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RESUME

la Premiere Révolution Quantique, ayant permis des inventions comme le laser et le

transistor. Durant les derniéres années, 'émergence de technologies quantiques basées
sur l'intrication, comme le calcul quantique ou la métrologie quantique, ont définit une Seconde
Révolution Quantique. Au cours de cette nouvelle ére enthousiasmante, les états quantiques
de longue durée de vie constituent les briques élémentaires des systémes physiques utilisés
pour développer ces technologies. Parmi les différents candidats, les ensembles d’atomes de
type alcalino-terreux, comme le strontium et I'ytterbium, constituent des candidats prometteurs.
La présence de transitions d'horloge ultra fines dans leurs structures de niveaux, ainsi que la
présence de larges spins nucléaires, a mené a d'impressionnantes avancées dans les domaines
des horloges optiques, du magnétisme de type SU(N) et de la physique des atomes de Rydberg.

N otre compréhension des principes fondamentaux de la mécanique quantique a mené a

Afin de produire de l'intrication dans des systémes contenant de nombreuses particules,
plusieurs plateformes physiques se sont révélées utiles. L'ElectroDynamique Quantique en Cavité
(EDQC), permettant de créer des interactions effectives a longue portée entre atomes et la mesure
quantique non destructive des états des qubits, en est un exemple particulierement intéressant.
Les possibilités offertes par ces systémes ouvrent la voie a la génération d’'un grand nombre
d’états intriqués, qui peuvent par exemple étre utilisés dans ’'amélioration de la précision des
horloges optiques, ainsi qu’a des simulations quantiques contenant des interactions longues
distances. Dans cet esprit, nous développons une expérience combinant un ensemble d’atomes de
strontium ultra froids a une cavité en anneau miniaturisée. Cette géométrie de cavité permet
d’obtenir un couplage homogeéne entre ’ensemble atomique et la lumiere du résonateur optique.

Cette these se concentre sur la description du montage expérimental servant a produire
I’ensemble d’atomes de strontium ultra froids, tout en prenant en compte les considérations liées
a FEDQC. Sa conception compacte est basée sur une source effusive d’atomes développée par
nos soins, émettant vers une cellule en verre ayant un grand accés optique. Afin de réduire la
longueur et la complexité du systéeme a vide et ainsi de bénéficier d’'une faible divergence du
faisceau atomique, le ralentissement et le Piégeage Magnéto-Optique (PMO) sont réalisés grace
a un seul et méme assemblage de bobines. Les systémes lasers utilisés pour ces opérations sur
deux transitions optiques du strontium a 461 nm et a 689 nm sont détaillés dans cette these. De
plus, les caractérisations des PMO bleu et rouge donnent les populations et températures des
nuages atomiques durant ces deux phases. La cavité en anneau est actuellement préte a étre
ajoutée au montage expérimental, ouvrant la voie vers une plateforme stable et relativement
simple pour réaliser des opérations ’EDQC sur la transition d’horloge du strontium.






ABSTRACT

Quantum Revolution, which enabled inventions such as the laser and transistor. In the

past few years, the emergence of an ensemble of quantum entanglement based technolo-
gies, such as quantum computing and quantum metrology, have defined a Second Quantum
Revolution. At the very heart of this exciting new area, long-lived quantum states constitute the
building blocks of the physical systems used to develop these technologies. Among the different
candidates, a promising one is given by ultra-cold ensembles of alkaline-earth-like atoms, such as
strontium and ytterbium. The presence of ultranarrow clock transitions in their level structures,
as well as large nuclear spins, have led to impressive advances in the domains of optical clocks,
SU(N) magnetism and Rydberg physics.

O ur understanding of the fundamental principles of quantum mechanics has led to a First

In order to produce entanglement in many-body quantum systems, several physical platforms
have been proven useful. A particularly interesting one is Cavity Quantum ElectroDynamics
(CQED), allowing to create long-range effective interactions between atoms and quantum non
demolition measurements of the qubits states. These possibilities open the way to a wide range of
multiparticle-entangled states generation, which can be used in entanglement-enhanced precision
of optical atomic clocks, and quantum simulations with long-range interactions. In this spirit,
we aim to develop an experiment combining ultra-cold strontium atoms and a miniaturized ring
cavity. Such a cavity geometry allows for homogeneous coupling between the atomic ensemble
and the resonator light.

This thesis is focused on the description of the experimental apparatus producing an ultra-
cold sample of strontium atoms, taking into account the requirements of optical CQED. Its
compact design is based on a home-made effusive atomic source emitting towards a glass cell with
high optical access. In order to reduce the vacuum system length and its complexity, and thus
benefit from a reduced divergence of the atomic beam, slowing and Magneto-Optical Trapping
(MOT) procedures are realized with a single magnetic coil assembly. The laser systems used for
these operations with two different strontium optical transitions at 461 nm and 689nm are also
described in this thesis. Moreover, characterizations of the obtained blue and red MOT give the
clouds populations and temperatures achieved in these two phases. The ring cavity is currently
ready to be added to the experimental apparatus, paving the way to a reliable and relatively
simple platform for CQED operations on the strontium clock transition.
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INTRODUCTION

t the very heart of our understanding of matter and light, quantum mechanics is one of the

most fundamental theories of physics. First thought as nothing more than a mathematical

trick, Max Planck introduced in year 1900 the concept of energy discreteness to derive
the black-body radiation law in a conference for the German Physical Society. Five years later,
his eminent colleague Albert Einstein introduced the term “quanta” to describe the smallest
quantities of light involved in the photoelectric effect, nowadays known as photons. While these
milestones were setting the basics of quantum mechanics, its most intriguing properties were yet
to come. Among the fathers of this theory, who modified our classical vision of the world with new
physical principles during the First Quantum Revolution, Paul Dirac stated in the first edition of
his book in 1930 that [1]

“One of the most fundamental and most drastic of these is the Principle of superposi-

tion of states.”

This entirely new property, emerging at the single particle level, was soon followed by a
second astonishing principle arising from the study of multiple quanta. As first pointed out by
Albert Einstein, Boris Podolsky and Nathan Rosen in their famous 1935 paper known as the
EPR Paradox [2], bipartite quantum systems that once interacted can not be described fully
by considering their constituting parts separately. While their conclusion was that quantum

mechanics was not a complete theory, Erwin Schréodinger answered with the following terms [3]

“I would not call that one but rather the characteristic trait of quantum mechanics,
the one that enforces its entire departure from classical lines of thought. By the

interaction the two representatives (or y-functions) have become entangled.”

In 1964, John Bell proposed a procedure to close the debate between quantum mechanics
being a complete theory or a “hidden variables” one by formulating his famous inequalities [4].
Experimental studies realized afterwards, especially by Alain Aspect in 1981 [5], concluded in
favour of Schrodinger and his view of entangled systems. Nowadays, if quantum correlations
between two particles are well understood, the study of many-body entanglement is still an
active research area. On the theoretical side, its negative definition based on the impossibility

of separating a N-body quantum state into a product of N independent substates makes the
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establishment of quantitative criteria for entanglement a complicated problem [6]. Nonetheless,
these marvellous non-classical correlations between quantum systems, initially simply envisioned
as an academic debate, have lead to a variety of applications referred to as the Second Quantum
Revolution. This area of entanglement-based technologies can be divided into the following

categories :

QUANTUM COMPUTING : Using two quantum states labelled |0) and |1) as a "qubit" (the
quantum counter-part of a classical bit in electronics), the superposition principle and en-
tanglement allow implementing quantum algorithms which address some Nondeterministic
Polynomial time (NP) problems in a polynomial time on quantum computers. For instance,
Shor’s algorithm established in 1996 reduces the computation time for factoring integers
to a sub-exponential dependency [7]. The physical implementation of quantum computers
currently gives rise to a technological competition between international companies as well
as emerging spin-offs, covering a large spectrum of hardware platforms such as photons,

superconducting circuits, quantum dots, NV centres, trapped ions and neutral atoms [8].

QUANTUM SIMULATIONS : As pointed out by Richard Feynman in 1981 [9], simulating
the probabilities of the different configurations of a quantum system scales exponentially
with the number of particles in this system. This scaling emerges from the necessity of
considering quantum correlations between all of these components. Exploring interesting
many-body systems on classical computers in reasonable times is thus quickly limited
by available memory and processing power. On the other hand, well-controlled quantum
systems such as neutral atom lattices can be used to simulate completely different ones,
for instance electrons in solids, by implementing similar types of Hamiltonians and study

their steady state solutions, while having access to the model parameters [10].

