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ABSTRACT

In this manuscript I present the experimental studies of the physics of ultracold bosonic
ytterbium atoms trapped in an optical lattice, driven on their clock transition. The
existence of this ultranarrow transition is a feature shared by the alkaline-earth like
atoms, to which belongs ytterbium. The coherent driving of this transition enables an
internal degree of freedom for the atoms without spontaneous emission and is of great
interest in the context of metrology and quantum simulation.

Firstly I use the properties of this clock transition to characterize the coherent driving
of isolated atoms. Then I use Ramsey spectroscopy to probe the dynamics taking place
in unidimensional lattices in the strong interactions regime. Secondly I present exper-
iments performed on pairs of bosons where the coupling on the ultranarrow transition
is adiabatically branched, which leads to a strong suppression of the inelastic collision-
induced losses. This phenomenon is a manifestation of the quantum Zeno effect that
restricts the dynamics of the system to a reduced-loss subspace of the total Hilbert
space. Finally I experimentally study the manifestation of the quantum Zeno effect for
a many-body system, namely an unidimensional lattice in presence of strong inelastic
interactions, resulting in the hindering of the atomic loss dynamics.

RESUME

Dans ce manuscrit je décris les différentes études expérimentales portant sur la physique
des gaz atomiques d’ytterbium dégénérés piégés dans un réseau optique et excités sur
leur transition d’horloge. L’existence de cette transition étroite, propriétée commune
aux atomes alcalino-terreux et aux éléments ayant une structure électronique similaire,
comme |'ytterbium, confére a ces atomes un degré de liberté interne sans voir apparaitre
des phénomeénes d’émission spontanée, ouvrant des perspective prometteuses dans les
domaines de la simulation quantique et de le métrologie.

Dans le travail présenté ici, je commence par tirer avantage des propriétés de la tran-
sition horloge pour caractériser I’évolution de la cohérence de 1’état interne d’atomes
d’ytterbium excités sur cette transition. Ensuite, j'utilise la spectroscopie Ramsey pour
étudier la dynamique de réseaux unidimensionels dans le régime des fortes interactions.
Dans un second temps je présente les expériences conduites sur des paires de bosons,
ou le couplage sur la transition étroite est branchée adiabatiquement, conduisant a
une forte supression des pertes liées aux collisions inélastiques. Ce phénoméne reléve
de l'effet Zénon quantique qui restreint la dynamique du systéme & un sous-espace de
I’espace de Hilbert. Enfin je présente ’étude expérimentale de I'effet Zéno quantique
dans un systéme a N-corps soumis a de fortes interactions inélastiques, qui se manifeste
par une inhibition de la dynamique de pertes atomiques.
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Glossary

Notations used in this manuscript

1BZ First Brillouin zone,

AEL Alkaline-earth-like,

AOM Acousto-optic modulator,
BEC Bose-Einstein condensate,
BH Bose-Hubbard,

CDT Crossed dipole trap,

EP Exceptional point,

EOM Electro-optic modulator,
HCB Hard-core bosons,

LDA Local density approximation,
MI Mott insulator,

MOT Magneto-optical trap,
OD Optical density,

PDH Pound-Drever-Hall,

QZE Quantum Zeno Effect,
TOF Time-of-flight,

ULE Ultra-low expansion.

The notation C? refers to the binomial coefficient "n choose p", defined as

o (T _ !
= (3) = me

1X






Introduction

In 1925 A. Einstein, following the work of S. N. Bose that had proposed a statistical
description of photons as an ideal gas of identical particles to derive the Planck’s law
(Bose 1924), extended it to the ideal monoatomic gas and predicted the existence
of a phase transition for low enough temperatures at which all the atoms would fall
into the same state of minimal energy: the Bose-Einstein condensation was introduced
(Einstein 1925). However the very low expected condensation temperatures led him to
wonder "It’s a great theory, but does it contain a truth ?" in his correspondence with
P. Ehrenfest. Indeed, even if F. London in 1938 argued a link between the recently
discovered superfluidity of liquid helium and the Bose-Einstein condensation (London
1938), the direct observation of this phenomenon appeared to be beyond reach.

The invention of the laser in 1960 (Maiman 1960) opened up new possibilities in a large
panel of fields of physics. More particularly this invention, from the seminal work of
Hénsch et al. 1975, is at the origin of the development of different laser cooling tech-
niques in the 80’s (Phillips 1998; Cohen-Tannoudji 1998; Chu 1998). These techniques,
coupled with the evaporative cooling technique (Hess 1986; Masuhara et al. 1988) led
to the achievement of Bose-Einstein condensation (Anderson et al. 1995; Bradley et al.
1995; Davis et al. 1995) and the realization of the first degenerate Fermi gas (DeMarco
et al. 1999) a few years later. These pioneering experiments have paved the way for
the study of a whole new scope of phenomena, leading to the emergence of the new
branch of physics of ultracold atoms.

In the two decades that followed the first production of a degenerate quantum gas, the
properties of these new states of matter have been extensively studied. The ondulatory
nature of the Bose-Einstein condensates was demonstrated in experiments involving
matter wave interference (Andrews et al. 1997) or revealing the existence of a long-
range phase coherence (Bloch et al. 2000). In the meantime, experiments have brought
to light their superfluid behavior (Matthews et al. 1999; Madison et al. 2000) by the
observation of vortices. Experimentalists have also taken advantage of the tunability
of inter-particle interactions in degenerate quantum gases provided by the existence
of Feschbach resonances (Cornish et al. 2000; Bloch et al. 2008; Chin et al. 2010) to
brought these dilutes gases in the strong interaction regime.

An alternative way to reach the strong interaction regime is to apply an optical lattice
potential to a degenerate quantum gas. This approach has been implemented for the
first time in the seminal experiment of Greiner et al. 2002 that showed the quantum
phase transition from a superfluid to Mott-insulating phase, according to the proposal



of Jaksch et al. 1998. More generally ultracold atoms trapped in optical lattices of-
fer a reliable and versatile platform to study systems described by condensed-matter
models such as Hubbard models, spin models and disordered or frustrated systems
(Lewenstein et al. 2012), possibly in regimes that would be difficult to reach for stan-
dard condensed-matter system, e.g. strong magnetic fields for the study of fractional
quantum Hall effect (Tsui et al. 1982). They can also be used to simulate systems from
domains beyond condensed-matter such as cosmology or nuclear physics (Georgescu et
al. 2014). Thanks to their versatility and high control level (Bloch et al. 2012), much
more important than most condensed-matter systems, the optical lattices appears as
a promising tool in the perspective of quantum simulation.

This concept of quantum simulation was introduced by R. Feynman, depicting a "com-
puter itself |...| built of quantum mechanical elements which obey quantum mechanical
laws." (Feynman 1982), i.e. a quantum system replicating the dynamics of a system
of interest in order to study is dynamics, with direct access to the relevant observ-
ables. It is particularly interesting when it comes to simulate many-body physics,
often described by models that do not admit an exact analytic solution, to overcome
the difficulties arisen by the exponential growth of the Hilbert space dimension with
the number of particles, preventing the use of classical computers.

In the past years, in order to overcome the limitations of the first experiments on
degenerate quantum gases performed with alkali atoms, such as spontaneous emission-
induced heating, two new categories of atoms has begun to receive growing attention.
The first category gathers atoms, such as Cr, Dy and Er, featuring an important mag-
netic dipole moment in the ground state (Griesmaier et al. 2005; Lu et al. 2011; Aikawa
et al. 2012) that allows to probe the physics of long-range dipole-dipole interactions (La-
haye et al. 2009). The second category corresponds to two-electron atoms (Takasu et al.
2003) that includes alkaline-earth atoms such as Sr, Ca and Mg, and alkaline-earth-like
atoms such as Yb (Takasu et al. 2003). These elements feature an ultranarrow optical
transition coupling their ground state to a long-lived excited metastable state (Ludlow
et al. 2015) that has been in a first time used in the field of metrology (Takamoto et al.
2005; Hinkley et al. 2013). More recently the advantages offered by the properties
of these atomic species in the context of simulation of quantum many-body physics
have been pointed out in several proposals (Cazalilla et al. 2009; Gorshkov et al. 2010;
Foss-Feig et al. 2010). In the particular case of our experiments, ytterbium has been
chosen for its properties (besides the clock transition, the existence of reachable magic
and anti-magic wavelengths) that could be used for the simulation of artificial gauge
fields in optical lattice, following the proposal of Gerbier et al. 2010.

In the work presented in this thesis, emphasis is laid on the use of Yb optical lattice
clock to probe the physics described by the Bose-Hubbard model (Fisher et al. 1989;
Jaksch et al. 1998; Jaksch et al. 2005). This model is a paradigm in condensed-matter
physics for it can describes a panel of systems including, besides ultracold atoms,
Josephson junction arrays (Langen et al. 2015), optomechanical arrays (Tomadin et al.
2012), interacting polaritons in hybrid optical systems (Hartmann et al. 2008; Leib
et al. 2010). More particularly, in this thesis work we take advantage of the tunability
offered by optical lattices to freeze the motion of atoms along two of the three spatial
directions, leading to the realization of a quasi unidimensional system. For such sys-
tems, the constraints imposed on the motion of the atoms gives an increased role to
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play to the interactions, notably compared to higher dimensions. If the interactions
are sufficiently strong, the dynamics of the system can be described by the theory of
the Tonks-Girardeau gases (Tonks 1936; Girardeau 1960), where the atoms interacting
in the 1D lattice behave as impenetrable hard-core bosons. This causes the emergence
of strong correlations between the bosons of the gas that reminds those induced by the
Pauli’s exclusion principle in the fermionic case. A Bose-Fermi mapping is thus made
possible (Girardeau 1960), allowing to theoretically describe the bosons thanks to a
fermionization approach (Efetov et al. 1976; Korepin et al. 1997). The interplay be-
tween the bosonic and the fermionic properties in a Tonks-Girardeau has been observed
in its first experimental realization made by Paredes et al. 2004.

In order to probe the dynamics of ultracold !™Yb atoms trapped in a quasi unidimen-
sional optical lattice, ruled by the unidimensional Bose-Hubbard Hamiltonian, it is
possible to take advantage of the existence of an ultranarrow clock transition for these
atoms, that can be used to perform Ramsey spectroscopy (Ramsey 1950). Since the in-
troduction of this technique for Nuclear Magnetic Resonance (NMR) experiments and
its variants, including Ramsey with spin echo spectroscopy (Hahn 1950), their use has
been extended to many field of physics, e.g. metrology, cavity quantum electrodynam-
ics (Bertet et al. 2001), superconducting qubits (Wallraff et al. 2005; Leek et al. 2007)...
More recently Ramsey spectroscopy and Ramsey with spin echo techniques have been
used to characterize the many-body dynamics of strongly interacting ultracold atoms
trapped in unidimensional optical lattices. More precisely the evolution of the Ramsey
fringes contrast can be linked to the evolution of coherence of the system over time,
and can be used to reveal SU (N) orbital magnetism (Zhang et al. 2014) or to study
spin-orbit coupling effects (Bromley et al. 2018) in fermionic optical lattices. In this
work presented in this manuscript, the Ramsey spectroscopy is used to characterize
the motion in a Mott insulator.

In experiments, such as Ramsey spectroscopy, that rely on the coherent driving of the
ultra-narrow transition of ™Yb | atoms in the metastable excited state (with respect
to this transition) interact through both elastic and inelastic collisions. The resulting
two-body losses are responsible for the emergence of a dissipative dynamics alongside
with the coherent driving of these atoms. Although such effect is generally considered
as detrimental in ultracold atoms experiments, it is possible to take advantage of the
presence of two-body losses to study non-Hermitian physics. It is indeed possible to
describe an ensemble bosons interacting through inelastic collisions by a non-Hermitian
Hamiltonian. These systems, whose dynamics is ruled by a non-Hermitian Hamilto-
nian, exhibit some interesting features, such as exceptional points (Kato 1966; Heiss
2012) or a complex spectrum (Ashida et al. 2020). The latter property offers a suitable
framework to study behaviors that can be interpreted as a generalization of the quan-
tum Zeno effect (Misra et al. 1977), experimentally demonstrated for the first time by
Itano et al. 1990 according to the proposal of Cook 1988. This counter-intuitive effect
states that repeated measurements (to which losses can be assimilated) performed on a
quantum system can to a certain extent hinder or even freeze its internal dynamics. An
optical lattice deep enough to treat its sites as isolated traps can be used as a platform
to probe the quantum Zeno dynamics for interacting pairs of bosons.

This idea of engineering the state of a quantum system thanks to dissipation, developed
in Verstraete et al. 2009, can be extended from few-body to many-body system, in par-



ticular for many bosons evolving in an unidimensional lattice in the strong interaction
regime. The very low probability associated with the presence of two particles at the
same position is one of properties characterizing a Tonks-Girardeau gas. More recent
experimental (Syassen et al. 2008) and theoretical (Garcia-Ripoll et al. 2009) works
have shown that this property can be emulated by bosons trapped in a 1D optical
lattice interaction through strong inelastic collisions. These strong inelastic collisions
are responsible for losses that suppresses the probability for two bosons to be at the
same position. This effect features a behavior that can be interpreted as an extension
for many-body physics of the quantum Zeno effect.

Thesis outline

This manuscript aims at presenting the work carried out during my thesis made at
laboratoire Kastler-Brossel in Paris. The experiments performed during the last three
years have focused on two phenomena introduced above: the physics of strongly inter-
acting bosons trapped in a unidimensional optical lattice and the quantum Zeno effect.
In a first time, experiments implementing one of the two physics separately has been
conducted, providing a better understanding of their effects. Then both have been
involved in an experiment probing the quantum Zeno effect in a Tonks-Girardeau gas.
Finally these experiments gave us some useful insight of our experimental platform in
the long-term perspective of realizing artificial gauge fields with ytterbium atoms.

The thesis is organized as follow

Chapter 1 reminds the main theoretical notions required for the description of the
physics of ultracold bosons trapped in an optical lattice. These elements are then used
to discuss the adiabaticity of the preparation of an optical lattice in the ground state.

Chapter 2 presents the setup used to perform the experiments presented throughout
this manuscript. Starting from the properties of bosonic '™Yb atoms, the main steps
leading to the production of a Bose-Einstein condensate are reminded. Finally the
loading of the Bose-Einstein condenstate in the optical lattice potential is presented.

Chapter 3 presents the main features of the optical clock transition of 'Yb . Then
the coherent driving of the transition for individual atoms is introduced along with
a theoretical description of Rabi and Ramsey experiments. Lastly we show how such
experiments can be used to probe the frequency fluctuations of our narrow laser source.

Chapter 4 describes the use of Ramsey spectroscopy introduced in the previous chap-
ter to probe the dynamics of bosons trapped in a unidimensional optical lattice in the
strongly interacting regime.

Chapter 5 introduces the quantum Zeno effect in its original formulation and its
extension to open quantum systems. This effect is then harnessed to prepare selectively
isolated pairs of bosons driven on their clock transition in a superposition of the ground
and metastable states.

Chapter 6 presents experiments performed to probe another manifestation of the
quantum Zeno effect arising for an ensemble of bosons trapped in a unidimensional
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optical lattice, subject to strong elastic and inelastic collisions. The results of the
experiments are compared with two theoretical models, which are briefly introduced.






CHAPTER 1

Ytterbium atoms in optical lattices

In this chapter, the main theoretical notions underlying the physics of ultracold
bosons trapped in an optical lattice are presented, along with some specificities related
to the implementation of optical lattices with '™Yb atoms.

In the first part of this chapter I start by a reminder of the building blocks of the
physics of particles evolving in a periodic potential. I progressively introduce the
approximations leading us to the Bose-Hubbard model, that will be at the center of
the theoretical analysis of the experiments presented in this dissertation.

In the second part, I present the Bose-Hubbard model and its phase diagram. A par-
ticular emphasis will be put on the limiting cases: the weakly interacting limit, where
particles are delocalized all over the lattice sites and the strongly interacting limit,
where particles are localized due to strong repulsive interactions (the Mott insulator
phenomenon). This will lead us to study the transition between the superfluid and the
Mott insulator regimes. Finally the effects of the confining potential used to trap the
atoms will be discussed with the phase diagram.

1.1 Reminder on band theory

1.1.1 Bloch waves for a 1D periodic potential

We start by considering a single particle of mass m evolving in a 1D periodic potential
along the z direction, of the form :

Viat (2) = —Vp cos? (kpz). (1.1)

Such a potential can be produced by the interference of two counter-propagating plane
waves along the z direction, with wave number k;,. We introduce the wavelength of

21.2
the plane wave \; = i—’L’ and the associated recoil energy Fr = Z:;L. The Hamiltonian
describing the motion of the particle in this periodic potential :
A 152
H=—4 Vi (2 1.2
2m lat( ) ( )
with p = —iAV the momentum operator.
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Figure 1.1 — Sketch of the interference of two counter-propagating plane waves. The
resulting standing plane wave of period d = Ap,/2 forms the 1D lattice potential.

Since the system is invariant by a discrete translation of step d = w/k;, = A\p/2,
the Hamiltonian and the d-step discrete translation operator T = e?%" commute :

[Td, H ] = 0. According to the Bloch’s theorem, the Hilbert space in which evolves the

system admits a basis of wavefunctions, called Bloch waves (Ashcroft et al. 1976):

P (2) = €T (2) . (1.3)

The Bloch waves are eigenvectors of for both H and Tj. Here the u, (2) are d-periodic
complex functions called Bloch functions.

The basis states are labeled by the quantity ¢, called quasi-momentum, which is
analogous (up to a factor i) to the momentum for a plane wave in free space. Re-
placing ¢ by ¢q + m%”, with m € 7Z, results in the same eigenvalue for the operator
T,;. Consequently it is possible to restrict the quasi-momenta ¢ domain to the interval
]—g, g], called the first Brillouin zone (1BZ) and introduce the integer n to label, in

the ascending order, the different energies €, , (i.e. the eigenvalues of H ) for a given
quasi-momentum ¢. This band index labels the bands of accessible energies for the
particles and separated by energy gaps. The Bloch functions basis reads now:

g (2) = €T g (2) (1.4)

[ assume, as is common, periodic boundary conditions for a lattice with N sites. Conse-
quently the quasi-momenta become quantized and the first Brillouin Zone corresponds
to the discrete set of quasi-momenta of the form ¢, = pgn; with —% <p< NT (for
N even). Although no fully analytical solution of the Bloch-Schrédinger equation is
known, it is possible to diagonalize numerically the Hamiltonian. Figure 2.2 shows the
few lowest Bloch energy bands for different lattice depths Vj. As can be observed from
this figure the gaps widen and the bands flatten as the lattice depth increases.
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Vo =2ER Vo = 10ER Vo = 20FER Vo = 30ER
30 1 30 30F 1 30 :/\
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20 | 4 20F :
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q [k] q [ki] q [ki] q [ki]

Figure 1.2 — Band structure of a 1D lattice for different lattice depths Vj =
2,10, 20, 30 Eg. The six lower energy bands €, , are displayed and the blue shaded
region corresponds to the energies below the lattice depth V4.

1.1.2 Wannier basis

The Bloch wavefunctions describe quantum states that are delocalized over the whole
lattice, analogous to plane waves in the continuum. It is often then more convenient to
switch to another basis of orthogonal and normalized wavefunctions, called the Wan-
nier basis (Wannier 1937). On the contrary to the Bloch wavefunctions, the Wannier
functions are maximally localized around the lattice sites. The Wannier functions
are derived from the Bloch waves by a discrete Fourier transform with respect to the
quasi-momentum:

d [* .
wp (2 — z) = o dnqge T dg. (1.5)
)k
Here the z; = jd are the position of the lattice sites (assuming for simplicity that
the origin of our coordinates correspond to a minimum for the periodic potential). In
practice in order to perform numerical calculations, we take a finite size lattice of N,
sites with periodic boundary conditions. The definition of the Wannier functions (1.5)
now reads: .
W (2 — 2;) = N D e i, (2). (1.6)

S ¢eBZ1

The Wannier functions are not eigenvectors of the Hamiltonian. However they allow
a more convenient description of (short range) interaction and of localized many-body
states, in the limit of deep lattices V > ER.
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_2— 1 1 1 1 1 C 1 1 1 1 1 C 1 1 1 1
2_ T T T T T L T T T T T L T T T T
ip - -
]
U e S — —
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2 [d] z [d] z [d]

Figure 1.3 — Solid lines: Wannier functions in the lowest energy (blue) and first
excited (red) bands, centered at z = 0 for different lattice depths Vy = 2, 10, 20 ER.
The Wannier functions of the neighboring sites are also represented as faded lines.

The Wannier functions are defined up to a phase factor. Kohn 1959 proved that
for centrosymmetric lattices in one dimension, they can be defined as real-valued,
symmetric or anti-symmetric functions, exponentially decaying with the distance from
the origin. The last property has later been generalized to non-centrosymmetric 1D
lattices (Cloizeaux 1964) and single-band 3D lattices (Nenciu 1983).

The single-particle Hamiltonian (1.2) can be rewritten using the second quantifica-
tion formalism :

o= /dz B (2) {—%W Vi (z)} P (2). (1.7)

Here ¥ (z) is the field operator annihilating a particle located in z. The decomposition
of this operator along the Wannier basis writes:

T (2) = an (2= 2) ajn (1.8)

with @;, the annihilation operator for a particle in the Wannier state w, (z — z;).
Injecting the previous expression (1.8) in (1.7) the exact representation:

Hy= =Y Ju(i—j)al,ajn (1.9)

7/7]7”

10
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with the tunneling matrix elements
h2
Jn (’l — ]) = — /dZ U):; (Z - Zi) |:—%V2 + ‘/lat (Z) Wp, (Z — Zj) . (110)

The matrix elements J,, (i — j) /i can be interpreted as the characteristic hopping rate
from site 7 to site j by quantum tunneling through the potential barrier of the lattice.
In 1D the energies J,, (i — j) only depend on the relative distance between the two sites
|2; — 2;]. It is possible to express them as a discrete Fourier transform of the dispersion
relation, using the inverse of the relation (1.6):

: : 1 —i(qzi—q'z;) * V2
=)= 3 ) a2 [~ 4 Vi ()] b - 2)

R 2m
q,q'€1BZ
(1.11)
1 .
— —F Z €n7q e_IQ(z"_zj)‘ (112)
5 qe1BZ

Energy [Eg]

5 0 15 20 25 30
Vo [ER]

Figure 1.4 — Comparison of the tunneling energies in the fundamental band, using the
notation : Jy (Ji — j|). For the lattice depths represented here, corresponding to the
typical lattices depths considered in this thesis, higher order tunneling matrix element
can be neglected compared to the nearest-neighbor tunneling term.

In order to have some insight on the behavior of the tunneling energy, it may be useful
to use the approximate formula for the hopping matrix element Jy = Jy (1) found for
the sinusoidal case (Bloch et al. 2008) :

34 [
S o2 <V°) o (1.13)

Ep /7 \Eg

It allows us to have a good approximation of the tunnel energy between nearest-
neighbors without having to compute all the €, in the first Brillouin zone.

11



1.1. Reminder on band theory

1.1.3 Tight binding approximation

The interpretation of the experimental results exposed in this works is considerably
simplified in the tight-binding limit, where the lattice potential is deep enough so that
hopping beyond nearest-neighbors becomes negligible. The Wannier basis is then very
adequate since Wannier functions decay exponentially from the lattice site central
position. Secondly the tunneling energies J, (i — j) decay very fast with the distance
between sites, as seen in Fig. 1.4, and only the matrix elements coupling one site to its
few closest neighbors will play a significant role. If we keep only the nearest-neighbors
matrix elements , i.e. set J, (i —j) = 0 if |i — j| > 1 the simplified tight-binding

Hamiltonian reads: )
Hy= =Y _Ju> al b (1.14)
n (4,9)

with J, = J, (1).

Moreover, in the following we will only consider systems at very low temperature so that
only the fundamental band is significantly populated. From now on, unless otherwise
specified, we drop the band index n and only consider the fundamental band n = 0.

The combination of the nearest-neighbor hopping and the single-band approxima-
tions leads us to write the tight-binding hamiltonian:

Hyp=—-J) (d}ﬂdj + h.c.> : (1.15)
j

with J = Jy (1) the dominant tunneling matrix element.

The tight-binding approximation allows us to simplify considerably the expression of
most physical quantities. For instance the energy bands have a cosine form and the
dispersion relation in the lowest band is given by

€, = —2J cos (qz) (1.16)

Consequently the energy width of the fundamental band is given by 4.J.

1.1.4 Generalization to cubic lattices of higher dimensions

All developments above have been conducted for one-dimensional lattices. It is
possible to extend to lattice potentials of higher dimensions, more particularly for the
2D and 3D cases. The relevant example for our experiment is the potential for a 3D
cubic lattice,

Viat (r) = Vp Z sin (k:axa)z. (1.17)

a=x,Y,z

Since the total potential is separable, the eigenvalue problem can be solved along each
direction independently. The eigenvectors are obtained by taking the tensor product,

Pnq (1) = €97 H Un,y g (Ta) - (1.18)

a=x,Y,z

12



Chapter 1. Ytterbium atoms in optical lattices

The Bloch’s functions are now labeled by the triplet of integers n indexing the band
and the tridimensional quasi-momentum q = (¢,, ¢y, ¢.), belonging to the first Brillouin

zone ( | -2, %}3)1. The energy of a Bloch wave is
€ng = Z €noa (1.19)
a=z,y,z

with €, 4, the energy defined in the one dimensional case.

1.2 The Bose-Hubbard model

This section aims at presenting the Bose-Hubbard model and at introducing the main
results about its phase diagram. The limiting cases of weakly and strongly interactive
regimes will be presented, along with the superfluid-to-Mott-insulator transition that
occurs in between. Finally we will describe the spatial distribution of these phases in
the optical lattice in presence of an additional trapping harmonic potential, as in the
experiment.

1.2.1 Bose-Hubbard model

So far we have only discussed single particle physics. We now introduce two-body
interactions and consider a system of N spinless bosons in a tridimensional cubic op-
tical lattice, interacting only wia s-wave contact interactions. The second-quantized
Hamiltonian is

H = Hy+ Hy (1.20)
Hy = /dr\iﬂ(r) {—;—mvuvlat(r) U (r) (1.21)
Hue = g / dr Ot (r) Bt (£) & (£) ¥ (r) . (1.22)

Here g is the coupling parameter, defined by

Arh?
g=-""1 (1.23)
m

that characterizes the s-wave contact interactions between atoms (with a the associated

A

scattering length). W (r) is the field operator annihilating a boson at position r in the
fundamental band,

U (r) :Zw(r—rj)aj, (1.24)

with r; labeling the positions of the lattice sites. From (1.24) the tight-binding version
of the non-interacting Hamiltonian H, can be derived similarly to (1.15),

Hy=—J) ] (1.25)
(i)

IThis expression is valid for cubic lattices. For more general lattice geometries, the Brillouin zone
is defined as the primitive cell in reciprocal space (Ashcroft et al. 1976).

13



1.2. The Bose-Hubbard model

where (i, j) indicates that the sum runs over all pairs nearest-neighbors sites.

The interaction Hamiltonian Hi, is

X U -
Hin, = Z %k’l&;rd;&kdl (1.26)
ikl

with interaction matrix elements

Usinr = g / drw (r — 15) 0" (r — 1) w (r — 13) w (¥ — 11) (1.27)

As explained in section 1.1.3, the tight-binding approximation assumes that the Wan-
nier functions are strongly localized around lattices sites. When it holds, the overlap
between the Wannier function associated with different lattice sites is very small. As a
consequence the matrix elements Uj; k1 may be neglected excepted in the case where
all the indices are equal : i = j = k = 1. We call this matrix element U, the on-site
interaction energy,

U= g/dr|w(r) %, (1.28)

In the end, the many-body Hamiltonian (1.20) under all these assumptions reduces to
the well-known the Bose-Hubbard Hamiltonian (Fisher et al. 1989; Jaksch et al. 1998):

. U
Hpn = _sz;[&j‘f‘azﬁi (i —1). (1.29)
(1.J) i

We introduced here the one-site number operator n; = diT&i.

Energy [Eg]

) 10 15 20 25 30

Vo [ER]

Figure 1.5 — Parameter U and J of the Bose-Hubbard model as a function of the
lattice depth. The calculations are here performed for a cubic optical lattice of 1™Yb ,
using the scattering length a =~ 105 ag for 1™Yb atoms in the ground state measured
in Kitagawa et al. 2008. Here ag is the Bohr’s radius.
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Chapter 1. Ytterbium atoms in optical lattices

Remark: In the limit of very deep lattices, it is possible to approximate the trapping
potential of a single site by a harmonic trap, and consequently the Wannier function
by a gaussian. It allows us to find an approximate expression for U in the limit of deep

lattices (Bloch et al. 2008):
U 8 Vo
— = k : 1.
ER \/7 .4 <ER) ( 30)

1.2.2 Ground state of the Bose-Hubbard model

The Bose-Hubbard Hamiltonian is not analytically solvable for finite values of U/.J
but can be studied with several numerical methods, most notably Monte-Carlo sim-
ulations (Pollet 2012). Here we will adopt an alternative approximate approach that
follows the work of Gutzwiller for fermions. This Gutzwiller ansatz (Rokhsar et al.
1991; Krauth et al. 1992; Sheshadri et al. 1993) will allow us to understand the essential
physics of the model. This variational mean field method postulates a site-factorized
form for the ground state wavefunction:

Ta) = @) |6)s, (1.31)

sites i

with the one-site wavefunction

o0

0) = c(ni) |ni)s. (1.32)

n=0

There |n); denotes the Fock state with n bosons occupying the Wannier state wy (r — r;)
(that we usually refer to as "occupying site j" from now on).

Since the total atom number is not fixed for such a state, we move from the canonical
ensemble to the grand canonical ensemble, by introducing a chemical potential p to
fix the value of the average particle number. The best variational ground state is
determined by minimizing the average free energy, defined by

<gBH>GutZWiller = <\IJG‘[:[BH — K Z ﬁl‘\IjG> (133>
Combining (1.33) and (1.31) leads to the expression:

(GBH) Gutzwiller = JZa aj + Z Z { ni—1) — /ﬂli] e (ng) | (1.34)
where qj is the expectation value of the matter wave field at site i,

= (¢xas i) Zm + 1" () ¢ (ms + 1) (1.35)

n;=0

Assuming that the lattice with /N bosons evolving among N, sites is uniform, the system
is translation invariant, each site is equivalent and the expression of the average free
energy defined in (1.34) may be simplified,

(Gom)cusmie = N =210 + 502~ (w5 ) ] (130
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1.2. The Bose-Hubbard model

where z is the number of nearest-neighbors for the sites of the lattice, |a|* = afq;, and
(") =Y “nPlc(n) . (1.37)
n=0

The condensed fraction f,. is defined as the normalized population in the fundamental
band of the Bloch state of quasi-momentum q = 0, i.e

1 .

fc = N(bgzogq:0>- (138)

We introduced here l;q the annihilation operator for a particle in the Bloch state of the
fundamental band (n = 0) associated with the quasi momentum q =0

The condensed fraction of the Gutzwiller ansatz is given by

(1.39)

In the thermodynamic limit (Ng, N — o00) the condensate fraction is determined by
the modulus |a| which plays the role of the superfluid order parameter, vanishing when
the system enters the Mott-Insulating phase.

Normalized number fluctuation Normalized order parameter
1.0 T T 1-0 T T
—_—n=1 —_— n=1
0.8 e meo] 0.8F 9 cee meaf
(S \\ S
€ 06k \\ 1 = osf ~ -
~ S a N
S 04 o S 04 N
. I ~ T —_— . I T
< *\\\ \\\
~
0.2 ~ - 0.2 \ -
\ \
0.0 ' - 0.0 ' M
0 5} 10 15 0 5 10 15
U/zJ U/zJ

Figure 1.6 — Phase transition in the Bose-Hubbard model with the Gutzwiller ansatz.
Left: normalised density fluctuations. Right: Order parameter. Both are plotted for
unity filling 7 = 1 (blue line) and 7 = 2 (dashed red line). The transition from the
superfluid phase to the Mott insulator phase occurs at U/zJ = 5.8 for m = 1 and at
U/zJ =99 for m = 2.

The Gutzwiller ansatz is exact in two limiting cases (Zwerger 2003) :

e J/U — 0 : the strongly interacting limit. The system may be seen as a collection
of independent wells in which the atoms are fully localized. In case of commen-
surate fillings, i.e. when m = N/N, € N, the ground state a product over all sites
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Chapter 1. Ytterbium atoms in optical lattices

of identical Fock states |7);:

Tyi) = X) 7). (1.40)

sites i

e U/J — 0 : the weakly interacting limit, all the atoms are condensed in the
|lqg = 0,n = 0) Bloch state. The N particles state is given by:

QRN

! ! |2). (1.41)

L \®N 1 )
|Wsr) = NG (bL:()) |9) = Vi \/—N_szi:aiT

In the thermodynamic limit N, Ny — oo, the ground state |Wgg) can be shown to
reduce to a product over the lattice sites:

|Ugp) _ ® la = V7) (1.42)

N,No—

of coherent states

_ —la)?/2 a”
)i =e —\n);. 1.43
|a) n§o /_n!’ ) ( )

Consequently the probability p (n) to have n atoms in a lattice site follows a Poisson
distribution with mean value 7 and standard deviation v/7.

The site-factorized Gutzwiller ansatz is no longer exact between these two limits but
give some insights on the quantum phase transition occurring for commensurate fillings
between the superfluid (SF) phase characterized by a macroscopic occupation of the
Bloch state of the fundamental band with q = 0, and the localized Mott-Insulator (MI)
phase where atoms are localized on lattice sites.

1.2.3 Phase diagram

Figure 1.7 — Phase diagram of the Bose-Hubbard model at zero temperature. The
left figure shows the filling factor . The right figure shows the order parameter |al|?.

17



1.2. The Bose-Hubbard model

The phase diagram of the Bose-Hubbard model (Fig. 1.7) computed from the
Guntzwiller ansatz features two distinct thermodynamics phases. For small zJ/U we
observe incompressible lobes, corresponding to the Mott phase, where the occupation
number remains constant in a finite interval of chemical potential. In the J — 0 limit
these intervals are of the form [u_ = pU, py = (p + 1)U]. Outside is the realm of the
superfluid phase where the atoms are delocalized over the whole lattice.

The transition from superfluid to Mott insulator has been observed for the first time
in Greiner et al. 2002. In our experiment we follow a similar experimental protocol,
described is described further in Sec 2.3.4.

1.2.4 External confinement

Experimentally the periodic potentials are realized by the interference of two counter-
propagating laser beams along each spatial direction. The laser beams cannot be
described by a plane wave but instead by a gaussian beam. The dipole potential
they produce is then not strictly space-periodic. This introduces a serious difficulty,
since the whole band theory relies on the (now broken) discrete translation symmetry.
Fortunately, a perturbative approach allows one to retain the band theory picture. The
amplitude of the light field for a beam propagating along the z direction has the form
E (r) = Eyexp (—r% /w? (2)) with 73 = 22 + 3. Consequently the potential for the 1D

case becomes: ,

2 2t
Vip = —Vpcos® (kpz)e "), (1.44)

In cold atoms experiments, the waist of the laser beam typically varies slowly at
the scale of the atomic cloud, and its spatial dependency can therefore be neglected:
w (z) &~ w. Moreover w is almost always chosen large compared to characteristic size

2

of the atomic cloud (r? < w?), so that the factor e %42 can be approximated by its
2

first order expansion in 5 :
w 9 9
_2T7J- —~ TL
It shows that the effect of the Gaussian geometry of the laser beams can be accounted
for by adding a non-periodic correction to the sinusoidal potential created by the in-

terference of plane waves,

.172+y2
B .

