfine states with F = 1/2, 3/2 and 5/2 respectively.
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This completely describes the internal structure at zero magnetic field has
shown in figure 2.6a.

We now study how the energy of these electronic states evolves in the
presence of an external magnetic field applied along the vertical direction
B = B,€,. Thus the Zeeman energy change is described by :

F{z = HUB (QL]:Z + QSSZ + QITZ> B2 (2.7)

with g1,gs and gy the g-factors for the orbital, electronic and nuclear mo-
memta respectively (given in table 2.3). There are two interesting regimes to
be considered when comparing the strength of the Zeeman shift compared
with the hyperfine coupling. For what we will be interested in, the spin-or-
bit coupling leading to the fine structure will always be larger than both the
Zeeman and the hyperfine energies.

e For small Zeeman energy compared with the hyperfine coupling con-
stant a. In this casen the total atomic angular momentum is the good
quantum number to describe the level structure (as at zero magnetic
field). The total atomic Hamiltonian reduces to

}:l = HUB QF(L/ ]/ F)]EZBZ (2~8)

with gr the total g-factor that can be calculated using the Lande ex-
pressions. It leads to a linear dependence of the energy levels with the
projection of the total spin mr along the quantization axis fixed by the
direction of the magnetic field:

E(L/I/F) =~ HBQFmFBz- (29)

For low magnetic fields, the energy displacement is linear and given
by the possible values of mf for each hyperfine state.

® Once the Zeeman energy is comparable or larger than the hyperfine
splitting, it can no longer be treated as a perturbation and T is not a
good quantum number to describe the energy splitting between the
hyperfine states. When B ~ a/ug, which for ®Li corresponds to about
100 G, the states are labelled independently by their total electronic
angular momentum ] and by the nuclear one I. The interaction Hamil-
tonian reads

A= up [g7(L )]z + g1(Di.] B. +of - T (2.10)

with energy levels approximated by

E(L,J, 1) ~ ug (gymy + gymy) B, + amyml (2.11)

The energy levels again split linearly (figure 2.6.b), dominated by the
electronic angular momentum projection my as it is significantly larger
than the nuclear one m;. The offset is governed by the different nuclear
states and the hyperfine coupling a. This regime where the contribu-
tion of the nuclear and the electronic angular momenta are decoupled
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corresponds to the so-call Pashen-Back regime. The work presented in
this thesis will be performed with magnetic fields ranging from 550 to
1200 G, thus all performed in deeply in the Pashen-Back regime. As
an important property of this regime, the optical transitions from the
three lowest hyperfine states to the excited state manifold in the 2P3 ,,
state, corresponding to states [m; = —3/2, m; =—1,0,1), are almost
perfectly closed [77]. This means that, under these specific conditions,
atoms in states |1),]2) and |3) can be modelled as two level systems up
to a few percent correction.

We will work with atoms populating the first three Zeeman states usu-
ally denoted as [1), |2) and |3) (figure 2.6.b). Their energy decreas-
ing for increasing magnetic fields, they are high-field seekers, mean-
ing that they experience a magnetic force when sensing a magnetic
field gradient. This means that the atoms in the three lowest hyperfine
states sit at the maximum of the magnetic field. Controlling the pop-
ulation between the different hyperfine states at large magnetic fields
will be a major concern of the preparation sequence (see Chapter 3).
It is possible to control the relative population between these three
lowest hyperfine states by shining radio-frequency (RF) fields onto the
atomic cloud with an antenna. Figure (2.7) shows the frequency dif-
ference between these three states at different magnetic fields namely
568, 690 and 832 G which are the relevant ones practically used in this
work.

= 13)
g 84.019 MHz 82.708 MHz 81.707 MHz
=
=
2
o [2)
c
£
E 75.737 MHz 76.034 MHz 76.268 MHz
1)

/ / / /
568 // 690 / / 832
Magnetic field (G)

Figure 2.7: Zeeman splitting between the three lowest hyperfine states at high mag-
netic fields. The figure shows the frequency differences between the three lowest
hyperfine states |1),12) and |3) at 568, 690 and 832 G. These three situations corre-
spond to particular interaction strengths that are of interest and are used in the next
chapter.

The transitions |1) — [2) and [2) — [3) do not have the exact same
frequencies and the transition [2) — |3) shows a larger variation across
the range of magnetic fields explored. The RF antenna used to drive these
transitions needs to be doubly-resonant at these two different frequencies.
This part of the experimental system is detailed in a section 2.4.4.
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Figure 2.8: Detailed view of the science chamber. (a) Vertical cut view of the sci-
ence chamber. The science platform (A) hosting the cavity mirrors lies on several
stages of vibration isolation made of non-magnetic stainless steel (B) separated by
Viton dampers (D). On the top and bottom, reentrant viewports (C) allow for a
large optical access, up to a numerical aperture of 0.63. An ensemble of two pairs of
coils (G) provides a magnetic field gradient for magneto-optical trapping and a ho-
mogeneous bias. In the reentrant viewports a compact ensemble of electromagnets
combines compact bulk-machined coils (E), allowing to reach up to 1200 G with a
finite curvature, and cloverleaf coils (F) to precisely align the magnetic field saddle
point on the cavity mode position. (b) View of the science chamber with the cav-
ity mirrors (I) and piezoelectric actuators (L) glued on a stiff titanium holder (A).
The holder itself is isolated from the isolation stacks (B) via Viton dampers (D,K).
A single loop radio-frequency antenna (J) is positioned close to the cavity. Titanium
shields (H) avoid direct coating of the cavity mirror by the beam of atoms coming
from the oven.
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2.3 OPTICAL RESONATOR

The heart of this experiment is the high-finesse optical cavity that we use
to couple the photons of a specific cavity mode, with the quantum gas of
fermions. In this section, I will first detail the design that we developed to
integrate the optical cavity in the science chamber together with all the elec-
tromagnets. Then, I will present the basic equations and physical quantities
to describe the properties of a Fabry-Pérot cavity and specifically the prop-
erties of the cavity used in this work. I will give an overview of the assembly
procedure and how the cavity has been experimentally characterized.

2.3.1 Design and assembly

The 4 cm-long Fabry-Perot cavity is positionned at the center of the sci-
ence chamber as depicted in the cut views of figure 2.8.a and .b. In figure
2.8.a we see that the cavity is sitting on top of several consecutive non-mag-
netic stainless steel (DIN:1.4435) rings (2.8.a)B) separated by Viton dampers
(2.8.aD), which are themselves resting on the flange of the bottom reentrant
viewport. The last stage of these isolation stacks consists of a ring machined
out of titanium (2.8.a.bA) where two piezo actuators (Noliac CSAP02-Co3)
are glued (2.8.bF). The mirrors (2.8.bI) are themselves glued on the piezo-
electric actuators. As the entire setup is placed under vacuum it is important
to limit the outgassing rate of all these elements. To remove all movable el-
ements on the science platform that could move during baking and thus
misalign the cavity, we choose to glue the cavity mirrors and piezoelectric
actuators with an epoxy (Masterbond EP21TCHT-1) compatible with UHV
operations.

Moreover, this glue can be cured at room temperature which is a great
advantage in order to limit the different heating ramp applied to the mir-
ror that could degrade their highly reflective dielectric coatings. Another
UHYV compatible glue (EPOTEK Hy2 epoxy) has been tested but required a
curing at 100 °C. This curing lead to a degraded finesse in a reproducible
manner, which led us to choose an epoxy with a room temperature curing.
We attributed the degradation of the finesse to mechanical strain due either
to the heating ramps during the curing or to the CTE mismatch between
the glass and the epoxy. Electrical connections to the piezoelectric actua-
tors and to the RF antenna (2.8.b)(J)) are clamped on the last isolation stack
(2.8.b)(B)) at several positions to avoid direct coupling of the cable vibra-
tions to the piezoactuators. As the titanium holder is isolated from the last
isolation stack with Viton dampers (2.8.b)(K)) and that direct coupling to
acoustic vibrations is impossible due to the UHV conditions in the chamber,
this guarantees a good isolation overall. On the science platform, two plates
of titanium are installed in order to shield the cavity mirrors against the flux
of hot atoms coming from the oven section. Only the center of the atomic
beam go through and intersect the center of the chamber. This shielding is
necessary as lithium coating the cavity mirror surface would degrade dras-
tically the quality of the reflectivity and increase optical losses.

All the electromagnets are carefully positioned not to contact the science
chamber to avoid vibrations. The set of electromagnets surrounding the sci-
ence chamber (2.8.aG)) is attached directly onto the optical table. An ensem-
ble of electromagnets, including the one providing a large magnetic field
bias (2.8.aE,F)) is positioned inside the reentrant viewport. This allows the
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Figure 2.9: The cavity QED platform. Photograph of the science cavity ensemble
prior to installation in the vacuum system.

electromagnets to come as close at 45mm from the geometric center of the
chamber.

Figure 2.9 shows a picture of the entire science cavity platform prior to
its installation in the science chamber. The gold color of the stainless steel
rings is due to the air firing procedure explained previously. The atomic flux
coming from the oven will be aligned to go through the cavity center. The
size of the RF antenna allows to send a laser beam through to slow down the
atomic beam exiting the oven. The RF antenna is fixed on the first isolation
ring, at the very bottom, and does not contact any other rings, in order to
make sure any vibration coming from the coaxial cable feeding the antenna
would couple to the cavity platform.

Assembly procedure

I detail here the assembling procedure of the cavity. We made the choice
of having not adjustable part inside the vacuum to minimize the risk of a
misalignment of the mirror at the baking stage. We therefore pre-aligned the
cavity before installing it in the science chamber and tested it by applying
consecutive heating ramps to ensure that the assembly would not misalign.
We carefully chose the different materials and glue in order to minimize any
thermal expansion effects. To position the mirrors and glue them onto the
piezoelectric actuators a simple procedure has been followed:

¢ Two homemade mirror mounts have been designed to hold the mir-
rors. These mounts leave the top half of the mirrors completely free. A
small plastic screw on the side allows to keep the mirrors fixed during
operation.

* These mounts are fixed onto 3—axis translation and a tip-tilt stages.
This guarantees all the necessary degrees of freedom.

¢ A guiding laser beam (532 nm) is aligned horizontally. This will be
the cavity axis reference for the rest of the procedure. The output cav-
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ity mirror is placed in the beam path and therefore reflects the laser
beam. Using the translation and tip-tilt platforms the mirror is posi-
tioned such that the back-reflection overlaps perfectly with the incom-
ing beam.

® Once this alignment is correctly set, the input mirror is place in front of
the output one. When the coarse alignment is completed, a weak back
reflection is observed. The alignment of the input mirror is adjusted in
order to align this backreflection with the incoming beam.

¢ Then the alignment of the resonator is optimized in order to maximize
the transmission of its fundamental mode and reduce the coupling to
high-order ones.

¢ The alignment being completed, the titanium ring where the piezoac-
tuators have been previously glued is brought from the top and posi-
tioned upside down. As the clear surface of the mirror gives two refer-
ence points, an extra point is required to define the plane on which the
cavity mirrors sit. A small tip is fixed onto the holder of the mirrors
for this purpose.

¢ Finally a small droplet of glue is put on each mirror and the cavity
holder is gently positioned to rest onto the two mirrors and the refer-
ence tip. After 24h of curing at room temperature the mirrors are very
carefully removed from the temporary holding system, together with
the titanium ring to which they are now glued.

This procedure is rather simple and allowed us to build the cavity used
in this work. However, the critical part where the holder is positioned onto
the mirrors for gluing led to a very small displacement of the mirrors. This
broke the cylindrical symmetry of the resonator and led to the need to tilt
the incoming beam by ~ 5° to couple to the TEMyp mode of the resonator.
This technique has since been improved by the second cavity experiment of
the laboratory.

2.3.2 Theory of Fabry-Perot resonators

The calculations presented in this section can be found in many references,
such that [80],[81]

Modes of a symmetric resonator

A Fabry-Perot optical cavity is composed of two mirrors of diameter d sep-
arated by a distance L as shown in figure 2.10. This type of resonantor is
composed of concave mirrors which allows for many relative positions sus-
taining a stable cavity mode of the electromagnetic field inside the resonator.
Here we will describe the different mode structures of such a resonator. We
write the Helmholtz equation describing the electric field in the resonator :

V2E(F)+KE(F) =0 (2.12)

with k = 27t/A the wavenumber at the wavelength A.



Figure 2.10: Fabry-Perot optical cavity. Two concave mirrors with a radius of cur-
vature of Re and diameter d are separated by a distance L. The fundamental mode
of the resonator is a gaussian mode with a waist wy, located at the cavity center and
a longitudinal dependence characterized by the Rayleigh length z..

Starting with equation 2.12 and inserting the ansatz for the shape of the
electric field as E(r,z) = ¥(r,z)e” *** we deduce one possible shape of the
electric field in a cylindrical coordinate system (r,z) :

2

2 i k. 22\ e
W(r,z)=\[rEo(z)w°e (oEatm) e (2.13)

w(z)

The mode sustained in the cavity has a Gaussian profile in the transverse
plane. It is characterized by its beam radius w(z) = wp,/1+ i-EO(Z) is

proportional to cos(kz), due to the standing wave nature of the intracavity
field. In this expression, wy is the beam waist at the center of the cavity for
z=0and zg = w3/ the Rayleigh length. The curvature of the wavefront
that cancels at the cavity center and is maximum around the *+zy is cap-

2
tured by R(z) = & + z. The term ®(z) is the so-called Gouy phase given by
tan(®(z)) = i (figure 2.10).

This solution represents the fundamental mode existing in the resonator
with its characteristic Gaussian amplitude in the transverse plane. How-
ever, this is not a unique solution to equation 2.13. The boundary conditions
fixing the field curvature on the mirror surfaces can allow more complex
amplitudes described with the Hermite-Gauss polynomials in the Cartesian
coordinate system (x,y,z) :

. ik 2)__rZ
Y(r,z) :Eo(z)An,m(x,z,y)V:vo e 1 Pnmlz)e 1<2R(z)r) wiz2 o (2.14)

2 1 1/2 V2x V2y
Anm(x,z,y) = \/; (Wn‘m')) Hn <W(Z)> Hm (w(z) (2.15)

Onm(z) =(n+m+1)(Q(z) — Do) (2.16)

In these expression H; are the Hermite polynomials of order i. They are
defined recursively :

HQ (X) =1
Hi(x) = 2x (2.17)
Hpp1(x) = 2xHn (x) —2nHp 9 (x),

25



26

For (n, m) = (0,0), we recover the fundamental Gaussian mode presented
before. The different modes defined by the integers (n, m) forms the trans-
verse mode structure of the Fabry-Perot cavity. We see that the Gouy phase
is different depending on the order of the Hermite-Gauss mode (2.16). Con-
sequently, each of these transverse electric modes (TEM) of the resonator
have different resonance frequencies. In Chapter 3 I will explain how we
make use of this transverse mode structure in the experiment.

In addition, we have to consider the boundary conditions imposed by the
cavity compared to a free-space mode. It imposes that the length of the cav-
ity represents an integer number of 7 phase shifts such that the electric field
acquires a 27 phase shift for one roundtrip in the resonator. This translates
into a relation between the length of the cavity L and the wavelength A :

L=pA/2 peN (2.18)

In addition to the transverse modes, we see here a structure of consecutive
longitudinal modes spaced by a frequency vrsg = c¢/2L which is called the
free spectral range (FSR). Here ¢ denotes the speed of light in vacuum.

For each of these longitudinal modes, defined by their wavevector k, there
is a substructure composed of transverse modes that differs from the funda-
mental one by their transverse amplitude profile. For a longitudinal mode
of order q and a transverse mode (n, m) the resonance frequency is given

by :

c

Vpmm = 5or (1) + (nt m o+ 1)) arccos(g) 219)

For two consecutive transverse modes (n+m) — (n+m+ 1) belonging to

the same longitudinal mode q = 0, we obtain the transverse mode spacing

for a symmetric cavity (g = 1 —L/R¢ with R the radius of curvature of the
mirrors) to be :

C
VIEM = 51 arccos(g) (2.20)

The cavity mirror parameter g is used to classify the Fabry-Perot cavity
geometries and their intrinsic stability. If the distance between the two mir-
rors combined with the chosen radius of curvature are not properly adapted,
the cavity does not support a stable cavity mode. The stability condition is
given by [81] :

0<g1g92<1 (2.21)

The special case where the distance is chosen to be equal to the radius of
curvature (g = 0) is called a confocal cavity. This is the most stable config-
uration which can tolerate misalignment between the two mirrors forming
the cavity. In this specific case, all the transverse modes are perfectly degen-
erate in frequency. As our cavity differs from this configuration, we observe
the presence of several transverse mode families at finite frequency from the
fundamental mode of the resonator.



Finesse of a Fabry-Perot cavity

After having briefly described the mode structure of a Fabry-Perot cavity I
will now show some properties of the cavity field and how they relate to the
properties of the mirrors. The mirrors have reflection, transmission and loss
coefficients 1, t and 1 for the field amplitude.

We write down the total cavity field amplitude for an incident power on
the input mirror Ej,. As shown in figure 2.11, the field Ei transmitted by
the cavity as a function of the frequency of the incoming beam w = 27mc/A
with c the speed of light and A the wavelength reads

Ey = EjptZe bk (i Tzneicguzn)> (2.22)
n=0
< tT’Em )
Ein tr’Ey, ~ g
» _ t?"SEin i >
t?"QnEin :

tr2n+1 E’m

-
<

Figure 2.11: Intracavity light field. The cavity is injected with a light field of am-
plitude Ej, and power P;, = |E;nl2. Each mirror has a reflection coefficient + and
transmission coefficient t for the field amplitude. The length of the cavity L induces
a phase shift per round trip in the cavity e*?*L. Part of the light leaks out through
the cavity output mirror with a field amplitude Ey.

By taking the modulus square of equation 2.22 we get the power Py exit-
ing the cavity relatively to the input power,

1
1+R2 —2Rcos (V/VEsr)

Per/Pin = T° (223)

with VEsg = ¢/2L the Free Spectral range as defined previously and R = 12
and T = t? the reflection and transmission coefficients in intensity. We ex-
press the ratio between the FSR and the full width at half maximum of the
cavity transmission, F = vpsr/26V that corresponds to the finesse of the cav-
ity. This finesse can be interpreted as the number of roundtrips experienced
by a photon that couples into the cavity before exiting it. Using equation
2.23 in the limit of low losses, we write down the finesse as :

mR o T (2:24)

?:(1—12)—1—12

The typical decay time of the cavity light field is governed by the losses of
the cavity and consequently by the value of the finesse. The cavity linewidth
K = 20v = 1/2mt. with 1. the photon lifetime in the cavity. Measuring the
exponential decay of the cavity light field gives a direct measurement of «
and thus of the finesse.
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We can also link the finesse to the power-build up of the cavity. Writing
down the intra-cavity amplitude of the electric field as the sum of electro-
magnetic waves propagating in the forward and backward direction (figure
2.11) :

00 [=S)
Ec = Ejnt <Z T,ZnJrL[efikL(ZnJr]) + Z anteikL(Zn)> (2'25)

n=0 n=0

Considering that the cavity is pumped resonantly, the complex terms van-
ish,

Ec/En=t(1+71) (Z r2“t> (2.26)
n=0

By taking the modulus square of equation 2.26 we can get the cavity
power build up at the center :

1+1)2 7
Pc/Pinth((]j:z))zzm(1+T')2/ (2.27)

This simplifies even further in the case where both the losses and the
transmission are small compared with the reflection coefficient (in the case
of this cavity T+ L < 0.1%),

45
Pe/Pin ~ —, (2.28)

This feature is very interesting as it will allow for the creation of deep
optical potentials using a very small amount of laser power, as it will be
explain in Chapter 3.

Measurement of the cavity finesse and linewidth

As we have just shown the decay of the cavity intensity directly links to the
linewidth «k of the cavity. Knowing both the linewidth and the FSR gives a
direct access to the cavity finesse. To measure the decay of the cavity field we
perform a ring-down measurement, as shown in figure 2.12.c. A laser beam
at 671 nm is set resonant with the cavity frequency and abruptly turned
off in a time short compared to the expected decay rate of the cavity. The
light intensity decay is recorded by an avalanche photodiode allowing us to
extract a time constant T, = 2.06 ps leading to a linewidth of k = 77.4 kHz.
This technique is extremely convenient as the signal to noise ratio allows for
very precise determination of k. However, it requires that the cavity length
and the frequency of the laser beam are stable with respect to each other.
This was not available at the time when the cavity was tested and then
installed inside the vacuum chamber.

Consequently we used another technique that does not rely on such a
frequency stability. In this measurement, neither the laser frequency nor
the cavity length are stabilized. The cavity is left free-running while the
laser frequency is swept by a few GHz over 100 ms such that the laser
beam frequency is scanned across the cavity resonance. As the laser fre-
quency is swept through the cavity resonance, the transmitted light acquires
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Figure 2.12: Characterization of the cavity finesse. a The laser beam frequency is
swept through the cavity resonance inducing oscillations of the cavity transmission
signal due to interferences between the transmitted and reflected light. These oscil-
lations capture the finesse of the cavity in the ratio of the amplitude and the period.
b Many realizations of the ringing sweeps (violet diamonds) where the ratio be-
tween the normalized speed of the sweep is plotted versus the amplitude ratio of
the first two oscillations. A linear fit (violet solid line) gives the value of the finesse
F = 5 x 10%. ¢ The laser beam frequency is set to be resonant with the cavity res-
onance frequency. There the laser beam amplitude is set to zero in a time faster
than the expected cavity intensity decay rate. The intensity decay (yellow circles) is
recorded on an avalanche photodiode. An exponential decay fit allows to extract the
value of the decay constant k = 1/(2nte) = 77.4 kHz.

a time-dependent phase leading to interferences as it is shown in figure
2.12.a. Reference [82] gives the expression of the time dependent phase

e(t) = (2n—T)¢;(t) —m(n — 1)VFSR (2.29)

with n the number of round-trips in the cavity, ¢1(t) = 2nd(t)/A the
phase due to the time dependent displacement of the cavity mirror d(t) and
Q = 2v/A the sweep rate of the cavity resonance frequency. The fact that the
light field in the cavity at time t has a different frequency with respect the
one entering the cavity at time t + 0t leads to interferences that modulate
the Lorentzian envelope of the cavity transmission. This is possible if the
frequency sweep rate is faster than the typical cavity decay rate given by «.
The frequency and the contrast of this interference relates to the value of the
finesse [82] :

%At = % (IIO +2— e) (2.30)

where I and Iy are the amplitudes of the first two interference peaks (fig-
ure 2.12.a) and At the time difference between the same two peaks. Varying
the scan speed, e.g “FAt, in order to obtain ratios of I/Iy ~ e will give
a value for the finesse. As this measurement cannot be accurate without
a great control on the frequency sweep rate between the cavity resonance
and the laser frequency we realize many measurements and perform a lin-
ear fit of 7 At around the point where I/Iy ~ e as shown in figure 2.12.b.
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This measurement give a finesse of 5 x 10%, leading to a value of the cavity
linewidth k = 27t x 77 kHz, very close to the more precise one obtained with
the ring-down measurement (k = 27t x 73(4) kHz).

2.3.3  Optical properties of the science cavity

Here we summarize the optical properties of the science cavity used in this
work. The science cavity is resonant at three different wavelengths that we
use for different purposes in the experiment :

e 671 nm which is the wavelength resonant with the D-line of °Li.

* 1064 nm is far from any atomic resonances and is used used to trap
the atoms.

* 532 nm is also far from any atomic resonances and is used to stabilize
the length of the science cavity.

Table 2.4: Science cavity optical properties.

| 67inm | 532nm | 1064 nm
Cavity length 4.131(1) cm
Free spectral range (vpsr) 3.6277(1) GHz
Transverse = Mode  Spacing 2.634(1) GHz
(vIEM)
Mirror diameter 7.75 mm
HR coating transmission T ~ 50 ppm T<0.1%
Finesse 4.7(1)-10% | 24(1)-10% | 3.6(1)-103
Linewidth k/27 0.077(1) MHz | 1.5(1) MHz | 1.0(1) MHz
TEMoo Mode waist 45.0(3) pm 40.1(3) pm | 56.6(3) ym

All the wavelengths are reflected by the dielectric coating deposited on
the cavity mirror surface. This coating is chosen to have high reflectivity and
low losses at 532 and 1064 nm. At 671 nm, it is specifically designed to have
a very large reflectivity (~ 50 ppm of transmission) combined with very
small losses (~ 10 ppm). These quantities govern the linewidth of the cavity
K. As the cavity has a much larger reflectivity at 671 nm compared with the
two other wavelengths, the cavity will have a much smaller linewidth at this
wavelength. The measurement of the cavity linewitdh and finesse for each
wavelength are reported in table 2.4.

We have spectroscopically measured both the longitudinal and transverse
mode spacing of the cavity. From the FSR, visg = 3.6277(1) GHz we obtain
the length of the cavity L while the transverse mode spacing links to the ra-
dius of curvature of the mirror, thus to the cavity mode waist. All numerical
values of the science cavity properties are reported in table 2.4.

Another cavity is used on this experiment in order to stabilize the fre-
quency of the different lasers with respect to each other and to reference
them onto the same frequency reference given by the transition frequency
of ®Li. The properties of this cavity are described in Appendix A, table A.1.
More details about the design of the transfer cavity can be found in the
appendix A.



2.4 ELECTROMAGNETS
2.4.1 General overview and simulation of magnetic fields

A complex ensemble of electromagnets surrounds the science chamber host-
ing the optical cavity to create various magnetic fields needed during the
experimental sequence. In this section, I will present all the electromagnets
installed on the apparatus. I will show how the entire electromagnet setup
has been simulated and how this simulation has been compared with the
coils used on the experiment. More specifically, I will detail the set of elec-
tromagnets that provides the large bias magnetic field with an integrated
water cooling, fitting in the constrained space left inside the reentrant view-
port. Lastly, I will present the RF antenna and its the impedance matching
circuit which makes it possible to obtain a doubly resonant circuit suited for
the RF spectroscopy of °Li at high magnetic field.

2.4.2  Summary of coil properties

We have multiple sets of electromagnets on the experiment :

* A tapered and horizontal water-cooled coil placed around the pipe
connecting the oven section and the science chamber : the Zeeman
slower coil (figure 2.13).

* A set comprising several pairs of water-cooled electromagnets placed
around the science and inside the reentrant viewport. The blue and
orange coils are the Helmholtz and MOT coils (figure 2.13). The red
coils inside the reentrant viewports are the Feshbach coils (figure 2.13),
that provides the large bias magnetic field.

* Several compensation coils, sustaining small currents that are used to
create small magnetic fields in order to compensate for magnetic field
offsets (figure 2.13).

All the coils are visible on figures 2.2.b and 2.5.a. In order to specify these
coils, a numerical model of the entire apparatus has been produced based on
the Radia library developed at the ESRF [83]. Figure 2.13 shows a 3D view
of the electromagnets of the apparatus. Each of this coil is characterized by a
given volume to which is attributed a current density. This way of defining
them allows to reproduce complex shapes, such that the one of the Feshabch
coils (see section 2.4.3).

I will now describe the main characteristics of each coil shown in figure
2.13.

¢ First one can first see that the Zeeman slower coil is composed of 7
concentric coils. The first six are connected in series and driven by a
single power supply. The last coil (the closest to the science chamber)
is controlled with a different power supply.

An example of simulation is shown in figure 2.14. Here, the field of
the Zeeman slower coils is simulated for 24 A flowing through the
first 5 coils and 15 A in the last section (dashed yellow and violet
lines). This simulated magnetic field By along the Zeeman slower axis

y is compared to the measured one (yellow circle an violet diamonds).

The grey solid line shows the simulated total field created by all the
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Cavity axis compensation coil

B Zeceman slower coil
B MOT coil

[l Bias Helmholtz coil
B Feshbach coil

Zeeman axis compensation coil

Vertical axis compensation coil

EEEN

Cloverleaf coil

Figure 2.13: Radia simulation of the electromagnet setup. Each electromagnet is
reproduced in this two 3D-view of the simulation with a side view on the left and
a top-view on the right. Each electromagnet corresponds to a different color on the
figure. For each electromagnet a density of current can be attributed in order to
simulate the magnetic field at any point in space.

sections of the Zeeeman slower coil. We see that the Radia simulation
is in very good agreement with the measurement of the magnetic field
profile of the Zeeman slower coil.

¢ It is clearly visible in figure 2.5.a that the coils positioned around the
science chamber are composed of two different sets of electromagnets.
In blue, the coils create a flat bias field as the current run through both
coils in the same direction and that they are positioned to follow the
so-called Helmholtz condition d = R with d the distance separating
the two coil and R their radii. The orange pair of coils are connected
in such a way that both coils have current flowing in opposite direc-
tions, thus creating a gradient of magnetic field crossing zero at the
geometric center of the chamber.

¢ Inside this pairs of coil, we see an ensemble comprising : (i) the Fesh-
bach coils (figure 2.13 in red) that come deep in the reentrant viewport.
These coils provide a large bias field at the center of the chamber, as
well as a negative field curvature of 25 G/cm? producing a weak trap-
ping potential for the atoms in the horizontal plane. The design of
these coils will be presented in details in section 2.4.3. (ii) A set of four
coils in the cloverleaf configuration (figure 2.13 in green). Each verti-
cal pair has the same current polarity with the symmetric pair having
the opposite polarity. This configuration provides a tunable magnetic
field gradient along the two directions in the horizontal plane, suited
to displace the saddle point of the magnetic field created by the Fes-
hbach coils. These coils are controlled by one power supply for each
direction in the horizontal plane.

* A small pair of coils (figure 2.13 in yellow), with low inductance and
identical polarity that allows to compensate for magnetic field offsets
in the vertical direction.



O/-QQQC ---=Simulation Zeeman 1
800+ 4 O% -== Simulation Zeeman 2
/;f o Simulation Zeeman
4 . O  Data Zeeman 1
@ 6004 ,/ ¢ Data Zeeman 2
., b
o) /
=] II
'E 400_ IO %}
Q /
= /
&0 /
= / 2
200 7 /, %
/// Q
O4==mm - @M::::=====..--
—500 —400 —300 —200 —100 0

Distance (mm)

Figure 2.14: Zeeman slower magnetic field : simulation and measurement. The Zee-
man slower coil is composed of 5 sections in serie (indicated in yellow) and a last sec-
tion driven with an independent power supply (in violet) creating two independent
magnetic field distributions. The figure shows the comparison between the magnetic
field distributions measured along the axis of the Zeeman slower (yellow circles and
violet diamonds) and the distribution obtained from the Radia simulation (yellow
and violet dashed lines respectively). The total field is indicated by the solid grey
line.

¢ Last, small compensation coils are placed around the vacuum chamber.
A first pair of compensation coils is placed along the cavity axis (figure
2.13 in light blue). Second, a coil is wound directly around the conical
pipe connecting the science chamber to the pumping section. This one
has the opposite polarity compared with the last coil of the Zeeman
slower. These two coils allow to finely compensate the magnetic field
in the direction orthogonal to the cavity axis.

The table 2.5 summarizes the properties of the main electromagnets of
the experiment presented above. It shows that four of the electromagnets
require an active cooling as they dissipate more than 400 W of electrical
power.

* The cooling of the Zeeman slower coil is ensured by its holder. Its
support is made out of two concentric tubes creating a duct of water.
This cooling works relatively well for the thin section but the first two
large ones are very poorly cooled, their thickness being larger. This coil
is made of 3mm insulated rectangular wire, which makes the cooling
of the outer layers very limited. To cure this issue, we have wired a 6
mm diameter water pipe around the Zeeman slower, which reduces
the heating of the ambient air by this hot sections, therefore increasing
the stability of the experiment.

® The large MOT and Helmholtz coils are based on hollow-core cop-
per wire (square 4 mm with 1 mm diameter hole at the center). The
coolant is flowing through the hole at the center of the wire. This cool-
ing is extremely efficient but the length of wire used to make the coils

33



Table 2.5: Main electromagnet properties.

Power sup- | Number of | Total Re- | Typical
ply turns  (per | sistance (in | Power
coil) Q) dissi-
pated
(kW
MOT Delta Elek- | 32 0.145 3.5
tronika
SM18 — 220
Bias Delta Elek- | 32 0.144 3.5
Helmholtz tronika
SM18 — 220
Feshbach 2 Delta | 31 0.045 4.5
Elek-
tronika
SM18 — 220
Zeeman 1 Delta Elek- | [180,190, 0.745 04
tronika 144,78,40]
SM70 —
AR —24
Zeeman 2 Matsusada | 22 0.017 0.003
RK — 80L —
LRmf
Cloverleaf Matsusada | 50 0.305 0.088
RK10 —40

induce a large pressure drop, thus requiring either a high-pressure
water circuit or the parallelization of the cooling of the different sec-
tions, leading to the necessity of having height water connections for
each of the coil block below and above the chamber.

The Feshbach coil are water-cooled by bringing the coolant fluid di-
rectly in contact with the upper surface of the coil. This will be pre-
sented in section 2.4.3.

The other electromagnets are used with low enough current that they
do not require any active cooling. However, four coils among the
cloverleaf coils that were used to finely positioned the saddle point of
the Feshbach field across the cavity axis have shown significant heat-
ing as they were used at more than 20 A. The heating was significant
enough that a manual displacement of the Feshbach coils has been
necessary to reduce the position correction to lower currents, avoid-
ing this unnecessary heating source. The electrical properties of this
compensations coils are summarized in table 2.6.

2.4.3 Compact bulk-machined electromagnets for quantum gases experiments

This section is inspired from [84].



Table 2.6: Auxiliary electromagnet properties.

Power sup- | Number of | Resistance
ply turns (in Q)
Cavity axis || Matsusada | 1 x 10 0.046
compensa- || RK —80L —
tion LRmf
Zeeman Matsusada | 5 x 11 0.144
slower RK — 80L —
compensa- || LRmf
tion
Vertical Matsusada | 1x15 0.345
compensa- || RK —80L —
tion LRmf
Motivation

Quantum gases requires large magnetic fields for a variety of application,
from laser cooling to magnetic trapping [85]. A very appealing feature of
some atomic species is the existence of very strong, short-range interac-
tions that are tunable by applying an external magnetic field [71] which are

of great interest for quantum simulation of strongly correlated materials.

However combining large electromagnets with the prerequisites of optical
access for a quantum gas experiment is an important technical challenge
that has been tackled by several groups in the past years in order to com-
bine, in extremely compact design, efficient water cooling and large cur-
rents. For example innovative design for Zeeman slower coils [86, 87] as
well as Bitter-type electromagnets [88—90] has been developed and brought
to experimental setups. Moreover miniaturizing atom traps using in-vac-
uum electromagnets [91—93] or atom chips [94, 95] has allowed to reduce
further down the need for high current and consequently the necessity of
active cooling.

In contrast with this route that diminish the need of cooling but increase
significantly the complexity of the vacuum system, we based our approach
on improving the heat management [96], keeping the system as simple as

possible compared with the usual design consisting in wound copper wire.

This design is usually sufficient for low current applications. However, when
large magnetic fields are needed the wires need to be adapted in order to be
efficiently water-cooled. This is usually done by the use of hollow-core cop-
per wire where the coolant fluid circulates directly inside the wire all along

the coil, as for our MOT and Helmholtz coils presented in the previous part.

The main drawback of this approach lays into the intrinsic conductance drop
induce by a small section - long pipe design. In this case, a typical coil would
represent a 100 m long pipe with a diameter of about 1 mm which leads to a
very restricted flow rate in usual water circuit which are limited to pressures
of about 4 bar. Consequently water-cooled electromagnets typically used in
quantum gases experiment require either the use of compressors to obtain
large over pressure (40 bar), or the need to parallelize the cooling inside the
coil by dividing the cooling circuit into several sub-coils, all assembled in
parallel on the main water circuit. Both solutions lead to an increase either
in complexity, or in risk of water leaks that can be quite detrimental on sur-
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rounding optical systems routinely used. Moreover this approach requires
the full coil to be casted into epoxy resin in order to hold the wires in place.
This increase the size of the ensemble, making it quite complicated to use in
constrained space as it is often required in experimental apparatus.

As explored by the Bitter-type approach [88—90], configurations where the
coolant circuit does not follow exactly the electrical current path provides
very efficient cooling. However, this type of electromagnet requires each
winding of the coil to hold a coolant connection making it complex to realize.
Some improvements have been proposed on this technique [97] as well as
for hollow-core copper based coils [98]. For the design we have developed
in this work, we use a similar idea as in [96] where all the rings composing
the coils are water cooled in parallel using a coolant duct than runs directly
on top of the coil. This combined with a single-block, machinable at-wish
design allows to reduce greatly the footprint of the electromagnet, making
it a serious candidate for a use in quantum gases apparatus where available
space around the vacuum chamber is extremely reduced.

Design

The design of the bulk-machined coil, called Feshbach coil on the appara-
tus, is based on a copper ring that is machined using an electro-erosion
procedure to cut out a spiral from a massive cylinder of copper. This con-
stitutes the body of the coil. The coolant circuit flows on the top face of
the copper cylinder, making each turn of the coil in direct contact with wa-
ter (figure 2.15.b). This duct is made leak-tight by pressing a PEEK" cap
against the coil body, itself compressing EDPM? orings that ensure a proper
contact between the two pieces. The cloverleaf coils are mounted onto this
PEEK cap and the entire coil block is held by an aluminum plate itseld fixed
onto the MOT coil block around the chamber (figure 2.15.a). The bottom
of the Feshbach coils come at about 1 mm from the glass surface of the
reentrant viewport, hence bringing the bottom of the coil at 45 mm from
the atomic cloud. As showed in figure 2.15.a.b.c the electrical connection
is 2 mm thick and runs against the outer diameter of the coil. The current
is brought along one of the plate. The plate contacts a copper bar inserted
inside the coil body (isolated from it using a ceramic cylinder around it)
bringing the electrical current to the start of the spiral on the inner diame-
ter of the copper block. There, the current follows the spiral until the end
of it, on the outer diameter. On the way back the electrical current flows
up, following the other copper bar. This configuration allows to cancel out
the field due to the cable bringing in and out the current from the power
supply. The copper rod inside the coil body does break the rotational sym-
metry of the coil but the tilt of the magnetic field axis is not measurable.

The raw oxygen-free copper cylinder of inner and outer radii 32 and 72
mm, respectively, is electro-eroded in order to draw a spiral with a cut out
of 0.38 mm width, leaving a copper pitch of 0.92 mm. The spiral consists
of 31 turns with a height of the coil body of 22 mm. The body of the coil
where the spiral has been machined is then filled with glass-fiber spacers
and finally with epoxy prior to the final shaping of the coil. This makes
the coil body perfectly single block. The detail of machining and assembly
procedure will be explained in the next paragraph.

1 Polyether ether ketone
2 Ethylene Propylene Diene Methylene, EDPM 70, Shore A, 1.5 mm cord and 6 mm



Figure 2.15: CAD view of the Feshbach electromagnets. a The bloc of coils containing
the Feshbach coil and a set of four auxiliary electromagnets in the cloverleaf config-
uration are attached onto an aluminum support plate fixed directly onto the MOT
coil. b The support plate is fixed into the PEEK cap used to create the duct where
the water is circulating on top of the Feshbach coil. The water inlets and outlets are
accommodated in the mount of two of the cloverleaf coils. The electrical connections
of the Feshbach coil are fixed onto the aluminium plate. ¢ The inner and outer turns
of the Feshbach coil are connected to the electrical connection via a copper screw
oriented radially throught the coil body. Standard SERTO connectors are screwed di-
rectly into the peak cap ensuring tight water connections. The duct of 4 mm height
allows for a large coolant flow with a reasonable differential pressure of 4 bars. The
PEEK cap is pressed against the copper body by titanium screws. PEEK M4 inserts
are fixed into the coil body which avoid the titanium screw to create short circuit
between consecutive turns. EDPM orings are installed in ridges at the inner and
outer perimeter as well as below the titanium screws to make sure the ensemble is
completely leak tight.

Our design makes it possible to bring water on the upper surface of the
coil, into the duct created between the PEEK cap and the upper surface of
the coil 2.15.c. The PEEK cap is pressed against the coil body by titanium
screws that are tightened directly into the coil body 2.15.c. PEEK inserts are
tightened in the M6 threaded holes made in the coil body. These inserts have
an M4 inner thread such that the titanium screws pressing the PEEK cap are
not in direct contact with the copper spiral, avoiding electrical short circuit.
The head of the crew presses against the PEEK cap with a EPDM orings3
sealing the connection.

The cloverleaf coils are fixed on top of the PEEK cap, making them sym-
metrically positioned around the magnetic field profile created by the Fes-
hbach coils along the vertical axis. Long titanium screws presses the alu-
minum plate against the PEEK cap, compressing the cloverleaf coils in be-
tween. The entire coil block is consequently held by four titanium screws.
The water inlets and outlets consists in standard SERTO connectors which
are tightened directly in the PEEK cap with silicon placed in the thread to
ensure proper connections. The coil body, once casted into epoxy, is machin-
able at will. In our case a ridge has been cut out on the bottom side on the
coil, removing 5 mm in height and 10 mm from the inner radius to fit the

3 Ethylene Propylene Diene Methylene, EDPM 70, Shore A, 1.5 mm
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reentrant viewport as closely as possible. A total of 8 threaded holes are
drilled on the upper surface of the coil and a last stage of machining to clear
out the glue on the upper surface is performed right at the end of the assem-
bly procedure. This feature of the design facilitate to fit the electromagnet in
very crowded space as usually encountered in quantum gases experiments.

Figure 2.16: Assembled Feshbach coils. a Picture of the assemble Feshbach coil
with the SERTO connections (yellow) mounted onto the PEEK cap (light grey) it-
self pressed against the coil body (copper) b Close view of the top surface of the coil
after machining showing the copper turns (0.92 mm wide) of the coil separated by
spaces of 0.38 mm filled with homemade epoxy glue.

Figure 2.16.a shows the final assembly of the Feshbach coil. The top sur-
face of the coil (figure 2.16.b) is machined to ensure the direct contact be-
tween the copper of the spiral and the coolant fluid. This picture shows
the possibility of machining the coil body after all the gluing procedure. In
fact no short circuits between consecutive wire have been observed after the
machining of the surface neither of the threaded holes. One could imagine
texturing the upper surface in order to increase the heat exchange between
the coolant fluid and the copper, thus improving the cooling capability of
this design.

Assembly procedure

The assembly of this electromagnet is quite simple but nevertheless requires
fine tuning of many parameters. I will go through each step and describe
the critical points and the references of the material used. This technique has
also been applied by the second experiment of the laboratory to reproduce
similar electromagnets and following these steps led to a flawless result.