QUANTUM COMMUNICATIONS : Exchanging confidential messages between two parties
relies on encoding using a secret key. Taking qubits as a basis for cryptography allows
to detect the presence of an eavesdropper along the transmission channel, due to the
no-cloning theorem of unknown quantum states [11]. This statement led Charles Benett &
Gilles Brassard in 1984 [12] to develop a quantum public key distribution protocol. In 1991,
Arthur Ekert added entanglement to the process [13], allowing to detect eavesdropping
with Bell tests. Both have now been further improved in order to prevent from different
types of attacks, and commercial implementations are today available. One of the main
goals of quantum communications is to develop a worldwide quantum network, with a most
realistic solution provided by pairs of entangled photons. Due to attenuation limitations in
fiber-based telecommunications, technical implementations of this dream will probably re-

quire quantum repeaters and memories [14]. Another approach is to transfer informations

2
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through the atmosphere, using optical links between ground stations and satellites [15],

thus strongly reducing attenuation issues.

QUANTUM METROLOGY : In order to measure physical properties such as electromagnetic
fields, gravity, accelerations, distances or time, quantum sensors rely on fundamental enti-
ties such as photons and matter particles to obtain the highest accuracies available to date.
Moreover, quantum effects and especially entanglement can enhance the measurements
precisions beyond the classical limitations [16]. The advents in quantum metrology, and
atomic clocks in particular’, for instance led to the redefinition of the International System
(SI) of units by means of seven fundamental constants of physics in 2019. The time accuracy
of these devices is also involved in distances measurements with Global Positioning Systems
(GPS). Examples of quantum devices applications in the industry are as well found in the
domains of accelerometry and gyroscopy for inertial navigation of aircraft and spacecraft,
gravimetry applied to geophysical exploration or even magnetometry used in ship and
vehicle detection [18].

Entanglement has thus become a key resource in a variety of applications. Among the physical
platforms used to create and study many-body entanglement, ultra-cold atomic ensembles provide
the most controllable environments at the single particle level, associated with high coherence
times of particular energy states. This area of physics has been pioneered by Theodor Héansch
& Arthur Schawlow [19] and David Wineland & Hans Dehmelt [20], simultaneously proposing
cooling of neutral atoms and ions with laser beams in 1975. In 1985, Jean Dalibard & Claude
Cohen-Tannoudji applied the dressed atom formalism to cold atoms [21, 22], which later allowed
them to explain sub-Doppler cooling mechanisms such as the so-called Sisyphus effect [23]. Jean
Dalibard also proposed an ingenious combination of laser cooling and spatially varying magnetic
fields known as the Magneto-Optical Trap (MOT), realized for the first time with sodium atoms
in 1987 [24]. These trapped samples of ultra-cold atoms are nowadays the foundations of many
ground-breaking experiments, with for instance the first atomic Bose-Einstein Condensate (BEC)

realized in 1995 [25, 26] by applying magnetic [27] and optical dipole trapping [28] to a MOT.

Using ultra-cold atoms as the experimental basis, several tools are available for creating
many-body entanglement in such atomic samples. First, atomic collisions can be used as a re-
source for entanglement and have been deeply studied in the context of BECs, including those
produced on atom chips [29, 30]. A recent demonstration of spontaneous creation of entangled
states in this context has been demonstrated on the Trapped-Atom Clock on a Chip (TACC)

experiment with rubidium atoms, in a collaboration between our group and the SYstéme de

1The second, defined by the SI as “the duration of 9 192 631 770 periods of the radiation corresponding to the
transition between the two hyperfine levels of the ground state of the 133Cs atom”, is now measured with a fractional
uncertainty at the 10716 level after a few hours of integration [17].
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Référence Temps-Espace (SYRTE) [31]. Entanglement can also be produced by dipole-dipole
interactions, especially relevant in Rydberg physics, to for instance create quantum computing
gates [32]. One can as well induce light-matter interactions with lasers in cold atomic clouds to
generate quantum correlations [33]. A particularly promising platform is created by coupling
atomic ensembles to optical cavities, opening the way to a variety of interesting schemes in the
framework of Cavity Quantum ElectroDynamics (CQED) [34—40]. In the past few years, our group
has specialized in strong coupling between rubidium ensembles and high-finesse miniaturized
cavity laser modes [41], for instance demonstrating the generation of W-states with more than 40
atoms [42] and quantum Zeno dynamics based on non-destructive measurement with the cavity
[43]. Similar studies are currently led on the Single Atom Register in an Optical Cavity (SARO-
CEMA) experiment, where a high numerical aperture lens is placed above a fiber cavity in order
to study single-particle dynamics. CQED schemes are also extremely interesting as a resource for
producing entangled states relevant for quantum enhanced precision metrology. Indeed, some
classes of atomic states such as Spin Squeezed States (SSS) introduced by Masahiro Kitagawa
& Masahito Ueda in 1993 [44], reduce the measurement uncertainty of an ensemble of spins
compared to an uncorrelated Coherent Spin State (CSS) limited to the Standard Quantum Limit
(SQL) [16]. To date, several implementations of spin squeezing have already been demonstrated

in CQED [45, 46], revealing the great potential of these techniques.

So far, physics in the Atom Chips group has been realized with rubidium atoms which are
part of the alkali metals family. However, an increasing interest has been given over the past
few years to alkaline-earth-like atoms, which possess a richer energy level structure compared
to well known alkalis, thus bringing new perspectives in the fields of quantum gases, quantum
metrology and quantum information. The presence of ultranarrow optical transitions in particular
constitutes an amazing opportunity for metrological applications and extremely long-lived qubits.
In atomic clocks for instance, optical transitions with linewidths in the mHz range offered by
atoms such as strontium and ytterbium improved the relative frequency precision compared to
hyperfine alkali clock transitions, reaching the impressive 10718 level after a few hours of integra-
tion [47, 48]. Accessing these unprecedented long coherence time transitions is made possible by
the presence of less drastically forbidden narrow optical transitions which opened access to recoil
limited cooling mechanisms. These novel mechanisms allowed to reach MOT temperatures below
the uK level [49, 50]. Moreover, the diverse energy schemes provided by alkaline-earth-like atoms
allows for operating so-called magical optical traps, which cancel differential AC Stark shifts
between the states of interest [51]. This method applied to narrow-line cooling transitions is used
to perform sideband and Sisyphus cooling in optical tweezers [52, 53], while magic trapping on
the clock transitions allows for trap depth insensitive optical clocks [54—56]. This levels richness
is also an asset for implementing innovative CQED protocols [57, 58], where the possibility of

distinguishing the qubit states even in the far detuned regime is another advantage compared to
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alkali atoms. Alkaline-earth-like atoms with high nuclear spins is as well useful for accessing
paradigmatic models of SU(V) magnetism [59]. Moreover, the presence of two electrons on their

outer shell allows for trapping of Rydberg states in optical tweezers [60].

In this spirit of quantum enhanced metrology with alkaline-earth species in the context of
CQED, we developed a new apparatus aiming to place strontium atoms inside a micro high-finesse
ring cavity. The two aspects of the project were realized in parallel, with the implementation
of the cavity described by Torben Popplau in his PhD thesis [61], and the development of the
apparatus producing an ultra-cold strontium sample detailed in this thesis. Due to the complexity
of the targeted physical schemes, we particularly focused our efforts on the simplification of the
experimental apparatus, including only diode lasers and combining atomic slowing with MOT

operations in a very compact vacuum system.
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Scope of this thesis

My work in the Atomchips group has been focused on the design and building of the new stron-
tium experiment. The main goal was to produce and characterize an ultra-cold cloud of strontium
atoms inside a vacuum chamber, starting from a home-made effusive source.

Chapter 1 is dedicated to an introduction on CQED with alkaline-earth atoms. The particular case
of neutral strontium atoms is then studied by reviewing their physical and spectral properties.
In chapter 2, I describe the laser system used for slowing and trapping of strontium atoms on
two different transitions at 461 nm and 689nm.

The vacuum system containing the atomic source is detailed in chapter 3. This setup was meant
to be particularly compact and constitutes the smallest cold strontium experiment to date. A
characterization of the atomic beam properties is also derived and compared to experimental
data.

Finally, the slowing procedures from the effusive source to the cold sample region is characterized
in chapter 4. Moreover, the experimental configurations used to produce MOT's on the blue and

red cooling transitions as well as characterizations of the obtained atomic samples are detailed.



CHAPTER

EXPLORING ENTANGLEMENT WITH ALKALINE-EARTH ATOMS IN A
RING CAVITY

he study of entanglement in modern physics has been performed on several platforms
such as photons, trapped ions, cold neutral atoms and superconducting circuits. Among
them, the field of Cavity Quantum ElectroDynamics (CQED), which consists in coupling
atomic qubits to the modes of an optical cavity, is a promising one. This chapter is an introduction
to the generation of strong interactions between neutral atoms and cavity light fields. Starting
from the optical cavity properties, we derive the Hamiltonian describing the dynamics of such
systems. In a second part, we present the new features offered by alkaline-earth-like atoms
compared to the widely studied alkalis, before focusing on the strontium physical properties. We
introduce the level diagrams of the different strontium isotopes, necessary to understand the

slowing and cooling mechanisms implemented in this project.