5V, = 2V; cos® (kpz2) (1.46)

w

This expression is easily generalized for a 3D cubic lattice made of two counter-
propagating plane waves along the x and y directions and a self-reflected gaussian
beam along the z direction, since the contributions of each dimension are just summed
up according to (1.17). The dipole potential can be rewritten in term of operators in
the second quantization formalism and the expansion of field operator on the Wannier

18



Chapter 1. Ytterbium atoms in optical lattices

basis reads :

2
5V, ~ ‘20 [/ r*w? (v — ;) dz ¥ /(:os2 (krz)w? (z — %) dz] &jai
w .
Wh (1.47)
w_Qo {/ y*w® (y — y) dy x /C082 (kpz) w’ (z — 2) dz] ala;.

i
2

We introduce o2, Ty 02 the second order moments associated to the probability den-
sities |wy (z) [, |wy (y) |2, |w. (2) |* respectively and rewrite the correction term as:

~ 2V
oV, ~ Z —20 (2 +yi + 02+ 0] /0052 (kpz) w? (2) dz x ala;. (1.48)
—

In the regime where the Bose-Hubbard model is valid, the Wannier functions are
strongly-localized around their sites. It is then possible to approximate each lattice
site by a harmonic trap and, consequently, the square modulus of the Wannier func-
tion by a Gaussian function. Neglecting uniform energy offsets, equation (1.48) then
becomes:

- 2V 1 k22
5V, = =25 [l—i—e 2k? z] (a3 —|—yl) a,a;. (1.49)
~ 1
5V, ~ Z §mQZ (22 + y?) 4l a, (1.50)
with Iy .
2 _ *Vo 2
QO = —— [1 ~3 (ko) ] . (1.51)

In the harmonic oscillator approximation we have ko, = (Eg/Vp)"*, (ko.)? < 1 and

4Vo

mw?’

02 =

z

(1.52)

The same reasoning can be applied to the x and y axis. In the end the Gaussian
envelope of the laser beams produces an "extra" harmonic potential term to the Bose-
Hubbard Hamiltonian:

Hiy = —JY afa; + % > i (g —
{43 i : (1.53)
W”Z [0 (8 + =) + Q) (2 + o) + Q2 (aF +9) ] afes

1.€.

Hly = Hpy + Z Vi (r3) i i, (1.54)
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1.2. The Bose-Hubbard model

where Vj, is

Vi (ry) = %m (92 + Q2) a2 + (@2 + O2) 4 + (22 4+ 2) 2] (1.55)

1.2.5 Local Density Approximation (LDA)

The superposition of an auxiliary harmonic trapping potential V4 (r) = 1mQ?r?
(isotropic here for the sake of simplicity) on the plane wave potential breaks the dis-
crete translational invariance of the lattice, required hypothesis for the Bloch theo-
rem. However if the variations associated to the harmonic confining potential are
smooth enough, one can mentally partition the whole system as a collection of nearly-
independent patches. For large enough systems the patch size (chosen large compared
to the typical correlation length) is still small compared to the system size and the
density within each patch is almost homogeneous. In this Local Density Approxima-
tion (LDA) a chemical potential py,. is defined for each patch around the position r,
for a fixed ratio zJ/U :

fiioe (r) = pp = Vi (r) . (1.56)

The injection of this local chemical potential in the expression of the density for the
homogeneous case n [u], allows us to express the density profile nj. for the atomic
cloud in an optical lattice with a superimposed trapping harmonic potential :

Nioc (r) = 7 [0 (r)] - (1.57)

As an illustration we consider the the atomic limit where J — 0. The Mott insulator
phase with m = p € N atoms per site is reached when . = pU. In the lattice
in presence of the auxiliary harmonic trapping potential this occurs on the sphere of

radius:
2U o Ho
_ LU L 1.
By =\ 352\ 7 —P= B\ —p (1.58)
with pg = p the chemical potential at the center of the cloud and Ry = 1\3_?22 the

characteristic radius.

Regions between the sphere of radius R, and R,_; are filled with lattices with filling
factor m = p. The radius Ry corresponds to the radius of the spatial extension of
the atomic cloud, that presents a piéce montée structure, with concentric shells of
increasing filling from the edge to the center of the cloud, as shown in Fig. 1.8. When
we get away from the atomic limit, layers of superfluid appears between the Mott
insulator spatial domains. The intermediate regions are characterized by finite density
fluctuations.
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Chapter 1. Ytterbium atoms in optical lattices

Figure 1.8 — Shell structure for a trapped Mott insulator for z.J/U
0.01, 0.05, 0.1, 0.2 and po/U = 2.5.

A
E

3 T T T ]
ﬁ L
s 2F T An |
<
<1} 2J /U =0.01 ]
n \
0 ______ -f__"___'l-__u___l-
0.0 0.5 1.0 1.5

(a)

Energies [ER]

(b) N T T T T T
SN
~ \\
___———f A\
1072 \‘\ .
— RN ]
-—J — AE(20) S~
— AFE(0) —— AF (30) ]
1073 —— AE(10) AE (40) c
50 7.5 100 125 150 175 20.0
Vo [ER]

Figure 1.9 — (a): Scheme of the optical lattice in the Mott insulator regime in presence
of an auxiliary harmonic confining potential (red dotted line). (b): Energy shift AE
between neighboring sites, for sites distant of {0, 10, 20, 3040} sites away from the
center of the cloud, compared with the tunneling energy J (blue dashed line). The
calculation is performed along the x axis of the optical lattice, for different V,, =
and at fixed V, = 27 ER, using the notations and the parameters of section 2.3.

Remark: The introduction of a site-depend energy shift by the Gaussian envelope of
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1.3. Adiabatic preparation of an optical lattice

the laser beams constituting the optical lattice can lead to an effective suppression of
tunneling at large lattice depths. The energy shift between the site indexed by j and
the site indexed by 7 + 1

AB () = Vi (i +d) — Vi (jd) = ZmO2(1 +25)d” (1.59)

is bigger at the edge of the atomic cloud, of radius R = djnax, Where it becomes
approximately AF (jmax) & mQ*Rd than in the center of the cloud AE (0) ~ $mQ2d?.
When the shift AE becomes much larger than the tunneling energy J, the tunneling
is suppressed and the local density approximation is no longer completely valid. The
most restrictive condition to ensure the validity of the local density approximation is
thus:

mQ*Rd < J. (1.60)

The computations preformed in Fig. 1.9 the tunneling energy J is compared to the
energy shift between neighboring lattice sites. It shows for which transverse lattice
depth range the condition (1.60) is satisfied at different position in the optical lattice.

1.3 Adiabatic preparation of an optical lattice

The production of a quantum gas directly in optical lattice by evaporation cooling,
the method usually used to prepare a Bose-Einstein condensate, is difficult to imple-
ment (Blakie et al. 2004; Ho et al. 2009). Consequently the common procedure to
load an optical lattice in its fundamental band relies on the transfer of a Bose-Einstein
condensate (BEC) in the lattice potential. The transfer procedure consist then into
ramping up the lattice potential the harmonic potential in which the BEC has been
prepared is ramped down (the details of our particular implementation of the transfer
are detailed later in 2.3.3).

In this section we discuss the condition that the transfer procedure need to satisfy in

order to end up with a system as close as possible to the ground state of the Bose-
Hubbard model.

1.3.1 The adiabatic approximation

For a system evolving according to a time-dependent Hamiltonian H (t) which, for
the sake of simplicity, admits the time dependent eigenvectors |¢; (t)) associated to the
instantaneous eigenenergies €, (t) and initially the the state |¢ (0)), the system will be
found in the state |¢y (¢)) at time ¢ with a probability 1 if the inequality

d ‘
Ao o] < les— el Vi £k (1.61)
or equivalently X
dH 9 .
W(osl—rlonl <l —el™  Vi#k (1.62)

is satisfied at every instant (Messiah 1999). In the rest of this section we use this
criterion to determine if the system stays in the ground state at every instant of the
transfer of the BEC into the optical lattice.
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Chapter 1. Ytterbium atoms in optical lattices

1.3.2 Adiabaticity for an ideal gas

The question of adiabaticity can be firstly tackled in absence of interactions (g = 0)
(Greiner 2003): the atoms in the BEC all lies around the zero-momentum state |p = 0)
in the momentum space, i.e. the state [n = 0, q = 0) in the Bloch basis, with associated
energy €, q. When the lattice is raised up, the quasi-momenta of the particles remain
unchanged and the non-adiabaticity consists in populating higher energy bands (n # 0),
and the adiabaticity criterion (1.61) reads

.
% & |eng — €0ql/h ¥n >0 (1.63)

with V; the time dependent lattice depth.

More particularly, if we consider '"Yb atoms trapped in an optical lattice at 759
nm, the previous expression becomes, for shallow lattices with depths V) < Er =~
h x 1973 Hz (Ben Dahan et al. 1996),

1 0Vy

Er 5 —1
— 2%« 39v2=R 56 x 10557 1.64
B ot < 32V2 - S (1.64)

In our experiment, the ramp speed is on the order of 3 x 103s~! and this criterion is
satisfied. For deeper lattices, the gap between band becomes larger and this condition
for adiabaticity is more easily verified. this criterion is fulfilled.

1.3.3 Adiabaticity in presence of interactions

However this criterion is no longer enough when interactions are taken into account
and becomes a necessary but not sufficient condition. In the framework of the Bose-
Hubbard approximation for an optical lattice in presence of an external confinement
potential (we assume the LDA to be valid), three energy scales are to be taken into
account for a discussion on adiabaticity:

e the interaction energy U (Vo/ER)3/4
e the tunneling energy J o (VO/ER>3/4 o—2v/Vo/Er

e the auxillary trap frequency Q o \/Vy/ER.

From theses quantities it is possible to define different criteria for the adiabaticity of the
transfer of the BEC from the crossed-dipole trap to the optical lattice. We distinguish
several regimes:

Low lattice depths regime: V) <

In this regime the mean field description of the system prevails (interactions are a
priori weak) and the contribution of the excited bands have to be taken into account.
The system can be seen as a "spatially modulated condensate". The band structure
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1.3. Adiabatic preparation of an optical lattice

in this regime still exists but can be very different from the single particle situation
(Morsch et al. 2006).

The Bose-Hubbard regime

When the Bose-Hubbard regime is reached, i.e. for Vj > 5 Eg, the single band
and the tight-binding approximation are valid and the adiabaticity criterion can be
discussed with respect to the many-body excitations that can appear in the system.
To study the adiabaticity of the transfer, we can use the work of Kajtoch et al. 2018 for
infinite homogeneous optical lattice in the regime of weak interactions, that we extend
to our non-homogeneous case thanks to the use of the LDA. In this reference the time
dependent Bose-Hubbard Hamiltonian is treated within the Bogoliubov framework,
leading to the Bogoliubov dispersion relation

E(q,r,t)=+/e(q,t ) +2U ()7 (r, t)] (1.65)

with

e(q, t)=2J(t) Y [1—cos(gad)] (1.66)

a=x,y

the single-particle dispersion relation in the tight-binding limit. In the limit of small
q, this expression becomes

€(q, t) = 2J (t) g*d? (1.67)

and the Bogoliubov dispersion relation becomes approximately linear
E(q,r,t) \/4U t)m(r, t)e(q, ) (1.68)
~2y/J(t)U (t) 7 (r, t)qd. (1.69)

The adiabaticity criterion (1.61) reads

dH
h)E’ < |E (Quuins 15 1) — E (0, 1, ) 2. (1.70)

Taking |Qmin| = Gmin ~ 12%—7;, with Ry the characteristic radius of the atomic cloud

defined in Sec. 1.2.5, the adiabaticity criterion becomes
dJ 9 _
h\aj < 872 (1) K7 (x, t) (1.71)

with K = %mQQdQ. The adiabaticity criterion can be reformulated with respect to the

lattice depth as
dVp 1 dJ

At 1Jdv,
In Fig. 1.10 we compare the evolution of the ratio

‘ < 8T’ Kn(r, t). (1.72)

B= h] (8727 (t) K7 (x, £)) " (1.73)
during the ramp we typically use to raise the horizontal optical lattice, with a fixed

vertical lattice depth of 25 Eg (see Sec. 2.3 ) for a r where m = 1. We observe that the
abiabaticity condition is satisfied.
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Figure 1.10 — Computation of the adiabaticity criterion B for the ramp of the hori-
zontal arms of our optical lattice, for ramps of 100 ms, assuming 7 (r) = 1.

Very high lattice depths regime

When the lattice depth Vj increases, U and () increase while J decreases exponen-
tially. As a consequence a criterion for the adiabaticity of the lattice ramp, for a deep
optical lattice, is the ability of the system to redistribute via tunneling the atoms across
the sites according to the Thomas-Fermi distribution. This criterion can be formalised
as (Gericke et al. 2007 ):

dJ
i 1 1.74
dt\<< (1.74)

h
A= maxﬁ

and can be computed from the actual form of the ramp used in our experiment. As
shown in Fig. 1.11, this criterion is fulfilled for lattice depths below 20 Er with ramps
duration of 100 ms.
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Figure 1.11 — Computation of the adiabaticity criterion A for the ramp of the hori-
zontal arms of our optical lattice, for ramps of (a) 100 ms and (b) 300 ms.
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CHAPTER 2

Experimental setup

This chapter aims at presenting some experimental and technical aspects specific to
the atoms and the experimental setup that will be used throughout this dissertation.
The key aspects of the production of a BEC and its loading in an optical lattice is
described in many instances (for instance, Metcalf et al. 1999; Ketterle et al. 1999;
Bloch et al. 2008). Some additional elements specific to the experimental setup used
for this work. Most of the technical notions presented here were discussed in details in
the work of the previous PhD students: Scholl 2014, Dareau 2015, Bouganne 2018 and
Bosch Aguilera 2019.

The first part of the chapter presents the properties of the bosonic isotope of ytterbium
used in our experiment and emphasizes its most interesting features in our experimental
perspective. The second part of this chapter details firstly the experimental setup and
the procedure used to produce a Bose-Einstein condensate and load it into an optical
lattice. Then some experiments used to characterize the system created at the end of
the procedure described in the first place are presented.

2.1 Properties of Ytterbium

Ytterbium (atomic number Z = 70) is a rare-carth element which belongs to the
lanthanide series and presents seven stable isotopes : five bosonic( 1®¥Yb, 179Yb, ™2Yb,
17yh, YD ) with nuclear spin I = 0 and two fermionic ( '"Yb, 1™Yb) with non zero
nuclear spin. Their respective natural abundances are detailed in the table 2.1.
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2.1. Properties of Ytterbium

H Isotope Abundance Nuclear spin Statistics H

168y 0.13 % 0 boson
170y 3.05 % 0 boson
11y 14.3 % 1/2 fermion
172y 21.9 % 0 boson
13Yb 16.1 % 5/2 fermion
174y 31.8 % 0 boson
176y 12.7 % 0 boson

Figure 2.1 — Natural abundance of the stable isotopes of ytterbium

In the work presented in this dissertation, the most abundant bosonic isotope ™#Yb
has been used.

2.1.1 Electronic structure of Ytterbium

An interesting feature of ytterbium is its electronic structure ([Xe]4f'*6s?) with
completely filled inner shells and two electrons in the outer s-shell. This is similar
to the electronic structure of helium and earth-alkaline atoms like strontium. Indeed,
since the two valence electrons are responsible for most of the low energy physics (Bethe
et al. 1957), ytterbium exhibits electronic properties similar to earth-alkaline elements
and is consequently referred as an alkaline-earth like (AEL) atom.

A =398.9 nm
I'/(27) = 29 MHz
A = 1388.8 nm
I'/(2m) = 419 kHz

Figure 2.2 — Scheme of the lowest energy levels of ytterbium. The solid arrows
represent the optical transitions that are laser-driven in our experimental setup. The
dashed ones indicate possible decay channels, with the branching ratio for some of
them.
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Chapter 2. Experimental setup

The ground state of ytterbium is a singlet state 'Sy with a null total electronic spin?.
The first excited states correspond to the promotion of one electron to the 6p shell,
leading to the electronic structure [Xe]4f146s'6p'. This configuration corresponds to
one singlet state 'P; and three triplet states 3P, 3P;, 3P,. A scheme of the energy
levels is represented in 2.2.

The electronic transitions used in this work are detailed below.
Blue transition

The blue transition 'Sy — 1Py (A, = 399 nm), that leaves the total electronic spin
invariant (AS = 0) is the only electric-dipole allowed transition from the ground state
to a low lying excited state. This transition presents a broad linewidth I', = 27 x 29
MHz and an saturation intensity s, = 60 mW/ cm?. This transition is not completely
closed, for the state 3Py is weakly coupled to Dy manifold states (Honda et al. 1999),
from which the atoms can decay to the ground state via the 3P states. Although this
leakage is very weak, it limits the size of the magneto-optical traps operating on this
transition alone.

Green inter-combination transition

In absence of spin-orbit coupling, transitions between spin-singlet and spin-triplet
states would be electric-dipole forbidden according to the Wigner-Eckart theorem, since
they do not conserve the total spin quantum number (AS # 0). However for heavy,
many-electrons atoms like ytterbium, such transition can be enabled thanks to the
effect of the spin orbit coupling. In this case J is the relevant quantum number to
consider and the appropriate selection rule is AJ = 1. The 'Sy — 3P; transition
(Ay = 555.8 nm) with a narrow linewidth I'j = 27 x 182kHz and saturation intensity
Lot = 0.14mW /cm? is thus weakly allowed. Electric-dipole transitions not conserving
the spin are called inter-combination transition.

Yellow "clock" transition

In the L.S coupling regime, the transition from 'Sy to the spin-triplet meta-stable
state 3Py is doubly forbidden, as it violates simultaneously two selection rules: AS = 0
and J = 0 <— J = 0 is forbidden. As seen for the 'Sy —! P; transition the spin-orbit
coupling allows one to bypass the first rule, but the second one remains.

The fermionic isotopes of ytterbium have an non-zero nuclear angular momentum [ ##
0. The hyperfine interaction mixes a small fraction of the 3P; state into the ®Py,
and makes the transition possible (Porsev et al. 2004). This feature, used for high
quality factor optical clocks (Ludlow et al. 2015), does not naturally exists for bosonic
ytterbium due to their null nuclear angular momentum. However it can be artificially
emulated with the method of magnetic mizing described in Taichenachev et al. 2006.
The authors propose to use an external static magnetic field B = Be, to realize the
high-field coupling. The introduction of the static magnetic field adds an extra Zeeman
term on the Hamiltonian Hp = —f.B, where i is the magnetic dipole operator, that

2We are here using the spectroscopic notation 25t L ;, where S is the total electronic spin, L the
total electronic orbital momentum and J = L + S the total electronic angular momentum.
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2.1. Properties of Ytterbium

couple the 3Py and 3Py states with the matrix element (Taichenachev et al. 2006):

R 2
B = (*Py| L BI*P,) — \/;MBB (2.1)

with pug the Bohr magneton.

(b)

3P/O

1 SO_
Figure 2.3 — Scheme of the magnetic mixing technique : (a) A static magnetic field

couples the atomic states 3Py and 3P; with strength Qp. (b) Effective two level system
created by magnetic mixing.

In the regime where this coupling term is small compared to the energy difference
(|928] > A ) the levels Py and Py (|B| < 1), the eigenstates of the modified
Hamiltonian are given in first order perturbation theory by :

s0) ~ ['So) (22)
. QO
PPG) ~ [Po)+ —2[°Py) (23)

The small contamination of the 3Py by the 3P state opens the 'Sy — 3P} transition.
Indeed the states 'Sy and 3P, can be coupled by an optical field of amplitude E with the
associated Rabi frequency hdg = (!So|d.E[*P;) where d is the electric-dipole operator.

From these expressions the Rabi frequency for transition created by magnetic mixing
writes,

Qg
A

. 0
B0k = ('SH|A.E|*P)) = KB

The expression of (g can be made explicit :

6ml,c?
Qp = / & 1. 2.5

(1So|d.E[*Py) = h (2.4)
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where I is the light intensity. The effective Rabi frequency associated with the clock
transition is therefore defined by

chock = CYB\/ [cl- (26)

For 1™YD one has

[ameT 12 .
o= % ~ 27 x 18.7mHz.G . (mW.cm ™) 2. (2.7)

The small admixture of state 3Py, that makes the forbidden transition possible, is also
responsible for a broadening of the *P{, due to the finite linewidth I, of the *P; state.
The effective spontaneous lifetime is

N[

2

O B 1
Lo ~ rgA—];’ = 27 x 535pHz x {E} (2.8)

H Power [mW| Qo [Hz] g [Hz| 0p [Hz| Teg [Hz] Qf/Q3 H

12 1200 1800 22200 1.8 x107° ~ 1071
0.2 150 30 22200 1.8 x107% ~ 1073

Figure 2.4 — Values of the quantities related to the yellow clock transition, computed
for the main power values used in the experiment presented in this thesis. The com-
putation have been made for magnetic field B ~ 182G and beam waist w = 80 ym
actually used in our experiment.

As seen in Fig. 2.4, the values for the magnetic field B ~ 182 G and the light intensity
Iy =~ 120 W /cm? allows us to neglect the spontaneous decay rate at the timescales of
our experiments. Moreover the power broadening due to the laser light is neglected,
since (% < 03,

The presence of the static magnetic field also causes a quadratic Zeeman shift on the
resonance,

o = —BB% (2.9)

In addition the coupling laser also induces a differential light shift of the 'S, — 3Py

transition,
0g = Kklg. (2.10)

The magnetic mixing technique has firstly been described in Barber et al. 2006, where
the value of 8 = 27 x 66 mHz/G? has been measured. The value of K = 27 X
15mHz/ (mW /cm?) has been measured in Barber et al. 2008.
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2.1. Properties of Ytterbium

2.1.2 Polarizability of the 'S, and ?P, states

The interaction of a monochromatic light field E (r) = £ (r) cos (wrt) with an atom
induces an atomic dipole moment, which interacts with the electromagnetic field. It re-
sults in the apparition of a conservative force derived from the dipole potential (Grimm
et al. 2000) :

Vi (v,01) = =0 02) € () = =520 (wr) T 1) (2.11)

Here « is the real part of the dynamic complex atomic polarizability a.

The atomic polarizability depends on the light angular frequency w;, and on the internal
state of the atom. Due to their different electronic structures, the polarizabilities of
the 'Sy and ®Py states, respectively denoted «, and a. present different behavior at a
given wavelength. The values of o, and a. as functions of the wavelength A can be
computed by summing the contribution to the real part of the complex polarizability
of each optical transition coupling the considered state to higher-lying energy levels.
The result of the computations made from the data in Dzuba et al. 2010 is displayed
in Fig. 2.5.
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Figure 2.5 — Real parts of the dynamic complex atomic polarizability for the ground
state 'Sy (solid blue line) and the excited metastable state 3Py. The vertical dash-
dotted line points the magic wavelength A\, while the two vertical dotted lines point
the anti-magic wavelengths A,,, and X/ . The polarizabilites are represented here in
units of oy the atomic unit of electric polarizability.

Another interesting feature of ytterbium atoms is the existence of reachable wavelengths
where the absolute values of the real part of the dynamic polarizabilities for the 'S,
and 3Py states are equal. More precisely:

e The magic wavelength where ay(An) = @ (Am). It occurs for 'Yb around
Am =~ 759.35nm and has been precisely measured in Barber et al. 2008. The

32



Chapter 2. Experimental setup

magic wavelength are essential in the context of optical clocks, since they allow
to cancel differential light shifts Ludlow et al. 2015.

e The anti-magic wavelength where o, (Aam) = — (Aam). Such wavelengths occur
for 1™Yb around A, ~ 617nm and N, ~ 1122nm. This property plays a core
role in the perspective of creating state dependent optical lattices and artificial
gauge fields, pursued by the group (Gorshkov et al. 2010, Gerbier et al. 2010,
Cooper 2011).

2.2 Production of a 1"YDb Bose-Einstein condensate

This section presents the main technical aspects involved in the process leading to
the loading of a Bose-Einstein condensate in an optical lattice and the methods used
to characterize the system thereby created.

2.2.1 Vacuum system

In ultracold atomic physics experiments, the collision of the atomic ensemble consti-
tutive of the system under study with the residual background gas may strongly alter
the phenomenon under study. It is necessary to operate under a ultra high vacuum
(UHV) regime. For this purpose our experimental setup is composed of 3 main sections,
separated by differential pumping stages in which very low pressures are maintained.
In our working conditions, these pressures are:

e the oven section (Poyen & 1078 mbar)
e the Magneto-optical trap (MOT) chamber (Pyor &~ 107! mbar)

e the science chamber (Pyence chamber < 1071 mbar).

The atomic vapor is generated in the oven, where solid ytterbium chips are heated up
to 450 °C, the melting point for ytterbium under standard pressure conditions is at 824
°C. In this section of the experiment, the pressure is maintained around 10~® mbar by
two 20 L/s ion pumps 3. The oven is separated from the tube surrounded by the coils
of the Zeeman slower by a differential pumping stage. Here the pumping is provided
by another 20 L/s ion pump and the pressure in the Zeeman tube is of the order of
10~ mbar. The pressure in the MOT chamber is lowered down to 107!° thanks to
the action of a 40 L/s ion pump assisted by a non-evaporative getter pump. Finally a
pressure under 107! mbar is reached in the science chamber, where the experiments
on the optical lattice are performed, thanks to a pump combining a 2 L /s ion pump
and a non-evaporative getter pump.

2.2.2 Laser cooling of 1"#Yb atoms

We compare here the merits of the different transitions from the perspective of
atoms trapping, cooling and condensation before going in the details of the experi-
mental realization of a Bose-Einstein condensate of '™Yb . The absence of hyperfine

3Medium Vaclon Plus Pumps. Agilent
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to science chamber

(b) HL (c)

i VL
DT1 DT2 HL Repumper Imaging HL
. - ' e
HL =z HL
Clock

Figure 2.6 — Scheme of the experimental setup: (a) Representation of the oven, the
Zeeman slower and the MOT chamber. The atomic flux generated at the output of
the oven is slowed along the Zeeman slower by the blue laser beam (blue arrow). In
the MOT chamber the atoms are trapped cooled and loaded in the dipole trap DT1
to be transported in the science chamber. (b) Top view of the science chamber. The
atoms routed in the science chamber are loaded in a crossed dipole trap, formed by the
beams DT1 and DT2 and evaporated to reach Bose-Einstein condensation. The BEC
can be loaded in the optical lattice formed by the counter-propagating laser beams HL
(x2) and VL. (c¢) Front view of the science chamber. The atoms can be probed by the
yellow clock laser and imaged thanks to different imaging beam tuned operating on the
blue transition.
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structure (I = 0) for the ground state of bosonic ytterbium atoms prevents the use of
sub-Doppler cooling techniques. Doppler cooling relies on radiation pressure induced
friction force to cool down the atoms. The achievable minimum temperature is limited
by the fluctuations introduced by the random nature of spontaneous emission to the
Doppler temperature Metcalf et al. 1999 :

hI'

- 2.12
T (2.12)

D

with I' the linewidth of the transition.

The capture speed v. of a magneto-optical trap is another important experimental
quantity. It corresponds to the maximal speed of an atoms that can be stopped in a
magneto-optical trap (MOT) on the scale of the trap size (i.e. the MOT beam waist

w),
v, = 1 YPEL (2.13)
m

Armed with theses considerations we can have a look on the merits of the different
available transitions.

The large linewidth of the blue transition enables efficient cooling of thermal atoms
with high capture speed (on the order of tens of m/s) and is thus the best candidate
for the Zeeman cooling step. Nevertheless it is not well suited for the cooling and
trapping of atoms in the Magneto-Optical trap: with the broad linewidth comes a high
Doppler temperature, and the leakage of the transition limits the number of atoms
that could be trapped in a magneto-optical trap (in absence of a repumper). The
narrow green inter-combinaison transition enables a much lower Doppler temperature
but also presents a much lower capture velocity v.. Consequently the MOT loading
rate is expected to be somewhat reduced due to this low v. . This transition is a good
candidate for the magneto optical trapping, given a prior precooling step that will be
realized with the blue transition.

2.2.3 Atomic beam and Zeeman slower

The outgoing atomic beam exiting the oven is collimated by a metallic tube of
length L = 10 mm and diameter d = 4 mm, which results in a divergence angle
0 =d/(2L) ~ 11.5° at the entrance of the Zeeman slower.

The average speed of atoms in the thermal vapor that exits the oven is too high
(vo = 300 m/s) to be trapped by the Magneto Optical Trap. The atoms are thus
slowed down by a counter propagating laser beam resonant with the "blue" 1Sy — 1P,
transition. Two coils wrapped around the slower axis create a magnetic field gradient
and offset to shift the Zeeman sublevels. This shift compensates the change of the
Doppler shift experienced by the atoms when they are slowed down, in order to keep
the transition frequency close to the laser frequency. At the end of the Zeeman slower,
the average axial speed of the atoms has been lowered down to about 10 m/s. The blue
laser beam is made slightly convergent in order to approximately match the transverse
spatial divergence of the atomic beam.
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2.2. Production of a 1™Yb Bose-Einstein condensate

The blue laser light at 399 nm is obtained by doubling frequency: 1.5 W of infrared
light at 798 nm provided by a commercial laser source 4 are sent in a bow tie cavity
with a non-linear crystal ® inside (Scholl 2014;Dareau 2015). We obtain in typical
working condition 240 mW of blue light. A feedback loop driving a piezoelectric ac-
tuator mounted on one of the cavity mirror maintains the resonance condition for the
cavity. The frequency of the blue light is controlled thanks to a modulation transfer
spectroscopy scheme, more extensively described in Dareau 2015, performed in a ytter-
bium hollow cathode lamp with Yb inside and stabilized by correcting the laser current
Bouganne 2018.

2.2.4 Magneto-Optical Trap (MOT)

The atoms emerging from the Zeeman slower are slow enough to be trapped using
the "green" 1Sy — 3P, inter-combination transition. An optical molasses, applying a
friction force F'(r) = —ad on the atoms, is created by three counter propagating laser
beams with circular polarization, slightly red detuned compared with the 'Sy — 3P,
transition frequency. In order to actually trap the atoms, a quadrupole magnetic field
is added that introduce a spatial dependency of the light force. The combination of the
light beams and the quadrupole magnetic field forms a Magneto-Optical Trap (MOT).

As mentioned earlier, the inter-combination transition is very narrow and consequently
the capture velocity is small. In order to widen the extent of velocity classes that are
trapped, the transition is artificially broadened by optical saturation and by adding
frequency sidebands.

In practice, we load the magneto-optical trap for 6 ms and end up with about 2 x 108
atoms trapped at a temperature on the order of 10 uK (Dareau 2015; Scholl 2014 ).
The loading of the MOT can be modelled as a competition between the loading process
at a rate R and one-body losses at a rate x, which can be formalized by the equation

dN
— =R —kN. 2.14
i” K (2.14)
The solution is : R
N@t)=(1-e") — (2.15)

In our current experimental configuration, the loading rate is of the order of R ~ 107 s~}

and the lifetime of the atoms is of the order of k=% ~ 50s. The working conditions
are thus far from the regime of saturation, N, = R/k ~ 2 x 10°. However they allow
to saturate the optical dipole trap in a dozen of seconds, which is sufficient in the
perspective of the production of a Bose-Einstein condensate.

The green light at 556 nm is also obtained using frequency doubling. A narrow-line
distributed feedback fiber laser ¢ at 1122 nm delivers 1.7 W of infrared light at 1112
nm after its passage trough a fiber amplifier 7. This laser is sent to another bow-tie

4TA pro, Toptica.

SppKTP (periodically poled potassium titanyl phosphate) crystal from Raicol crystals.
6Koheras Adjustik. NKT photonics

"Elysa. Quantel laser.
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doubling cavity with a non-linear crystal ® inside, analogous to the one used for the
blue laser light. The resonance of the cavity is ensured by a similar feedback loop and
the frequency is stabilized thanks to another feedback loop that uses the signal of a
saturated absorption spectroscopy in a glass cell containing iodine (Dareau 2015) to
retro-act on the laser current.

2.2.5 Dipole trap loading and transport

At the end of the MOT loading step, the trapped atomic cloud is compressed by an
increase of the magnetic gradient and its position is shifted to coincide with the focal
point of a high-intensity (P ~ 45 W) infrared (A = 1070 nm) fibered laser ? beam. The
laser beam intensity distribution can be approximated by the one of a focused Gaussian
beam:

2P 27,2
I (I‘) _ e—2r Jw (z)

2.16
Tw? (2) (2.16)
Here z is the propagation axis coordinate, r is the radial distance from the propagation
axis, P the beam power and w (z) the 1/e? radius defined by

(2.17)

with wy the beam waist and zr = 7wj/\ the Rayleigh length. The induced dipole
potential, described earlier in 2.1.2, forms a dipole trap, denoted DT1, whose expression
is
1
Vori (r) ~ =V + 2M( rart +wi2?) . (2.18)

Here Vy = Pa (Apr1) / (megcw?) is the trap depth and w,, and wy,q are the axial and
radial frequencies, given by:

ApT /8Vo 4Vo
ax — ra 2.1
- 27wd Prad = Muw? (2.19)

The polarizability of the ground state of ™Yb at the wavelength Apr is ay (Apr) ~
164 o, with ag =~ 1.65 x 10~ C?m?/J the atomic unit of electric polarizability. From
this value we can estimate that the trap created by the laser beam has a depth Vj ~
kg x 600uK, much higher than the measured temperature of the MOT. The trapping
frequencies w,, and w,,q have been measured (Bouganne 2018; Bosch Aguilera 2019)
thanks to, respectively, center-of-mass oscillations and parametric heating (Savard et
al. 1997) techniques. For the max power of 45 W the measurements give:

Wax ~ 21 X SHz Wrad ~ 2m x 1.4kHz (2.20)

These values are consistent with the ones calculated with a beam waist w = 40pum,
which is independently measured by imaging of the laser beam on CCD camera. The
temperature of the cloud can be measured to be Tpr = 40 K, using time of flight

8ppSLT (periodically poled stoichiometric lithium tanalate) crystal from Covesion
9YLR-50-LP-AC-Y12.IPG Photonics
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2.2. Production of a 1™Yb Bose-Einstein condensate

expansion (Ketterle et al. 1999). In our operating regime we succeed to saturate the
loading of the dipole trap for loading time for the MOT on the order of ten milliseconds
(see Fig. ?77)
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Figure 2.7 — Loading curves for the magneto-optical trap and the dipole trap. The
points are the experimentally measured number of atoms in the traps and the solid
lines are the results of the fits performed according to the model described in 2.14. The
extracted loading rates are Ryior = 3.7 x 107 s7! for the MOT and Rpr = 4.7 x 106571,

After loading, the trapped atomic cloud is then transported to the science chamber,
where the vacuum is better and where more optical access is available. The transport
is realized by moving a corner cube mirror on which the dipole trap beam is reflected
before entering in the experiment using a precision translation stage 1°. The focus of
the beam is translated over 18 cm in 1.5s as the stage moves. Almost 80 % of the
atoms are successfully transported to the science chamber, where further evaporative
cooling will takes place (Scholl 2014).

2.2.6 Transfer in a crossed dipole trap and evaporative cooling

In order to achieve quantum degeneracy in the science chamber, we rely on the
evaporative cooling technique. This technique consists in reducing progressively the
depth of the trap to remove the most energetic atoms while letting the remaining ones
thermalize thanks to the inter-atomic collisions. A more comprehensive description of

the experimental procedures used for the evaporative cooling described below can be
found in Dareau 2015 and Scholl 2014.