* A raw piece of oxygen-free copper is machined to bring it to a cylinder
shape. To avoid the machined coil to expand like a metallic spring after
machining, it is important to keep the spiral attached at its start and
end. Thus, the inner diameter is cut smaller that the target one and the
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Figure 2.17: The gluing procedure for bulk-machined electromagnets. a The coil after
wire electroerosion machining. Fiber glass spacers are inserted in between consec-
utive turns along the spiral. It is then placed in a plastic mold hermetically closed
with a plastic cap and orings. b The mold is machined with ridges on the bottom
face to allow the epoxy to spread on the entire bottom face of the coil. Two holes
are drilled from the outside into these ridges to inject the epoxy. Wax is spread on
the full inside face of the mold to avoid the glue to fix the coil in the mold after the
drying stage. ¢ A reservoir of homemade filled epoxy is connected to the bottom
face of the mold (blue pipe). From the top, a scroll pump is connected in order to
generate a primary vacuum of ~ 10~2 mbar inside the mold. This permit the glue to
migrate from the reservoir to the top side of the mold. d Once the glue has uniformly
been injected in the structure, it is left 24 h in order to dry and solidify. Afterwards
the mold (made of several plastic pieces) is dismantled and the bloc is machined to
remove the excess of glue on the top and the bottom face and bring the inner and
outer radius to the specified ones.

outer is kept significantly larger. A small hole is made where the spiral
is supposed to start in order to insert the wire of the electro-erosion
machine. Once the full cut out of the spiral is done, a small (2mm long)
radial cut out is made towards the outer diameter.

* The coil is placed inside a mold 2.18.a. There fiber glass reinforced
spacers are placed to guarantee a uniform spacing between each con-
secutive turns. Prior to placing the coil in the mold, wax is applied on
the full inner surface.

* The mold is made of different assembled parts such that it can be
dismantled to free the coil after the epoxy impregnation. The bottom
of the mold is machined with many ridges (figure 2.18.b) that will
ultimately allow the glue to spread all over the coil.

* The mold is hermetically closed. A primary vacuum pump is con-
nected to it on the top panel (figure 2.18.c). The bottom plate of the
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mold has several holes allowing to inject the glue from the bottom.
The glue in the reservoir is pumped through the coil spiral by the
pump until the full coil is impregnated with the epoxy.

¢ The epoxy used to fill the spiral gaps is a critical point. It needs to be
fluid enough to completely fill the spiral. Moreover because of ther-
mal expansion coefficient mismatch with the copper it ideally need
to dry at relatively low or even room temperature. Finally post ma-
chining requires the epoxy to not crackle. For these purposes we have
developed an homemade epoxy based on a commercial, low viscosity
room temperature curing epoxy 4. This epoxy is filled with 10% of 0.25
pm fiber-glass flake and 30% aluminium nitride (AIN) powder>. AIN
improves heat dissipation through the inter-turns spacing as well as
it hardens the epoxy. The flakes avoid that craks develop through the
glue which would lead to water leaks through the coil.

* Once the glue has properly filled the full mold (figure 2.18.d) and
dried for 24 h the mold is dismanteled to free the coil.

¢ Finally the coil is machined to bring the inner and outer diameter on
specifications. The upper surface is machined to clear the copper and
allows perfect contact with water.

e Last all holes for the electrical connection rod (5.5 mm through hole)
and for the screws (M6 threaded holes) that will press the cap against
the coil are made.

Figure 2.18: Bulk-machined electromagnet. Picture of the bulk-machined electromag-
net after the last set of machining to provide a direct and clean copper interface on
the top for direct water cooling. The threaded holes drilled in the coil accommodate
M6 to M4 PEEK adaptors. This will be used to press the PEEK cap against the coil
body, compressing the Orings placed in the ridges machined in the coil body on the
inner and outer diameter.

Applying this procedure leads to an ensemble that is composed of copper
up to 70% of the total volume, which is very beneficial in term of thermal
conductivity. The U-shaped PEEK cap is then attached with 8 screws to the

4 Sicomin SR1710/SD7820
5 Sigma Aldritch 10 pm, > 98% purity



coil body and presses the EDPM orings on the inner and outer diameter to
make the connection leak-tight. Allowing to leave a few mm of raw copper
on the inner and outer diameters would permit the oring to lay only on a
copper band making the connection safer. Moreover it would guarantee that
the first and last turns of the spiral are in direct contact with water, which is
not the case with this design as they are exactly below the oring, avoiding
direct cooling by water circulating in the duct.

It is possible to carve almost any shape on the bottom side of coil body
once it is impregnated with glue. Leaving a minimal space of 5 mm between
the upper and lower carved surface should guarantee the absence of leak
through the coil. We carved a rectangle of 5 mm within the 22mm of the coil
total height with 10 mm width in order to adapt to the shape of the bottom
face to the exact profile of the reentrant viewport. This procedure did not
show any weakening of the coil at this location. This locally increases the
resistance of the wire as their height is reduced by 25% without showing
any increased heating compared with the rest of the coil body.

Magnetic fields

We used the Radia simulation package to simulate the full magnetic field
distribution. This takes into account the ridge on the bottom side and the
electrical connection rod going through the coil. We simulate the vertical
component of the magnetic field B, along the axis of the coil z (solid yellow
line in figure 2.19.a) (which is also the vertical axis on the experiment). We
also simulate the magnetic field B, in the plane, along the x—axis, located
52 mm away from the coil center along the vertical axis (solid yellow line in
figure 2.19.b). This position corresponds to the position of the atomic plane
in the real apparatus.
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Figure 2.19: Magnetic field created by one Feshbach electromagnet. (a) and (b) dis-
play the magnetic field created by a single Feshbach coil. (a) shows the evolution of
the magnetic field along the axis of the cylinder while (b) shows the field variation
in a plane located 45mm away from the bottom of the coil (grey dashed line), cor-
responding to the expected position of the atomic cloud. The violet diamond shows
the measured magnetic field which is compared with the Radia simulation (yellow
solid line) accounting for the exact shape of the coil.

This simulation is compared with measurement realized with a Hall sen-
sor © displaced using a translation platform. Results are shown in figure
2.19.a.b) with violet circles. We see that the simulation describes accurately

6 Lakeshore 425 / HMNA-1094-VR
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the actual field distribution for one electromagnet with a maximum field
in the atomic plane of 1.28 G-A~!. In the actual setup we have calibrated
the magnetic field created by the pair of Feshbach coils to be 2.7013G - A=,
This means that reaching the Feshbach resonance at 832 G would require
typical current of the order of 308 A.

Thermal properties

We can now take a closer look to the thermal properties of coil based on
a cooling from the top surface. Heat exchange can only happen in three
different manners in such systems :

* Heat conduction within the bulk of the coil. This would translate into
temperature differences across the coil AT,.

e Heat transfer at the coil-coolant flow interface, measurable in the tem-

perature between the coolant fluid and the coil surface temperature
ATy,.

* Heat transfer between the coolant flow and the assembly. This leads to
a temperature increase of the coolant flow between the inlet and the
outlet ATg.

Our design is in the transfer-limited regime, where no observable heating
of the coolant flow is observed meaning AT << 8T¢ + AT,,.

To evaluate the design, we first consider the heat transfer across the coil
wire along the vertical direction. For this, and assuming no heat transfer
between consecutive windings, we write the temperature difference between
the top side, in contact with the coolant, and the bottom one as :

12 PCu

AT. = —
€7 w2 2Acy

(2.31)

with I the electrical current flowing in the winding, pc, and Ac, the cop-
per resistivity and heat conductivity respectively and w the width of one
winding. In our case, the temperature increase expected for w = 1 mm and
[ =400 A is about 3.4 K.

This result has a strong meaning : it is mainly useless to have a coolan-
t-copper contact on the entire surface of a wire. Copper heat conductivity
being large enough if one side is properly cooled, no temperature gradient
will build up inside a single wire. Moreover the dependence on the height
of the wire H drops out of the equation. This is because if H is reduced, the
resistivity of the winding increases also linearly leading to an increase of the
dissipated power which is compensated by a more efficient heat conduction
through the winding height as it is reduced.

We have now to estimate the efficiency of the heat transfer and the surface
of the winding which is in direct contact with it. Assuming a water flow in
the duct of 0.23 L/s that imposes a forced convection at the interface one
can write the heat flux at the interface :

hw(T(H) —Tw) = Hp (2.32)

with H the height of the wire, p the dissipated power, T,, the temperature
of the coolant flow and T(H) the one of the coil evaluated at the height H as



previously described. h,, is the heat transfer coefficient at the surface. With
the typical water flow stated previously we obtain a Reynolds number of
~ 6.4 x 103 yielding to conclude that we operate in the turbulent flow regime.
We can consequently extrapolate the heat transfer coefficient h,, = 5 x 103
W.m~2K~". We obtain :

Pcu
AT, =17 —St— :

w TwZh, (2.33)
leading to a ratio AT./AT,, = 0.14 showing that the heat exchange at the
coolant-copper interface is the limiting one in this design by contrast with
existing designs such as Bitter-type electromagnets or hollow-core copper
wire based coils.

Similarly we can study the increase of coolant flow temperature based on
the conservation of the energy leading to :

AT = Izﬁ (2:34)
with R the total electrical resistance, Q the flux of coolant fluid and C,,
the volumetric heat capacity of water. With our experimental parameters, it
leads to a temperature increase of ATy = 0.7 K at 400 A. This shows that this
design is expected to be insensitive to water flow as compared with most
of the other designs. The large aspect ratio of the coil windings does not
degrade the heat transfer properties as this is accompanied with a decrease
of the resistivity.

We characterized their thermal properties experimentally as shown in
figures 2.20 and 2.21. First we measured the temperatures at different lo-
cations on the electromagnets once they have reached a steady state for
different electrical powers. The blue diamonds correspond to the tempera-
ture of the coil body on the opposite side compared with the one directly in
contact with the coolant (2.20.b). The yellow circles monitor the temperature
of the first inner winding, not directly in contact with the coolant because of
the Oring and the violet squares show the temperature of the outlet of the
coolant circuit. We observe a linear dependence of these temperatures (fig-
ure 2.20.a) for increasing electrical power with the electrical current ranging
from 20 to 300 A, running continuously in the electromagnet. The water flux
is set to 0.23 Ls~! with a water temperature of 17.5°C at the inlet.

Remarkably, even when running 300 A continuously, the coil body tem-
perature never exceeds 30° C and the water outlet temperature 18° C as
expected from the heat transfer calculations. The linear fits of the temper-
ature increase of the coil (dashed lines in figure 2.20.a) give a heating rate
for the coil body of 9.4 K- kW~'. The only important temperature increase
is measured on the first inner winding (and observed also on the last outer
one). As this specific windings are not in direct contact with the coolant,
their cooling relies entirely on conduction along the winding from the ones
directly cooled by water. This process being very limited, the increase of
temperature is significant. However, if the electromagnet is run in typical
experimental conditions with 308 A and a duty cycle of 30%, the hottest
point located on the inner winding reaches about 30 °C which allows to op-
erate the machine in safe conditions, with limited heating of the surround-
ings. Using a variable pitch machining to widen the first inner and outer
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Figure 2.20: Evolution of the coil temperature. a and bEvolution of the temperature
of three points of the coil, the inner electrical connection (yellow circles), the coil
body (blue diamonds) and the water outlet (violet squares) as a function of the input
current. Dashed lines shows a linear fit of the temperature increase for increasing
electrical power.

winding in order to guarantee a direct contact with water would reduce the
temperature inhomogeneities in the electromagnets, thus forced convection
will be the principal cooling mechanism for all the windings.

Similarly we studied the transient dynamics of the temperature of the
coil (figure 2.21.a). We measured the temperature of the coil body and the
inner winding as a function of time when turning the current on at 300
A at t = 0. The blue dots show the evolution of the coil body tempera-
ture while the yellow ones show the inner winding temperature. The solid
lines are exponential fits of the temperature evolution to extract the typical
time constant of the cooling mechanism. The coil body reaches the steady
state regime with a time constant of 15.26 s, which is fast as forced con-
vection at the winding surface is really efficient. This measurement of the
time constant T ~ wC¢y /h allows to extrapolate the value the heat trans-
fer coefficient to be h ~ 5 x 10> W.m 2K~ compatible with the one
calculated from our expectations. In comparison, the inner winding be-
ing only cooled down by conduction, its thermalization is much slower
with a time constant of 81.1 s. Both timescales are compatible with a rea-
sonably fast thermalization allowing to operate the full machine in stable
conditions after ten minutes of warm up of the electromagnets. We also
measured the evolution of the coil body temperature for varying coolant
flux as shown in figure 2.21.b. We observe a decrease of temperature for
an increase of coolant flux. In this design the flux is limited by the pres-
sure drop in the pipes bringing water from the wall inlet to the coil. The
large duct produces in minimal pressure drop through the coil, allowing
to reach flux of about 0.26 1-s~! for a moderate overpressure of 3.5 bar.

This design of compact, bulk-machined electromagnets offers a large flex-
ibility of shape even in constraint location in addition of a very efficient
cooling mechanism. This electromagnets are routinely used for more than
three years on this experiment without having shown any leak or heating
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Figure 2.21: Dynamical evolution of the coil temperature. a Temperature evolution
of the coil body (light blue) and the inner electrical connection (light yellow) over
time. An exponential fit to each curve is displayed with the solid lines. The time
constant for the coil body, in direct contact with water is one order of magnitude
smaller than the time constant of the electrical connection, only cooled by conduction
through the first turn of the coil. b Evolution of the coil body temperature as a
function of the coolant flow. For large flows, it only shows a 2°C temperature increase
compared with the temperature of the water inlet.

problem even for large currents of about 440A and entire days of operation
for more than 10 consecutive hours. Their compactness has been a great ad-
vantage in order to guarantee large optical access from the top and bottom
of the chamber. We could consequently accommodate the cloverleaf coils
in the same reentrant viewport for fine tuning of the magnetic field saddle
point position.

2.4.4 Radiofrequency doubly resonant circuit

In order to drive transitions between the three lowest hyperfine states |1),
[2) and [3) at different magnetic fields a radio frequency (RF) antenna is
installed on the science platform as depicted in figure 2.8.b. It consists in a
single loop with a diameter of 4 cm made out of copper wire with a section
of 20 AWG with Kapton insulation.

This antenna, connected to the outside of the chamber with a 1 m long
coaxial cable, has an intrinsic inductance L = 220 nH and capacitance C =
32 pF. As this behaves as standard LC circuit it will have a resonance at
a frequency v = 1/2mv/LC. This resonance would be located at about 60
MHz which is too low compared with the frequency transition we want to
address. Moreover, as we want to drive transitions between states |1) and
I3) and states |2) and |3) the circuit should have two resonance frequencies,
separated by a couple of MHz.

For this purpose a doubly-resonant LC circuit, shown in figure 2.22.a, has
bees designed to impedance match the antenna and the high power am-
plifier in order to have the ensemble resonant at the proper frequency. It
consists in two tunable LC circuits in parallel and two capacitor in series as
shown in the circuit layout (2.22.b). The four capacitors are tunable, mak-
ing it possible to finely adjust the position of the two resonances to the
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Figure 2.22: The dual frequency RF antenna impedance matching circuit. (a) Pic-
ture of the impedance matching circuit used to create a doubly resonant impedance
matching. This will allow to drive with the same circuit transitions between the low-
est hyperfine states |1)-|2) and |2)-|3) at different magnetic field values. (b) The circuit
is composed of two LC circuit mounted in parallel with the antenna which is itself
modelled by a LC circuits. The inductances are fixed while the capacitance are tun-
able in order to position precisely the resonances of the circuit at specific frequency
values.

desired value. This circuit is fed with three arbitrary waveform generator
Siglent SDG 5122 which can be connected to the circuit by using several RF
switch ZYSWA — 2 — 50DR+. Then, one RF switch allows to turn on and
off the RF signal that is fed into a high power 100 W RF amplifier ZHL —
100W — 251XS+. The output is connected to the impedance matching cir-
cuit which is itself directly plugged on the BNC electrical feedthrough that
connects to the antenna inside the vacuum chamber. The impedance match-
ing circuit has to handle the large power output of the amplifier making it
complicated to find electronic components sustaining such high RF power.

In order to characterize and tune the resonance frequency we looked at
the reflection of the circuit when sending a frequency sweep from 65 to 95
MHz. This is done using a vector network analyzer. In figure 2.23, we show
the amplitude of the reflected signal measured on the network analyzer. By
adapting the value of the capacitors we can easily tune the resonance to
76.1 and 84.02 MHz. This makes it possible to drive the |1) —|2) transitions
from 568 to 850 G. As the relative magnetic dipole moment of state [2) and
|3) differs by a larger amount and due to the quality factor of the resonance,
the [2) —3) transition can only be addressed at 568 G. It would be possible to
decrease the quality factor of the resonance by adding resistive components,
which would extend the range of magnetic field where we can address this
transition. This circuit is used to drive the hyperfine transitions in order to
control the relative populations in each hyperfine states and to perform RF
spectroscopy of the strongly interacting Fermi gas.
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Figure 2.23: Characterization of the impedance matching circuit. Measured reflexion
(S11 coefficient) from the impedance matching plugged onto the RF antenna using
a network analyzer (yellow solid line). We set the capacitance values to obtain one
resonance around 76 MHz and around 84 MHz. While the second one only allows
to drive |2)-|3) transition at 568 G, the first one is set such that it is possible to drive
the |1)-12) transition from 568 to 850 G (indicated by the light violet area and the
dashed violet line indicating the frequency transition at these magnetic fields).

2.5 EXPERIMENTAL COMPUTER CONTROL
2.5.1 Labscript presentation

A typical quantum gas experiment requires to control a large number of
instruments in a sequential manner for a duration that lasts between a few
seconds to minutes. In our specific case the duration of the experimental se-
quence is from 3 to 7 s where laser amplitude, frequencies and measurement
devices needs to be turn on and off and controlled. For this purpose we use
a Python library designed to create an interface between a user interface that
consist in a Python code and a series of instruction that are transmitted to
the hardware used on the experiment. The Python suite is called Labscript

[99]-
In our case we use several part of this suite :

* RUNMANAGER is the interface that allow us to enter all the numer-
ical values of each output we want to control during the sequence. In
addition the events of the sequence are written in a Python script that
is taken as an input by Runmanager. Runmanager outputs an hdfs file

containing all the values of all the outputs used during the sequence.

This file will be used to send the instructions to the hardware and will
be used to collect the data acquired at the end of the sequence.

¢ BLACS is the device interface. It will send the instructions to the hard-
ware in a sequential way. Different classes can be added to Blacs in
order to control scientific cameras, arbitrary waveform generators or
RedPitaya FPGAs. Blacs will control when each instrument is called in
the sequence and when each measurement is saved in the hdfs file.

¢ LYSE is the data analysis interface. It can run single shot or multi shot
analysis scripts. It takes as an input the analysis codes and run them
automatically when a new shot is received.

Combining these three tools allows to obtain a very adaptable experi-
mental computer control system. Along the years we have added several
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classes for cameras and arbitrary wavefront generator. On-the-fly data anal-
ysis including optimization processes are made particularly convenient. In
the next part I will describe the detail of the computer control architecture
on the apparatus.

2.5.2 General architecture

The computer control of the apparatus is based around two main comput-
ers that are used to initialized the hardware, prepare the instructions sent
during an experimental sequence, gather the data from the instrument and
perform the data analysis. Both computers share the same local network al-
lowing the master computer (PCz) to send instructions to instruments con-
nected to the second computer (PC2).
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Figure 2.24: Computer control architecture.

The Labscript suite is installed on PC1 as well as an arbitrary waveform
generator (Pulseblaster) that is used as a the master clock for the experiment.
A specific Labscript class allows the clock rate to be adapted during the
sequence in order to optimize the actual number of instructions send to
the hardware depending on the fastest process over part of the sequence.
This allows to have slow clock rates during phases of the sequence that last
for seconds and where instructions just need to stay constant and to only
use the largest time resolution where it is actually required, optimizing the
computing resources on a very elegant manner [99].

As described in figure 2.24 a National Instrument card is connected onto
PC1, allowing to have both analog control outputs and digital ones. The
digital outputs are used as triggers for many instruments such as arbitrary
waveform generators or scientific cameras and to control TTL components
as switches or shutters. The analog outputs are used to control voltage con-
trolled oscillators (VCO) or the power or both laser beams and RF signals.
All the instructions contained in the hdfs file are parsed by BLACS and sent
to the different NI cards during the experimental sequence.



On the same computer Siglent DDS and RedPitaya FPGAs are used to
produce RF signal and clean variable voltage set point. They are programmed
at the beginning of each sequence and triggered by a digital output signal
of the NI card at the required time stamp during the sequence. The two
scientific CMOS cameras are also connected to the same computer and their
acquisition is triggered by the digital outputs. The images are read out at the
end of the sequence and saved in the HDF file containing all the sequence.

The High-Finesse wavemeter WS8-2 and the acquisition card of the photon
counter are connected to the second computer (figure 2.24). The acquisition
of the photon counter is also triggered by a digital output of the NI card and
the data are retrieved and save and the device initialized on a similar way as
for the cameras. The wavemeter communicates the value of the frequencies
of the laser read on each of its eight ports a sequential manner. The software
of the wavemeter contains a PID for each of the input allowing to feed back
a control voltage on the lasers to regulate their frequencies if necessary. This
is used at the beginning of each sequence to tune the frequency of lasers
before starting the experimental sequence.






PREPARATION OF A STRONGLY
INTERACTING FERMI GAS IN A HIGH
FINESSE CAVITY

In this chapter, I will describe the technique used to produce a degener-
ate Fermi gas with strong atom-atom interactions, within the mode of the
high finesse optical cavity. I will first present the basics of the interaction
between a two-level atom and an electromagnetic field, providing the build-
ing blocks we routinely use to cool down and trap the atoms. I will then
detail the experimental sequence we use to produce, with a typical duty
cycle of 4 s, a large and strongly interacting cloud of about 7 x 10> atoms
in a deeply degenerate regime. The intracavity dipole trap and evaporative
cooling which represents a significant improvement compared with existing
apparatus will be emphasized in this section. I will show how we can con-
trol the hyperfine state populations obtained after the preparation. Finally I
will conclude on the different probing techniques we have at our disposal
to study this strongly interacting system.

CHAPTER CONTENTS

3.1 Basics of light-atoms interaction 52

3.1.1 Radiation pressure force 52

3.1.2 Dipole force 53

3.1.3  Overview of the experimental sequence 53
3.2 Laser cooling stage 55

3.21 MOT and Zeeman slower 55

3.2.2  Laser system 57

3.2.3  Experimental sequence 58
3.3 Cavity length stabilization 60

3.3.1  Trichroic Fabry-Pérot cavity : probing, trapping and stabiliz-

ing 60
3.3.2  General architecture 61
3.3.3  1064nm laser systems 63

3.3.4 Science cavity stabilization laser systems 64

3.3.5  Transfer cavity laser systems 64

3.3.6  Probing the light-matter coupled system with the cavity 66
3.4 All optical evaporative cooling to quantum degeneracy 69

3.4.1 |Intracavity dipole trap and evaporative cooling : a lattice-free
intracavity trap 69

3.4.2  Evaporative cooling to quantum degeneracy in a running wave
crossed-dipole trap 77

3.4.3  Experimental sequence to create a |1) —|3) mixture 84

3.4.4  Absorption imaging 86

The content of this chapter closely follows our publication:

K. Roux, V. Helson , H. Konishi and ].-P. Brantut
Cavity-assisted preparation and detection of a unitary Fermi gas
New Journal of Physics 23, 043029 (20121)

51



52

3.1 BASICS OF LIGHT-ATOMS INTERACTION

The ability to use coherent light to cool, trap and control atoms is at the
foundation of quantum gases experiment [100-104]. We routinely use the
tools of laser cooling and trapping to create deeply degenerate quantum
gases starting from a hot atomic vapour of ®Li. In this section I will briefly
introduce two effects of the light-atom interaction that allows for laser cool-
ing, namely the radiation pressure force and the dipole force that is at the
origin of optical trapping. For this, we will consider a two-level atom with
an ground state denoted |g) and a excited state |e), illuminated with a plane
wave of wavevector k.

3.1.1 Radiation pressure force

The radiation pressure force is the force that dominates when the frequency
of the laser illuminating the atom is close to the one of the atomic transition
[100]. It is at the basis of Doppler cooling where the two-level atom un-
dergoes repeated absorption-emission cycles that result in a decrease of the
its velocity. The absorption in the mode of the monochromatic laser source,
together with the spontaneous emission in any direction of space, will pro-
duce a momentum transfer of —hk for each absorption-emission cycle.

We define the typical lifetime of the excited state I' and the detuning
between the atomic transition frequency and the one of laser A = wi — wq.
The light-matter Hamiltonian in the rotating wave approximation can be
written as

~ Rh[fA QF
H:2<Q —A) (3.1)

with Q = dE the Rabi frequency of the transition from |g) to |e), proportional
to the dipole matrix element of the atomic transition d and to the amplitude
of the electric field. It is possible to derive the force on the atom induced
by the interaction with the laser field that depends on the wavevector of the
plane wave,

(3-2)

with s the saturation parameter given by s = 2Q?/ (Fz +4A2). It can be
rewritten as a function of the saturation intensity defined as I/Isyt = 2Q2 /T2
characteristic of the atomic transition such that

L . (33)
14+4A2/12 ’

This force reaches a maximum for large s, F = hkI'/2. It allows to slow
down the hot atomic beam and cools the atoms in the Magneto-Optical-Trap
(MOT) in combination with a gradient of magnetic field that creates a trap
for the atoms [100]. The cooling force can be expressed as a function of the
speed of the atoms F = hk?s(—2AT)/ (A? +T2/4) [105]. This viscous force
is the one responsible for Doppler cooling that is the basic tool routinely
used on cold atom experiments to produce cold clouds down to tempera-
tures of the order of 100 pK. As seen from the dependence of the force on



the speed of the atom, the magnetic field profile of the Zeeman slower coil
allows to address several velocity class due to the spatial dependence of the
frequency of the atomic transition due to the spatially variable Zeeman shift.
Doppler cooling leads to a minimum temperature that depends directly on
the linewidth of the excited state I' that is the so-called Doppler temperature
kg Tpoppler = NI'/2 which is equal to 142 pK for OLi.

In addition to the radiation pressure there is a second one proportional
to the gradient of the intensity and that will dominate over the radiation
pressure force when the frequency of the laser beam is far detuned with
respect to the atomic transition frequency [106]. This force, called the dipole
force, is detailed in the following part.

3.1.2  Dipole force

Considering a two-level atom in the oscillating electric field of the laser
beam we can write the associated dipole potential energy

1

V=~ (pE) (3.4)

with, as previously, E the electric field and § = «F the dipole moment for a
complex atomic polarizability «. The imaginary part of this quantity links to
the absorption of the photons from the light field and relates directly to the
radiation pressure force discussed previously with Iy = —ﬁlm(u)l(?),
€o the vacuum permittivity and c the speed of light. The real part links to
the dipole potential as described by

1

V=-—
2€0C

Re(x)I(F) (3-5)

As we study a two-level system we can approximate these relations by

3me? T
V= 203 ZI(T) (3.6)
3mc2 /T\? .
lse = m (A) I(7) (3-7)

For A > 0, the dipole force will be repulsive while it will become attrac-
tive for A < 0. This process will be used to trap the laser cooled cloud in
a far-off-resonant laser beam, where evaporative cooling will be performed.
At large detuning, scattering from the trapping laser beam will be greatly
reduced as it scales with 1/AZ. It allows to trap the atoms without large heat-
ing due to spontaneous emission induced by the trap laser for large enough
detuning. the combination of the radiation pressure and the dipole force
permit to achieve an all-optical production of a degenerate gas of °Li [107]
without the magnetic trapping. In the following part, I will give an overview
of the preparation sequence we use to produce a strongly interacting and
degenerate gas of °Li.

3.1.3  Overview of the experimental sequence

The preparation sequence has a total duration of 3.3 s to produce a degen-
erate Fermi gas. Then the probing part can vary from a few milliseconds in
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the case of a time-of-flight imaging to a few seconds when we want to look
at very slow variation of atom number using the transmission spectroscopy
through the cavity.
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Figure 3.1: Overview of the experimental sequence. The sequence starts with a stage
of slowing down the atoms to capture them in the MOT. After this laser cooling
stage the cloud is trapped into an intracavity dipole trap where a first evaporative
cooling is performed. There the cloud is transferred into the lattice-free cavity trap
for a second evaporation ramp. Finally the cloud is transferred into a running wave
crossed optical dipole trap to perform a last stage of evaporative cooling allowing to
produce a deeply degenerate Fermi gas. Then the cloud is held in this trap where it
can be probed with several tools.

The short duty cycle is possible first, because the entire preparation is
made using optical trapping. Moreover, the laser cooling, the optical evap-
oration and the cavity QED measurement are all performed at the same



location, the center of the science chamber. The absence of any transport
of the cloud from a MOT to a science chamber greatly reduces the exper-
imental duty cycle. Second, the large atom-atom interactions induce a fast
thermalization during the evaporative cooling sequence. This fast duty cy-
cle represents a major advantage and is comparable with state of the art
production of quantum gases [108, 109].

The experimental sequence is composed of several steps as described in
figure 3.1 :

¢ The loading of the MOT. For a total duration of 2 s the Zeeman slower
slows down the hot atomic beam exiting the Lithium oven. These
atoms are captured at the crossing of three retro-reflected beams at
671 nm, resonant with the D;-line of °Li, where the MOT cools them
down to mK temperatures.

* Then the MOT cloud is compressed in order to cool it further down to
the Doppler temperature and to reduce its size from about a cm to a
mm.

* The cloud is loaded into the intracavity optical dipole trap made by
a far-off resonant 1064 nm laser beam injected into the cavity. At the
same time, the bias magnetic field is ramped up to the location of the
broad Feshbach resonance of °Li [71], where atom-atom interactions
are large. The trap optical power is then decreased to perform a first
stage of evaporative cooling.

* Then, the cloud is loaded into a second intracavity dipole trap where
the lattice structure intrinsic to the standing wave of an intracavity
light field is cancelled. this is possible by taking advantage of the con-
secutive longitudinal mode structure of the cavity and their relative
phase shift. Once the cloud is transferred into this trap a second stage
of evaporative cooling is performed where the cloud can shrink at the
center of the cavity mode.

¢ At this stage the cloud is transferred into a running wave crossed op-
tical dipole trap made by two focused beams, crossing at the center of
the cavity mode. A last stage of evaporative cooling takes place and
brings the gas to quantum degeneracy.

* The cloud can be kept in this crossed dipole trap or released in one of
the two arms adiabatically.

In the following sections I will describe in more details each of these dif-
ferent parts of the sequence with the timelines of the relevant experimental
parameters, the laser system and the main results and characterizations we
have performed.

3.2 LASER COOLING STAGE
3.21 MOT and Zeeman slower

The experimental sequence starts with a first 2 s stage of laser cooling which
consists in having simultaneously the Zeeman slower and the MOT turned
on. The Zeeman slower acts as a viscous force that slows down the atoms
from speeds of the order of 1000 m-s~!, coming from the the Lithium oven
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Figure 3.2: The Magneto-Optical-Trap beamlines around the science chamber.

heated up to 350 °C, down to the capture velocity of the MOT which is about
100 m- s~ 1. As the atoms are decelerated along the 40 cm-long Zeeman
slower tube, it is mandatory to adapt the transition frequency in order to
compensate for the velocity-dependent Doppler effect [110]. The tapered
Zeeman slower coil plays this role by creating a space dependent Zeeman
shift of the atomic transition frequency that matches the deceleration of
the atomic beam, allowing the Zeeman slower beam to stay resonant with
the 2S¢ ,,,my =1/2) — [2P3,5, my = 3/2). The Zeeman slower beam has
a total power of 172 mW which is focused down into the Lithium oven
(figure 3.2). The beam diameter is approximately 2.5 cm at the center of the
chamber which leads to a saturation parameter s = I/Isat = 14 with Lot =
2.54 mW - cm~? the saturation intensity of the D line. Thus the Zeeman
slower operates with the maximal radiation pressure thanks to the large
saturation parameter permits to reach a scattering rate I'sc = I'/2 limited by
the natural linewidth of the transition. Moreover, the large value of s at the
beginning of the Zeeman slower where the beam is focused broadens the
atomic transition, reducing its sensitivity on the exact laser frequency.

The atomic beam is captured by the MOT at the center of the science
chamber. The MOT is composed of 3, 2.5 cm diameter retroreflected beams
that cross at the science chamber center, with a relative angle of 90° (fig-
ure 3.2). They are circularly polarized. Each beam consists in two frequen-
cies corresponding to a cooler and a rempumper beam, driving respectively
the transitions |2S; ,,,F = 3/2) — [2P3,,,F =5/2) and [2S1,,,F =1/2) —



|2P3 2, F = 3/2). Combined with these beams, a quadrupole field is created
by the MOT coil, which together with the radiation pressure force of the
MOT beams, result in a effective trapping around the zero crossing of the
quadrupole field [111]. The repumper light ensures that atom pumped into
the [2S;,,,F = 1/2) state are optically pumped back in the [2§; ,,,F =3/2)
in order to cycle the cooling transition. The cooler and repumper beams
have a total power of 67.5 and 33 mW for the vertical beam and 33.75 and
16.5 mW for each horizontal beams. This leads to a total saturation para-
mater s = 10.8 for the cooler and 5.3 for the repumper allowing to operate
in the high saturation regime.

Figure 3.3: Picture of the fluorescence of the MOT cloud in the science chamber.

3.2.2  Laser system

The MOT and Zeeman slower beams are derived from two independents
671 nm Toptica TApro tapered amplifiers [112] as shown in figure 3.4. A first
TApro generates a total output power of approximatively 500 mW. A small
part is sent to a double double-pass Acousto-Optic modulator (AOM) and
then to a spectroscopy cell filled with a °Li gas at 250 °C. This is used to
generate a saturation absorption spectroscopy signal [113]. It provides an
error signal to stabilize the frequency of this laser on the crossover signal at
114 MHz in between the [2S; ,,,F = 1/2) and the [2S; /,, F = 3/2) states. The
two AOMs shift the spectroscopy beam by respectively 114 and —114 MHz.
By introducing a frequency difference 6 of opposite sign on both AOM, we
can dynamically tune the frequency of the TA from being exactly resonant
with the crossover signal to a detuning of 26. The light of the spectroscopy
cell is sent to the wavemeter High Finesse WS8-2 to be used as a frequency
reference for the rest of the experiment. The wavemeter is able to generate
an error signal and stabilize laser frequencies with respect to this reference
at a few hundred kHz level.

From the main beam line, we create two beams with a relative power
balance of 2 : 1, corresponding to the cooler and repumper beams. Each
beam is then frequency shifted by 114 and —114 MHz using AOMs (ATM-
115, Intraaction). Both beams are recombined with crossed polarization and
sent to the experiment using single-mode, polarization maintaining optical
fibers. Each beam power can be individually controlled using AOMs and
with an optical shutter (SRS470, Stanford Research Systems).

A second TApro is frequency stabilized with respect to the MOT TA using
one of the wavemeter PID channels. After a stage of beam reshaping it is
frequency shifted by an AOM allowing to control the beam intensity and
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Figure 3.4: The Magneto-Optical-trap and Zeeman slower laser setup.

then sent to the experiment where it will be used as the Zeeman slower
beam.

3.2.3 Experimental sequence

The laser cooling sequence proceeds as follows :

e For a total duration of 2 s the cooler, repumper and Zeeman slower
beams are set to their maximum power (see figure 3.5). The cooler and
repumper beams are frequency detuned by approximatively —10I" and
the Zeeman slower by —24T" from the atomic resonances, I'/27t = 5.87
MHz being the natural linewidth of the excited state.

* Once the MOT loading is completed the Zeeman slower is turned off
and the compensation coils along the cavity and Zeeman slower axis
are turned on to position the zero of magnetic field on the geometric
center of the cavity mode. The detuning of the MOT beam is then
ramped down linearly over 48 ms from —10I" to —0.9T (see figure 3.5).
The power of the cooler is reduced to 16 mW while the repumper is
reduced to 0.5 mW. As the repumper is almost turned off during this
compression stage, the atoms are optically pumped into the dark state
12S1,,,F =1/2) at the end of the MOT compression (CMOT) while
final detunings and power are held for 4 ms. This compression phase
is necessary to maximize the loading into the optical dipole trap. The
typical size of the MOT cloud is of the order of a cm with temperature
around a few mK, while the usual size of an optical dipole trap is of
the order of 100 ym and its depth about a mK. The CMOT creates a
dense cloud of about a millimetre close to the Doppler temperature
Tp ~ 140 pK.

After such a CMOT stage and a loading of 2 s we obtain a cloud of about
4 x 107 atoms (figure 3.6) optically pumped into the [2S; 5, F = 1/2) state
before ramping up the magnetic field close to the Feschbach resonance. The
CMOT atom number saturates after 5 s of loading (figure 3.6).
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Figure 3.6: Loading of the CMOT. a Absorption image of the CMOT cloud after
a time-of-flight of 0.350 ms. b Evolution of the atom number in the CMOT as a
fuention of the duration of the loading phase.

As pointed out previously, the resulting ®Li cloud after laser cooling is
large and hot compared with other species like Potassium or Rubidium. It
is due to its light mass and its unresolved hyperfine structure in the excited
state preventing Sisyphus cooling to cool down the gas to sub-Doppler tem-
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perature as it was observed in the first MOT in the 1980’s [101, 114]. Thus
transferring the laser-cooled cloud into a conservative trap requires for ®Li
both large beam waists to overlap with the laser cooled cloud and a deep
trap of the order of a mK. Such optical traps involves state of the art laser
technologies as it typically requires about 200 W of laser power far-detuned
from the atomic resonance, with a beam waist of about 60 pm to fill these
requirements.

However, two approaches have been explored to circumvent this problem.
First, improved laser cooling have been developed, relaying either on nar-
row-transitions cooling, thus reducing the Doppler temperature [115], or on
gray-molasses demonstrated both for Potassium or Lithium atoms [116-118].
These two techniques are able to bring down the temperature of laser-cooled
cloud of ®Li at about 50 uK which is 4 times smaller than the one obtained
after a MOT compression sequence on the D; line. The other approach con-
sists in creating deep and large optical dipole traps taking advantage of the
power build-up obtained by using a Fabry-Pérot cavity [119, 120]. In this
experiment, we take advantage of the presence of the cavity to leverage it at
the preparation stage and use it as a deep optical dipole trap. Compared to
previous work using Fabry-Pérot cavities to create optical dipole traps, we
propose to apply a lattice-cancellation technique [121] to get rid off the intra-
cavity lattice structure intrinsic to a standing wave existing in-between two
mirrors. This way, we will show that we can go one step further, using the
cavity not only to create a deep trap, but also to perform an efficient evap-
orative cooling sequence in this trap and reach a regime close to quantum
degeneracy. This aspect will be treated in detail in the following section.

3.3 CAVITY LENGTH STABILIZATION

In this section, I will present the main use of the optical cavity : trapping
and probing the cloud. For this we need to stabilize the cavity length to
control its resonance frequency during the experiment. I will present in de-
tail the three wavelengths we use and how we leverage the transverse mode
structure of the cavity to optimize each application. Moreover the cavity
resonance needs to be stable compared with the frequency of the laser that
will probe the cavity as well as with the frequency of the atomic transition
of ®Li. For these we stabilize all the laser frequencies with respect to each
other compared with the cavity resonance frequency. In addition all these
frequencies are referenced, using the wavemeter, onto an atomic reference
based on the frequency of the ®Li D5 line. I will detail the experimental
techniques we apply to obtain this relative and absolute frequency stability.

3.3.1 Trichroic Fabry-Pérot cavity : probing, trapping and stabilizing

As presented in the chapter 2, the cavity placed at the center of the vac-
uum chamber is resonant at three different wavelengths used for different
applications :

* At 532 nm. This wavelength is used to continously measure the cavity
length with very low power and far-off resonant from the atomic tran-
sition. This mitigates the effects of the dipole potential created by the
intracavity lattice that would affect the behaviour of the atoms.
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Figure 3.7: Using TEM modes of the Fabry Pérot cavity at different wavelengths.
In our experiment we take advantage of the existence of higher order TEM modes
existing in the cavity. a The probe laser beam at 671 nm, close to atomic frequency is
mode-matched with the fundamental TEM(p mode. b The intracavity optical dipole
trap light is mode-matched with the TEM to increase the trap volume and maxi-
mize the loading of atoms from the laser-cooled cloud. ¢ The light used to generate
the PDH signal at 532 nm is coupled to the TEM(in order to minimize the resid-
ual antitrapping potential seen by the atoms, positioned at the center of the TEMyg
mode.

¢ At 1064 nm. We use light at this wavelength which is far-off resonant
on the red side of the atomic transition in order to create an attractive
potential, thus trapping the atoms. We will use two different beams
from this laser line to create two intracavity traps, a standing wave
and a lattice free dipole traps.

* At 671 nm. We use this wavelength to probe the coupled atoms-pho-
tons system inside the Fabry-Perot cavity. This beam frequency needs
to be close to the atomic resonance either on the D, or Dy lines of °Li.
The light used to probe the light-matter coupled system is derived
from a Toptica DLpro diode laser with a long lasing cavity, offering the
possibility to narrow down the laser linewidth.

As shown in figure 3.7 we take advantage of the transverse mode struc-
ture of the resonator presented in Chapter 2. The close-to-resonance light at
671 nm is mode-matched in order to couple to the fundamental, Gaussian
TEM(yp mode with a mode waist of 45.0(1)um. The 1064 nm light used to
create an attractive potential in order to trap the atoms is mode-matched to
a higher order TEM o mode. This allows to artificially increase the volume
on which the light intensity is spread. This consequently increases the cap-
ture efficiency of the trap. Moreover, the expected cavity power build of the
cavity at 1064 nm is P./Pj, = 4580 at 1064nm based on the calculation pre-
sented in Chapter 2, allowing to create deep dipole traps with low optical
power. The light at 532 nm is coupled to an even high order TEM;, mode
in order to minimize the overlap between this light and the atomic cloud
positioned at the center of the TEMyo cavity mode. As it appears clearly
in figure 3.7.c, the intensity is spread in lobes away from the cavity center,
leaving very little light actually seen by the atoms.

3.3.2 General architecture

The architecture of frequency stabilization in the experiment works the fol-
lowing way (see figure 3.8))
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¢ The NKT Photonics Adjustik laser provides a beam at 1064 nm with
a laser linewidth of about 10 kHz. This light is frequency doubled,
hence providing a beam at 532 nm. By construction the 532 and 1064
nm frequencies are stabilized with respect to each other.

® The laser beam at 532 nm is sent to the science cavity. There the
Pound-Drever-Hall (PDH) [122] technique is used to stabilize the length
of the science cavity onto the frequency of the 532 nm beam line. Con-
sequently the science cavity resonance frequency is locked onto the
frequency of the 1064 nm laser.

PDH [Lithium Spectroscopy vapour cela
1064 nm : ‘ .
NKT Adjustik \ Saturated absorption

spectroscopy

Science cavity

Reference Laser
Toptica TApro

PDH

Cavity Laser
Toptica DLpro

Wavelength calibration

/
Wavemeter
_
Slow feedback WS8-2

Transfer cavity

Figure 3.8: Architecture of the frequency stabilization of the laser frequencies and
cavity length.