1.1 Cavity QED

In a majority of CQED experiments, the cavity is composed of two mirrors in a linear configuration.
These Fabry-Pérot cavities have been deeply studied in our group. Combined with rubidium
atoms, large number of qubit entanglement has been demonstrated [42]. In order to obtain
maximum light-matter coupling, the wavelength of the optical lattice maintaining the atoms
in the cavity was carefully adjusted to overlap the probe light anti-nodes [62]. As the alkalis
clock transitions are provided by hyperfine ground states, the trapping light do not drastically
modify the clock transition frequency. In contrast, state-of-the-art optical clocks realized with
alkaline-earth-like atoms suffer from lattice induced differential AC Stark shifts [47, 48, 55, 56].

Fortunately, there exists so-called magic wavelength dipole traps which let the clock frequency

7
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Figure 1.1: Scheme of a Fabry-Pérot (left) and a triangular ring cavity (right) with their optical
configurations.

unchanged while varying the trapping light intensity [51], as will be detailed in 1.2.3. As such
wavelengths have no a priori reason to be commensurate with the clock transition wavelength,
both magic trapping and maximum overlap with the probe can not be achieved at the same time
with Fabry-Pérot cavities. On the other hand, ring cavities of three or more mirrors offer the
choice between standing and running waves for both trapping and probing lights, thus ruling out

the overlap problem.

1.1.1 Optical cavity properties

The optical cavities are made of a number of M mirrors distributed along a spatial path of length
L. In figure 1.1, a linear Fabry-Pérot and a three-mirror ring cavity are represented. Each mirror,
labelled by an index j € [1,M], is characterized by a reflectivity r; and a transmission ¢; to
electromagnetic fields amplitudes. For an incoming time varying electric field E;;, at frequency w,
one can compute the intra-cavity field E¢ay and the output one Eqyt using the following stationary
conditions

. M D
(1.1) Ecav = t1e'?' Ejn +J_l;[1rjel Ecav

Eout = tye'?"Ecay,

where, by convention, the first mirror is chosen as the input and the last j = M mirror as
the output. In equation 1.1, the ¢ phase factors are induced by the mirrors, while ® = nwL/c
corresponds to the round-trip phase acquired by the light field after a complete loop in the cavity

with refractive index n. The total intensity transmission J~ is thus given by

2
Eout _ %

Ein

(1.2) T ()= H

= ‘ ,
1+ms1n2%



1.1. CAVITY QED
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Figure 1.2: (a) Optical cavity transmission as a function of the round-trip phase ® = w/wrgg for a
mirror reflection factor R =0.7. (b) Cavity finesses for symmetrical Fabry-Pérot (blue line) and
triangular ring cavities (orange line) as a function of R.

with Ry = |H irj |2 the product of the reflection coefficients, T'; = |¢ jlz the intensity transmission
coefficients, 9y = T1 T/ (1 -vVRr )2 the resonant transmission and m a parameter expressed as

(1.3) m = _4vRr

5
(1 —VRT )

Equation 1.2 shows that incoming light can only be efficiently coupled to the cavity when @ is

a multiple of 27, as shown in figure 1.2(a). Cavities thus act as optical resonators, presenting

transmission peaks at harmonic frequencies of the Free Spectral Range (FSR) defined as’
c
(1.4) WFSR = 27m x —.
nL

The width of the transmission peaks is defined by the cavity finesse &% = wpgsg/(2x), where «
is the photon decay rate at the output port of the cavity. This definition is linked to the cavity
transmission as x corresponds to the peaks Half-Width at Half Maximum (HWHM). Using
equation 1.2, it gives
b4 7T
(15) 9:—1 ’:15 m.
2 arcsm(\/—ﬁ) m>>

A simple physical interpretation of the finesse is given by the number of round-trips performed
by a photon before exiting the cavity, equal to &/n. In order to compare linear to ring cavities, we
can compute the finesse for these two types of cavities. For simplicity, we consider mirrors with

equal reflection coefficients R.

FABRY-PEROT : With two mirrors, Rt = R2. We recover the well-known expression
F =nVR/(1-R).

1For Fabry-Pérot cavities, the cavity length is generally defined as the distance L’ = L/2 between the two mirrors
rather than the round-trip length. The FSR then writes wpgg = 27c/(2nL’).
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Figure 1.3: CQED scheme with an atomic ensemble placed in a ring cavity. The atomic sponta-
neous emission of photons into free space is characterized by a transversal decay rate I'} =17/2.
The cavity is pumped by an incident electric field at a rate 1, and losses photons by mirrors
transmission at a rate x. The coupling constant g between the intra-cavity photons and the
atomic ensemble gives the strength of the dipolar interaction.

RING CAVITY : A triangular cavity with three mirrors gives R7 = R2. The finesse is then
given by & = nR%*/(1-R??).

Considering high-finesse cavities, the ring cavity finesse is approximately 2/3 smaller than a

Fabry-Pérot with same quality mirrors, as shown in figure 1.2(b).

1.1.2 Light-matter coupling in optical cavities

Placing an atomic ensemble into an optical cavity, as represented in figure 1.3, leads to an
exchange of energy driven by the atomic absorption and re-emission of photons into the cavity

modes. The Hamiltonian H of the atoms-cavity system can be separated into three contributions
(1.6) I:I:I:Iat+ﬁcav+ﬁint,

where H,; corresponds to the atomic energy, H,,, to the cavity and H;,; to the dipolar light-

matter interaction. The different Hamiltonians describing this system can be derived as follows.

Atomic contribution : The energy of a single atom of mass m can be divided into one kinetic
term, depending on its momentum p, and one internal energy term. This second term depends

on the energy hwo between the ground state |g) and the excited state |e), leading to the following

expression
A2
~ _ P°  hwo,
1.7 Hy=—+—76,,
( ) 0 om 9 z

expressed by means of the z Pauli matrix &, = |e) {e| — |g) {(g|. For an ensemble of N identical

atoms, the internal energy can be generalized by considering a pseudo-spin J given by the sum of

10
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all the spin-1/2 contributions coming from each j atom
A N A~ >
(1.8) J=Y JV.
j=1
This operator has a norm given by

A

(1.9) JE=J2+dl+J2,

where the x, y and z components satisfy the angular momentum commutation relations [J;,J;] =
ihe;jr.J}, with €, the Levi-Civita symbol. The raising, lowering and u € {x,y,z} components of

the pseudo-spin are given by

+
M=
S
HS
)
=]
o
)

1 N
(1.10) =§Z
J=1 J=1

with o, =|e)(g| and o =|g) {e]. In a similar way, the total kinetic energy is given by the sum of
each atomic contribution. The Hamiltonian of the atomic ensemble thus simply writes

. p2 .
(1.11) Hy: = — + hwgd,,
2m

with P2 = Z
Jj=

In 1954, Robert H. Dicke described a basis of eigenstates solving the internal Hamiltonian
[63]. The Dicke basis {|/,/,)} is characterized by the total spin value </ € [0, N/2], associated with
its projection onto the z axis J, € [-<J,J]. A subspace of particular interest in the context of CQED
is called the symmetrical subspace given by J = N/2. Transferring excitations from one atom to
another in this particular manifold leaves the state unchanged. This particle indistinguishably
serves useful in entanglement generation. An example has been made by the group in 2014 with
the generation of a |[W) = |JJ = N/2,J, = —N/2 + 1) state with more than 40 rubidium atoms in a
Fabry-Pérot cavity [42].