The use of optical trap to condensate the ™Yb is imposed by the absence of nuclear
spin for this isotope. One of the main drawback of this kind of trap is the impossi-
bility to reduce its depth without reducing its trapping frequency during the whole
evaporative cooling ramp. The slackness of the single-beam dipole trap in the axial
direction prevents the collision rate in the trapped atomic cloud to be high enough
for a proper thermalization during the evaporative cooling. In order to increase the

1027XMS160. Newport
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trapping frequency along the loose direction, a second laser beam ! at wavelength

Apr2 = 532nm of power P = 1W and waist w ~ 16 um, is applied perpendicularly to
the first one in the horizontal plane, the ensemble forming a crossed dipole trap (CDT).
The real part of the polarizability at Apre is equal to « (Apro) = 262.5 ap, that gives
calculated value for the depth of the second trap Vj = kg x 100uK. The focus the
two beams are matched so that the resulting trap total depth is equal to the sum of
each individual trap depth and the trapping frequencies along each axis j are given by
P wi = wlpr +Wipre.

Forced evaporative cooling is performed by ramping down the power of the dipole
traps. The power of the second dipole trap at Apte = 556 nm is ramped down to
approximatively 40 mW by controlling the radio-frequency amplitude of an AOM with
a feedback loop on the power measured on a photodiode. The evaporation on the
first infra-red dipole trap requires to control the power on a important dynamic range,
from P ~ 45W to P, ~ 200mW , that is complicated to achieved with a single
feedback loop on an intensity signal. Instead a dual control is used : the power is firstly
reduced down to 10 % of its initial value, slightly above its lasing threshold, by directly
lowering the current send on the laser. Then, in order to reach the desired final value
for the power, a feedforward ramp is sent to a motorized rotation stage ! to rotate a
half-wave waveplate associated with a Glan-Taylor polarizer '*. At the very end of the
evaporation ramp, when the power goes below 1 % of the initial power, its evolution
is monitored on a photodiode whose signal is send to a feedback loop (Scholl 2014).

The geometry of a crossed dipole trap also makes it critical to minimize the fluctuations
of the pointing of its constitutive laser beams. In our experiment the position of the
foci are imaged on position detectors that are coupled in a feedback loop to motorized
mirror mounts on the optical path of the laser beams in order to keep their crossing
position stable!. In practice, this correction is not done constantly but only performed
several times per day, to counter long timescale (presumably thermal) drifts.

2.2.7 Characterization of the Bose-Einstein condensate

During the forced evaporative cooling step, the depth of the dipole trap is lowered.
The temperature of the atomic cloud decreases and end up reaching the critical phase
space density where Bose-Einstein condensation occurs. This phase transition is exper-
imentally characterized by the appearance of a bimodal distribution on the observed
atomic density profiles. This distribution can be used to extract the condensed fraction
and the temperature of the thermal part (Ketterle et al. 1999). In practice, at the end
of the 4 s evaporation ramp, a Bose-Einstein condensate of 9 x 10* atoms, without a
detectable thermal fraction is obtained. The relative fluctuations on the atom number
in the BEC stay below 5 % when monitored over a period of several minutes.

The final trapping frequencies for the CDT are (wy, wy, w,) = 27 x (80, 240, 250) Hz and
we introduce their geometric average w = (wmwywz)l/ % — 27 x 153Hz. At and below
the condensation point, the dynamics of the BEC is dominated by the interaction

H¥erdi V-6. Coherent
2DRTM-40. OWIS
13GL15-C26. Thorlabs

14 Aligna 4D. TEM Messtechnik
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2.2. Production of a 1™Yb Bose-Einstein condensate

between the atoms and the Thomas Fermi approximation becomes relevant (Dalfovo
et al. 1999). In this regime the spatial density profile then mirror the shape of the trap
according to

g
Here g is the coupling constant seen earlier 1.2.1 and p the chemical potential. For an
harmoni trapping potential Vi,,p, the density profile can be rewritten as an inverted
parabola,

n (r) = max [M o} (2.21)

2?2 22
n(r):noxmax{l—ﬁ—ﬁ—ﬁ,(]]. (222)
T Y z
Here ng is the maximum density and the
2
R; = — (2.23)

J

are the Thomas-Fermi radii in each direction j € {z, y, z}. The chemical potential

can be determined as ,
hw 15CLNat 5

= — 2.24

=t ( ) (2.24)

with Ny is the total number of atoms in the BEC, a is the scattering length, and ay,, =

R
the scattering length has been measured in Kitagawa et al. 2008 and Borkowski et al.
2017: a = 105ag. We typically find a chemical potential p ~ hx 3700 Hz, a peak density

no ~ 9 x 10 atoms/cm?® and Thomas-Fermi radii (R,, Ry, R.) ~ (8.2,2.7,2.6) ym.

is the average harmonic oscillator length. For '™Yb atoms in the ground state

2.2.8 Imaging system

This section presents the method of absorption imaging used to study the atomic
cloud. To image the atoms, a pulse of light resonant with the transition 'S, — 'P;
with wavelength A\, = 399 nm and linewidth I' = 27 x 29 MHz is sent on the atoms.
The atoms experience several absorption spontaneous emission cycles that scatter light
randomly and reduce the number of photons measured on the photo-detector. The
spatial density distribution of atoms n along the light propagation direction is related
to the light intensity by the Beer-Lambert law :

dI I
—_— = —Nop———
dz 01+ I/ L

where 0y = 3\?/27 is the resonant cross section, I the light intensity, and Iy, =
hlpw? / (127c?) the saturation intensity for the transition, with wy, = 2/\—10 The integra-
tion of this relation along the propagation direction of the imaging light pulse, gives

the optical depth of the atomic cloud OD:
I 1 — I
OD(ry) = ao/n (ry,z)dz=—1In ( ! (rﬁ) + (re) = 1o (rs) (2.26)
IO (rL> ]sat

where [ is the initial intensity profile and Iy the intensity profile after the atomic
cloud. One may notice that for intensities small compared to I, the second term of

(2.25)
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Figure 2.8 — Absorption pictures (left) and horizontal OD integrated along the vert
direction (right) taken at different times along the evaporation ramp. The red dashed
line fits the remaining thermal fraction while the red dotted line represent the result of
the fit of the integrated density (shown as a solid blue line) by a weighted sum of the
thermal bosonic and of the Thomas-Fermi distribution. The condensed fraction and
the temperature of the thermal fraction are then extracted from the weight and width
of the distribution. Adapted from Bosch Aguilera 2019
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2.2. Production of a 1™Yb Bose-Einstein condensate

the right-hand side of the equation is negligible and the expression of the optical depth
becomes OD = —1n (Iy/1).

In practice, the intensities are measured by taking two successive pictures at the same
position: a first picture in presence of the atoms is taken, that gives I; and destruct
the system. Then the camera waits a few milliseconds, the time needed for the atoms
to leave the camera field of view under the action of the gravity, and a second picture
is taken as reference, that gives Ij.

Limitations on the exposition time

During the imaging pulse, the atoms probed experience several absorption-spontaneous
cycles that can modify the atomic density distribution of atoms and alter the absorption
signal. Two effects more particularly have to be considered: the Doppler shift and
the heating of the atoms. Indeed the N, photons absorbed by an atom during the
imaging pulse confer it a momentum N,,hky that is responsible for a Doppler shift of
Aw = Nyphki/m. In order to be able to image the atoms, this shift must remains
smaller that the blue transition linewidth I',, which gives the following upper limit on
the number of absorbed photons:

N < T
h

—. 2.27

Moreover the spontaneous emission of /V,;, photons by an atom induces a heating in
the two transverse directions of E| = Er/3Ny, = A*kZNp,/(6m) Grimm et al. 2000
which corresponds to a broadening Ap, = hkp+/Npn/3 of the momentum distribution.
Assuming that the associated spatial broadening during the pulse of duration 7 reads
Ar; = Ap,7/m, we set the limit for the pulse duration so that Ar; < pg, with p;
the size of a pixel of the imaging device (for the numerical application here we take
ps = 2 pm). We end up with the following condition for the imaging pulse:

hka N, ph

<, 2.28
- 5 SP (2.28)

For I =~ I, the number of absorbed-spontaneously emitted photons for a pulse of
duration 7 reads Ny, = I'y7/4 and the previous conditions on the number of absorbed
photons can be translated in terms of pulse duration as:

o 7 < 44 us for the Doppler shift

o 7 < 20 us for the heating.

The experiments presented in this thesis have been performed with imaging pulse
durations between 10 pus and 20 ps with beam intensities on the order or smaller than
Isat'

Computation of the reference image

As explained above, the computation of the optical density (OD), relies on the hy-
pothesis that the intensity profile I, taken a few milliseconds after the first one I
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gives a good approximation of the intensity profile of the first beam imaging the atoms
before the atomic cloud: in absence of atoms we would expect to find Iy = I;. In
practice the imaging pulse is subject to some fluctuations and the bare computation of
the OD according to the relation (2.26) results in the appearance of spurious fringes,
as observed in Fig. 2.9.

Hopefully, an experiment usually requires to take an important number N, of these
pairs {I7;, fo;} with 1 < i < Ny In the following we will treat these 2D images
as 1D vectors of size npixes and assume, in order to lighten the notations, that all the
pictures I¢; do not present any atoms. Our aim is to compute a reference image 1:071
for I4; as a linear combination of all reference images:

Nruns

1:0,1 = Bo + Z Bilo; = X8, (2.29)

i=1

with 8 =[5, 51, .- ﬂNmS}T the Npuns X 1 vector and X = [1, I 1, lo2, -, Lo Nyune) the
Npixels X (Nruns + 1) matrix of reference images. Here 1 is the vector of dimension npixels
with all its coefficients equal to 1.

We choose [ to be the solution of the minimization problem:

B* = argmin | I;; — X3]|%, (2.30)
B

which is .
B = (XTX) " XTIy, (2.31)

Consequently, Vi, the best reference image jO,i can be computed from I;; by the linear

relation: . )
Io; =X (XTX) " XTIy (2.32)

Finally in presence of atoms we apply the same procedure to Iy; deprived from its

pixels in the region of interest to compute the vector (XTX)f1 XT"1I;; and then we
apply it to the matrix X.

2.3 Experimental realization of the optical lattice

2.3.1 Loading of the optical lattice

Experimental aspects of the optical lattice

The Bose-Einstein Condensate produced in the crossed-dipole trap at the end of
the evaporative cooling step is finally transferred in a cubic optical lattice (OL). The
three retro-reflected laser beams used to form the cubic optical lattice are derived
from the same source, a 5 W TiSaph laser ' at \;, = 759nm. This laser is split
between three optical paths, each associated with an axis of the lattice {z,y,z} (z
the vertical axis). In each path, an AOM shifts the frequency of the laser beam by

15Titanium-sapphire laser: SolsTiS. M Squared Lasers.
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(a) (b)
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Figure 2.9 — Comparison between the OD computed with the bare reference image
Iy (a) and the OD computed using the best reference algorithm (b). We observe the
disappearance of the fringes and of the offset on the OD.

(0z,0y,0,) = 27 x (80, —80, 110) MHz so that any interference between two beams from
different arms of the lattice oscillates at very high frequency (tens of MHz) compared
to the motion of atoms (at most tens of kHz), and consequently average out to a
negligible perturbation. In order to further prevent the apparition of such cross-axis
terms, the polarization of the arms of the optical lattice has also been chosen mutually
orthogonal. The intensity of the lasers are controlled by a feedback loop.

Moreover, the laser beam are coupled to polarization maintaining optical fibers with
polarizing beam splitter at the output in order to select the proper polarization prior
to the science chamber. Polarization fluctuations are converted into power fluctuations
and compensated by the intensity feedback loop active on each axis. These feedback
loops monitor the power on each axis thanks to photodiodes and change accordingly
the diffraction efficiency of the AOMs.

We end up with the working parameters for the optical lattice liste in Table 2.10.

H Axis ‘ Power (mW) Waist (um) Depth (Eg) Trap frequency (27 x Hz) H

T 400 115 24.0 42
Y 400 125 25.6 38
z 600 150 27.0 33

21.2
Figure 2.10 — Typical lattice parameters used in our experiment. Here Fg = ZZL is
the recoil energy at Ap, the lattice wavelength. The quoted trap frequencies correspond

to the auxiliary potential associated with the gaussian envelope of the laser beams.
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Figure 2.11 — Kapitza Dirac diffraction to calibrate the lattice depth : (a) Absorp-
tion images after TOF of the atomic cloud submitted to a lattice pulse of increasing
duration. Diffraction peaks appears on the positions associated with integer multiples
of the lattice reciprocal vector. (b) The population in each peak is measured and its
evolution with respect to the lattice pulse duration is fitted according to the model
presented in (2.36).

2.3.2 Optical lattice calibration

To calibrate the lattice depths along each axis, of each lattice axis we use a method
known as Kapitza-Dirac diffraction (Kapitza et al. 1933; Ovchinnikov et al. 1999).
This method consists in pulsing the optical lattice on the BEC for a duration 7 and
measuring the resulting momentum distribution. In practice we let the atoms fall after
the pulse under the action of gravity and observe the resulting pattern. The principle
is to diffract the matter wave of the condensate on the standing wave. The initial
condensate can be modeled for simplicity as a plane wave with zero momentum p = 0.
When the lattice is switched on abruptly, this plane wave is projected on the Bloch
basis (Denschlag et al. 2002) :

(U (t=0)) =Y |bng=0){Bng=olp = 0) (2.33)
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2.3. Experimental realization of the optical lattice

During the lattice pulse, the wavepacket evolves as

= > g O exp (27 6,00) (234)
n=0

Here the 4, , are the (Fourier) coefficients of the Bloch function in the plane wave basis

Upg = Z Ui q (M) HMHL (2.35)

meEZ
After the lattice is suddenly switched off, the momentum distribution

1€, 0T
n(p = 2mhky,) = ‘Zuno TUn,o (M) exp (_T) ‘, meZ (2.36)

remains constant (if one neglect the role of interactions between the atoms, which is the
main limitation of this method). The measured fractions of atoms in each diffraction
n (2mhky) order oscillate at a rate, function of the lattice depth V. We use the this
feature of the diffraction pattern to extract the lattice depth. Such measurement is
presented in Fig. 2.11.

I I 200 ms

:20ms: | |

VL

i i 100 ms i
HL i i |

Time
Figure 2.12 — Scheme of the evolution in time of the intensity of the trapping laser,

i.e. the crossed dipole-trap (DT), the vertical (VL) and the horizontal (HL) axes of
the lattice, during the loading sequence.

2.3.3 Optical lattice loading

Loading sequence

The experimental parameters of our optical lattice having been measured or cali-
brated, we describe the protocol used for the loading of a Bose-Einstein condensate of
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YD into it. Firstly we raise quickly (20 ms) the vertical axis z of the optical lattice to
its maximum depth (27 ER), slicing the Bose-Einstein condensate in quasi 2D planes.
The goal is to compensate the effects of the gravity on the atoms using the lattice alone.
The crossed dipole trap is then progressively extinguished in 200 ms. The horizontal
arms of the optical lattice are ramped up in 100 ms and the system is finally kept in
this configuration for 50 ms before performing any experiment.

Model for the optical lattice loading

Number of sites [10?]
Number of atoms [107]

Fraction of sites
Fraction of atoms

10 0 2 4 6 8 10
Number of atoms in the BEC [10*] Number of atoms in the BEC [10%]

Figure 2.13 — Distribution of atoms among the singly m = 1, doubly » = 2 and triply
7 = 3 occupied sites for different atoms numbers in the BEC. (a) Number of sites with
filling . (b) Number of atoms in sites with filling 72. (c¢) Fraction of sites with filling 7.
(d) Fraction of atoms in sites with filling 7. The computations have been performed for
the typical depths Vj = {25, 25, 27} Er used in our experimental setup for an optical
lattice in the Mott-insulator regime, with the trapping frequencies listed in Table 2.10.
The "wiggles" on the curve are a consequence of the fact that the number of lattice
sites is a discrete in the calculation.
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From the protocol used to load the optical lattice a model to compute numerically
the spatial distribution of the atoms over the lattices sites can be inferred. In the model
we assume that the spatial density of the Bose-Einstein condensate evaporated in the
crossed dipole trap can be described according to the Thomas-Fermi approximation
(2.24). The BEC occupies a spatial domain that correspond to an ellipsoid whose
principal axes have lengths 2R,, 2R, and 2R,, with R; the Thomas-Fermi radius
defined in (2.22). We also assumes that the fast ramp-up of the vertical lattice "slices"
the Bose-Einstein condensate into vertically stacked layers of width d = Ar,/2, centered
on the position z; = jd corresponding to the minima of the potential. The number of
atoms in the layer centered around z; is given by the relation:

zj+d/2 15N...d id 2
N; = //nTF(r) dodydz ~ O Nat 1—(%)

Zj—d/2 16RZ
In the model we assume the absence of redistribution of atomic populations between
the different planes. This assumption is relevant since gravity helps suppress tunneling
which otherwise would not be necessarily negligible at all times. As a result redistri-
bution is negligible at all times.

for R,>d. (2.37)

Xopul 1oA®R]
Xopul I1oA®R]

Figure 2.14 — Spatial distribution of the atomic density for deep optical lattices loaded
with BEC of (a) 8 x 10* and (b) 8 x 10* atoms, using the parameters in 2.10. Only one
quarter of the upper "hemisphere" of the domain populated with atoms is represented.

After the extinction of the crossed-dipole trap, the horizontal axes of the optical lattice
are ramped up adiabatically and the atoms in each layer are distributed over the raising
2D horizontal lattice following its ground state. We end up with a vertical stack of
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independent 2D quantum gases that can each be described by a 2D Bose-Hubbard
model with an additional harmonic confining potential, as discussed in 1.2.4. We
consequently combine the local density approximation ( see 7?7 ) and the Gutzwiller
ansatz to compute the atomic density in each layer, with the population in each layer
determined by 2.37.

The model allows us in particular to determine the total amount (Fig. 2.13) as well
as the spatial distribution (Fig. 2.14) of singly, doubly and triply occupied sites. For
the sake of simplicity we discuss these distribution in the strongly interacting limit
J/U — 0 where the atoms are localized around the lattice sites. We present below the
spatial distribution computed for systems with N,; = 8 x 10% and N, = 8 x 10* atoms.

2.3.4 Superfluid to Mott insulator transition

After the different calibrations of the experimental parameters mentioned above,
one can use time of flight imaging to study the superfluid to Mott insulator transition.
This phase transition has been observed for the first time in Greiner et al. 2002 after a
proposal of Jaksch et al. 1998. The experiment consists in observing the disappearance
of interference peaks of the atoms after a time of flight as the lattice depth Vj is
increased.

For long time of flight, the inter atomic interaction do not play a significant role during
the expansion (Gerbier et al. 2008). The field operator describing the atoms released
from an optical lattice of depth V{ after a free fall of duration ¢ can be expressed on
the Wannier basis (restricted to the fundamental band) as :

e 3/2 .mxnri
b= wemnas () e () DT a )

i

This asymptotic expression (formally valid in the limit ¢ — oco) establishes a mapping
between the position of atoms in the real space after the time of flight and their initial

momentum in the lattice K :
mr

K=—. 2.
- (2.39)

This mapping allows us to express the observed atomic density after the time of flight
(nror (K)) = G (K) S (K) (2.40)
with the Wannier envelope function
G(K) = (1) | (K) (2.41)
and the structure factor

) (2.42)

Lng >

S(K) = Z (17 m) (4

that determines the fine structure of the interference pattern. Note that S (K) is also
the Fourier transform of the first order correlation function ¢; (i,j) = <&Idj). This ex-
pression, analogous to the one for the structure factor found for Bragg diffraction exper-
iments on solids, points out privileged vectors in the reciprocal lattice K. (r; — r;) /27 €
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Z where the terms of the structure factor add up coherently to form sharp peaks, while
the sum vanishes in the others regions of the reciprocal space.

In order to study the transition, it is useful to consider the expression of the structure
factor S (K) for the two limiting case for the Bose-Hubbard model introduced in 1.2.2:

e In the deep superfluid regime (U/J — 0), we have ¢, (i,j) =~ 7 i.e. the phase
coherence extends over the whole lattice and the structure factor reads:

Ssp (K) =y o), (2.43)

The distribution pattern is then made of sharp peaks corresponding to the sites
of the reciprocal lattice, modulated by the Wannier envelope function G. The
Wannier envelope function imposes a cutoff on the sum over the lattice sites in
(2.43) too, responsible for the finite width of the peaks.

e In the deep Mott insulator phase (J/U — 0), there is no phase coherence over
the lattice and the first order correlation function becomes g; (i, j) ~ ngdij. The
the structure factor reads:

SMI (K) ~ Nsno = N. (244)

We expect a uniform distribution of atoms, only modulated by the Wannier
envelope G.

In the end the disappearance of the Bragg peaks, whose intensity is a signature of the
transition from the superfluid to the Mott insulator phase, as it reflects the behavior of
the first order correlation function g;. The results of such experiment are presented in
Fig.2.15 . In practice we study the evolution of the visibility defined as (Gerbier et al.
2005)

NTOF (Kl) — NTOF (Kz)
nror (K1) + nror (Ka)

where K; = 2kpe, is the center of the first order diffraction peak (the center of the
second Brillouin zone) and K; = V2kLe, + ﬂkLey on the angle bisector between the
axes, on the same circle of radius 2kr,. This non-standard definition of the visibility
normalizes away the contribution of Wannier envelope. Finally we have verified that
the disappearance of the peaks has been proven to be reversible, i.e. it is possible to
restore the superfluid interference pattern by ramping down the lattice depth from the
Mott insulator regime.

Y= (2.45)

Remark: The vanishing of ¢ is a necessary but not sufficient condition for the transition
to a Mott-insulator. Indeed the emergence of a uniform structure factor similar to
(2.44) could be a consequence of a heating of the atomic gas. To discard this possible
cause for the vanishing of the interference pattern, we perform experiments consisting
is ramping up the lattice into the Mott-insulator regime. Then we ramp the lattice
down to the superfluid regime and observe the reappearance of the diffraction peaks.
This points out the reversibility of the disappearance of the coherence.
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Figure 2.15 — Top: Decay of the visibility of the atomic interference peaks when the
lattice depth is increased, as signature of the superfluid to Mott insulator transition.
Bottom : Recorded interference peaks for some of the lattice depths.
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CHAPTER 3

Coherent driving of the clock transition

This chapter focuses on some technical and experimental aspects involved in the
coherent driving of '™Yb atoms on the 'Sy <— 3P transition: after a brief description
of the experimental setup used to generate the clock laser that probes the atoms on
the clock transition, we introduce a first description for the dynamics of single two-
level atoms evolving in a near resonant monochromatic light field. Then we propose
to study the driving of individual atoms trapped in isolated sites of our optical lattice
using Rabi and Ramsey experiments. The results of the experiments perfomed are
presented along with the formalism used to describe them. From these experimental
results we finally perform the characterization of effects that could alter the coherent
driving of individual atoms trapped on the sites of the optical lattice and, if possible,
propose a protocol to reduce their impact.

3.1 The clock laser experimental setup and
techniques

We present here the optical setup we use to produce a narrow enough laser source
to drive the clock transition. More detail about the setup may be found in the thesis
of previous PhD students on the Yb experiment, in particular in Dareau 2015.

3.1.1 Experimental setup

The light at Ao >~ 578 nm is generated using sum frequency generation (SFG). 5
W of light at 1030 nm, generated by an amplified fiber laser!®, and 200 mW of light at
1319 nm, generated by a Nd:Yag laser'”, are both focused (to about 40 ym) inside a
non linear crystal’®*. The SFG produces about 65 mW of light at A¢oac ~ 578 nm at the
output. This light is sent trough a first AOM, used as fast actuator in the frequency
locking loop. A part of the beam is sent in an iodine spectroscopy setup, used to
calibrate the absolute frequency of the cavity (Dareau 2015). The rest is coupled into
an optical fiber to be sent on the experiment table. The outgoing light from this fiber

16Koheras BoostiK Y10, NKT Photonics
1"Mephisto, Coherent
18ppLN (periodically poled lithium niobate) crystal from Coherent
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3.1. The clock laser experimental setup and techniques

is split between a path going to the science chamber via another AOM that controls
the frequency seen by the atoms, and another path going to the high finesse cavity!?
(Dareau 2015) used for frequency locking. A scheme of the laser optical chain used to
produce the light at Ao >~ 578 nm is displayed in Fig. 3.1.

1319 nm global shift

~crystal = : W,
o Ro-Ce o

= to.
experiment

L~ cavity lock
1030 nm < éf N
P -
> (3
o . &
< = Isolation box phase lock

vacuum
iodine chamber

r{— PDH photodiode

I-

avi YA intensity lock

Figure 3.1 — Optical laser chain for the clock laser. The laser light at Aqoac >~ 578 nm
is generated by frequency sum in the crystal. The outgoing light is split between the
iodine spectroscopy setup and a fiber going to the experiment table. The power at the
output of the fiber is then again split between two paths: one used to probe the atoms
in the science chamber and another sent to the ULE cavity for the frequency lock of
the laser. A part of this light is sent back to the experiment table to correct the phase
shift that the propagation in the optical fiber may create. Adapted from Dareau 2015.

In addition, a small part of the light sent to the cavity platform is retro-reflected to the
experiment table where it is used as the second arm of a Michelson interferometer in
order to perform a phase lock. The aim here is to correct the phase changes occurring
in the fiber between the experiment table and the cavity box because of thermal or
mechanical perturbations.

The wltra-low expansion (ULE) cavity consists in a plano-concave Fabry-Perot cavity
made of two high-reflectivity mirrors separated of 47.6 cm by a spherical ULE glass
body. The finesse of the cavity F ~ 257000 and the free spectral range Apsg ~
27 x 3144366(2) kHz have been measured in Dareau 2015. Both are in good agreement
with the specifications. The full width at half-maximum for the cavity resonances is
then dweay = Apsr/F =~ 2w x 12kHz.

ULE cavity temperature control

The ULE cavity is mounted inside a thermal shield whose temperature is regulated
thanks to a Peltier cooler associated with a feedback loop. This device allows us to
set the temperature of the ULE cavity around the zero crossing temperature Tyc =
4.13(2) °C, experimentally measured in Bouganne 2018 and Bosch Aguilera 2019, where

19 ATF-6301, Advanced Thin Films
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Chapter 3. Coherent driving of the clock transition

the thermal expansion coefficient of the cavity vanishes (see Fig. 3.2). At this zero-
crossing point, the cavity length, and consequently its frequency, is the least sensitive
to the temperature fluctuations. In our experimental setup, if the set point of the
regulated temperature of the cavity falls withing one standard deviation away from
the estimate of the zero-crossing temperature (shaded region in Fig. 3.2), the thermal
fluctuation translates into frequency fluctuations whose r.m.s. is smaller than 15 Hz

(Bosch Aguilera 2019).

T T D T T T T
0 - .
N >
i —100 F i
<< —200F -
1 1 1

_30 1 1
§.50 3.75 4.00 4.25 4.50 4.75 5.00
Temperature [°C]

Figure 3.2 — Determination of the zero-crossing point of the cavity. The red curve
has been taken by increasing the temperature while the blue curve has been taken
by decreasing it. The vertical line corresponds to the zero-crossing temperature, Ty =
4.13(2) °C. The shaded region around it indicates one standard deviation. (Taken from
Bosch Aguilera 2019)

In order to decouple the ULE cavity from the laboratory environment and reduce the
acoustic and thermal noise, it is placed inside a ultra-high vacuum chamber?® where
a pressure on the order of 1 x 10”8 mbar is established. The chamber is mounted on
a vibration isolation platform?!. The platform sits inside a wooden box, itself placed
inside a soundproof box??. The temperature inside the wooden box is stabilized thanks
to a chill plate cooled by circulating water from a thermo-regulated chiller?®. However,
in spite of all these precautions, the atmospheric conditions (temperature and pressure)
in the laboratory still have a small but measurable influence on the cavity frequency,
on the order of a dozen of Hz. Furthermore a slow linear drift (about —2.3kHz/day)
of the resonance frequency has been observed over the past 4 years and is imputed to
the aging of the ULE cavity (see Fig. 3.3). The combination of this slow drift and
the environment-related fluctuations, sometimes at the scale of the day, require us to
perform several spectroscopy measurements of the clock transition of '™Yb atoms per
day in order to keep the probe laser resonant with the 'Sy — 3Py transition.

Cavity frequency lock

The frequency of the cavity is locked thanks to the Pound-Drever-Hall (PHD) technique
(Drever et al. 1983). This technique consists in measuring the light intensity reflected
from the cavity: the reflected field is the result of the coherent superposition of the

20Stable Laser Systems.

21Nano-K 50 BM-10, Minus K Technology.
22Custom-made, Keoda.

23ThermoCube, SSCS.
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3.1. The clock laser experimental setup and techniques

field directly reflected by the entrance mirror and the intra-cavity field leaking trough
this mirror, that vanishes on resonance. Using the reflected field for frequency locks
on a high finesse cavity allows a fast response to frequency variations. By contrast the
intra-cavity field response is limited by the time taken by the constructive interference
to build up in the cavity (i.e. the inverse of the cavity linewidth). The incoming
beam is modulated by an Electro-Optic Modulator (EOM) prior to its entrance in the
cavity. The EOM generates sidebands at {2y, = 27 x 4 MHz, which is much larger than
the cavity bandwidth )y, < dcav, so that the sidebands are completely reflected. A
fast photodiode®* measures the reflection from the cavity and the beatnote between
the sidebands and the reflected carrier is demodulated with a commercial laser servo
controller #° to generate the error signal used to lock the cavity, with a slope of 1 mV /Hz.
The output of the servo controller is sent on a frequency synthesizer that drives the
first AOM after the non linear crystal in order to correct the fast fluctuations. The slow
fluctuations and the long-term drifts of the laser frequency are corrected by using a
doubly-integrated output of the servo controller to drive the 1319 nm laser piezoelectric
actuator.

0 _’ . e Jodine i
R0 o  TOF
—2000 F p \ Drift = —2.35 kHz/day _

—4000

{
»

Cavity drift [kHz]

—6000 [

—8000

H

1 1 1

Time [Years|

Figure 3.3 — Drift of the ULE cavity with respect to the 'Sy — 3Py of ™Yb over
the years. The black hollow dots correspond to measurement of the resonance for
atoms in free space. The red dots correspond to measurements realized with the iodine
spectroscopy setup. The dashed orange line is a linear fit to the data over the last 3
years. It gives a slow drift rate of the resonance frequency of —2.35kHz/day. (Taken
from Bosch Aguilera 2019)

3.1.2 Imaging the metastable state

As explained in Chap. 2 the experimental system is mainly studied by performing
time of flight absorption imaging on the broad and closed 'Sy, —! P; blue transition.
Consequently in experiments involving a coherent driving of the clock 'Sy — 3Py
transition, only the atoms in the ground state |'Sy) = |g) can be directly imaged.
Atoms in the metastable state |>Py) = |e) are repumped to the ground state |'Sy) to
be imaged on the blue transition. The repumping step is realized by the use of the
3Py — 4f'5d6s 3Dy transition at Aep ~ 1388.8 nm with width 'y, ~ 27 x 419kHz

24PDASA, Thorlabs
25D2-125, Vescent Photonics
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Chapter 3. Coherent driving of the clock transition

(Bowers et al. 1996). Due to the finite lifetime, 7, >~ 380ns, of the 3D, state, the
atoms in this state decay to the 3P J—0,12 manifold with the branching ratios {b; =
Y7 /Trep. } =012 = {0.6, 0.3, 0.1}. The 3Py and ®Py states are metastable and thus the
decay channel toward 3P, is a dead end for the repumping cycle. On the contrary,
the atoms decaying in 3P; decay through spontaneous emission to the ground state
'Sy with a rate I';. Since the branching ratio to *Py is small, it is possible to repump
atoms in *Pj to 'Sy with an efficiency Y close to 1 by performing several cycles on the
3Py — 3D, transition (see Fig. 3.4).

1-0 T T T
0t °o ® % 1
S i ®
5 7 g 06F ]
3p 7 Si A=13888m % % °
2 o V1 irjen) =49k, 2 ° 0 o
_L H % .“ [ ]
3 P ®o]
Y [ ]
o ° q
4
Ly . 0.2F 1
So
‘ 0.0 1 1 1
204 ~02 0.0 0.2 0.4

Detuning [GHz]

Figure 3.4 — (Left): Scheme of the energy levels involved in the repumping of the
metastable state. (Right): Spectrum of the repumper transition performed with
P =5mW, wy = 500 pm, and e, = 500 pus.

In practice, the repumping *Py — 3D, is driven by a commercial laser diode?® generat-
ing 20 mW of light at A\ep. = 1389 nm. The repumping procedure consists in illuminat-
ing the atoms with a 5 mW collimated beam of about 500 ym waist for 500 us. It has
been shown, theoretically (Bosch Aguilera 2019), by solving the optical Bloch equation
associated with this system, that this configuration allows an efficient repumping of
the atoms in the 3Py state over a frequency span of about 1 GHz, with an efficiency of
about T = 0.86. This value is consistent with the one experimentally measured when
performing a spectrum of the repumping transition, as in Fig. 3.4. More details on
the pratical implementation of the repumper optical setup can be found in the thesis
of Bosch Aguilera 2019, in particular concerning the temperature control of the laser

diode.

Remark: If one wants to image the atoms in |e) only, the atoms in |g) have to be
removed prior to the reumping pulse. This can be made by sending a pulse of blue
light focused at 40 um for a few us that expels the atoms from the trap.

26NEL Laser Diode, NTT Electronics.
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3.2. Coherent driving of a single atom in optical lattices

3.2 Coherent driving of a single atom in optical
lattices

In this section, some theoretical aspects of the coherent driving of a single atom
trapped in an optical lattice on a narrow transition are reminded.

3.2.1 Description of the resonant atom-light interaction

In the rest of this section we will consider the coherent driving of a single '™Yb atom
trapped in an optical lattice by a monochromatic electric field, nearly resonant with
the 'Sy — 3P, transition, that we will assimilate to a plane wave:

Eclock (f‘) = E[) COS (kclock-f‘ — (JJLt — ¢) . (31)

Here wy, is the angular frequency of the coupling laser field, koo its wave number and
E, its amplitude. ¢ is a phase determined by the choice of time origin.

The Hamiltonian describing the coupling between an atom trapped in the optical lattice
and the electric field (3.1) writes:

A

VaL = (e| —d.Eglg) /dr <‘i’l (r) ‘i’g (r) + \IJI] (r) \ife (r)) cos (Kepoek T — wit — @) . (3.2)

Here d is the atomic dipole matrix element coupling the |g) state with the |e) state,
that we assume to be real, since in practice we will only deal with linear polarization
for the coupling light. The matrix element (e| — d.E|g) is the Rabi frequency Qejock-
W, (#) (resp. W, () is the field operator annihilating a boson in state |g) (resp. |e))
at position r, in the optical lattice.

In order to ease the description of the system we perform a change of representation
by applying the unitary transformation 7" on the system defined by:

~ Lwi,t oA

T =e 5% (3.3)

with ¢, the Pauli matrix, acting on the internal state of the atom. In the new repre-
sentation, the Hamiltonian associated with the atom-light coupling writes:

~

T
Var, =T"VarL T + IHWT (34)

Then using the Rotating Wave Approximation, the first term of the expression (3.4)

can be simplified in:

~ thoc N T i r— I I —i F—
= g / dr (qzz (r) W, (r) eeect=9) L Gl (r) b, (r) o (etock? ¢’>). (3.5)

Here we dropped the ~ for the operators in the rotating representation in order to lighten
the notations. The second term of the expression (3.4) is diagonal and therefore leave
the internal state of the atom unchanged. It is usually associated with the internal
energy term of the Hamiltonian to form the term:

Hy = %‘SL dr (\i/; (1) ¥, (r) = U (r) B, (r)) . (3.6)
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Chapter 3. Coherent driving of the clock transition

3.2.2 "Conservation" of the quasi-momentum

The difference between the description of our system made in the previous section
and the textbook case of a two-level atom interacting with a near resonant light field
comes from the fact that for atoms trapped in an optical lattice, the band structure
described in 1.1.1 quantizes the external degree of freedom of the driven atom. The
interplay between the coherent driving of the internal state of the atom in the optical
lattice and its external degree of freedom has to be taken into account.