¢ Some light of the 1064 nm laser is sent to the transfer cavity. There
the length of the transfer cavity is locked onto 1064 nm laser. More
precisely, we imprint a frequency modulation onto this 1064 nm laser
creating frequency sidebands at a variable frequency from the carrier
vi. The transfer cavity length is locked onto these sidebands using the
standard PDH technique. By varying the phase modulation frequency,
we can dynamically change the frequency of the 1064 nm laser, and
consequently of the science cavity, compared with the frequency reso-
nance of the transfer cavity.

* A Toptica DLpro laser at 671 nm laser is employed to probe the cavity
and its frequency is stabilized onto the transfer cavity. A fast feed-
back allow us to narrow down its linewidth to a fraction of the cavity
linewidth. The frequency of the probe laser is read out using the High
Finesse WS8-2 wavemeter, itself referenced onto the atomic saturation
spectroscopy locked onto the D; line of ®Li.

* We can adjust the frequency of the probe laser by using the wavemeter
build-in PID that can feedback onto the piezo of the 1064 nm laser to
adjust the length of the transfer cavity in order to obtain the desired
frequency for the probe laser. The frequency of the proble laser is mea-
sured by the wavemeter. The feedback signal is fed to the piezoactua-
tor of the 1064 nm laser. Changing the setpoint frequency of the probe
laser modifies the frequency of the 1064 nm laser and the science and



transfer cavity length. This tuning knob make it possible to chose arbi-
trarily the absolute frequency between the science cavity and the probe
laser with respect to the atomic reference frequency.

This architecture gives us a relative frequency stability between all the
lasers and the science cavity thanks to the transfer cavity. The detuning
between the atomic transition and the frequency of the probe laser A, (and
the science cavity resonance) is set by the wavemeter setpoint. The detuning
between the probe laser frequency and the science cavity resonance A is
controlled by the modulation frequency of the 1064 nm laser beam sideband
vg. We thus have full control on all the frequency detunings to perform
cavity QED experiments.

3.3.3 1064nm laser systems
The 1064 nm beam line is made by a narrow linewidth laser NKT Photonics

Adjustik which is sent into a Yb-doped fiber amplifier (Azurlight ALS-IR) that
amplifies the seed laser up to 8.1 W (figure 3.9).
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Figure 3.9: 1064 nm laser system for the science cavity and the transfer cavity PDH.

Concerning the lock chain of the experiment, two secondary beam lines
are picked up from the main one :

¢ A first part of the light is sent to a fiber-pigtailed frequency doubler
(NTT electronics WH-0532) that creates the beam line at 532 nm (figure
3.9). There the remaining 1064 nm is filtered out by an interference
filter. One could expect that, if the beam at 532nm is resonant with
the science cavity (as the science cavity is stabilized on it), a beam
from the 1064 nm laser would be automatically resonant, as it has
exactly twice the wavelength of the PDH beam. However, because of
the difference of penetration depth in the coating stacks, the optical
paths differ between the two wavelengths which makes it necessary
to introduce a frequency shift in order to have both beams resonant
with the cavity simultaneously. For this purpose, a double-pass AOM
is placed in order to introduce a controlled frequency shift between
the 1064 nm and the frequency converted 532 nm (figure 3.9). Finally
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this laser beam is sent to an optical fiber to the science chamber in
order to stabilize the science cavity length.

* A second part of the main beam line is sent to a broadband fibered-
Electro-optics modulator Photline NIR-MPX-LN-05 (fEOM) where two
different modulation frequencies are applied (figure 3.9). The first fre-
quency Vg is generated by a signal generator (Siglent SSG3021X) which
can be varied from 9 kHz to 2 GHz. The second is a fixed frequency at
30 MHz that will allow to realize a PDH lock on the transfer cavity.

3.3.4  Science cavity stabilization laser systems

The 532 nm beam sent from the laser table is used to generate a PDH sig-
nal in order to stabilize the length of the cavity on the 1064 nm laser. A
free space phase modulator (Qubig EO-T30M3-VIS) generates sidebands at
a frequency detuning of 30 MHz from the carrier (figure 3.10). Both the
transmission through the cavity and the reflection are monitored. The re-
flected signal is demodulated at 30 MHz in order to obtain an error signal
that we make use of to stabilize the cavity length.

The 532 nm light coupled into the cavity induces a repulsive dipole force
as it is blue-detuned with respect to the atomic transition. This effect mod-
ifies the density profile due to this repulsive lattice potential. To mitigate
this effect, we couple the 532 nm beam to the TEM;o, mode of the cavity.
This reduces significantly the peak dipole potential seen by the atoms as the
optical power penetrating in the cavity is spread over a larger area (approxi-
matively a factor 2 larger). In addition, we imprint a deep phase modulation
where a majority of the power is contained in the sidebands that are fully
reflected when cavity is locked. This minimizes further the peak dipole po-
tential seen by the atoms that is kept below 46 nK, small compared with the
actual temperature of the degenerate Fermi gas we will work with.

3.3.5  Transfer cavity laser systems

The transfer cavity is a 15 cm-long Fabry-Perot cavity which properties are
detailed in Appendix A. We will describe the laser system that is designed
to give a relative frequency stability between the 1064 nm beam line and the
cavity probe laser at 671 nm.

First, the transfer cavity is locked onto the frequency of the 1064 nm
laser. For this the broadband fibered EOM imprints two phase modulations
leading to a first sideband at a variable frequency vg from the carrier 3.11.
The second frequency is kept fixed at 30 MHz in order to create three error
signals, one for the carrier and two for each sideband at a variable frequency
from the carrier. The transfer cavity is locked onto the frequency of one of
the sideband, making the resonance frequency of the transfer cavity tunable
with respect to the frequency of the 1064 nm laser and the science cavity
resonance. The overall frequency resonance of the transfer cavity can also
be adjusted by changing the frequency of the 1064 nm laser. For stability all
EOMs are temperature regulated to minimize the variation of polarization
in the crystal [123]. Moreover we lock the cavity on the third harmonic of
the phase modulated signal to reduce the influence of residual amplitude
modulation [124].



3.3 Cavity length stabilization |

PDH
532 nm a B
=50 mm
EOM

)\/4 10 MHZ

E‘& R1064/T532
i

\ 5@5@‘/

f=250 mm

Transmission
o 532 nm

-
Filter mm=f=50 mm
/532 nm
——

Figure 3.10: Cavity length stabilization optical setup.

The cavity probe laser (Toptica DLpro) is routed to the same transfer cav-
ity via an optical fiber, thus performing a cleaning of the spatial mode of
the diode laser. A small amount of power is picked up before in order to
measure the wavelength of the laser on the wavemeter. A single-pass AOM
is employed to power regulate the beam line of the cavity probe laser. A
free-space EOM (Qubig EO-F30L3-NIR) generates sidebands 30 MHz from
the carrier frequency to perform a PDH stabilization. This PDH stabilization
has two major interests :

¢ The frequency of the probe laser, the 1064 nm laser and the science
cavity frequency resonance are all frequency-referenced to each other.
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Figure 3.11: The transfer cavity setup for relative frequency stability between the
different lasers of the experiment. The inset shows the phase modulation at variable
frequency vg and the fixed modulation at 30 MHz. The transfer cavity is locked on
the error signal generated by the variable frequency sideband.

The frequency resonance of the science cavity can be shifted with re-
spect to the probe laser frequency by changing the frequency v, gen-
erating the variable sidebands in the fibered EOM.

* The transfer cavity linewidth being 31 kHz, which is much narrower
than the linewidth of the laser, a fast-feedback on the current of the
laser diode using a fast PID (Toptica FALC) makes it possible to lock
the laser on the transfer cavity and consequently to narrow down its
emission linewidth to a fraction of the transfer cavity linewidth. We
estimate the laser linewidth to be in the range of 10 kHz by measuring
the RMS fluctuation of the error signal in closed-loop compared with
the peak-peak value of the error signal in an open-loop configuration.

With the different setups presented so far, we can fix and tune the relative
frequency between the cavity resonance frequency and the probe laser. It
is also necessary to reference this frequencies with respect to the atomic
transition frequency of °Li also in order to provide an absolute frequency
stability. To do so, we take advantage of the built-in PID module of the
wavemeter that is referenced onto the saturated absorption spectroscopy
giving a resolution of about 100 kHz to the wavemeter reading close to 671
nm. The wavemeter PID takes as an input the frequency of the probe laser
and feedback onto the piezoactuator of the 1064 nm laser. As a consequence,
it shifts the resonance of the transfer and science cavities to make them
resonant with the frequency of the probe laser that is desired. In such a way,
we can choose arbitrarily the detuning between the atomic transition and
the cavity resonance frequency.

3.3.6 Probing the light-matter coupled system with the cavity

In order to probe the coupled atom-photon system we send near resonant
light through the cavity. We will be able to map out the energy spectrum
of this hybrid system by monitoring the transmission of the science cavity
(see Chapter 5) as a function of the different frequency detunings between



the probe light, the cavity resonance frequency and the atomic transition
frequency.

The cavity probe laser

Here we come back to the transfer cavity optical setup depicted in figure
3.12.
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Figure 3.12: Probe laser optical system.

The main beam line is split into two beams as depicted in figure 3.12

* One beam line is used to probe the cavity transmission. The laser beam
is sent to a double-pass AOM in order to control its frequency and
its intensity dynamically during the experimental sequence. It is then
fiber coupled to the breadboard aside the vacuum chamber. An optical
density is placed before the fiber coupler to reduce the power by 4
orders of magnitude. We typically send a few nW to the cavity. This
beam constitutes the on-axis pump that is mode-matched with the
fundamental TEM( of the Fabry-Pérot resonator.

* The second beam line is used to pump transversally the atoms. The
frequency and amplitude control is ensured by an identical double-
pass AOM compared with the on-axis probe. This beam line provides
a total output power of 3 mW at the optical fiber input.

We want to realize frequency scans of the on-axis probe beam through
the cavity resonance in order to probe the transmission of the cavity. As
we will see later in this manuscript, fast frequency sweeps allow to ’flash’
the on-axis pump potential to measure the energy spectrum of the system
or the atom number for example. As this sweep rate will be faster that the
dynamical response of the atoms, we can consider them as fixed during
this measurement. Much slower sweeps will show dynamical response of
the atomic density to the cavity field that will imprint part of the strongly
interacting Fermi gas properties into the optical signal that we will mea-
sure. For fast sweeps we want to scan the laser frequency over 20 MHz.
In this case, the on-axis probe only is used and its AOM is driven by a
voltage-controlled-oscillator (VCO) that allows for frequency sweeps of sev-
eral MHz. For pump-probe experiments where we send simultaneously the
on-axis pump and the transverse one we want to scan a narrow frequency



68

| Preparation of a strongly interacting Fermi gas in a high finesse cavit

window and control the relative frequency detuning of the two-pumps at
the Hz level. In order to realize these two configurations, the AOMs are fed
with the same RF frequency coming from a Siglent DDS ensuring the phase
stability between the two RF signals. A voltage-controlled attenuator allows
to dynamically tune the RF power sent to the transverse pump AOM. Us-
ing the frequency-modulation of the DDS allows to fix a specific detuning
between the frequency of the on-axis probe and the transverse pump. This
will be used to perform cavity-assisted Bragg spectroscopy [45].

Cavity transmission spectroscopy and cavity-assisted Bragg spectroscopy setup
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Figure 3.13: On-axis cavity probe and transverse pump optical setup around the
vacuum chamber.

The on-axis probe, as well as the transverse pump, are sent to the bread-
board aside the vacuum chamber. There the on-axis polarization is cleaned
up with a polarizing beam splitter. A half-wave-plate combined with a quar-
ter-wave-plate allows to tune the polarization of the probe light. If the po-
larization is aligned with the vertical quantization axis, only the m—atomic
transition can be driven, while if the probe is polarized horizontally, the



probe beam will couple to the o™ — atomic transitions of the D; and D,
atomic lines. A dichroic mirror makes it possible to overlap the PDH light,
the cavity dipole trap and the on-axis near resonant probe. The transmit-
ted light is collected on the other side of the chamber where we can chose
on which detector we collect the transmitted photons. For alignment pur-
poses an avalanche photodiode detects large photon count rates. When we
perform experiments with little amount of light injected into the cavity, the
transmission is sent to a multimode optical fiber that is connected to a sin-
gle photon counter module (SPCM) (Excelitas ARQH-14-FC). A flip mirror
allows to chose between the two detectors.

The transverse pump beam is also controlled in polarization. It is sent on
the same axis as one of the arm of the crossed optical dipole trap, meaning
an angle of 18° with respect to the cavity axis. It is focused onto the atomic
cloud with a f = 750 mm lens, corresponding to a beam waist of 200 pm in
the atomic plane. After one pass through the science chamber, the beam is
focused onto a mirror an back-reflected in order to create a 1D optical lattice
at 671 mm. The characterization of this optical lattice will be detailed in a
later chapter.

3.4 ALLOPTICAL EVAPORATIVE COOLING TO QUANTUM DEGENERACY

In this section I will present in detail how we make use of the Fabry-Pérot
cavity in order to produce a deep and relatively large trap to maximize the
transfer efficiency from the CMOT cloud obtained after the laser-cooling
stage of the sequence. Moreover I will explain how we can cancel the lattice
structure of the standing wave [121], thus enabling an efficient evaporative
cooling inside the intracavity trap. This was so far not accessible with exist-
ing cavity based traps, as the lattice structure makes the collisions between
atoms that allows for thermalization inefficient as they only occur between
atoms belonging to the same site of the 1D lattice of the cavity trap.

3.4.1 Intracavity dipole trap and evaporative cooling : a lattice-free intracavity
trap

We take advantage of the Fabry-Pérot cavity to create a deep trap with a
moderate laser power benefiting from the cavity power build-up defined in
the previous chapter as 4F /7t with J the finesse of the resonator. I will first
present the laser setup that produces the two laser beams used to create the
standing wave and the lattice free trap. I will then detail the experimental
sequence and finally focus on the advantage of cancelling the lattice struc-
ture of the trap to increase the phase-space density after the evaporative
cooling in the resonator.

Laser system

We want to have two laser beams injected in the cavity in order to create two
different optical dipole traps: first, a high-power dipole trap, with a stand-
ing-wave structure that has been shown to increase the capture from the
CMOT cloud. In addition, a second trap with lower optical power is used
durin gintracavity evaportaion on which we implement the lattice-cancella-
tion technique to evaporate efficiently the atomic cloud. For this, two beam
lines are derived from the main output of the Yb-doped fiber amplifier. The
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first beam line corresponds to the first cavity trap (Cavity ODT1 in figure
3.14). Its frequency and intensity are controlled with a double-pass AOM
(AA optoelectronics MT110-A1). It is then fiber coupled to the science cham-
ber breadboard.

: Cavity ODT1
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Figure 3.14: Laser system for the cavity optical dipole traps. Two beam lines are
independently controlled in frequency and power in order to realize a standing wave
trap for the CMOT loading, and a lattice-free trap to perform an efficient evaporative
cooling directly in the cavity trap.

The second beam line that is used to create the lattice-free trap (cavity
ODT 2 in figure 3.14) is also controlled in amplitude and frequency with a
double-pass AOM (AA optoelectronics MT110-A1). In addition, a free-space
double-pass EOM (Qubig Pmg-NIR-F3.6) modulating the phase of the trap
beam at about 3.6 GHz is installed prior to be fiber coupled to the science
chamber.

The optical setup around the science chamber is depicted in figure 3.15.
The two cavity dipole traps are overlapped with crossed polarisations using
a polarized beam splitter. Then a lens focuses them down at the center of
the chamber, achieving the necessary mode matching with the cavity mode.
The transmission of both beams are measured after the cavity on two dif-
ferent photodiodes. The standing wave cavity trap is regulated in power by
measuring a leak through a mirror before the cavity. The lattice-free trap
is power regulated by measuring the transmitted power through the cavity.
The experimental sequence will allow to go from one regulation loop to the
other on a smooth manner, keeping the intracavity power constant when
transferring the cloud from one trap to the next [125].

The cavity trap beams are mode-matched with a transverse TEMp1 mode
of the resonator. Thus, it is required to adapt the frequency difference be-
tween the frequency of the 532 nm lock light and the one of the dipole
trap in order to match the transverse mode spacing and the difference of
refractive index in the substrate of the mirror. The double-pass AOMs on
both paths play this role, adjusting the frequency difference and making the
cavity trap beams resonant with the locked science cavity.

I will now explain the details of the experimental sequence corresponding
to the loading and the evaporative cooling in the intracavity trap.
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Figure 3.15: The cavity dipole trap optical system around the science chamber.

Experimental sequence

After the CMOT and a phase of optical pumping in the [2S; /,,F = 1/2) state,
the atoms are transferred in the first cavity optical trap which consists in a
standing wave, with the transverse intensity profile of the TEM(y; mode. We
inject a total of 244 mW in the first cavity trap beam that corresponds to a
peak power at the center of the cavity of 671 W with a beam waist of 56.6
pm. The peak trap depth is then about 8 mK compared with a temperature
for the laser cooled cloud of about twice the Doppler temperature T ~ 300
pK. We load about 1.5 x 107 atoms from the CMOT, comparable with experi-
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ments using improved laser cooling techniques [116]. The cavity trap is kept
at full power for a duration of 100 ms, while the magnetic field is ramped
up to 832 G corresponding to the Feshbach resonance for the |1) —|2) spin
mixture (figure 3.16.c). When ramping up the magnetic field we create an
incoherent mixture of atoms in the two lowest hyperfine states (see Chap-
ter 2). At the Feshbach resonance the scattering length a diverges leading
to strong atom-atom interactions [71]. This will be explained in detail in
Chapter 4, however at the preparation stage it is of great help as it allows
the cloud to thermalize extremely quickly when the trap depth is reduced
during the evaporative cooling process. This makes °Li a very convenient
atom to cool down to quantum degeneracy with an all-optical production
sequence [97, 107, 126].
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Figure 3.16: Optical evaporative cooling sequence in the optical resonator. a-b
shows the evolution of the optical power of the standing wave Pcay; and lattice-
free Peay, cavity traps respectively. ¢ shows the ramp of magnetic field prior to the
optical evaporation in order to reach 832 G, the location of the broad Feshbach reso-
nance magnetic field. Panel d displays the RF frequency sweeps realized during the
first evaporation ramp in the standing wave trap. These multiple Landau-Zener fre-
quency sweeps produce the balanced incoherent mixture in the two lowest hyperfine
states.

When the magnetic field reaches 832 G, the trap is held at full power for
50 ms. Afterwards, the power of the first cavity beam is linearly decreased
down to 25 mW over 150 ms (see figure 3.16.a). This corresponds to a peak
power at the center of 68 W. During this ramp the photodiode monitoring
the cavity transmission saturates and consequently the second cavity dipole
trap is turned off. While the power of the first cavity trap is decreased, the
photodiode monitoring the cavity output power desaturates and starts to
increase the power of the second trap to compensate for the decrease of the
first one. Operating the first trap in the saturation regime of the photodiode



allows us to smoothly transfer the cloud for the first to second trap as we
have a controlled crosstalk between the two regulation loops. After the first
linear ramp the standing wave cavity dipole trap is smoothly turned off over
50 ms giving enough time for the regulation of the lattice free cavity dipole
trap to compensate for. At this point the cloud is fully transferred in the
lattice-free dipole trap and a second linear ramp brings to intracavity power
at the center of the trap down to 70 mW (figure 3.16.b). The lattice-free trap
has the same transverse intensity profile as the standing wave trap, both
addressing the same TEM cavity mode.

The population in the two lowest hyperfine states obtained after the laser-
cooling stage is not reproducible and dependent on the exact conditions
of the optical pumping at the end of the CMOT. As we want to obtain a
balanced population between these two states, we apply an RF frequency
sweep around a frequency wi; = 76.034 MHz of the transition from state
[T) to state |2). We modulate this frequency with a modulation depth of
300 kHz around w1, at a rate of 10 kHz (see figure 3.16.d). These multiple
Landau-Zener RF frequency sweeps are applied for a total duration of 250
ms and create a balanced incoherent mixture of atoms in the two lowest
hyperfine states.
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Figure 3.17: Thermal effect in the mirror substrate for different cavity transverse
mode. The figure shows the evolution of the transmitted power through the cavity
while scanning the frequency of the laser around the cavity resonance in the case
of a TEMyp mode (a) and a TEMy; mode (b). The yellow circles shows frequency
scan for increasing frequencies while the violet diamonds correspond to decreasing
frequencies. The larger mode surface on the mirror in the case of the TEMy; mode
greatly reduces both the bistable and hysteretic profile observed with the fundamen-
tal mode of the cavity. Using a higher order transverse mode gives the possibility to
regulate the intracavity power by monitoring the cavity output power which is prac-
tically impossible in the case of the TEMy cavity mode due to the optical bistability.

As previously described the cavity trap beams are mode-matched with the
transverse TEMy; mode of the cavity with two lobes oriented in the plane
of the cavity [120]. Even though this will produce two different clouds in
each lobe of the cavity trap it does provide two very beneficial features.

* Indeed, for a given laser power coupled into the cavity, spreading
the power over a TEMp; mode reduces the peak intensity on the
surface of the mirrors. We observed a strong bistable and hysteretic
behaviour when coupling the same optical power into the fundamen-

73



74

=

tal TEMpo mode of the cavity as a function of the frequency of the
trapping beam compared with the cavity resonance (figure 3.16.a). We
attribute this effect to heating at the mirror surface due to the large
intracavity power. Practically, this behaviour made it extremely com-
plicated to regulate the intracavity power by measuring the cavity out-
put power as a small power fluctuation would make the laser power
jump from one branch to the other of the bistable profile. This induces
large preparation noise as an unregulated intracavity laser power leads
to strong heating and losses while performing the evaporative cool-
ing procedure in the resonator. Comparing with the same power inci-
dent on the cavity but coupled to the TEMy7 mode the hysteretic be-
haviour is completely suppressed and the bistability is greatly dimin-
ished when scanning the laser frequency of the incoming beam (figure
3.16.b). This is first due to a combination of the reduced intensity on
the mirror that mitigates the heating, and consequently minimize the
bistability. Second, it appears that the coupling efficiency to the TEMy
mode is reduced to 50% compared with the 80% of coupling efficiency
on the TEMyp mode. In fact comparing both situation at equivalent
intracavity power still shows a clear reduction of the thermal effects
on the mirror leading to this bistable behaviour.

* The second main advantage is an increase of the trap volume. As the
TEMp1 has a mode volume twice larger than the fundamental mode, it
increases the trap volume by a factor two and consequently maximizes
the overlap with the laser cooled cloud. As the trap depth at the center
of the cavity is about 8§ mK we can easily tolerate the reduction of
the coupling efficiency, the trap depth not being the limiting factor
when loading the cavity dipole trap®. Obtaining a two-cloud structure
is not problematic in our case as the standing lattice is cancelled out
at the trap center (see next section), allowing the atoms trapped in
the two lobes to be captured efficiently by the standing wave trap.
Hence, it will be possible to transfer the two clouds in a running wave
dipole trap without any losses as they can move along the longitudinal
direction of the cavity beam.

Now that the intracavity evaporative cooling sequence has been detailed
I will describe the method that has been used to cancel the intrinsic lat-
tice structure of the second cavity dipole trap and how this allows for an
efficient intracavity evaporative cooling compared with a regular standing
wave cavity trap.

Lattice-free cavity optical dipole trap

Even though cavities have been considered to be used to create large and
deep optical potential for several decades [119] and employed in many lab-
oratories, the role of these traps have been limited to capturing the atoms
from the MOT before transferring them into a running-wave optical dipole
trap to perform the evaporative cooling. This is due to intrinsic lattice struc-
ture of the standing wave of the intracavity field. In this configuration, and
as optical powers are usually pretty large, each site of the 1D lattice of the
cavity standing wave is filled with atoms from the MOT cloud. Each of these
lattice sites is isolated from the other due to the large depth of the lattice.

In the future one could think of reducing the cavity mode volume to increase the light-matter
coupling strength while using even larger order TEM modes to keep a large trap volume.



Consequently even if the atomic density is rather large for each lattice site,
the evaporative cooling proceeds in each site independently, thus limiting
the efficiency of the cooling process. Moreover, transferring these atoms into
a running-wave optical trap is complicated, only the atoms in the lattice sites
overlapping with the running-wave trap will be efficiently transferred while
the other will not be able to move along the lattice direction due to the large
lattice depth.
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Figure 3.18: Suppression of the lattice-structure of the cavity dipole trap : principle.
a Sidebands are created at multiples of the FSR of the cavity. About 50% of the total
power is contained in the sidebands for a modulation depth p = 1.27 rad. b The
dipole potential created by the cavity standing wave exhibits a large lattice structure
(violet curve) while the dipole potential in the presence of the phase modulation
shows a flat behaviour around the center of the cavity (light green and dark yellow
curves). At the optimum modulation depth 3 = 1.27 rad, the potential is perfectly
flat at the center (inset). The optimum modulation use on the experiment that maxi-
mizes the phase space density shows a very weak lattice at the center.

To circumvent this problem we make use of the longitudinal mode struc-
ture of a Fabry-Pérot cavity. We exploit the phase relation between adja-
cent longitudinal modes by coupling simultaneously several longitudinal
modes with a controlled relative intensity (figure 3.18.a). As a reminder
from the previous chapter, two consecutive longitudinal modes correspond
to the same intra-cavity field with a phase difference of 7/2, meaning that
the cosine-square intensity profile of consecutive longitudinal modes are
spatially shifted with respect to each other by +A/2. In the case of our sci-
ence cavity the longitudinal modes are separated in frequency by vgsg =
3.6277 GHz. Thus, the resulting optical potential will simply be the sum
of the potentials created by each longitudinal mode. Interferences between
the field created by each longitudinal mode will oscillate at a frequency
VEsR = 3.6277 GHz, which make it possible to neglect them as it is too fast
for the atoms to respond. Each longitudinal mode intensity will sum up and
due to their relative spatial shift of +A/2, the potential at the cavity mode
center will be free of any lattice.

This technique is used to obtain an homogeneous coupling between Rb
atoms and the cavity field as demonstrated in [121]. The cavity standing-wave
intensity profile along the cavity direction is I(y) o cos?(koy) with ko the
wavevector of the cavity light field. This usually reduces by a factor 1/2 the
coupling between the cavity light field and the atomic cloud, as half of the
atoms are located at the field nodes. This method provides a way to obtain
a homogeneous coupling of all the atoms of the cloud with the cavity field.
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We use the same technique to provide a lattice-free intracavity optical dipole
trap.

a b
200pm 200pm
— —
1 ; : ]
0 2 4 6 8 10 12

Column density (um™2)

Figure 3.19: Suppression of the lattice-structure of the cavity dipole trap : result.
a-b show absorption images along the horizontal plane, of the cloud after a time-of-
flight of 2 ms without and with the lattice suppression respectively. These images
are taken once the evaporative cooling in the cavity trap is performed. We observe an
increase of the peak column density by a factor 2 as well as a reduction of the cloud
size along the cavity direction by a factor 3 when the phase modulation is applied
during the evaporation compared with the evaporation in the standing wave cavity
trap.

Experimentally we use a double-pass free space EOM (figure 3.14) to cre-
ate a phase modulation onto the second cavity trap beam at vpsgr = 3.6277
GHz. The large modulation depth (30 dbm) creates sidebands at multiples
of vpsr (figure 3.18.a). Approximatively half of the total power is contained
in the sidebands. The optical dipole potential can be written as :

Tot(y) o Vo Y Jn(B)ecos? ((ko + 8kn )y +nr/2) (3-8)
n=0

with 3 the modulation depth, ], the Bessel functions of order n and
dkn = nvpsr/c with c the speed of light. A sideband of order n is phase
shifted with respect to the reference longitudinal mode by n7t/2. In figure
3.18.b we represent the optical dipole potential created by a single longitudi-
nal mode (violet) and with the phase modulation for the modulation depth
that suppresses completely the lattice structure at the mode center (light
green) and the optimum modulation used on the experiment (dark yellow).
The inset of figure 3.18.b shows the optical potential around the cavity cen-
ter, where we can clearly see the suppression of the lattice structure. As a
direct consequence of the sum of the sidebands intensities, the peak dipole
potential is reduced by a factor 2 but the suppression of the lattice structure
effectively increases the accessible volume of the trap by the same factor.

Once the atoms are transferred into the lattice-free cavity dipole trap, all
the atoms of the cloud can collide with each other as the can move along the
cavity direction. This makes the evaporative cooling process much more ef-
ficient. In figure 3.19 we show absorption images after a 2 ms time-of-flight
in the absence of phase modulation (figure 3.19 .a) and with the modula-
tion turned on for the evaporative cooling in the second cavity trap (figure
3.19 .b). Everything else kept identical, the phase-space density increases
by about a factor 6 when the evaporative cooling is performed in the lat-
tice-free cavity dipole trap. The absence of lattice structure makes it possi-
ble to transfer almost 100% of the atoms from the cavity dipole trap to the
running-wave one. We can typically transfer about 1.5 x 10° atoms from the
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Figure 3.20: Absorption image of the atomic cloud in the lattice-free cavity optical
dipole trap. The absorption image is taken almost in-situ with a very short time-of-
flight (0.3 ms) in order to mitigate saturation effects. Both lobes of the TEM; mode
are populated. We will intersect this two lobes with a running-wave crossed opti-
cal dipole trap to transfer them for the final evaporative cooling stage to quantum
degeneracy.

cavity dipole trap into the free-running trap used to perform the cavity QED
experiment.

In figure 3.20, we show an in-situ absorption image of atoms in the lat-
tice-free cavity trap taken from the vertical direction. We can clearly ob-
serve the double cloud structure due to the transverse intensity profile of
the TEMy; cavity mode. As we want to couple these atoms to resonant light
inside the cavity we have to transfer them to another dipole trap, the over-
lap between the TEM(1 mode of the cavity trap and the TEMp mode of the
cavity at 671 nm being small. We have strong qualitative indications that we
can produce clouds close to, or even below, the Fermi temperature by using
our evaporative cooling sequence in the cavity trap for a total duration of
550 ms. This represents a important technical progress in speeding up the
production of quantum gases with large atom number?.

3.4.2 Evaporative cooling to quantum degeneracy in a running wave crossed-
dipole trap

After the evaporative cooling sequence, first in the standing-wave cavity
trap, then in the lattice-free cavity dipole trap, we transfer the cloud in a
running-wave crossed optical dipole trap. This will maximize the overlap
between the atomic density and the TEMyp mode of the Fabry-Pérot cavity
at 671 nm for the cavity QED experiment. Moreover, as the two arms of
the crossed optical dipole trap are controlled independently we will be able
to choose whether the cloud is held in the crossed dipole or adiabatically
released in one of the two arms.

A reasonable perspective would be to transfer the cloud back into a TEMgo cavity mode at the
end of the evaporation and perform the full sequence in the cavity optical dipole trap. This
would make the evaporation much more robust, the cavity trap and the probing mode at 671
nm being automatically aligned. More perspectives will be discussed in the last chapter of this
manuscript.
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Laser system

From the main beam line exiting the Yb-doped fiber amplifier a high power
half-wave plate and a thin film polarizer are used to pick up a total amount
of power of 3.5 W. A second thin-film polarizer splits it equally into two
beams that are sent to two high power AOMs (AA optoelectronics MCQ8o-
A2-1064-232-C355a). The two beams are frequency shifted by £80 MHz re-
spectively, in order to avoid interferences between the two arms when then
cross at the cloud location (figure 3.22). It is also ensured by having the two
arms of the crossed dipole trap polarized orthogonally.
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Figure 3.21: Crossed optical dipole trap laser setup.

These two arms are then sent on the breadboards aside the vacuum cham-
ber. Each of these beams have a maximum power of 1 W. The power of each
arm is independently monitored on a photodiode picking up a weak leak
through a mirror (figure 3.22). This signal is sent to two fast PI modules
(Newfocus LB-1005S) that acts on the two AOMS amplitude control input
to regulate the intensity of the two crossed dipole trap arms independently.

As the distance from the 1064 nm to each side of the chamber is different
by about 1.5 m and that the beam exiting the fiber amplifier has a slight
divergence, we need to reshape each of the beam differently to ensure that
they will have the same beam waist once focused onto the atoms. The two
arms of the crossed dipole trap have a 33 pm waist onto the atomic cloud.
Consequently one arm is reshaped with a telescope with magnification x3
while the other arm is magnified by a factor 2.33 (figure 3.22). Both beams
are focused onto the center of the science cavity with lenses of focus f = 250
mm with an angle of +18° with respect to the cavity axis.

Time line

During the evaporative cooling sequence we use the AOM on each of the
crossed dipole trap arm to control the power dynamically. After the evapora-
tive cooling in the cavity trap, the cloud is transferred into the crossed opti-
cal dipole trap at full power (1 W in each arm) for a duration of 50 ms while
the lattice-free cavity dipole trap is ramped to zero. Then, a first ramp of
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Figure 3.22: Crossed optical dipole trap laser setup around the science chamber.

optical power is realized using a power-law function U(t) = A (t —to)? + B
with p = 2(n —3)/(n — 6), n being the ratio between the trap depth and the
thermal energy and A, B some numerical constants [108]. This power law
evaporation ramp lasts for 100 ms and brings the optical power in each arm
to 150 mW. A last linear ramp lasting 300 ms completes the evaporative
cooling sequence (figure 3.23 .a).

A zoom on the last part of the sequence is shown in figure 3.23 .b. Once
the optical power of the two arm reaches 25 mW at the end of the last
evaporation ramp, the trap depth is held at this value for 50 ms. Afterwards
the trap is recompressed by ramping up the power in each arm to 53 mW
over 50 ms to maximize the overlap between the atomic density and the
cavity mode. During this recompression we can adapt the magnetic field
value to the one desired for the experiment as it is shown in figure 3.23 .c.d.
The magnetic field setpoint is held for 50 ms (or more depending on the
exact measurement performed). Then it is smoothly ramped back to 832 G
for taking an absorption image of the atomic density.

This sequence typically prepares a spin-balanced cloud in the two low-
est hyperfine states, with a population in each spin state of about 4 x 10°.
We can adapt the duration of the MOT loading phase to obtain between
0.5 x 10° and 5.5 x 10° atoms per spin state. As a characterization, we can
measure the lifetime of the gas as a function of magnetic field (and so as a
function of the interaction strength as it will be detailed in the next chapter).
As shown in figure 3.24, we obtain lifetimes of 2.4 and 2.6 s for the gas held
at 832 and 950 G. The lifetime are obtained by fitting the variation of atom
number as a function of the holding time with a double-exponential decay.
In this two cases, we attribute the limited lifetime to intensity noise of the
trapping laser that induce heating.
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Figure 3.23: Timeline of the evaporative cooling sequence in the crossed optical
dipole trap. a Shows the evolution of the crossed dipole trap power during the op-
tical evaporation while b shows the end of the evaporation and the recompresion
phase of the crossed dipole trap. The atoms will be held in the recompressed trap
for the cavity QED experiment presented in this thesis.c-d display two possible evo-
lutions of the magnetic field while the trap is recompressed. The cloud can then be
probed at any magnetic field across the Feshbach resonance before being ramped
back to unitarity for absorption imaging.
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Figure 3.24: Lifetime of the °Li cloud across the Feshbach resonance. Evolution of
the atom number, normalized by its inital value at t = 0, as a function of the holding
time in the crossed dipole trap at 710 (violet circles), 832 (yellow circles) and 950 G
(blue circles). The solid lines corresponds to double-exponential fit to the data. The
lifetime extracted corresponds to the time constant of the first exponential decay.

At lower magnetic field, we observe a much shorter lifetime as shown by
the blue circles in figure 3.24. The first decay constant obtained from the
fit gives a lifetime of 0.84 s at 710 G, almost 3 times smaller than for the



two larger magnetic field value. This is expected as inelastic processes such
as three-body collisions rates are known to increase when going to lower
magnetic field compared with the Feshbach resonance as the atoms form
bosonic molecules [127][71].

Controlling the relative spin populations

It is possible to introduce a controlled population imbalance between the
two lowest hyperfine states. By comparison with the broad Feshbach reso-
nance at 832 G due to 8-wave scattering, the P-wave resonance [128, 129]
at 214.8 G is extremely narrow because of the phase shift due to P-wave
collisions vanish at zero energy. We take advantage of this scattering reso-
nance to induce atom losses in |2) prior to the evaporative cooling. As we
will show in the next chapter two identical fermions cannot scatter with a
S-wave symmetry, however this process can happen when the collisions are
of P-wave type. In the experimental sequence, while ramping up the mag-
netic field to 832 G, the ramp is stopped at 214.8 G and the magnetic field
is held at this value for a variable duration. The holding duration controls
the population in state |2). The rest of the sequence proceeds as previously
explained.
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Figure 3.25: Controlling the spin population imbalance between states |1) and
[2). a Evolution of the population in state |2) as a function of the magnetic field
value for a holding time of 100 ms. b Shows the evolution of the spin imbalance
0= (N“) - N|2>) / (NH) + N\2>> as a function of the holding time at the P-wave
Feshbach resonance for atoms in state |2) (B = 214.8 G).

We show in figure 3.25a the evolution of atomic losses in state |2) when
varying the magnetic field across the P-wave Feshbach resonance located at
214.8 G after the entire evaporative cooling. We clearly observe a broadening
compared with the state-of-the-art spectroscopic measurement [129], which
is partially due to the noise of the current power supply that produces the
Feshbach magnetic field. In addition, the spectroscopic data presented in
figure 3.25a are taken at rather large temperature (~ 5 — 10 pK) compared
with previous work, resulting in a broadened resonance due to the width of
the Maxwell-Boltzmann distribution at this temperature. In figure 3.25b we
show the evolution of the spin imbalance parameter 6,

0= (Njiy—=Ni) ) / (Njjy +Npz)) (3.9)
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with N}y and N3y the atom number in the two lowest hyperfine states af-
ter the full evaporative cooling procedure. We observe that we start from
0 = 0 meaning that the gas is perfectly balanced. While increasing the hold-
ing time at the P-wave Feshbach resonance (B = 214.8 G), the imbalance
increases linearly to reach a fully spin polarized gas with atoms populating
only the lowest hyperfine state for a holding duration of 0.4 s. For large spin
imbalance, © ~ 1, the population in the state |2) is observed to be quite un-
stable making it complicated to prepare stable small population(N ) < 10%)
in state 2.

Controlling the trap geometry

Having two independent arms for the crossed dipole trap allows us to
choose in which trap configuration we want to probe the cloud :

¢ In the crossed dipole trap we will perform the cavity QED and the RF
spectroscopy measurement.

* We can release adiabatically the cloud at the end of the evaporative
cooling procedure in one single arm of the crossed optical dipole trap.
As the optical density is quite large in the crossed dipole trap, re-
leasing the atoms in a single beam running-wave dipole trap reduces
the peak optical density, making possible to realize an almost in-situ
absorption image. This will be heavily used to measure the cloud tem-
perature and is detailed in Chapter 4.

To characterize the different traps, we have measured their trapping fre-
quencies. For that we employ two different techniques :

¢ Starting from the trap we want to characterize at a given power, we
ramp up the power of the dipole trap over 5 ms and then quench
it back rapidly to the initial value. This triggers dipole oscillation of
the cloud in the harmonic trap allowing to measure the oscillation
frequency of the cloud after some time-of-flight by measuring the po-
sition of the cloud. To choose the direction in which we want the cloud
to oscillate we introduce a small magnetic field gradient in this direc-
tion which act as a force on the atoms. In order to keep the cloud in
the lowest region of the trap, where the harmonic trap approximation
stays valid, we need to take a special care of triggering a small motion
of the center of mass motion of the cloud.

* For the second measurement technique we modulate the amplitude
of the trap by modulating the amplitude of the AOMs. We measure
atomic losses and heating after a modulation at a given frequency
for 100 ms. By reconstructing the spectrum with all frequencies we
observe resonances where the modulation frequency hits the breathing
mode frequency of the gas that is equal to twice the one of the dipole
oscillation mode for a non-interacting Fermi gas.

In figure 3.26 we show the results of the trapping frequency measurement.
For all these measurement we produce a non-interacting Fermi gas as the
strong interactions affect the motion of the atoms and for example shifts
the breathing mode frequency of the gas [130]. For that, we use the previ-
ously describe procedure, holding the cloud for 0.4 s at the P-wave Feshbach
resonance to create a fully-polarized, non-interacting Fermi gas. The figure
3.26a.b shows the oscillation of the cloud after a quench of the trap power



in each single arms of the crossed dipole trap. The oscillations are fitted to
obtain the trap frequencies of each arm at an optical power of 75 mW. We
obtain trap frequencies of 387 and 412 Hz respectively in the vertical direc-
tion. We obtained similar measurement along the other transverse direction.
Along the beam direction the trapping is mainly provided by the magnetic
field curvature of 25 G - cm™—2 at 832 G. The dipole oscillations in this di-
rection gives a trapping frequency of 28 Hz, consistent with the simulated
magnetic field curvature created by the Feshbach coils at 832 G.
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Figure 3.26: Trap frequency measurements for the different trap configurations. a-b
Measurement of the dipole oscillations of the cloud along the vertical direction, in
each arm of the crossed optical dipole trap separately after a rapid quench of the
trap power. The yellow circles show the measured position of the cloud after a 1 ms
time-of-flight. The violet solid line is a fit to the data, allowing to extract the trapping
frequency in each of the arms.c Shows the same measurement in the crossed dipole
trap, the green solid line being the fit to the data.d Shows a loss spectrum as a
function of the frequency of the dipole trap intensity modulation. We observe a large
increase of atomic losses around 1078 Hz obtained by fitting a Lorentzian lineshape
to the data. A weaker signal at 512 Hz shows the breathing mode frequency along
the cavity direction. All these measurement are performed with a spin-polarized,
non-interacting Fermi gas.

We can realize the same type of measurement with the atoms held in the
crossed optical dipole trap as shown in figure 3.26c where we measure a
trapping frequency of 545 Hz along the vertical direction. A similar mea-
surement along the transverse direction in the plane of the cavity gives a
trapping frequency of 588 Hz. We can confirm these trap frequency values
by measuring the frequency of the breathing mode of the non-interacting
Fermi gas. We observe an increase of atomic losses around a frequency of
1078 Hz which gives a consistent value compared with the observation of
the dipole oscillations. We can use this technique to measure the trapping
frequency along the cavity direction even though the signal is much weaker
compared with the one due to the transverse direction 3.26d. We find an
increase of atomic losses and heating at 512 Hz corresponding to a trapping
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frequency of 256 Hz along the cavity direction which is close to the expected
value from simulations. To summarize the measured trapping frequencies
in the crossed optical dipole trap at 53 mW in each arm are :

(Wyx; wy; wz)/2m = (256(10); 548(5);545(5)) (3.10)

3.4.3 Experimental sequence to create a |1) — |3) mixture
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Figure 3.27: Production of a |1) — |3) mixture : the experimental sequence. a-c shows
the time evolution of the power of the standing-wave and lattice cavity trap and of
the crossed optical dipole trap respectively. ¢ represents the evolution of the mag-
netic field during the sequence while d shows the different RF frequencies applied
to the cloud during the sequence. The small drawing on the last panel shows the
evolution of the spin populations on a pictorial manner. Starting from a random
[1) —[2) mixture, a Landau-Zener RF frequency sweep at 832 G creates a balanced
spin mixture. Then, an adiabatic passage realized around 568 G with a 20 ms Rf
pulse at 84.03 MHz transfer the atoms from the state |2) to the state |3) creating a
balanced mixture. The rest of the optical evaporative cooling proceeds as previously
described but at a magnetic field of 690 G.