Another convenient basis used in the contexts of quantum metrology and quantum computing
is composed of the Coherent Spin States (CSS). These states are represented by a vector on
the Bloch sphere with a polar angle 6, an azimuthal angle ® and a length N/2 for a coherent
ensemble of N particles. Their expression are simply given by a rotation of the |0y) state where

all the atoms are in the ground-state [64] :

~ N
(1.12) 160,0) = R(0,D)|0n) =

0) 0\ _.
sin(—)el‘? 10) +cos(—) e i3 (1)
2 2

The Heisenberg principle defines an isotropic variance of the CSS along the directions perpendic-

ular to the pseudo-spin direction. This limit is well known in quantum metrology as the Standard
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Quantum Limit (SQL). In atomic clock Ramsey spectroscopy, the phase variance obtained with a
CSS is given by [44]

1
(1.13) ADpgs = —

N
which can be compared to the photonic shot-noise in optics. The field of research called quantum
enhanced metrology, which includes our group, is focused on the use of entanglement to generate
quantum states with a reduced variance beyond the SQL on one axis of the Bloch sphere?.
Exploiting quantum correlations thus lead to a reduced noise measurement compared to an
independent set of particles. The theoretical minimal achievable variance is known as the
Heisenberg limit defined as [16]

1
1.14 ADp = —.
(1.14) H = 2
Cavity contribution : In order to derive the cavity Hamiltonian, we consider a cavity with
modes [ at frequency w; pumped at a rate n by a laser through the first mirror. The electric field

at position r in the cavity can be written as
(1.15) E®) =) &w(r)d; +h.c.,
!

where the u; vectors include the field polarization and spatial dependencies, the operators
d; annihilate one photon in the /-th mode and A.c. stands for hermitian conjugate. The field

amplitudes &; are linked to the cavity modes volumes V; by

hw;
1.16 & = .
( ) 1=/ 2oV

The input laser field is supposed to have a narrow linewidth compared to the cavity FSR. In the

Fabry-Pérot cavity case, it thus only excites one longitudinal mode at frequency w.. Removing

the vacuum state energy, the cavity Hamiltonian for a single mode then writes
(1.17) Hrp = hw.d'd,

which is proportional to the mode energy multiplied by the photon number 7 = ¢'4. For ring
cavities, each clockwise propagating longitudinal mode presents a nearly degenerate counter-
clockwise equivalent. Two modes thus have to be considered for the cavity Hamiltonian, referred
to as the propagating mode labelled / = 1 and the counter-propagating one labelled / = 2. The ring

cavity operator is thus given by

2
(1.18) Hcav = Z hwld;dh

20f course, if the noise reduction is performed on an axis i perpendicular to the mean pseudo-spin axis k&, the
Heisenberg principle (AJ;)2(AJ j)2 = (] k)|2/4 induces an enhanced variance in the perpendicular direction j.
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Electric dipole interaction : The dipolar Hamiltonian between an atomic spin-1/2 ensemble

and an electromagnetic field is given by the following expression
(1.19) Hip = -d-E@),

with d = d(J_ + J,) the pseudo-spin dipole operator. The general formulation of the dipolar
Hamiltonian includes the coupling strengths g ;; between the j-th atom and the /-th cavity mode
[65]

(1.20) Hini =), h(gnma, +gywaf) (69 +69).
J,
These coupling strengths depend on the atomic positions inside the cavity. Taking the z axis as

the light propagating axis, their expression can be deduced from the single particle coupling with
the /-th mode g; as follows

(1.21) g;1(r) = gi(r)VN e'*i,
with
(1.22) gl(r)z—@.

The maximum coupling g for a mode at frequency w, is achieved for atoms sitting at the anti-

nodes of the probe light field, i.e. for z; being a multiple of 1/2, leading to

[ d2w,
1.23 =\
( ) g 2h€0Vc

When this condition is not fulfilled, the light-matter interaction is ruled by a reduced effective

coupling which takes into account the cavity mode overlap with the atomic wavepackets [66, 67].

1.1.2.1 Dynamics of the open system

The unitary evolution described by the Hamiltonian approach is not sufficient to model real
quantum systems. Indeed, the energy losses are not encountered in the previous descriptions.
For a CQED experiment, photonic losses are observed for either spontaneous emission by the
atoms outside the cavity volume, either by mirror transmission at a rate x. The evolution of the
density operator p = |w) (| for this open system is described by the master equation

3p

(1.24) — =

1o

As for the Hamiltonian description, the Liouvillian operator % can be separated into one atomic

and one photonic parts as follows [68]
(1.25) LP) = Lar(D) + Lear(D),
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with
(1.26) Lar(P)=T (2J_pd s —Jsd_p—pd.d-),
and

7 2 T il il
(1.27) ,%wv(ﬁ):KZ(%lﬁdl—dldzﬁ—ﬁdldz).

In order to compensate for photonic losses, an effective imaginary Hamiltonian Hp needs to be
added to equation 1.24. Considering a laser probe pumping the propagating [ = 1 mode at a rate

1, as represented in figure 1.3, this contribution writes

(1.28) Hp =-ild1-ab).

1.1.2.2 CQED applications in the weak and strong coupling regimes

In 1946, Edward M. Purcell stated that the spontaneous emission of an atom into a linear optical

cavity mode was enhanced by a factor P given by

_3QA®

1.29 =—
( ) 47V’

where @ is the cavity quality factor [69]. This Purcell factor has been generalized by Bonifacio
and Lugiato in 1977 [70], who introduced the concept of cooperativity in CQED which compares
the coupling strength of the light-matter interaction to the decay mechanisms characterized by «

and I'. The collective cooperativity Cn for an ensemble of N atoms is defined as [34]

g2
(1.30) Cy=2-xN,
kI

where g is the single atom maximum coupling strength defined in equation 1.22. The single atom
cooperativity is thus linked to the Purcell factor by P = 2C1. The collective cooperativity serves
useful in CQED to distinguish from the weak to the strong coupling regime, separated by the

condition Cpy = 1. These two regimes can be described as follows.

Strong coupling regime (Cy > 1) : Strong light-matter interactions in the context of CQED
led to the discovery of numerous interesting phenomena. In addition to the cooperativity, a second
important criterion to describe the different physical effects is the comparison between the atomic

natural linewidth I' and the cavity linewidth .

GOOD-CAVITY LIMIT (x <« I') : In the context of ring cavities, strong coupling of an atomic
ensemble to a cavity with a linewidth narrower than the atomic one results in a Collective
Atomic Recoil Laser (CARL), predicted by Bonifacio et al. in 1994 [71]. In this regime,
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the system is described by the total Hamiltonian from equation 1.6, accounting for the
particles motion as well as the light-matter interaction driven by a laser field entering the
propagating mode. The first atomic absorption event with a re-emission into the counter-
propagating mode starts a build-up in this originally unpopulated mode. The two ring
cavity modes thus interfere to create a standing wave, which modulates the atomic cloud
density. This effect results in further Bragg scattering of the pumping photons into the
counter-propagating mode, transferring a momentum p = 2hk for each absorption-emission
cycle. This positive feedback thus reinforces the CARL effect while pushing the atoms along
the propagating direction [65, 72, 73]. Using a BEC as the atomic medium rather than a
thermal cloud allows the creation of a supersolid [74], simultaneously presenting global
phase coherence and density modulation as recently demonstrated experimentally with

rubidium atoms [75].

BAD-CAVITY LIMIT (x > I') : In the bad-cavity limit, atomic recoil events lead to a negligi-
ble Doppler shift compared to the cavity linewidth. The atomic motion can thus be neglected

in this regime, leading to the two-modes Dicke Hamiltonian Hp expressed as

2 2

(1.31) Hp = hwod, +l_zlhwld}‘dl + Z_Zlth (dl +d}) (J_+d.),

where we supposed identical coupling to the two modes leading to gn = gv/N. In the
Rotating-Wave Approximation (RWA), the fast oscillating terms 6;J/_ and d;cﬁ, rotating at
twice the laser frequency 2w, are neglected. The remaining term d;<J, corresponding to
the absorption of a cavity photon by the atomic ensemble which promotes one atom to the
excited state, and its hermitian conjugate d;rj _ leads to the Tavis-Cummings Hamiltonian
Hre. In the frame rotating at the laser frequency, the two-modes Tavis-Cummings operator
writes [76]

A ~ 2 2 N A
(1.32) Hre = —hAan—;hAld}d,+;th (@194 +a}d-),

with A, = w — w( the atomic detuning and A; = w — w; the cavity detuning. In 1985, Jean
Dalibard and Claude-Cohen Tannoudji introduced the Dressed-atom approach [22] to solve
the single atom and single cavity mode Hamiltonian known as the Jaynes-Cummings model
[77]. The dressed states eigenbasis is composed of manifolds of atom-photon hybrid states
{lg,n),le,n — 1)} containing either the atom at rest and n photons in the cavity, or the atom
excited by a photonic absorption which only leaves n —1 photons in the cavity. The following

linear combinations of these states diagonalize the Jaynes-Cummings Hamiltonian

(133) { |+,n) = cosO, le,n — 1) +sin6, |g,n)

|-,n)=—sinb,|e,n —1) +cosb,|g,n),
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Figure 1.4: (a) Level scheme of a two-level atom coupled to a single cavity mode at frequency w,
with a laser probe at frequency w. (b) Cavity transmission as a function of the probe detuning
A. = w— w, for a bare cavity in blue and a cavity on resonance with the atoms A,. =wo—w. =0
in yellow. The mean cavity mode population is supposed to be lower than one. (c) Eigenenergies
of the single atom and single photon dressed states.

with an angle defined by tan(20,,) = 2gv/n/A,. and A,. = wg — w.. The eigenenergies of the

dressed states generalized to N atoms are given by

E 1
(1.34) ;” =W =nwct (Aac +1/A2, + 4ng§,) :

For a laser probe on resonance with the cavity, the dressed states energies are separated by

an amount 2g 5 /n compared to the bare cavity, as represented in figure 1.4. This so-called
Rabi splitting is used to implement Quantum Non-Demolition (QND) schemes. This non-
deterministic class of processes performs projective measurements of the pseudo-spin, thus
reducing the noise of the measured component. This scheme is implemented in CQED with
probe lights close to the atomic and cavity resonances [37, 78]. Repeated measurements by

the cavity leads to Quantum Zeno Dynamics, explored by the group in 2015 [43].