As seen in 1.1.1, the Bloch functions are the eigenstates of the Hamiltonian describing
the evolution of a particle in an homogeneous optical lattice. It is then possible to

A

decompose the field operators ¥, (with o € {g, e}) according to this basis:
T, 1 iqr A
U, (1) = 55 D tng (1) €0 g, (3.7)
n,q

Here L is the number of lattice sites in each direction, uy, 4 (r) the Bloch functions and
Cnqo the operator annihilating a boson in band n with quasi-momentum q and internal
state o.

Using this decomposition, the atom-light coupling Hamiltonian written in (3.5) be-
comes:

R hQ L .
VAL _ 2z§ck Z /dr [u;qumq/eflqrelkclockl‘elq ré;r]qeémq’g + h.C.] , (3.8)
n,m,q,q
setting ¢ = 0.

The spatial integral [ dr over the whole lattice can be decomposed as a (discrete) sum
of the contribution of each cell around each lattice site, 7.e.:

/...dr:;ACi...dr:%:/Lc...dr, (3.9)

with r; the position of the lattice site, indexed by ¢ and LC; the lattice cell centered
on r;, defined for a lattice of spacing d by:

d d
LCZ == H |:ri,a - 57 Ti,a + §:| 3 (310>

a=x,Y, =z

denoting 7; o the coordinates of r;. The dependence with ¢ can actually be dropped
thanks to the periodic nature of the lattice.

With this decomposition, we rewrite VAL as:

& o thlock

i(ad'+k _ T 1 "1k — ) A N
= et S b [ () (0 b
LC

r;

(3.11)

The sum on the lattice sites can be reformulated as a sum on the vectors G of the
reciprocal lattice RL (Ashcroft et al. 1976), i.e. the vectors of the from G = %’rp with
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3.2. Coherent driving of a single atom in optical lattices

p €73

3y h$ lock * i A A
VAL = ;0C Z 5(17 A’ +kelock+G / dI‘ un,q (I') € G.rum, q’ (I‘) cjlqecmq’g + h'C‘ (312)
GERL LC

The expression (3.12) translates the fact that the absorption of a photon from the
clock laser by an atom evolving in the optical lattice, besides changing its internal
state, changes its quasi-momentum and can induce transition to other Bloch bands.
The strength of these transitions, mediated by the lattice, are given by the integral
term of (3.12), under the constraint given by the Kronecker term:

q= q/ + kclock +G. (313)

The equation (3.13) stresses the conservation of the quasi-momentum up to a vector of
the reciprocal lattice. This kind of transition is known in the field of condensed matter
as Umklapp processes and are of importance for the description of the conductivity of
crystal at low temperatures (Ashcroft et al. 1976).

3.2.3 Wannier basis formulation

It has been shown experimentally in Bosch Aguilera 2019 that for lattice depths
above a few recoils, the transitions inducing a change in the quasi-momentum of the
atom are strongly suppressed. In this section we propose some quantitative theoretical
results to discuss the single band approximation made in the rest of this chapter.

The coupling Hamiltonian introduced in (3.2) can be computed alternatively: when the
lattice depth increases the Wannier basis, introduced in 1.1.2, can be more convenient
to span the Hilbert space. In this basis the field operators ¥, rewrites:

“ 1 ~
U, = men (r —ri) Gnio, (3.14)

with an,j, the operator annihilating a boson in the Wannier state located around rj,
indexed by i € Z3, in band n and with internal state o. Here wy (r) is the Wannier
function in band n centered around the origin.

Using this decomposition the atom-light coupling Hamiltonian written in (3.5) be-
comes:

“ 9] :
Vi = A ctock Z /dr |:w;k1 (r—rp) elkclock-rwm (r— ;) al . a + h.C.] . (3.15)

. Qs
2L3 - nie“mjg
n7m71’n]

By substituting the variable r by r’ = r — r; and introducing the vector § =1 — j, the
expression above becomes:

’ A etoc . . B .
VaL = 223 k Z /dI‘ [w; (I‘ . d(S) elkclock-rwm (I‘) elkclock.r-]a,Lj+5eamjg + hC]

n? m7j76

(3.16)
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Chapter 3. Coherent driving of the clock transition

Similarly to what has been done in 1.1.3, it is possible to rewrite the Hamiltonian using
the tight-binding approximation: since the Wannier functions decay exponentially from
lattice site around their center, it is possible to neglect in Var, the integrals involving
the overlap between the Wannier functions associated with different lattice sites, ¢.e.
the terms in the sum (3.16) involving |§| # 0. Under this approximation, VaL becomes:

5 th oc i r: A ~
VAL ~ 21 k Z [nnme Kelock: Ja;[ljeamjg + hC] R (317)
n,m,j
introducing the Lamb-Dicke factor:
Nom = /w; (r) etk Ty (1) dr. (3.18)

Under the approximations made to express (3.17), the coupling strength between the
bands n and m is given by:

QL (n7 m) = 77anclock (319)
1.0 i
0.8F 1
0.6 —_— |7700|2 |
= === |noif?
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Figure 3.5 — Computation of the modulus square of the Lamb-Dicke factor 7, for
n €40, 1, 2, 3} in a 1D optical lattice. At high lattice depth, the transition probability
from the ground band to excited bands is strongly suppressed.

Assuming that the 1*Yb are initially loaded in the ground band of the optical lattice,
their probability to be send to a higher band of index n due to the absorption of a pho-
ton of the clock laser is given by |no,|*>. The values of this coefficient for n € {0, 1, 2, 3}
and for several lattice depths of a 1D optical lattice are represented in Fig. 3.5. For deep
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3.3. Coherent driving of an ensemble of isolated individual atoms trapped in a deep optical
lattice.

optical lattices, the transition to higher bands is suppressed. This can be understood
by the fact that for deep optical lattice depths, the Wannier functions are strongly lo-
calized around the lattice sites. Therefore their decomposition on the plane wave basis
is very wide and the translation in the momentum space induced by the term eclockr
leave the Wannier functions almost unchanged. Since the Wannier functions belong-
ings to different bands are orthogonal, the term 7um = (wW|eXodTw,) ~ (wWm|wy)
becomes small except for the case n = m. This regime where the lattice is deep
enough to suppress the recoil shift of the absorbed photon is called the Lamb-Dicke
regime (Dicke 1953).

For the lattice depths V,,, , = {25, 25, 27} Ex considered in the rest of this chapter, we
will assume that the transition to higher bands due to the clock laser photon absorption
is small enough to be neglected and all the dynamics under study is in the scope of the
single band approximation. It allows us to reduce the expression of Vg, to:

VAL ~ % [eikd“k'rjdgjeéojg +h.e.]  with  Qp = 700 Q10ck- (3.20)

r

In the context of an optical lattice at magic wavelength, the factor ecockTi enables
spin-orbit coupling in the dynamics of the atoms. It also at the core of the realization
of artificial gauge fields (Dalibard et al. 2011; Goldman et al. 2014) in 2D optical lattice
at magic wavelength along one direction and at anti-magic wavelengh along the second
one, following the protocol presented in Gerbier et al. 2010.

3.3 Coherent driving of an ensemble of isolated
individual atoms trapped in a deep optical
lattice.

In this chapter we will focus on the simple case of the coherent driving of individual
atoms trapped in an optical lattice deep enough to treat its sites as independent poten-
tial wells. Under this assumption, the relative phase between the lattice sites does not
play a role anymore and the full Hamiltonian describing the dynamics of these atoms
writes:

. ROL (5 . i hoy .+ . At
H= Z [T (ajeajge + h.c.> — (ajeaje — ajgajg> : (3.21)
J

The Hamiltonian (3.21) actually consists in a sum of local Hamiltonians without site
coupling. Consequently it is possible to restrict the description of the system to a
single lattice site filled with one atom. To sum up, after getting rid of the sum on the
lattice sites, in the Lamb-Dicke regime, where the couplings between the fundamental
and the excited bands of the optical lattice are negligible, the Hamiltonian describing
each single trapped atom coupled to the laser field, assumed to be monochromatic, can
be written as:

N 7 hQ
H= _TL (1-6.)+ TL (6, co8p + G, 5t ), (3.22)

in the {|g), |e)} basis. Here the 6,, . are the Pauli matrices, d;, = wy, — wp is the
detuning between the laser angular frequency wy, and the |g) «— |e) transition angular
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Chapter 3. Coherent driving of the clock transition

frequency wy and €2, the Rabi frequency coupling the two internal states of the atom.
The phase ¢ is fixed by a choice of the origin of time. The dynamics of such system is
described by the Liouville-Von Neumann equation:

ih% - [H ﬁ} . (3.23)

Remark: The density operator describing one atom can be decomposed on the {]1, Ouy Oy, 04}
basis as (Haroche et al. 2013) :

p==1+us) with u= (us, uy u.) and 6= (6, 6y, 6). (3.24)

N

The vector u can thus be used to represent the state of the two-level atom and its
modulus is bounded [Ju|| < 1, with equality only reached for pure states. Consequently
in this framework, any pure state can be represented as a point on a sphere of radius
1, the Bloch sphere, whose "north" (0,0,1) and "south" (0,0, —1) poles correspond
respectively to the states |¢g) and |e). The mixed states lies inside the sphere and the
evolution of the system is given by the differential equation:

du

i Qru, X u (3.25)

where () is the generalized Rabi frequency, defined by:
OF = QF + 07, (3.26)
and u,, an unitary vector, defined by:

Qru, = (2, cos ¢, Qpsin g, d) . (3.27)

Since the differential equation on u describing the dynamics of the system is analogous
to the Larmor precession equation, the evolution of the system in the Bloch sphere
picture can be seen as a rotation of the vector u around the vector u, at angular
frequency Qr. Consequently the propagator associated with the Schrédinger equation
describing the evolution of the system can be written as a rotation operator:

. . : . Q « Qrt
U (t) = Ry, (Qrt) = e (/200 — ¢4 <7Rt) 1 —isin <TR) u,.0. (3.28)

In the rest of this chapter we will consider a deep optical lattice (V. = {25, 25, 27}ER),
in which a BEC with atom number Nyoms < 8 x 10% atoms is loaded, according to

the protocol detailed in 2.3.3, so that the filling of the occupied sites in each of the

superposed 2D lattices are all equal to m = 1. We consequently create a collection of

independent (for experiments shorter than the tunneling time) dipole traps, formed

by the sites of the optical lattice, each filled with a single atoms in |g) and lying in

the fundamental band of the lattice. We use this system to study the evolution of the

coherence for a atom driven by our probe laser. For this purpose we perform different

type of experiments on our atoms.
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lattice.

3.3.1 Rabi flopping

The Rabi flopping experiment is one of the simplest experiment involving the co-
herent driving of two-level atoms. It consists in coherently driving the transition
lg) «— |e) for different durations 7. Assuming that all the atoms are initially in
the state |g), one can derive from (3.28) that the probability P, (6, T') to measure an
atom in the ground state |g) after a coherent driving of the transition by a monochro-
matic field detuned from the transition by 41, for a duration 7', is given by the relation:

Py (61, T) = {g|U (T) |g) LA (—MT> (3.29)

BV RN T 2

In the Rabi experiments presented in this section, the clock laser driving the atoms
propagates in the plane formed by the two horizontal arms of the optical lattice, with
an angle 7 with respect to them and is centered on the atomic cloud. The measured
fractions of atoms in |g) for a Rabi flopping experiment at €, = 27 x 1329 Hz are plotted
in Fig.3.11. On may notice that the amplitude of the Rabi oscillations is damped over
time. In the rest of this chapter we will investigate the possible causes for such decay.

3.3.2 Time domain Ramsey spectroscopy

An alternative possibility to study the evolution of the coherence during the driving
of the atom by our laser is to realize time domain Ramsey spectroscopy Ramsey 1986.
This experiment consists in performing a time-domain interference experiment on the
atoms: a first pulse of light send the state of the atoms in the equatorial plane of the
Bloch sphere with a controlled phase. After a time during which the atoms evolve
freely, a second probe pulse is sent on the atoms in order measure the rotation of
the Bloch vector in the equatorial plane. This technique originally used in the field
of Nuclear Magnetic Resonance (NMR) has since been transposed in different fields
involving the coherent driving of a two-level system.

The system is assumed to be initially in the configuration described in 3.3.1 and the
experiments are performed at €2y, (0) ~ 27 x 1300 Hz.

The protocol of a time domain Ramsey spectroscopy can be decomposed as follow:

e A first resonant probe pulse (0 = 6, — dg = 0), of area Q. Tz = 7, is sent on the
atoms. The propagator associated to this step is:

- s

Uz (0) = e 4%, (3.30)

e The light is switched off for a duration Tj,q. The evolution operator for the
system is:

2 Jry

2

N i [Tz +Thola R
Unold (Thola) = exp ——/ d(t)dto, |. (3.31)
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Chapter 3. Coherent driving of the clock transition

e A second resonant pulse of duration T’z is sent on the atoms, dephased by ¢ with
respect to the first pulse. The propagator for this step is:

U% (¢) — e—i%(&x cos ¢+ sin ¢) (332)

e Then the lattice and the coupling light are switched off and, after a time of flight
of 2 ms, the populations of atoms in the different atomic states are imaged.

™ ™
2 2

Thold

-
.
.
.,

Figure 3.6 — Scheme of a Ramsey sequence. The internal state of the probed two
levels is represented in the Bloch sphere picture (red arrow) before and after each laser
pulse, here for dgThoqa = § and ¢ = 0.

1.0 R
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Figure 3.7 — Experimental Ramsey fringes. The fraction of atoms in the |g) state at
the end of the Ramsey sequence is measured for different dephasings ¢ € [0, 27|. Here
the fringes for Tyoq = {0.02, 3.8, 6.6} ms are represented. The dephasing between
these fringes is a consequence of the non zero detuning dy, = dg during the hold time,
that induces a dephasing of o1, T}o1q -
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lattice.

The evolution operator associated to the whole Ramsey sequence is:

Ur (Thola, @) = Uz (¢) Unowa (Thota) Uz (0, (3.33)

and the probability to find an atom in |g) at the end of the sequence described above
is equal to:

2 2 )y,

R ¢ 1 T%+Thold
Py (Thoia, @) = [{g|lUr (Thowa, ¢) |9)|* = sin® <— - —/ d(t) dt) o (3.34)

In particular, when the detuning is constant so that 0y, = dg, the previous expression
becomes:

(3.35)

P, (Thoia, @) = |{g|lUr (Thowa, ¢)|9)|* = sin’ (%) .

2

3.3.3 Time domain Ramsey spectroscopy with spin echo

Another way to probe the evolution of the coherence during the driving of the atoms
by our laser source is to use the spin echo technique (Hahn 1950) initially applied
to the nuclear magnetic resonance (NMR) field. Since this initial demonstration, this
technique and its different variations have been widely transposed to other fields. They
have been more particularly used in order to enhance the dephasing time for supercon-
ducting qubits (Cywinski et al. 2008; Bylander et al. 2011).

lg) lg)

Figure 3.8 — Scheme of a Ramsey with spin echo sequence. The internal state of the
probed two levels is represented in the Bloch sphere picture (red arrow) before and
after each laser pulse, here for ogTioq = 7 and ¢ = 0. Here the effect of the static
dephasing has been canceled by the intermediate 7w pulse.

The Ramsey with spin echo sequence consists in:
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A first resonant probe pulse of duration €.z = 7, is sent on the atoms. The
propagator associated to this step is:

Us (0) = '5%" (3.36)
e The light is switched off for a duration Tjq/2. The evolution operator for the

system is:
R Tho : Tr+Thotda/2
Unoa [ =24 ) = exp | —= / ’ 5 (t) dt o, (3.37)
2 2 Jr.

2

e A resonant probe pulse of duration Q7 = 7, is sent on the atoms. The propa-
gator associated to this step is:

A

U, (0) = e7'3% = —ig, (3.38)
e The light is switched off for a duration Tj,q/2. The evolution operator for the

system is:
A Tho i Tz +Tr+Thola
Uhold( hld) = exp —1/ ’ 5(t)dté, (3.39)
2 2 1y + T+ Thoa/2

2

e A second resonant pulse of duration Tz is sent on the atoms, dephased of ¢ with
respect to the first pulse. The propagator for this step is:

A

U% (¢) _ e—i%(frm cos ¢+ sin ¢) (340)

e Then the lattice and the coupling light are switched off and, after a time of flight
of 2 ms, the populations of atoms in the different atomic states are imaged.

The evolution operator associated to the whole Ramsey with spin echo sequence is:

. R R Tho\ - . Tro\ -
Usk (Thola) = Uz (¢) Unola ( };ld) Uz (0) Unola ( thd) Uz (0), (3.41)

and the probability to find an atom in |g) at the end of the sequence described above
is equal to:

Py (Thoas ¢) = 1{9|Us (Thowa, 8) 1) (3.42)

1 T% +Tr+Thold T% +Thold/2
14 cos [ 6— = / 5(t)dt—/ swyar ) ||
2 T% +Tx +Thold/2 T=

2

1
2
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Figure 3.9 — Experimental Ramsey with spin echo fringes. The fraction of atoms in
the |g) state at the end of the Ramsey sequence is measured for different dephasings
¢ € [0, 2r|. Here the fringes for Thoa = {2, 10, 10} ms are represented. Here, unlike
the Ramsey case, there no shift of the phase of the Ramsey fringes due to a static
dephasing.

3.4 Sources of decoherence

In order to discuss the results of the study of the dynamics in the deep optical lattice
and later in the 1D optical lattice, the different phenomena that could be responsible
for a dephasing of the system should be considered. In this section we will focus our
attention on the effects of the inhomogeneity induced by the probe and the effects
related to the frequency fluctuations of our probe.

3.4.1 Inhomogeneous dephasing

The probe-induced inhomogeneity over the lattice sites is a first candidate to explain
the decay of the amplitude of the Rabi oscillations. Indeed the laser intensity sent on
the atoms to probe the clock transition is not homogeneous but displays a Gaussian
profile in the directions r; transverse to its propagation axis:

Iclock (rJ_) = 106—21%‘/10(2:lOCk (343)

where Ijoa = 2Puock/ (Tw?o) and Peoe is the power of laser light sent on the atoms
and wepae = 80 um the waist of the laser beam. The inhomogeneity of the probe has
two consequences for the Rabi oscillations:

e The coupling between the two internal states of the atoms, given by the Rabi
frequency €1, = 190 2ci0ck 18 nOW lattice site-dependent since

chock (ri) =aB V Iclock (ri)- (344)
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Chapter 3. Coherent driving of the clock transition

Here i is the lattice index, 7o the Lamb-Dicke factor introduced in (3.18), B the
amplitude of the magnetic field used for the magnetic mixing (see 2.1.1) and «
the coefficient expressed in (2.7).

e The presence of the probe induces a differential light shift g (r;) = Klaock (ri)
(see 2.1.1) which creates an inhomogeneity for the detunings over the different
occupied lattice sites 0 (r;) = d, — g (r;).

Consequently, for N individual atoms trapped in a deep optical lattice, the fraction of
atoms in the ground state evolves as:

Py(T) = %Z 0 (S;Jj_rgz ) cos® <\/QL (ri);_ o (ri)T) ; (3.45)

where the sum runs over the N populated lattice sites, indexed by i. The expression
(3.45) shows that the inhomogeneity induced by the probe will result in averaging the
Rabi oscillations with different amplitudes and frequencies. While the coexistence of
different amplitudes for the oscillations merely limit the amplitude of the oscillations of
P, (T) below 1, averaging oscillations at different frequencies results in the dephasing of
the oscillations associated with different lattice sites. The oscillatory part of the signal
P, thus progressively disappears and P, converges toward % in the limit 7" — oo.

—10

—15

—20

AQgr/(2m) [Hz]
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Figure 3.10 — Evolution of the effective Rabi AQg = Qg (r) — Qg (0) frequency shift
from the center. For the maximal radius 7 max =~ 8 um of the optical lattices used for
the experiments presented in this chapter, the shift at the edge is around —10 Hz.

According to the model for the loading of the optical lattice developed earlier in 2.3.3
an optical lattice loaded with 8 x 10 atoms, the typical atom number used in our
experiments, has a maximal radius Ry, ~ 8um. In the following we will denote
Qo = Qr, (0) and 09 = o1, — g (0) respectively the Rabi frequency and the detuning at
the center of the optical lattice (on which the probe is supposed to be pointing) and
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3.4. Sources of decoherence

assume that at resonance §y = 0. Since the ratio 7| max/Weloek is small compared to 1, it
is possible to expand the expression for the generalized Rabi frequency Qg = /Q2 + 62
as:

2
wclock w

2 4
r r
QF =02 (1) + 6% (r) = Q% — 2022 +0< — ) (3.46)
clock
This expression shows that the maximum difference of angular frequency for the Rabi
oscillations, between an atom at the center of the optical lattice r;, = 0 and an atom
at the edge r| = r| max, is equal to:

2

T max
AQg| = Qe (3.47)

clock

The numerical computation of A presented in Fig. 3.10 gives a shift of about -10
Hz at the edge of optical lattices loaded with 8 x 10% atoms, used in our experiments.

The expression (3.47) points out the fact that the effect of inhomogeneous dephasing
increases with the Rabi frequency applied on the atoms. We use the model for the load-
ing of the optical lattice presented earlier (see 2.3.3) to compute the spatial distribution
of the atoms with respect to the probe beam and simulate numerically the function P,.
The result of the simulation is presented in Fig. 3.11 along with the experimental data
for a Rabi flopping experiment at {2y = 27 x 1329 Hz. Although a very small decay of
the oscillations amplitude can be seen over 10 ms for the simulated curve, the damping
of the experimental oscillations is faster than expected for inhomogeneous dephasing
alone.

Q/(2m) = 1329 Hz
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Figure 3.11 — Rabi oscillations. The normalized measured population of atoms in the
|g) state (blue dots) for different Rabi pulse duration 7" are compared to the simulated
fraction of atoms in the ground state computed using the loading model for the optical
lattice presented in 2.3.3 (dashed red line).

3.4.2 Frequency fluctuation of the probe

Frequency fluctuations of the clock laser probing the atoms constitute another source
of damping. They are in general difficult to extract from Rabi oscillations where
inhomogeneity and frequency fluctuations of the probe both lead to damping. In a
first attempt to model this effect, it is possible to consider the case of a Gaussian white
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Chapter 3. Coherent driving of the clock transition

noise of parameter v. In the case where the laser frequency is resonant with the driven
transition (taking into account the light shift ), the dynamics of the system can be
described by the Optical Bloch Equation equation:

dp Q
which can be translated in the Bloch sphere picture similarly to (3.25) as:
du,
= —2vu, 3.49
% yu (3.49)
du
d_ty = —Qru, — 2yuy, (3.50)
du,

The solution of this system of ordinary differential equation gives us an expression for
the fraction of atoms in the |g) state at the end of a Rabi pulse of duration 7"

35 1, et lO2 _ A2 ye - lO2 _ A2
P,(T) = 5 + 5 cos O —~2T ) + m sin [ /Qf =121 ), (3.52)
2 _

assuming v < €.
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Figure 3.12 — Rabi oscillations in presence of a Gaussian white noise. The fraction of
atoms in the |g) state (blue dots) are fitted by the expression found in (3.52) (dashed
red line). The extracted values for Qp, and ~ are indicated above the graph.

The measured populations in the |g) state for different Rabi pulse durations are fitted
with this model in Fig. 3.12 | giving the estimate v = 27 x 21 4+ 1 Hz for the white
noise parameter y. The good agreement between the experiment and the model leads
us to consider the frequency fluctuations of a laser as a good "culprit" for the loss of
coherence that translates into a damping of the Rabi oscillations. However using the
Rabi experiment to characterize the probe noise may not be the best option, since the
different effects that play a role during the coherent driving (such as the inhomogeneous
effects) of the clock transition cannot be decoupled. Moreover the long duration of the
pulse makes it very sensitive at long time to any error on the pointed frequency for the
resonance.
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3.5. Noise characterization from time-domain Ramsey spectroscopy

3.5 Noise characterization from time-domain
Ramsey spectroscopy

In order to estimate the spectral width of the probe without dealing with the effect
of the inhomogeneous dephasing: the time-domain Ramsey spectroscopy experiments
involves illumination time of the atoms, inferior or equal to one Rabi period. Conse-
quently the effect of the inhomogeneous dephasing is negligible and the inhomogeneity
of the probe can be neglected for these experiments and all the spatially dependent
quantities can be set to their values at the center of the optical lattice. The Ramsey
spectroscopy experiments can be used to decouple the effects of the probe frequency
fluctuations from the inhomogeneous dephasing and estimate the spectral width of
probe.

For this purpose we can use the formal description of the Ramsey and Ramsey with
spin echo sequences developped earlier in 3.3.2 and 3.3.3, with the detuning ¢, of the
laser with respect to the probed atomic transition no longer assumed to be constant:
it can be decomposed between its average value 6y, set to verify dy = o, — dg = 0 and
a stochastic part ¢ as:

6p (t) =6 +&(1) with €=0. (3.53)

Here the overline € stands for the average over the realizations of the stochastic process
&. Taking this representation of the frequency fluctuations of the probe, we can re-
express the functions P, (Thoia,s) derived earlier.

3.5.1 Time domain Ramsey spectroscopy

In the case of the Ramsey spectroscopy without spin echo, taking into account the
frequency fluctuations of the probe changes the integral involved in the expression of
the propagator Uygq introduced in 3.3.2 which becomes:

i [Tz +Thowa
eXp | —= / ) (t) dt &Z = (SEThold + WR, (354)

2 Jry

2

with Wg the stochastic integral:

T +Thold Thold
WR—/2 ct)dt =~ /0 ¢(t) dt. (3.55)

Tg Thota>Tg

The probability to find an atom in |g) at the end of the sequence described above is
then equal to:

(3.56)

J ) —dpTholga — W/
P, (Thoia, ¢) = |{g|Ur (Thola, @) |g)|* = sin® (¢ 51 hold R) .

2

After averaging over different realizations of the random variable Wy, this gives:
— 1
Pg (Tholda gb) = I [1 — COS (qf) - 6EThold) e_XR(ThOId)} (357)
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with
e XR(Thold) — o—iWg (3.58)
—e2™&  for Whr gaussian random variable. (3.59)

The damping function xg can be expressed as a correlation function, by assuming that
the random variable Wg obeys gaussian statistics:

X (T) = 3 / / EMEM) it (3.60)

The autocorrelation function for the noise can be related to the spectral density of the
fluctuations Sg (w) thanks to the Wiener-Khinchine theorem, and yr can be rewritten

| Y& (T) = /Oood—““% () 4 gin? (%) = 72 /OOO 2—:55 (w) Fr (wT) . (3.61)

2 w?

The damping function is proportional to the sum of the components of the frequency
noise spectral density, filtered by a Tjoq dependent function Fg (wT'), represented in
Fig. 3.13, playing the role of a low-pass filter. For the particular case where the noise
is white, i.e. S¢ (w) =7, the damping function becomes: xgr (Thod) = %yThold.

To sum up, the Ramsey fringes obtained by scanning the dephasing ¢ in the interval
[0, 2] of the second pulse, at different fixed T}, ends up being a period of a sine
curve, whose phase at ¢ = 0 is equal to —dgT}oq and whose contrast decays with T}1q
as e Xr(Thola)  These fringes are fitted by the function:

Py (¢) = po + p1cos (¢) + pasin (@) (3.62)

2 2
from which the contrast C = —”;j(;rp?
Thoa is represented in Fig. 3.14.

is extracted. The evolution of the contrast with

3.5.2 Time domain Ramsey spectroscopy with spin echo

Similarly for the Ramsey spectroscopy with spin echo, taking into account the fre-
quency fluctuations of the probe changes the integral involved in the expression of the
propagators Uyggq introduced in 3.3.3 which become:

T%+Thold/2
/ 6 (t) dt = dpThola + W, (3.63)
Tr
T%2+T7r+Thold
/ § (t) dt = 0gThoa + W, (3.64)

Tg +Tr +’Thold/2

with Wgsg, and Wgg, the stochastic integrals:

T% +Thold/2 T‘hold/2
Wsg, = t) dt ~ t) dt 3.65
e A CE P B0 (3.65)
2
T% +Tr+Thold Thold
Wse, = / E)dt =~ / £(t) dt (3.66)
Tg +Tx +Thold/2 ,ThOld>>T% jﬂhold/2

73



3.5. Noise characterization from time-domain Ramsey spectroscopy

The probability to find an atom in |g) at the end of the sequence described above is
equal to:

Py (i, 6) = ol0ss Tz )19} = 5 |1+ cos (9= 22 | (3

After averaging over different realizations of the random variable Wy, this gives:

— 1
Py (Thaa, ¢) = 7 [1+ cos (¢) e7xselh)] (3.68)
with
e XsE(Thold) — o—iWsp 3.69)
— ¢ 2" for Wyp gaussian random variable. (3.70)

The stochastic integral Wgg is defined by:

Wsg = Wsg, — Wsg, (3.71)

The damping function ysg can be expressed a correlation function, modulated by a
function equal to 1 in the first half hold time, and equal to -1 in the second. The
autocorrelation function for the noise can be related to the spectral density of the
fluctuations Se (w) thanks to the Wiener-Khinchine theorem, and xg can be rewritten
as:

o0 T o0
XSE = / dw S (w)16 sin? <w_> = T2/ d_wsg (w) Fesg (WT) (3.72)
0 2 0o 2m

2 w?

Similarly to the Ramsey case, the damping function is proportional to the sum of
the components of the frequency noise spectral density, filtered by a Ti,q dependent
function Fsg (wT'), represented in Fig. 3.13. However, for the spin echo case, the filter
function is a pass band, cutting off the low frequency components of the laser noise.
For the particular case where the noise is white, i.e. S¢ (w) = 7, the damping function
becomes: Xsg (Thola) = 5T hold-

The Ramsey fringes obtained with the Ramsey with spin echo sequence, scanning the
dephasing of the last pulse ¢ in the interval [0, 27| ends up being a period of a sine
curve, without a phase at the origin and whose contrast decays with Tj.q as e XsE(Thola)
Similarly to the Ramsey case, these fringes are fittes by the function in (3.62) and the
evolution of the contrast with Tj.q is represented in Fig. 3.14. Here we notice that
the decay of the contrast is slower in presence of a spin echo pulse.

74



Chapter 3. Coherent driving of the clock transition

101 et oo~ Tt
10~4
[4\

-7

10 — JFRr Ramsey
=== JFsg Spin echo
1071
0 27 4 6
wT

Figure 3.13 — Functions filtering the noise spectral density involved in the computation
of the decay of the contrast of the observed fringes for Ramsey and Ramsey with spin
echo experiments. In the spin echo case, Fgsg filters out the low frequency component
and cancel the noise of frequency 0, i.e. any static effect.

3.5.3 A simple model for the laser noise

The results on the evolution of the contrast of the fringes at the end of Ramsey with
and without spin echo experiments, represented in Fig. 3.14, can be used to propose a
model for the statistics of the laser frequency noise, and from there, infer the spectral
width of our laser.

The strong difference observed between the timescale for the decays of the Ramsey
and Ramsey with spin-echo fringes discard the Gaussian white noise as a candidate to
model the probe noise: indeed for a Gaussian white noise (i.e. S, (w) = vy = constant)
the decay function of the contrast for both protocol would be identical,

1

xr (1) = xse (1) = T (3.73)

since the correlation function for this noise is a Dirac distribution. Moreover the white
noise presents the additional drawback to be a non-stationary process, which means
that standard deviation of the laser frequency from its mean value would keeps on
increasing over time, while we expect its fluctuations to stay close to the expected
value.

In order to take into account the previous remarks, we propose to model the noise with
a pink noise generated by a Ornstein-Uhlenbeck process: this stationary Gauss-Markov
process is therefore defined by its mean and covariance,

(t)=0 (3.74)
2 ) o
EDEE) = gge ) (Hmne) —1), (375)
from which we extract the expression for the spectral density of noise:
2
o
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3.5. Noise characterization from time-domain Ramsey spectroscopy

This Lorentzian form for the spectral density of noise is consistent with the observation
on some other clock laser locked on a ULE cavity setup (e.g. Westergaard 2010). This
expression for S, (w) can be used to compute the damping functions for the fringes
contrast for Ramsey and Ramsey with spin echo experiments.

2 22
o _8T o7
e (T) = 2 (BT +e 1) T, (3.77)
o? BT o1
= — - — _ﬁT — =~
xsk (T) R (BT +4e" 2 —e 3) oY (3.78)

The decays of the contrast for the fringes for Ramsey with and without spin echo
are fitted with these functions are fitted with the functions in order to extract the
parameter of the noise:

B=3+06s" (3.79)
o = 1400 + 1005 %>, (3.80)
10 E=~s — |
B
\ N ——= o~ xse(T)
081 é © § § § Ramsey
\\ ®  Spin Echo
7061 \% |
=
= \
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Figure 3.14 — Experimentally measured contrast of the fringes for Ramsey (blue
diamonds) and Ramsey with spin echo (red dots) experiments. These dashed lines
of the same color are the decay function, introduced in (3.77), whose parameter have
been found by fitting the experimental points. The observed disagreement at long
times for both protocol may be caused by the difficulty to fit Ramsey fringes when
their contrast become very small. The last two points of each data set has not been
taken into account to fit the parameters of the colored noise model used: it comes from
the fact that contrast for long Ti,q times, when the contrast of the Ramsey fringes
start to vanish, is hard to fit and is very sensitive to the presence of any outlier point.
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From these values it is possible to extract the characteristic decay times for both
protocol:

24

TSE = A — ~ 23ms (3.81)
4

TR = U—g ~ 2.4ms (3.82)

3.6 Conclusion

At the end of this section, we have characterized the different systemic effect that
could alter the result of any further experiment involving the coherent driving of the
clock transition of individual atoms trapped on the sites of the optical lattice. We have
seen that the dephasing due to the inhomogeneity induced by the probe is negligible
at for small atoms number and that pointed out the laser frequency fluctuations as the
main effect responsible for the lose of coherence during the driving of the transition,
which translates into a damping of the Rabi and Ramsey fringes. In order to enhance
the lifetime of the coherence, we performed Ramsey with spin echo experiments, that
allows us to filter out the contribution of the low frequency component of the frequency
noise as well as all the static detuning effects. Consequently, in our further study of
interacting atoms in a 1D optical lattice, we will use this protocol in order to get rid
of all these undesired effects.
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CHAPTER 4

Ramsey spectroscopy in 1D optical lattices

Optical lattice clocks (Ludlow et al. 2015) are a very interesting and promising
platform to study topological states and spin-orbit coupling (SOC) physics and more
generally to simulate condensed matter systems (Dalibard et al. 2011). Experiments
performed on neutral alkali atoms, using optical Raman transitions to couple their
internal states have allowed to investigate these effects in the regime where inter-
particle interactions do not play a significant role. This kind of experiments has been
realized for the first time with ultracold 8’Rb atoms by Lin et al. 2011, and later with
0K (Wang et al. 2012) and Li (Cheuk et al. 2012) atoms. However the spontaneous
emission and the resulting heating have been limiting factors for the study of many-
body physics (Wang et al. 2012; Cheuk et al. 2012). The use of shaken optical lattice is
an alternative way to implement spin-orbit coupling effects with alkali atoms (Struck
et al. 2012; Aidelsburger et al. 2013; Miyake et al. 2013; Jotzu et al. 2014), but these
experiments (except the one presented in Jotzu et al. 2014) also suffer from heating
issues, related to the external periodic driving of the lattice, that prevent to consider
interacting systems. The introduction of alkaline-earth and alkaline-earth like (AEL)
atoms (such as ytterbium) in the past years, whose internal structure presents long-
lived excited metastable states which can be directly coupled with the ground state by
a single laser light, has allowed to overcome these detrimental effects. The transition
between these two states, forming an effective spin 1/2 manifold (Wall et al. 2016),
can be coherently driven by a clock laser to enable spin-orbit coupling without dealing
with spontaneous emission related heating, putting the study of many-body interacting
systems within reach. Examples of experiments taking advantage of the existence of
a clock transition in lanthanide atoms can be found in Livi et al. 2016 and Kolkowitz
et al. 2017. One must also mention that pure magnetic methods to implement the
spin-orbit coupling without Raman coupling (and thus without their inherent heating)
have been proposed (Anderson et al. 2013; Xu et al. 2013).