Building on the experimental sequence explained previously, we can adapt
it to create a spin mixture of atoms in the hyperfine states [1) and |3). This
hyperfine mixture also has a broad Feshbach resonance at 690 G which is
however about a factor 3 narrower. This has an advantage as for a given
magnetic field range it make it possible to explore regions with lower inter-
action strength both for lower and larger magnetic field.



3.4 All optical evaporative cooling to quantum degeneracy |

In figure 3.27a.b.c I show the traces of the two cavity dipole traps and of
the crossed dipole trap respectively during the evaporative cooling sequence.
The optical evaporative cooling sequence is strictly identical to the protocol
used to produce a [1) — |2) mixture.
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Figure 3.28: Comparison of the experimental production of a strongly interacting
Fermi gas in states |1) —|2) and |1) —|3). a-b Schematic representation of the balanced
[1) —12) and |1) —|3) respectively. c-e shows absorption images taken after 3.5 ms TOF
duration of atoms in states |1) and |2). d-f are similar for atoms in states |1) and |3)

Th main difference lies on the ramps of magnetic field and on the RF
pulses sequence (figure 3.27d.e). The magnetic field is ramped to 832 G
before starting the first evaporative cooling ramp in the standing wave cavity
dipole trap. There, for a duration of 200 ms, the same Landau-Zener RF
frequency sweeps are applied to create an incoherent, balanced mixture of
atoms in the two lowest hyperfine states. Afterwards the magnetic field is
reduced down to 568 G, where the scattering length between the states |1)-|2)

and [2) —[3) is close to zero meaning that the gas is nearly non-interacting.

A 25 ms pulse of RF power is applied at the transition frequency between
the states |2) and |3) at 84.03 MHz. At the same time the magnetic field
is slowly ramped up from 567 to 569 G in order to realize an adiabatic
passage through the resonance at 568 G. This technique allows to transfer
100% of the atoms from |2) to |3) on a robust manner. An alternative would
be to apply a m-pulse at the exact transition frequency, but this would be
extremely sensitive to any drift or noise on the magnetic field. Once this
adiabatic passage sequence is achieved, the magnetic field is ramped back
up to the Feshbach resonance for the [1) — |3) mixture at 690 G and the
evaporative cooling in the lattice-free cavity dipole trap starts.
In the figure 3.28, I summarize the points presented in this chapter.

* On one hand, we can prepare a mixture of atoms in the two lowest
hyperfine states with full control on the spin imbalance. As shown
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schematically in figure 3.28a., we can typically realize balanced |1) —2)
with atom number N = 4.0(1) x 10° per spin state. Absorption images
taken after a time-of-flight of 3.5 ms are shown in figure 3.28 c.e for
the two spin states |1) and |2), repectively.

¢ On the other hand, we can prepare a mixture of atoms in the hyperfine
states |1) and |3) with full control on the spin imbalance. As shown
schematically in figure 3.28b., we can typically realize balanced |1) —|3)
with atom number N = 2.0(1) x 10° per spin state. Absorption images
taken after a time-of-flight of 3.5 ms are shown in figure 3.28 d.f for
the two spin states |1) and |3) repectively.

3.4.4 Absorption imaging

First we can take absorption images of the atomic density. For this, we send
a resonant light pulse on the closed-transition in the Pashen-Back regime
12812, my=1/2,m; =-1,0,1) — (283, my = —3/2,,m; = —1,0, 1) to probe
the atoms in the hyperfine states |1), |2) and |3). The resonant light beam that
passes through the atomic cloud is absorbed, leading to a reduction on the
optical power of the transmitted light following the Beer-Lambert law

ol(x,y,z)

.~ on(oy 2y 2) (3.11)

where u is the direction of propagation of the imaging beam, I(x,y,z) is
its intensity profile, n(x,y, z) the atomic density and o(I) the resonant ab-
sorption cross-section of the atoms that can be expressed, using the same
formalism we have presented to derive the radiation pressure force for a
two-level atom :

0o

oW =

(3.12)

with 09 = 3A\%/2m the bare scattering cross section. The intensity term at
the denominator represents a reduction of the scattering cross section when
the imaging beam saturates the atomic transition as a maximum population
inversion of 1/2 is allowed for a two-level system. In our case, s = I/Isat ~
0.03 makes us operating in the low saturation regime. In such a way, a
precise characterization of the saturation effects due to large intensity is not
necessary. During the experimental sequence we take three snapshots :

* One image is taken with the imaging pulse and the atoms.

* A second snapshot is taken with only the imaging pulse but without
the cloud.

¢ A last image is taken to calibrate the background of the camera.

The first image shows the shadow of the cloud due to the photons ab-
sorbed which allows to measure the column density n.y(x,y) integrated
along the direction of propagation of the beam taken along the vertical di-
rection z here:

Neol(x,y) = /n(x,y,Zsz = *:;109 <I(x,y)) (3-.13)



with I(x,y) the beam intensity measured on the camera in the presence of
the atoms and Iy the intensity of the imaging without any absorption. Prac-
tically, in order to reduce the influence from the dark count of the camera,
we subtract the last image to the ones with and without atoms leading to
the expression for the column density :

I(X/U)_Idark) (3.14)

IO - Idark

1
ncol(X/U) = /n(xzy,l)dl = —Elog (

As °Li is an very light atom, each scattered photon from the imaging
beam will induce a velocity kick to the atom hk/m. This produces a Doppler
shift that will make an atom off-resonant after about 20 scattered photons at
resonance. This specific property of Lithium makes it absolutely necessary
to ensure that during an imaging pulse, less than 10 photons are scattered
per atom on average. For this, we keep the imaging pulse short from 5 to 10
ps at very low intensity.

In this experiment, we have two absorption imaging, one along the verti-
cal axis and one in the cavity plane along the direction of one of the crossed
optical dipole trap arms. I will now present the detail of the optical setup
used to control these two imaging beams.
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Figure 3.29: Optical system for the absorption imaging.

The imaging laser is a diode laser Toptica DLpro at 671 nm. The frequency
of the laser is monitored by the wavemeter High Finesse WS8-2. The built-in
PID of the wavemeter feeds back onto the piezoelectric actuator of the diode
grating in order to stabilize its frequency at the setpoint value chosen on the
wavemeter software. As shown in figure 3.29 the main output of the diode
laser is fiber-coupled in order to clean the laser spatial mode which would
cause some stray light onto the atoms.

The laser beam is sent to a double-pass AOM in order to fine-control
its frequency and its amplitude. The beam is then split into two different
beams that are fiber-coupled to the experiment. One beam is sent on top of
the chamber in order to provide the vertical imaging beam while the other
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| Preparation of a strongly interacting Fermi gas in a high finesse cavit

is sent to an optical breadboard on the side of the chamber to obtain an
absorption image in the horizontal plane.

Imaging optical setup around the science chamber
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Figure 3.30: Two-axis absorption imaging.

In figure 3.30 we present how the two imaging beams are shaped near
the vacuum chamber. First, on the upper breadboard, the laser beam is sent
collimated onto a phase plate Topag GTH-4-2.2 that transforms a Gaussian
beam into a square-top-hat beam in the plane of the atoms (see the picture
on the top right of figure 3.30). The beam is then focused onto the atomic
density with a 750 mm focal length lens. The light is collected by a f = 200
mm doublet and then focused with a f = 750 mm lens onto a scientific
CMOS camera (Hamamatsu ORCA Flash v4) with a surface of 2048 x 2048
pixels with a physical pixel size of 6.5 ym. The vertical beam propagates
along the same axis as the vertical MOT beam. The collection optics of the
imaging are placed after a flip-mirror that is flipped after the laser-cooling
phase of each sequence. As a consequence this imaging axis is only available
to image the clouds after the evaporative cooling in the cavity dipole trap.
The calibrated magnification, using Raman-Nath diffraction of the atoms by
a 1D periodic optical potential [131], of the vertical imaging is 4.03. Along
the vertical axis the light is circularly polarized.

The horizontal beam is sent to the side breadboard where an iris is placed
between the optical fiber tip and the collimating lens (figure 3.30). That way,
only the very top part of the gaussian beam is selected allowing to obtain a
relatively flat illumination (see top right picture in figure 3.30). The beam is
sent collimated onto the atomic cloud and then collected and focused on the
CMOS camera by two lenses with f = 250 and f = 500 mm respectively. The
scientific CMOS camera is a PCO Edge LT 4.2. The measured magnification of



the horizontal imaging is 2.2. This imaging direction is co-propagating with
one arm of the crossed optical dipole trap, with an angle of 18° with respect
to the axis of the science cavity. As this axis is perpendicular to the vertical
quantization axis set by the large magnetic field bias, the scattering cross
section is reduced by a factor 2 as the beam is linearly polarized horizontally
in order to couple to the o atomic transition.
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Figure 3.31: Vertical absorption imaging. a shows the column density obtained after
a 7 pus pulse of resonant light at 832 G, looking at atoms in state [1) after 3 ms of time-
of-flight. b Evolution of the atom number obtained from the absorption imaging as a
function of the imaging laser frequency (yellow circles). 0 represents the frequency of
the atomic resonance. The data are fitted with a Lorentzian function giving a width
of 5.8 MHz consistent with the natural linewidth of the transition T'.

In figure 3.31 .a, we show a typical absorption image taken at 832 G along
the vertical axis of the atoms populating the lowest hyperfine state |1). As
displayed in figure 3.31 .b we can look at the total atom number as a func-
tion of the imaging laser frequency with respect to the atomic frequency
transition set at 0 here. The deviation to the fitted Lorentzian profile (violet
solid line) is due to atoms being accelerated by the scattering of photons
from the imaging beam. This leads to a underestimation of the actual atom
number. We will compare this measurement with the one obtained from the
cavity dispersive shift that will give us the exact correction factor for the
reduced scattering cross section due to the Doppler shift.

We have now described the entire production sequence, where starting
with a thermal vapour of ®Li, we can create within 4 s a deeply degenerate
Fermi gas at the location of the broad Feshbach resonance of ®Li leading to
large atom-atom interaction. We have also reviewed the optical tools that we
can use to study the system by imaging the density profile of the cloud or
measuring the cavity transmission probed with near resonant light. These
optical techniques can be combined with RF spectroscopy in order to study
the strongly interacting Fermi gas that we can now couple with photons in
the science cavity.
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CHARACTERIZATION OF A STRONGLY
INTERACTING FERMI GAS

In this chapter, I will describe ultracold collisions that play a central role
in quantum gases. Low energy collisions between ground states atoms in-
teracting via a Van der Waals attractive potential lead to a variety of phe-
nomena that are routinely used to produce strongly interacting gases and
study the effect of these interactions. I will first present how this Van der
Waals potential emerges from the simplest model for a pair of two-level
atoms in their ground state. I will show that short-range interactions can
be parametrized with a single physical parameter, the scattering length. In
this regime we will show that the true interaction potential can be simpli-
fied in order to study the ultracold collisions between fermions. We will
then explore the specific case of the low energy collision of discernible fer-
mions in the 8-wave regime and show that interactions can be tuned by a
bias magnetic field, the so-called Feshbach resonance. In this model we will
take into account the presence of many fermions to show the energy spec-
trum of the system and how this interactions leads to pairing in the ground
state, creating a strongly correlated gas of fermions. We will then connect
the thermodynamics properties of this strongly interacting Fermi gas with
the one of the non interacting Fermi gas in an harmonic trap. Finally we
will show that we can observe experimentally the presence of pairs, observe
hints of superfluidity from the analysis of the density profiles and extrap-
olate the temperature of the degenerate Fermi gas even in the presence of
strong atom-atom interactions.
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4.1 INTERACTION BETWEEN TWO GROUND STATE ©LI ATOMS
Atoms in a quantum gases experience an interaction potential when they

approach each other. The typical de Broglie wavelength of the atoms is typ-
ically more than 3 orders of magnitude larger than the typical size of an
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dimere forming due to the presence of the interaction potential. This leads
to several effects that will allow to simplify the mathematical treatment of
the interaction term in the Hamiltonian. In the recent years several interac-
tions have been observed in quantum gases with different systems such as
the electric dipole-dipole interaction between Rydberg atoms [132, 133] or
polar molecules [134-136] or a magnetic dipole-dipole interaction [137, 138]
for species with large magnetic dipole moment (Dysprosium or Erbium for
example). In this work we will concentrate on two neutral ground state
atoms of ®Li in the two lowest hyperfine states. We start first by calculating
the interaction potential for the simplest model of an atom.

4.1.1 Van der Waals potential between two ground state atoms

We consider two atoms, A and B in their respective ground state, |2s), at
a distance T along a unit vector . Here, we will consider the limit where
the distance r stays larger than the respective size of the electronic cloud of
each atoms. Once this criterion is fulfilled, we can study the dipole-dipole
interaction between the electronic clouds with a negative charge and the
nuclei with a positive one [139]. Both atoms are globally neutral. The dipole
potential depending on the dipole operators for each atom reads

Vbip [D—/\) .Dp -3 (ﬁ ' D—A>> (7 ' D—B>):| (4.1)

At the first order of the perturbation theory, this interaction potential is
zero for a ground state atom in a |2s) state. Going to the second order we
will see that the energy of the ground state is lowered by the interaction
potential, leading to an effective attraction between the atoms. By going to
the second order in perturbation we actually study the effect of an oscillating
dipole, lets say the atom A, polarizing the atom B an vice versa. The fact that
the time-average of the dipole moment D(t) is zero but its variance is not
explains why this effect appears only to the second order in perturbation.
The excited state of the atoms of angular momentum ] = 1 can take three
values once projected along the quantization axis, mj = —1,0, 1. The energy
between the ground and the excited state is denoted E = hwe, with we
the frequency of the atomic transition. Instead of writing the Hamiltonian
on this basis we can use the spatial basis (%,7,2). Taking the quantization
axis z oriented along the inter-particle axis U and taking the second order
contribution to the potential :

 4meor
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x=X,Y,z

with UDip = f—; [XAXE +YayB — 2zazp] the dipole operator decomposed
on the basis of the position operators of the two atoms. We can write the
action of the position operators (gl qXlex) = (glq{ley) = (glqzle;) = d
with d the reduced dipole of the atomic transition. Expanding the equation
4.1 leads to an expression for the energy shift of the ground state due to the
perturbation coming from the dipole interaction :

1 1 \? 27T Al
AB? = ——— [ —— =T —— :
2hw <4neor3> (3d%) 16 w (kr)® 43)
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Figure 4.1: The Van der Waals potential for two interacting atoms. The figure shows
the spatial scaling of the —Cg /16 (yellow dashed line) for C¢ = 1380 u.a for 6Li. In
order to model the repulsion of the electronic clouds at short distances, a repulsive
potential Cq,/ 712 can be added, forming the so-called Lennard-Jones potential (blue
solid line). We see that this potential as a local minimum at ry = 0.1Ry gy which is
much smaller than the range of the Van der Waals potential given by Ry qw/ .

with k = 27t/A the wave-number of the atomic transition and the linewidth
of the excited state I' = (w3d?)/(3meghc?). This expression shows that the
energy shift of the ground state due to the dipole-dipole interaction is neg-
ative and scales as 1/1° as the Van der Waals potential. Moreover with this
simple model, we can find a very good approximation for the Cg coeffi-
cient of the Van der Waals potential which agrees at better than 5% with the
measured one. The perturbative treatment stays valid while I'/ w stays small
which is the case for pretty much any atomic transitions as it is usually
about 10~ for standard optical transitions.

In figure 4.1, we show the Van der Waals potential V(r) = —Cg /16 with
Ce = 1380 u.a for °Li. In this representation the Van der Waals radius

1/4
Ryaw = % (“;SG) is taken as the characteristic length-scale that gives

the typical range of the potential. At short distances, the Van der Waals po-
tential is mitigated by a hard core repulsion due to the overlap between the
electronic clouds of the two atoms that is modelled here with a power law
V(r) = —Cy2/r'2. This combination of an attractive Van der Waals potential
with such a repulsion at short distance is called a Lennard-Jones potential.
In the next section, where we will study the scattering of two atoms, we
will see that the notion of potential range becomes important as it provides
a characteristic length-scale associated to the interaction potential. The de
Broglie wavelength will be used to characterize the large distances while
short distance will be taken to be smaller that the range of the potential,
here defined as Rygqw.
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4.1.2 Resonant scattering between two atoms at low energy

Now that we have emphasized how two ground state atoms feel an attrac-
tive potential due to the dipole-dipole interaction in their ground states, we
study the scattering problem for two atoms. We want to calculate the scat-
tering amplitude associated to the interaction potential. We treat the prob-
lem in the reference frame of the center of mass of the two atoms, where
a fictitious particle of reduced mass me; ;/2 is scattered by the interaction
potential V(r) :

h? (V2 + k) ¥(r) = V(r)¥(r) (4.4)

with k represents the wavenumber associated to the fictitious particle.

The solutions of this equation fulfil the Lippman-Schwinger equation :
W) = e [ 60 (e vV )8 @3)

with Qéﬂ the Green’s function corresponding to a spherical wave scattered
out by the interaction potential. If we consider a portion of space for r large
compared with the extent of the potential, the Green’s function can be de-
veloped as

ik|r—r’| ikr
e € —ikus-r’
e (4.6)

[r—1’| rSoo T

with uy the unit vector defining the direction where we look at the scattered
wave.

In the regime of large distances the Lippman-Schwinger becomes:

eikr

ll]k(r) = eikr + f(kr ui, uf) (47)

T

with uy the unit vector giving the direction of the incident wave onto the
scattering potential. For a potential invariant by rotation the scattering am-
plitude simplifies in f(k, u;i, u¢) = f(k,0) with 6 the angle between the in-
cident plane wave and the point v where we looked at the scattered wave.
Even if this equation is still implicit, as the Lippmann-Schwinger is, it gives
a nice physical picture of the two atoms scattering problem in the reference
frame of the center of mass : the incoming atom is represented by the plane
wave that is scattered by the interaction potential. The total scattered field
is a spherical wave with a scattering amplitude f(k, 0). This scattering am-
plitude will capture the details of the scattering event of the atom by the
interaction potential. This scattering amplitude has to fulfil a mathematical
criterion called the Optical theorem:

k
Im[f(k,0 =0)] = 7 Otot (4.8)
with oot the total scattering cross-section. It means that all the amplitude
from the incoming wave that are not transmitted (hence 6 = 0) result from

the interference between the incident wave and the scattered spherical wave



in the forward direction dephased by the interaction potential. We already
see that this dephasing will be the determinant physical parameter to char-
acterize atomic collisions.

This theorem, in the case of a Hamiltonian invariant by rotation, leads to
a strong constraint on the shape of the scattering amplitude describes by

Otot = 47If(K)[? (4-9)

i — 90— ik (4.10)
with g(k) a real function of k. We notice here an upper limit for both the scat-
tering amplitude and the scattering cross section o < 47t/k?, which is called
the unitary limit. The scattering amplitude is unitary limited, meaning that
it is governed by the de Broglie wavevector of the atom, independently of
the interaction potential properties.

We write down the Hamiltonian for the two-body problem, considering
a potential V(r) invariant by rotation. This leads to a decomposition of the
scattering wave function into a radial part x(r) and a part depending on
the angles Y, m)(0, d), the spherical harmonics functions. Considering the
expression of the Laplacian in spherical coordinates and the fact that the

radial part of the wavefunction can be written as x(r) = @ we obtain the
following Schrodinger equation:
h? 2141
() + V() + % w(r) = Eu(r) (4.11)

In this equation we can identify the interaction potential between two
ground atoms V(r). In addition, the term proportional to 1/r% corresponds
to a centrifugal barrier that is only present for 1 # 0. This term creates a
repulsive barrier at relatively large distance, leading to a repulsion between
the atoms. With the symetrization and anti-symetrization constraints of the
wavefunctions for bosons and fermions, only even values of 1 are allowed
for bosons and odd values for fermions. Thus, §-wave scattering is cancelled
out between identical fermions.

As typical quantum gases experiment work with atoms at very low tem-
perature (T < 1 1K), we can make several strong assumptions that simplifies
the Schrédinger equation :

* As the energy of the atoms is small, we can restrict the collisions to
S—wave scattering, meaning that 1 = 0. For higher order collisions,
the centrifugal barrier dominates and forbids the atoms to come close
enough to feel the attractive Van der Waals potential.

e The typical kinetic energy of the atom E = h?k?/2m is small meaning
that 1/k, the de Broglie wavelength, will be large compared with the
range of the potential (typically 1 pm).

¢ The extent of the atomic wavefunction being much larger that the typ-
ical extent of the Van de Waals potential, the scattering process will
not depend on the details of the interaction potential as it will be
"smoothened" by the extent of the atomic wavefunction.
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In the model described previously, the scattering amplitude is written as
a sum of Legendre polynomials,

f(k,0) = Z(ZH—1)P1(cos(9))(21—k(62i51 —1) =) (2L+1)P(cos(0))fy (k)
1 1

(4.12)

with fi(k) giving the partial scattering amplitude in each of the scatter-
ing channel 1 with its expression fulfilling the optical theorem 1/f;(k) =
k/tan(81(k)) — ik, &1 being the dephasing due to the collision. For low inci-
dent momenta compared with the depth of the scattering potential, meaning
that the typical extent of the scattering potential is small compared with the
de Broglie wavevector of the atoms, we can replace V(r) = —Cg /16 by a
simpler potential that reproduces the scattering behaviour observed for the
Van der Waals potential. For this purpose, we can express the scattering am-
plitude in the 8-wave scattering amplitude in the general case as a function
of the phase imprinted by the scattering potential onto the incident wave,
as introduced in equation 4.12. The general form of the scattering into the
partial waves simplifies for small momenta and isotropic scattering into:

1 T 1,
50 a ik + irek (4.13)
with a = lim w which has the dimension of a length and character-

k—0
ize the dephasing of the incident wave by the scattering potential at small

momenta. This quantity, called the scattering length, is the only necessary
parameter to describe scattering at low momenta. The second order term
in k corresponds to the so-called effective potential range r. [70, 71, 140].
For the description of short-range interaction in °Li this term can be safely
neglected most of the time. The model for the interaction potential has to
reproduce the actual scattering length of the true interaction potential. This
means that one can find a much simpler mathematical form of the interac-
tion potential that leads to the same dephasing of the incident wave, sim-
plifying the mathematical treatment of contact interaction[141]. We notice
that the scattering amplitude still fulfils the optical theorem and leads to a
unitary limit for the scattering cross section for discernible particles :

47t
Omax = k7 (414)

which is then independent on the scattering potential but only limited by the
de Broglie wavelength of the atoms. To get a bit more of physical meaning
about the scattering length we can treat the case of a square potential in
the radial direction as presented in figure 4.2. The range of the potential
is clearly set by its width b where it takes a non-zero value —V, which is
negative. Formally, the equation 4.11 takes the following form for the region
of space between v = 0 and r = b considering low energy collision leading
to only scattering in the S-wave :

hZ
—Ru”m — Vou(r) = Eu(r) (4.15)
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Figure 4.2: Parametrizing interactions : qualitative understanding of the scattering
length. a-c Show the radial wavefunctions of the zero energy collision states, as the
asymptotic case of a low energy diffusion state. We see that the sinusoidal wave-
function in the potential connects to a linear part for r > b. Taking the point where
the wavefunction for r > b cancels out can show three different behaviours as a
function of the trap depth. We see that there can be both a positive and negative
solution (panels a and c). The distance where the wavefunction cancels corresponds
to the scattering length of the well potential. In between these two regimes there
is a specific well depth that creates a diverging scattering length, corresponding to
the unitary limit of the two body collision problem. d Shows the full solution of the
contact condition giving a as a function of the square well depth. The yellow circles
corresponds to the scattering lengths described in panel a, b and ¢

In order to look at the asymptotic shape of the radial wave function, we
take the limit k = 0 for the incident wave. Consequently the solutions of the
differential equations for the two regions of space are :

T < bu(r) = Asin(kgr) (4.16)

r>bu(r)=ar+p (4.17)

with Vo = h?k3/me; associated to the depth of the square potential. The
continuity of the wavefunction and its derivative in v = b allows to express
the scattering length :

a=b—tan(kgob)/ko (4.18)

which gives the shape of the asymptotic wavefunction for r > b to be
u(r) « r—a. a corresponds to the common node of the asymptotic radial
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wavefunction. In figure 4.2.a.b.c we show the radial wavefunction solutions
of the Schrodinger equation for different potential depth Vj. At short dis-
tances the wavefunctions oscillate as a sine and is then linear in the region
where the interaction potential is zero. In the case of figure 4.2.a the lin-
ear part of the radial wavefunction for r > b never intersects 0 for positive
distances. However it virtually cancels for a negative distance, correspond-
ing to a negative scattering length. In the case of figure 4.2.c the scattering
length is positive as the wavefunction cancels out for a positive distance.

2.2 . .
When Vy = % the slope of the wavefunction at large distances cancels
Li

out leading to diverging scattering length (figure 4.2.b).

The variation of the scattering length with the depth of the scattering
potential is summarized in figure 4.2.d, showing multiple scattering reso-
nances where a — oo for particular values of the potential depth (figure
4.2.b). At the resonances, the scattering cross section reaches the unitary
limit which only depends on the de Broglie wavevector as previously de-
scribed. These divergences correspond to the apparition of a new bound
state in the potential while increasing the potential depth. We can then un-
derstand the physics behind the resonant scattering : there is a bound state
of the scattering potential very close to the continuum which can couple
almost resonantly to the low energy free particle states of the continuum.
When the depth increases even more, the binding energy of this new bound
state increases, making the energy mismatch with the entrance state larger
and thus reducing the value of the scattering length.

a<0 a>0
a b
=
E 0 )
~ v
0 Distance 1006 0 Distance 1006
C d
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Figure 4.3: Low energy diffusion states for the square-well potential. a-b Show
the solutions of the Shrodinger equation for low energy scattering states (k/kg) =
(0.02,0.03,0.05) (blue, yellow and green solid lines, respectively). At large distances,
T > 1/k the wavefunction is a fine of wavector k. At short distances in the potential it
has the same mathematical form with a wavevector k’? = k? + k3. c-d show a zoom
for regions where r < 1/k. We see that in the positive scattering length case, all the
radial wavefunctions have a common node at r = a. We will see that this qualitative
feature will turn into a way to remove any scattering potential from the problem to
replace it with a proper boundary condition called the Bethe-Peierls condition.

In the same spirit we can look at low energy incident states with k =
(0.02,0.03,0.05) x ko. In that case a quick look at the Schrodinger equation



shows that at large distances, where the scattering potential has no influ-
ence, the radial wavefunction is a sine wave. The wavefunctions in the po-
tential range (r < b) oscillate at a frequency depending both on the incident
wavevector and on the depth of the potential with a relative phase 8¢(k)
compared with the incident wave. In the limit of k — 0, we find back the
very same expression for the scattering length as the one calculated above
in the case of k = 0. In the low energy limit, the shape of the wavefunction
at large distances will behave as u(r) « sin(k(r — a)), very similar to the
previous calculation (actually a Taylor expansion in k would give the same
result). The wavefunctions are displayed in figure 4.3.a for negative scatter-
ing length, and in figure 4.3.b for positive ones. We first see that, at the scale
of the incident wavevector k, the detail of the potential is irrelevant to look at
the radial wavefunction at large ditances. By zooming in close to the poten-
tial range v = b (figure 4.3.c.d), we see that in the case of a positive scattering
length all the wavefunction share a node at a distance corresponding to the
scatterring length. For negative scattering length the node is displaced for
negative distances and thus is only virtual. This common node makes it then
possible to reproduce the same set of wavefunctions by imposing boundary
conditions to the free-particle radial wavefunction. This corresponds to the
Bethe-Peierls boundary conditions that imposes the shape of the total wave-
function to be,

Y (r) = A (] — 1) (4.19)

We have reviewed the scattering processes behind the short-range interac-
tions in quantum gases. So far we can explain how discernible particles can
resonantly interact while new bound state with very small binding energies
appear in the scattering potential. We will now see that another toy poten-
tial can reproduce the scattering length as previously calculated for the first
order in perturbation k.

Pseudo-potential

In order to reproduce properly the scattering length in the ultracold colli-
sion regime we could even hope for a simpler zero-range potential of math-
ematical form V(r) = gd(r) with §(r) the Dirac function. We can test this
potential with a Born approximation in power of the scattering potential

Yy = ‘l’]io) +‘1’1(<” + \l’](cz).... Up to the first order there is no mathematical
problem appearing. However, to the second order, the Dirac function has to
be applied to the free particle Green’s function G, o« e**"/r that diverges in
T = 0. For this purpose, we have to modify the interaction potential in or-
der to regularize it around r = 0, thus removing the divergence in the Born
approximation to the second order. The so-called pseudo-potential can be
defined by its action onto the wavefunction ¥(r),

0
Vpp [¥(1)] = 95“)& ¥ (r)] (4.20)
which once applied to the Green’s function, does not lead to any diver-
gence anymore as Vpp [e'*7/r] = igks(r). This potential, in 3D only, has
one bound state if the coupling strength g is positive. By looking at the free
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particle states of the continuum, we can derive the scattering amplitude for
this potential finding

ﬁ = —]a —1ik (4.21)
with a = (gme;)/ (47h?) which is the scattering length associated to the
pseudo-potential. The scattering amplitude of the pseudo-potential is inde-
pendent of the angle 6 without any approximation, thus particularly suit-
able to describe the low energy isotropic collisions. By construction, the
d-potential only allows for S-wave scattering. The shape of the scattering
amplitude fulfil the Optical theorem ensuring the unitarity and has zero ef-
fective range. In this framework we can again calculate the wavefunction of
the scattering states with the Bether-Peierls boundary conditions.

We have so far considered a single scattering channel. In practice even
if early work have explored this phenomenon [142], the scattering process
we want to describe for °Li at large magnetic field requires to consider a
two-channel model.

4.1.3 Feshbach resonance

The Feshbach resonance corresponds to non-interacting atoms in a low ki-
netic energy state, coupling to a bound state of the scattering potential. The
position of the bound state of the closed channel with respect to the free
particle open channel can be tuned by applying an external magnetic field
bias. Thus, as these two channels couple via hyperfine interaction, when the
two states have almost the same energy the coupling is resonant and leads
to a diverging scattering length, corresponding to the unitary limit for the
collisions.

Two-channel model

This process takes place between °Li atoms that populate different hyper-
fine states. The valence electrons of the pair can be either in a triplet or
singlet state that defines two different interaction potentials shown in figure
4.4 [71]. Atoms separated by large distances see the interaction potential of
the triplet state (in yellow in figure 4.4) as we work at high magnetic field.
The entrance channel of the collision is a low energy free-particle state of the
triplet interaction potential. It couples, due to the hyperfine interaction, to a
bound state of the interaction potential of the singlet state (in purple in fig-
ure 4.4). Both potentials, as they emerge from triplet and singlet states, have
different magnetic moment p. It allows to tune the energy offset between
the asymptotic free particle state in the open channel and the position of the
bound state in the closed channel with a bias magnetic field. It is noticeable
that the bound state in the closed channel would not be energetically acces-
sible in the absence of hyperfine coupling as it appears in figure 4.4. Atoms
in the continuum of the open channel will couple to the bound state of the
closed channel thus experiencing an actual scattering process before exiting
the collision back, into the continuum of the open channel. The coupling
strength varies with the energy difference between the bound state in the
closed channel and the energy of the free particle state in the open channel
denoted AE in figure 4.4. This process is called a Feshbach resonance [143]
that was predicted first in the field of nuclear collisions.
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Figure 4.4: Two-channel model : description of the Feshbach resonance. The violet
solid line represents the Van der Waals potential of the triplet state, while the yellow
solid line describe the singlet state one. The entrance channel of the collision is a
low energy free particle state of the triplet state, called the open channel. In the
presence of hyperfine coupling, the open channel couples to a bound state in the
closed channel where atoms will experience an interaction. The bound state state in
the closed channel is described by its energy difference with the free particle state of
the triplet potential AE.

A full treatment of the two channel scattering model [144] shows the fol-
lowing structure of the scattering length, as a function of the bias magnetic
field

AB
a(B) = apg (1 — 3= Bo) (4.22)

with By the position of the Feshbach resonance, AB the width of the res-
onance and apg the background scattering length. The ®Li Feshbach res-
onance at 832 G is considered as unusually broad compared with other
alkali atoms [71]. It also has a much larger background scattering length
apg ~ —1600ay, that is due to the actual depth of the open channel potential,
being close to support an extra bound state, virtually located a few hundred
of kHz above the continuum. For these reasons the Feshbach resonances of
®Li have several advantages :

¢ For broad resonance the effective range term of the scattering ampli-
tude %refsz can be safely neglected. This leaves the scattering problem
described by a universal parameter depending on the scattering length
and the Fermi wavevector 1/kf, the only relevant length scales in the
problem.

* The broad resonance makes the strongly interacting gas long lived, the
molecular state where inelastic collisions appear being very weakly
populated. Thus it is very well described with a single channel model.
Moreover the width of the resonance is directly linked to which of the
two channels is the dominant one. In the case of °Li, the open channel
dominates quite largely as the population in the close channel stays
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Figure 4.5: Feshbach resonance for the |1) —|2) and the |1) —|3). Feshbach resonances
for the 1—2 and the 1 — 3 mixtures of °Li atoms. Data taken from [145]. The 1 —2
is located at 832 G while the 1 — 3 resonance is at 690 G. It is clearly visible that
the resonance for the 1 — 3 mixture is significantly more narrow than for the 1 —2

mixture.

rather small (about 107 at unitarity) for the broad Feshbach resonance
at 832 G [72].

* The width of the resonance being very large, the magnetic field accu-
racy required to tune the interaction strength is not very high.

In figure 4.5 we show the evolution of the scattering length for the spin
mixtures 1 —2 and 1 — 3 [145]. The table below summarizes the properties
of these two Feshbach resonances :

Table 4.1: ®Li Feshbach resonances.

| [ 2 [ 13 |

AB (G) 262 167
Bo (G) 832.2 | 689.7
apg (ao) —1582 | —1770

As depicted in figure 4.5, the two Feshbach resonances for the 1 —2 and
1 — 3 mixture have a zero crossing at 527 and 566 G. This is the region where
we prepare the 1 — 3 mixture as RF transitions can be driven without being
influenced by strong interactions between the different hyperfine states.

By scanning the magnetic field from 500 to 1000 G the scattering length
can be adjusted from positive to negative values, crossing the unitary regime
where the scattering length diverges. Remarkably, if one would like to go to
large magnetic fields in order to reduce the scattering length to recover a
non interacting Fermi gas, the large background scattering length will never



allow to enter a regime where interaction effects can be discarded. As the
gas is strongly interacting over this full range of magnetic field, with large
positive and negative scattering length, the Feshbach resonance of °Li is
a very well suited system to study strongly interacting fermions. In the
next section we will show with a simple model one of the most striking
consequence of this large short range interactions : the presence of pairing.

4.2 FROM TWO-BODY TO MANY-BODY PHYSICS

We have looked in detail at the two-body problem in the presence of short-
-range interactions. In order to study quantum gases it is necessary to go
beyond a model accounting only for two atoms colliding together and add
the effect due to all the other atoms of the gas. In a first place we will study
a model [146] where the two colliding fermions are confined in a box po-
tential, in order to mimic the effect of the Pauli principle. This model gives
already a good description of the energy spectrum of the many-body system
as we will see now.

4.2.1 One fermion in a box : a minimalistic model of the BEC-BCS crossover

We consider a simple model of the strongly interacting Fermi gas in order
to calculate the energy spectrum of the interacting Fermi gas accross the
Feshbach resonance, which realizes the so called BEC-BCS crossover [70,
71]. We follow the reasoning presented by Pricoupenko and Castin in [146].
This model simplifies a system with N fermions, equally populating two
spin states and interacting via a Van der Waals potential (figure 4.6.a). This
situation is simplified by considering a box with radius R that mimic the
Pauli principle with the N — 2 atoms left. The scattering problem for the two
fermions in the box is treated in the center of mass reference frame of the
pair, leaving a single particle in the box, with a mass equal to half of the one
of a Lithium atom that interacts with a contact scattering potential in r = 0.
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Figure 4.6: Minimalistic model of the BEC-BCS crossover : one fermion in a box. a
Shows the system of interest : N fermions, equally populating two spin states and
interacting via a Van der Waals potential. b Corresponds to the simplified model
where a fictitious particle, of reduced mass m = mep;/2, confined in a box of radius
R, fixed by the Fermi energy of the N — 2 fermions. The particle scatters onto a
contact potential at r = 0, simulating the scattering between two fermions with
opposite spin.
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The energy of a non-interacting free Fermi gas, composed of N atoms is
given by,

E= %N(—:F =1/2Ne (4.23)

with e the Fermi energy and e the energy of the fictitious particle in the
box. The ground state of the non interacting fermion in a box of radius R is
given by €y = % allowing to link the radius of the box with the Fermi
energy of the non-interacting gas,

5\ 1/2
kiR = <3) 7 (4.24)
We replace the effect of the interactions by the Bethe-Peierls boundary
conditions
oru(r) 1
'LL( T) - a (4‘25)

u(r) is the radial wavefuntion as described in the previous section, solution
of the following Schrédinger equation :

hZ
——Au(r) = eu(r) (4.26)
m
This equation can be solved for positive and negative energy of the fic-
titious particle leading to two set of solutions with the contact condition
imposed by the Bethe-Peierls boundary conditions :

u(r) = Asin(k(r—R)) and tan(kR)=%ka for € >0 (4-27)
and
u(r) = Asinh(k(r—R)) and tanh(kR)=«ka for e <0 (4.28)

The resulting energy spectrum is shown in figure 4.7. Let us take a look
at the ground energy branch in some limiting cases. The energy branches as
well as the radial wavefunction for limit cases over the BEC-BCS crossover
are shown in the figure 4.7.

¢ We first look at the solution for a — oco. The first solution to the contact

condition for positive energies gives tan(kR) — oo, meaning kR = /2.

This point in figure 4.7 corresponds to —1/kpa — 0 with an energy
I‘T:];Zz = £2. Thus the energy is decreased compared with the
free fermion gas showing the existence attractive interactions at uni-
tarity where the scattering length diverges. The radial wavefunction
reads u(r) = A cos(kr). In the unitary limit the scattering length drops
out of the problem leaving us with the de Broglie wavelength as the
characteristic length-scale.

€ =
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Figure 4.7: Ground and first excited branch of a minimalistic model describing the
BEC-BCS crossover. We show the evolution of the first two energy branches as a
function of the interaction parameter —1/kgq. The ground branch asymptotically
connects to the energy of the non interacting Fermi gas for a — —oo. It continuously
decreases until the energy becomes negative for negative values of —1/kgq. In the
limit of a — oo, the energy of the ground branch scales as 1/ a?, corresponding to
the binding energy of the molecules on the BEC side of the resonance, as shown
by the exponentially decaying wavefunction on the BEC side. The shape of the two-
body radial wavefunction is plotted on the BEC side, at unitarity and on the BCS
side to show its qualitative evolution. In the ground branch the interaction between
particles is attractive as the energy is smaller than the non interacting Fermi gas one
at any interaction strength. The first excited branch exhibits a larger energy, corre-
sponding to repulsive interactions. In the excited branch the wavefunction dephases
continuously when going from the BCS to the BEC side of the resonance.

e In the limit where a — 07, the lowest energy solution corresponds to
the negative energy contact condition tanh(kR) = ka = 1. The energy
reads € = —h?/ma?. We see the existence of pairs in a bound state
with a binding energy going to —oo for decreasing and positive scat-
tering length e.g. —1/kpa — —oo. This corresponds to the BEC part
of the crossover where atoms form bound molecules with an asymp-
totic radial wavefunction u(r) = Ae "/ which localizes the pair at
the center of the box. In this case the size of the box R drops out of the
problem as the bound molecules are bosons.

¢ Looking at the asymptotic case a — 07, the first solution corresponds
to tan(kR) = 0 and kR = 7 = ka. Hence, the energy of the particle in
the limit where —1/kfa — 400 tends to the non interacting Fermi gas
€ = ¢¢ and a radial wavefunction u(r) = A sin(kr).

The energy of the ground branch is always decreased by the contact inter-
action, highlighting the attractive nature of the interaction. The first excited
branch, that one can reconstruct following the same reasoning as above,
tends to the free Fermi gas energy on the far BEC case and increases to four
times the free Fermi gas ground state energy on the far BCS side. There, the
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Figure 4.8: Phase diagram across the BEC BCS crossover [150]. The figure shows
the phase diagram of a strongly interacting Fermi gas over the BEC-BCS crossover
as a function of temperature and interactions. On the BEC side, for positive values
of —1/kra, dimers of ®Li forms bosonic molecules. At T > T, the system is a gas
of thermal molecules while below the critical temperature a superfluid BEC phase
appears with Tc = 0.52Tp. The size of the dimers decreases for increasing values of
—1/kfa. On the BCS side, for negative values of —1/kga, the gas is a weakly interact-
ing thermal gas at above Tg. In this regime both the pairing and critical temperature
decreases exponentially with —1/kra, making the superfluid phase composed of
Cooper pairs to appear at very low temperature. The unitary regime at —1/kpa =0
is universal as it does not depend on the value of the scattering length any more.
The diverging scattering length leads to large atom-atom correlations between atoms.
The size of the pairs at unitarity are of the order of the interparticle distance given
by 1/kg. At T < T. with T = 0.22Tg, we obtain a strongly correlated fermionic su-
perfluid. At T = 0 the system is superfluid at any interaction strength for the entire
Crossover.

interactions are repulsive [147-149] as one can see on the radial wavefunc-
tions that has a node between r =0 and r =R..

4.2.2 The BEC-BCS crossover: towards many-body physics

This simple model has the great merit of allowing us to reconstruct the en-
ergy spectrum and the shape of the pair wavefunctions across the BEC-BCS
crossover. A more complicated treatment based on the BCS theory would
provide even more insight about the behaviour of the pairs across the BEC-BCS
crossover [69, 144, 150]. We show the phase diagram of the BEC BCS crossover
(figure 4.8) as a function of temperature and interactions, in order to de-
scribe qualitatively the nature of the system that we study in this manuscript.