Deterministic schemes are also available to reduce the variance. The One-Axis Twisting
process, proposed by Kitagawa and Ueda in 1995 [44], acts as a shearing mechanisms for

the atomic spin ensemble governed by the following Hamiltonian
(1.35) Hoar =hyd J_=hy(J2—J2+d,),

where y corresponds to the shearing strength. The jzz factor in equation 1.35 is responsible
for the shearing effect by rotating the spins around the Bloch sphere poles faster than the
ones placed along the equator. Experimental realizations of this Hamiltonian have been
performed with cavities on resonance with the atoms and detuned laser probes, leading
to y = 4g2Ac/(4A§ +x2) [79, 80]. Detuning the cavity to the middle of two hyperfines levels,

such as the two hyperfine ground states of rubidium, leads to the cavity-feedback protocol

16



1.1. CAVITY QED

which combines QND and OAT [80, 81]. A CSS evolving under the OAT dynamics leads to

a Spin Squeezed State (SSS), characterized by an azimuthal angular variance

¢
(1.36) ADggs = —,
vN
where ¢ is the squeezing parameter [16]. The condition ¢ < 1 ensures a variance reduction,
which induces entanglement of the atomic spins [82]. While optimal OAT squeezing leads
to A® o« N~?3, further quantum enhancement can be obtained with Two-Axis Twisting
(TAT) which in theory saturates the Heisenberg limit [83]. In a ring cavity, such scheme

can be implemented using the two counter-propagating resonant modes [84, 85].

A very promising scheme allowing to generate arbitrary superpositions of the Dicke states
in the symmetrical subspace has been introduced in 2015 in the group of Vladan Vuletic¢
[86]. This Carving method relies on a three-level scheme, such as the two hyperfine ground
states {|1),]1)} and the excited state |e) of the rubidium D5 line, with a cavity red-detuned
by an amount A, compared to the |1) — |e) transition. This scheme leads to an effective
Rabi coupling Q = g%/A.. Pumping the cavity modes by an electric field presenting a su-
perposition of frequencies separated by integers values of ) thus leads to populate the
corresponding superposition of Dicke states. Recording a transmitted photon then projects
the atomic ensemble onto this particular state, allowing to generate entangled states with

a metrological gain such as SSS or Greenberger-Horne-Zeilinger (GHZ) states [87].

Finally, the strong coupling and bad-cavity regime has been used to explore the Dicke phase
transition [88]. This model predicts a superradiant phase for strong light-matter couplings,
resulting in an enhanced coherent emission of light into the cavity modes at a rate I'Cy
[89, 90].

Weak coupling regime (Cy < 1) : In the weak coupling regime, the loss mechanisms result-
ing from spontaneous emission and cavity transmission are faster than the photon exchange
dynamics between the atoms and the cavity modes. This regime is used to generate single-photon

sources [91], as well as quantum controlled-NOT gates [92].

1.1.3 Fiber micro cavities

As detailed in 1.1.1, the spectral properties of optical cavities are characterized by their lengths
and finesses. Moreover, the spatial shapes of the cavity field eigenmodes, given by the Hermite-
Gauss Transverse Electromagnetic Modes (TEM,,,,,) as detailed in appendix B, are determined
by the mirrors radii of curvature. In particular, these parameters sets the 1/e? radius (or beam

waist) wy of the fundamental transverse Gaussian mode TEMgg. Interestingly, the cooperativity

17



CHAPTER 1. EXPLORING ENTANGLEMENT WITH ALKALINE-EARTH ATOMS IN A RING
CAVITY

(b) (c)

« x-cut data
y-cut data

T3
. o
W,,-,M" i PR, e e T
o,

i .
-40 -20

20 40

]
x/y[um]

Figure 1.5: (a) Multi-shot CO; laser pattern on an optical fiber, resulting in a Gaussian mirror
profile imaged with a profilometry technique. (b) Scanning Electron Microscope image of the fiber
tip with the mirror shape in the center. (¢) Mirror profiles along the fiber tip axes and residuals
from a 2D spherical fit.

factor of CQED written in equation 1.30 can be expressed by means of the cavity finesse and
the beam waist of the mode of interest. For a travelling wave configuration, the single atom

cooperativity writes®

6 F

:k2w2XT[,
0

(1.37) C1

Building high-finesse cavities with a small beam waist thus tremendously increase the coopera-
tivity. For this reason, the group has implemented a CO9 laser machining technique in order to
shape small glass substrates, such as optical fibers [61, 62, 93]. Using multi-shot patterns, this
technique allows to produce micro mirrors with radii of curvature in the 10 — 500 um range, with
a surface roughness as low as 1nm which leads to cavity finesses in the 10* range. Moreover, the
deviations of the resulting profiles compared to ideal Gaussian shapes reach the impressively low

value of 5nm [61]. An example of such COg machined fiber from ref. [61] is given in figure 1.5.

1.2 Physical properties of strontium atoms

Due to their relatively simple level structures, alkali metals have been deeply studied in the
cold atoms community, starting with the first MOT realized with sodium atoms in 1987 [24].
Their low vapour pressures, combined with broad cooling transitions lying in the MHz range,
have been proven useful for implementing simple trapping and cooling apparatuses. During the
last 20 years, the second column of the periodic table filled with alkaline-earth atoms and some
lanthanides with similar structures have received increasing interest. The richer level structure
of this atomic family contains ultra-narrow optical transitions, which find applications in optical
atomic clocks and long-lived qubits. In atomic clocks, the Allan deviation 0, (7) characterizing the

variance of the frequency ratio y = §v/v after an integration time 7 is expressed for a Ramsey

3For a standing wave, the mode volume is divided by 2, leading to an increased cooperativity by a factor of 2.
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sequence as

(1.38) (T(T)—L E
' YT UN Y T

with @ the transition quality factor, N the number of atoms and T, the interrogation time. Using
the narrow transitions in the optical domain provided by alkaline-earth-like atoms thus brings
a factor 10* improvement compared to microwave alkali clocks. The latest results in optical
lattice and optical cavity clocks with strontium and ytterbium exhibit outstanding frequency
instabilities in the 10~ range after a few hours of integration [94, 95], outperforming the best
fountain microwave cesium clocks [17, 96, 97]. Motivated by these results, the new apparatus
developed in this thesis is based on strontium atoms. Due to more accessible clock and cooling
lasers wavelengths, as well as the possibility to reduce its temperature below the uK level, this
species has been preferred to ytterbium and mercury also used in optical clocks.

In this section, we first derive the properties of two electrons systems such as alkaline-earth
atoms. In a second part, we expose the energy level structure of strontium atoms, revealing how
it can be used to perform cooling and clock operations. Finally, we discuss the so-called magic
wavelength mechanism used to trap alkaline-earth atoms in optical clocks without perturbing

the clock transition.

1.2.1 Two electrons systems

Alkali atoms present an hydrogen-like structure, with one electron on their outer electronic
shell. For alkaline-earth species, two electrons have to be considered in order to understand their
helium-like energy levels structure. Strontium, for instance, possesses the electronic structure
[Kr]5s2. The two electrons on the outer shell can repel each other via Coulomb interaction, leading
to a more complex Hamiltonian than for the previous class of atoms. In the nucleus frame, the
Two-Active-Electron (TAE) Hamiltonian is given by

. P P2 2 1

1.39 Hy, = + + V. (F1) + V, (Fo) + _
( ) 2e om. " om. 1,(F1) + Vi, (F2) T

with 7; the position operator of the i-th electron and Vli(fi) an angular-momentum dependent
semi-empirical potential representing the Sr?* ion [98]. The first two terms of the Hamiltonian
correspond to the kinetic energies of the electrons. Associated with the third and fourth terms,
which describe central attraction of the nucleus, it consists in the hydrogen-like Hamiltonian.
The last term corresponds to Coulomb repulsion between the electrons. As it breaks the central
symmetry of the problem, the analytical resolution becomes more complicated than for alkali
atoms. The spin situation also contributes to the complexity of this system, and the resolution
of the model requires perturbation or variational techniques [99]. In Rydberg physics, the two
electrons configuration of alkaline-earth atoms opens the perspective of trapping Rydberg states

in optical tweezers [60]. The basic idea is to trap the ion core comprising one of the two electrons
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in a tightly focused beam, while the extension of the wavepacket of the second electron placed in

a high-n Rydberg state is larger than the beam waist.