In the work presented here the emphasis has been laid on the study of 1D optical
lattices filled with strongly interacting bosonic '"Yb atoms, with an initial average
filling close to m = 1, driven on the 'Sy +— 3Py clock transition. In this chapter
we firstly see how such system, described by the two component Bose-Hubbard model
with coupling light field can be mapped, in the strongly interacting regime, to a doped
Heisenberg model.
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Then we show how it is possible to take advantage to the site dependent phase im-
printed by the clock laser during the driving of the transition to probe the dynamics
of the bosons in presence of a non unitary filling, that can be interpreted using the
classical picture by the presence of "holes" in the lattice: this is implemented by
time-domain Ramsey spectroscopy with spin echo. Finally we propose an approximate
model involving hard-core bosons (HCB) to perform numerical simulations and have
some quantitative insight on the average filling in the system.

4.1 Ramsey spectroscopy in 1D optical lattices

4.1.1 Coupled two-components bosons in a 1D optical lattice

We introduce briefly some theoretical elements that may be useful for further dis-
cussions on the experiments.

Two-component bosons in a unidimentional optical lattice

In the rest of this chapter the system under study is an orthogonal optical lattice
at magic wavelength initially loaded with a BEC made of a small enough number
of 1™YD atoms (Natoms < 8 X 103) to prevent the formation of any doubly occupied
site, according to the loading model introduced in 2.3.3. The lattice depths in the
vertical and in the y horizontal directions are chosen deep enough (V, ., = {25, 27} ER)
to prevent any tunneling on a timescale of a few seconds, while the lattlce depth V,
on the z horizontal direction is shallower, but still in the range of validity for the
Bose-Hubbard model, and taken as a parameter for the experiments. Consequently
this system can be pictured as a collection of 1D independent optical lattices, with
depth V. € [8, 25] Eg and filled with bosons with two relevant internal states, that are
mapped on pseudo-spins by denoting {|), |1)} the states that correspond respectively

to {lg), le)}-

Under the single band approrimation, i.e. if only the lowest Bloch band of the optical
lattice is populated, the dynamics of the system can be described by the two component
Bose-Hubbard Hamiltonian (Jaksch et al. 1998) in 1D:

HBH =—J Z (az saH—l s + az-l—l s zs) +Z ssﬁl s n%S - 1) +U’N Zﬁi,Tﬁi,J,- (41)
se(ti} '

Here a; , is the annihilation operator for a boson with internal state s in the lattice site
labeled by ¢ and n; ; = aIsal  the associated number operator. The U,y are the on-site
interaction energies, resultlng of the s wave two-body collisions between one atom in
state s and another in state s’. The tunneling constant J along the x direction does
not depend on the internal state of the atoms, since the optical lattice is set at a magic

wavelength.

In the strongly interacting regime, i.e. J < Us¢ Vs, ' € {|}), |T)}, a 1D Mott insulator
at unit filling can be mapped to the ferromagnetic Heisenberg model (Duan et al. 2003;
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Kuklov et al. 2003; Altman et al. 2003),

HHeis. - _Jzzgfgjz - JLZ (gfgf + ‘gzy‘§3y> ) (42)
(4,5) (4,9

introducing the pseudo-spin operators S; whose components are defined by,

~ 1 ~ ~ N 1 N . . 1
r __ + — . + — z A"' A~ /\‘i' A~
Si = 5 (Si +5; ) , Sy = 5 <Si -5, ) , S = 5 <CLZ<7TCLZ.7T — ai’iaw> , (4.3)
with A )
Sh=alya;,, S =af (4.4)

The operators defined above obey the angular momentum commutation rules and com-
mute if they are associated with different lattice sites. In addition, here (i, j) stands
for the sum on nearest neighbors. Finally the following constants has been introduced,

4.J?
and J, = . (4.5)
) Ueg

1 1 1
J, = 4J? (— +
Ugg Uee Ueg

In practice, for '™Yb atoms, the values for the on-site interaction energies are very
close one to another Uy, ~ U.y = U, (see Chap. 5) and therefore to their average U.
From this observation it is possible to reduce the two constants previously introduced
to one,

4.J?
JZ%J %JeX:T. 4.6
L i (4.6)

Jex is called the superezchange coupling constant. Its associated Hamiltonian (4.2)
renders the mechanism involving spin exchange between neighboring bosons mediated
wia a virtual state outside of the low energy subspace considered after the perturbation
expansion.

If the unit filling assumption allows to map the Bose-Hubbard model on the ferromag-
netic Heisenberg model, the experimental implementation of the 1D optical lattice in
the strongly interacting regime often comes with the formation of mobile hole-defects,
corresponding to empty sites in the localized picture. Their dynamics is thus taken into
account by adding a doping Hamiltonian to the ferromagnetic Heisenberg one, leading
to the effective Hamiltonian (Essler et al. 2005; Hild et al. 2014),

Heﬁ = HHeis. + ]:Id (47)
Hy=-J Y  ala (4.8)
(i)
seff )
e .
S [afnf js gkt al Sty o+ 200 jas,k]
(7o)
se{ti}

where (7, j, k) stands for the sum over nearest neighbor pairs 7, j and j, k with i # k
and s flips the internal state s. In Hy two kinds of dynamics are involved: the first term
o« J corresponds to the usual tunneling of the bosons to neighboring "empty" sites,
without any spin flipping, while the second term o J., renders interaction-mediated
tunneling mechanisms involving spin exchange between neighboring bosons.
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4.1. Ramsey spectroscopy in 1D optical lattices

Field coupling for two-component bosons in an optical lattice

The two-component Bose-Hubbard developed in the previous section describes the
dynamics in absence of coupling light. However the preparation and the analysis of
the system is made by driving the atoms on their clock transition. The coupling
laser send on the atoms to drive their clock transition transfers them momentum too.
The component of the momentum transferred along the deep direction is suppressed
by the lattice potential. Consequently, in order to complete the description of the
system under study, we remind from Sec. 3.2 the expression of the Hamiltonian for the
electric-dipole coupling induced by the near resonant monochromatic electric field of
the probe on the atoms in the optical lattice. This Hamiltonian, in the Rotating Wave
approximation (RWA), can be re-expressed in terms of pseudo-spin operators (4.3) as,

Hap = Vi + H; (4.9)
~ hQ AL N
Vi (¢) = il [S;rel(mw) + Szfe*l(mfab) (4.10)
sites ¢
Hy = —h (6 —0r) Y 57 (4.11)

sitest

Here 1; = Kcoek.r; = jn is the local phase imprinted by the recoil induced by the
absorption of a laser photon at site 7, introducing the constant n = krd cosf, where
6 is the angle formed by the laser beam propagation direction with the x axis of the
lattice, in the horizontal plane and d = A1,/2 the lattice spacing. Hj is the detuning
term introduced in 3.2.1, with dg the differential light shift introduced in 2.1.1 and dy,
the detuning between the laser angular frequency wy, and the angular frequency of the
driven transition.

By analogy to the individual lattice case studied in Chap. 3.2, it is possible to show
that the expression for the propagator associated with the light coupling term V7, at
resonance oy = 01, — g = 0 writes:

~ —i VLrE¢) ¢

U(t,¢)=e

Q - Q , A . .
= ® [cos (TLt) 1 —isin (TLLL) <e1(’7i_d’)5i'Ir + e_‘(m_‘z’)Si_)} . (412)

sites

In an extended Bloch sphere picture applied on each lattice site, this operator rotates
the vector representing the state of the "atom on site " around a vector v; in the z —y
plane. From one site to another the vector is rotated by an angle n; = j.n (see Fig.
4.2). Consequently this propagator will imprint a phase gradient in the 1D optical
lattice, that will result in the formation of a "spin helix" over the lattice sites, in the
Bloch sphere picture.

In the following, we will focus on two particular cases:
° Ug for pulses of area QLTg =3,
A~ 1 o . N . ~
U= _ il []1 —i (el(mfﬁb)szr + efl(mﬂzﬁ)si*)} ) 4.13
= (¢) ® 7 (4.13)
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° Uﬁ for pulses of area QT = m,

U, (9) = ® [—i (ei(m*@S‘j + e—i(mf@g;

7

N——

} . (4.14)

Y
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Figure 4.1 — Scheme of "the helix" imprinted on the internal state of the atoms by the
coupling laser, for different angle. Here the internal state of the atoms is represented
by a Bloch vector (red arrows) in the equatorial plane of the Bloch sphere of each
atoms. The spin helix is represented for different values of the angle 6 formed by the
laser with the direction of the lattice, oriented along the = axis here.

4.1.2 Time domain Ramsey spectroscopy of 1D optical lattice

The framework introduced or reminded in the previous section allows to describe
the dynamics of strongly interacting two-levels bosons evolving in an unidimensional
lattice, whose internal states are coupled by a resonant monochromatic light field.
More particularly we have seen that the coherent driving of such system in a regime
where the average filling 7 < 1 imprint a site depend phase on the internal state of the
atoms, that translates into a spin helix in the Bloch sphere picture generalized to an
unidimensional ensemble of atoms. In the rest of this chapter we will see how we can
take use this imprinted phase as a way to labels atoms and monitor their dynamics, in

order to probe the dynamics taking place in our quasi-unidimensional optical lattice
filled with '™YDb atoms.

In order to probe the dynamics of the strongly interacting bosons in the 1D optical
lattice at short timescales (on the order of h/.J), the Ramsey with spin echo sequence
described earlier (see 3.3.3) and schematized in Fig. 4.2 is performed on the system
for different lattice depths.

e Initially all the atoms in the 1D optical lattice are assumed to be in the ground

state:
W)= Q) 1) (4.15)

occupied
sites j
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4.1. Ramsey spectroscopy in 1D optical lattices

The first 5 of the clock laser transfers the atoms in a coherent superposition of
the |1) and |]) states with a local phase n; = jn:

=05 = @ 5 (b —ie 1)), (4.16)

occupied
sites j

e The atoms evolve "freely", i.e. in absence of coupling light, for a duration T},01q/2.

e A 7 pulse is applied on the system, that reverse the spins of the atoms according
to a site dependent axis.

e The atoms evolve "freely" again for a duration Tjeq/2.

e Finally the second 7 pulse with variable phase ¢ close the internal-state inter-
ferometer that constitutes the whole Ramsey sequence. In particular for ¢ = 0,
this final pulse remaps the spin helix to the |]) state all over the lattice.

In absence of tunneling the imprinted site-dependent phase 7n; on the internal state
of the atoms would be irrelevant and the behaviour of the atoms would be the one
described in Chap. 3 for individual ones. In the experiments presented in this chapter
we study the evolution of contrast of the Ramsey fringes in order to probe the evolution
of the spin helix built over the 1D optical lattice by the first 7 pulse during the free
evolution time. The 7 echo pulse is used similarly to Bromley et al. 2018 to filter out
the detrimental dephasing effect pointed out in the previous Chap. 3 (as well as the
static dephasing caused by the light-induced shift of the transition frequency ).

In the following we assume that the evolution of the system during the light pulses is
fully determined by Vi, alone irrespective of Heg. For our system of strongly-interacting
bosons evolving in a 1D lattice, this assumption requires that g, > J, to neglect the
motion of atoms at the timescale of the pulses. During the free evolution times, the

dynamics of the bosons is driven by H.g, that involves the two mechanisms discussed
in 4.1.1.

e The superexchange: From the results of similar experiments presented in Hild
et al. 2014, Bardon et al. 2014 and Jepsen et al. 2020, we expect that the su-
perexchange mechanism, responsible for spin transport in the Heisenberg model
picture, will progressively destroy the spiral pattern imprinted on the optical
lattice, with a characteristic time that scales with A/ Je.

e The tunneling: In the presence of holes, the bosons in the optical lattice will be
able to tunnel to new location where their initial imprinted phase will a priori
no longer match the phase of the local rotation operator. Consequently we ex-
pect that the tunneling will prevent the Ramsey interferometer to close properly,
because of the displacement of the atoms between the pulses, resulting in a de-
cay of the contrast of the Ramsey fringes, on a characteristic time scaling with
h/J. The tunnel-induced decay of the Ramsey fringes contrast will also presum-
ably depends on the number of holes in the lattice, i.e. its initial average filling

A

n = (n).
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Chapter 4. Ramsey spectroscopy in 1D optical lattices

Figure 4.2 — Scheme of the Ramsey with spin echo sequence used to probe the dy-
namics in the 1D optical lattice: (a) The atoms in the optical lattice are initially in
the ground state. In the classical picture some lattice sites are empty. (b) the first
5 build the spin helix: it transfers the atoms in a superposition of the two internal
states, of the form ) i (|¢> i+ eij"]T)), up to a global phase factor. Here the product is
made on the occupied lattice sites. (c) the system evolves in absence of coupling light.
(d) The 7 pulse reverse the vector representing the internal state of the atom on each
site according to the local rotation axis. (e) The system evolves again in absence of
coupling light. (f) The second 7 pulse remaps the spin helix on the |]) state, up to
eventual dephasing due to the displacement of atoms during the free-evolution times.
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4.1. Ramsey spectroscopy in 1D optical lattices

In the experiments detailed in this section we consider an observable, the contrast of
the Ramsey fringes, that results from the contribution of all the sites of the optical
lattice, whereas the experiments presented in Hild et al. 2014 use correlations over a
short range in the lattice to monitor its evolution and are consequently more suitable
to observe the superexchange dynamics.

To sum up the state of the system at the end of the sequence can be expressed in terms
of evolution operators as:

W s) = Uz (¢) UnoaUx (0) UnoraU (0) [Wo). (4.17)

Here Uhold is the evolution operator obtained by the integration of the Schrodinger
equation for the Hamiltonian Hy on a duration Tyeq/2, corresponding to the evolution
of the hard-core bosons on the optical lattice between the light pulses.

The Ramsey fringes are experimentally measured for different Ty,4 and for different
lattice depths and a contrast C is extracted from these data with the same methods
introduced in Sec. 3.3.2. The evolution of this quantity with T}q for different lattice
depth is represented in Figs. 4.3 and 4.4 for an angle of the coupling laser with respect
to the shallow lattice axis of # = 0 and 7 respectively. In these figures, the evolution of
the contrast is also represented with T},,q rescaled with the characteristic time scales
h/J and i/ Je involved in the Hamiltonian (4.7), associated with the tunneling and the
superexchange dynamics, respectively. In both cases the rescaling by A/ Je shows that
the dynamics measured here is faster than the characteristic time associated with the
superexchange dynamics. Moreover for lower lattice depths, between 8 Er and 13 ER,
all the points seem to collapse on the same decaying curve, when the time is rescaled
by the tunneling time i/J. This observation is consistent with a description of the
evolution of the system dominated by the dynamics of the holes in the optical lattice,
given by the tunneling terms o< J in the Hamiltonian H.s. We can also remark from
the experimentally measured contrast evolutions for the deep lattices V, = V,, = 26 Eg,
represented in Fig. 4.5, that for these lattice depths the decay rate does not seems to
depend on the angle that from the coupling laser with the lattice arms. It strengthen
the hypothesis that the momentum transferred by the laser in the deep direction of the
lattice does not play a role in the Ramsey fringes contrast decay.
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Figure 4.3 — Evolution of the contrast for different lattice depths ranging from 8 Er
to 26 Eg for an angle § = 0 (a) between the coupling laser beam and the horizontal
axes of the optical lattice. The same data are represented as functions of JTjuq/h in
(b) and of J*Tye14/ (AU) = JoxThoa/R in (c). This points out that the evolution of the
systems is faster that the dynamics involving superexchange mechanism. The rescaling
of time by the tunneling time made data for low lattice depths (V5 € [8, 13] ER) to
collapse on a single curve, which is consistent with the tunneling as the main effect
responsible for the damping of the Ramsey fringes contrast.
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Figure 4.4 — Evolution of the contrast for different lattice depth ranging from 8 Er
to 26 Iy for an angle § = 7 (a) between the coupling laser beam and the horizontal
axes of the optical lattice. The same data are represented as functions of JTjeq/h in
(b) and of J*Tye14/ (AU) = JoxThoa/R in (c). This points out that the evolution of the
systems is faster that the dynamics involving superexchange mechanism. The rescaling
of time by the tunneling time made data for low lattice depths (V5 € [8, 11] ER) to
collapse on a single curve, which is consistent with the tunneling as the main effect
responsible for the damping of the Ramsey fringes contrast.
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Figure 4.5 — Evolution of the Ramsey fringes contrast measured in a deep lattice
Vi, =V, = 26 ER, for an angle of the coupling laser with respect to the axes of the

lattice 6 = 0 (black circles) and ¢ = 7 (red squares).

In absence of an exact analytically solvable model for the dynamics of the systems,
we choose empirically to fit the evolution of the contrast for these lattice depths Vj €
8, 26] Er with the empirical function

C (Thold) — o XxsE(Thotd) g =(VThota)® (418)

with a and a characteristic decay time + left as fit parameters. The prefactor e =Xse(Thoua)
in front of the stretched exponential fit function aims to decouple the part of the decay
of the Ramsey fringes due to the frequency fluctuations of the coupling laser, studied
earlier in Chap. 3, from the part related to the tunneling dynamics in the 1D optical
lattice. Here xgsg is the function introduced in 3.5.3, with its two parameters {o, 8}
fixed at the values measured in 3.5.3. An example of such fit is represented in Fig. 4.6.

10 B D-... § 8 ER |
o
"Q

0.8+ i
3 Q‘.
Z 0.6 R} _
— .
g
S) ‘Q
O 04F .

o
0.2 I 1
...... ,Q.-...
00 C 1 1 1 1 1 .? .......... ? ]
0 2 4 6 8 10 12
Thola [ms]

Figure 4.6 — Evolution of the contrast of the Ramsey fringes over time for 1D optical
lattice with lattice depth 8 Fr and angle § = § (hollow black dots). The evolution of
the contrast is fitted with the function (4.18) (dotted line).
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Figure 4.7 — Extracted fit parameters from the Ramsey contrast decay, using (4.18)
as fit function for different lattice depths. The experiments are performed with the
coupling laser in the horizontal plane forming an angle 6 = 0 (blue squares) and 6 = 7
(red dots) with the shallow axis of the optical lattice. Left: Fitted decay rates . Right:
fitted exponent . We observe that for lattice depths below 15 Eg, the decay rate of
the contrast seems to scale linearly with J/h. The blue shaded area corresponds to the

lattice depths superior to 15 ER.

The extracted decay rates v and exponents « are represented in Fig. 4.7. For the lower
lattice depths, i.e. for Vy € [8, 13] Er, we observe an apparent linear dependence of
the decay rate v with the tunneling rate J/h, which is consistent with our hypothesis of
considering the tunneling as the main cause for decay of the Ramsey fringes for these
lattice depths.

To sum up, the results of our Ramsey experiments performed on an ensemble of bosons
trapped in an unidimensional optical lattice, gathered in Figs. 4.3 and 4.4, point
toward the tunneling as the relevant mechanism to explain the decay of the contrast
of the Ramsey fringes with respect to Tyoq. However the qualitative approach used in
this section, based on a rescaling of Tj,q by the tunneling time £/J, fails to give us
quantitative information on the system. The integration of the Schrodinger equation
for the system under study do not lead to any simple analytic solution. In order
to access more quantitative results for the experimentally measured Ramsey fringes
contrasts, we will have to use numerical simulations, whose details are precised in the
next section.

4.2 Simulation of the Ramsey sequence for the
hard-core bosons.
In this section we present the method and the assumptions made to perform nu-

merical simulations of the dynamics of the system during the Ramsey with spin-echo
sequence in order to compare it to the experimental data.
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4.2.1 Description of the system

The results presented in Sec. 4.1.2 points out the tunneling, made possible by the
presence of holes in the optical lattice, as the main mechanism responsible for the
decay of the Ramsey fringes. Since the decay of the Ramsey fringes takes place on a
timescale much shorter than h/Jo (see Figs. 4.4 and 4.3. ), we will in the following
do an extra approximation to describe the dynamics of our system between the laser
pulses by taking {Uy,/J, Uey/J, Uee/J} — 00, that will led us to consider the dynamics
of hard-core bosons. Under these assumptions, the effective Hamiltonian, in absence of
coupling light, reduces to

Hep ~ Hycp = —J Z Bj,séj,s + Hs, (4.19)
(i,7)
se{t}
with Bj the hard-core bosons annihilation operators on site j. This approximation is
relevant since J < Uy, Ugy, Uee (see. Sec. 1.2.1 Fig. 1.5).

This assumption is coupled with the one made in Sec. 4.1.2 that states that the
dynamics is successively driven by the Hamiltonians Vi, and ﬁHCB, depending on the
presence or the absence of the coupling light. While Vi only changes the internal
states of the atoms with a spatial dependence, the Hamiltonian Hycn only acts on
their external degree of freedom, up to a global lattice-site-independent phase acquired
on their internal degree of freedom, due to the light shift. Consequently, in order to
simulate the dynamics of p hard-core bosons evolving in a lattice with n sites by exact
diagonalization of the Hamiltonian, it is convenient to span its Hilbert space by a basis
that allows to decouple easily the internal and the motional states of the p bosons. We
introduce the basis defined by

im0y = Q) a , |0). (4.20)
{l1,.-.lp}, 0

of D = 2P x C? basis states for the Hilbert space. Here:

e The m ~ {iy,...,4,} are the C? possible set of p sites, among the n possible,
occupied by the bosons, i.e. the spatial distribution of the bosons among the
sites of the lattice.

e The o are the set of the 2P internal states configuration of the p bosons. Given
a spin configuration o, @ is the configuration with each respective internal state
in the opposite state. We denote [o] , the state of the p' component of the spin
configuration o, taken as a p-tuple.

In oder to conduct more easily the simulations, the following additional reasonable
assumptions are made:

e At the timescale of the experiment, there are no losses.

e All the inhomogeneous effects, probe or lattice related, are neglected.
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4.2. Simulation of the Ramsey sequence for the hard-core bosons.

e The frequency fluctuations of the laser are neglected.

Moreover in order to ease the simulation, we use the approximation 1 = TAL/Adock =
47 /3 in the configuration where 6 = 0 and use periodic boundary conditions for the
lattice.

The system shall be described by a D = 2P x C? dimensional Hilbert space, but one
may notice that it is impossible for the hard core bosons to reorder the internal state
sequence |o). The kinetic Hamiltonian Hy (corresponding to the terms o J in Heg)
can be represented by a d-dimensional hermitian matrix, diagonal by block, with 27
identical blocks of dimension C?, denoted hi. Indeed the tunneling does not depend on
the internal state of the atoms. Consequently to compute the evolution of the system
during the interval of time where the coupling laser is switched off, it is sufficient to
diagonalize the CP-dimensional Hamiltonian hi.

4.2.2 FEvolution operators in the new basis

Before going into the details of the Ramsey with spin echo sequence for the system,
the evolution operators introduced in (4.13) and (4.14) are expressed on the |m, o)
basis.

5 pulse:

J 1 1 m i —to —
Uz |mo, 00) = NoT Z@;Z?Amo; o) with ag°, = H (—ie [0, (m ¢>)) '
7 1e{19,...19
[o0], =[],

(4.21)

Here (o), is equal to +1 (resp. —1) when the spin state of the p atom in the spin
configuration |o) is [1), (resp. |}),). The condition [o0], = [7], means that the product
runs over components of the spin configuration o that has been "flipped" with respect
to the initial spin configuration oy.

7 pulse:
Urlmo, 00) = Ym0 |0, T0)  With  Ymg. o0 = (—1)7 H e ilool,m (4.22)
1€{9,....19}

Evolution between the pulses: The evolution in the time interval between pulses of

coupling light is driven by the Hamitonian H, whose expression in the new basis is :

Hy=—JY Y |m,o)m' of —hog Y _S. (4.23)
(m,m/) !

g

92



Chapter 4. Ramsey spectroscopy in 1D optical lattices

The two terms of the Hamitonian commute and we can write the associated propagator
as:

Unotd (Thota) |0, 00) = f (Thold, 00) Zﬁmo,m (Thola) |m, o) (4.24)

Here the ,,, m are the coefficients found by integrating the Schédinger equation for
the Hamiltonian Hj in absence of static dephasing. The latter effect is rendered by the
factor

[ (Thowas 00) = 1_[ei(go)PéET}“’ld/4 (4.25)
p

From the expression of f (Thoa, 00) in (4.25), it comes

Vo, T, f(T,0).f(T,5) =1 (4.26)

Remark: If laser frequency fluctuations would have been taken into account in our
model, the product f (T, o).f (T, &) would have been the damping factor of the Ram-
sey with spin echo fringes e *E gstudied in the previous chapter in Sec. 3.3.3. Since
the experiments are performed in a regime where the effect of the laser noise does not
dominate, the corrections made by the factor e ™*sE at the considered timescales are
small and for the sake of simplicity, this coefficient is kept equal to 1 in our simulations.

We consider U K = Uholdffﬂ (0) Uhold the evolution operator rendering the evolution of

the system between the two 7 pulses. This operator acts on the basis states as:

UK|m07 UO> = Z ﬁmo,mfwnl ,Uoﬁml,mzf (Tholda 00) f (Tholda U_O) |m27 U_0> (427)

mi, ms
= Z Bmo,m17m1 ,aoﬁml,m2|m27 U_O> (428)
mi,ma
= Z ~g~?0,m2‘m27 o) with B’I‘?r-loo,mg = Zﬂmo,m17m1 ooBmi,mg  (4.29)
ma mi

4.2.3 Ramsey with spin echo sequence

Initial state

We assume that the initial state of the system corresponds to a situation where the
hard-core bosons all the ||) state and localized in p sites among the n of the lattice.
In the new basis, it corresponds to one of the C? states of the form,

o) = ) w0 = [mo, b1, ... L) (4.30)

le{l?,...,lg}Nmo

Here the [; are p ordered positive integers taken strictly smaller than n, which are the
indexes of the sites where the p bosons can be found.
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First 7 pulse

A first § pulse is applied to the system, leading to the state:

1) = Uz (0) [tho) = fz ane |mo, o). (4.31)

Here |op) is the spin configuration where the internal state of each atom is in the ||)
state.

Free evolution with the echo rephasing

The coupling light field is switched off and the atoms are let evolve during a hold time
interspersed with a 7 pulse, performing the echo.

|92 (Thoa)) = Uk [t1) = \/—Z oo, UZ@% mas (Thola) [m, @) (4.32)

Final 7 pulse and populations measurements

At the end of the Ramsey with spin echo sequence, the populations of atoms in the
ground state |}) are measured. In absence of atomic losses, measuring the fractions of
atoms in [1) or ||} is equivalent to compute the average for the observable :

1 o -
:—§ Sz (4.33)
p =1

for the state
Us (6) |2 (Tho). (4.34)

This average can be rewritten as an average for the state |13 (Thoa)) at the end of the
hold time by introducing the effective ¢-dependent observable:

8- (9) = Ux (9) 5:Uz (9) (4:35)
1< NI
:2_191:1[ i (Sreltn=o) = g} | (4.36)

and the fraction of atoms in the ground state is given by,

P (Thoas 6) = 5 = (2 (ToalS: (6) 102 (Th) (487
- 2ip (s (Toa) [S7 ™ [0 (Thoa))e ™ ~he ] (438)
= 2 [(8: ) cos (6) + (8. (m/2) sin (9)]. (4.39)

We conclude that P (Tha, ¢) is a sine function of the phase ¢ of period 27, from which
it is thus possible to extract a contrast C (Thelq)-
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Simulations with N, = 12

The results of the simulations conducted for Nies = 12 (Ngites has to be a multiple
of 3) and n = %’r for different average fillings are represented in Fig. 4.8. The total
rephasing by the spin echo expected for the single particle case is observed and the
fringe contrast damping seems to be maximal around half filling. In order to have
some insight on the presence of finite size effect in our simulations, we compare in the
lower pane of Fig. 4.8 the evolution of the contrast half decay time T}/, with respect
to the number of sites Nges € {6, 9, 12} considered in our simulations, for different
initial fillings.

The results of the numerical simulations are compared to the experimental data in
Fig. 4.9. A relative good agreement between the measured contrast and the model
for filling around n = 0.5 is observed. In order to get more quantitative information
on the average filling, we represent in Fig. 4.10 the time T}/, at which the contrast
reach 0.5 for simulations performed with Ng;.s = 12 lattice sites. From the results of
the fitting procedures realized in Fig. 4.7, we also extract the quantities 77/, for the
experimental data as a function of the tunneling rate J/h. The time at half decay are
computed from the fit function, deprived from the prefactor taking into account the
decay of the contrast related to the laser noise. We then perform a linear regression
on these quantities to extract a global T}/, in units of /J and we compare it to the
simulated values in order to determine an estimate of the average filling of the probed
lattices. (see Fig. 4.10). If we assume that the laser frequency fluctuations and the
tunneling are the only mechanisms responsible for the decay of the Ramsey fringes, we
conclude that the average initial filling is equal to m = 0.5 4+ 0.2. However we have to
remark that contribution of any effect, not taken into account in our model, will be
reported to the ones taken into account, and results in a overestimation of the decay
rate. Consequently the value found for the filling may be underestimated.

1.0 K
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Contrast

04r
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Figure 4.9 — Comparison between the measured contrasts at low lattice depths and
the simulated evolution of the contrast for different number of particles in the lattice,
corresponding to different initial average fillings.
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4.2. Simulation of the Ramsey sequence for the hard-core bosons.
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Figure 4.8 — Simulations of the evolution of the contrast C. (a) The results of sim-
ulations performed for Ngies = 12 for different numbers of particles p in the lattice,
corresponding to different initial average fillings 7. (b) From the simulations realized
for different Ngies € {6,9,12}, we extract the time of half-decay T}, for the contrast
for different filling 7 of the lattice. Here the we have taken n = %”, which is a good
approximation of the experimental configuration with 8 = 0
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Chapter 4. Ramsey spectroscopy in 1D optical lattices
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Figure 4.10 - Evolution of the time 77/, at which the simulated contrast of the
Ramsey fringes reach 0.5 for the first time, for different number of particles p computed
in simulations with a number of lattice sites equal to Nges = 12 (black square). These
simulated quantities are compared to an experimental global T}/, (blue line) computed
by performing a linear regression on the experimental 77 5 obtained for different lattice
depths, with # = 0, as a function of the tunneling rate J/h. The blue shaded area
correspond the uncertainty on the experimental T} /5, taken at one statistical standard
deviation and estimated by the linear regression procedure.

The analysis developed in this section of the evolution of the contrast of the Ramsey
fringes gives us an initial average filling further from unity than expected. However
we have to remark that physical quantities measured in our experiments are actually
averaged values over the many isolated unidimensional optical lattices created by our
loading procedure, whose initial average filling can be very different. Moreover, the
local density approximation, introduced in Sec. 1.2.5, assert the presence of shells
in the superfluid phase in the optical lattices, on the margin of the regions in the
Mott-insulator phase. The effect resulting from the presence of such regions are not
taken into account in our model. Lastly the effect of the harmonic auxiliary trapping
potential is not taken into account in our modelization.

4.3 Conclusion

In this chapter we have proposed a first theoretical description of our experimental
unidimensional optical lattice, in the general case with the Bose-Hubbard model, and
in the strongly interacting regime, which leads us to introduce the formalism of hard-
core bosons, that will be detailed later in this dissertation. This modeling coupled
with the work made in the previous chapter allowed us to propose the use of Ramsey
spectroscopy to probe the dynamics of the defects in our 1D optical lattice, by taking
advantage of the phase imprinted by the clock laser on the atoms during the pulse of
the Ramsey sequence. Finally, these results are compared to numerical simulations in
order to have some quantitative information on the average filling of the optical lattice.
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4.3. Conclusion

This information will be considered in our latter study of the 1D systems.
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CHAPTER 5

Zeno effect and adiabatic passages in presence of
atom losses

The long term perspective for our experiment is to use the clock transition of
1"Yb atoms to produce artificial gauge field, according to the protocol proposed in
Gerbier et al. 2010. However the losses induced by the inelastic-collision between
1"Yb atoms in the 'Py state raise a supplementary difficulty. Moreover, as we will
see in this chapter, it is experimentally difficult to selectively excite one atoms only in
doubly occupied sites. In this chapter we will see how it is possible to overcome this
issue by taking advantage of the quantum Zeno effect (QZE) arising from the existence
of two-body losses between two atoms in the Py state.

After a presentation of the original quantum Zeno effect, due to repeated measurements,
we will see how it arises an a generalized from in dissipative open quantum systems.
We will reformulate the dynamics in the framework of non-hermitian Hamiltonian. We
will finally show that adiabatic passage experiment can be used to avoid populating
lossy states involving lattice sites populated with a pair of interacting '"Yb atoms
both in the P state. Indeed the losses will restrict the dynamics to the loss-restriced
subspace of the Hilbert space.

5.1 The quantum Zeno effect and its avatars

In its Physics Aristotle, recount the paradox enunciated by Zeno of Elea:

“If everything when it occupies an equal space is at rest at that instant of time, and
if that which is in locomotion is always occupying such a space at any moment, the
flying arrow is therefore motionless at that instant of time and at the next instant of
time but if both instant of time are taken as the same instant or continuous instant of
time then it is in motion.”

— Aristotle, Physics VI:9, 239b5

The paradox that states that an arrow, while being in motion, is motionless at each
considered instant of the motion, since the duration of a instant is null? Since its for-
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5.1. The quantum Zeno effect and its avatars

mulation, this paradox had been discussed and refuted by many authors after Aristotle,
until progress in the mathematics of infinitesimal calculus of the late 19*® century for-
mally solve it, by introducing the notion of instantaneous speed, coming for differential
calculus.

5.1.1 A toy model for "pulsed" repeated measurements

Zeno’s paradox found a resonance in the realm of quantum physics with the so-called
quantum Zeno effect, highlighted for the first time in the seminal publication of Misra
et al. 1977. The core idea behind the quantum Zeno effect is that it is possible to hinder
or even freeze the dynamic evolution of a quantum system via repeated measurements
of the system. This phenomenon can be illustrated by a simple model inspired by
the proposal of Cook 1988. As previously seen in 3.3.1, the evolution of a two-level
atom driven by a resonant monochromatic field with Rabi frequency €2y, is given by the
Liouville-Von Neumann equation:

o .0
171-”:[}1, p} with H=="5, 5(0)=

! (M=d)=le)el. (1)

N —

We note |g) and |e) the ground and the excited states respectively of the atom and
assume that it is initially in |e). The resolution of the differential equations (5.1) gives

L~ (sin?(Qut/2) —1sin (Qut)
p(t) = ( Lsin (Qpt)  cos? (QLt/Q)) ' (5:2)

2

When the internal state of the atom is measured over time, by considering observables

A

such as A = 4, the probability for the atom to be projected back on the |e) state is:

P.(0,7,1) = Tr[|e>(e|ﬁ(r)] = pee (T) = % 1+ cos (Qu7)] (5.3)

with 7 the time after the measurement. From this expression it is possible to see that for
duration 7 short enough after the measurement, i.e. if Q7 < 1, the probability to mea-
sure again the atom in state |e) can be expanded as P. (0,7,1) ~# 1 — Q872+ O (Qf1?)
and remains close to one. As a consequence if n measurements A are performed during
a time lapse T' at regular intervals separated by 7 = T'/n, so that Qp7 < 1, the atom
is likely to be projected every time on the |e) state. More precisely, the probability for

the atom to stay in |e) over the whole time 7" is equal to

QLTN\1" Q2T 1
— 2 —1_ L -
P.(0, T, n)= [COS ( 5 )1 =1 i @ (n2> : (5.4)

which can be approximated for n — oo as:

P.(0; T;n)~ [1 + e_%QiTT] with 7=1T/n. (5.5)

N | —
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Figure 5.1 — Pulsed quantum Zeno effect. The probability to find a two-level atoms
driven by a resonant monochromatic electric field with Rabi frequency €2, whose inter-
nal state is measured every 2,7 = 27 x 0.1. The superposed light blue curves represent
200 quantum trajectories for such system. For each curve, between each pulse, the sys-
tem evolves driven by the Hamiltonian H written in (5.1) until the next measurement
(represented as read peaks), where the system is projected in state |e) or |g) with
probabilities p.. and 1 — p.. respectively. The dashed black line is their average. The
green dotted line corresponds to the the Rabi flopping observed in absence of measure-
ment. In average, the dynamics of the internal state of the atom towards |g) has been
hindered.