¢ BEC side : strongly interacting Bose gas of Feshbach molecules

For large and positive scattering length, the atoms tends to populate
bound states corresponding to °Li dimers. When the scattering length



decreases, the typical size of these pairs decreases, their size being
given by the scattering length. These pairs behave like bosons and can
form a Bose-Eistein condensate. The dimer-dimer scattering length
is given by the atomic one with a,, = 0.6a [151], which make this
Bose-Einstein condensate also strongly interacting. Going far enough
to the BEC side, thus reducing the scattering length, the critical con-
densation temperature for a weakly interacting BEC reads :

heo [ N\ /3
Tgec = % <C(3)) (4-29)

with N the number of dimers, @ the geometric average of the trap fre-
quencies and ( the Riemann zeta function. The presence of a conden-
sate fraction can be probed by measuring the bimodal density distribu-
tion after time-of-flight. It can be noted that on the far BEC regime, the
size of the dimers becomes comparable with the wavelength of reso-
nant light. The molecules are then transparent to the resonant imaging
pulses. As T gets lower that the Tggc = Tc the gas becomes superfluid
4.8. As pictures in the phase diagram, the apparition pairs, e.g the
formation of molecules, appears at much higher temperature than T,
where the gas is composed of thermal molecules. The BEC dispersion
relation is composed of a linear branch at low wavevector correspond-
ing to collective phononic excitations that turns into a free particle
dispersion relation at large wavevector [152]. As p > A the excitation
spectrum is gapeless. This system have been studied extensively and
superfluidity has been demonstrated via the observation of vortices

[153]-
The unitary Fermi gas :

The unitary limits corresponds to 1/krpa — 0. The scattering length
drops out of the equations describing the system and the interaction
strength is limited by the imaginary part of the scattering amplitude
(figure 4.8). In this regime the typical size of the pairs is of the or-
der of 1/kf, meaning of the order of the interparticle spacing. The
physics of this system is controlled by a universal function of T/Tf,
the Bertsch parameter & = 0.370(5) [145] for an homogeneous system
at zero temperature. To connect the physical quantities defined for an
homogeneous system, it is possible to consider a trapped gas locally
homogeneous, thus integrating the homogeneous quantities over the
trap region, applying the local density approximation (LDA). We can
then define several quantities of interest in the following way for a gas
trapped in an harmonic potential :

The chemical potential:
w=+/EEF = 0.60E¢ (4:30)
The critical temperature[154]:

Te =0.217T¢ (4.31)

The gap [155]:

A =0.5%E¢ (4.32)
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In this regime, the critical temperature is large compared with the
largest high T, superconductor which make this system be superfluid
are rather high temperatures. The intermediate phase predicted where
pairs are formed in the absence of superfluidity (figure 4.8 between T
and T* ) is still not completely understood [69].

* BCS side : weakly bound Cooper pairs

In the BCS limit the scattering length a is large and negative. There,
pairs are also present at low enough temperature and get more and
more delocalized in space when going deeper in the BCS regime [144].
The dispersion relation of this BCS gas shows a gap at kg which is the
order parameter of the superfluid. When the scattering length reduces
on the far BCS regime, the gap closes and no pairs are present in the
gas any more. In this regime the pair size is larger than 1/kf and
corresponds to the Cooper pairs of the standard BCS theory.

The gap depends exponentially on the scattering length with A o
Epe~7/2kF¢ Jeading to an exponentially low critical temperature T, o
(1/kg)e ™/ 2kra (figure 4.8).

We have now reviewed some of the main properties of the strongly in-
teracting Fermi gas through the BEC-BCS crossover. We will see how we
can experimentally connects the analysis of the density profiles with the
properties of the strongly interacting Fermi gas such as its temperature and
observe superfluidity.

4.3 ANALYSIS OF DENSITY PROFILES OF A STRONGLY INTERACTING
FERMI GAS

To characterize the strongly interacting Fermi gas produced on the exper-
iment we want to measure its temperature, observe the appearance of su-
perfluidity at low enough temperature and the presence of pairs due to
the strong interactions. While the temperature measurement of a trapped,
non-interacting Fermi gas, is relatively trivial such measurements are chal-
lenging for a strongly interacting gas. I will discuss the properties of density
profiles of a trapped non-interacting Fermi gas and how it relates its tem-
perature.

4.3.1 The density profile of a non-interacting Fermi gas

We want to understand the connection between the density profiles of the
trapped gas and its temperature in the absence of interaction. We will see
that fitting the density profile gives access to the fugacity q which connects
to the temperature of the cloud. We consider the non-interacting Fermi gas
in an harmonic trap characterized by its trapping frequencies (wx, wy, w;),
with the geometric average @ = (wxwy wz)]/ 3. This defines the Fermi en-
ergy in an harmonic trap E¢ = hw(3N)'/3 with N the total atom number,
defines with respect to the peak density at the trap center. The trapping
potential reads :

1 2,2 2.2 2.2
V(r)=§( XX+ wyy +wz2) (433)
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In the Thomas Fermi approximation, where the thermal energy is taken to
be larger that the level spacing in the potential, the phase space occupation
is given by

1

BV (r) ) kT |1

f(r, k) = (4-34)

Thus, the 3D density distribution is expressed as [70] :

_n3p(0). . (P YR 2 a
= Aab L13/2 (exp |f] (R% + R2 + R2 f(ed) (435)

Yy z

=

n3p

with Agg = nzlrng the de Broglie wavelength, Lin(x) the n'" Polylog-

arithm, f(x) = 1%log(l +x) and q = pkgT the fugacity and Ry . the
Thomas Fermi radii for each trapping direction . At zero temperature, the

size of the cloud is given by the Thomas-Fermi radius Ry 2 (0) = {/2Ef/ mw%/ylz.

At finite temperature for T < Tg, because of the trapping potential, T/T¢ <
0.1 only relates to the central density. There, the density profile is very close
to the zero temperature one. However looking at the density away from the
center, the local Fermi energy decreases such that the cloud density is de-
scribed by the thermal density profile presented above. At low temperature
the information we want to extract is actually contained in the wings of the
cloud, described by the thermal density profile in equation (4.35). As a direct
consequence only a small portion of the cloud, the wings of the distribution,
is sensitive to temperature changes at low temperature, complicating the fit
procedure.

Practically, we measure the doubly integrated density profile, integrated
along the two large trap frequency axis, in the radial direction of the trap.
This 1D density profile is fitted with the following expression [70] :

. 2
Lis 2 [a - 32f(e9)]
Lis /5 (e9)

nip(x) =nip(0) (4.36)
The fit parameters are the Thomas-Fermi radius along the longitudinal trap
direction Ry, the fugacity q and the peak density nip (0). At least, in the low
temperature regime and assuming that the peak density is already saturated,
both the Thomas Fermi radius and the fugacity are coupled as the both
depend on the temperature.

The temperature of a strongly interacting Fermi gas from density profiles

The equations presented in the previous section relies on the analytical
knowledge on the equation of state n(q) = }\]ﬁfn(q). This equation of state
has no analytical expression as this would require to account for the effect
of strong atom-atom interaction at finite temperature. Similarly the expan-
sion of the gas [156] is strongly influenced by interaction effect making any
interpretation about temperature difficult after a time-of-flight.

The equation of state as been measured by several groups [157, 158] al-
lowing to extract a temperature from density profiles. However, this mea-
surements stays quite challenging for technical reasons. Reconstructing the
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full density profile by in-situ imaging requires most of the time a shallow
trap or low atom number to be free of saturation effects of the absorption
imaging. In our case, taking an in-situ image of the atoms in the crossed
optical dipole trap is practically impossible as the cloud is too dense, reach-
ing typical optical density of the order of 2 at the trap center. Even in the
single beam dipole trap, the large atom number deforms the density profile
that saturates close to the trap center. Some experimental procedures have
been developed to reconstruct the full density profile by combining an in-
-situ image and one taken after time of flight, thus allowing to obtain the
peak density in the trap after measuring its hydrodynamic expansion [159].
Another solution consists in using a saturating imaging pulse, giving direct
access to the density at the trap center, but reducing the absorption signal
in the low density regions.

In our case we choose to use a different technique that provides at the
same time a thermometry and a qualitative behaviour showing the super-
fluid nature of the gas.

4.4 EXPERIMENTAL CHARACTERIZATION OF A STRONGLY INTERACT-
ING FERMI GAS

4.4.1 Experimental method

To perform the thermometry of the gas, we release adiabatically the cloud
from the crossed optical dipole trap into a single arm of the trap. For these,
we turn off the power of one of the arm smoothly over 300 ms while we
increase slightly by 20% the power in the second arm. To first check the
adiabaticity of the transfer, we measure the position and width of the cloud
after the transfer for different expansion times, thus confirming that no col-
lective oscillation modes are excited during the transfer. Second, we realize
this operation, capture the cloud back in the crossed optical dipole trap and
release it again in the single arm trap. We thus check that no atom are lost
along the different transfers and we can, with the technique explain in the
following section, estimate the heating due to the procedure which stays
small. This confirms that in a good approximation, the change of trap ge-
ometry can be performed almost adiabatically.

The second important change is that for this measurement we introduce
a population imbalance between the two spin states (corresponding to the
two lowest hyperfine states |1) and |2)). We can take an absorption images
of the two clouds (corresponding to the two spin states) after a short time of
flight of typically 0.8 ms (figure 4.9.a), decreasing the peak atomic density
without showing a significant expansion of the cloud along the longitudinal
direction of the trap (as the trap period in this direction is 3.5 ms). In the
condition presented in figure 4.9, the spin majority contains N7y = 1.9(1) x
10> atoms while the spin minority atom number is N2y = 0.70(5) x 10°,
corresponding to an imbalance 8 = 0.45. At low enough temperature, the
cloud separates in two phases for T < T, [160, 161]. The core of the cloud is
composed of fully paired fermions in a superfluid phase. The surrounding
shell is composed of a normal spin imbalance gas. Far away from the center
of the trap, the cloud is fully spin-polarized, with atoms only in the spin
majority states. As we discussed in the section about collisions in quantum
gases, the only relevant scattering channel corresponds to §-wave scattering
which is forbidden for identical fermions. Thus this part of the gas is a
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purely non-interacting Fermi gas and a temperature can be extracted from
a fit of the wing density.

4.4.2  Superfluidity

We can also observe a direct manifestation of superfluidity using a spin-im-
balance Fermi gas [161-164]. The introduction of a spin imbalance, leading
to different chemical potential for the two populations, will create a compe-
tition between pairing due to the large interactions and a spin-polarization
of the cloud. We prepare a cloud with a population imbalance between the
two lowest hyperfine states |1) and |2) We associate two atomic densities
ny(x,y,z) and ny(x,y,z) to the two population in states |1) and |2) and an
spin imbalance 0.

In the limit where the correlation length of the system is small compared
with the typical density spatial variation and that the trap depth is large
enough such that the cloud stays confined in the region where the trapping
potential can be approximated by an harmonic potential :

e We write the potential as V(x,y,z) = m (w?x? + wiy? + w?z?). As

we use a single beam optical dipole trap along the x-axis, we have
Wy = Wz = w; the radial trap frequency.

¢ We describe the system in the local density approximitation (LDA)
limit where we can define thermodynamic quantities locally consider-
ing that each of these local regions behave as an homogeneous system.

* As the typical lengths are large, we can reasonably rule out any effect
of the finite resolution of the absorption imaging.

We can obtain images of the densities of each spin component integrated
along the z-axis directly from the absorption images as shown in figure
4.9.a.b corresponding to :

f1200y) = / dzmy 2(x,y,2) (4.37)

Figure 4.9.c displays the integrated column density i1 » = [ dzdynj 2(x,y, z).
The cloud density is then integrated along the second radial direction of the
trap wy = wy = 27 x 412 Hz. The remaining spatial variation corresponds
to the longitudinal direction of the trap with a trap frequency w, = 27 x 28
Hz given by the curvature of the bias magnetic field. To decrease the large
optical density at the center of the trap (optical density of about 1.8) that
saturates the absorption imaging, we image the cloud after a time-of-flight
short compared with the oscillation period of the cloud in the longitudinal
direction. In figure 4.9.c we show the doubly integrated density difference
of the two spin state densities, exhibiting a flat top profile at the center of
the trap. Morevover we observe a region at rather large distance from the
trap center where the atomic density is only composed of the spin majority
components acting as an ideal Fermi gas.

We extract interesting informations from these density profiles. First, as
described in [162] where this technique has been used to derive the equation
of state of the strongly interacting Fermi gas, the doubly integrated profiles
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Figure 4.9: Superfluid and phase separation in a unitary Fermi gas. a-b Show the
colmun density of the spin majority and minority component after a short 0.7 ms
long time of flight. the spin majority (|1)) comprises 1.9(1) x 10° atoms, and the
spin minority (|2)) 0.70(5) x 10° atoms. Panel ¢ shows the doubly integrated density
profile of the spin majority (red dots) and the spin minority (blue dots). The differ-
ence of the two integrated column densities (yellow dots) show a flat top profile,
characterizing a fully paired and superfluid core, surrounded by a spin imbalance
shell.

directly links to the local pressure in the gas. The Gibbs-Duhem relation
gives:

dP = —SdT +nydpy +nydu; (4-38)
with pi = p(0); — V(¥) the chemical potential of each spin component, T the
temperature, S the entropy of the system and P the pressure. The expression
simplifies into

dP = —mw#y(ny +nz)dy (4.39)

Integrating along y and z gives the pressure profile along the longitudinal

Xx-axis :

2 o)
Pla, a,x) = Tt /0 (n1 +n2)2mrdr (4.40)

2 00
= TT‘;(UT/ (n1+n2)dydz (4.41)

™ Jo

2
ws

= —_ (M +12) (4-42)
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Similarly the difference of the doubly integrated column densities gives
an indication on the presence of a fully paired superfluid phase[163],

dmg(x) w2 —
= —2m—x (M (x) =Mz (x)) (4-43)
dx w?
The central region of the figure 4.9.c up to a distance of 102 pm from
the trap center shows dn%’” = 0 meaning that Tt (x) — N, = 0 despite the

difference between the chemical potential of each spin component. The con-

centration % shows sudden increase at the position of the phase transition
where the gas is superfluid as characterized by previous works [160, 164].

As T, has been accurately measured by several groups [157, 158], we know
that for a trapped gas the critical temperature, defined with respect to the
Fermi energy for a trapped gas is T = 0.217 Tg. In addition of providing a
qualitative observation of the presence of a superfluid core, this measure-
ment gives an upper bound on the temperature of the cloud as for the data
presented here the large superfluid core ensures that T < Te.

4.4.3 Thermometry

The imbalance Fermi gas, deep in the superfluid phase, offers another great
advantage to quantitatively estimate the temperature. The phase separation
creates an outer shell where the gas is almost purely spin polarized, thus
behaving as an ideal Fermi gas. As presented in the previous section al-
though the EoS of a strongly interacting Fermi gas is not known analytically
and require large efforts to be measured, the problem for the ideal Fermi
gas in an harmonic trap is well under control. As a thermometry, we mea-
sure the temperature of the wings of the spin majority population (where
ny = 0). As the cloud is at thermal equilibrium the temperature of both
spin components are identical. The trap frequencies being known with a
good accuracy, a fit of the wings of the density integrated along x gives us
T/Tr and consequently the temperature of the gas.

Figure 4.10 shows the doubly integrated column densities of both the spin
majority and minority components, averaged over 10 different clouds taken
in the same experimental conditions. We fit the wings of the spin majority
where the density of the minority is zero with the function :

. 2
Lis/2 {q - %%f(eq)}
Lis5/;(e9)
with the free parameters being the fugacity q, the peak atomic density
n1D(0) and the Thomas Fermi radius Ry. As the peak density of a non-in-

teracting gas should be smaller than the one for an interacting gas due to the
attractive nature of the short-range interactions, the peak density is forced

nip(x) =nip(0) (4-44)

to be smaller than the one of the measured spin majority distribution [165].

The data used for the fit are shown with a shaded area in figure 4.10. The
density profile reconstructed from the fitting procedure is shown with the
dark yellow solid line. Its corresponds to a fugacity q = 10.9(5), a Thomas
Fermi radius Ry = 282 pm and a population of 1.2(1) x 10°. The fugacity
links directly to the relative temperature with :

T ~
T = [6Lis(—e?) 13 (4.45)
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Figure 4.10: Temperature measurement with an imbalance unitary Fermi gas. The
blue and red points correspond to the doubly integrated density profiles for the spin
majority and minority, respectively. The atomic densities are obtained by absorption
imaging after a short time of flight duration of 0.7 ms. The shaded grey area corre-
sponds to the outer shell of the cloud where the density of atoms in the minority
components vanishes, allowing us to fit these wings as a non-interacting Fermi gas
(yellow solid line). We obtain a temperature, for the spin majority of T/Tg = 0.075(5).

leading a numerical value of T/Tr = 0.09(1) for the non-interacting distri-
bution. Knowing T = 730 nK for the fictitious non-interacting cloud we
can determine T = 65 nK for the temperature of the cloud at equilibrium,
leading to an actual T/Tg = 0.075(5) for the spin majority components. This
result is consistent with the observation of a large superfluid fraction at
the center of the cloud as the temperature is much smaller that the critical
temperature of the superfluid transition.

We have calibrated the heat deposited on the cloud due to the change of
trap geometry to be about 0.01 T/Tp for optimal ramp parameters, which
is within the accuracy of the measurement. The systematic influence of the
trap depth in which the cloud is held, the duration of the time-of-flight
and the spin-imbalance are shown in figure 4.11.a.b.d. The evolution of the
temperature as a function of the final trap depth after the optical evaporative
cooling is shown in figure 4.11.c.

e Figure 4.11.a shows the influence of the short TOF expansion, decreas-
ing the peak optical density. We see that at short TOF duration, the
measured temperature is slightly higher but more importantly, the er-
ror bars on the temperature estimate are larger. This most likely comes
from the deformation of the cloud for short TOF duration where the
OD is too large and produces some diffraction effect of the imaging
beam onto the dark atomic density. We see that from 0.6 to 1 ms the
temperature estimate is stable and that in this regime the TOF dura-
tion does not introduce any systematics.
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Figure 4.11: Estimation of the cloud temperature: preparation and systematics ef-
fects. a shows the estimate of the temperature as a function of the small duration of
the time of flight we use to reduce the peak optical density of the cloud. We observe
a small effect toward a reduction of T/Tg by 0.02 for longer TOF. For short TOF, the
error bars increase due to the deformation of the density profile because of diffrac-
tion of the imaging light onto the cloud, distorting its shape. b shows the influence of
the spin population imbalance 8. We see a small tendency for large imbalance as the
evaporative cooling proceeds on a much less efficient way for low population in the
minority spin component. The estimate of T/Tg is constant up to 6 = 0.4. c-d shows
the temperature variation as a function of the trap depth after the recompression
of the crossed dipole trap and of the final trap depth at the end of the evaporative
cooling, respectively.

¢ In figure 4.11.b we show the variation of the temperature as a function
of the spin imbalance 8 = (N7 —N3)/(N7 + N3). We typically perform
the measurement with a spin imbalance 0 = 0.42. We see no effect of
the imbalance except for large values where it appears that the optical
evaporation efficiency is decreased if there are not enough atoms left
in state |2). Moreover, for small imbalance, the region used to fit the
non-interacting profile decreases making the measurement sensitive
to noise, thus requiring more averages of the absorption images. We
also deduce from the evolution of T/Tg for small imbalance that the
temperature does not show any important decrease when approaching
the spin-balanced gas, meaning that a reasonable spin-imbalance will
give a good estimate of the temperature of the spin-balanced gas with
reasonable trust.

e In figure 4.11.c we show the evolution of the temperature as a function
of the trap depth after recompression. We see in figure 4.11.c that the
increase of optical power induce a small but measurable heating of the
cloud.
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In addition of these systematic effects we can use our temperature mea-
surement technique to optimize the final trap depth of the optical evapo-
rative cooling (figure 4.11.d) which shows a clear optimum corresponding
to the lowest reachable temperature for our system. For trap depth lower
than 1 pK, T/Tp increases meaning that atom losses does not translate into a
lower temperature. For values larger that 2 pK, we observe that evaporative
cooling still works efficiently as the temperature is reduced. We typically
reduce the trap depth to 1.4 uK before recompressing it to ~ 2 pK. This way
we can produce on a reproducible manner Fermi gases down to 0.075 T/Tr.

We have shown that we can extract both a qualitative proof of the super-
fluidity of the cloud by measuring the difference of the doubly integrated
column density, showing a fully paired superfluid core, and that with the
same data we can extract a value of the temperature consistent with a gas
at temperatures smaller than T.. We will now quickly discuss another tech-
nique showing the presence of pairs in the degenerate regime that we can
use for example to gain qualitative insight on the degeneracy of the gas after
the evaporative cooling in the optical resonator.

4.4.4  Observing pairing with RF-spectroscopy

Performing a spectroscopic measurement by driving transitions between the
lowest hyperfine states has proven to be a powerful too to study the forma-
tion of pairs in a strongly interacting Fermi gas when reaching quantum de-
generacy [166—170]. A lot of the quantities described in the previous section
when reviewing the BEC-BCS crossover can be extracted from RF spectra.
Among others the pairing gap and the binding energy can be obtained from
the response of an homogeneous gas to resonant RF driving. We want to
use the RF spectra to characterize the gas after the evaporation inside the
cavity dipole trap to estimate its temperature and the possibility to use it to
produce degenerate gases in the future.

However, as shown in [167], great care needs to be taken when dealing
with a [1) —|2) mixture as the final state |3) has a large scattering length
with both initial states leading to systematic effects on the spectra. However
at the qualitative level, we can use RF spectra as an indication of entering
the degenerate regime while evaporating the interacting gas in the optical
resonator.

As it has been seen in the previous section there is a temperature T* that
has been predicted theoretically where atoms start to form pairs, before the
gas becomes actually superfluid. As shown in figure 4.8, while T* ~ T, on
the BCS side of the crossover, the two temperatures differ more and more
when going to the BEC side, where Feshbach molecules can form even at
large temperature compared with T.

As shown in figure 4.12, the presence of pairs translates into the presence
of two peaks on the RF spectrum while scanning the frequency of the RF
pulse. The narrow peak at lower frequency corresponds to the bare atomic
transition frequency, corresponding to unpaired atoms. The width of this
peak is ultimately Fourier limited and in our case dominated by the noise
on the current power supply used to create the magnetic field bias. The peak
on the right, at larger frequency, corresponds to paired atoms, and conse-
quently driving them to another internal state requires additional energy.
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Figure 4.12: Observation of pairing in the strongly interacting regime after evapo-
ration in the lattice-free cavity optical dipole trap. We show the variation of atom
number (yellow circles) in state |2) after sending an RF pulse of 1 ms at variable
frequency for an interacting Fermi gas held in the lattice-free cavity trap at 770 G.
We observe a narrow peak at 82.22 MHz, corresponding to the unpaired atoms. The
peak on the right, with its characteristic asymmetric shape corresponds to the paired
fraction of the atoms in the gas. The spectrum is fitted with a Lorentzian profile for
the bare atomic transition peak and with a Voigt profile for the paired atoms peak
(solid blue line). We can deduce that approximately half of the atoms are paired,
meaning that T < T*.

In this experiment presented in figure 4.12, we only use the intracavity
optical dipole trap for the evaporative cooling sequence. We have changed
the duration of the second ramp to 400 ms in the lattice-free trap. After the
evaporative cooling is performed at 832 G, the magnetic field is set to 770 G,
where we obtain a ultracold mixture of atoms in state |1) and |2). We observe
a broader peak, shifted to higher frequencies by 80 kHz, with an asymmetric
profile towards larger frequencies, characteristic of pairs in a strongly inter-
acting Fermi gas [167]. We cannot make any quantitative measurement of
the gap nor of the temperature. Performing the RF spectroscopy sequence
on the |1) —|3) mixture at 660 G would greatly reduce final state interaction
effect as (a2, a13,a23) = (949,5445,663)ay, thus the possibility to make
quantitative measurements from the RF spectra.

We can still compare the fraction of atom paired in the gas after the evap-
orative cooling sequence in the cavity with the pairing temperature T* at
1/kra ~ 0.5. A 770 G, T* ~ 0.55Tf and we can estimate a paired fraction
of about 0.5. These estimates makes it very reasonable to believe that the
gas obtained after evaporation in the lattice-free cavity optical dipole trap
is reaching temperatures about T/Tp ~ 0.4, thus already in the degenerate
regime. This insight of quantum degeneracy gives reasonable hopes that an
all-optical intracavity evaporative cooling can be used to produce deeply
degenerate clouds.

We will now move on to the second part of my thesis where we will
look at the interaction between this strongly correlated gas of fermions and
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photons. This will bring us to show that it is possible to couple photons
to the very essence of a strongly correlated superfluid : the fermion pairs,
bringing cavity QED into a new regime going beyond the coupling to single
atomic transitions.
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STRONGLY CORRELATED FERMIONS
STRONGLY COUPLED TO LIGHT

In this chapter, I present the first experiment reaching the strong light-mat-
ter coupling regime for a degenerate, strongly interacting gas of fermions. I
will first introduce the basics of cavity QED and the theoretical tools to de-
scribe our system. Reaching the strong coupling regime between atoms and
photons leads to the appearance of dressed states hybridizing photons with
atoms, called polaritons. We reveal the existence of this dressed states in
our system by mapping out the energy spectrum using transmission spec-
troscopy on the system. This experimental technique makes it possible to
locate the position of the polaritons as well as their photonic character, im-
printed onto the intensity of the light transmitted through the cavity mir-
rors. We will show that our system requires to account for more than a
single cavity mode in order to understand the transmission spectrum ob-
tained from the experiment. We will finally show that the coherent coupling
between many atoms and light leads to a particular scaling of the collective
coupling strength with the number of emitters coherently coupled to the
light field. We observe this coherent scaling on the experiment and make a
quantitative comparison between a single cavity mode case, the theoretical
model accounting for a multimode cavity and the experiment. This gives us
a quantitative comparison from which we can infer a specific contribution
from the high-order modes of the cavity that couple to the atoms.
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The results presented in this chapter closely follows the publication :

K. Roux, H. Konishi, V. Helson ans ].-P. Brantut
Strongly correlated fermions strongly coupled to light
Nature Communications 11, 2974 (2020)

1 Parts of this chapter are directly taken from this publication

121



122

5.1 CONTEXT AND MOTIVATION

Strong and coherent light-matter interaction is at the core of emerging quan-
tum technologies, enabling the observation and control of matter at the
level of single quanta [171]. In many-body systems, it is reached quanti-
tatively when the collective cooperativity Cn = 4Ng3 /" exceeds unity, e.g.
when the fraction of photons coherently scattered into one particular mode
of the electromagnetic field, singled-out by a high-finesse resonator, domi-
nates over incoherent loss processes [172]. Here gg is the coupling strength
between a single photon and a single matter excitation, N is the number of
identical emitters, and k and I' are the incoherent decay rates of photonic
and matter-line excitations, respectively. Strong-coupling to light would be
highly beneficial for the quantum simulation of interacting fermions where
first-principle theoretical calculations are inherently difficult [74]. Indeed,
recent theoretical work in both cold atoms and solid state systems suggests
that strong coupling would make the realization and control of new quan-
tum states of matter [173-181] possible, as well as high-precision, quan-
tum-limited measurements [182].

The strong coupling regime has been achieved with optical photons in
various systems with weakly interacting emitters, from semiconductors and
2D material microcavities [183, 184], to atoms and trapped ions [36, 42, 185],
including recently thermal fermionic atoms [39]. Combining evaporative
cooling with high finesse cavities [43, 44, 186, 187] enabled the production
of weakly interacting Bose-Einstein condensates strongly coupled with pho-
tons. Recently, bosonic Mott insulators have been dispersively coupled to
light [33, 34], representing the only example combining strongly correlated
quantum matter and strong light-matter interactions to date.

5.2 LIGHT-MATTER INTERACTION IN CAVITY QED : THE BASICS

In this section we will define the two quantities that quantify the coupling
between an atom, located at the center of the cavity mode, and the cavity
light field. First gg, the light-matter coupling strength, gives the exchange
rate between atomic and photonic excitations. Second, Cy the cooperativ-
ity, quantifies the ratio between the scattering from the atom into the cav-
ity mode compared with the scattering in free-space, given by the natural
linewidth of the excited state T".

5.2.1 The light-matter coupling strength go

We consider linearly polarized light (in the cavity plane) driving the atomic
transition 287 ,,, my = —1/2) — (25 /,, m; = —3/2). We start with the def-
inition of the cavity field amplitude :

E=i€o(a—ahe, (5-1)
where € is a polarization vector. The field amplitude £y represents the
vacuum fluctuations:

2hw
to =
7'[€0W0L
where the cavity frequency is w, the cavity waist is wo and the cavity
length is L [171].



The dipole moment of the atom is decomposed onto the basis of circularly
polarized vectors ft =€ + o€+ (1_¢€_and €+ = %(é’X +iey). We in-
troduce the eigenstates of the atoms in the presence of the strong magnetic
field [i), i = 1,...,6 for the ground states, and |e) for the excited state. A
calculation of the matrix elements reveals that up to a 3% effect, only one
excited state is coupled for each of the ground states |1),]2) and a given po-
larization. Moreover, the transition driven by the 0~ component of the probe
light is almost optically closed at large magnetic field, thus making it pos-
sible to neglect any optical pumping effects. Consequently, we restrict the
atomic states to the first two states |1),12) which are actually populated in
the experiment. Moreover we disregard the coupling to other excited states
and restrict the analysis to [1),|2),]e1),|ez) and write the dipole operator
as,

(- = (erlf—1[1)ler) (1[+ (e2 1 12) le2) (2| (5-2)

As the linear polarization in the horizontal plane corresponds to a super-
position of 0 and o~ polarization along the vertical quantization axis, we
have to also consider the matrix element coupling to the atomic transition
|ZS1/Z,1TL]' = —1/2> — \251/2,111)- = ]/2>,

f = (er] iy 1) [e1) (114 (ea] fis- 12) [e2) (2] (5-3)
We compute the value of the matrix elements to be i = —0.58p and
il = —0.998u, at 832 G, with po = 1.9885 x 10727 Cm. Consequently, we

can consider that the 0~ component drives a perfectly closed transition,
allowing us to treat the atoms as simple two-level systems. Considering
the transition [2§; /,, my = —1/2) — [2§; /, mj = 1/2), in addition of a re-
duced coupling strength, we would need to account for the other transitions
due to optical pumping as it cannot be considered optically closed.

The light-matter interaction Hamiltonian, considering the two different
polarization components reads

mby

= —d
2

As the two atomic transitions driven by the 0™ and o~ polarization com-
ponents are separated by > 2.5 GHz at 832 G, and considering that we drive
the 0~ almost resonantly, we can discard the other polarization component
that will only induce a small light shift of the ground state leading to

~_ Eopo (. ot _ Qo ¢, at
= 08 (alen) (11— ) feal) = 52 (alen) -+ ") (e1]) (59
with Qg = 2go the single-particle Rabi splitting that connect to gy the sin-
gle-atom coupling strength. For our experiment, at 832 G and with light
polarized linearly in the horizontal plane, we obtain:

2i 2i
Qo = —F=Hoo = 7

7 h-478.8kHz ~h-677.1kHz ~h-2-338.55kHz (5.6)
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We obtain go = 338.55 kHz for the coupling strength when driving the
0~ atomic transition with light linearly polarized in the horizontal plane,
reduced by a factor v/2 compared with a probe light purely o~ -polarized
with respect to the quantization axis. Following the same reasoning, we cal-
culate the go for all the atomic transitions of the D, and Dy lines of °Li,
considering that we can pump the o transition with light linearly polarized
in the plane perpendicular to the quantization axis, and the 7-transitions
with light linearly polarized along the quantization axis. The numerical val-
ues are reported in table 5.1 :

Table 5.1: Light-matter coupling strengths of 61i transitions with the two linear
polarizations : H along the cavity plane and V along the vertical quantization axis.

Atomic transition go/2m (kHz) || 1 (xup)
H| Vv
1281 ,2,mj = —1/2) — [2P3 5, mj = —3/2) || 338 0 —0.9987
D> 12812, my = —1/2) — [2P3 5, mj = —1/2) 0 391 —0.8156
281,20, my =—1/2) — [2P3,,, m; =1/2) 194 0 —0.5767
D; 12S1,2,mj =—=1/2) — 2Py, m; = 1/2) 276 0 0.8155
1281 ,2,my = —1/2) — 2Py ,, m; = —1/2) 0 277 0.5761

These couplings correspond to a single atom sitting at a maximum of the
cavity field. In the case of a gas comprising N atoms and Rrg > A, only half
of the atoms couple to the cavity field due to the standing wave nature of
the cavity field. This factor will be taken into account when considering the
coupling of many-atoms to light.

5.2.2 Geometrical parameter quantifying the light-matter interaction : the cooper-
ativity

Another parameter of interest characterizing the coupling between one atom
and the cavity mode is the single atom cooperativity Cp. This quantity is
expressed as a function of the dissipation rates of the atom I' and of the
cavity field k, and of the coupling strength go [172]:

4q3
Co= P (5.7)

A classical model describing the interaction of one atom as a electric
dipole with a classical light field in the cavity leads to an expression of
the cooperativity depending only on the geometry of the resonator,

247
Co= kw3 (58)
with k the wavevector of the cavity light field, wp the waist of the cavity
mode and J the finesse. The cooperativity relates directly to the enhance-
ment of the scattering of light into the cavity mode compared with the scat-
tering in free-space [172]. This is also known as the Purcell factor. The two
expressions for the cooperativity shown above lead to a maximum single
atom cooperativity Co = 2.02 for our experiment. The cooperativity can be



used as a figure of merit to define the strong coupling regime : when the
scattering into the cavity mode dominates over spontaneous emission, the
strong coupling is reached. This is characterized by Co > 1, thus our ex-

periment operates in the limit of strong coupling regime for a single atom.

For many atoms, the collective cooperativity scales with the total number of
atoms N as [172]

4q2

Cn=NCo = N%ro (5.9)
With typical atom number on the order of 10, the coherent scattering
of the cloud into the cavity dominates largely over the spontaneous emis-
sion for our experiment ,thus operating in the strong collective coupling
regime. In the next section we will see that the coupling strength leads to
the creation of dressed states mixing the cavity field with the atoms. The
strong coupling regime will be characterized by the emergence of a large
avoided-crossing between the dressed states with a splitting given by the

light-matter coupling strength.

5.2.3 Single emitter : Jaynes-Cummings model

I want first to show that hybridizing atoms and photons is possible by plac-
ing one atom at the center of a Fabry-Pérot cavity. The eigenstates of such
a system are composed of an atomic and a photonic part, thus producing
a dressed state called a polariton. Analysing the energy spectrum and the
eigenstate, I want to explain how transmission spectroscopy is a very conve-

nient tool to locate the position of the dressed state in the energy spectrum.

Second, adding a small perturbation such as a weak driving field that cou-
ples to the photonic part of the polariton, we will be able to map out the
photonic character of the dressed states at any detuning throught the value
of the transmission through the cavity.

To illustrate this, we start by describing the experimental case where a

single atom sits at an antinode of the field, at the center of the cavity mode.

The atom is modelled by a two-level system with a ground state |g) and an
excited state |e), with a energy difference hwe. The operators describing the
internal dynamics are given by the Pauli matrices :

02 = 3 (e) el g} o) (5.10)
61 =le) (gl (5.11)
o =lg) (e (12)

The Hamiltonian describing the internal dynamics of the atom is written
as

- 1
Hq = Ehweaz (5.13)
The Hamiltonian describing the cavity light field reads

A. = hwea'a (5.14)
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with w, the frequency of the cavity light field and (4, @) the jumps oper-
ators for the cavity photons. From now on we will set h = 1 for simplicity..

We define the Hamiltonian describing the interaction between the cavity
field and the two-level atom. The interaction strength depends on the dipole
moment {1 of the two-level system :

F{int =—pe (5.15)

with it = u (64 +6_)and € = i€y (a+ a'). In this expression p is the dipole
matrix element of the transition.

As we have defined in the previous section the light-matter coupling
strength go ox Eopt leading to the interaction Hamiltonian:

Fline = go (61 +6-) (a+a') (5.16)

In the rotating wave approximation limit where we neglect the off-reso-
nant term of equation 5.16 oscillating at w¢ + w., we obtain the Jaynes-Cum-
mings Hamiltonian :

~ 1]
H= Ewea-z + wedla+ go <6+d+ 6_€1T) (5.17)

This Hamiltonian is the building block of all the development I will
present in the following sections. It describes the interaction of a two-level
system with the quantum light field of the cavity. Denoting the number
of intra-cavity photons as n, the eigenstates of this Hamiltonian consist in
states |e,n) and |g,n + 1) all degenerates in the absence of coupling. These
states are dressed due to the coupling to the cavity, the interaction Hamilto-
nian thus lifting this degeneracy with eigenenergies of the form

E+ = w¢ <n+ ;) +Qn/2 (5.18)

with Q, = 4(n+1)g% + A where A = w¢e — wq.

We see that the two energies are split by a quantity \/2(n+1)go at res-
onance, creating an avoided-crossing between the two energy branches, as
depicted in figure 5.1. Here we can make one important first comment, the
normal mode splitting is a non linear function of the intracavity photons,
leading to the possibility to use this single photon non-linearity to realize
quantum gates for example [37, 188]. In this condition the driving field not
included in this model plays a central role. In the work we present here,
we will restrict to a regime where we can neglect the driving field, thus
described by a linear response theory in the case where n < 1.

Second, the eigenstates of the coupled system are written under the form
[f) = cos(0)Ig,1) +sin(0) le, 0), the first term corresponding the to the pho-
tonic part of the state while the second term relates to its atomic part.
Adding a weak drive field 5 = /k§ (@@t +afe '®t) we gives the ex-
pression of the coupling to the perturbation with

M~ (f181g) 17 8(w — we) (5.19)
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Figure 5.1: Energy spectrum of a single atom coupled to a single mode of the cavity
: Jaynes-Cummings Hamiltonian. The figure shows the bare states of the cavity field
on the left and the bare atomic states in the middle. Due to the coupling between
the cavity field and the atom, the eigenstates of the system couple the atomic and
the photonic component with |g, 1) and |e,0), for the first excited state comprising
one optical excitation. These two states, of same energy in the absence of coupling,
are dressed leading to a splitting at resonance which increases with the number of
excitation placed in the system. Observing this avoided-crossing is the experimental
signal of the strong light-matter coupling regime.

where | (f|§]g) > cos(0)? the photonic weight of the polariton. Applying
this small approximate reasoning, we see that looking at the transmission
through the cavity when injecting a weak on-axis pump field, the transmis-
sion directly relate to the photonic weight of the polariton. 6 ~ arctan(%ﬂ)
represents the mixing angle in the limit of n < 1, showing that for large
value of A the polaritons are mainly photonic as cos(6) ~ 1 and sin(6) ~ 0.

We see here that in addition of giving the location of the dressed state,
transmission spectroscopy gives a direct link to the photonic weight of
the dressed state that directly imprints onto the value of the transmission
through the cavity. The appearance of an avoided-crossing in the spectrum
is the experimental smoking gun that characterizes the strong light-matter
coupling regime we want to observe.
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5.2.4 Many independent emitters : Tavis-Cummings model

We have described the structure of dressed states when coupling one atom
to the cavity field and how this can be unveiled using transmission spec-
troscopy. It is interesting to consider the case where many atoms are coupled
to the same cavity mode with identical coupling strength. We will see that
this leads to a very specific scaling of the collective light-matter coupling
strength when many atoms couple coherently to cavity photons.

We write the Hamiltonian in the case of N4, N atoms, populating two
internal states characterized by their transition frequency w4, w |, positioned
at the center of the cavity mode defined by:

A = Ho + Hint (5.20)

with Hy the Hamiltonian describing the cavity field and the internal dy-
namics of the atoms

~ w i w i
Fo=—5") o)+ 55 ) o) +weala (5.21)
i i

we is the frequency of the cavity light field as presented previously.
Hin describes the interaction between the atoms and the cavity field :

~ Qp (i) A Qp (i) A

Hine = TT Z (cif%a + hc) + Ti . (O'E:i(l-f— hc) (5.22)
1 1

with Q4 and Q| the Rabi frequencies for the two spin states. As all the

atoms of each spin state couple coherently to the light field we define col-

lective spin operators (J;,]_,].) defined with respect to the single atom

Pauli matrices by :

) 1« i
Jars =3 2600, (5:23)
i
Uxar Jyts] =z (5-24)
Jirr =T £y =2 5% 1 (5.25)
i

The Hamiltonian reads

N N A Q A Q A
A= awifoptayfoytwcalat 20 (1 pa+he) + -5 (148 +he)
(5.26)

describing the coupling of N + N atoms coherently coupling to a sin-
gle mode of the cavity. This Hamiltonian is the so-called Tavis-Cummings
Hamiltonian, extending the Jaynes-Cummings Hamiltonian to the case of
many atoms.
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Figure 5.2: Transmission spectrum of a two-component gas coupled to a single mode
of the cavity. The figure shows the transmission spectrum of a two-component gas
coupled to a single mode of a cavity. The bare atomic states are indicated by the
blue and red dashed lines. A. indicates the detuning between the cavity resonance
frequency and the probe beam frequency. A, indicates the detuning between the
cavity resonance and the atomic reference, taken exactly in-between the two atomic
states. The spectrum shows the relative transmission with respect to the maximum
transmission, far from the atomic states, in logarithmic scale. We observe three clear
transmission branches, corresponding to the three dressed state of the coupled sys-
tem. The presence of the two atomic mode leads to a weak polariton in-between
the two atomic states. The weak transmission is due to the large collective Rabi fre-
quency for this system compared with the hyperfine frequency splitting, making this
polariton of atomic nature for any values of A4.

We perform the Holstein-Primakoff transformation of the collective spin
operators, defining two operators, b, bt fulfilling the bosonic commutation
relation and defined as

[ 66
% — it o
I+,’N - \/Ziji 1— 2j

(5-27)

A$¢AT¢
Tt = V2ibp\[1- =% (5.28)
Jopy = Bhﬁm —j (5.29)

with j the quantum number associated to T% ) leading to j = N4 /2/.
In the linear response regime, where few excitations are present in the
system, the collective spin operators simplify into :

(5.30)

Jity=1/Np b (5.31)

yielding the Tavis-Cummings Hamiltonian within the linear response ap-
proximation :
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A= w b6y + w515 ata+ 29 ANL (btatn
= w404 ++wy 1 L Fwea (lJrT T T(1+ C

+ % N, (BIdJrhc) (5.32)

The collective Rabi frequency for a single spin state populated simplifies
into Q4| = 2gn = 2,/Ny  go with Ny | the number of atoms in each spin
state. We solve the steady state Heisenberg equation for the cavity field,
thus simulating the transmission spectrum of this system that reveals the
presence of dressed states as presented in figure 5.2 :

We observe that we have three dressed states, mixing the two atomic mode
and the photonic mode of the cavity. As we have introduced one more in-
ternal state compared with the Jaynes-Cummings Hamiltonian, we have an
extra dressed state. Similarly to the single atom case, we observe a large
avoided crossing due to the dressing of the atomic state by the cavity pho-
tons. We see that the supplementary dressed state appears in the middle
of the large avoided crossing. This dressed state has a much lower trans-
mission compared with the two others. In the regime where we operate the
experiment, the collective Rabi frequency is much larger than the frequency
difference between the two spin states populated. Hence, this polariton is
mainly of atomic nature at any values of A,. We also observe that the two
main transmission branches interpolate smoothly between large transmis-
sion far away from atomic resonance, where absorption from the atoms is
mostly reduced, to very weak transmission when they approach the atomic
bare state. This variation show the evolution of the photonic weight of the
dressed state as presented in the previous section.