Despite the system complexity, an intuitive insight of the two electrons Hamiltonian eigen-
states can still be given by considering the symmetries of the system. In first approximation,
we can neglect the repulsive Coulomb term and the system reduces to two hydrogen-like parts.
Within this simplification, we can express the wavefunction as a tensor product of a spatial part
| (ri)) which depends on the principal quantum number n and the angular momentum L,
and a spin part with projections |1) or ||) for each electron. According to Pauli’s principle, the
wavefunction of the electrons must be antisymmetric. The spatial and orbital parts must then
present reversed symmetries, leading to different families of spin states. The symmetric spin
states with a degeneracy 2S + 1 =1 are called the singlet states, while the antisymmetric ones
with a degeneracy 2S +1 = 3 correspond to the triplet states.

In the strontium case, the ground state finds the two electrons in their 5s shells, leading to the

following spatially symmetric and spin anti-symmetric singlet state

(1.40) 1(552)1S0) = |¢p5s(r1)pss(ra)) ® \/ig A =11n).

The lowest singlet excited state accessible with a laser presents the same kind of symmetries,
with one atom promoted to the 5p shell. It is given by

(1.41) |(5s5p)'P1) = % [155(r1)sp(ro)) + [dss(ra)dsp(ri))] ® \/ig athHh=1m,

For the triplet states, the spatial part is anti-symmetric while the spin part is symmetric. The

lowest triplet excited states consist in the 3P, manifold expressed as

Ii% =2

1
(142) (555 Pa) = = [105sr0Pspr) = 95sr)spranl 8 | D+ (=D
I (J=0)

The success of alkaline-earth atoms is due to the fact that, as a consequence of the spin-orbit
selection rules, electric dipole transitions from the singlet to the triplet manifolds are forbidden.
Moreover, transitions from a total angular momentum J =L + S =0 to another J =0 state are
also not allowed. This doubly forbidden condition leads to extremely narrow |1S¢) — [2Py) clock
transitions, with a decay rate lying in the mHz range for fermionic species [99].

In the [1Sg) — |2P;) transitions, known as the intercombination lines, the spin-orbit coupling
allows a stronger decay rate in the kHz range. These lines are used to perform narrow-line cooling
mechanisms, reaching temperatures at the pK level.

Finally, the singlet-singlet transitions 11So) — |1P1) are called the dipole allowed transitions, with
high decay rates in the MHz range. These transitions are used to perform slowing techniques, as

well as first step cooling leading to mK cold samples.

20



1.2. PHYSICAL PROPERTIES OF STRONTIUM ATOMS

Z Abundance Statistics Nuclear Spin

84 0.56% Boson 0
86 9.86% Boson 0
87 7.00% Fermion 9/2
88 82.58% Boson 0

Table 1.1: Strontium stable isotopes with their natural abundances, quantum statistics and
nuclear spins.

1.2.2 Strontium energy levels

Named after the Strontian city in Scotland where it was discovered for the first time in a lead
mine in 1790 [100], strontium is an alkaline-earth element of atomic number 38. It has four
stable isotopes, summarized in table 1.1, which have all been brought to the quantum-degenerate
level using magneto-optical traps and optical dipole traps [101]. In the following paragraphs, we
present the energy level diagrams of the bosonic and fermionic isotopes separately. The different

MOT repumping schemes are also discussed.

1.2.2.1 Bosonic isotopes

The two valence electrons of strontium give rise to the energy level diagram presented in figure
1.6, where the transition linewidths are taken from [102]. The bosonic isotopes of strontium have
a nuclear spin I = 0. These species thus do not present an hyperfine level structure, and the
diagram is simply given by the fine structure which depends on the total spin J =L +S. The
relevant energy levels for trapping, cooling and CQED schemes are presented in spectroscopic
notation 25+1L ;.

On the singlet side of the diagram, the wide I' = 27 x 32 MHz* transition at 460.862nm is called
the blue or dipole allowed transition. This fast cycling transition is used for slowing high-speed
strontium atoms, as presented in section 4.2 of chapter 4. Moreover, it allows to implement
a first step cooling mechanism known as the blue MOT, described in details in section 4.4 of
the same chapter. The transition from the ground state to the |(5s5p)3P;) at 689.449nm is
called the red transition or intercombination line. A second step narrow-line cooling mechanism
on this transition is described in section 4.5. The so-called clock transition corresponds to the
1(582)1S0) — (5s5p)3Py) line at 698.446nm. For the bosonic isotopes, the linewidth of the clock
transition is extremely small, lying in the 10"12Hz range. Consequently, it can not be addressed
by a laser, unless mixing the |(5s5p)3Pg) state with the |(5s5p)3P1) by applying a magnetic field
on the order of 101 — 102G [103]. With this technique, a laser tuned on the clock frequency induces

4A consensus on this value does not seem to have been reached in the community. Depending on the references,
values of y = 32MHz, 30.5 MHz or 30.2MHz are reported.
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Figure 1.6: Relevant energy levels and transitions of the strontium bosonic isotopes with a nuclear

spin I =0.

a coupling between the ground and the clock states with a Rabi frequency given by

(1.43)

Qr.Qp
Ao

Qclock =

where Q7 = (5s5p)°P1|d-E|(552)!Sy)/h depends on the intercombination line dipole matrix
element, Qp = ((5s5p)3P1| 1-B|(555p)3Py) /h corresponds to the magnetic-dipole coupling between
the two excited states and Apg is the frequency difference between the |(535p)3P1) and the
|(5s5p)3Pg) states.

1.2.2.2 Repumping schemes

During a MOT operation, electrons are expected to be promoted from the ground state to an

excited one by absorbing a photon, and then decay back to the first state. This quantum trajectory
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is referred to as a cycling transition. Nevertheless, electrons can also decay from the excited
state to all the others states with non zero branching ratios. Repumping lasers are thus used to
optically pump electrons to any state decaying exclusively to the ground state. Brought back to
the cycling transition, atoms can keep absorbing photons in order to be slowed down. Considering
the level scheme shown in figure 1.6, one can observe that during the blue MOT operation, the
electrons are cycling from the ground |(5s2)1S) state to the singlet excited state |(5s5p)1P1).
It can then decay back to the former, or explore the |(5s4d)'Ds) state with a branching ratio
of 1:20000, according to recent experimental studies [53]. From there, two transitions to the
lower excited triplet states |(5s5p)2P1) and |(5s5p)3Ps) are possible, with branching ratios of 2: 3
and 1:3, respectively [102]. Electrons from the |(5s5p)®P1) state decay back to the ground-state
with a 1/e lifetime 7 = 21.5s, sufficiently short to keep the atoms in the MOT region. For the
|(5s5p)3Py) state, the lifetime for the same decay has been measured to 7 = 500s [104]. This time
is basically infinite compared to the timescales involved in the experiment which typically lay in
the microsecond to second range. The number of atoms in the blue MOT can thus be increased
using one or several repumping lasers able to pump the atoms back to the cycling transition at
461nm.

Several repumping schemes have been used by different groups in order to maximize the
number of atoms in the blue MOT. The different strategies can be grouped in two classes. The
first one consists in repumping to the |(5snd)3Ds) states, with n = 4,5 or 6. These transitions
occur at wavelengths of 3 um, 497nm and 403nm, respectively. One advantage of these schemes
is to only require one repumping laser to efficiently increase the MOT population. However,
indirect dipole-allowed decay channels from the [(5snd)®Ds) states to the clock states |(5s5p)3P0)
still exist [105]. This state lifetime theoretically being equal to 1000s for the fermion and even
longer lived for the boson, atoms falling in this state are quickly lost from the trap. Furthermore,
even if convenient Blu-ray laser diodes are available at 403 nm, using the transitions at 3 ym and
497nm is more involved technically as it needs to develop Optical Parametric Oscillators (OPOs)

for the former and doubling diode laser schemes for the latter [106].