The probability for the atom to stay in the state |e) now only decay at rate %Q%T: the
evolution of the internal state of the atom has been slowed down. A simulation of this
example over 200 quantum trajectories is proposed in Fig. 5.1 for Q7 = 27 x 0.1.

The quantum Zeno effect has been observed for the first time in Itano et al. 1990 in
an experiment involving beryllium ions, with a protocol following the ideas developed
in Cook 1988: the states |g) and |e) are two hyperfine sublevels of the ground state of
9Be™, with negligible spontaneous emission from |e) to |g), coupled by a RF field. Here
the measurement consists in coupling the ground state to a third level |f) which has a
strong decay channel to the ground state |g) only: the number of photons spontaneously
emitted after each measurement pulse is proportional to the number of ions in the |g)
state. The experiment showed that it was possible to arbitrarily hinder the transfer to
state |e) by increasing the frequency at which the system is probed, highlighting the
Zeno effect.

5.1.2 Zeno effect in the case of continuous measurement
According to the description given by Von Neumann 1932 each pulsed measurement

considered so far projects the system in one of the eigenstates (or eigenspace in case
of degeneracy) of the measured observable A. However in most cases, a measurement
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5.1. The quantum Zeno effect and its avatars

actually consists in coupling the system with an external measurement device for a
given period of time. Typically the measurement device has many degrees of freedom
and functionally behaves as an "environment", as in the theory of decoherence. Keeping
this idea in mind, it is possible to reconsider the quantum Zeno effect as a consequence
of the coupling between the state of the system under study and a this large external
environment. In particular, if the measurements are not read, the state of the system
after each measurement can only be described as statistical mixture of the possible
outcomes. Moreover, if the time between two unread measurements is much shorter
than the characteristic timescales at which the system under study evolves, it is possible
to write its evolution in the continuous measurement limit, using the same Born-Markov
approach leading to the quantum master equation (Haroche et al. 2013, Breuer et al.
2007). Consequently the dynamics of the system can be described by a Lindblad master
equation (Lindblad 1976; Gorini et al. 1976):

D L[]+ L [pAp At A A pAA] (56)

with v characterizing the frequency and the strength of the measurements.
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Figure 5.2 — Quantum Zeno effect. Evolution of the population in the excited state
le) in the model presented in (5.7) for different measurement frequencies. When the
frequency of the measurement becomes much higher than the Rabi frequency, the
internal dynamics of the atoms is hindered.

The continuous unread measurement limit for the model described in 5.1.1, with A=¢,
and v = 1/7, gives the following master equation to describe its evolution:

dp Q 1
&= i [0u )+ o [26.061 — 6le.p— pole] (5.7)

The probability to find the atom in its initial state |€) at time ¢ in presence of repeated
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Chapter 5. Zeno effect and adiabatic passages in presence of atom losses

measurements A = &, at frequency 77! is given by:

(1 (O)1e) = e (6 = 5+ G 639

1+/1-0fr?

T

Ky (5.9)
From the expression (5.9), we notice that the transition from under- to over- damping
of p.. as 7 decays, occurring for Q7 = 1.

In the limit where Q;,7 < 1, this expression can be approximated as p. (t) &~ 3 [1 4 e~ 7]
with Yeg = %Q%T This decay rate is the same as the one found in (5.5). The proba-
bility to find the atom in |e) decays exponentially, with a characteristic time that can
be tuned by the choice of 7. For infinitely fast measurements (7 — 0), it is possible to
"freeze" the atom in its initial state.

5.1.3 Losses induced quantum Zeno effect

The reasoning developed above can be extended (Haroche et al. 2013, Breuer et al.
2007), in the framework of generalized measurements and using the Kraus sum rep-
resentation Kraus et al. 1983, to any linear quantum process which does not involve
a read-out measurement. It is especially the case for open quantum system facing
two-body inelastic collisions-induced losses, which corresponds to the situation stud-
ied in our experiments. More precisely the experimental apparatus under study in
this chapter consists in a collection of independent dipole traps (the sites of the opti-
cal lattice), initially filled with two interacting bosons, each with two internal states
{19), |e)}, whose unitary evolution, enclosed in the Hamiltonian H® (that will be ex-
plicited later) is interrupted by stochastic inelastic two-body losses. The full Lindblad
master equation describing such system is:

+ (2aga4p20] 0l — poalalaga, — afalagagps)
A

+ ;g (Qaeagpw;ai — pga;alaeag — aialaeagpg) (5.10)
| S R

+ = (2aea6p2alal — poalalaea, — alalaeaepg) )

Here a, (resp. a.) is the annihilation operator for a boson in state |g) (resp. |e)) and
I'; ; are the two-body losses rates for a boson in state 7 and the other in state j.

In our particular case, there is no inelastic collision between two atoms in the ground
state |g) (I';y = 0) and that at the timescales of our experiments, the loss rate for the
inelastic collisions between two atoms in different states is negligible (I';y < I'¢e). We
thus rewrite the master equation (5.10) as:

dﬁ? 1 2 ~ Fee AAAAAAAAAAAAAA ~
w7 [H(Z),pz] + (2acacpratal — poalalaca. — alalacaeps) (5.11)
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5.2. Effective Non Hermitian Hamiltonian

which is analogous to the Lindblad master equation (5.6) taking v = T, and A =

\%dede as the generalized non-Hermitian measurement operator.

5.2 Effective Non Hermitian Hamiltonian

5.2.1 Effective dynamics and quantum jumps

The master equation (5.11) can be unraveled as a way to compute the average of
the quantum trajectories of each individual system which follow an unitary evolution
interspersed with stochastic quantum jumps (here the inelastic two-body collisions).
This point of view can be emphasized by rearranging the different terms of the master
equation (5.11) as:

dp P .
ﬂ = Tz <Heffp2 - p2H(Iff> + LeepQLJc[e (512)
it h
with
~ i~ 2 FeeA ~ 1
Hog = H® — %LleLee and L, = |/ faci. = VoA, (5.13)

The first term of the r.h.s. of the master equation (5.12) expresses an evolution of
the system driven by the effective non-Hermititan Hamiltonian H.g, according to the
Schrodinger equation,

djy) _

5 Heglv), (5.14)

interrupted at random times by sudden quantum jumps corresponding to a two-body
inelastic collision,

[0) = Lec|t), (5.15)
These jumps occur with a probability density P (t), such that:

= (WL Lel0)dt = Tr | Leopo L, | dt. (5.16)

The occurrence of these random events are enclosed in the second term of the r.h.s of
(5.12). This picture of the dynamics of the system is at the core of the Monte-Carlo
wave-function (MCWF') approach has been originally developed in Dalibard et al. 1992;
Dum et al. 1992; Plenio et al. 1998 to deal with dissipative process in quantum optics,
in particular when only averaged predictions matters, as it is the case for the quantum
master equation point of view.

In the case of inelastic two-body collisions induced losses, the effect of the dissipative
term L. results in sending a lattice site initially lying in the sub-Hilbert space defined
by (ala,+ala,) = 2, and spanned by the Fock states {|2),®[0)e, [1)4®@|1)e, [0)4®]2).},
to the vacuum state |0), ® |0). where its dynamics stops. In a context where the
experiment is performed on a large number of independent and identical lattice sites
initially filled with two bosons, only the average dynamics of the "surviving" ones,
described by H.s will be recorded. Consequently, we can restrict the description of
our system to the hyperplane of the Hilbert space generated by {|2), ® |0)., |1), ®
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Chapter 5. Zeno effect and adiabatic passages in presence of atom losses

11)e, [0), ® |2)e} and not worry about the two-body losses are then rendered by the
non-unitarity of the evolution, due to the anti-Hermitian part of Heg that will damp
the norm of the wave-function during its evolution.

In the rest of this chapter we adopt this picture and describe the system as a doubly-
occupied lattice site evolving according to a non-Hermitian Hamiltonian H.g.

5.2.2 Interacting bosonic pairs in a deep optical lattice

Before going further in our study of the quantum Zeno effect for bosons pairs trapped
in the sites of an optical lattice, we have to do a little detour to precise some aspects
of our experimental setup and complete the model established above.

As seen in section 1.2.4 the gaussian nature of the beam constitutive of the optical
lattice creates a spatial modulation of the lattice depth that can be rendered by adding
an auxiliary harmonic confining potential to the one of the homogeneous optical lattice.
It results in a inhomogeneous distribution of atoms over the lattice. In this chapter we
will pay a special attention to the case of a deep optical lattice at magic wavelength
Am = 759.35 nm, in the strongly interacting regime (J/U — 0), with only singly (7 = 1)
and doubly (7 = 2) occupied sites. This situation is experimentally realized by loading
an optical lattice with depths V,.,, . = {25, 25, 27} F with a BEC of N,, < 6 x 10*
atoms so that the fraction of triply occupied sites is small (below 10 %) if not negligible,
according to the loading model presented in section 2.3.3. Moreover we may consider,
similarly to Bouganne et al. 2017 that the triply occupied sites are emptied quickly by
three-body collisions mechanisms and do not play any significant role.

For the considered lattice depths, the tunneling between sites can be neglected ( h/J ~
500 ms at 25 Er) and the lattice sites can be treated as a collection of independent traps
with one or two bosons. These atoms are probed on the 'Sy, — 3P clock transition by
a laser beam that propagates in the horizontal plane, along the z axis of the optical
lattice. The high lattice depth of the trap ensures to work in the Lamb-Dicke regime.

In the rest of this chapter we adopt the notations for the internal states of the atoms:
|g = 1So> and |€ = 3P0>.

Model for singly occupied sites

As explained in Chap. 2, according to the loading model for the optical lattice
detailed in 2.3.3, a Mott-insulator with a core of doubly-occupied sites is necessary
surrounded by a ring of singly-occupied sites, because of the presence of an auxil-
iary trapping potential. Using the same language as for the doubly-occupied sites,
the dynamics in the singly-occupied sites is described by the Liouville-Von Neumann
equation:

dp T PR
d_tl —— [Hu)’pl} , (5.17)

with p; the density matrix for singly-occupied sites and H® the Hamiltonian:
HY = -——= +a)a,) — hopala (5.18)
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5.2. Effective Non Hermitian Hamiltonian

where ), is the Rabi frequency and dy, = wy, — wy the detuning of the coupling laser,
already introduced in Chap. 3.

This Hamiltonian can put into matrix from, in the { |g), |e) } basis that span the
sub-Hilbert space in which evolves the singly occupied sites as:

(1) 0
2

In the following, at a given Rabi frequency r, we will denote [—) the eigenstate of
H®W which converges toward |g) in the limit 6, — —oo. The other eigenstate will be
denoted |+) and converges toward |g) in the limit oy, — +o0.

Model for doubly occupied sites

The non-dissipative dynamics of the doubly-occupied sites enclosed in the Hamilto-
nian H® is the results of the elastic collisions on the one hand and of the electromag-
netic coupling on the other hand. The Hamiltonian can be express in the Rotating
Wave approximation (RWA) (see Chap. 3) as:

The energy levels associated to the different possible internal configurations are shifted
by the inter-atomic on-site interactions energies U; ;. These energies can be expressed
from the Wannier function w (r) (which at magic wavelength is independent of the
internal state for a lattice) as:

Amh?
m

Uj = aij /|w (r)[*dr. (5.21)
Here i, j € {e, g} and the a;; are the scattering lengths characterizing the elastic
collisions between an atom in state 2 and an atom in state j.

Two 1™Yb atoms in the |g) state only interact trough elastic collisions. However if one
or both atoms are in the state |e), inelastic two-body collisions are also possible for
pairs of atoms with one or two of them in |e), at rates I'., and I, respectively. The
coefficients I'; ; are related to the Wannier functions by the relation:

iy = Bij /]w (v)[*dr (5.22)

involving the coefficient f3;;, analogous, up to a factor h/2, to the coupling parameter
gi; = 4wh%a;;/m introduced in 1.2.1 that characterizes the s-wave contact interactions
between atoms?” .

2"The quantity —%ﬁij may be considered as the imaginary part of a complex coupling coefficient
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Chapter 5. Zeno effect and adiabatic passages in presence of atom losses

In the end, using the derivation made in 5.2, we can express the effective non-Hermtitian
Hamiltonian describing the dynamics of the doubly occupied sites as:

5 5 AT, Flee . .
Hg=H® — Tgnng — i e (Re = 1). (5.24)

Here n, = ala, with a € {g, e}.
In the Fock basis { |gg) = [2)4]0)c, |eg) = [1)4]1)e, lee) = |0)4]|2)e } corresponding to

the different possible configurations for the internal degrees of freedom of the trapped
bosons, the Hamiltonian reduces to the matrix:

U, h 0
2 hﬂgf . V2 ey nQy,
Heﬁ‘ = 2 Ueg héL 1 D) V2 . (525)
0 A Uee — 2061, — 12Lee

This effective model for the dynamics of the doubly occupied sites has been used in
Bouganne et al. 2017 and Franchi et al. 2017 to determine experimentally the val-
ues of the quantities associated with the two-body elastic and inelastic collisions of
1Yb atoms.

Elastic scattering length measurements

As mentioned earlier the az, = 105 ay scattering length has been measured in Kita-
gawa et al. 2008 with ay the Bohr’s radius. The scattering lengths associated with the
other eg and ee elastic interaction have been experimentally measured in Bouganne
et al. 2017 and Franchi et al. 2017 by performing clock spectroscopy in a deep optical
lattice showing different filling over the sites:

e the resonance for the |g) — |e) transition is observed for dr, = 0
e the resonance for the |gg) — |eg) transition is observed for oy, = (Uey — Uyy) /R

e the resonance for the |gg) — |ee) transition is observed for 61, = (Ue. — Uyy) /(2h).

A scheme of these transition is proposed in Fig. 5.3.

9, = 47;32 a; ;, with g, ; the complex scattering length. From this it is possible to define a extended
complex on-site interaction energy:

hFl 47T'52 h
U.. = U” —1 B ] — Tai’j — 12ﬁ2‘7j| /\w (I’)|4dl‘. (523)
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Figure 5.3 — Scheme of the energy levels for the different states of singly m = 1 and
doubly n = 2 occupied sites. The on-site two-body elastic collisions in the n = 2 case
shift the energy between the different possible states separated by multiple of Awq, the
energy gap between the two accessible internal states.

Consequently, the spacings between the peaks of the spectrum give access to the quan-
tities: aey — agq and ae. — agqy and, from the known value of a,4y, the values of a., and

Qgg-
Inelastic collision rates

The two-body losses rates are measured by performing lifetimes experiments in op-
tical lattice populates with a significant fraction of doubly occupied sites in the state
associated to the two-body loss mechanism under study (|ee) for I'.. and |eg) for I',).

The experiments performed in Bouganne et al. 2017 and Franchi et al. 2017 do not
allow to give a value for I'.,4, only a upper bound, which is specified for both references
in Table 5.5. In the following, we will neglect this effect at the timescales of our
experiments and take I'c; ~ 0.

To measure .., a 7 pulse resonant with the |gg) — |ee) transition is send in an optical
lattice with sites of filling 7 € {1, 2}, in order have a majority of doubly osccupied
sites in the state |ee). Then the coupling light is switched off and the decay of atomic
population is monitored. According to the model used in (5.25), the evolution the
population of atoms in |e), given by the operator f, = ala,, in an individual doubly
occupied lattice site, follow the equation:

d(7e)

dt

and the probability P,.. to find atoms in a lattice site initially in state |ee) follow the
equation:

= _Fee<ﬁe (ﬁe - 1)>7 (526)

dP..
dt

= —I'e Pe. (5.27)

Consequently the total population of atoms in |e), N, evolves according to:
N, (t) = 2N P, (0) e Tt + N=D P, (0) (5.28)
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Chapter 5. Zeno effect and adiabatic passages in presence of atom losses

with A™=2) and N'™=1 the number of doubly and singly occupied sites in the lattice
respectively, P,.. (0) the initial probability to find a site with filling 7 = 2 in the |ee)
state and P, (0) the initial probability to find a site with filling 7 = 1 in the |e) state.
In Fig. 5.4 is displayed the experimental results of a lifetime experiment. The decay
of atomic population is fitted according to fit techniques, more detailed in B. The first
one, referred as x? consists in evaluating the fit parameters by minimizing the weighted
quadratic error between the fit function and the experimental points. The uncertainty
on the fitted parameters is then determined by a F'—test (Venables et al. 2002). The
second one use bootstrap to compute from the experimental data estimates for the fit
parameters and their distribution. In Fig. 5.4 we found I',, = 6 =1 x 10*s~! with the
statistic approach and I'p, = 845 x 10%s~! with the bootstrap. These values consistent
with the one found in Bouganne et al. 2017 and measured on a larger experimental
dataset, but less accurate .

=== bootsrap

Natoms []-04]

1.75

0.0 0.2 0.4 0.6 0.8 1.0
Thola [ms]

Figure 5.4 — Lifetime measurement in an optical lattice filled with ™Yb atoms all
in the |e) state. The population decay is the manifestation of the two-body inelastic
collisions in the doubly occupied sites. The asymptote corresponds to the population
of atoms in singly occupied sites. The fitted N, (¢) functions obtained by two different
fit procedures (see B) are represented: one relying on statistical tests, called x? (green
dotted line), and another one relying on bootstrap method (black dashed line). The
decay rates estimated with both methods are respectively: ', = 8 £5 x 103s~! with
the bootstrap.

Summary

The experimental values found for the different parameters mentioned above by the
groups of the Laboratoire Kastler Brossel (LKB) and the European Laboratory for
Non-Linear Spectroscopy (LENS) are summarized in Fig. 5.5. In the rest of this
dissertation we will use the more accurate values from LENS for the elastic-collision
parameters and the LKB result for the loss coefficient ..
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H Quantity ‘ LKB (Bouganne et al. 2017) ‘ LENS (Franchi et al. 2017) H

Aeg [a0] 86(11) 94.7(1.6)
Gee [ag) 102(25) 126.7(2.3)
Bey [cm?.s71] <1x1071 <1x1074
Bee [em®.571] 2.5(1) x 10711 1.3(7) x 1071

Figure 5.5 — Values found experimentally for the elastic and inelastic collision param-
eters in Bouganne et al. 2017 and Franchi et al. 2017.

5.2.3 Properties of non-Hermitian Hamiltonian

The non-Hermitian effective Hamiltonian

Now that we have all the element to describe the evolution of single atoms and pairs
of '™YDb atoms trapped at the sites of our optical lattice, we focus on the study of a
system driven by a non-Hermitian Hamiltonian.

In the rest of this chapter, in order to simplify the notations we will refer to Heg as
H® . We rewrite it in a more compact form:

0 3—% 0
H(2) [QL, 5L] = h % n ; (SL % s (529)
0 UE  x—20 i

with the typical parameters:

o )= Uy —Uyy) /b~ —2m x 140 Hz,
o \ = (Uee —Uyy) /b~ 2m x 290 Hz,
o '=T,. ~ 27 x 1400 Hz,

for an optical lattice with depths V,, . = {25, 25, 27} Eg. Furthermore we can tune
the light coupling strength Q, in the range 27 x [0, 1500] Hz. We explore a range of
detuning of a few kHz around the atomic resonance dy, = 0 with a accuracy limited to
about 50 Hz (see Chap. 3).

General properties of non-Hermitian Hamiltonian

Hermitian matrices can always be diagonalized on an orthogonal basis of eigenvectors

|#5) as
Hy =) Xl (s with (¢jlé) =6 and Vj, ) €R. (5.30)
J

In the general case non-Hermitian matrices are not guaranteed to be diagonalizable.
Their eigenvalues )\; are complex and the eigenvectors associated with different eigen-
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Chapter 5. Zeno effect and adiabatic passages in presence of atom losses

values are not necessary orthogonal. Assuming that a non-Hermitian matrix is diago-
nalizable, its eigendecomposition becomes (Ashida et al. 2020):

Hoay =Y Mo @] with (6]6) = a5, (076} =1, A;eC. (5.31)
J

Here (¢§l)| and |¢§T)> denote respectively the left and right eigenvectors (a priori non

equal) of H,, associated to the complex eigenvalue \;, forming biorthogonal bases.
Properties of the symmetric non-Hermitian Hamiltonian

In our experiments, we are dealing with a continuous family of 3 x 3 symmetric non-
Hermitian matrices parameterized by {€, é.}. They happen to be diagonalizable
almost everywhere on the (£, dr,) plane. Moreover, since the non-Hermitian Hamito-
nians under study are symmetric, the left and the right eigenvectors (when they exists)
are related by the equation

vi 10 = (1)) - (5.32)

In the following, in order to ease the notations, we will denote {|\;)};=123 (resp.
{()\j|}j=1.2.3 ) the right (resp. left) eigenvectors associated to the eigenvalues {\;},—1.23,
which form a a priori non-orthogonal basis of the Hilbert space. In this basis the
Schrédinger equation becomes:

1h— Z)\ IO (¢ Z)\ Ay, (5.33)

where A; = |)\;)(\;| is the non-Hermitian projector related to the eigenvalue );. Since
the eigenvalues are complex we can decompose them as:

By
k]

From the theory of generalized measurements (Haroche et al. 2013), it is possible to
express the probability 7; for a lattice site, described by the wavefunction [¢) to lie in
the eigenspace &; associated to the eigenvalue A;:

m; = Tr [A,5R1) = OylehwIh,) (5.35)

where p is the density matrix associated to the pure state [¢). From the Schrodinger
equation (5.33), it is possible to express the evolution of the quantity 7; as:

dm; .
d—t] _ﬁ (/\J — )\]) Ty = =77y, (536)

which gives:

7 (1) = e Wt (0). (5.37)
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5.2. Effective Non Hermitian Hamiltonian

We recover here the idea that the imaginary part of the eigenvalues renders the lifetime
of their corresponding eigenstate due to the two-body losses occurring in state |ee) at
a rate:

Vi = Fee<€€‘)‘j><5‘j‘ee> = Fee|<ee|)‘j>’2' (5.38)

The strength of the coupling between an eigenstate and the dissipative state |ee) de-
termine the lifetime of the dressed state.

Since we are considering a continuous family of Hamiltonian H® depending on the
parameters {€,, o}, the associated eigenvalues \; and eigenvectors |);) (j = 1, 2,
3) are continuous and regular functions of the parameters almost everywhere on the
(Qr, 1) plane. We will by convention call |[A;) the eigenstate that corresponds to the
state |gg) in the limit of very large negative detunings (6, — —oo) and call |A3) the
eigenstate that corresponds to the state |gg) in the limit of very large positive detunings
(0r, = +00). We introduce the notation that will be used in the rest of this chapter to
characterize the projection of the eigen-wavefunction for the doubly occupied sites on
the Fock basis:

) (Q, 01) = [{gg|A; (Qu, ou))* and  6%) (Q, 61) = arg [(gg|A; (O, 0))].
Y (Q, 0u) = [{eg|A; (Qu, 6u))1* and  69) (Qu, 61) = arg [(eg|A; (Qu, 6L))] -
9 (Qu, 61) = [{ee|A; (Qu, 0u))|* and 6 (Q, 61) = arg[{ee|A; (Qr, 61))] . (5.39)

And similarly we introduce for the singly occupied sites:

9 (Q,, 61.) = [{gle; (U, o))

g

2.
9 (Qr, 1) = [(egle; (Qu, 61)) . (5.40)

e

Exceptional points

As seen earlier, the continuous family of non-Hermitian Hamiltonian H® parame-
terized by {€, op.} is diagonalizable almost everywhere. However at some points of
the parameter plane the Hamitonian is nondiagonalizable. At these singularities called
exceptional points (EP) (Kato 1966; Heiss 2012), two or more eigenvalues and their
corresponding eigenvectors coalesce: they become identical and the dimension of the
resulting eigenspace inferior to the sum of the dimension of the merged eigenspace
around this point.
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Figure 5.6 — Spectrum of H® for Qp15. (a) Real (left) and imaginary (right)

With our particular values of
pairwise, in two points of the (Qr, d1,) plane:

U

99

U

eg»

parts of of the eigenvalues. (b) Bare state composition of each dressed state. (c)
Complex arguments of the projections of the dressed states on the bare states Fock
basis. The vertical dashed line is located at o, = dr, 1 2. At this detuning, corresponding
to an exceptional point, the eigenvalues \; and A\ becomes identical, along with their
associated eigenvectors [A;) and |As)

U.e and I, the eigenvalues of H® only coalesce

e EP; 5 between |A;) and |Ag) at (Q, dr), , ~ 27 X (541, 578) Hz

e EP; 3 between |Ag) and |A3) at (Qu, dr), 5 = 27 x (713, —12) Hz

The spectrum and some features of the eigenvectors for different detunings ¢, at fixed
Rabi frequency €, = 27 x 541 Hz are represented in Fig. 5.6. The coalescence of the
eigenvalues \; and Ay and of their corresponding eigenvectors can be observed.
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5.2. Effective Non Hermitian Hamiltonian

The exceptional points are an interesting feature arising from non-Hermitian dynamics.
Even if these points are of null measure on the parameter space in which the Hamil-
tonian is considered, the non-Hermitian dynamics in their vicinities exhibits some in-
teresting topological properties. In the Hermitian case, when circling adiabatically on
closed loop of the parameter space, a system initially in the eigenstate |\;,) returns to
its initial position, up to a geometric phase acquired during the circling, called Berry
phase (Berry 1984). In the non-Hermitian case, if the closed loop circles around an
exceptional point, a system initially in the eigenstate |\;,) may be sent at the end
of the circling to another eigenstate |\;.;,) of the Hamiltonian at the starting point
of the loop, and some extra circling will be necessary to reach the initial eigenvector
(Dembowski et al. 2001; Dembowski et al. 2004). The adiabaticity of such circling has
been studied in (Milburn et al. 2015), and its chirality in Doppler et al. 2016.

The interest for exceptional points and their properties has arisen in a wide range
of fields of physics and lead to the observation of several related effect such as: loss
induced transmission and unidirectional invisibility (Peng et al. 2014;Lin et al. 2011),
mode selection in lasers (Peng et al. 2014;Feng et al. 2014), enhanced sensing (Wiersig
2014; Chen et al. 2017) and topological energy transfert (Xu et al. 2016).

Unfortunately, we have not been able to study any of the properties related to the
presence of exceptional points so far: going in the vicinity of the these points in the
parameter plane require to go trough regions where the atomic losses are too important
to have a significant population of doubly occupied sites at the end of the experiments.

Strong versus weak coupling regime

Away from the region of the parameter plane where lie the exceptional points, we
will considers two regimes of coupling:

e The strong coupling regime: 2, > Q(LEP)a

e The weak coupling regime: ), < QéEP).

Here QIEEP) stands for any Rabi frequency at which the exceptional points occur. The
spectrum of the Hamiltonian and the composition of its eigenvectors in terms of bare
states is represented for particular cases of strong coupling €2, = 27 x 1500 Hz in
Fig. 5.7 and weak coupling in Fig. 5.8. The bare states composition for the same
Hamiltonian in absence of dissipation are also plotted for the sake of comparison.
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Figure 5.7 - Diagonalization of H? in the strong coupling limit. (a) Real (left) and
imaginary (right) parts of the eigenvalues. (b) Bare state composition of each dressed
state. (c) Bare state composition of each dressed state in absence of dissipation.

In the strong coupling case, the real parts of the eigenvalues are separated and behave
qualitatively as they would in absence of the dissipative term, I'.. = 0. When scanning
L, the eigenvectors successively populate significantly the dissipative bare state |ee),
and accordingly all three states acquire a finite lifetime ~ I, when the detuning
becomes ~ €.

In the weak coupling regime, crossings, that would be forbidden for an Hermitian
Hamiltonian, between the real parts of the eigenvalues appears (but not between the
eigenvalues themselves) and for all detunings, the dissipative state |ee) is almost entirely
taken in charge by the eigenvector, |As), which consequently inherits of most of the
dissipative dynamics. On the contrary the two other eigenvectors |A;) and |A3) span
an subspace of the Hilbert space where the losses are strongly suppressed. The crossing
in the spectrum of the H® Hamiltonian, made possible by the loss responsible for its
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5.2. Effective Non Hermitian Hamiltonian

non-Hermitian nature, allows the states |[A;) and |A3) to stay in the subspace spanned
by {lgg), leg)}-
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Figure 5.8 - Diagonalization of H® in the weak coupling limit. (a) Real (left) and
imaginary (right) parts of the eigenvalues. (b) Bare state composition of each dressed
state. (c) Bare state composition of each dressed state in absence of dissipation.

Reduced loss subspace

The weak coupling regime can be reinterpreted with the quantum Zeno effect picture.
In this regime the dissipation rate, i.e. the measurement rate of the state |ee) is much
faster than the internal dynamics of the system, whose frequency is given by 2. As a
consequence a lattice site initially in the orthogonal subspace, spanned by {|gg), |eg)},
will see its dynamics restricted to this subspace.

More formally this picture can be found back by deriving an effective Hamiltonian for
the reduced-loss subspace: the Hamiltonian (5.29) can be split as H? = Hy+ V, with
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Q
A 0 0 0 ) bl
Ho=h[0 n—4L 0 and V=n|% 0 %I. (5.41)
0 0 x—20—if 0 % 0

We note Ey the matrix elements (X|Hy|X) and introduce the projector on the hyper-
plane of the Hilbert space spanned by {|gg)}, called Hp with its associated projector

P =g9){gg| + leg){eg|.

Since Yy, is small compared to |E.. — Eyy| and |E.. — E,4|, second order perturbation
theory allows us to derive an effective Hamiltonian that has the same eigenvalues in
the subspace Hp as the full Hamiltonian H. The matrix elements of the effective
Hamiltonian are Vi), |7) € {|g99), leg)}:

A N 1 1 1 N N
1P HarPl) = Q) + 5 (g + g ) % VeVl (42

In a more compact form, we have in the {|gg), |eg)} subspace:

o 0 E
PHegP =h{ o 5 _21%_5 ) (5.43)
V2 eff P)
with
202 (n — ) 2027,
deff =1 — Op, — L(n—x+d) and Vg = L (5.44)

4(77_X+5L)2+Fge 4(U_X+5L)2+Fge

From this expression we find again that an increase of the loss rate I'.. would reduce
Yeff, i-€. the transfer to the dissipative state |ee), which plays here the role of the
environment for the effective Hamiltonian acting on the reduced-loss subspace. We
also recover the behavior Yeg o< Q2 /T, given ', — 00, often typical of the quantum
Zeno effect.

5.3 Adiabatic passages

5.3.1 Experimental protocol

The results of the experiments measuring the elastic and inelastic collision param-
eters for '™YDb (see 5.2.2) have shown that the elastic collision constants gy, ge, and
gee are very close one to another. For optical lattices of depths on the order of 25 Fg,
the different resonance are only separated by a few hundred of Hertz, on the order
of the standard deviation of the probe frequency. Consequently it may be difficult to
driven separately the |gg) — |eg) and the |gg) — |ee) transitions. In the long term
perspective for our experimental setup involving the creation of artificial gauge fields
with ultracold ™Yb atoms in an optical lattice, we need to be able to populate the
leg) state, while avoiding the lossy |ee) state. This issue can be circumvented by tak-
ing advantage of the existence of losses in the |ee) state and use the quantum Zeno
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5.3. Adiabatic passages

effect combined with adiabatic passages to populate significantly the state |eg) while
preventing any transition toward the lossy |ee) state.

In this section we present the experimental results for the investigation of the properties
of the non-Hermitian effective Hamiltonian H® in the weak coupling regime, with
Qp, = 27 x 150 Hz fixed, at different detuning 6. The N® doubly occupied sites of
the optical lattice, initially in |gg) in absence of coupling light are send to the states
|A1(01)) and |A3 (d1)) for different values of d;, thanks to an adiabatic following these
states over the ({r,dy) plane to the desired point. These adiabatic followings are
performed according to the protocol presented below:

e Initial optical lattice: A BEC with Nyoms = 6 x 10* 17YDb atoms is loaded in
a deep [lattice depths V,, . = {25, 25, 27} ER| optical lattice, and singly and
doubly occupied sites are created in states |g) and |gg) respectively.

e Rabi frequency ramp: The Rabi frequency €2, is ramped from 0 Hz up to 27 x 150
Hz, at fixed detuning 0y, init. = —1.5kHz (resp. Op imit. = +1.5kHz) for a following
along |[\1) (resp. |A\3)) in a duration equal to one tenth of the total passage time,
denoted Tpassage (see Fig. 5.9).

e Detuning ramp: For a fixed Rabi frequency €y, s, = 27 x 150 Hz, the detuning dy,
is ramped from 0y, init. to its final value dy, g, with a constant speed of 11.1 Hz/ms.
This step takes the remaining nine tenths of the total passage duration Tjassage
(see Fig. 5.9).

At the end of these two ramps, we expect the remaining doubly occupied sites of the
lattice to be in the dressed eigenstates |A;) (or |A3) depending on the sign of the initial
detuning) of the Hamiltonian H® for the parameters (L fn. = 27 X 150 Hz, 0r, init)-
From this we measure the internal states populations (see 5.3.3) or let the coupling
light on to study their lifetimes (see 5.3.2).

According to our loading model, due to the auxillary confining potential, we cannot
create doubly-occupied sites in the optical lattice without having a halo of singly-
occupied sites around them , whose dynamics must also be taken into account in order
to be able to interpret the experimental results. During the ramps, the N singly-
occupied sites, initially in |¢g) have evolved too, and follow the dressed states of a
two-level atom in a near-resonant electric field (Haroche et al. 2013). Although their
(unitary) dynamics is not the point of interest here, their evolution during the ramps
has to be taken into account when it comes to interpret the relative and absolute
populations of atoms in |g) and |e) at the end of the ramps.

The composition of the states of the lattice sites at the end of the ramp in term of bare
state can be expressed from the wavefunctions ¢/} and [)(?)) for singly and doubly
occupied sites respectively, as:

Py =[glp™)[* and  P. = [{ely™)] (5.45)

Form=1
2 Poy=l{ggld®)F,  Poy=l(eglp®) and  Pu = [{eeg!)P

Form
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Figure 5.9 — Evolution of the sites populations during a passage performed in |gg)
from 27 x (0, —1.5) kHz to 27 x (0.15, 1) kHz (left) and from 27 x (0, 1.5) kHz to
21 x (0.15, —1) kHz (right) on the parameter space (€21,d). The evolution of the
population of the Fock states in singly [(c) and (d)| and doubly [(e) and (f)] occupied
sites is computed by integrating the Schrodinger equation. The non-Hermitian nature
of H® is pointed out by the decay of the total population in the cases m = 2. The

passages (blue arrows) following [A1) [(g)] and |A3) [(h)] are schematized on the real
part of the spectrum of H® . During a passage the, after the rise of the Rabi frequency,

the detuning is ramped and the system follow the dressed state, starting form the blue
square to the orange dot, on the {4} line. 119
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The evolution of these quantities during the two kind of passage are computed in Fig.