5.3 INTERACTIONS BETWEEN MANY ATOMS AND MANY CAVITY MODES

So far we have discussed the cases of a single atom and many atoms cou-
pled to a single cavity mode. As we discussed in Chapter 2, a Fabry-Pérot
cavity has both a transverse and longitudinal mode structure. In the case
of our cavity, several high-order transverse modes of different longitudinal
modes are relatively close to the frequency of the fundamental mode we
address with our weak probe beam. Thus we need to account for more than
a single mode of the electromagnetic field of the resonator to reproduce the
measurement of the experiment as the atoms will be able to scatter from
the fundamental mode to higher orders ones due to the large collective Rabi
frequency and the finite size of the cloud.

I will first show the structure of the high-order transverse modes in the
absence of the atoms. I will then present the theoretical framework allowing
to account for many atoms populating two internal state coupled to many
cavity modes with different spatial profiles.

5.3.1 Multimode structure of the cavity

As discussed it in the Chapter chapter 2, the Hermite-Gauss functions are
solutions of the Helmholtz equation that describes the intra-cavity field. All
these different modes are described by the number of nodes they posses



along the two directions of space (y,z) orthogonal to the cavity direction,
denoted (n, m). The mode functions are:

2

U(n,m) (T‘, Z) = An,m(y, Z) COS(kX)e

w

ON)|

(5-33)

with 12 = y? + 2%, and x the spatial coordinate along the cavity axis. k
corresponds to the wavevector of the standing wave and characterizes the
longitudinal mode of the wave. This expression is significantly simpler com-
pared with the one presented in chapter 2 as we neglect the phase shift effect
between different transverse modes and remove the x-dependence except
for the lattice structure. This approximation is legitimate as the cloud will
explore a small region around the cavity mode center, still extending over
several lattice sites but where the mode will be of constant transverse radius.
The transverse amplitude profile An m (y, z) simplifies into

1 1 /2 2 2
Anm,(y,z) = \/; <Z“+mn'm')> Hn (Q) Hm <\1/COZ> (5.34)

with V = nlw3/4 the ground mode volume defined with L the length
of the resonator, wy the waist of the TEMyo mode. For what follows, we
replace the indices (k,n,m) — v defining one mode characterized by its
longitudinal and transverse mode indices. The normalized functions fy =
\/\7u(n,m) (r,z) are constructed such that the ground mode reaches an am-
plitude of one at the cavity center f5(0) = 1. These functions are used to
describe the transverse mode we will treat in the light-matter interaction
problem.

In order to know which mode function we have to use to calculate the cou-
pling between the atomic density and the cavity field, we want to character-
ize the transverse modes located near by the fundamental one. To character-
ize them, we sweep the probe laser frequency through the cavity resonance,
going down to —100 MHz from the cavity fundamental mode. Scanning
the probe laser frequency around the fundamental TEMo mode located at
Ac/2pi = 0 where A defines the frequency detuning between the ground
mode and the probe laser frequency. We observe a Gaussian mode exiting
the cavity (figure 5.3) with a spectral width observed onto a photodiode
monitoring the cavity transmission compatible with the cavity linewidth
k/2m = 77.4 kHz combined with technical noise of the order of 20 kHz. This
mode is the dominant one as we inject a Gaussian beam, mode-matched
with the ground mode of the cavity. However, due to the symmetry break-
ing of the cavity because of the imperfect alignment of the cavity mirror and
to the non-perfect Gaussian mode of the injected laser, a small fraction of
power couples to higher modes as presented in figure 5.3. The first mode
family encountered is located at 6./2m = —25 MHz. This family is of order
eleven, meaning that n +m = 11. In principle all these modes should be
degenerate. We observe several transmission peaks within 1.5 MHz as indi-
cated in figure 5.3. This frequency shift is due to astigmatism of the mirrors,
the high-order modes exploring a much larger aperture than the TEMy,.

Similarly to this feature appearing at 6./2m = —25 MHz, we can identify
other high order transverse mode families at 6./27t = —50, —75 and —100
MHz corresponding to the families of order 22, 33 and 44 respectively. All
these high order modes are very weakly coupled to the probe beam, about
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Figure 5.3: Multitmode structure of the Fabry-Perot cavity : pictorial view. The fig-
ure shows the structure of the high-order modes of the cavity that are at relatively
small detuning compared with the fundamental mode, located at Ac = 0 MHz. This
high order modes correspond to the TEM families of order 11, 22 , 33 and 44 lo-
cated at —25, —50, —75 and —100 MHz from the fundamental mode respectively.
These modes belong to different longitudinal mode from the fundamental mode
considered here. We show for each of this mode families the spatial profile of light
transmitted from the cavity when the probe frequency is set resonant with the high
order modes. Transmission traces when sweeping the probe laser frequency shows
an internal structure within each mode family, showing that the modes are not de-
generate.

1073 of relative coupling efficiency, however they could not be neglected if
the collective coupling strength is larger or similar to the high order mode
spacings with respect to the ground mode.

In figure 5.4.a, we show the different modes observed within the family
of order n 4+ m = 11. We observe all the modes from a vertical mode with
11 nodes to a one with no vertical nodes and 11 nodes along the horizontal
direction. We clearly see that these two extreme modes will be sensitive to an
effective focal change along the two transverse axis, thus being the two edge
cases regarding the frequency shift induced by the astigmatism of the cavity
mirrors. In order to estimate the effect of astigmatism and thus the exact
location of each of the modes inside the same family, we slightly tune the
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Figure 5.4: Astigmatism for high-order transverse modes. a Shows the different spa-
tial profiles observed when setting the probe laser frequency resonant with a single
mode of the mode family of order 11. We observe almost all the modes from the
TEMp,11) with nodes along the vertical direction only, to the TEM ;1 ¢ oriented
horizontally. b Displays the frequency difference between each mode within the
families of order n+m = 11 and n + m = 22. The spacing between the modes is
more important by a factor 2 for the family of order 22. This is due to the larger
aperture explored by this mode family compared with the family of order 11.

beam alignment to couple more into each of the modes of a same family and
record its frequency compared with the ground mode. Hence we measure
the evolution of the mode frequency as a function of n, the number of nodes
along the vertical direction for both families of order 11 and 22 (figure 5.4).
We see that the astigmatism is more significant for the family 22 compared
with the family 11, showing that the frequency shift is actually a function
of the optical aperture, thus a consequence of astigmatism. Moreover, we
see that the maximum frequency shift for the family 11 is about 1 MHz
and about 2.7 MHz for the family of order 22, smaller than I' the width
of the dressed states close to resonance. This means that for all practical
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purposes we can treat them as degenerate modes for the calculation of the
dressed states close to atomic resonance, as far as I' stays the linewidth
of reference and that the collective Rabi frequency is larger than the effect
of astigmatism. For larger detunings with respect to the atomic resonance,
leading to a dressed state of linewidth k, the frequency difference between
each of these mode should be accounted for.

Knowing the transverse mode structure of the cavity, with the mode or-
der and their location with respect to the ground mode, we will only con-
sider the ones detuned by frequencies of the order of the collective coupling
strength, meaning the mode families of order 11,22,33 and 44, in addition to
the TEM(p mode. This constitutes an ensemble of 115 modes that couple to
the atomic density. In order to obtain the energy spectrum we will calculate
all the couplings between these cavity modes with the atoms.

5.3.2  Ab-initio model for two atomic modes and a multimode cavity

The Hamiltonian for one atomic state and many cavity mode

We have explored the Jaynes-Cummings Hamiltonian and its extension to
the case of many identical atoms. We now combine it with the presence
of the higher-order transverse modes presented in detail in the previous
paragraph. For this, let us first write the Hamiltonian which now contains
a sum over the atoms i and the cavity modes v, disregarding the motional
degree of freedom of the atoms,

N 1465 .0 . (i
H= chéﬂ;dv —I—weZ 72—1—02 (avf\,(ri)o&) —hc)
» -

i v,i

+ 1ﬁZ F (d\,e’i“’dt — di,ei‘”dt) (5.35)
v

The first term corresponds to the cavity field Hamiltonian for each cavity
mode at frequencies w~, the second to the atomic part, with the frequency
of the excited state we. The third term represents the interaction between
the atoms and all the cavity modes defined by their spatial mode functions
fy(r1) = vV (1). The Rabi frequency is Qo = 2, /zzuﬁdo = 2go, with w,
the optical frequency resonant in the cavity, taken to be identical for all the
transverse modes, €, the vacuum permittivity and V = nlw? /4 the volume
of the fundamental cavity mode. The last term of the Hamiltonian is the cou-
pling of the driving field to all the cavity modes. Due to the mode-matching
of the driving field with the fundamental mode of the cavity, o >> F,~0.

In the RWA approximation, setting 6, = wy —wq and A = we —wq we
rewrite the Hamiltonian as:

v i v,i

VR Y (av - aL) (5.36)



The equation of motion for the cavity field

This Hamiltonian provides the general starting point to treat the interaction
between the unitary Fermi gas and the cavity light field. For now we restrict
ourselves to the case of a single atomic component in order to investigate
the coupling between the atomic density and the cavity modes.

Making the approximation that we neglect the atom-field correlations as
well as the quantum fluctuations of the cavity field, we replace the field
operators for the atoms and the photons by coherent amplitudes :

ﬁ‘\// 0—](3) — X, <6—](:)> (537)

As we measure the cavity transmission on the experiment, we want to

calculate the steady state solution for the coherent amplitude of the field.

For an operator G with expectation value (G) = Tr{pG}, p begin the density
matrix, we write the time-evolution described by the Linblad equation [189]

ag? (LG ; T ((AL[6AN]) +([AL 6] An)) G39)

with T the Hamiltonian of the system. The second term of the right hand
side of the equation is a sum over the dissipation channels :

i

¢ The spontaneous emission leading to A = ¢V and vy, =T the linewidth

of the atomic excited state.

* The losses through the cavity mirror, with A = a, and Yn = K the
linewidth of bare cavity.

Replacing G by da., 69), 65:), 6(;) we obtain a set of four differential equa-

tions for the cavity and the atomic modes :

g =) - s

d<:§_ ) =i([fLolV])—rar+ 6l
ol <[] -5 (o)
ol (et -5 (o)

From the optical Bloch equations obtained above, we deduce the equation
of motion for the cavity field :

Q i
av:(_iév—;)(xv_;;Uv(ri)<6—(—)>_ﬁ?\/ (5-39)

where we have injected the steady state solution for <69)> to obtain the
explicit equation for the steady state of the cavity field. We consequently
solve the Bloch equation, for the steady state of the atomic operators, leading

to:

. 2
6_(1) _ FT+A2 ~_[1= 2‘(1081‘2
z T2 A249 g2 T2 | A2
T +AS+ |do &4l T +A ( O)
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where
§ uv (ri) oo
v

denotes the classical driving field.

Replacing the solutions of equation 5.40 into equation 5.39, we obtain the
steady state solution for the equation of motion of the cavity field in the
presence of many atoms and many cavity modes :

0= (-1 — 5)oy — T 1 . va(ri)fv r)ow — VeFy (5.41)

In the equation above we replace the sum over each atom of index i with
an integral over the density of the cloud n(r) =} ; 5(r ) such that

2
93

Ky = —

1 VKFy
- Gov oy — - 42
15V+%%+1A§ vvWwWou léy"’% (54)

where we define the coupling matrix G, = fv d3rfy (r)fy (r)n(r) that de-
scribes the coupling between a pumped cavity mode of index v and any
other cavity mode of index v, mediated by the scattering of the atoms from
the two modes. We see that even if a mode v is not pumped, atoms are
able to scatter in it as far as the overlap between the atomic cloud and these
modes is non-zero [190, 191].

Calculation of the coupling matrix

In order to explicitly calculate the coupling matrix Gy, we calculate the
overlap integral between a cavity mode of index v — (n, m, k) and another
one of index v — (n/,m’,k’). k,k’ characterize the longitudinal mode of
the cavity while n,n’, m, m’ define the transverse modes. The atomic den-
sity is defined by a function of the spatial coordinates n(x,y, z). Using the
definition of the Hermite-Gauss modes near the cavity center, we write the
coupling matrix as:

1 /
Goyy = \/2n+m+n,+m/n'm'n”m,!/vdxdydzn(x,y,z) cos(kz) cos(k'z)
2x2
*7* X\f yﬁ xV2 yﬁ
wo o wh Hn H.,/ H,,/ .
(LS H (Y H (0 G49)

e

with H; the Hermite polynomials of order i.

This simplifies into :
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taking a cloud smaller than the Rayleigh length of the cavity mode along the
cavity direction and with a density profile smoother than the lattice spacing
A/2 of the cavity field. &, , is zero if k # k’mod [2].

Considering that the cloud will be trapped in an harmonic trap created by
an optical dipole potential, the density of a unitary Fermi gas as a function

1 2mu>3/ z
6nZ \ &h? ’
where & = 0.370(5) is the Bertsch parameter [145]. Thus the expression of
the atomic density as a function of position reads n(¥) = n(p— V(¥)) =

of its chemical potential at the center of the trap pis ng(p) =

n(p) (1 — @ 32 o1 — @), with © the Heaviside function. We intro-
duce the Thomas-Fermi radius for each axis of the trap as the characteristic
length scale for the atomic density R; as described in Chapter 4 :

Replacing the density by this expression in equation 5.44 with the change
of variable X = x/Rx § = y/R and Z = z/R to rescale all distances with

respect to the Thomas-Fermi radius of the cloud,

/

Oy s R
kk
/ () m i (e (1) = =5 UOR R X Ty, ()

Wo
(5-45)
Ry and R are the Thomas Fermi radii in the longitudinal and transverse
directions and with the dimensionless function J, 11/ 1 m ( ) defined by
R 1

T
nn/mm! ( )= VomFmn m i/ /!

/ dy/ dz/ dx 232 % )3/2Y(17g27227722)
e

Wy (2wt e2s) (y—ﬁmn/(g R VD Hm BV o (2 v/2)
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(5-46)

We introduce the explicit expression for the local density for a Fermi gas
N = n(u)RZRZ’J"OIO,o,O(O), with N the total atom number and obtain the
elements of the coupling matrix :

3
Gn,m,n’,m’,k,k’ :'An,m,n’,m’/d Tn(r)fn,m,k(r)fn’,m’,k’(r)

R
§{< K/ 9:‘n,n’,‘m,m’ (W70)
0

=N
2 F0,0,0,0(0)

(5-47)

1

with A ''m! = .
T Vantmen tm i tm /1

Figure 5.5 shows the coupling matrix for 10> atoms populating a single
ground state with a Thomas-Fermi radius R/w = 0.25 pm. We clearly see
that the maximal coupling is reached between the TEMyo mode and itself
as expected. We also observe that the coupling between the odd and even
mode families is strictly zero while the coupling between each TEM ,, and
itself and the families with the same parity is ranging from a few percent
to about 30%. It confirms that these couplings have to be included to the
model to reproduce the experiment.
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Figure 5.5: Coupling matrix between the fundamental TEMo fundamental modes
and the higher order mode families. The figure shows the coupling matrix for a gas
comprising N = 10° atoms, positioned at the center of the cavity mode. The matrix
element (0,0) corresponds to the coupling of the fundamental mode to itself and
is the dominant matrix element. The couplings between odd and even families is
strictly zero. The coupling between the TEMyo and the even families is about 20%
compared with the coupling of the fundamental mode. Scattering between the high-
order mode families is also not negligible from the relative values of the coupling
matrix elements.

In figure 5.6 we display the evolution of the coupling between the TEM¢
mode and the TEM ;; with n corresponding to the mode families 11, 22, 33
and 44 when varying R compared with the cavity mode waist w. For our
experimental parameters, Rtg/w =~ 0.25. We first see that the coupling is
maximum for a point-like cloud at the cavity center, with all atoms coupled
maximally to the TEMyo mode. We also observe that in this configuration,
the odd families (11 and 33) that have a node of the field at the cavity center
do not couple to the TEMyo. The even modes still have a non-zero over-
lap with the ground mode function leading to a non zero coupling. This
coupling is far from being negligible, as it reaches about 40% of the cou-
pling to the TEM for the family of order 44 in the case of a point like
cloud. In practice, for finite size clouds (see figure 5.6), the coupling be-
tween the fundamental mode and the high-order mode families decreases
quite rapidly, vanishing at Rtg/,, =~ 0.5. In the regime of our experiment
Rrp/w = 0.25 (see figure 5.6)the inter-mode couplings are of the order of
10% for the high-order modes while the TEM is almost equal to 1. For
large clouds we recover the orthogonality of the mode functions f+ (r) that
makes the coupling between the different modes vanishing.

We will now apply this concept to the two cases that we realize on the
experiment: the spin-balanced unitary Fermi gas and an almost fully polar-
ized, non-interacting Fermi gas. For these we will account for the fact that
atoms populate the two lowest hyperfine states separated by 2Apr = 76.4
MHz, the hyperfine splitting.
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Figure 5.6: Scattering from the fundamental mode to thee high-order transverse
mode : finite size effects. The figure shows the values of the couplings between the
fundamental TEMp mode and the modes of order TEM g 11y (grey line), TEM g 72)
(green line), TEM(( 33y (violet line) and TEM g 44) (blue line) as a function of
Thomas-Fermi radius the cloud compared with the cavity mode waist of the ground
mode. To compare the the relative strength of this coupling we display the coupling
between the TEMo and itself (yellow line) and normalize the other coupling with
respect to this one for a point-like cloud. For a point like cloud the odd families are
not coupled while the even ones are maximally coupled. For large clouds compared
with the cavity mode waist all couplings vanishes due to the orthogonality of the
mode functions. For intermediate regimes, like the one we will operate in the ex-
periment R/w = 0.25, all high order mode families are coupled to the ground mode
with coupling from 10 to 30% of the coupling to the ground mode itself. A significant
part of the cavity photons will be scattered from the ground mode to the high-order
mode families in this regime.

5.4 EXPERIMENTAL REALIZATION
5.4.1 Transmission spectroscopy

We now discuss how we experimentally measure the transmission spectrum
of the unitary Fermi gas coupled to the cavity modes. We prepare a cloud
with atoms populating the two lowest hyperfine states [1) and |2) that will
provide the two spin components of the Fermi gas [1) and ||) (figure 5.7.b).
The preparation follows the experimental procedure presented in Chapter
3. We can either prepare a spin-balanced gas at unitarity or an almost fully
spin-polarized gas, which are the two cases we will present in this chapter.
The spin-polarized gas provides a simpler model with a single atomic mode
populated and no atom-atom interactions. This allow us to compare the
transmission spectrum with the ab-initio model. We will be able then to
compare the spin-polarized Fermi gas with the spin-balanced unitary Fermi
gas and see if any differences emerge due to the presence of interactions.
The cloud is held in the crossed optical dipole trap (figure 5.7.a) with trap
frequencies (wy, wy, w;)/2m = (300(30), 924(40),902(11)). The Fermi gas is
positioned at the crossing of the two arms of the dipole trap, corresponding
approximately to the center of the cavity mode 5.7.a.

To map out the energy spectrum, we inject a weak probe in the cav-
ity, mode-matched with the TEMyo mode of the cavity, with a weak cou-
pling to the high order mode families. The probe beam is polarized in the
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Figure 5.7: Combining a unitary superfluid with a high finesse cavity. a A two-
component Fermi gas is trapped in a crossed-dipole trap aligned onto the mode of
a high-finesse optical cavity. A bias magnetic field oriented along the z—axis con-
trols the interactions between the atoms. b Relevant energy levels of °Li at 832G
including the frequencies of the probe laser and cavity resonance. In the experiment
the detunings A, and A. are varied independently. ¢ Integrated density profiles,
T4 and T, along the longitudinal direction after transfer in an elongated trap, for
9.3(5) x 10% and 6.0(3) x 10% atoms in state [1) (red) and |{) (blue) respectively.

horizontal plane compared with the strong magnetic field bias that is ori-
ented vertically 5.7.a. Thus, the light polarization with respect to the quan-
tization axis corresponds to a superposition of 6" and o~ polarizations.
For the range of frequencies explored in these measurements, we can dis-
card the ot component, that is far detuned with respect to the relevant
atomic transition. Hence, we consider the probe light only addressing the
12S1,2,mj = —1/2) — 1254/, m; = —3/2) the closed transition with a cou-
pling strength gy reduced by a factor v/2 due to the vertical quantization
axis with respect to the cavity direction. We thus consider each atom as sim-
ple two-level system. We will reference the cavity resonance frequency with
respect to the center frequency in-between the two lowest hyperfine states
separated by A. The power of the on-axis probing beam is kept small in
order to never reach the saturation threshold of the transition correspond-
ing to I'?/8g? = 38 intracavity photons. Working with large atom number
makes it extremely hard to enter a regime where we could saturate the tran-
sition, each optical excitation put in the system being shared with all atoms.

To reconstruct a full transmission spectrum, we vary the detuning be-
tween the probe laser frequency and the cavity resonance of the fundamen-
tal mode A; = wp — w, and the detuning between the cavity resonance and
the atomic transition frequency Ay, = we — wq (figure 5.7.b). For each real-
ization of the experiment, we fix Ay and sweep the value of A./27 by 100
MHz over 1 ms. We repeat this measurement for different values of Aq /2,
spanning a range of 500 MHz around the frequency reference Ay, = 0. We
average each measurement three times per values of A, with a resolution
of 5 MHz. For each measurement, the cavity transmission is detected onto
a single photon counter, with an efficiency of 0.44(5). We then pile up these
cavity transmission traces to obtain the entire map of the cavity transmis-
sion, revealing the location of the dressed states.

14)




54.2  The spin-imbalanced unitary Fermi gas

Calculation of the coupling matrix

In the case of an almost polarized Fermi gas, we cannot simplify the cou-
pling matrix to a weighted average of the single component coupling matrix
as for the spin balanced case. Thus we have to calculate the two coupling
matrices for each spin of the two spin components, leading to the following
expression for the Heisenberg equation of the cavity field

0= (5\/ —'LE)O(V

N+Q3 1 3 1
_T% (M/\/d rnT(r)fv(r)fu(r)AT_i% o

N, Q3 0 1 .
- % (M /V drny (1) fy (1) (7) ) o — /KTy

A —i5
(5.48)

with the spin population imbalance © = N| /N+. A4 | denotes the detuning
with respect to each ground state.

Once each coupling matrix is calculated for each of the spin state we solve
the Heisenberg equation for various values of A, and A, giving us the full
transmission spectrum for N+ = 9.1(7) x 104 and N = 2(1) x 10° displayed
in figure 5.8

We see that only the majority atomic states contributes. A very small
anti-crossing remains at the location of the bare spin minority state. The

dressed states show a large avoided crossing around the bare atomic state.

The weak dressed state located in between the two atomic states in the two-
component gas case has completely disappeared.

Dressed state spectrum

We first prepare an almost fully polarized Fermi gas with N4 = 9.1(7) x 104
and N =2(1) x 103 (figure 5.9.a). As there is no 8-wave scattering between
identical fermions, this case realizes the simplest model with N4+ indepen-
dent two-level systems that couple to the cavity modes. Figure 5.9.c shows
the full transmission spectrum spanning 1.1 GHz around the atomic res-
onance. For each value of A, we obtain a trace of the photon counter as
depicted in figure 5.9.b at A = 0 MHz as a function of A.. For Ac > 0
we observe one main transmission peak, while for negative values of A,
we observe multiple peaks due to the presence of the high-order modes. By
compiling 111 of these photon counter traces for different values of A, we
construct the full transmission spectrum as displayed in figure 5.9.c that can
be compared with the spectrum obtained from the ab-initio calculation pre-
sented in the previous section. We observe a prominent anti-crossing around
the bare atomic state [t) while the presence of a very small minority com-
ponent leads to a small absorption at the location of the bare atomic state
at Ag/2m = —38.4 MHz. A peak in the transmission spectrum at Ac = 0
is observed due to a small fraction of the light polarized linearly along the
quantification axis because of the imperfect alignment of the probe beam
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Figure 5.8: Simulation of the transmission spectrum for a spin-imbalanced Fermi
gas. The figure shows the simulation of the transmission spectrum for a spin polar-
ized Fermi gas comprising N4+ = 1 x 10° atoms in the majority spin component and
N, = 3 x 103 in the minority spin component. The intensity of the cavity transmis-
sion is normalized by its maximum value and displayed in logarithmic scale. The
blue dashed line indicates the position of the bare spin majority state. We observe
two families of dressed states, above and below the bare atomic state.

polarization. This m-polarized light only couples to the the atomic transi-
tion 254 ,,, mj = —1/2) — (2515, m; = —1/2), located 1.56 GHz on the
red-side of the 0~ transition. Thus this light is very weekly coupled to the
atoms and appear close to A, = 0 for any value of A, explored on this
spectrum.

While we observe one main dressed state for positive valies of Aq and
A¢, the spectrum displays a richer structure for negative values of 5. as we
observe the coupling to the high-order mode families due to the finite size
of the cloud. We observe quite clearly the dressed state corresponding to the
TEM(11) mode family located around A./2m = —25 MHz consistent with
the ab-initio calculation. The coupling to the higher order mode families is
less and less important for decreasing values of A.. Regarding the varia-
tion of the intensity of the transmitted light, we can observe large intensities
for large values of Ay when the dressed state is mainly of photonic nature.
When the dressed states approach the atomic bare state the transmitted in-
tensity decreases, as the dressed state becomes mostly of atomic nature.

5.4.3  The spin-balanced unitary Fermi gas

Calculation of the coupling matrix

We consider a spin-balanced unitary Fermi gas with 10° populating each
spin state. The coupling matrix K,y can be written exactly as presented in

547

Koy = —F(5) /V () fy (1) (5.49)
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Figure 5.9: Transmission spectrum of a spin-polarized Fermi gas. a-b Schematic view
of the experiment, the three relevant energy levels and cavity transmission signal,
averaged over three realizations, as a function of A./2m, for Aq/2m = 38.2MHz
for a spin-polarized Fermi gas with Ny = 9.1(7) x 10% and N, = 2(1) x 103. ¢
Coupled-system transmission spectrum as a function of A. /27 and Aq/2m for the
spin-polarized. The transmissions normalized by the maximum observed are dis-
played in logarithmic scale. The bare atomic transitions for [) and ||) are shown
with red and blue dashed lines, respectively.

with the function F(d) :

A A
F(8) = + .50
= siai oA G50)

In these expressions, & corresponds to the detuning from the center of
the two hyperfine states separated by A. The coupling matrix is finally a
weighted average of the two coupling matrix of the atoms populating each
ground state, with a weight corresponding to the relative frequency detun-
ing.

Knowing the coupling matrix, the steady-state equation of motion reads,

S NQ2
(5V —12) oy wv o = kT (5.51)

These equations are solved as a function of the cavity-probe detuning A,
and of the cavity-atom detuning Aqto calculate the total DC field Y ., oy |*.
The point where A, = 0 corresponds to having the cavity resonance exactly
placed in-between the two spin states. In figure 5.10 we show the spectrum
obtained from the resolution of equation 5.51.
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Dressed-state spectrum

We simulate the transmission spectrum for the spin-balanced unitary Fermi
gas with A, />, spanning 550 MHz around the center of the two atomic
ground states. Each ground state is equally populated with Ny = N =
1 x 10°. The result is shown in figure 5.10.
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Figure 5.10: Simulation of the transmission spectrum for a spin-balanced unitary
Fermi gas. The figure shows the simulation of the transmission spectrum for a spin-
balanced unitary Fermi gas comprising N4 = N| = 1 x 10° atoms. The intensity
of the cavity transmission is normalized by its maximum value and displayed in
logarithmic scale. The blue and red dashed line indicate the position of the bare spin
majority state. We observe two families of dressed states, above and below the bare
atomic state, as well as a weak transmission signal in between the two bare atomic
states.

The blue and red dashed lines in figure 5.10 represents the bare atomic
states [1) and [|) respectively. The bare cavity mode corresponds to 6. =
0. We observe a similar behaviours compared with the single cavity mode
spectrum with a large avoided-crossing when the dressed states approaches
the bare atomic ones. When the value of A, is large (positive or negative),
the dressed states tends to correspond to the bare cavity modes. As we
consider two atomic mode there is a third dressed state, located in-between
the bare atomic ones, which as an transmission significantly smaller than
the other dressed states due to the large Rabi frequency as explained when
discussing the single cavity mode transmission spectrum.

The presence of the multiple transverse modes translates into the presence
of many dressed states for 6. < 0. They correspond to the mixing of the two
atomic modes with the ground cavity mode and the high order transverse
mode families. Within a same mode family, we observe very different cou-
pling strengths as pointed out when looking at the coupling matrix. Some
of the dressed states are almost uncoupled until they reach the bare atomic
states where we observe a small avoided crossings. Other dressed states
of the same family start to show a larger coupling, thus showing a larger
avoided crossing. The exact coupling of each mode within the same family
is very sensitive to the cloud position with respect to the cavity mode center
as we will discuss it later.
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We consider the experimental transmission spectrum obtained for a spin-bal-
anced unitary Fermi gas with a total atom number of 2 x 10° equally popu-
lating both spin states 5.11.a. The Fermi energy of the system is Eg/h = 53(5)
kHz. In order to characterize its temperature we introduce a spin-imbalance
following the procedure explained in Chapter 3, leading to two atomic den-
sities in a single arm optical dipole as depicted in figure 5.7.c. The measurent
of a temperature of 0.1 T/Tr as well as the characteristic plateau in the in-
tegrated column density discussed in Chapter 4 confirms that the gas is in
the superfluid regime [153, 158, 160, 161, 164, 192].

An example of a transmission trace acquired for a single realization at
Aq =0 MHz is shown in figure 5.11.b. We can map out the entire transmis-
sion spectrum displayed in figure 5.11.c to compare it with the simulated
spectrum presented in figure 5.10.
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Figure 5.11: Transmission spectrum of a spin-balanced unitary Fermi gas. a-b
Schematic view of the experiment, the three relevant energy levels and cavity
transmission signal, averaged over three realizations, as a function of A./2m, for

a = 0 for a spin-balanced Fermi gas of 2.0(1) x 10° atoms equally populating each
spin state. ¢ Coupled-system transmission spectrum as a function of A./2m and
Aq/2nspin-balanced Fermi gas c. The transmissions normalized by the maximum
observed displayed in logarithmic scale. The bare atomic transitions for [1) and [])
are shown with red and blue dashed lines, respectively. The grey dashed lines indi-
cate a weak contribution attributed to molecular states.

The main difference with the spectrum of the spin polarized gas consists
in the existence of an extra dressed state in-between the two bare atomic
states. Due to the large collective Rabi frequency of 27t x 150 MHz, its in-
tensity is rather small as it is mostly of atomic nature for any values of Ag.
The dressed states in the upper right and lower left quadrant show a large
avoided-crossing when they approaches the bare atomic states. As the col-
lective Rabi frequency is larger than the one of the spin-polarized case we
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Figure 5.12: Effect of the cloud displacement on the trasmission spectrum of a spin-
balanced unitary Fermi gas. The figure shows the simulation of the transmission
spectrum for a spin-balanced unitary Fermi gas comprising N+ = N = 1 x 10°
atoms for different displacement from the center of the cavity mode. The intensity
of the cavity transmission is normalized by its maximum value and displayed in
logarithmic scale. textbfd Shows the spectrum in the case of a centred cloud. b-c
show a displacement of 5 pm along the vertical and horizontal directions respec-
tively. They show an identical transmission spectrum due to the symmetry of the
TEM modes with these axes. a Shows the transmission spectrum when the cloud
is displaced by 5 nm along both axis. We see that the main transmission branches
are very weakly disturbed by any small displacement while the branches due to the
high order modes, in the lower left quadrant, are qualitatively modified. We observe
much more dressed states as the degeneracy between modes within the same family
are lifted due to the symmetry breaking induced by the cloud displacement.

see a larger coupling to the transverse mode families of order 22, 33 and 44.
The collective Rabi frequency Q = 27 x 150 MHz leading to the large avoid-
ed-crossing validates that we are able to reach the strong collective coupling
regime for the light-matter interaction.

We see that the ab-initio model reproduces well the main properties of
the transmission spectrum obtained from the experiment. We will see in the
next section that even at the quantitative level, the coupling to the ground
mode is very well reproduced. However as it can be seen comparing the
figure 5.11.c and 5.10, the exact locations of the dressed states mixing the
high-order modes is only qualitatively reproduced. A quantitative compar-
ison of the locations of these dressed states is not possible as they strongly
depend on the exact location of the cloud on the transverse directions which
we do not control at better than a few pm. Such a displacement would al-
ready lead to large quantitative modifications. In figure 5.12, we show how
the spectrum is modified when the cloud is displaced by 5 pm along the
two direction in the transverse plane. We see that the overall spectrum is
very similar, but the details of which of the high order modes couple most
is strongly affected. The optical dipole trap alignment is controlled up to a
few pm as we can use the coupling to the fundamental mode to optimize
it. However this shows very small variations for small displacements con-
trary to the behaviour of the high order transverse mode coupling, thus not
guaranteeing a perfect alignment.
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In figure 5.12 we observe that the main polaritons in the upper right and
lower quadrant are almost not modified by introducing a small displace-
ment of 5 pm along each axis. However, in the lower left quadrant we see
that the coupling to the high-order modes for the displaced cloud (figure
5.12.a.b.c) is reduced compared with the cloud centered on the cavity mode
(figure 5.12.d). Moreover we observe much more branches when the cloud is
displaced, as a small displacement lift the degeneracy within a same mode
family. At a qualitative level we see that a the simulated transmission spec-
tra looks more similar to the experimental one, consistent with the fact that
we do not control the cloud position at the few pm level.

5.4.4 Coherent scaling with the number of atoms

—— == gef = 27 x 0.398 MHz
w R _ .
= 200 - ot = 27 x 0.370 MHz ]
\Z./ Geff = g /’6’
2 JESSE S
£ - -
Z 150 1 PR
= O .-
.8 - -
o F
g 100 1 2
b- s
7 O,
g 7
A @)
50 A
50 100 150 200 250

Number of atoms per spin state (102)

Figure 5.13: Scaling of the dressed state frequency with atom number. Position of
the upper dressed state as a function of atom number in each spin state for a spin-
balanced gas, with Ac > 0 and Ay = 0. Yellow circles show experimental data and
light blue diamonds are obtained from the ab-initio theory calculation accounting
for all the high-order cavity modes. The lines describe an analytical model with two
atomic states and the TEM( cavity mode only. The dashed lines are fits of both
experimental data (yellow circles) and theory calculation (light blue diamonds) with
Jeff as a free parameter (see text). The violet solid line is the expected scaling for
Jeff = 9 = 27 x 0.339 MHz. Error bars are given by the statistical fluctuations over
10 realizations.

In order to verify the coherent nature of the light-matter coupling we want
to measure the scaling of the Rabi frequency of this coupling with the num-
ber of atoms. As all the atoms would get coherently coupled to the cavity
field we expect to observe the square root scaling of g with the number of
emitters, reminiscent of the Tavis-Cummings Hamiltonian. To do so we track
the position of the upper dressed at Aq = 0 MHz as a function of the total
atom number for a spin-balanced gas. We present the scaling of the dressed
state position in figure 5.13 together with the scaling obtained from the ab-
initio model accounting for the presence of the high-order modes. In order
to provide a comparison we also shows the scaling expected expected in the
case of a single cavity mode, derived from the standard Tavis-Cummings
model. Both the theory curves and the data are fitted with a square root law

2
V92N + # describing the two equally populated spin states uniformly
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coupled to a single cavity mode with an effective coupling strength g that
is the free parameter of the fit procedure. We obtain geg/27m = 0.370 MHz
and gefr/2m = 0.398 MHz for the data and the ab-initio model respectively.
They are 8% and 16% larger than g respectively, due to the coupling to the
high order modes. This contribution is most likely overestimated from the
model as it considers a perfectly centred cloud on the cavity mode. This
would explain the slightly smaller value obtained from the measurement
where the cloud is probably slightly shifted with respect to the cavity mode
center.

We see that in addition of reproducing well the general features of the
transmission spectrum, the model also is in quantitative agreement with
the data concerning the effective light-matter coupling strength, which is
modified by the presence of the higher-order mode compared with the one
expected from a single mode Tavis-Cummings model. However, the pres-
ence of small avoided-crossings in the measured spectrum, indicated by the
grey dashed lines in figure 5.11.c, is not explained by the ab-initio model.

5.5 CONCLUSIONS AND OUTLOOKS

We have seen that we can reach the strong coupling regime both for a
spin-balanced unitary Fermi gas and a spin-polarized non-interacting Fermi
gas. We have simulated the coupling to the high-order transverse mode fam-
ilies and reached a qualitative understanding of this coupling even if the
limited knowledge of the location of the cloud limits any quantitative com-
parison. We have measured the square root scaling of the Rabi frequency
with the total atom number, confirming the coherent coupling of the atoms
of the gas with the cavity light field as predicted by the Tavis-Cummings
model. We could compare the scaling between the experiment, the sim-
ulation and a single cavity mode model. We have extracted an effective
coupling strength g to the fundamental mode, accounting for the effect
of the high-order transverse modes. It leads to a slightly larger coupling
strength as predicted by the multimode model, in very good agreement with
the experiment. The realization of a strongly interacting Fermi gas strongly
coupled to light opens up a large variety perspectives such as engineering
long-range interaction mediated by the cavity photons [180, 181], creating
new phases of matter [177, 191, 193-198] , leveraging the cavity field to
perform weakly destructive measurements [182, 199-203] and controlling
atom-atom interactions with cavity photons [204—208]

However, we also observed smaller avoided-crossing for negative values
of Aq where no atomic state exist (figure 5.11). This feature is only present
in the case of a spin-balanced Fermi gas, and greatly suppressed for a sin-
gle component non-interacting Fermi gas. This difference shows that these
transitions are sensitive to the presence of two interacting spin states in the
gas. We attribute this to the coupling to photoassociation transitions into a
weakly bound-state of the 25; ,, + 2P3,, asymptotic potential. Even if the
existence of this transitions is not particular to the presence of strong inter-
action nor to the fermionic nature of the atoms, the coupling to these tran-
sitions should be strongly influenced by the pre-existent pair-correlations in
the unitary Fermi gas. The study of the coupling to photoassociation transi-
tions and its intimate relation to the many-body nature of the unitary Fermi
gas will be explored in the following chapter.



QUANTUM OPTICS WITH MANY BODY
EXCITATIONS : FERMION-PAIRS
POLARITON

In this chapter I will discuss how we address photoassociation (PA) tran-
sitions in a strongly correlated two-component Fermi gas with photons
in a high-finesse cavity. Our experiment brings PA into the strong cou-
pling regime, where the interaction between photons and atom pairs over-
comes all dissipative processes. In such a regime, pairs, molecules and cavity
photons coherently hybridize into composite quasiparticles: pair polaritons.
These coherent excitations inherit from their photonic component the fast
dynamics of the resonant light-matter interaction, much faster than that of
the many-body physics in the gas, and a weak dissipation channel into the
environment enabling direct optical detection. From their matter part, they
inherit the universal properties of the short-distance pair correlations of the
quantum gas, which get imprinted onto the optical spectrum.
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The results presented in this chapter closely follow the publication * :

H. Konishi*, K. Roux*, V. Helson ans J.-P. Brantut
Universal pair polaritons in a strongly interacting Fermi gas
Arxiv 2103.02459

to appear in Nature

6.1 MOTIVATION

One of the most striking successes of quantum science is the ability to engi-
neer the interaction between light and matter, culminating with the strong

1 Parts of this chapter are directly taken from this publication
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coupling regime in cavity quantum electrodynamics (QED) [171, 172]. Cav-
ity QED is already a corner stone of quantum networks [36] and quantum
information processing [209]. It is now emerging as a new tool for quantum
simulation with quantum gases [1], where it provides unique features such
as long-range, collective interactions [42, 45, 46, 210, 211], controlled dissipa-
tion enabling novel non-equilibrium dynamics [212] and real-time readout
[213]. However, the light-matter interaction has been so far limited to the
dipole coupling with single atoms, which dominates the energy scales of
quantum gases by several orders of magnitudes. As a result, an interplay
between many-body physics in a quantum gas and light-matter interac-
tions could only be observed in the dispersive regime[1], effectively scaling
down the light-matter interaction to match that of the motional degrees of
freedom of atoms.

In a many-body system in free space, it is well known that photons can not
only be absorbed and reemitted by individual atoms, but also exchanged be-
tween atoms, yielding a dipole-dipole interaction. Excited molecular states
then form in the attractive branches of this interaction potential, yielding
photo-association (PA) resonances in the optical spectrum [214]. When driv-
ing such a PA line, photons couple directly to pairs of free atoms separated
by a distance Rc, the Condon length of the target molecular state, much
shorter than typical inter-atomic distances in quantum gases. PA has been
used for pair correlation measurements [72, 215-219], however only through
losses in the incoherent regime. Coherent Rabi oscillations on ultra-narrow
PA transitions have been observed in weakly interacting gases of two-elec-
tron atoms [220, 221].

6.2 PHOTOASSOCIATION OF °LI ATOMS AT LARGE MAGNETIC FIELD
WITH A CAVITY

6.2.1 Introduction to photoassociation : simplest model

We first want to understand the interaction between two atoms sharing
an optical excitation. As we have seen in Chapter 4, two atoms in their
ground state interact via a Van der Waals potential V(r) = Cg /18 with
C® x (I'/w)(I'/k?%) with T the linewidth of the excited state, w the reduced
frequency of the atomic transition and k the wavenumber. In this section we
will follow the same reasoning to derive the interaction potential for two
atoms sharing one optical excitation [139].

We consider two atoms A, B with a ground state of angular momentum
L = 0. The excited state is defined by L = 1, thus three-fold degenerate for
the three possible projections of the orbital angular momentum along the
quantization axis z, my = —1,0,1. We consider one of the two atom in its
excited state leading to a Hilbert space of dimension 6 describing the sys-
tem {|g; e«) , lex, 9)} with & = x,y, z the space dimensions. In the absence of
perturbation these states are degenerate. For this calculation, we take the in-
teparticle axis to be aligned with the quantization axis along z. We consider
the electric dipole-dipole potential between the two-atoms described in the
same basis
. e?
Udgip = -3 RARA +0A0A — 22224 (6.1)

with %; the position operator for each atom.