The second scheme is based on a two lasers repumping scheme from the [(5s5p)2Py) and
|(5s5p)3Ps) states to the |(5sns)®S;) states, with n = 6 or 7. For the n = 6 level, the transitions
respectively occur at 679.289nm and 707.202nm. For n =7, the wavelengths are 432.6nm and
443.8nm. Using two lasers instead of one could seem less convenient than in the previous
schemes, but it actually brings a lot of advantages. First of all, the implied wavelengths used
to address the |(5s6s)3S1) state are easily found as diode lasers outputting several tenths of
milliwatts. More importantly, it allows repumping from the untrapped clock state back to the
cycling transition, preventing any loss mechanisms from the |(5s5p)3Ps) manifold. Finally, this

scheme allows for state selective imaging in many different contexts such as atomic clocks, optical
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State A (MHz) B (MHz)
15, 0 0
1p; -3.4(4) [110] 39(4) [110]
3P 0 0

3Py —260.085(2)[111] -35.667(21) [111]
3Py —212.765(1)[112]  67.340(15) [112]
38, —-542.0(1) [102] -0.1(5) [102]

Table 1.2: Hyperfine splitting constants of the 87Sr energy levels.

Z 1p, 3Py 3P, 3p, 38,

87 —46.5[100] -62.9[102] -62.15[102] -61.8[113] -54.9[102]
86 —124.8[100] —163.81[100]

84 —270.8[100] -351.49 [100]

Table 1.3: Isotope shifts of the energy levels used for trapping, cooling and clock operations given
in MHz. The shifts are referenced to the 88Sr isotope.

tweezers and Rydberg physics [53, 107, 108]. One can also transfer the atoms in the |[(5s5p)3Ps)
state for magnetic trapping and bring them back to the ground-state for further operations [109].

With these considerations in mind, we chose to use the |(5565)>S1) repumping scheme with

two diode lasers at 679nm and 707 nm, further described in 2.1.2.

1.2.2.3 Fermionic isotope

The level structure of the strontium stable fermionic isotope 87Sr is modified compared to the
bosonic diagram in figure 1.6 by the presence of an hyperfine structure due to a non-zero nuclear
spin I = 9/2. This large spin allows to study SU(N) quantum magnetism with strontium atoms,
which finds applications in topological matter, quantum information and superfluidity [59]. Due
to the presence of this non-zero nuclear spin, the energy levels are splitted into manifolds of total
spin F' =1 + ¢J containing 2F + 1 Zeeman sublevels, with | —J|<F <1 +J. The hyperfine energy

splittings of these manifolds are given by the following formula

AEps éK B3K(K+1)-4II+1)J(J +1)

(1.44) n 2t T T T elel-nIeI-1)
with
(1.45) K=FF+1)-JWJ+1)-II +1).

The A and B coefficients in equation 1.44 correspond to the electric-dipole and magnetic-

quadrupole shifts, respectively. These coefficients for the transitions of interest are given in
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Figure 1.7: Relevant energy levels and transitions of the strontium fermionic isotope 87Sr with a
nuclear spin I = 9/2. The frequency shifts compared to the Sr isotope are given in MHz.

table 1.2. Moreover, each strontium species experience isotope shifts of the energy levels com-
pared to the most abundant 88Sr used as a reference. These shifts are given in table 1.3, and the

resulting level diagram for the fermionic isotope is presented in figure 1.7.

The MOT operations for the fermionic isotope are modified compared to the bosonic ones. In
order to obtain closed transitions, the blue and red excited manifolds used for cooling are the
F =11/2. In the blue MOT case, the natural linewidth is on the same order of magnitude as the
hyperfine splittings. The different hyperfine transitions are thus not fully resolved, which results
in populating the F' = 7/2 and F = 9/2 manifolds. However, the small lifetime of the transition
insures a rapid decay to either the ground state, either the repumped [(5s5p)2Py,F = 9/2) and
{|(5s5p)3Py, F)} manifolds. As can be seen in figure 1.7, this last set of states covers a frequency
range of 4.27GHz. Moreover, the repumping excited state |(5s6s)3S1) get splitted into three
manifolds covering a range of 5.42 GHz. The main difference between the bosonic and fermionic
MOTs thus lies in the repumping lasers, which have to be scanned over 5.42GHz in order to
cover all the possible repumping transitions. In the red MOT case, the hyperfine splittings are

102 times larger than the natural linewidth, limiting this depumping effect.
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1.2.3 Magic trapping

As described in 1.1.2, the light-matter interaction between an atom and a laser is governed by the
dipolar interaction expressed in equation 1.19. In the far detuned limit, where all the detunings
from the laser frequency to the atomic transitions are larger than the natural linewidths, this
interaction creates an energy shift known as the AC Stark shift. Within the framework of the
second-order perturbation theory, the energy shift of a Zeeman state |v) of spin , and spin

projection m j induced by an electric field of amplitude &; at frequency w, is given by [114]

1 1 3m2 —J,(J, +1)
1.46 AE. = —=aP(w)&2 - =gV J
(1.46) v="5% ()& 5% (w) SACRAT

E2+0&Y),
where ag (a@2) corresponds to the scalar (tensor) polarizability. These parameters, expressing the
sensitivity of a state to applied electric fields, can be expressed as a sum over all the |%) states of

the multi-level atom such that

E.-E,
(Ep —Ep)2—(hw)?’

(1.47) (W)=Y ci(dy, I (kId v} |?
k

with i €{0,2}, ¢;(J,,J%) a constant factor depending on the spins of each state and (k|d |v) the
electric-dipole matrix element of the |k) — |v) transition.

This effect is extremely useful in cold atoms experiments, as it can be implemented in atomic
cloud transportation, trapping or condensation via evaporative cooling. However, this energy
shift is also one of the main limitations in state-of-the-art optical clocks, as it modifies the clock
transition energy when varying the dipole trap intensity Iy é‘}?. For a two-level atom, the
ground state energy shift is exactly opposite to the excited one. The energy difference between
these two levels derived from equation 1.46 can thus not be cancelled. In multi-level atoms
such as alkaline-earth species, a situation where the polarizability of the two clock states are
equal can be found. The laser frequencies fulfilling this condition for a given transition occur
at so-called magic wavelengths, introduced by Katori et al. in 1999 [115]. In strontium, a magic
crossing for the clock transition appends at 813.4nm [116]. For the red MOT transition, the
1(5s2)1S() and |(5s5p)3P1,mJ =0) polarizabilities cross at 501 nm, while the crossing with the
|(5s5p)3P1, mg = +1) Zeeman levels occurs at 520nm [53]. These magic wavelengths can be tuned
either by controlling the angle between the linear polarization of the dipole trap and a magnetic
field [52], either by modifying its ellipticity [53]. These methods have been applied to implement
arrays of optical clocks in tweezers, where the magic trapping of the red MOT transition is
used to perform sideband cooling and the magic tapping of the clock transition leads to an

intensity-variation free clock [54, 55, 117].
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1.3 Towards a micro ring cavity experiment with strontium

atoms

Inspired by both CQED schemes for exploring entanglement and the new perspectives brought
by alkaline-earth atoms, the new experiment that we are setting up aims to place a cold sample
of strontium atoms into a micro ring cavity. As a first step towards a combined atom-cavity setup,
we developed a compact experiment allowing to prepare an ultra-cold strontium sample, pictured
in figure 1.8(a). This apparatus includes a low-consumption home-made effusive source placed
in an unusually short vacuum system. In order to reduce transverse spreading of the atomic
beam, we combined the Zeeman slowing and MOT magnetic configurations into a single coils
setup. The cold sample is obtained in a glass cell, ensuring maximum optical access. In the next
chapter of this thesis, the development of the laser setup used to perform slowing and cooling on
both the blue and red strontium transitions is presented. A complete description of the vacuum
system and the atomic beam properties are then provided in the third chapter. Finally, a full

characterization of the obtained atomic sample is given in the last chapter.

As a next step, the high-finesse micro triangular cavity developed in parallel with the stron-
tium apparatus will be added to the vacuum system. The produced ultra-cold strontium sample
will then be transported to the cavity in order to perform CQED, as represented in figure 1.8(b).
The advantage of this design lies in the possibility of trapping the atoms in a standing wave
magic lattice, thus limiting collisional frequency shifts in clock-like operations, while probing
them with a running wave to ensure an homogeneous coupling over the cloud. With a 500um
long cavity of finesse & =4 x 10* and waist wo = 3.5um, we expect to achieve a single atom
cooperativity C1 = 80 on the clock transition. Despite impressive recent achievements in the field
[58, 118], the milestone of direct squeezing on the clock transition with alkaline-earth-like atoms

yet remains to be achieved.
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Figure 1.8: (a) Principle of the stron-
tium experiment. An home-made oven
acts as an effusive source to create
an atomic beam, slowed down by a
laser beam associated with the decay-
ing part of the quadrupole magnetic
field used to produce a MOT in the
glass cell. (b) Artistic view of the ring
cavity with strontium atoms held by a
standing wave dipole trap. The curved
mirror of the cavity is shaped on the
surface of an optical fiber, and the
plane mirrors consist in glass plates.
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CHAPTER

LASER SYSTEM

n atomic physics, lasers are a powerful tool for probing atomic transitions. Their impressive
phase coherence properties allow to address spectroscopic lines, perform atomic trapping
and cooling, CQED schemes and many other features. In the laboratory though, solid-state
diode lasers can be subject to the environment instabilities, such as temperature variations or
laser intensity drifts. It is thus mandatory to stabilize their frequency on well known etalons.
Moreover, real lasers have finite spectral linewidths, which needs to be narrower than the natural

linewidths of the addressed transitions.