9.9.

Absorption imaging gives us access to the following quantities:

e The measured total population of atoms in |g), denoted Ny = Y,(ala,); where

the i’s stand for the lattice sites indices, is measured by direct absorption imaging.
This quantity is linked to the quantities defined in (5.45) by:

N,=N® 2P, +P,)+ NP, (5.46)

The measured total population of atoms in |e), denoted N, = T >, (ala,); is
measured by absorption imaging after a "blast pulse" that removes the atoms in
|g) from the lattices followed by a repumper pulse that send the atoms in |e) to
|g) with an efficiency Y,pproz0.86, according to the process introduced in 3.1.2.
Assuming T does not depend on the atomic density, the quantity N, is linked to
the quantities defined in (5.45) by:

N, =TN® (2P, + P.,) + TNWP, (5.47)

The measured total population of atoms in both ground and excited states, de-
noted My = > [(d;dg>i + Y{(ala,);] is measured by absorption imaging after a
repumper pulse, without blasting away the atoms in |g). The quantity N, is
linked to the quantities defined in (5.45) by:

Ny =N® QTP+ (1+ )P, +2P,) + NY(TP, + P,). (5.48)

5.3.2 Lifetime in the dressed states

In this section the decay of the eigenstates A\; and A3 of the Hamiltonian H® for
different values of d, is studied: after an adiabatic passage from |gg) to the eigenstate
|A; (01)), with j = 1 or 3 depending on the initial detuning, the doubly occupied lattice
are let evolve at fixed parameters ({2, dr,). As seen in Eqgs. (5.35) to (5.37), the
population of lattice sites in state |\;) will decay at rate v; = I, (Qr, o). We
monitor the evolution of the total population of atoms in the lattice. Since there is no
inelastic losses in the singly occupied sites, the decay of population is only accountable
on the doubly occupied ones and the exponential decay can be fitted to measure v;, as
it is done in Fig. 5.10.
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Figure 5.10 — Example of lifetime measurement. After the adiabatic passage that send
the doubly occupied sites initially in the state |gg) to the eigenstate |A;) (5 € {1, 3})
at a given detuning dy,, we fix the parameters ({2, dr,) at their final values and let the
system evolve. The population of lattice sites in the eigenstate will decay exponentially
because of the imaginary part of its corresponding eigenvalue. The fitted N i, (t) =
e 7" functions obtained by two different fit procedures (see B) are represented (dashed
and dotted lines).

This experiment is repeated for different values for dp, at the end of the passage. The
fitted values for v;, with j € {1, 3} are presented in Fig. 5.11. Since ~; is, up to a factor
[.. actually a measure of the contribution of the lossy bare state |ee) to the dressed
state |\;), we compare ;/I'ce = 1Y) (T..) to what would have been the same quantity

in absence of losses 115 (e =0). The Fig. 5.11 shows that in presence of losses in
the bare state |ee), contributes far less to the dressed states |A;) and |A\3) compared to
what it would have in absence of losses. These two eigenstates lie in a subspace almost
decoupled from |ee): it is the manifestation of the quantum Zeno effect. The presence
of two-body losses in the |ee) state allows us to produce state with a reduced component
along |ee). This reduction, that corresponds to the difference between the dotted and
solid lines in Fig. 5.11, is particularly important for the passages in |\3), reaching
several order of magnitude. The main limitation of this procedure, preventing us to
probe states to close to the resonance, is the loss of atoms due to the losses occurring
during the ramp. Faster ramps, but still consistent with the adiabatic approximation
for doubly occupied sites, could be an option to ramps more atoms in the dressed states
of the reduced loss subspace close to the resonance. However faster ramps would not
be adiabatic for singly occupied sites. To conclude adiabatic passages in |A\3) up to
detuning close to resonance are good candidates as procedures to selectively populate
a significant fraction of lattice sites in the |eg).
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Figure 5.11 — Experimental decay rates 7;—13 (red dots) extracted from lifetimes
experiments performed on lattices sites at the end of adiabatic passages following | ;)
(left) and |A;) (right) according to the protocol detailed in 5.3.1. The decay rates,
rescaled by [, are compared to the the fractions II¥) of lee) in the considered dressed
state obtained by the diagonalization of the Hamiltonian H® (T'), in presence (I' = Te;
blue line) or absence (I' = 0; dotted black line) of two-body inelastic losses in the state
lee). The losses reduce the coupling of the eigenstates |\;—; 3) with the lossy state |ee),

confining them to the reduced-loss subspace spanned by {|gg), |eg)}.

5.3.3 Composition of the dressed states

In order to monitor the following of the states |A;) and |A3) according to the protocol
described in 5.3.1, we project the dressed lattice sites at different detuning and for
Oy, = 27 x 150 Hz fixed on the Fock basis, by switching off the coupling light and then
measure the total population of atoms, and the total population of atoms in |g).
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Figure 5.12 — Atomic populations evolution during the adiabatic following of the
cigenstates of H® |\;) (left) and |\3) (right). N,,, is the measured total number of
atoms after the repumper pulse. Ny is the measured total number of atoms in atomic
state |g). The associated dashed lines are obtained by solving the Schrodinger equation
during the passage.
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Chapter 5. Zeno effect and adiabatic passages in presence of atom losses

The experimental evolution of the populations during the adiabatic passages, repre-
sented in Fig. 5.12 matches well with the predicted population, computed by inte-
grating the Schrédinger equation for singly and doubly occupied sites, as long as the
resonance oy, = 0 is not crossed. After this detuning a small disagreement appears.
However at these points of the passage, according to Fig. 5.9 the population of doubly
occupied sites becomes negligible, and almost only singly occupied sites are responsible
for the recorded signal.

The observed mismatch may be due to a failure of the adiabatic approximation which
is less robust for singly occupied sites as shown in Figs. 5.14 and 5.15. A part of the
discrepancy can be attributed to the clock laser frequency fluctuations characterized
in 3.5.3. It can be studied by modelling the evolution by a stochastic Schrodinger
differential equation:

) gy ) o) ele 1 (5.49)
2] D)) (eg)eal + 2lee) eel) € (1) (5.50)

and average it over several stochastic trajectories. Here £ (t) is a stochastic term,
generated by a Ornstein-Uhlenbeck introduced in 3.5.3. ¢ is obtained from a gaussian
white noise term & via the Langevin equation,

d§

R JURT O (551)

with § and o the parameters measured in 3.5.3.
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Figure 5.13 — Atomic populations evolution during the adiabatic following of the
cigenstates of H® |\;) (left) and |\s) (right). N,., is the measured total number
of atoms after the repumper pulse. N, is the measured total number of atoms in
atomic state |g). The associated dotted lines are obtained by solving the stochastic
Schrodinger differential equation (5.49).

The results of such simulations are represented in Fig. 5.13. If the introduction of the
laser frequency noise allows to render the existence of a residual population of atoms
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5.3. Adiabatic passages

in |g) at the end of the passage, it is smaller than the measured one. This mismatch
can be due to additional detrimental effect occurring during the ramp, which have not
been identified so far. Moreover our (simple) characterization of the noise has been
performed over timescales shorter than 50 ms, and may have failed to capture the
effects of some component of the noise spectrum which are significant only at long
times.

5.3.4 Adiabaticity of the passages

Now that the main the experimental results on the dressed states has been presented,
we must address the question of the adiabaticity of the evolution of the states of the
lattice sites according to the protocol proposed in 5.3.1. In the rest of this section, in
order to ease the notations, we will denote the couple of time-dependent parameters
(Q, 0r,) at time ¢ as £ (t). Singly and doubly occupied sites are made continuously
evolve from & (ty) to & (¢1) on the parameter plane between the instants ¢y and ¢;. The
evolution operator for each system, denoted um (t1, to) acts on the right eigenstates of
the Hamiltonian H™ in the adiabatic limit (actually quasi-adiabatic limit for doubly

occupied sites) Ua(udﬁi)ab. as (see A):

A~

1 —iffy
Ui, (t1, to) | ) gy = e o = EE 1y ) (5.52)
N t . rt
U8 (1, o) I\ Veqre) = €72 Jio wEO Mt higwsematy g (5.53)

a

In order to quantify the adiabaticity of the experimental procedure used to study the
eigenstates of H® at different detuning dr, we compute the probability for a site,
initially in a given eigenstate |\ (£ (to))) of its Hamiltonian, to be send to another
eigenstate |A;z (€ (t))) during the passage. These probabilities are given by:

i [ w 3
p () = [F)) = o “F €O (FTD (11, 1) [£) e (5.54)
for singly occupied sites and
1 rt1 . i tlw. g IS
(k) = [Ag) = ez o D et s €O (KT (11, t0) [ Meero) (5.55)

for doubly occupied sites. Here |A)¢y) = |A (£ [t])) is the eigenvector |A) of the Hamil-
tonian in point £ of the parameter plane, where stands the system at time ¢.
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Chapter 5. Zeno effect and adiabatic passages in presence of atom losses
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Figure 5.14 — Adiabaticity following |—)/|\;): Probability for singly m = 1 and
doubly m = 2 occupied sites, initially in state |—) for @ = 1 and |\;) for m = 2, to
populate other eigenspaces than the initial one (i.e. to populate |+) for m = 1 and
{|A\2), |[A3)} for m = 2 ) during a ramp performed according to the protocol described
in section 5.3.1, with o, : —1.5kHz — +1kHz. The extent of the passage is expressed
in terms of detuning ¢y, in order to compare the different speeds.
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Figure 5.15 — Adiabaticity following |+)/|\3): Probability for singly m = 1 and
doubly @ = 2 occupied sites, initially in state |+) for m = 1 and |A3) for m = 2, to
populate other eigenspaces than the initial one (i.e. to populate |—) for m = 1 and
{|A1), [A2)} for @ = 2 ) during a ramp performed according to the protocol described
in section 5.3.1, with dr, : +1.5kHz — —1kHz. The extent of the passage is expressed
in terms of detuning ¢y, in order to compare the different speeds.

These quantities are numerically computed for ramps "following |A;)" (Fig. 5.14) and
ramps "following [A3)" (Fig. 5.15) for singly and doubly occupied sites, and at different
ramp speeds. From these figures, we can conclude that at the speeds considered, and
more particularly for 10 Hz/ms used in most of our experiments, the probability for the
lattice sites initially in |gg) to "smear" on other dressed states than their initial one
during the passage is negligible. As a consequence we can assume that at the end of the
passage, the lattice sites are actually in one of the eigenstate of their Hamiltonian, only
depending on the sign of the initial detuning of the coupling field. It also ensures the
identity II;; ~ P,; (t) between the quantities defined in (5.39) and (5.45) respectively.
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5.4. Conclusion

5.3.5 Passages back and forth: an experimental verification of
the adiabaticity

In order to test experimentally the adiabaticity of the passages performed in the
experiment previously presented, back and forth passages have been performed. A
forward passage according to the experimental protocol detailed in 5.3.1 two time
faster (i.e. 22.2 Hz/ms for the detuning ramp). Then immediately after, the reverse
ramp is performed at the same speed. Sending back all the lattice sites at their starting
states, i.e. |g) and |gg) for singly and doubly occupied sites respectively at the end of
this round trip on the parameter plane is a necessary (but not sufficient) condition for
the passage to be adiabatic. From the Fig. 5.16 we can see that for ramps back and
forth involving doubly occupied sites, all the atoms at the end of the ramp are in atomic
state |g), which is consistent with an adiabatic passage. As for forward passage, the
discrepancy occurs when the resonance dy, is crossed, and concern mostly the dynamics
of singly occupied sites.

Following |A;) Following |\3)

6r 1 6f === Sim. N, T
5k 1 5t I_!_I Sim Neyq |
<+ \ Ny
8: ar i i ar &'l Ne+g 7 i
3t {1 3t s .
Z ot %ﬁ%@"" e | 2[ Ze .
1F @% _ 1F dﬂ%ﬁ -
0 1 1 1 1 1 0 1 1 1 1 1
—-1.0 —-0.5 0.0 0.5 1.0 —-1.0 —-0.5 0.0 0.5 1.0
Return 6,/(27) [kHz] Return 6,/(27) [kHz]

Figure 5.16 — Atomic populations evolution during the back and forth ramps of the
cigenstates of H® |\;) (left) and |As) (right). N.,, is the measured total number of
atoms after the repumper pulse. IV, is the measured total number of atoms in atomic
state |g). The associated dashed lines are the populations predicted by the integration
of the Schrédinger equation.

5.4 Conclusion

In this section, we show that the dynamic of a collection of pairs of bosons in presence
of inelastic-collision induced losses could be described by an effective non-Hermitian
Hamiltonian. The diagonalization of the 3 x 3 non-Hermitian Hamiltonian describing
our experimental situation show the existence of two regimes, depending on the strength
of the coupling between internal states of the atoms, with different properties. The weak
coupling regime in particular, comes with the emergence of a reduced-loss subspace,
almost decoupled for the dissipative state, by a quantum Zeno effect mechanism.
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Chapter 5. Zeno effect and adiabatic passages in presence of atom losses

This phenomenon has then been verified experimentally, by performing adiabatic pas-
sages, following the eigenstates of the Hamiltonian spanning the reduced-loss subspace.
We have showed that the contribution of the dissipative bare state to these dressed
states is, in presence of dissipation, several order smaller that it would have been in
absence of dissipation. The adiabatic passages are also a way to populate coherently
a significant number of lattice sites in the |eg) state, starting from |gg), without pop-
ulating |ee) states, which could be of interest in the perspective of spin-orbit coupling
experiments for quantum simulation.

In order to increase the loss suppression effect, the "slowing" factor Q2 /T, character-
istic of the quantum Zeno effect, could be reduced by increasing I, i.e. by increasing
the lattice depth or by reducing €2r,. In practice the maximum lattice depth is limited
by the amount of laser power available and the fact that T, increases slowly (oc V3/4)
with the lattice depth V. On the other hand, reducing €2;, imposes to perform slower
passages in order stay in the adiabatic regime, which makes the experiment more sen-
sitive to long-term dephasing mechanism and may ends in experiments longer than the
tunneling time, invalidating the hypothesis of independent lattice sites.
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CHAPTER 0O

Dynamics in 1D lossy optical lattices

In the previous chapter, I have studied the influence of two-body inelastic collisions
on atom pairs trapped in isolated sites of the optical lattice. I have shown the two-body
losses decouples the dissipative state, with two 1"Yb atoms in the 3P, state, from the
rest of the Hilbert space in which the pair of bosons evolves. We have also used this
phenomenon, which is a manifestation of the quantum Zeno effect (QZE), to drive
our system within the reduced loss subspace. Armed with this knowledge for the two
particle case, I tackle in this chapter the many-body case by considering unidimensional
optical lattices filled with '™Yb atoms in the *P, state.

Over the last decade, the use of dissipation or decoherence to control or protect quan-
tum many-body system has arisen a growing interest (Syassen et al. 2008; Witthaut et
al. 2008; Diehl et al. 2008; Kraus et al. 2008; Verstraete et al. 2009). This idea has been
more particularly implemented with experiments involving ultracold atoms trapped in
unidimensional optical lattices, using different kind of bosonic particles which are sub-
ject to inelastic losses, including pairs of 8 Rb atoms associated to molecules thanks
to Feshbach resonances (Syassen et al. 2008) or YD atoms in the metastable 3Py
state (Tomita et al. 2019). In these experiments the quantum Zeno effect generated by
the two-body inelastic collisions between the atoms evolving in the optical lattices are
used to protect the system from the dissipative subspace of their Hilbert space, slowing
down the atomic losses.

Studying such system is also of interest for the further development of the setup be-
cause it will allow us to determine how much time it takes for the losses to affect the
many body state created in the optical lattice. In the first part of this chapter, we
introduce the first elements for the theoretical description of the system, showing how
the quantum Zeno effect will slow down the loss dynamics. Then, the experimental
protocol for the study of the loss dynamics is presented. Experimental results are then
compared with two models describing the evolution of the average filling of the optical
lattice. Finally, we will try to explain the observed difference between the experiments
and the models for the lowest lattice depths probed by investigating the effects of some
experimental aspects that are not taken into account in the models.
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6.1. Theoretical description of the system

6.1 Theoretical description of the system

6.1.1 The dissipative Bose-Hubbard model

In this chapter we will study the loss dynamics in 1D optical lattices filled with
17Yb atoms in the 3P state, denoted |e) in the rest of this section, with an initial
filling assumed to be equal or inferior to m = 1. The presence of inelastic collisions-
induced two-body losses for two atoms in this state lead us to describe its dynamics by
a Lindblad master equation on the density of state p, similarly to what has been done
in 5.1.2:

dt  h

dp 1 [~ Lee o a antn it ata a atata oa
b R [H(J, ﬁ} + Z (2%“@‘:0@1@;[ — pajata;a; — ajai%‘“iﬂ) ; (6.1)

with Hy the single-component 1D single-band Bose-Hubbard Hamiltonian:

Hy = Hj+ Hi (6.2)
with .
Hy=-7) ala; and Hy = 2 gy (g — 1) (6.3)

Here a; is the annihilation operator for a boson in state |e) at site ¢ of the 1D optical
lattice and n; = d;rdi. The summation over (i, j) is made on the neighboring lattice
sites.

In the rest of this chapter, we will consider the strong dissipation limit, where the
two-body losses occurs at a rate much faster that the tunneling, i.e. e > J/h.

6.1.2 A simple model

In order to have some insight on the dynamics of interacting bosons trapped in a
1D optical lattice and subject to two-body losses, we present here the simplest case
corresponding to this situation: a pair of bosons trapped in a double well. Using the
non-Hermitian Hamiltonian framework introduced in the previous chapter in 5.2, the
Hamiltonian describing the dynamics of the system writes:

A 0 —V2J —V2J
H=|-V2] U, —ile 0 . (6.4)
_\/§J O Uee - 1%

in the {|11),|20),|02)} basis, where |n, m) = |n); @ |m), is the Fock state with n
bosons in the left well and m bosons in the right one.

In the strong dissipation limit (I'.e > J/h), it is possible to proceed similarly to what
has been done in 5.2.3 and adiabtically eliminate the rapidly decaying states with
double occupancy. It results in an effective energy U.g shift and loss rate I'eg for the
"ground state" |11),

4.J? 4.J?

Ueff = _—QUee and Feff = (]36+—U%m)2ree.

(6.5)
U2+ (%)
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Chapter 6. Dynamics in 1D lossy optical lattices

Here we observe that in presence of strong inelastic interactions (I'ee > J, U,.) the dis-
sipative part of the energy scales as T'og oc J?/T'. and the two-body losses in the excited
state actually enhance the lifetime of the ground state, by hindering the transitions
toward the dissipative one via tunneling.

\/\Wo.
J / h]/ «»““' Fee F
x“
T AVYERYAY

Figure 6.1 — Scheme of the perturbation treatment of the system composed of two
bosons evolving in a double well with a tunnel energy J, subject to two-body interac-
tions with the associated complex energy U, = U —ihl'c./2. In the regime where the
tunneling rate J/h is much smaller than the decay rate I, for the two-body losses the
system can be approximated by two impenetrable bosons with an effective decay rate
I'.g much smaller that I'...

2

@ \@
eff
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In this chapter we show how the perturbative approach applied on this simple model
to point out a quantum Zeno dynamics can be used on the more complex system of
many bosons trapped in an optical lattice, strongly interacting via elastic and inelastic
two-body collisions. It leads to the description of the dynamics of the system by an
effective master equation, with an effective loss rate, analogous to the one found in
(6.5).

6.1.3 The Tonks-Girardeau gas limit

This section summarizes the main steps of the theoretical work made in Garcia-Ripoll
et al. 2009 in order to establish the effective master equation used in this chapter to
describe the dynamics of the system.

Since the Lindblad equation written in (6.1) is linear, it is possible to rewrite it in its
linear form:

d . R
N = (Lxin + Lint) P (6.6)

introducing the Liouvillian "superoperators" (linear operators acting on the density
matrix p), defined by

R 1 [~
ﬁkinp = _ﬁ [HJ,P} (6-7)
1 i Fee A A Ant A AATATA A ATATA A A
Lintp = —% [Hintnﬁ} + 1 E (2%%0@3&1 - palajaﬂi - ab:%%ﬂ) . (6.8)

Here the Liouvillian has been decomposed between Ly;, o< J rendering the tunneling

dynamics and Liyy o |Uee — 1% enclosing the elastic (via Flint) and inelastic (via
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the Lindblad term) interactions. In the strong dissipation limit, |U. — ife| > J

the tunnel operator can be treated as a perturbation in order to derive an effective

master-equation.

Similarly to the case of pair of atoms trapped in isolated lattice sites seen in the previous
chapter (see 5.2.2), two-body losses act like continuous measurements, hindering the
transition from the subspace of the Hilbert space without losses, spanned by the hard-
core bosons states of the form:

) = Q) Ip;); with p; € {0,1} Vj, (6.9)
J
to the lossy states directly connected to them,
[05) = 12)i0 @) py); with p; € {01}V # jo. (6.10)
J#jo

Here |p); denotes the Fock state with p bosons at site j.

Consequently it is possible to restrict the description of the dynamics of the system
to the loss-less subspace, corresponding to the Fock states with at most one atom
per lattice site, by proceeding similarly to 6.1.2. After some algebra, one obtains the
effective Lindblad master equation for the system (Garcia-Ripoll et al. 2009):

dp i [ A Ceg S st iR . Arts

= A+, ) + <y (2£,0L) — L1L,p - pLIL,) (6.11)

J

The unitary part of the master equation can be decomposed as the sum of the Hamil-
tonian
Hy = -1 ala;, +hec, (6.12)
J
with a; hard-core bosons (HCB) annihilation operators, rendering the tunneling of the
bosons in the optical lattice, and the Hamiltonian

Hy=-JY LI, (6.13)
J

that encloses both effective nearest-neighbor interactions and interaction-mediated tun-
neling via a virtual state out of the reduced-loss Hilbert subspace. To define these
Hamiltonians we have introduced the operator

Ly=a; (a4 +a;_,), (6.14)

J

that annihilates a pair of particles in neighboring sites, and the constants

8J2 Uee
I.e and J =

T = ——
T 402 1 e, |

Degr. (6.15)

The Hamiltonian H; describes the hopping by tunnel effect of impenetrable hard-core
bosons between the sites of a 1D lattice. This dynamics belongs to the family of the
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Chapter 6. Dynamics in 1D lossy optical lattices

Tonks-Girardeau gas (Tonks 1936; Girardeau 1960), which gathers the unidimensional
gas of bosons whose dynamics is dominated by a repulsive interaction, enabling a
mapping of the ensemble of bosons on a fermionic model (Girardeau 1960). The first
experimental observation of a Tonks-Girardeau gas, implemented with ultrcaold atoms
in an optical lattice, has been reported in Paredes et al. 2004. The quartic Hamiltonian
H, is coupling nearest neighbors on the lattice sites. Finally the last term in (6.11)
enclose the dissipative component of the evolution, occurring at a rage ['.g with the
jump operator ﬁj.

One of the main feature of the effective Lindblad master equation (6.11) is the emer-
gence of a new timescale I' e_ﬂl associated with the dissipative processes. In absence of
elastic-interactions, the effective loss rate would scale as Iy o< (J/h)° T2}, which is a
signature of the quantum Zeno effect (see 5.1.2). When the perturbative approach is

valid, we have the inequalities

Il < hfJ < T (6.16)

101

5 10 15 20 25

Lattice depth V, [ER] Lattice depth V, [ER]

Figure 6.2 — Comparison between the timescales of the different dynamics at stake.
(a) The different timescales 7 associated with the different mechanisms involved in
the description of the system made in (6.11) for 1D optical lattice of 1™YDb atoms
with depth V; in the shallow horizontal direction, and V,, . = {25, 27} ER in the other
directions. For the lattice depth studied in 6.2, the hypothesis used to derive (6.11) is
satisfied. The quantity J’ is not represented for it is equal to Al'eg up to a constant
factor Ue/(hl'cc) =~ 1.2. (b) Evolution of the ratio between |Uee| = |Uee — il'ce/2| and
J for different lattice depths. The increase of the lattice depth and consequently of
the elastic and inelastic interactions made postpone the emergence of the non-unitary
dynamics in the Tonks-Girardeau gas, by quantum Zeno effect.

This inequality can be interpreted in the quantum Zeno effect picture as follows: the
two-body losses acts as a measurement for the sub-Hilbert space enclosing the states
with at least one doubly occupied site. Since it occurs at a rate I‘e_ﬂc1 much faster that the
tunneling dynamics (I'.. < i/.J) that takes place in the sub-Hilbert space spanned by
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the Fock states with at most one atom per site, transitions via tunneling are hindered

and only occur at a rate Fe_ﬁl, much slower than the other timescales. Consequently, for

timescales T < Te_ﬁl, the system evolves according a Tonks-Girardeau unitary dynamics,
while its long-time dynamics is characterized by losses at a rate proportional to I'eg. In
the following we propose to probe this dynamics by studying the evolution of number

of atoms. limit.

In our experiments, the system that emulates the unidimensional Bose-Hubbard model
is realized with ultracold atoms trapped in a cubic optical lattice, where the depths
of one of the horizontal axes, denoted y and the vertical axis are kept high, typically
V,. = {25, 27} Eg. For these lattice depths the motion of the atoms along the y and
z directions is inhibited at the timescales of our experiments. Consequently we end
up with a quasi-unidimensional system, where the dynamics of the bosons takes place
along the remaining horizontal direction x with a lower lattice depth compared to its
transverse axis. The lattice depth of this shallow axis is varied across the experiments.
The evolution of the timescales associated with the different mechanism involved in
the effective master equation (6.11) with respect to the lattice depth V is represented
Fig. 6.2 (a). We observe that for the typical lattice depths used in our experiments
(Ve € [8,20] ER), the inequality (6.16) is satisfied. Moreover we observe that the
decoupling between the mechanism timescales increases with the lattice depth V, of
the shallow axis.

6.1.4 A mean field approach for the losses in the lattice

A first description of the losses dynamics has been proposed in Garcia-Ripoll et al.
2009 using a mean-field approach to compute the evolution of the total number of
atoms in the lattice N (t) = (N), = >_;(f;),. Here (.); denotes the average at time ¢.

~

Under the effective master equation (6.11), the evolution of the quantity (IV); is given
by the differential equation

AN T S L
= Z< [Lij, N} >t = 2T Y (LIL).. (6.17)
J

J

In order to simplify the solving of this differential equation, the authors of Garcia-
Ripoll et al. 2009 assume that the system is homogeneous and that the populations of
different lattice sites are uncorrelated. It allows to rewrite the terms in the right-hand
site of (6.17) as,

<L;[Lj> = <ﬁjﬁj+1> + <ﬁjﬁj—1> + <&;+1ﬁjdj—1> + <d;—1ﬁj&j+1> (6~18)
~ 2m° (6.19)

introducing 7 (t) = N (t) /Nsites the density of atoms in the lattice. The injection of
(6.18) into (6.17) leads to a rate equation on 7,

dn
— = AT (t 6.20
- i (1), (6.20)
whose solution is = (0
7 (t) 7 (0) (6.21)

T 1447 (0)Tegt’
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Chapter 6. Dynamics in 1D lossy optical lattices

The model of Garcia-Ripoll et al. 2009 presented in this section provide a quantitative
description of the system of a unidimensional optical lattice filled with bosons inter-
acting via strong inelastic collisions. However the mean-field treatment the rate used
to derive the rate equation (6.20) prevent the model to take into account the effect
of the correlations between the sites that build up during the evolution of the sys-
tem. More particularly the density correlation that appears in the expression (6.18) of
([:I[:ﬁ are neglected in the mean field treatment. In order to overcome this limitation,
a beyond-mean field approach is introduced in Sec. 6.1.5

6.1.5 Beyond mean field: Rate equations

The hypothesis of uncorrelated populations between the lattice sites, used in Sec.
6.1.4 to derive the mean field model, fails to render the dynamics for low densities
where the correlations can lo longer be neglected. We have an ongoing collaboration
with Leonardo Mazza and Davide Rossini to overcome the limitations of the GR model
and describe the correlated regime that emerges at long times. Starting from the HCB
master equation, it is first convenient to perform a Jordan-Wigner transformation
(Jordan et al. 1928) to "fermionize" the lattice gas, mapping the hard-core bosons field
operators to fermionic ones. This is accomplished by the unitary transformation,

é] — eiﬂ' Z7n<j ﬁ‘]&] (622)

Here the phase factor counts how many particles are on the left (by convention) of
the site j. This transformation maps the hard-core bosons operators a; to canonical
fermionic operators ¢; that satisfy

{¢;, et =0 (6.23)
{Aj’ éjn} = 5]',m'

Here {, } stands for the anti-commutation brackets.

Then, the effective master equation (6.11) is rewritten using the momentum-space

representation,
1 _y
b= 3 it (6.24)

V Nsites k

assuming periodic boundary conditions on the lattice, with Nges and a period d.

In this representation the rate equations for the quantities ny, (t) = (fg); = (¢L¢,); can

be extracted from the effective master equation:
dn i/7- f I SR fia i
b= ([ Hain] ) + 5N (2Ll Ly — Lk~ LiL,) . (6.25)
J

2

This master equation is directly derived from (6.11), using ng = Tr [pny], without any
further assumption. Here one can notice that the Hamiltonian H; do not contribute

to the evolution of ny (t), since []:I 1, ﬁk} = (0. This term can consequently dropped in

the rest of this section.

In order to simplify the master equation (6.25), a further assumption is made: the
quantum state of the system is chosen so that it satisfies Wick’s theorem,

(eletency)e = (ele)i(elen)e — (eleg)i(ele)s, (6.26)
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and factorization in the momentum space,
(@e) = S (1) - (6.27)

Under these new assumptions it is possible to discard the contribution of flg, since
<|:_H2, ﬁk] )¢ = 0. Finally, the hypotheses on the nature of the quantum state allow to
simplify the rate equation (6.25), which becomes

dnk I_\eff Tl A 7
T = (L e Ly e ) (6.28)
J
It can be reformulated as a rate equation on the ny (t)’s
d 4T, ) ,
= D0 (8 sin ()] men (6:29)

We end up with a system of non-linear differential equations on the n;’s. The numerical
resolution of this system shows that the decay of the population n; in the momentum
states corresponding to k = 0 and k£ = 7 is slower than for the others states. From the
numerical solutions ny of (6.29), we compute the evolution of the average filling 7 (¢),
introduced in the previous section 6.1.4. This quantity is represented in Fig. 6.5 along
with the same quantity computed with the mean field approach, for an initial average
filling 7 (0) = 1. We observe that for short times (4I'.¢ < 1) the two curves almost
coincide, whereas for long times (4Teg > 1) the decay of m computed with the rate
equation is slower than for the mean-field approach. The divergence between the two
models at long times is a manifestation of the correlations that build up in the system
during its evolution. These correlations, not taken into account by the mean field
model, slow down the dynamics of the atomic losses. From (6.20) on can show that at
long times, the average filling for the mean field model behaves as 7 (t) ~ 1/ (4T cgt) ,

whereas it can be deduced from 6 29) that the asymptotic behavior of the rate equation

model follows 7 (t) ~ 1/1/877 (0) Legrt

6.2 Experiences

6.2.1 Experimental protocol

To probe the quantum Zeno dynamics described above in 6.1, we study the evolution
of the number of atoms in 1D optical lattices, in the regime of parameters where the
inequality J < Al is verified. The 1D optical lattices studied are obtained according
the following common experimental protocol, starting from a Bose-Einstein Condensate
(BEC) of '™Yb atoms initially trapped in a crossed dipole trap :

e A BEC of Nutoms atoms is loaded in the optical lattice according to the procedure
described in 2.3.1. The lattice depths are sets to V., . = {V4, 25, 27} Eg. Here z
denotes the vertical axis while z and y the horizontal ones. The lattice depth V,,
is kept constant at 25 Eg, deep enough to prevent any tunneling in this direction
at the timescales of the experiments (for this lattice depth, the tunneling time
is equal to h/J = 77ms). The lattice depth along z direction is varied over the
experiments
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e A 7 pulse of yellow light @ 578 nm, resonant with the 'Sy, — 3P transition of the
1"YD atoms, is sent on the optical lattice. It transfers the atoms to the excited
state. The pulse is sent along the "strong" horizontal axis y, to prevent any recoil
effect and in order to be in the Lamb-Dicke regime.

e A a cleaning pulse of light resonant on the "blue" transition is sent on the atoms
to remove any remaining atoms in the 'S, state.

e After the cleaning pulse we let the atoms evolve during a time 7.

e Finally the lattice is switched off and the atoms are repumped to the 'S, state
to be imaged after a short time of flight.

In the following we perform experiments using two different preparation protocols,
depending on the number of atoms initially presents in the BEC that is loaded in the
optical lattice:

e Protocol A: Initial atom number Nyioms =~ 3 X 10%. According to the model for
the loading presented in 2.3.3 doubly occupied sites are formed in the center of
the optical lattice, alongside with a shell of the singly occupied sites surrounding
them. The doubly-occupied core quickly (within a millisecond) decays at the
beginning of the evolution. The decay is much faster than any possible redistri-
bution of populations by tunneling, so that we can assume that the inner core
simply "disappears" before any dynamics takes place in the unit-filled outer shell.
We simply wait and record the evolution of the total population after the core is
emptied. We assume that the dynamics of these atoms can be described by the
master equation (6.1) applied on 1D optical lattices with initial average filling
n <1.

e Protocol B: Initial atom number Nyoms ~ 8 x 103. According to the loading
model presented in 2.3.3 only singly occupied sites are formed in the optical
lattice. This preparation protocol is at first sight much simpler than the previous
one. However, this simplicity comes at the cost of an deteriorated signal over
noise ratio due to the smaller population recorded.

6.2.2 Experimental results

In Fig. 6.3 we present the evolution of the atomic populations in 1D e-lattice obtained
for several lattice depths V,, € [8, 20] Fr (V. € {8, 12, 15, 18, 20} Egr for protocol A
and V, € {8, 11, 14, 17} ER for protocol B), using protocols A (a) and B (b). The

atomic population is normalized by the initial number of singly-occupied sites Ni(nli)t.
To determine this quantity for optical lattices prepared following the protocol A, we
let the two-body losses deplete the atoms in doubly-occupied sites (see Sec. 6.2.1 ). As
showed in Fig. 6.4, this process translates into a first decay of the atom number in the
optical lattice that occurs at the scale of a millisecond. When all the atoms involved in
doubly-occupied sites have been depleted, the atom number stabilizes at a value that

we assume to correspond to Ni(nli)t, before the emergence of the dynamics of interest in
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Figure 6.3 — Atom number decay in 1D optical lattices prepared according to the
protocol A (a) for depths V, € {8, 10, 12, 15, 18, 20} Er and prepared according to
protocol B (b) for depths V, € {8, 11, 14, 17} Eg. The atomic population for each
lattice depths is normalized by the initial number of atoms in the singly occupied sites.
For the protocol A, this quantity is determined by the plateau in the evolution of the
number of atoms, that corresponds to the interval between the end of the two-body
losses, here the blue shaded area, and the Zeno-dynamics related ones. For the protocol
B, it simply correspond to the initial atom number.
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this chapter, i.e. whose associated with bosons evolving in a unidimensional lattice,
subject to strong elastic and inelastic collisions.
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Figure 6.4 — Determination of the initial atom number for protocol A for the experi-
ment performed at V, = 12 Fg. In a first time, the atoms involved in doubly-occupied
sites are depleted by the inelastic collision processes within a millisecond (blue shaded
area). When all the bosons pair have been lost due to the two-body losses, the decay
stops and the atom number stabilize around a value (dotted black line) that we assume
to corresponds to Ni(nli)t. Then a second decay occurs, corresponding to the dynamics,
studied in this chapter, of a bosons trapped in a unidimensional optical lattice, in

presence of strong elastic and inelastic interactions.