Calculating the coupling matrix elements of these interaction potentials
shows that for a given o the only non-zero terms of the first order perturba-
tion are

(9; el Ugip lea; 9) (6.2)

Diagonalizing this matrix, we find two sets of eigenenergies using the
Born-Oppenheimer approximation. First, for « = x,y, which are two-times
degenerate due to the rotational invariance with respect to the quantization
axis :

3 Al
E==+- .
4 (kr)3 (6.3)
associated to the eigenstates % (IeX sy 9) £lg;ex /y>>.
Second along the quantization axis, for « =z
3 Al
=42 .

associated to the eigenstates % (lez; g) Flg; ez)).

We can rewrite the eigenstates of the two atoms using the standard molec-
ular spectroscopy notation for states of the from [L, mg,S, ms). Regarding
the electronic spin for the triplet state, the total spin is S = 1 with projec-
tions ms = —1,0, 1. As the excited state has an orbital angular momentum
L = 1, the possible projections are m; = —1,0, 1. States with m; = 0 are
labelled X while states with m; = £1 will denoted T1. Moreover they will be
labelled by their total spin S and their symmetry denoted o = u, g for the
gerade and ungerade symmetries in such a way that the states reads

11, £1,S,mg) —251 11, (6.5)
and
|1/O/S/m5> —>ZS+1 ZO' (66)

With this notation, we attribute the eigenenergies to the corresponding
eigenstates

+282 — 154,35,
+53 0 — T, 31
—5 g, 3y
28 15,31

The eigenenergies are displayed in figure 6.1 as a function of interatomic
distance, with an additional term accounting for the hard-core repulsion
between the two-atoms at short distances. As we observed for two ground
state atoms, two atoms and one optical excitation create an interaction po-
tential scaling with 1/13, as expected for a dipole-dipole interaction. For this
simple model we see that two potentials are repulsive while the two others
are attractive, as they lower the energy of the atom-pair compared with the
non-interacting case given by the large distance limit on figure 6.1. The two
attractive potentials support bound states and have a non-zero coupling to
the ground state |g; g) via the dipole potential, thus it is possible to create
molecules in these potentials by shining a laser onto two free atoms. This
process is called photoassociation.
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Figure 6.1: The simplest model for photoasociation : two-atoms and one optical
excitation. The figure displays the interaction potential between two atoms sharing
one optical excitation. The orbital angular momentum L = 1 of the excited state |e«)
of both atoms leads to the presence of four states, degenerate in the absence of in-
teractions. The solid lines represents the C3 /3 dipole-dipole interaction potentials
combined with a hard core repulsion potential for short distances (dashed lines).
Two potentials are repulsive while the two other are attractive and support bound
states (shaded areas) where molecules composed of two atoms and one optical exci-
tation can form.

Comparing this interaction potential with the Van der Waals potential
derived for two ground state atoms, we see that the spatial dependence is
different as the dipole-dipole interaction appears to the first order of per-
turbation while the Van der Waals interaction potential is a second order
term. The dipole-dipole potential has a longer range as it scales with C3 /13
compared with the Cg/ ° of the Van der Waals potential. Moreover, we can
obtain a simple expressions in this model for the Cg o g% and C3 %
coefficient [139]. As g ~ 107 for usual atomic transitions, the strength of
the dipole-dipole interaction is stronger than the one of the Van der Waals
interaction for the ground state atoms. This model gives a simple under-
standing of the concept of PA : two atoms sharing an optical excitation can
form a molecule in one of the bound states of the attractive potential due to
the dipole-dipole interaction. This technique is experimentally used in many
laboratories to create ultracold gases of dipolar molecules [59, 222—228] and
have been extensively studied over the last 30 years for many atomic species
[214, 229-235]. In this work, we study this phenomenon in the regime of
the BEC-BCS crossover of °Li, thus at large magnetic field, in the so called
Pashen-Back regime [72, 215].

6.2.2 Going further the simplest model

The calculation of dipole-dipole interaction potentials between two atoms
sharing an optical excitation represents a complex problem when it comes
to account for the actual internal structure of the atom and to consider this
problem in the regime of large magnetic fields [214]. In this section, I will
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Figure 6.2: Interaction potential accounting for the spin-orbit interaction. The cal-
culation of the interaction potential between two °Li atoms accounting for the fine
structure leads to the presence of 16 interaction potentials (solid lines). Potentials
emerge from both the asymptotic 2S¢ ,, + 2P3,, and 25, ,, + 2P/, potentials. Be-
low the frequency of the bare 2S; ,, +2P; /, potential the attractive branches of both
fine structure states mixes.

discuss the two problems to tackle, starting with the actual internal structure
of ®Li and zero bias magnetic field.

As it has been presented in Chapter 2, the ground state of °Li is a 257 /,
state, thus L = 0 and S = 1/2 leading to ] = 1/2. Concerning the excited
state, the situation becomes more complex as we have to consider two ex-
cited states due to spin-orbit coupling. The first one, corresponding to the
Dy line, is the 2P; /, state with L = 1 and § = 1/2 leading to ] = 1/2. The
second, corresponding to the D; line, is the 2P;,, state with L = 1 and
S =1/2leading to ] = 3/2.

It is possible to derive the interaction considering the two PA cases with
two atoms in the state 25 ,, + 2Py ,, and 251/, + 2Py /. The spin-orbit cou-

pling Hamiltonian for two atoms reads Hso = C (%A §a)+ C(%B - §p) with:

S ) 1. ) 3
) = C (Tudx +Tysy +128.) = C ((1+§ +181) +lz§7_> 6.7)

—
>

C( 7

with Aps = 3C/2 defined with respect to the fine splitting Afs. The op-

erators fA /B act on the orbital angular momentum of atom A and B while
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S 'A/B) act on their respective electronic spin. =1+ iiy and 8§14 = 8 +18y
respectively increase or lower the value of the projection of the orbital an-
gular momentum of the electronic spin.

We apply this Hamiltonian to the 24 states describing the two atomic ex-
cited states in the basis |L, m, S, ms). Reorganising the 24 states by the pro-
jection of the total angular momentum J, denoted ©, the matrix is diagonal
by block

o, L Jo -t
w1, [1=11=1)
1100),[1110),[1011g), [T — 100}, [T — 110}, [101 — 1
O-1 — [1100),[1110),[1011g) , | 00), | 0),[10 )
uw  — [1100),[1110),[1011), 1 —100) , [T — 110,101 — 1)
1 1 1 1mM-1
o_o _ Lo —1000), 1010, 11=111), 111 1)
w — [1000),]1010), |1 —111),]111 — 1)

The result of this calculation showing the interaction potential with the
contribution from spin-orbit coupling is shown in figure 6.2. For Q = 1,2
we observe that states come into pairs, since the projection onto the z axis
can be either positive or negative. Since nothing breaks this symmetry, the
potentials corresponding to these states are exactly degenerate. They will
not be coupled by any term in the Hamiltonian. For Q) = 0, the wavefunction
of the molecular state is not enforced on the |L, |m [, SZ, ms) basis, so linear
combinations of states within each of the 04 ,,, manifolds have to be formed.

We observe 16 potentials, as some of them are degenerate due to the sym-
metries of the system. The calculation of these potentials already empha-
sizes a complicated situation, as all these potentials support bound states
corresponding to the rotational and vibrational modes of the molecules. The
good quantum number to describe these states depends on the binding en-
ergies compared with the other typical energy scales of the problem such as
the fine splitting.

In the case of large magnetic fields it becomes even more complicated
to obtain analytic expressions for the interaction potentials as the magnetic
field couples to all angular momenta at different orders (dipolar, quadrupo-
lar...). It is however possible to use numerical methods developed to cal-
culate the interaction potentials between Rydgerg atoms [236] in order to
obtain the potentials at 832 G as shown in figure 6.3

Among all potentials, we count 12 attractive ones, each of them supports
bound states corresponding to different rotational and vibrational states of
the molecules. The actual description of these bound states requires to ac-
count for the hybridization of the different dipole potentials at short dis-
tances. It becomes evident that having predictions on the position of the
bound states is difficult. In this regime, the fine structure splitting, the Zee-
man energy and the vibrational level spacings are comparable, thus pre-
venting simple perturbative treatments.
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Figure 6.3: Numerical calculation of the interaction potentials at large magnetic
field. Numerical simulation of the interaction potential between two ®Li atoms at 832
G obtained from the Rydberg simulation code described in [236]. Blue and yellow
solid lines corresponds to the asymptotic potentials 25y ;, +2P3,, and 254 ;, +2P¢ /»
respectively. The solid lines show the attractive potentials while the dashed ones indi-
cates the repulsive branches of the dipole-dipole interaction. Above the 2P ,, we can
easily attribute the potential to the 25, ,, +2P3 /, asymptotic potential while for red
detunings with respect to the 2Py /, state, they all overlap with each other making
any experimental conclusion difficult when performing spectroscopic measurement
in this region of detunings.

6.3 STRONG LIGHT-MATTER COUPLING TO PHOTOASSOCIATION TRAN-
SITIONS

6.3.1 Observing strong coupling regime on PA transitions with cavity transmis-
sion spectroscopy

Probing method

We probe the PA states using the same transmission spectroscopy technique
as presented in Chapter 5. We mode match the probe laser with the TEM
mode of the cavity. As PA transitions correspond to bound states of the
interaction potential, the laser frequency to address them, wp 4, is smaller
than the frequency of the bare atomic transition wy. We vary the detuning
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between the cavity resonance frequency and the atomic bare frequency tran-
sition Aq, as well as the detuning between the cavity resonance frequency
and the probe laser frequency A.
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Figure 6.4: Dressing the PA bare transitions with cavity photons. Sketch of the cavity
assisted PA process. The figure shows the wavefunction of a molecular state (solid
black line) at the frequency wpa bound in a molecular potential (red dashed line)
asymptotically reaching the single atom transition frequency wg. The cavity photons
at frequency wpp induce transitions between free atoms and molecular states at the
Condon point Rc. The collective Rabi frequency Q of the process exceeds the rate of
dissipation yielding a pair of resolved dressed states in the spectrum.

As presented in figure 6.4, we expect the PA transitions to be dressed by
the cavity field. If the collective Rabi frequency between the PA transition
and the cavity field Q is large enough, meaning that it is larger than both
the cavity decay rate k and the linewidth of the excited molecular state Iy,
we expect to observe avoided crossings in the spectrum. This would confirm
that we reach the strong coupling regime on these molecular transitions as
the small avoided crossings already observed in Chapter 5. As the targeted
molecular states correspond to high vibrational states, the corresponding
wavefunctions are described with an Airy function, centred on the classical
turning point of the interaction potential. This specific point is the Condon
radius Rc. Outside the potential, the wavefunction vanishes exponentially
while the high vibrational states leads to fast oscillations at short distance
in the potential. The structure of the wavefunction relates directly to the
Franck-Condon principle: the transition matrix element to one of these ex-
cited molecular states is most sensitive to the value of the molecular wave-
function at distance Rc that depends on the C3 coefficient of the potential
and on the binding energy of the targeted molecular state. Thus, as a first
approximation, we can linearise the dipole potential in the vicinity of the
Condon radius in order to calculate the width L of the central lobe of the
Airy function.

A journey in the jungle of PA transitions

We measure the transmission spectra for a spin-balanced unitary Fermi gas,
spanning A, between —15 GHz and +4.5 GHz around the atomic transition



1281 ,2,m; =—1/2) — [2P3,,,m; = —3/2) that is located at Ay = 0. The
probe laser is linearly polarized perpendicularly to the quantization axis,
set by the large magnetic field. Hence, we mainly address atomic transitions
driven by circularly polarized light. However, due to imperfect polarization
alignment, a small fraction of the light also couples to atomic transitions
driven by linearly polarized light along the quantization axis. The measured
spectrum for a balanced unitary Fermi gas comprising N = 10° atoms is
displayed in figure 6.14.

We observe large avoided crossings due to the coupling of the different
transitions both on the Dy and D, lines. The blue dashed lines indicate the
transitions driven by circularly polarized light, while the red ones indicate
the transition driven by the weak component of the probe linearly polar-
ized along quantization axis. For negative values of A, close to the atomic
resonance, we observe several transmission branches due to the multimode
structure of the cavity, as explained in Chapter 5. The very interesting fea-
ture here is that we observe about 22 smaller avoided crossing or absorption
line in regions of the spectrum where no atomic transitions are present (fig-
ure 6.14). All these lines are bound states in the attractive dipole-dipole
potentials, each of them being an excited molecular bound state.
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Figure 6.5: Cavity transmission spectroscopy of PA transitions around the D2 and
D1 line of ®Li. The figure shows the transmission spectrum spanning —15 and +4.5
GHz around the 2S¢/, mj = —1/2) — |2P3 5, m; = —3/2) transition (denoted ¢~).
As the probe beam is horizontally polarized in the perpendicular plane with respect
to the quantization axis, it mainly addresses the atomic transition driven by circularly
polarized light (o&) with a weak polarization component of the probe addressing
the atomic transition driven with linearly polarized light (7). The transmission is
normalized by its maximum and displayed in logarithmic scale. The atomic transi-
tions on the D1 and D2 lines dominate the spectrum with large avoided crossings.
Multiple small avoided crossing can be observed, corresponding to molecular bound
states addressed by PA (grey dashed lines).

As expected, we observe no coupling to PA transitions on the blue side
of the |28 ,,, mj = —1/2) — [2P3,5, mj = 1/2) driven by the ¢ polariza-
tion component of the probe beam. As each of the PA states are bound
states in the interaction potential, their transition frequencies are smaller
than the bare atomic transition. For the other atomic transitions, some of
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these PA lines are located on the red side of the [2§;,,,m; =—1/2) —
|2P3 /5, m; = 1/2) and on the blue side of the other atomic transitions. This
makes it complicated to identify which PA transitions correspond to which
interaction potential, as they all mix when going from frequencies A, far on
the red side of all atomic transitions.

It is noticeable that the coupling to the high-order transverse modes (here
located at Ac = —25 MHz) decreases when going far on the dispersive
regime. This can be understood by considering the collective coupling in
the dispersive regime given by Ng3/Aq. For large values of Aq, the cou-
pling to the fundamental mode is reduced, as well as the coupling to the
high-order transverse modes. Hence, the scattering from the ground mode
to these higher order ones is reduced by about 2 order of magnitude when
going at about 2 GHz from the atomic transition. As the coupling to the
PA lines is smaller than the frequency separation between the transverse
modes, they can be ruled out, thus only considering the atomic coupling to
the fundamental mode of the cavity.

Detailed study of some PA lines

We now study in particular four PA transitions. For these we use a probe
beam polarized linearly along the quantization axis (figure 6.6.a). In this
configuration we only couple to two atomic transitions, one on the D; line

1281 ,2,my = —1/2) — 2P3 /2, mj = —1/2) and one on the Dy line, 12S1,2,m; = —-1/2) —
2Py /2, my = —1/2). We measure the transmission spectrum of a balanced-u-
nitary Fermi gas comprising N = 4.6 x 10° atoms at T/Trg = 0.08(2). The fre-
quency of the probe beam is swept over 40 MHz in 500 ps. This sweep rate is

fast enough compared with the dynamical timescale of the gas that we can
consider the cloud fixed during the measurement, light being present in the
resonator for about 12.5 ps. The decay rate of the cavity field k/2m = 77 kHz
while the coupling strengths to the two atomic transitions are (gp 15, gp27)/27 =
(276,390) kHz.

The four PA transtions are denoted PA1,2,3 and 4 respectively (figure
6.6.a). PA transitions 1, 2 and 3 are located between the D1 and D2 lines at
Aq/2m = —2.03,-3.21,—4.99 GHz from the continuum (figure 6.6.a.b). The
fourth transition PA4 is located further on the red side of the D1 line, at
Aq/2m = —25.998 GHz (figure 6.6.a) and corresponds to bound states in the
1323 potential [237], for the vibrational level v = 81.

We first take a close look at the transmission spectrum of the first three
PA transitions spanning 6 GHz on the red side of the [2S; ,,, m; = —1/2) —
|2P3 /5, m;j = —1/2) transition (figure 6.6.a). A zoom on each transition is
shown in figure 6.6.c.d.e respectively. These bound states belong to the
asymptotic potential 2S; /, + 2P3,,, thus we can deduce the Condon ra-
dius of each bound state from their detuning from the continuum using
the Leroy-Bernstein formula. We obtain Rc = 244a,210a0, 181ay, 164a, for
PA1-PAy, respectively.

For PA1-PA3 shown in figure 6.6.b.c.d.e, we clearly observe the character-
istic avoided crossing we expect when the system is in the strong coupling
regime. We will see now how we can extract from such spectra the Rabi
frequency Q giving the coupling between the cavity field and the different
PA transitions.
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Figure 6.6: Cavity transmission spectroscopy : revealing the strong coupling
regime between PA transitions and light. a A degenerate, strongly interacting two-
component Fermi gas is placed inside a cavity. A beam linearly polarized along the
bias magnetic field B measures the transmission through the cavity. b Frequency dia-
gram relevant for the experiment. We address four PA transitions at wj, wy, w3 and
wy below the single atom D2 7-transition at wg. The cavity—atom and probe—cavity
detunings Ay and A. are independently controlled by tuning the cavity resonance
and the probe frequency. ¢ Cavity transmission spectrum of a unitary Fermi gas be-
low the D2 m-transition. The solid lines indicate three PA transitions labeled as 1, 2
and 3 as in panel b. A few narrower PA signals can also be seen, which we attribute
to PA into other interaction potentials. c-e Close up view in the vicinity of the three
PA lines showing avoided crossing patterns.

Extracting the Rabi frequency from the spectra

To extract the value of the Rabi frequency from the spectra we need to fit
a theoretical model to the data. Thus, we have to find the proper way to
treat the coupling to the atomic transitions and the coupling to the molec-
ular ones. Each of the avoided crossing appears on top of the atomic sig-
nal that shifts the transmission peaks to negative values of A. compared
with the bare cavity located at A = 0. The purely atomic contribution is
then just an offset of the polariton due to the dispersive coupling to the
atomic transitions. The slope of the polariton over the typical extent of the
PA avoided crossing, which is about 100 MHz (figure 6.6.c.d.e), can be writ-
2
ten as % (1/100MHz). For our experimental parameters, this represents
a shift of the polariton over the avoided crossing of ~ 200 kHz. Thus, in
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this regime where the coupling to PA transition in almost resonant and the
atomic coupling is purely dispersive, we treat this avoided crossings simi-
larly to a standard two-level system with an offset and slope term to account
for the dispersive contribution of the atomic transitions.
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Figure 6.7: Measuring the Rabi frequency from experimental spectra : the fit method.
a Spectrum of PA4 at 832G averaged over three realizations. b Spectrum recon-
structed by equation 6.8 using the fit results. The solid and dashed lines indicate
the fitted positions of the PA resonance and the dispersively shifted cavity reso-
nance. The transmission is displayed in logarithmic scale, normalized by its maxi-
mum value.

We thus treat the coupling to PA transition as a collection of two-level
systems distributed in the cavity. A purely classical model gives the trans-
mission of light through a cavity [172]

1
(14 22£4(8)% + (22e + Q2 £4(5))

27

with the probe-atom detuning 8, the probe-cavity detuning A, the cavity
field intensity decay rate k, the atomic decay rate I' and the collective Rabi
frequency Q. The absorption and dispersion parts of the scattering £4(0)
and £4(8) are given by

—28/T

La(é) :W

=TT T and £4(8)

With the definition of given in figure 6.6.a, we have 6 = A¢ + Aq.

The observed avoided crossings arise from the coupling between the atom-
—photon dressed-state and the molecular bound states. So far, the model only
represents the coupling to the PA transitions. We introduce the linear slope



coefficient « to account for the detuning dependence of the dispersive shift
due to the dispersive coupling to the atomic transition over the spectrum
window. This leads to a fit function with an amplitude parameter q:

Trie = o2 > 2(2 YR 5. (6.8)
(14455 La(Ac +Aq))" + (5222 4+ S0 La(Ac + Ad))

We apply this formula to fit the spectra obtained for the four PA transi-
tions we consider. Figure 6.7.a show the transmission spectrum for the PA4
transition and in figure 6.7.b the fitted spectrum using equation 6.8. The
transmission spectra are plotted in logarithmic scale, with the value of the
transmission normalized by its maximum. We see that the calculated spec-
trum from the fitting procedure reproduces well the one obtained on the
experiment. Offsets in A. and A, (omitted in equation 6.8) are used to deter-
mine the PA position and the overall dispersive shift 5. Far detuned from
atomic transitions, the dispersive shift is given by 64+ = Ng% /Aq with N the
atom number coupled to the cavity field and the single-atom-single-photon
coupling strength go [172]. As most PA transitions used in our experiment
are located between the D1 and D, 7 transitions which are 10 GHz apart, we
take contributions from the both transitions into account to infer the total
atom number N as

_ 25qt/¢
981../A17 + 955,/AD 2

Here Ap1, and Apy, are the detunings from each transition at the location
of the resonance. The factor two accounts for the standing wave structure
of the cavity field and ¢ ~ 0.95 is a factor for the mode overlap between the
cloud and the cavity field in the transverse direction.

To extract error bars for the parameters fitted over the maps of figures 6.6.c.d.e

and 6.7.a, we repeat each measurement on three different samples. We first
construct a spectrum by randomly choosing one scan among the three re-
alizations for each A, and fit it with equation (6.8). We then repeat this
procedure 100 times using randomly sampled data sets. We apply this fit
procedure to the spectrum around each PA transition, allowing us to ex-
tract the Rabi frequencies and the atomic dispersive shift providing the
purely atomic contribution linking to the total number of atoms N for each
measurement. The Rabi frequencies extracted for PA1—4 are respectively
21 x 14.6(10), 11.0(4), 8.0(1) and 18.9(1) MHz. These collective Rabi frequen-
cies exceed both the atomic and the cavity decay rates, validating that the
strong-coupling regime on these four PA transitions.

The ability to reach the strong coupling regime between pairs of free
atoms forming a molecule and the cavity field represents a new type of
dressed-state, where a two-atom optical transition is dressed. The corre-
sponding dressed state, the pair polariton, mixes cavity photons and pairs
of atom of the strongly interacting Fermi gas 5.

6.3.2 Magnetic field dependence of the cavity transmission spectrum

The pair polariton is a new type of dressed-state that we can create by dress-
ing molecular transitions with cavity photons, reaching the strong coupling
regime. A question is to wonder what happens to the transmission spectrum
when changing the magnetic field. In the case of a purely atomic transition
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we expect a displacement of the transition frequency, but no change in the
Rabi frequency 5. We first measure the evolution of the avoided crossing
when changing the bias magnetic field.

Magnetic field dependence of the PA lines position

We first measure the change in location of the four PA transitions with re-
spect to the atomic transition when changing the bias magnetic field from
730 to 920 G. We perform the same cavity transmission spectrum measure-
ment as presented in the previous section, record the spectrum and fit it
with the procedure explained above. The results of the dependence on the
binding energies of the four molecular states with the magnetic field are
shown in figure 6.8. The PA lines positions linearly depend on magnetic
fields by 0.31, 0.67, 0.89 and —0.83 MHz/G for PA1—4, respectively.

200

100 +

—100

Frequency shift / 2w (MHz)
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—200 — T T T
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Figure 6.8: Location of the PA transitions across the BEC-BCS crossover. Positions
of PA1—4 (yellow circles, blue diamonds, violet squares and green crosses, respec-
tively) as a function of magnetic fields. The value at 730 G is subtracted for clarity.
Linear fits presented by the solid lines yield 0.31, 0.67, 0.89 and —0.83 MHz/G for
the four PA resonances respectively.

The magnetic dipole moments of the four molecular states we have probed
are all different and do not correspond to the magnetic dipole moment of
the atomic ground state. The molecular states couple different states of the
free atoms, due to the coupling between the ro-vibrationnal, the angular
orbital momemtum and the different hyperfine states.

Magnetic field dependence of the PA Rabi frequency

In addition of the displacement of the PA lines, we also observed a large
variation of the Rabi frequencies of the four PA transitions. We show three
spectra for the PA2 transition, one on the BEC side of the Feshbach reso-
nance at 730 G, one at unitarity and one on the BCS side at 920 G (figure
6.9.a).

Qualitatively, we see that the strong coupling regime survives all over
the BEC-BCS crossover range that we have explored. The Rabi frequency is
larger on the BEC side and decreases smoothly towards the BCS side. We
repeated this measurement for various magnetic fields across the BEC-BCS
crossover for the four PA transitions and measured the corresponding Rabi
frequencies. These results are displayed in figure 6.9.b. We see that, even if
the change in the internal energy of the Fermi gas is of the order of the Fermi
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Figure 6.9: Evolution of the Rabi frequency across the BEC-BCS crossover. a Trans-
mission spectra around PA2 in the BEC, unitarity and BCS regimes. Horizontal axis
is shifted by A,/2m = —3.27,—3.20 and —3.14 GHz, respectively, for visibility. The
solid lines indicate the fitted location of the PA line. The color scale is identical to
figure 6.6. b Magnetic field dependence of the collective Rabi frequencies Q.

energy (a few tens of kHz), the change in Rabi frequency is of the order of
20 MHz, thus about 100 times larger than the change in internal energy due
to the change of the inter-atomic interactions. Despite the different molec-
ular characteristics (Condon radii, vibrational state) of the molecular states
probed with photoassociation, we see a similar interaction dependence. This
dependence connects to the nature of the pair correlations in the ground
state and is not a property of the excited molecular state. In the next section,
we will investigate the interaction dependence of the Rabi frequency on PA
transitions. We will see that the physics of pairs in the ground state due to
the strong interactions in the gas modifies the pair polaritons that captures
very interesting properties of the ground state of the strongly interacting
Fermi gas.

6.4 UNIVERSALITY OF THE FERMION-PAIR POLARITONS

In this section we study how the Rabi frequency connects to the pairs emerg-
ing in the ground state of a strongly interacting Fermi gas. We look first at
the light-matter interaction Hamiltonian and show the explicit connection
between PA transitions and the pair correlation wavefunction. We will then
compare this theoretical description with the actual dependence of the Rabi
frequency on the interaction between atoms in the ground state.
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6.4.1 Theoretical description of the pair polariton

The Hamiltonian
We start with the full Hamiltonian of the system
]:[ = ]:[C + ]:le + ]:lm + ]:lint + ]:lat (6~9)

with Ae = weaaf corresponding to the cavity field, e = we J drﬁ)z(r)ﬁ)e(r)
describing the atoms in the excited state, Am = wm J drle)LI(r)llA)m(r) de-
scribing the molecules in the 2S 4- 2P interaction potential. Here & describes
the photons of the cavity field and Pe(r) and e (r) are the fermionic and
bosonic field operators describing the atom and molecules in the excited
state respectively. As the cloud is defined by two ground states equally pop-
ulated, we introduce the fermionic field operators Po(r) with o =1,2 rep-
resenting the two ground states. Flq¢ represents the atomic ground state
Hamiltonian accounting for the kinetic and potential energies. Last, the in-
teraction Hamiltonian that describes the PA process is

~

Flint = 1%0 ( / dRdrg(R)f(r) b, (R)P: (R— 312 (R+ 3)a— hc)

with f(r) the molecular orbitals describing the relative motion of the two
atoms in the target molecular state and g(R) the cavity mode function. The
interaction Hamiltonian describes how a pair of ground states atoms in state
[1) and |2), of center of mass coordinate R and relative coordinate r is anni-
hilated together with a cavity photon to form a molecule in a bound state
of the dipole-dipole interaction potential. Q is the single-pair Rabi fre-
quency. We denote the creation operator Ff acting on the molecular and
atomic Hilbert spaces by

r

H = [ aRarg (RIF(rI] (R)Dn (R - )b (R +3)

in such a way that the interaction Hamiltonian becomes it = @TO (IA:T a— IA:dT).

We can simplify the Hamiltonian in several ways :

¢ First, as the PA transitions we study are located far away from the
bare atomic resonance, the population in the excited atomic state is
negligible. In this regime it means that we can treat this part of the
Hamiltonian as a perturbation to the second order.

* We can move to the interaction picture for the molecular et atomic
fields and perform the rotating wave approximation to transform the
Hamiltonian in a frame rotating at the molecular frequency.

Within these approximations the Hamiltonian becomes
N Qo /= A
fl=safa+ 0 (FTa—FaT) (6.10)

where 5 is the detuning between the cavity and atomic transition.



The Rabi frequency

From this Hamiltonian that describes the coupling of cavity photons to PA
transitions, we extract the expression of the Rabi frequency. As T depends
on the ground state properties of the strongly interacting Fermi gas, Q will
depend on the many-body properties of the gas. For this, we write the
Heisenberg equation 14 = [&, H] for the cavity field using the Hamiltonian
described in equation 6.10

Qo

= —104 — TF (6.11)

Applying the same formula connecting the first and second derivative of
the cavity field operator id = [4, H| we obtain a differential equation linking
the cavity field to the operator F

% 5 O0F e s < Qop
<at2+6 + =0 |FF] ) a=is=0F

This equation is central to connect the Rabi frequency to the physics of
the strongly interacting Fermi gas. We take the expectation value of the
differential equation at 5 = 0 and use mean-field decoupling of both the
atomic and cavity field components. Considering the cavity field classically
we thus obtain the normal-mode splitting

0? =02 <{f:/ ]A:T} > (6.12)

In order to connect the Rabi frequency to the properties of the strongly
interacting Fermi gas, we need to express the expectation value of the com-
mutator ([f:, ?T] ). In the low saturation limit, where linear response theory
applies, <1I)L1(R)11)m(R> = 0. Hence the expression of the expectation value
of the commutator simplifies into
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leading to the expression for the Rabi frequency

Q? :Qg/dR|g(R)|2/drdr’f(r)f*(r’)

<wHR+ R~ )b (R ;WNR+;> (6.14)

This expression connects a quantity measurable on the transmission spec-
tra, Q% with the function describing pair-correlations in the strongly in-
teracting Fermi gas. This function contains the many-body physics of the
strongly interacting Fermi gas, the formation of pairs in the ground state
being the direct consequence of the large contact interaction between the
two spin component of the gas. This correlation is imprinted onto the Rabi
frequency as the pair polariton inherits the properties of the ground state
pairs. We recast the Hamiltonian in equation 6.10 in terms of creation and
annihilation of pair polaritons pf,p through a Holstein-Primakoff transfor-
mation (Chapter 5)

i n'd

P=—F—— (6.15)

([FF1])
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transforming the Hamiltonian into

. iQo4/([F, Ft
HZéﬁTﬁ-‘rM (fﬁa—ﬁaﬂ), (6.16)
2
describing coupled harmonic oscillators. In the mean field limit, this model
should be equivalent to the one used to fit the transmission spectra 6.8.

The molecular orbitals

The molecular states we target are bound states in the 2S + 2P asymptotic
potential. In our regime of experimental parameters, the binding energies of
PA1, 2 and 3 are much smaller than the fine structure splitting of ®Li, and of
the order of the Zeeman shift. Therefore, for these states we use a minimal
model of the molecular potential originating from the D2 7-transition only,
with transition dipole moments computed from the Breit-Rabi formula. The
Leroy-Bernstein formula suggests that they correspond to vibrational levels
—12,—13 and —14 below the continuum, in the molecular potential resulting
from the exchange of m-polarized photons between atoms.

The validity of this model can be tested using the Leroy-Bernstein for-
mula connecting the C3 coefficient to the location of the highly excited vi-
brational bound states. For the three photo-association lines PA1-3 used in
the main text, a fit leaving as single free parameter the location of the con-
tinuum describes the binding energies better than 5%. Note however that
for most of the transitions we observed, in particular closer to the Dy line or
with other polarization, we could not reproduce the spectrum with such a
simple model. For PA4, the vibrational level v = 81 in the ]323 orbital, we
directly use the documented C3 coefficient to calculate the Condon radius

[237].
6.4.2  The two-body correlation function in the short distance limit: Tan’s contact

We have described on general grounds the Rabi frequency of PA transi-
tion coupled to cavity photon, connecting to the ground state pair-corre-
lation function <1T)J1r (R+ 5005 R —Z)h2(R— )by (R+ §)> In the case of
the four PA lines we address, the extent of the molecular wavefunction f(r) is
given by the Condon Radii for each transitions, Rc = 244a¢,210a0, 181ap, 164a,
respectively for PA1-PA4. The extent of these Airy functions is then small
compared with the typical interparticle distance given by 1/kg which for us

is about 100 nm when 200ay ~ 10 nm. For large distances, the Airy func-
tion goes to zero while at very short distance, the fast oscillation make the
integral in equation 6.14 goes to zero.

This is explained in a pictorial manner in figure 6.10 where both the
molecular and the ground state wave functions are plotted at scale. Mathe-
matically the overlap integral between the ground and excited pairs wave-
functions only takes significant values at distances close to Rc for all the
four bound states, short compared with the extent of the pair-correlation
function in the ground state, corresponding to the Franck-Condon principle.
The wavefunction overlap integral leads to an important simplification of
the two-body correlation function as PA processes are only sensitive to the
short-range part of the two-body correlation function. The physics of inter-
acting atoms at short distances is governed by a universal parameter: the
Tan’s contact.
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Figure 6.10: Dressing the PA bare transition with cavity photons. Sketch of the
two-atom ground state wavefunctions for the BEC, unitary and BCS situations (light
blue, blue and dark blue solid lines, respectively), and wavefunction of a molecular
state (solid black line) at the frequency wpa bound in a molecular potential (red
dashed line) asymptotically reaching the single atom transition frequency wg. The
cavity photons at frequency wpa induce transitions between free atoms and molec-
ular states at the Condon point Rc. The collective Rabi frequency Q of the process
exceeds the rate of dissipation yielding a pair of resolved dressed states in the spec-
trum.

Tan’s contact

For strongly interacting gases, with short range interactions, the large in-
teraction strength gives rise to strong atom-atom correlations. The complete
structure of the correlation function can be complicated to calculate, and
depends on the details of the system. However, as the quantum gases are
dilute systems, we can consider two different length scales : the long dis-
tance for r >> 1/kg and the short distance limit when v << 1/kg. In the
short-distance limit, the complicated form of the two-body correlation func-
tion is fully governed by the Bethe-Peierls boundary conditions, assuming
that all typical lengths of the system are large such as the De Broglie wave-
length of the atoms or the harmonic oscillator length scale associated to the
trapping harmonic potential. Under these conditions, the short range part
of the two body correlation function is described by the contact.

We make the explicit connection between the two-body correlation func-
tion and the contact as the coupling to PA transitions probes the short-range
part of the two-body correlation function. Following the reasoning made in
[238], we write the pair-correlation function as

(B] b2 ba ()1 (1)) = 3 mid D (r,12)0 0 (11, 12),

with ny real positive coefficients and dW(ry,12) a set of short range, nor-
malized two-body orbitals.

This expansion onto the Hilbert space constructed from the two-body or-
bitals is a general mathematical property. These functions can be explicitly
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simplified in our case as discussed extensively in Chapter 4. As the ground
state atoms interact via a contact interaction and that we are interested only
by the short-range part of the two-body correlation function due to the over-
lap with the molecular orbitals, we use the Bethe-Peierls boundary condi-
tions. Each two-body orbitals become

. - 1 1
oW, m) ——— AW ( - ) ,
Iri—T2l—0 Py =712l a
where A(Y) is a normalization coefficient and a is the scattering length.
Therefore, we get

(OhR-+ 50 (R =5 (R TbalR+ 5)) = i AR (-

7l
in the relevant range of relative distances.

We introduce the contact as

R) =161 Y ni(RIAD(R)?,

It has been demonstrated over the last decade that the contact governs
many properties of the strongly interacting gases through universal rela-
tions known as the Tan’s relations. They link the contact to the tail of the
momentum distribution, to the kinetic energy or to the density-density cor-
relator [239]. Additional Tan’s relations making the connection between the
contact and the total energy of the strongly interacting gas as a function
of interactions [240] or with the pressure of the gas [241]. This shows that
the entire thermodynamics of a strongly interacting Fermi gas is governed
by the short range properties of the two-body correlation function. These
universal relations have been extensively tested experimentally. The Tan’s
relation connecting to the virial theorem [242] was measured in the group
of John Thomas as the first experimental confirmation of a Tan’s relation.
More experiments have been carried out in the group of Deborah Jin [243],
confirming the universal behaviour of the thermodynamics properties of
the gas. The connection between the contact and the high energy tail of
RF spectra [244—246], the static structure factor [247-249] or the number of
closed channel molecules [72, 250] were also verified experimentally. The
last one mentioned was measured driving photoassociation transitions to
directly address Feshbach molecules in the closed-channel of the Feshbach
resonance [72, 218].

Intuitively, we can connect the value of the total contact to the number of
pairs in a given volume of the strongly interacting Fermi gas. By virtue of
Tan’s relations [251], for a distance s much smaller than other many-body
length scales, the number of pairs dN;, with a volume d>R centred around
point R is,

C(R)s
47t

Integrating over the whole trapped cloud, we deduce the total number of
pairs at distance s in terms of the trap-averaged contact J,

dNp (R, s) = a3r

Js 5Nkps

Np(s) = An T 4w
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with 7 = INkg, J the trap-averaged contact per particle and N the total atom
number.

Expression of the Rabi frequency

The commutator in equation (6.13) thus reads:

[ (-2)

where we have explicitly written the scattering-length dependence of the
contact. We have also specialized to s-wave molecular states and introduced
X(r) = rf(r). The molecular state is independent of interaction strength in
the ground state. In the strongly interacting regime where the Condon ra-
dius Rc is much smaller than the scattering length, the dependence of the
Rabi frequency on scattering length is thus fully universal, captured by the
contact.

2

7

(FH]) =/ rg®Pe®Q

6.4.3 Universality of the pair polariton

In order to account for the finite value of Rc in the theory—experiment com-
parison that will follow, we apply the reasoning made in [252] and model
the target molecular orbital as a square box of width L centred around Rc,
such that the integral can be evaluated explicitly

(P =z

Therefore, we expect the evolution of the Rabi splitting with scattering
length, compared with the value measured at unitarity to obey

2
< [argmpem) 617)

2

2 2
Q%(a) [ dR[g(R)[*C(R,a) .’]_RC (6.18)

02(c0) [ dR[g(R)[2€(R, c0) a

a

We thus take the raw value for the Rabi frequencies over the BEC-BCS
crossover (figure 6.9.b), and display them as a function of the interaction
parameter 1/kpa with a the scattering length. In figure 6.11, we show 0?2 =
NQ—kZFH — Rﬁf\*z, normalized by its value at unitarity floo, for the different
PA lines as a function of the interaction parameter. A first result is that all
the four PA transitions show the exact same relative variations, even if they

correspond to different molecular states from different interaction potentials.

Second, as presented in the calculation in the previous section, we expect
the Rabi frequency to scale with the Tan’s contact [239]. In order to con-
nect to the actual experimental condition we introduce the dimensionless,
trap-averaged contact per particle J. From the calculation we thus expect
0?2 x iNkFH — %CIZ. In figure 6.11, we show the interaction dependence of
the trap averaged contact at zero temperature obtained from [249, 253] with-
out any fit parameter. The collapse of all the data for each PA line on the
theory curves is the striking manifestation of the universal dependence of
the pair polaritons on interactions. For data in the far BEC regime, the term
accounting for the finite size of the molecule contributes by about 15-20%
to the scaling.
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Figure 6.11: Universality of the Rabi frequency of the coupling to PA : Tan’s contact.
a Evolution of Q2, normalized by its value at unitarity Q2. for PA1 (yellow circles),
2 (blue diamonds), 3 (violet squares) and 4 (green crosses) as a function of 1/kra.
The black solid and red dashed lines represent the trap averaged contact calculated
by Gaussian pair fluctuations and quantum Monte-Carlo, respectively, normalized
by the value at unitarity.

We can now come back to the raw variation of Q in light of equation 6.14
and on the universal scaling of the Rabi frequency in figure 6.11. The change
due to interactions only affects

(Bl R+ LR~ TrbaR = DR+ 5))
L A )
in the integral of equation 6.14, inducing a change of the internal energy
of the gas comparable with the scale of the Fermi energy, meaning a few
tens of kHz. Reaching the strong light matter coupling onto PA transitions
acts as a magnifier for the small changes of internal energy, in our case by a
factor ~ 100. This magnification can be arbitrarily strong as () can be made
arbitrarily large by reducing the cavity mode volume, for example. This is
permitted because any change of the pair-correlation function is magnified
by the atomic light-matter Rabi frequency Q3 [ dR|g(R)|?, translating small
changes on the energy of the gas into large changes in the optical signal
from which we extract the Rabi frequency.

6.5 CAVITY QED WITH MANY-BODY EXCITATION

In this section we will explore two different aspects of the pair polaritons:

¢ First, we will make an analogy between the coherent coupling to fermion-
pairs in a strongly interacting Fermi gas and the coherent coupling
of multiple emitters as described by the Tavis-Cummings model (see
Chapter 5). We will see that we can observe the expected square root



scaling of the Rabi frequency with the number of pairs in the ground
state of the strongly interacting Fermi gas.

¢ Second, we will show how we can use the pair polaritons to per-
form weakly destructive measurement of the short range two-body
correlation function over a single measurement. We will describe the
technique we use to disentangle the atomic and molecular contribu-
tions with a single interrogation of the cloud, corresponding to one
frequency sweep of the probe laser through the pair-polariton reso-
nance.

6.5.1 Quantum optics with many body excitations

Counting fermion pairs

As we have shown, the contact connects directly to the number of pairs in
the gas and the square of the Rabi frequency is proportionnal to the contact,
therefore to the number of pairs at distance s in the strongly interacting
Fermi gas. Thus, in the expression 6.12, the commutator relates directly to
the number of pairs and the Rabi frequency reads

/N
Q=0 7" (6.19)

The overall coupling to the field is modulated by the mode function, such
that on average, only half the pairs contribute. This is the expected be-
haviour of the set N,/2 of identical emitters coherently coupled to one
mode of the field. Our experiment thus represents the photo-association
counterpart of the celebrated Tavis-Cummings model.

The PA transitions we probe in this work and the large interactions make
the Condon radius Rc to be much smaller than the scattering length. The

typical length scale L = | [5° drx(r) ‘2 represents the width of the outer lobe
of the molecular orbital close to the Condon point. This is where the over-
lap integral with the ground state pair correlation function take significant
values.