6.2.3 Comparison of the models with the experimental data

In this section we compare the experimental data presented in Fig. 6.3 to the two
model introduced above in 6.1.4 and 6.1.5. The experimental data points and both
models are represented in Fig. 6.5, assuming an initial average filling in the optical
lattices of @ = 1. We observe a discrepancy between the models at low lattice depths
for both protocols. For the lowest lattice depths probed, the experimental data time-
rescaled by (4Feﬁ)71 in Fig. 6.5 collapse on the same, curve. This point toward a good
qualitative description of the mechanism, but the losses occurs at a slower rate than
the ones expected from both models. In order to have more quantitative results to
compare both dynamics, we fit the experimental decays by the function

1

Tr a7 (6.30)

nuvre (T, li) =
with x left as a fit parameter. For k = kg, = 4T, the function nyp (T, k) corresponds
to the function introduced in 6.21, solution of the rate equation 6.20 given by the mean
field model, assuming an initial average filling @ (0) = 1. The function nrateeq. (I, )
is a heuristic function which, for Kk = 4I'e¢ and 7 (0) = 1 reproduces the numerically
computed solution of the rate equation (6.29) with a good accuracy. The results of
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the fits, for the data obtained with both protocol, are presented in Fig. 6.6 along
with their comparison with their expected value kg, from the models. This analytical
formula, easier to handle, allows a simple comparison with the mean field formula,
while rendering properly the behavior for the average filling at short and long times.

Mean-field 7]
Rate eq.
8 by
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Figure 6.5 — Comparison between the time-rescaled population decay and the decay
expected from the models presented in, for both protocols (A: (a); B: (b))

In Fig. 6.6 the discrepancy at low lattice depth is more straightforward: For the lowest
lattice depths, the decay rate x is smaller than the ky, = 4. expected from the
model introduced in Sec. 6.1.4, assuming 7 (0) = 1, but vary similarly as the lattice
depth increases. Then for intermediate lattice depths, the difference between the fitted
k and Ky, decreases to end up in an agreement between the experimental data and
the models at 20 Eg. Furthermore, for the lowest lattice depths, the dynamics for the
optical lattices loaded according to protocol B is even slower than the one in lattices
A. However for lattice depths V, < 15FER, fitted parameters for both protocol seems to
converge towards each other.
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Figure 6.6 — Fitted effective decay rate x from fit function introduced in (6.30),
extracted from the experimental data obtained following protocol A (red diamonds)
and protocol B (blue circles). In panel (a) the results of the fit procedure are compared
to the expected value for x from the models kg, = 4 (green line and squares). In
panel (b) the evolution of the ratio k/ky, for the different lattice depths probed in our
experiments.

6.2.4 Investigation on the possible causes for the slowing
down of the losses dynamics

In order to explain the discrepancy between the experimentally observed decay of
atomic populations in the optical lattice and the dynamics described by the models
introduced earlier, we investigate several candidates for the slowing of the losses dy-
namics.
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Evaluation of the physical quantities involved in the effective dynamics

In the discussion about the causes that could explain the observed discrepancy be-
tween the experimental data and the models observed in Fig. 6.6, we must firstly make
sure that the uncertainties on the measures of the physical quantities involved in the
expression of ey could not be sufficient. We remind from the expression (6.15) that
the effective loss rate ['og is function of the tunneling constant J and of the elastic and
inelastic interaction energies, U, and hl'../2 respectively.

The tunneling constants J and thus the lattice depths V, , ., along each direction are
estimated by the technique exposed in Sec. 2.3.2 relying on Kapitza-Dirac diffraction
experiments, with an accuracy of 1 Fg on the lattice depth. Given the lattice depth, the
band theory introduced in Chap. 1 gives us the Wannier functions and their associated
integrals for the lattice depths considered. Consequently, to determine the interaction
energies, one has to estimate the values of the constants a.. and f.. characterizing
respectively the elastic and inelastic collisions between two 1"Yb atoms in the excited
state |e). The methods used to measure these quantities are presented in Sec. 5.2.2.
We remind the estimates for the elastic collision parameter a.. = 126.7(2.3) found in
Franchi et al. 2017 and for the inelastic collision parameter S, = 2.5(1) x 107! cm3.s7!.
The errorbars determined for all the quantities involved in the expression of ['g are not
sufficient to explain the ratio of 0.2 (see Fig. 6.6) between the experimentally recorded
[e and the expected one from the estimated values of J, U, and Al'../2 at low lattice
depths. The uncertainty on the measures of the relevant physical quantities also fails
to render the observed dependence with the lattice depth observed in Fig. 6.6. As a
consequence we will consider other causes in order to explain the discrepancy between
the experimental data and the models.

Initial average filling 7 in the 1D optical lattices

In the computations presented in Figs. 6.5 and 6.6 the inital average filling of the
probed optical lattices 7 (0) has been assumed to be unity. However the experiments
of time-domain Ramsey spectroscopy presented in chapter 4 have pointed out the fact
that the initial average filling is inferior to unity. In order to test the hypothesis of lower
filling, we compare in Fig. 6.6 (b) the fitted x to the expected one kg, = 47 (0) Yeg for
the different lattice depths and protocol probed.

Here we observe that a lattice depth-independent filling inferior to unity cannot explain
the fact that the dynamics observed in our experiment is slower that the one described
by the models. To ensure consistency between the experimental points and the mod-
els, an initial average filling around 7 = 0.2 have to be considered at the lowest lattice
depths for the protocol A (m = 0.05 for the protocol B). However for higher lattice
depths (above 15 ER) the initial average filling has to be increased up to 1. There are
numerous reasons that could make the average filling less than unity. Technical fluctu-
ations of the optical lattice, the initial temperature of the cloud, imperfect adiabaticity
during the transfer are only a few reasons that lead to an increase of entropy of the
lattice gas (or even to a non-equilibrium situation). However such a wide variation of
average fillings seems unreasonable, especially for the lowest lattice depths.
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Figure 6.7 — Comparison between the energy scales at stake in the two-body elastic
and inelastic collisions and the band gap for different lattice depths in the "shallow" V,
direction, assuming lattice depths of V,,, = {25, 27} ER in the transverse directions. It
appears that, for the lattice depths considered in our experiments these energy scales
are small compared to the band gap.

Moreover, we expect that the initial average filling to be higher for the protocol B than
for the protocol A. Indeed the presence of doubly occupied sites at the center of the
optical lattice, which are depleted in the first millisecond of the experiment, should end
up in a hole in the center of the optical lattice. At the timescales of the experiments,
much longer than the tunneling time, one could expect than the empty sites in the
middle of the optical lattice would lower the average filling. In addition, in order to
match the models for the evolution of the atomic population in the optical lattice, we
have to assume higher fillings for higher lattice depths. However, we expect adiabatic
redistribution to be better fulfilled at low lattice depth. The average filling should be
closer to unity in these cases.

Loss rates normalization by excited bands

Another way to explain the slowing down of the dynamics with respect to the models
at low lattice depth could be to take into account the contribution of the excited bands
in the dynamics. We expect them to increase the mobility of the atoms in the optical
lattice. It has also been shown (Zhu et al. 2014) that in the regime where the energy
scales associated to the two-body elastic and inelastic collisions are on the same order
or larger than the band-gap, taking into account the excited bands could reduce the
value of I'ey. However in our case, for the lattice depths probed, the energies U,
and Al'../2 are small compared to the band-gap (see Fig. 6.7), and the single-band
approximation made in Chap. 1.2.1 when writing the Bose-Hubbard Hamiltonian is
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relevant.
Effect of the auxiliary trapping potential

In the developments made all along this chapter, the auxiliary confining potential
presented in has not be taken into account. We go back to the simple two-well model
introduced in section 6.1.2 and modify it introducing an energy shift A between the
two sites in order to have some insight on how the presence of an auxiliary confining
harmonic potential will change the tunneling constant between neighboring sites in the
1D lattice. The Hamiltonian associated with this new system is:

0 —V/2J —V/2J
0

H=|-vV2] Up—A—ilLe
—V2J 0 Uee + A — ilee

(6.31)

in the {|1);|1),, |2):|0),, |0);|2),.} basis. If we consider the perturbation treatment of
this Hamiltonian, restricted to the Hilbert space with at most one atom per site, we
end up with a effective loss rate for the state |1);|1), that can be expressed as:

_2J°T,, 1 1

Top (A) = U2 | (1= AU + (hBor/200) + (1+A/Ue)® + (71666/2968)2(6 .32)
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Figure 6.8 — Evolution of the correction on the effective loss rate I'og for the two well
system introduced in C.2, induced by the existence of a bias A between the two wells.
For typical values of the ratio A/U,. considered in the optical lattice, the additional
bias reduce the gap between the ground state with one atom in each site |1);|1), and
the state with a double occupancy in the well of lower potential energy, increasing the
effective loss rate.
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In practice, for our experimental setup, we have shown in 2.3.1 that the harmonic aux-
iliary trapping potential, superposed on the optical lattice in the x "shallow" direction
has a frequency €2, ~ 27 x 40 Hz. Moreover, according to the model for the loading
of the optical lattice introduced in 2.3.3, the maximal radius of our optical lattice is
inferior to Ry =~ 20 um. It allows us to give an upper bound for the maximal energy
shift between two neighboring sites of the 1D optical lattices under study:

A =~ mQ2dR .y ~ 0.24 By, (6.33)

where m is the mass of 1" Yb atoms, d the lattice period. When the lattice depth of the
shallow axis vary from V, = 8 ER to V, = 20 ER, the ratio A/U,, vary from 0.4 to 0.3,
which should translate into an increase of the effective loss rate I'eg, according to Fig.
6.8. This rough qualitative analysis points toward an acceleration of the losses dynamics
due to the external confining potential, which do not explains the observed delay of our
experimental points on the model curves. In Appendix C we perform similar analysis
on slightly more complex systems of wells biased by an auxiliary potential, and end up
to the same conclusion.

To conclude, the qualitative analysis performed from toy-models in this section tends
to dismiss the harmonic auxiliary confining potential as the cause for the slowing down
of the loss dynamics. On the contrary it could induce transport that would enhance
the tunneling and consequently the formation of doubly occupied sites, where inelastic
collisions will occur.

6.2.5 Relevance of the extended Bose-Hubbard model

The experiments performed to study the loss dynamics of the 1D Bose-Hubbard
model in the strong dissipation regime required to consider timescales on the order of
several I'eg that are very long compared to the one associated with the tunneling //.J.
Consequently the hypothesis used to write down the Bose-Hubbard Hamiltonian may
be no longer valid, and some extra term, neglected so far, should be taken into account.
More precisely the interaction term of the Hamiltonian:

- 1
_ At
Hiyy = 5 Z Uijklajajakal (6.34)
z’J?k7l
with the interaction matrix element given by:

Uit = <gee - ihf@ﬁ) [aw cre e e (639
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can be expanded as:

. 1 e
Hiyy = §Uoooo Zalalaz- i (6.36)
+ Unoo1 Z [d}dg&idj + h.c.} (6.37)
(4,)
+ Usore Y |alala,a, +hec (6.38)
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where (.,.) stands for a sum on nearest-neighbors and ((.,.)) stands for a sum on
next-nearest neighbors (Dutta et al. 2015).

The first term of f[int with the matrix element Upyggo 1s the usual interaction term of the
Bose-Hubbard model. The second term (6.37) o< Uygo1 gives the first correction to the
Bose-Hubbard model: it renders an interaction induced tunneling event from a site ¢ to
one of its nearest-neighbor j. The term (6.38) oc Upggz is associated to a similar event,
occurring this between further lattice sites. Lastly the terms in (6.39) o< Uy are
associated with off-site interactions between neighboring sites, for the term oc dldidjdj
and to correlated tunneling event where two particles tunnel simultaneously, called
co-tunneling, for the term o d;rdldjdj. The real part of the matrix elements of the

extended Bose-Hubbard model are compared to the tunneling constant and to Al /2
in Fig.6.9 for different lattice depths.
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Figure 6.9 — Comparison between the first matrix elements of the extended Bose-
Hubbard model, the tunneling energy and the effective loss rate for different depth
of the 1D lattice, assuming V,,, = {25, 27} ER in the strong directions of the optical
lattice.
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At the timescales of our experiments, we can neglect the terms oc Uypr; and o< Upggs.
However, for lattice depths over 8 ER, the occurrence of interaction-induced tunneling
cannot be neglected for timescales on the order of Te_ﬁl. This mechanism is not taken
into account in the models presented earlier and cannot be easily integrated to it.
Consequently, in order to have some qualitative insight on how the interaction-induced
tunneling will alter the effective loss rate, we consider once again the simple model
with two bosons evolving among two wells previously used in 6.1.2.

In the {|11), (]20) 4 [02)) /+/2} basis the Hamiltonian describing the dynamics of the
system, including the interaction-induced tunneling gives:

0 —2J +2Ve.
(oo T 0™) 040

Here Vi, denotes Upgor With g = gee — iRfBec/2. We extract from this Hamiltonian the
effective loss rate for the state |11) using its second order perturbation expansion:

A Vel
U+ (e /2)”

ot r... (6.41)

The numerical computation of the Wannier integral associated with Vi, = Upgo1 gives
negative values for Re (&) Consequently this correction will increase 'y i.e. speed
up the of the losses and therefore cannot explain the slower dynamics observed in our
experiments.

6.2.6 Strength of the contact interaction

In the results of the experiments presented in 6.6, we observe that decay rates x ex-
tracted from the experimental data are closer and closer to its expected value from the
models k¢, as the lattice depth, and consequently the interactions strength, increases.
Consequently the observed discrepancy between the models and the experiments could
be due to the fact that at low lattice depths, the interactions between the bosons are
not strong enough for the system to be described by the effective master equation
(6.11). Under this hypothesis, the second order perturbation theory used on the Lind-
blad master equation (6.1) to derive (6.11) would start to be relevant only for lattice
depths V,, > 20 Eg. In order to confirm or disprove this hypothesis, we plan to realize
experiments in deeper lattices, in order to probe the loss dynamics in the regime where
Ve > 20 ER.

6.3 Conclusion

In this chapter we have studied experimentally the unidimensional optical lattice
filled with interacting bosons subject to inelastic collision-induced two-body losses, in
the strong dissipation regime. After a brief presentation of the theoretical framework
used to describe the dynamics in the optical lattices, we have presented the results of
our experiments on the evolution of the population of atoms in the optical lattice and
compared them to two models derived from the theory of hard-core bosons in optical
lattices. These results show up a behavior qualitatively consistent with the models, in
a sense that Fe_ﬁ} seems to be the relevant timescale associated with the losses, but not
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quantitatively: for the lowest lattice depths the dynamics is slower than expected from
the models. In the last part of this chapter we have tried to determine if some aspects of
our experimental setup, neglected so far, could explain this slowdown of the dynamics.
From our qualitative studies, it appears that initial average filling, the coupling with
excited bands, the presence of a confining trapping potential and the effect of higher-
order collisions terms in the expression of the Hamiltonian of the system are bad
candidates to explain the observed slower dynamics of the atomic losses. Another
approach to explain the slower dynamics would be to considers the assumptions made
to derive the models. Indeed in order to derive the models briefly depicted in 6.1.4 and
in 6.1.5, in addition to the conditions on the energy scales (Al'.. > J), assumptions has
been made in both case on the nature of the state of the system during its evolution.
More particularly, in the mean-field model presented in Garcia-Ripoll et al. 2009, the
populations of the different sites of the lattice are assumed to be uncorrelated, while in
the model developed in our ongoing collaboration, the derivation of the rate equation
requires a state that satisfies Wick’s theorem and factorization in momentum space.
In both cases, simplifying assumptions on the correlations between the populations for
different sites of the direct or the Fourier space have been made. Consequently, these
models may fail to represent some highly correlated states.
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Summary and conclusion

In the work presented in this thesis manuscript, I have studied several experiments in-
volving ultracold '™Yb atoms trapped in optical lattices, whose internal state is driven
by laser light. I have shown how such experimental platforms can be used to probe the
more general many-body physics of bosons evolving in a lattice, and its related effects.
A particular emphasis is laid on the physics of bosons in unidimensional lattice and
how the dissipative dynamics induced by inelastic collisions between YD atoms in
their excited state can be used to control the driving of the bosons, via the quantum
Zeno effect.

In Chapter 1, I have reminded some notions on the band theory and the Bose-Hubbard
model. These notions have been used throughout this manuscript to describe and
interpret the experiments performed. In this chapter they are more particularly used
to discuss the effect of the auxiliary confining harmonic potential superimposed on the
optical lattice and the adiabaticity of the protocol used to load the optical lattice.

The main experimental aspects of the realization of a Bose-Einstein Condensate of
1"Yb have been presented in Chapter 2, along with the electronic structure of yt-
terbium. Then the protocol to transfer the ™Yb Bose-Einstein condensate into the
optical lattice has been presented. Finally, from this protocol, a model describing the
spatial distribution of the atoms in the optical lattice at the end of the loading has
been proposed.

In Chapter 3, after introducing the experimental setup used to produce our narrow clock
laser at Ao = 7H9nm, we have proposed a theoretical description of the coherent
driving of 1™Yb on the ultranarrow 'S, <— 3P, transition. This description has
then been used to describe and analyze experiments, such as Rabi oscillations and
Ramsey spectroscopy, preformed on single atoms trapped in isolated sites of deep
optical lattices, so that the tunneling does not intervene. We have shown how these
experiments could be used to study the temporal evolution of the coherence in the
internal state of atoms driven on their clock transition. The results of the Ramsey
experiments allowed us to point out the frequency fluctuations of our laser as the main
cause of decoherence and to give an estimate of their power density spectrum, given
some assumptions on its general form.

The framework and the results of the experiments detailed in Chapter 3 have then
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been used in Chapter 4 to probe the dynamics taking place for two-component bosons
evolving in an unidimensional lattice in the strong interaction regime, close to unit
filling. A prior theoretical description of this system has pointed out two kind of
mechanisms driving the system, tunneling and superexchange. Taking advantage of
the site dependent phase imprinted on the atoms during their driving on the clock
transition, we have seen that it is possible to relate the decay of the contrast observed for
fringes obtained by time domain Ramsey spectroscopy to the dynamics of the system.
The experimental data, which have pointed out the tunneling has the dominant effect,
have finally been compared to numerical simulations, giving information on the initial
filling of the system.

In Chapter 5 we have shown that the two-body losses induced by the inelastic collisions
between a pair of 1"#Yb atoms in the P state enable a quantum Zeno effect that can be
used to drive the system while hindering the transitions from the reduced-loss subspace
of the Hilbert space to the lossy state. Then I have presented the implementation of
this idea for isolated bosonic pairs of 1"Yb atoms trapped in the sites of a deep optical
lattice, firstly theoretically, introducing the non-Hermitian Hamiltonian framework, in
order to discuss in a second time the results of the passage experiments, to highlight
the role of the quantum Zeno effect.

The physics of bosons evolving in an unidimensional lattice, interacting via both elastic
and inelastic collisions studied in Chapter 6 combines some of the concepts introduced
in Chapters 4 and 5. In this last chapter I have introduced the Lindblad master-
equation describing bosons strongly interacting via strong elastic and inelastic interac-
tions in an unidimensional lattice as an open quantum system. From this equation an
effective master equation has been derived after perturbative expansion in the strong
interaction limit, rendering the dynamics restricted to the reduced-loss subspace. This
effective master equation is used as a starting point to present two theoretical models
that allow to derive analytic expressions for the dynamics of the system. Then the re-
sults of experiments performed with "Yb atoms in the *P, trapped in unidimensional
optical lattices are compared with these models. We observe a qualitative agreement
between the experiments and the models for the dynamics of the two-body losses in
the optical lattice. However the decay of the atomic population in the optical lattices
are slower than expected. This chapter ends with a discussion on the possible causes
for this slow down.

Perspectives

Non-Hermitian linear response theory

Other transitions of '"Yb besides the 'Sy <— 3P, clock one, can be used to study
many-body physics. More particularly it is possible to take advantage of the finite
width of the inter-combination transition 'Sy «+— ®P; to enable spontaneous emission
an optical lattice, to study the dynamics of bosons in a lattice in presence of dissipation.
Such system, theoretically described in Poletti et al. 2013, have been experimentally
studied in the work presented in Bouganne et al. 2019, that has not been discussed in
this manuscript. The experiments performed in two dimensional optical lattices have
pointed out the signature of dissipation-induced anomalous diffusion in the momentum
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Summary and outlook

space.

In a subsequent theoretical work (Pan et al. 2020), it has been shown that the results
of the experiments presented in Bouganne et al. 2019, realized on 2D optical lattices,
were consistent with the non-Hermitian linear response theory developed in Pan et
al. 2020. In order to confront this theory with experiment, we study in an ongoing
project the evolution of the momentum distribution in a quasi-unidimensional optical
lattice in presence of dissipation, enabled by driving the atoms on the inter-combination
transition.

Artificial gauge field

As it has already be mentioned earlier in this manuscript, the long-term goal of our
experimental setup is the implementation of the protocol presented in Gerbier et al.
2010 for the realization of artificial gauge field using the ultranarrow 'S, <— 3P
transition of ytterbium. For that purpose, ultracold ™Yb have to be loaded in an
optical lattice with one horizontal arm at magic wavelength while the second arm will
be at anti-magic wavelength (see Chap. 2). Along the first direction the atoms in states
1S, and ®P, will be indistinctly trapped. Along the second direction a state dependent
lattice is formed, with the atoms in the 'S, state trapped at the nodes of the lattice
potential while the atoms in the Py state are trapped at the anti-nodes. In the magic
direction the atoms can tunnel via usual tunneling. In the anti-magic direction, the
tunneling requires the atoms to change their internal state. The tunneling in that
direction is enabled by laser-assisted tunneling, using a laser resonant with the clock
1S, «— 3P, transition. The presence of the coupling light field results in the atoms
acquiring when tunneling along the anti-magic direction.

A Y J eikcl.r

)

i

Figure O.1 — Scheme of the protocol proposed in Gerbier et al. 2010 for the implemen-
tation of artificial gauge fields. The lattice is at the magic wavelength in the y direction
and at the anti-magic wavelength in the x direction. The laser-assisted tunneling in
the state-dependent direction imprints a phase on the atomic state. When it circles
over a closed loop in the lattice, the atom acquires a non-zero phase ¢.

In this configuration, a particle that circles on a closed loop in the lattice acquires
a non-zero phase, similarly to the case of a charged particle in presence of vector
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potential described in the work of Aharonov et al. 1959, introducing the Aharonov-
Bohm effect. However in this configuration, the lattice flux is staggered along the
anti-magic wavelength. The protocol presented in Gerbier et al. 2010 suggests to use
a superlattice in order to perform fluz-rectification and create a uniform flux over the
lattice.

We expect this experimental setup to allow us to realize artificial gauge field in a lattice,
described by the Harper-Hofstadter Hamiltonian (Harper 1955; Hofstadter 1976). The
single particle picture used in the previous paragraph is relevant in the weak interaction
regime, where the number of lattice vortices is small compared to the number of atoms.
Furthermore our experimental setup could be used to go beyond single-particle physics
and study the new and richer phases that arise when the effect of interactions are
combined to those of artificial magnetism in a lattice (Cooper 2008; Bloch et al. 2008).
In particular we expect the emergence of incompressible quantum Hall phases in the
phase diagram for the bare Bose-Hubdard model (Umucalilar et al. 2010).
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APPENDIX A

Adiabatic approximation

A.1 Adiabatic approximation for non-Hermitian
Hamitonian

Let us consider a system whose dynamics is described by the time-dependent non-
Hermitian Hamiltonian. If we assume that V¢, H (t) is diagonalizable, it can be ex-
pressed as Ashida et al. 2020

H(0) = Y A0 1R )L 0] = S A0 B (0). (A1)

The |R;) and (L,| are respectively the right and left eigenvectors of H defined by

H|R;) = \j|R;) (A.2)
(L;|H = (L;|\;. (A.3)

We also introduces P; (t) = |R; (t))(L; (t)|, the projector on the eigenspace associated

with the complex eigenvalue \; (¢) = hw; (t) — 1}”“7@) In the following for the sake of
simplicity, we assume that the spectrum of H (¢) is fully non-degenerate for all times ¢.
This is the case for the system studied experimentally in Chap. 5. The system and the
Hamiltonian evolve from an initial state, at the instant ¢, to a final state at time ;.
We introduce a rescaled time variable s = %, with T" = t; — ty the total duration of
the evolution. In the context of adiabatic passages, 1/T plays the role of the slowness

parameter.

The evolution operator for Hermitian systems obeys
d - A N A A
iﬁd—U =TH (s)U(s) and U(0)=1. (A.4)
S
We search for the analog equation for the non-Hermitian case.

We introduce the similarity transformation A (s) (a priori non-unitary) transforming
the basis of right eigenvectors of H (0) into the basis of eigenvectors of H (s), |R; (s)) =
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A.1. Adiabatic approximation for non-Hermitian Hamitonian

~

A(s)|R; (0)). A" (s) acts similarly on left vectors, (L; (s)] = A~ (s) (L, (0)]. This

implies

Pi(s)=A(s)P;(0) A~ (s) and A(0)=1. (A.5)
The derivative of this expression gives the condition
5 . dP;
K (), Bi(s)] =in 2, (A.6)
s

where K is an invertible operator verifying (Messiah 1999)

A . AT :
ih(ji_s:K(S)A(S) and —ihdds ZA_l(S)K(S) (A7)

Reciprocally one can start from the condition (A.6) and inject the relations in (A.7)
to recover (A.5).

In fact these relations only define K up to a 3, Py (s) fx (s) Pe (s) extra term, with f;
any operator. In order to dispel the mutiplicity of definition, we arbitrary impose that
K must verify the relation:

~ ~

Py (s) K (s) P, (s) = 0. (A.8)
which gives the expression for K (s):

. dP; .
K(s)=> P (A.9)

J

The operator A defined above can be use to perform the analogous of representation
change for Hermitian dynamics in order to get rid of the evolution of the basis in the
Schrodinger equation. Indeed, in this representation, the Schréodinger equation writes:

ihdiﬁ(A) _ [Tﬁ(A) (5) — KW (8)] 0@ (s), (A.10)
S

introducing the transformed Hamiltonian:
HY ()= A7 (s) H () A(s) = ) _ A (s) P (0), (A.11)

and the following operators in the new representation:

KW (s)= A" (s)K (s) A (s) (A.12)
U (s) = A" (s) U (s). (A.13)
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Appendix A. Adiabatic approximation

In the Schrodinger equation (A.10), the footprint of the dynamics of the eigenvector
basis is enclosed in the second term of the r.h.s. of the relation (this correspond to
the Berry phase for Hermitian systems). If the evolution is slow enough, i.e., we may
hope that the first term of the r.h.s of the equation will dominate. We introduce dr
the solution of the Schodinger equation in absence of the &~ term:

d - N A
ih—® = HY (1) d (1), (A.14)
which corresponds to the situation where the eigenvectors basis are time independent.
This operator takes charge of the phase acquired by the system during its evolution.

The expressions for ® and its inverse are:

This operator can also be used as a similarity transformation to rewrite the Schrédinger

equation (A.10) as:
d

ihd—U(B) = —KP (5)UP (s) (A.16)
S
with
UP) =71 gW = 1A (A.17)
KP) =d "KW = ¢ TA'KAD (A.18)

The evolution operator over the all transformation in this representation can be ex-
pressed as:

UP (1) =1+ % /0 KP (s)UP (s) ds (A.19)
U (1) =1- / | Yk (s) er™ B MO R (0))(Ly (0)]TP) (5) ds (A.20)
0 Sk
with
e (5) = (L, (5)| S0 B ) (A1)
= ——(L; (0)| A (5) Py (5) K (5) Py (5) A (5) | Ry (0)). (A.22)

h
On may notice that Vj a;; (s) = 0 since K verify the property.

Assuming that the system is initially in the eigenstate |R,,), its probability to have
"followed" the evolution of the system is given by the modulus square of the matrix
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A.1. Adiabatic approximation for non-Hermitian Hamitonian

element:

(L, (0)|U |R =1— Z/ Ak ( or Tl Am(a)—xk(a)da@k (O)lU(B) (s) | R (0)) ds
k#m
(A.23)
If we restrict ourselves to the a first order approximation, we conclude that the adiabatic
approximation, starting in the eigenstate |R,, (0)) is valid only if the terms

1
Tk :/ o () erT I A @97 4 for | £ m (A.24)
0

becomes negligible when 7" — +oo. From this expression, it is possible to show (Mes-
siah 1999; Nenciu et al. 1992; Sun 1993; Ibanez et al. 2014) that the adiabatic approx-
imation is valid if the following condition is satisfied:

el 3

/Osvm(a)—%-(a) d0}<<1 Vs Vj#m. (A.25)

which can be rewritten for non rescaled times

‘p\ Rt <)\tj>(t) | ’exp [% /t: Y (T) — 75 (T) dT:| <1 Vt Vj#m. (A.26)

From these expressions it comes that the adiabatic approximation can only be valid in
the limit 7" — oo for the least dissipative state, i.e. the one with the imaginary part
with the smallest modulus, to ensure that exponential factor decays as T'— oco. One
may also remark that for finite 7', if the quantity T [ vy, (o)—7; (0) do remains close to
1Vs, i.e. if the values of v, and ~; stay very close one to another during the evolution,
the adiabatic approximation can be used, even if the initial state is not always the less
dissipative state. This situation, which is observed in our experiment between the
two states of the reduced-loss subspace, corresponds to the "weak non-Hermicity" case
mentioned by Nenciu et al. 1992. Consequently, performing adiabatic passages that
cross the detuning (Jr, cross. & —115Hz) where the ordering of the imaginary parts of
the eigenvalues associated to the eigenstates |\) and (3] is reversed is still relevant.
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APPENDIX B

Fit procedures

Most of the fit functions used above are non linear and non linearisable, which made
the fit procedure and the computation of confidence intervals a little more complicated.
We present here the procedure used in the thesis to compute them in the non-linear
case.

B.1 Weighted least squares (" v fit ")

This method consists in minimizing the weighted residuals sum of squares RSS over
the parameter p = [p1, p2, ..., Dx|:

RSS = i (M)Q (B.1)

0;

p* = argmin (RSS) (B.2)

p

Then to estimate the confidence interval for a given parameter (e.g. py), we compute
the quantity:
- RSS (p*) — RSS (p*)
F =(n—=k
(pe) = (n = k) RSS (p*)

(B.3)

where p* = [p"{,pg, ...,pzfl,pk}. Since F has approximately a F i, distribution, it is
possible to compute confidence intervals. For more details see Chap. 8 of ( 2002)

B.2 Boostrap

The bootstrap is a Monte Carlo like approach to determine the statistical distribution
of the regression parameters Bohm et al. 2010. Our experimental curves are made of
5 measurements of atom numbers N ;-1 2345 after different wait times ¢. To perform
the bootstrap we proceed as follow: for each wait time T" we pick randomly a value for
N7 among the 5 available. Then we perform a regression by minimizing the residual
least squares RSS. This step is repeated several times (e.g. 1000 times) and each set
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B.2. Boostrap

of fitted parameters obtained are stored. In the end we compute the mean and the
standard deviation for each parameter.
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APPENDIX C

Effect of the auxiliary trapping potential

In Sec. 6.2.4, we adapt the simple two-well model introduced in Sec. 6.1.2 to have
some insight on the effect of the presence of the auxiliary trap on the quantum Zeno
dynamics under study in Chap. 6. From the pertubative treatment performed on this
simple model we conclude that the presence of an auxiliary confining potential should
accelerate the loss dynamics, whereas we experimentally observe a slowdown.

However one may object that the difference between the models and the experimental
points occurs at long timescales, when the losses has already taken place, reducing the
average filling of the optical lattice. In order to take the presence of empty sites in the
optical lattice in our qualitative analysis of the effect of the auxiliary confining potential,
we perform perturbation expansion on the system made of two bosons interacting via
elastic and inelastic collisions, evolving in a triple well, with an energy shift A between
the central well, indexed by 0 and the lateral ones, indexed by -1 and 1. In the basis
{[]110) + [011)] /+/2, |101), [|200) 4 [002)] /+/2, [020)}, the Hamiltonian of the system

writes:
0 —V2J —V2J —2J
—V2J A 0 0
. (C.1)
—V2J 0 U.+A—ihl../2 0
—2J 0 0 Upe — A —ihTee /2

Assuming that A >0, A > J and that A < U,,, the perturbation expansion of this
Hamiltonian gives:

2.J2T .. 2 1
U2 2 2 + 2 2
ee (1 - A/Uee) + (hﬁee/zgee) (1 + A/Uvee) + (hﬂee/zgee)

Do = (C.2)

as effective loss rate for the ground state [|110) + |011)] /v/2.
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Figure C.1 — Evolution of the correction on the effective loss rate I'og for the two
well system introduced in C.2, induced by the existence of a bias A between the two
wells. For the typical values of the ratio A/U,,. considered in the optical lattice, the
additional bias reduce the gap between the ground state with one atom in each site
|1),/1), and the state with a double occupancy in the well of lower potential energy,
increasing the effective loss rate.

Similarly we consider an ensemble of two bosons interacting wvia elastic and inelastic
interactions, evolving in three wells, indexed by the integers {0, 1, 2} connected by a
tunneling constant J, and with energy shifts A; and A, on the wells 1 and 2 respec-
tively. In the {|110), [101), |011), |200), |020), |002)} basis, the Hamiltonian describing
the dynamics of the system writes as:

A —J 0 —V2J —=V2J 0
—J A, —J 0 0 0
0 —J A+ A, 0 —V2J —V2J
: (C.3)
—V2J 0 0 U 0 0
—V2J 0 —V2J 0 Ue+ 24 0
0 0 —Vv2J 0 0 Uee + 24,

with Uee = Uee — ilee/2. Similarly to what has been done for the previous studied
systems, a perturbation expansion is performed in order to derive an effective Hamil-
tonian acting in the loss-reduced subspace of the Hilbert space, spanned by the Fock
states with at most one boson per well. We end up writing the effective loss rates for
these states :

P 1y = 2.J°T ., 1 . 1 }
’ U62€ _(1 - QAl/Uee)Q + (hﬁee/2gee)2 (1 + 2A1/Uee)2 + (hﬁee/2gee)2
Lett, 1101y = 0 (C.4)
P on = 2.J°T .. 1 . 1 }

7 UeQe _(1 - 521/Uee)2 + (hﬁee/zgee)Q (1 + 521/Uee)2 + (I}Lﬁee/zgee)2
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Appendix C. Effect of the auxiliary trapping potential

with 691 = Ay — Ay . More particularly, if we map the three wells on three adjacent
sites of the lattice of index {n, n+ 1, n + 2} with n an integer equal to 0 at the center
of the lattice, shifted by the auxiliary confining harmonic potential, the detuning A,
and A, introduced in C.4 becomes:
1
Ay (n) =2mQ2d* (n+1). (C.5)

We use these expression to represent the evolution of the effective loss rates introduced
in C.4 in Fig. C.2. We observe that for our experimental parameters, the correction
induced by the confining potential on the effective loss rate is very small, and tends to
increase the effective loss rate.

1040 _I ' T T T | —
Lesr, 110y © 8 Er
1035 —— Tug porn 5 8 Fn _
1030k ==~ Lef,110) * 20 Er |
= === Teg, jo11) : 20 Er
S 1.025¢ |
o=}
Ly
~ 1.020 _
=
& 1.015 _
—~
1.010 _
1.005 | _
1.000 ) . | 1 1 \ N

0 10 20 30 40 50
Lattice site index n

Figure C.2 — Evolution of the correction on the effective loss rate I'.g for the three
well system introduced in C.2; induced by the existence of a bias A between the two
wells. For the typical values of the ratio A/U,. considered in the optical lattice, the
additional bias reduce the gap between the ground state with one atom in each site
|1);/1), and the state with a double occupancy in the well of lower potential energy,
increasing the effective loss rate.
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