We estimate the number of pairs in the gas addressed by the PA. To this
end, we evaluate the length L by supposing that the molecular potential
close to R is approximately linear with the position r as

where we have expressed the C3 coefficient in terms of the binding energy
Fp.
Therefore the molecular orbital is approximately an Airy function, with

2 1/3
awidth L = %) , where m is the atomic mass and h is the Planck

constant divided by 2m. We obtain thus L = 28.9ap, 23.6 ap, 19.4ap and
12.6 ap for PA1—4, respectively. We introduce a normalized Rabi frequency
Q = Q/y/NkgL and compare its scaling with the values of the contact, thus

showing the scaling of Q with the number of pairs in the gas at distance Rc.
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Figure 6.12: Collective coherent coupling to many-body excitations : quantum optics
with fermion-pairs. Scaling of Q as a function of the trap averaged contact J inferred
from Gaussian pair fluctuations. The solid lines are square root fit to the data

Coherent collective coupling of photons with excitation of the many-body Hamilto-
nian

In figure 6.12, we display the scaling of Q for the four different PA transi-
tions, where L is the estimated width of the molecular wavefunction lobe
around Rc, as a function of the corresponding values of the trap-averaged
contact per particle obtained from figure 6.11.a and thus as a function of the
number of pairs in a box of volume 13. We observe the square-root scaling
of the Rabi frequency with the number of pairs in the strongly interacting
Fermi gas, reminiscent of the coherent coupling of multiple identical emit-
ters in the Tavis-Cummings model.

The fit of the Rabi frequency scaling (solid line in figure 6.12) provides
an order-of-magnitude estimate for the single-photon-single-pair Rabi fre-
quency Qp. We obtain Qg /2m = 595(11), 492(5), 435(7) and 765(5) kHz for
the four PA lines respectively, comparable to the single-atom-single-photon
Rabi frequency of 27t x 780 kHz for the D2 7-transition in the system. these
values are lower bounds for the single-pair Rabi frequency as we assume
a 8 symmetry of the molecular wavefunction. This approximation might
be wrong as there is no fixed direction between the inter-atomic axis of
the pairs and the quantization axis. This effect most likely leads to a dif-
ferent symmetry that would reduce the value of the wavefunction overlap
and thus induce large Rabi frequencyin order to describe the collective cou-
pling strength measured experimentally. While pairs in the unitary gas are
inherently a many-body effect, and cannot be isolated individually, we nev-
ertheless conclude that our cavity has a cooperativity for single pairs and
single photons approaching one. This suggests that all the quantum optics
protocols designed in the context of single atom-photon interactions could
be directly generalized to fermion pairs in strongly interacting gases.



6.5.2 Single-shot and weakly-destructive measurement of the short-range pair cor-
relation function

We have shown that we can retrieve the value of the short-range two body
correlation function, Tan’s contact, from a PA avoided crossing spectrum as
well as the atomic contribution that leads to an offset in A. on the position
of the dressed-state.

What do we need to obtain a single-shot measurement of the pair-correlation func-
tion ?

In contrast with other existing methods [244, 246, 248, 254—256], the combi-
nation of cavity QED with pairs through PA offers an avenue to measure the
short range pair correlations dispersively with a single interrogation, allow-
ing for time-resolved, repeated measurements on a single atomic sample.
The challenge is to be able, from a single interrogation, to obtain the atomic
and pair contribution to the dispersive shift. These two contributions lead-
ing to the same effect, a shift of the polariton, knowing the position of the
polariton at one detuning from the PA transition is not enough to disentan-
gle both contribution.

To solve this challenge, we adapt our transmission spectroscopy technique
to independently extract from a single interrogation of the system both the
overall dispersive shift, originating from the coupling to single atoms, and
the extra contribution due to the coupling to the PA transition. We rotate the
probe polarization by 26° with respect to the magnetic field direction, such
that the probe acquires a finite 0 -polarization component. We probe the
system close to PA4, the large detuning with respect to the atomic transitions
mitigating spurious heating effects. There, the 7w and o polarized photons
couple to different excited molecular states as shown by the two avoided
crossings displayed in figure 6.13.a taken for a unitary gas. Each vertical
line of the spectrum corresponds to a single sweep of the probe frequency
on one cloud, corresponding to one single interrogation.

Measuring the PA and atomic contribution on a single measurement

An example of raw photon counts obtained for a single interrogation is
shown in figure 6.13.b at Ag/2m = —26.056 GHz. We fit the positions of
the two resonances corresponding to the 7 and ot components using a
double Lorentzian model. A typical spectrum corresponds to 16 intracavity
photons on the transmission resonance, and of the order of one spontaneous
emission event over the entire cloud.

The positions of the resonances at a given Aq/27m allows us to retrieve
both the atomic dispersive shift 5 and the collective Rabi frequency of the
molecular transition Q. The pair-polariton spectrum extrapolated from this
single interrogation is presented on figure 6.13.a showing excellent agree-
ment with a full data set covering all detunings taken for clouds prepared
in similar experimental conditions.

A non-destructive probe of the pair correlations

Such a single interrogation can be repeated 50 consecutive times on the
same atomic ensemble, separated by 10 ms, allowing for equilibration of the
cloud between each interrogation. Figure 6.14.a shows & and Q, extracted
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Figure 6.13: Extracting the Rabi frequency to PA transitions from a single shot mea-
surement. a Transmission spectrum around PAy, for a balanced Fermi gas composed
of 8.0(2) x 10° atoms at 832G with a probe polarization tilted by 8 = 26° (inset).
The two resonances located around A /27t = —25.998 and —25.842 GHz correspond
to the 7- and ot-polarization components, respectively. The dashed blue line in-
dicates the position of the PA resonance coupled to m-polarized photons. b Raw
photon counts at Ay /2m = —26.056 GHz (orange dashed line on panel a). The solid
line is a double-Lorentzian fit to the histogram. Two transmission peaks located at
Ac/2m = —5.2 and —4.3 MHz correspond to 7t and o polarized photons, respectively.
The blue solid and the red dotted lines on panel a represent the 7t- and o -polariton
branches, respectively, inferred from the measured polariton positions.

from each of these single consecutive interrogations. The retrieved values of
Q reflect the time-evolution of two-body correlations for one single atomic
ensemble. We observe a decrease of /27 from 18 to 15MHz after the
50 consecutive interrogations, and a decrease of 6 by 27% reflecting atom
losses. About half of these losses can be attributed to the finite lifetime of
the gas[75] due to the strong interactions. The remaining measurement-in-
duced atom losses are thus 1.9(1) x 103 atoms per interrogation, 0.2% of the
initial atom number per interrogation.

To confirm that the many-body physics is preserved in spite of the re-
peated measurements on a single atomic ensemble, we evaluate 0% = 0%/Nkg
at each point in time. The result is shown in figure 6.14.b, normalized by its
initial value, showing no discernible decay, where the noise originates pre-
dominantly from photon shot noise. An average of 20 traces of Q2 taken on
different clouds and at different values of detuning in the dispersive regime
of the PA4 resonance is shown in figure 6.14.d. This quantity is directly
proportional to the trap averaged contact J, and remains constant demon-
strating the weakness of the heating originating from the measurements.
Independent temperature measurements indicate an initial temperature of
0.083(2) T and a final one of 0.10(2) T after the 50 interrogations, for which
we would expect a decrease of the trap-averaged contact by about 4% [257].

6.6 PERSPECTIVES

The ability to observe pair-correlations in time while preserving the many-
body physics is an ideal starting point for future theoretical and experimen-

Ac/2n (MHz)
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Figure 6.14: Weakly-destructive repeated measurement of the short-range two body
correlation function. a Extracted Rabi frequency (filled circles) and atomic disper-
sive shift (open diamonds) from 50 consecutive interrogations on a single atomic
ensemble at Ay /21 = —26.056 GHz. b Evolution of Q? normalized by its initial
value ﬁ% evaluated from successive measurements for a single cloud (orange line)
and averaged over 20 different clouds (black solid line) for detunings ranging from
Aq/2m = —26.042 to —26.082 GHz (shaded area on figure 6.13.a). The grey area rep-
resents the standard deviation.

tal investigations of quantum noise and back-action mechanisms for corre-
lation measurements in many-body systems. This will require a detailed un-
derstanding of technical and fundamental sources of noise including noise
originating from the background coupling to atomic density [182].

Eventually, we then expect the quantum noise spectra to carry funda-
mental information on higher order correlations, opening the fascinating
perspective of combining quantum-limited sensing with strongly correlated
fermions. In our work, optomechanical effects originating from the motion
of atoms triggered by the probe are absent, due to the short interrogation
time. For slower probe sweeps, we will enter a regime where optomechani-
cal non linearities or even dynamical back-action will emerge [187].

Coupling directly the cavity field to the pair correlation function in the
dispersive regime suggests the possibility to engineer photon mediated pair—
pair long range interactions [42], or pairing with a momentum space struc-
ture [258], opening an uncharted territory to quantum simulation of strongly
correlated materials. Beyond these fundamental questions, the weakly de-
structive and time-resolved character of the cavity-assisted measurement
will be of immediate, practical interest in the study of correlations after
quenches, such as spin diffusion [259], repulsively interacting Fermi gases
where pairing competes with ferromagnetism [260], or during slow trans-



port processes [261, 262], complementing other high-efficiency methods [263].
Finally, the addition of exquisite control over photons of a high finesse cav-
ity to the existing cold molecules toolbox [58], opens the way to dissipation
engineering of cold chemistry [55-57, 264].
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OUTLOOKS

In this chapter, I present an outlook to the exploration of the coupling to
the strongly interacting Fermi gas in the dispersive regime. We will show
that in this regime, similarly to the measurement performed on the disper-
sive regime of the PA transitions (Chapter 6), fast sweeps enable weakly
destructive measurements of the atom number. This technique, with some
technical improvements, would be beneficial for transport measurements
with increased sensitivity [182, 262].

In the same regime, we perform much slower probe laser frequency sweeps
through the polariton transmission peak, in such a way that the atoms can
now dynamically respond to the change of the intracavity field while the
probe frequency is varied. This phenomenon leads to a strong optical non-
linearity that connects to a fundamental quantity of the strongly interacting
Fermi gas, the susceptibility.

Last, I will discuss the first results obtained when probing the cloud with
a pump beam tilted with respect to the cavity axis. This pump beam is
retroreflected forming a 1D lattice that can interfere with the photons scat-
tered by the cloud in the cavity. This potential induces long-range interac-
tions in the cloud, mediated by the cavity photons. We observe the quali-
tative experimental proof of such interactions, a superradiant phase due to
the self-organization of the cloud when the optical power of the 1D lattice is
large enough. This new type of Fermi gas with large short- and long-range
interactions will be very interesting to study due to the competition between
the two type of interactions.
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Part of this chapter closely follows our publication™:

K. Roux, V. Helson , H. Konishi and ].-P. Brantut
Cavity-assisted preparation and detection of a unitary Fermi gas
New Journal of Physics 23, 043029 (2021)

7.1 LIGHT-MATTER INTERACTION IN THE DISPERSIVE REGIME

In the regime where the cavity resonance is far-detuned from the atomic one
i.e. when Ag, the detuning between the cavity resonance and the atomic
transition, is larger than the collective coupling strength, the cavity field

1 Parts of this chapter are directly taken from this publication
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couples dispersively to the atoms [171, 172]. The dispersive Hamiltonian
reads

2
A= / ardt(7) (-Zm + Vext(F) + OgC(F)dTﬁ> Y@ +Acata+k(a+ah)
(7.1)

with W1(¥) the field fermionic field operators for the atoms, a' the jump
operator for the cavity field, Vext(¥) the external trapping potential, A, the
detuning between the atomic transition and the cavity resonance and A the
detuning between the cavity resonance and the pump frequency. The light-
matter coupling strength is given by go. The first two terms correspond to
the kinetic and potential energies. The last two terms account for the energy
of the cavity field and the driving field of the pump. The dispersive cou-

N 2 N
pling in this Hamiltonian is [ dr¥t(7) (gi af d) Y(¥). This term can have

two different interpretations: the first one is that the atoms act as a collec-
tive dispersive medium that shifts the bare cavity frequency by a quantity
proportional to 2—‘2’(1 multiplied by the overlap integral between the atomic
density n(¥) and g.(¥) the spatial mode function of the cavity. The second
interpretation is that the cavity field creates a lattice potential with a depth
given by (a'a) that exerts a force onto the atoms. For negative values of Aq
this force pushes the atoms towards the regions of larger coupling, meaning

at the antinodes of the cavity field.

In this spirit we can rewrite the light-matter interaction term of the Hamil-
tonian as
N

A, = Qafa / a3ri(r) cos?(2k.7) = Qafa (2 + M) (7-2)

2
where Q = g—z is the dispersive coupling strength, the cavity with a mode

function cos?(2K.7), i is the atomic density operator and N the total atom
number. The transverse size of the cloud is much smaller than the cavity
waist for our experimental parameters. Due to the longitudinal overlap be-
tween the cavity mode function and the atomic density, only half of the
atoms dispersively couple to the cavity, explaining the factor 1/2. The first
part represents the average dispersive shift of the cavity, and the second
describes both a shift the cavity resonance frequency originating from a col-
lective displacement M, and an optical lattice with spacing 7t/ K| and depth
Qa'a imprinted onto the atoms.

In the experiment we use light linearly polarized along the magnetic field
direction, which couples to the m-transition, for dispersive measurements. To
calculate the effective light-matter coupling strength we have to account for
the D, and Dj transitions (2S¢ ,,, mj = —1/2) — [2P3,,, mj = —1/2) and
1281 ,2,my = —1/2) — 2P/, my = —1/2), and their respective detunings
Ap2x and Ap1, and light matter coupling strengths gp2, and gp1,, such
that

2 2
o— 9D1Ix i 9D2n

- AD17r ADZTE' (7.3)

At large magnetic fields, where all the dispersive measurements of this
Chapter are performed, we have gp1, = 0.576 - go and gp2. = 0.816-go



with go = 27 x 479 kHz the coupling strength for a single atom located at
the field maximum, for the closed D, o transition |25 /,, mj = —1/2) —
|2P3/2, m] = —3/2>

From equation 7.4 we can distinguish two cases :

* For fast probe frequency sweeps, the cavity light field does not couple
to the center of mass motion of the atoms, hence (M) = 0. In this
regime the dispersive light-matter interaction Hamiltonian reads

. . (N
A, = Qafa (2) (7-4)

where we introduce the collective dispersive shift of the bare cavity
resonance d = Q (%) Fast probe frequency sweeps permit to measure
3, hence giving us access to the measurement of the atom number.

* For slow probe frequency sweeps compared with the characteristic
timescale of the atomic dynamics, the atoms are displaced due to the
presence of the lattice potential created by the pump, thus (M) # 0.
For large enough power, the force exerted on the atoms localizes them
at the antinodes of the fields, thus increasing the collective coupling to
the cavity. This dynamical effect leads to an optical non-linearity and
is the subject of the second part of this chapter

I will now present experimental results obtained in these two regimes.

7.2 PROBING A STRONGLY INTERACTING FERMI GAS IN THE DISPER-
SIVE REGIME

7.2.1  Weakly destructive measurement of atom number

To illustrate the potential of the cavity as a detection tool for Fermi gases,
we perform repeated, weakly destructive measurements of the time evolu-
tion of the number of atoms in an individual cloud. We demonstrate that
hundred measurements repeated over one second can be performed on a
single cloud while maintaining the temperature below the superfluid tran-
sition, with limited atom losses. This represents a key milestone towards
quantum-limited transport measurements, for example in a two-terminal
configurations [79].

The measurement of dispersive shift with fast probe frequency sweeps
probes atom number while limiting resonant light scattering: as the cooper-
ativitiy of the cavity is larger than one, a majority of the light is channelled
into the cavity mode, contributing coherently to the measurement signal, as
opposed to scattering into free space which amounts to incoherent losses. In
addition, this technique is free of saturation and Doppler effects that hinder
absorption imaging for light species [265].

We measure /27 using transmission spectroscopy of the cavity at fixed
Aq/2m = 20 GHz below the D; transition, leading to a dispersive coupling
strength O = 18.5 Hz. To this end we send a probe beam matched to the
TEMpo mode of the cavity, sweep its frequency by 20 MHz within 2 ms and
record the transmitted photons on a single photon counting module. As for
the measurements presented in Chapter 5 and 6, the probe frequency sweep
rate is faster than the dynamical timescale of the atomic density.
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Figure 7.1: Weakly destructive measurment of atom number in the dispersive regime.
a Stacked raw histograms of photon counts for 500 consecutive dispersive mea-
surements realized on the same cloud with Aq/2m = 20 GHz. The gas comprises
1.7(1) - 10° and 0.9(1) - 10° atoms in the majority and minority spin component, re-
spectively. Brown circles indicate the fitted location of the cavity resonance, with
respect to the empty cavity resonance (see text for details). b Inferred atom num-
ber (brown circles) as a function of time. Green diamonds indicate the temperature
measured separately after 1, 10, 25, 50, 100, 200, 300 and 500 consecutive measure-
ments. The grey line indicates the critical temperature Tc = 0.223 Tr [154] for a spin
balanced Fermi gas. ¢ Atomic losses calculated from the atom number variations
averaged over three clouds. Each value of the derivative is fitted over 30 consecutive
dispersive probe measurements.

This cavity-based detection offers the opportunity to monitor atom num-
ber variations on one single quantum degenerate Fermi gas over time. In
order to later infer temperature increases, we use spin imbalanced gases
comprising 1.7(1) - 10% and 9(1) - 10% atoms in [1) and || spin states. We then
repeatedly send light on the cavity and sweep its frequency across the cavity



resonance, following the protocol described above, and record the transmit-
ted signal. We performed up to 500 measurements in total, separated by 10
ms. Figure 7.1.a presents the raw photon detection histograms obtained for
all the successive sweeps over one single realization of the Fermi gas, for
Ap2n/2m = 20 GHz. The presence of a clear resonance is obvious for each
scan, with noise originating from the finite photon count. A weak ringing
can be observed due to the sweep rate being comparable with the cavity
linewidth. For each sweep, we determine the most likely location of the
resonance using a Lorentzian fit, shown with brown circles in figure 7.1.a.

These measurements directly translate into variations of atom number, as
shown in figure 7.1.b. This slow decay of atom number is primarily due
to the combined effects of the dipole trap spontaneous emission and in-
tensity noise, and background gas collisions. We also repeated these mea-
surements, stopping after a variable number of probe pulses to evaluate the
heating, using the method described above. After a ten scans we observe
no detectable atom losses and a temperature of T/T¢y = 0.07(1) compati-
ble with the one measured without any cavity probe. Remarkably, after 100
measurements, we measure a temperature increase to T/Tg4 = 0.15(1), still
well below the superfluid critical temperature. This demonstrates that tens
of repeated probes preserve the many-body physics of the Fermi gas for as
long as one second, which is compatible both with slow transport processes
as well as dynamics after quenches.

The evolution of atom number in time represents particles escaping the
trap, such that this measurement can be interpreted as an in-situ probe of
atomic losses. To substantiate this, we use a linear fit of the atom number
evolution over 30 consecutive shots to extract the total loss rate. The result
is shown in figure 7.1.c, averaged over three realizations of the gas.

To assess the role of measurements in the loss processes, we performed
similar measurements with a reduced probe rate but keeping the total ob-
servation duration at 5 s. We observed that increasing the number of mea-
surements from 10 to 500 leads to an increase by 7% of the observed atomic
losses (figure 7.2). Comparing the losses with different probe numbers, we
estimate that a single probe pulse induces a loss of about 30 atoms. By com-
parison, the standard deviation in the determination of the most likely pop-

ulation in the cloud represents about 3000 atoms for the data of figure 7.1.

Depending on the requirements, future experiments may use larger probe
power at the cost of an increased destructivity. The overall timescale for the
loss process extracted from 7.1.b is 4.2's, comparable with that of the slow
transport processes in single-mode point contacts [261].

Probing a dressed-cavity in the dispersive regime might allow for a QND
measurement of atom number [266]. In the low temperature regime, a for-
tiori for our quantum degenerate gases, the recoil associated with measure-
ment back-action breaks the QND character of the measurement, which can
nevertheless approach the non destructive regime in the narrow cavity limit
[182, 267], opening interesting perspectives for the study of transport pro-
cesses in mesoscopic devices [261].
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Figure 7.2: Estimation of the destructivity of the cavity-based atom number mea-
surement. (a)-(d) Evolution of the dispersive shift position over 5 s for respectively
10, 50, 100 and 250 consecutive measurements. Transmission spectra are aligned in
time for different number of consecutive probe sweeps. The markers are the fitted
position of the transmission peak using a lorentzian fit on the spectrums with a bin-
ning of 10 kHz and an average photon count per sweep of 55. (e) Normalized time
evolution of the transmission peak position for 10, 50, 100, 250 and 500 consecutive
measurement. We observe a small additional decay of peak position of 7% in the
case of 500 measurement compared with the other cases.

7.2.2 Probing the many-body physics through optical non-linearity

We now change an important parameter of our probing schematic: the sweep
rate of the probe frequency. So far, all measurements presented were per-
formed with fast frequency sweeps, allowing us to rule out any coupling to
the motionnal degree of freedom of the atoms as the variations of the intra-
cavity field were too fast to modulate the atomic density. Making this sweep
rate slower so that the cloud can now adapt to it make us enter the regime
of cavity opto-mechanics, where the cavity light couples to the motional
degree of freedom of the cloud.

The framework of optomechanics naturally describes collective displace-
ments of atoms within a cloud placed in a high finesse cavity: the mode of
the cavity singles out a particular collective mode of the atomic medium,
which amplitude directly controls the effective cavity length due to the dis-
persive coupling between atoms and light. The sensitivity to small displace-
ments leads to strong non-linear effects upon probing the coupled atom-
-cavity system [268, 269]. The probe light inside the cavity exerts a force
on the atoms, imprinting an atomic density modulation matched with the
cavity mode. As a result, the effective cavity length changes, yielding a Kerr-
type non-linearity, visible in particular as a deformation of the transmission
profile of the cavity, and eventually leading to instabilities [270—274]. This
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Figure 7.3: Cavity optomechanics with a strongly interacting Fermi gas: concept A
weak laser beam dispersively probes an atomic ensemble trapped within the mode
of a high-finesse optical cavity. a When the probe intensity is weak, the force exerted
by the resulting intracavity lattice on the gas is negligible, and the atomic density
is left unperturbed. b In that case, the cavity spectrum features a typical lorentzian
shape when measured by means of transmission spectroscopy. ¢ For a larger probe
intensity, the lattice depth increases and imposes a weak static spatial modulation at
wavevector 2k, on the density. The latter then experiences a higher spatial overlap
with the cavity mode, which modifies the coupling strength and induces a shift of
the atom-cavity resonance frequency. d The observed lineshape then reflects this
shift and features a bistable profile with a distinctive sharp edge on the red side of
the resonance.

non-linear effect is a hallmark of cavity optomechanics, observed in the cold
atoms context on both tightly confined, thermal atoms [3, 41, 187, 275—278]
and homogeneous BECs [270, 279, 280]. There, the system is in one-to-one
correspondence with mechanical, harmonic oscillators with a frequency set
either by the external trap or by the recoil frequency of atoms.

We study the optomechanical Kerr non-linearity in a degenerate, strongly
interacting Fermi gas coupled dispersively to light in a high finesse cav-
ity. In contrast to weakly interacting systems, the optical non-linearity of a
strongly interacting Fermi gas depends strongly on the inter-atomic inter-
action strength, connecting the many-body physics to the optical spectrum
of the atomic-cavity system. In our regime, where the optical wavevector k.
is much larger than the Fermi wavevector kr, we hope to observe that the
optical non-linearity captures the short-range physics of the strongly inter-
acting Fermi gas, given by the contact (see Chapter 6). I present the first
steps towards this goals.

For an empty cavity and equilibrated atoms, (M) = 0 (equation 7.4), so
that probing the cavity with vanishingly small probe power yields a sym-
metric, Lorentzian lineshape with width k, the inverse photon lifetime, as
illustrated in figure 7.3.a. Upon increasing probe power, the finite intracavity
photon number i = (afa) yields to first order a displacement

(V1) = S xR (2Ker), 0), 73)
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where xR (k, w) is the retarded density response function per atom of the
gas at frequency w and wavevector k. For w > 0, the imaginary part of
the density response, the structure factor, has been measured with high
precision [249, 256]. However, the real part, which is non-zero for w = 0,
has never been measured, due to the impossibility to observe weak, short
wavelength density perturbations in a strongly interacting system.

In the strong dispersive coupling regime OON > «, the cavity converts the
weak, perturbative displacement into a dispersive shift with a large gain,
modifying significantly the transmission of the atom-cavity system, as illus-
trated in figure 7.3.d. This cavity-mediated feedback thus imprints directly
the density response function, a many-body property of the quantum gas,
onto the optical spectrum, where it is read-out by transmission spectroscopy.

Accounting for the displacement induced by the probe, described by equa-
tion 7.5, in the equations of motion for the intracavity field yields a Kerr
optical non-linearity. In the steady state, the frequency dependence of the
cavity photon number reads

Mo
T+ 2 (8pr +17)2

A= (7.6)

where i is the maximum photon number, 5, the detuning of the probe

with respect to the dispersively shifted cavity resonance and n = %ZXR (ZEC, 0)
measures the strength of the Kerr non-linearity.

The experiments are performed on degenerate, balanced two-component,
Fermi gases of ®Li comprising 9 x 10> atoms, held in a crossed dipole trap at
the center of the cavity mode. A homogeneous magnetic field B is tuned in
the vicinity of the Feshbach resonance at 832 G, where the gas explores the
BEC-BCS crossover. The gas has a temperature of T = 0.1 Tr. We probe the
system using light linearly polarized along the quantization axis, matched to
the TEMoo mode of the cavity. The cavity resonance frequency is detuned by
—271t x 16 GHz from the Dj m-transition of 6Li at 832G, yielding O = 10.75
Hz. With QON/k = 125, the system operates deeply in the strong disper-
sive coupling regime. The probe frequency is dynamically swept across the
cavity resonance over a range of —27 x 3 MHz in 3 ms during a single ex-
perimental run, and the photons arrival times are recorded with a single
photon counting module. The sweep rate is chosen fast enough to minimize
atomic losses during the probe process, but slow enough compared with
the typical dynamical time scales of the system to ensure that we probe its
steady state.

For large enough intracavity photon number, the Kerr non-linearity orig-
inating from atomic displacements distorts the profiles (figure 7.4.a). We
observe distinctive sharp edge towards the red side of the cavity resonance,
due to the onset of bistability, predicted by equations 7.6. To quantify the
Kerr non-linearity, we fit these profiles to equation 7.6. To achieve a high
signal-to-noise ratio, necessary for an accurate determination of 1, we ag-
gregate multiple traces taken in similar experimental conditions and average
them. The Kerr non-linearity measures the ability of atoms to redistribute
due the force exerted by the cavity light, quantified by xR (k, w). Repeating
the measurement procedure for different magnetic fields and same probe
power provides a measurement of the variations of xR (K, w) with the scat-
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Figure 7.4: Scaling of the optical non-linearity across the BEC-BCS crossover. a
Averaged transmission spectra and their fit using equation 7.6, taken for 1/kfa =
(—0.48,0,1.42), and depicted by yellow circles, violet diamonds and blue squares
respectively. The observed nonlinearity increases with 1/kga. b Fit values of 1 (red
circles) from data acquired accross the BEC-BCS crossover. The error bars on the data
represent statistical fluctuations of the measurement and fitting uncertainties. The
theoretical prediction of the non-linearity obtained from the OPE of the susceptibility
(yellow solid line) shows a good quantitative agreement with the experiment. The
horizontal dashed (dotted) line shows the limit value of the non-linearity based on
the expression of the susceptibility for a non-interacting Fermi gas (non-interacting
BEC), respectively.

tering length a. Typical observations are presented in figure 7.4.a for dif-
ferent interaction parameters 1/kpa = (—0.48,0,1.42), together with the fit
to equation 7.6, showing a large increase of the response as the gas crosses
over from the BCS to the BEC regime.

We now systematically explore the scaling of the Kerr-non linearity with
interactions by measuring 7| =1/Q?N as a function of B. We normalize the
results by the value of the non-linearity observed at unitarity i, allowing
for the observations of the relative variations of the response function in the
BEC-BCS crossover. The variations are presented in figure 7.4.b, showing a
smooth increase by factor of two from the BCS to the BEC regime.

In our regime 2k. ~ 3 X kp, thus the response function XR(ZEC,O) de-
pends on the short-range physics, as the modulation of the density happens
at short distances compared with the typical pair size. In collaboration with
Shun Uchino, we have shown that in our regime of parameter we can de-
velop asymptotically (Operator Product Expensaion) the susceptibility that
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is expressed as a function of the contact and the internal energy of the
strongly interacting Fermi gas. Even though the details of this theoretical
development are beyond the scope of this manuscript, figure 7.4.b shows
the theoretical prediction together with the experimental data, showing a
good quantitative agreement. It is remarkable that the Kerr non-linearity
in the optomechanics context probes the same short-range physics as the
coupling to PA transitions does (Chapter 6). In the optomechanics case, this
universal physics is captured by the density modulation at 2k, thus by the
susceptibility. The steady-state response of the density should give us ac-
cess to the contact. For the PA, the contact is captured by the wavefunction
overlap of the ground state wavefunction of the pairs and the one of the
molecular states. These two approach are completely different but relate to
the same universal short-range physics.

7.3 TOWARDS CAVITY-MEDIATED LONG-RANGE INTERACTION

Cavity QED with quantum gases has opened up the possibility to create
long-range interactions, mediated by the exchange of cavity photons [1, 42].
To create this interaction the quantum gas placed in the cavity is pumped
transversally to the cavity axis leading to the scattering of the pump pho-
tons into the cavity mode [1, 45, 47, 186]. This process leads to the virtual
exchange of cavity photons between the atoms of the cloud, thus creating
a potential seen by all the atoms of the cloud. This potential provides the
cavity-mediated long-range interaction. For large enough pump power the
cloud self-organize such that all atoms scatter the pump photon in phase
leading to a super-radiant phase. This cavity-mediated interaction has been
used over the last years in combination with a bosonic Mott insulator to
study the competition between short- and long-range interaction in the ex-
tended Bose-Hubbard model [33, 34].

The study of long-range cavity mediated interaction has been limited so
far to bosonic quantum gases and thermal gases while studying this effect
with Fermi gases was so far not possible despite strong theoretical interest
[175-177, 179, 181, 193-196, 198, 208, 281—283]. As we have developed the
first experiment combining both strong light-matter coupling and strong
atom-atom interactions in a Fermi gas, I will present in this section the
first steps towards the realization of long-range, cavity-mediated interac-
tions in a strongly interacting Fermi gas. I will explain the specificity of our
experiment compared with the ones realized so far, where the pump was
perpendicular to the cavity axis. In our experiment we use a pump tilted
with respect to the cavity axis by a small angle. I will discuss the first ex-
perimental results where we observe the presence of superradiance above a
critical pump power due to the self-organization of the cloud. This phase di-
agram shows that we can implement long-range interactions in our strongly
interacting Fermi gas with contact interactions.

7.3.1 Tilted transverse pump setup

The cloud is placed at the center of the cavity mode. We typically prepare
cloud comprising 8 x 10° atoms populating the two lowest hyperfine states.
The large bias field is oriented vertically. A beam is aligned onto the atomic
cloud with an angle of 18° with respect to the cavity axis. The pump beam,
linearly polarized along the vertical axis, is retroreflected, creating a 1D lat-



tice potential with a wavevector l_{p (figure 7.5.a). Both the cavity resonance
and the pump frequencies are detuned with respect to the D7 line of °Li
by Aq/2m = —60 GHz. The frequency of the pump beam is detuned with
respect to the dressed cavity by a detuning A = 6064;.

During the experiment, the power of the pump beam is ramped up lin-
early over a duration of typically 5 ms to mitigate the heating effects while
being slow enough to probe the steady state of the gas. At low power, no
photons from the pump field are scattered into the cavity mode, thus no
light is observed at the cavity output (figure 7.5.a). The pump power is
then increased linearly. When it reaches the critical threshold power, light is
scattered from the pump to the cavity mode by the cloud. The pump and
scattered fields interfere, creating a 2D lattice potential and light is observed
at the cavity output (figure 7.5.b). The interference potential is characterized
by the two wavevectors k; and k_, corresponding to the sum and difference
of the pump Ep and cavity k. field wavevectors.
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Figure 7.5: Self-organization and tilted-pump: concept. a The transverse pump con-
sist of a retroreflected beam tilted by 18° with respect to the cavity axis. The pump
laser frequency and the cavity resonance are detuned with respect to the atomic
transition by Aq/2m = —60 GHz. The transverse pump frequency is detuned with
respect to the dispersively shifted cavity transmission by A¢/2m = —106 MHz, with
dat = 1 MHz the cavity dispersive shift. The cloud (in yellow) is trapped at the cav-
ity mode center sees a 1D lattice potential (inset panel a). For low pump power no
light is scattered in the cavity from the atomic density. b When increasing the pump
power above a critical value, the cloud starts to scatter photons from the transverse
pump field to the cavity mode. The scatted photons interferes with the 1D lattice of
the transverse pump, forming a 2D lattice (inset panel b) with unit vector i} and
U_ corresponding to the sum and difference of the cavity K¢ and pump wavevector
Ep, 1Z+ and k_ respectively.

In the next section we will discuss the light-matter interaction Hamilto-
nian, showing the emergence of a potential due to the interference between
the pump field and the scattered one in the cavity by the atomic cloud. This
will give us the characteristics of the long range interactions mediated by
the cavity that we will compare with the first experimental results observed
on the experiment.
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7.3.2  Observation of self-organization across the BEC-BCS crossover

Light-matter interaction Hamiltonian in the dispersive regime with a tilted pump

On a similar way as we defined the light-matter interaction Hamiltonian
in the dispersive coupling regime in equation 7.4 we now introduce the
Hamiltonian in the presence of a tilted pump

A =Ha+ deTd+ Q / d3rﬁ(r)d3TcT)(r) (7.7)

with a total electromagnetic field $(r) = age(r) + ocgp(r)eiwpt, where we
have the cavity mode function g, the pump mode mode function g, and the
pump frequency wip. My is the atomic Hamiltonian describing the strongly
correlated Fermi gas.

We expand the product ¢! d(r) and integrate the dispersive shift in an ef-
fective tilted pump cavity resonance detuning A.. The tilted pump potential
is included in the atomic Hamiltonian. We can introduce the atomic mode

~ . 1, . . .
M= / d3ri(r)ge(r)gp (r) = 1 (A, +Ak, +g +A_g )

with ig = [ d3rfi(r)e'd" the Fourrier components of the density distribu-
tion at the spatial frequency q. The atomic mode M corresponds to the
density modulation due to the interference between the tilted pump field
and the light scattered in the cavity, thus inducing a density modulation
at :I:lz+ = =+ (Ec +Etp) and +k_ = + (EC —Etp>. In our system k_ =
0.31 x k¢ and ki = 1.98 x ke . We can also compare these wavevectors to
the Fermi wavevector kg leading to k_/kp = 0.3 and k4 /kp = 2.4 with
Ep/27 = h? klzg /2m = 47 kHz. This shows that the density modulation build-
ing up at k_ is at much lower energy than k..

Performing the adiabatic elimination of the cavity field the effective inter-
action Hamiltonian reads

2|42
Flyy = 2219 2 7.8)

Ac
with |«? the intensity of the tilted pump field and Q the dispersive coupling
strength. This interaction term has a spatial dependency coming from M?
that will be « cos(k_u) = cos((Ke¢ flztp)u) and x cos(kyv) = cos((Ke +
Etp)v), u,v corresponding to the spatial coordinates in the ii_, 1 basis
(figure 7.5.b). This interaction only has this cosine modulation but no spatial
decay over the cavity mode. This constitutes the cavity-mediated long range
interaction term that depends linearly on the tilted-pump power |2 and
is inversely proportional to the detuning of the tilted pump frequency with
respect to the dressed cavity Ac.

First experimental results

We measured the phase diagram for a strongly interacting Fermi gase for
various magnetic fields across the BEC-BCS crossover as a function of the
detuning between the dressed-cavity and the tilted-pump frequency &, and
of the tilted lattice depth s in unit of the °Li recoil E,/27t = h x 73.6 kHz.
The result are presented in figure 7.6.a-d.
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Figure 7.6: Self-organization of a strongly interacting Fermi gas across the BEC-BCS
crossover: phase diagrams. a-d Phase diagrams as a function of the lattice depth s
(in units of the ®Li recoil) and of the detuning between the pump frequency and
the dressed cavity (red line) in units of the dispersive shift d,; for magnetic fields
650,768,885 and 1003 G. For detunings smaller that 2.65,¢ the photon counter sat-
urates due to large count rates, thus this points are excluded (grey region). The
count rates are displayed in logarithmic scale. We see clear lattice depth threshold
above which light is scattered in the cavity. This threshold depends linearly on the
frequency detuning.

We observe for all magnetic fields the phase transition to a superradi-
ant phase due to the self-organization of the strongly interacting cloud. For
larger detunings between the pump and the dispersively shifted cavity, the
power threshold increases. Comparing the evolution of the critical power
threshold with equation 7.8, we observe a linear dependence of the thresh-
old with the tilted-pump power as a function of A.. The observation of
superradiance across the BEC-BCS crossover validates that we can realize
a strongly interacting Fermi gas with long-range interactions, opening an
uncharted territory for quantum simulation. A short term perspective is the
study of the influence of the short range atom-atom interaction on the loca-
tion of the phase transition.

With this new system, combining both strong short and long range inter-
actions, we can envision to measure all the characteristic physical quantities
across the BEC-BCS crossover. Looking at the evolution of the critical tem-
perature or of the pairing gap for varying strength of long-range interactions
would provide interesting insights on the competition between the pairing
and the long range interaction. As previously demonstrated for BECs [45],
it is possible to perform a cavity-assisted Bragg spectroscopy measurement
to probe the excitation spectrum of the gas. Experimentally it consists in
injecting a beam along the cavity axis with a fixed frequency difference &
with respect to the pump frequency 7.7.
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Figure 7.7: Cavity-assited bragg spectroscopy: concept. Cavity-assisted Bragg spec-
troscopy setup: in addition of the transverse pump a weak beam is coupled on the
cavity axis at a fixed frequency difference with respect to the transverse pump fre-
quency Op. As we vary dy, we can map out the excitation spectrum onto the cavity
transmission as a function of d¢, [45].

The presence of the two beams onto the cloud can drive two-photon tran-
sitions, mapping the excitation spectrum at the frequency 6p. This method
has been used to show the presence of a roton-mode softening in the BEC
dispersion relation due to the presence of long-range interactions. The mea-
surement of the cavity transmission as a function of the detuning & allows
to map out the excitation spectrum [45]. We have implemented this capa-
bility onto the experiment where both the tilted-pump and the on-axis can
be detuned by a fixed frequency. We hope to be able to connect the cavity
field to the excitations of a strongly interaction Fermi gas [284, 285]. This
would open up the possibility to study the excitation spectrum of a strongly
interacting Fermi gas in the presence of long-range interactions, offering an
uncharted territory for quantum simulation.



CONCLUSION

In this work, we have for the first time coupled a strongly interacting Fermi
gas to cavity photon,, reaching the strong coupling regime. This has been
made possible by the design of the experimental apparatus where we com-
bine the production of deeply degenerate, strongly correlated Fermi gases
and a high finesse optical cavity. The use of the cavity as an optical dipole
trap has proven to be an interesting technique to efficiently capture atoms
and perform efficient evaporative cooling once its lattice structure has been
cancelled.

We also proved that reaching the strong light-matter coupling regime on
molecular transitions was experimentally possible, by dressing PA transi-
tions with the cavity photons. We demonstrated that the emerging dressed-s-
tates, the pair-polaritons, capture the universal short-range physics of the
strongly correlated Fermi gas. We could confirm that our experiment reached
the strong coupling regime for a single excitation of the ground state of the
many-body Hamiltonian, paving the way to apply all quantum optics pro-
tocols to the many-body excitations of the gas. We also showed our ability
to measure the pair-polaritons spectrum without destroying its many-body
character. This result in very encouraging as pair-polaritons can be used
to probe the short-range pair correlation function of a single system over
time due to the weak destructivity of the cavity QED measurement. The
pair-polariton will be an interesting tool to study the dynamics of strongly
interacting Fermi gases in the future. The possibility to track the short-range
correlation function in time after a quench is a very promising perspective
and so is the measurement of the noise on the pair-correlation function that
would give access to higher order correlation functions.

We also demonstrated that the same short-range physics of the many-
body Hamiltonian should be imprinted onto the optomechanical non-lin-
earity observed when probing the steady state of cavity-atom system far in
the dispersive regime. This measurement and the pair-polaritons are the two
sides of a same coin: the many-body physics is imprinted onto the optical
spectrum which we can coherently access using our cavity QED apparatus.

In the last part of the manuscript I have shown the first results we ob-
tained on the implementation of long-range interactions in the strongly cor-
related Fermi gas, making use of the standard self-organization framework
used for BECs. Our observation of a self-organized, superradiant phase
shows the existence of cavity-mediated long-range interactions in the gas.
This new system opens up an uncharted territory for quantum simulation
that cannot be explored by any other platform such as Rydberg atoms, quan-
tum gases in optical lattices or dipolar quantum gases.

In the future we should be able to obtain a system with full and in-
dependent control on the short-range and long-range interaction between
atoms for a degenerate Fermi gas. Besides the possibility of exploring all the
changes due to the long-range interactions on the pairing gap or the critical
temperature, this system offers the possibility to explore more fundamental
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questions in the quest of understanding strongly correlated materials. With
our system, where we know the microscopic Hamiltonian we will be able
to study the competition between the pairing and the charge density wave
due to long-range atom-atom interactions. Similarly we could implement
long-range interactions between pairs using the dispersive coupling to PA
transitions. This would allow to study the competition between pairing, the
charge density and the pair density waves for a fermionic gas. This very rich
system, with three possible types of interactions, would be extremely useful
as only quantum simulation could make it possible to study this Hamilto-
nian.



Part IV

APPENDIX






TRANSFER CAVITY

This table summarize the properties of the transfer cavity discussed in Chap-
ter 2 and 3

Table A.1: Transfer cavity optical properties.

| 67inm | 532nm | 1064 nm
Cavity length 16 cm
Free spectral range (vpsr) 0.937(1) GHz
Transverse  Mode  Spacing 0.660(2) GHz
(vrEm)
Finesse 30000 3000 3000
Linewidth k/27 3.1-103 kHz | 300-103 kHz

The cavity mirrors are fixed onto a piezoelectric actuator itself glue onto
a piece of Teflon in order to provide damping of mechanical vibrations A.1
and A.2. The two mirrors are then glued on a tube in carbon fiber that
provides a high rigidity, thus high frequency mechanical vibration modes.
The cavity in its carbon fiber tube lies onto a brass bar that is itself mounted
onto Viton rods for vibration damping. The complete assembly is positioned
in a standard CF40 cross with two large optical access along the cavity axis
and one CF electrical feed through.

Figure A.1: CAD view of the transfer cavity.

The cross is mounted on a heavy mount made out of a massive brass
cube that will have low frequency mechanical vibration mode, thus allow-
ing to decouple the cavity from the acoustic environment. Three post fix
it to the optical table. The mount is not fixed onto the post as three Sor-
bothane dampers are positioned in between the posts and the brass mount,
providing an additional damping of vibrations.
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Figure A.2: Picture of the transfer cavity.
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