This chapter is dedicated to the different laser systems and frequency stabilization schemes
implemented in the experiment. In a first part, we describe the laser system used in trapping
and cooling of strontium atoms on the wide dipole-allowed transition 1(5s2)1S¢) — |(5s5p)1P1)
at 461nm. The repumping lasers at 679nm and 707 nm, necessary for efficient MOT operation,
are also presented with their numerical frequency stabilization scheme. In the second part,
we describe the red laser system containing the lasers addressing the intercombination line
1(582)1So) — |(5s5p)3P1) at 689nm and the clock transition |(5s%)1So) — [(5s5p)°Py) at 698 nm.
The common frequency stabilization procedure for these two lasers on an ultra-stable cavity
is presented, and an absolute frequency reference based on a strontium spectroscopic cell is
detailed.

2.1 Blue MOT laser system

The interesting physical properties of alkaline-earth elements are mainly due to the presence of
narrow forbidden transitions. However, addressing such transitions can only be realized on cold

atomic sample. In order to produce such cold clouds, several tasks as Zeeman slowing from a fast
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Laser Power (mW) Waist (um) Temperature (°C) Current (mA)
Master 461 nm 12 350 27 110

MOT slave 153 330 13.7 143

Zeeman slower slave 125 330 17.6 139

Repumper 679nm 19.2 250 17.0 120.2
Repumper 707nm 35.0 250 26.4 96.0

Table 2.1: Operating parameters of the lasers involved in the blue MOT operation.

atomic beam, cooling from a hot sample and imaging processes necessitate transitions with a
fast scattering rate. In strontium, this condition is provided by the large 1(552)1S¢) — |(5s5 p)1P1>
transition at 461nm, with a natural linewidth I' = 27 x 32MHz. In this section, we present a
master-slave diode laser architecture on this transition, stabilized on a discharge strontium cell.
The repumping lasers stabilization procedure using a wavemeter is also presented hereafter. The
operating parameters of the blue MOT laser system are given in table 2.1, and a scheme of the
optical setup is presented in figure 2.1.

2.1.1 461nm master-slave architecture

In strontium experiments, producing blue light is mainly achieved with two possible schemes.
The first one consists in a frequency doubling system, with a pump provided by an External
Cavity Diode Laser (ECDL) at 922nm such as a Ti:Sapphire [119] or a Toptica DLpro [100, 120].
The second possibility is to use an ECDL directly emitting at 461nm [121, 122]. As this method
presents the advantages of reducing the costs and simplifying the system compared to the first
one, we chose to implement a blue diode laser scheme. However, using a single ECDL do not
produce enough power to create the different beams needed for trapping, cooling and imaging.
We tackle this problem by implementing a master-slave architecture, where a first frequency

stabilized ECDL laser is injected into high-power laser diodes emitting at 461 nm.

2.1.1.1 Blue diode lasers

The laser system at 461nm is based on a master-slave architecture with two slave lasers referred
to as Zeeman slower and MOT. The first one is used to both slow down the atoms coming out of
the home-made oven, further described in 3.1, and image the cold atomic cloud as detailed in
4.4.1. The second one provides the beams for the first stage blue MOT detailed in section 4.4.
The master laser is a commercial Littrow Diode Laser (LDL) from Moglabs® with a single-mode
AR coated diode from Nichia®. Initially, we have been using a Cateye Diode Laser (CEL) but

after approximately one year of daily operation, the power started to continuously drop down.

ISee http://www.moglabs. com.
2Diode NDBA116T. See https://www.nichia.co.jp.
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Figure 2.1: Scheme of the laser systems at 461nm, 679nm and 707nm. Half-wave plates and
exact mirror configurations have been omitted for simplicity and the slave injection simplified.
The AOM diffraction orders are +1 depending on the orientation with respect to the RF frequency
input. A realistic version of the laser system is presented in appendix A. DM - Dichroic Mirror,
PD - Photodiode, MIR - Mirror, ISO - Optical Isolator, PBS - Polarising Beam Splitter, LP -
Low-Pass filter, SG - Signal Generator, SP - RF Splitter, MX, RF Mixer, FC - Fiber Coupler, PM -
Polarization Maintaining fiber, AOM - Acousto-Optic Modulator, EOM - Electro-Optic Modulator.
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It is well known that focused high-energy beams in the UV and near-UV range can induce
photo-activated chemistry reactions [123]. In the Littrow configuration, this effect is minimized
as the beam is collimated on a grating instead of being focused on the Cateye mirror. These
two ECDL configurations are represented in figure 2.2 for comparison. Both laser architectures

induce laser beam astigmatism, which are compensated for all our lasers following the procedure
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Figure 2.2: (a) Schematic view of the Cateye Diode Laser configuration. The diode laser emission
wavelength is first selected by a bandpass filter. The beam is then focused on a mirror which
position depends on a piezo electric actuator to form a tunable extended cavity with the diode
laser rear facet itself. (b) Scheme of the Littrow Diode Laser configuration. The external cavity
is created by a grating angled such that the first order reflection is superimposed to the diode
laser output mode. The cavity length is also controlled by a piezo electric actuator placed on the
grating.

described in appendix B.

The frequency of the master laser is stabilized by a saturated absorption scheme, described
in 2.1.1.2. In order to amplify the available blue light and control the different beam frequencies,
it injects two slave lasers made of multimode laser diodes in temperature-controlled mounts®.
The injection is performed by overlapping the slave laser beams with one arm of the master light
on optical isolators, as shown in figure 2.1. The master frequency presents a mode hope free
range of 15GHz and the injection follows on 5 GHz for both slaves, with an injecting optical power
of 2.5mW. Good injection conditions are identified by a reduction of the slave lasers intensity
noises in the injection frequency range, recorded with monitoring photodiodes placed on the
leaking ports of one polarizing beam splitter on each slave laser path. In order to increase the
injection stability over temperature drifts from several tenths of minutes to several hours, we
implement two identical empirical locking schemes by modulating the slave lasers intensities
and demodulating the monitoring photodiode signals at the same frequency to produce error
signals. The intensity noises reductions are thus traduced by jumps on the error signals, which

can be used to lock the slave intensities in the injection range.

2.1.1.2 Master laser saturated absorption stabilization

In cold atoms experiments, several operations such as cooling, slowing and imaging require

laser frequency stabilities smaller than the natural linewidth of the considered transition. In

3Diodes NDB4216 from Nichia. Temperature-controlled mount LDM90/M from Thorlabs.
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the |(5s2)18¢) — |5s5 p)1P1> transition case, this linewidth equals I' = 27 x 32 MHz. Therefore, the
master diode laser frequency is stabilized via a saturated absorption locking scheme, compensat-
ing for both fast and slow drifts induced by intensity noise and temperature drifts, respectively.
As represented in figure 2.1, one part of the master laser beam is phase modulated by an Electro-
Optic Modulator (EOM)* with a Radio Frequency (RF) signal at f,,, = 16 MHz. The beam is then
sent into a strontium hollow cathode discharge cell® in a retro-reflected configuration, providing a
pump-probe scheme. The retro-reflection is collected on a photodiode and its signal is mixed with
the RF signal at f,,. A low-pass filter is added to generate an error signal, shown in figure 2.3.
The error signal is then fed into a Proportional and Integral (PI) regulator which separates the
fast proportional part, added to the current of the master laser, to the slow integral part added to
the piezo high-voltage signal. The retroaction on the current is limited to 1MHz by the master
laser circuit board and the piezo typically reacts to frequencies lower than a few kHz. A gaussian
fit on the absorption signal reveals a Doppler broadening of o, = 620 MHz, corresponding to an
effective temperature of 580°C inside the cell. An estimation of the in-loop laser linewidth can be
done by measuring the error signal Root Mean Square (rms). Indeed, frequency fluctuations are

linked to voltage noises through the on resonance slope 2 of the error signal ¢ through

%
dv

@.1) 9 = ‘

Assuming a gaussian white intensity noise, the laser frequency noise v,,,s can be estimated using
the relation [124]

(2.2) Vims = 2V2In2 egs.

We experimentally measure v,,,s = 470kHz, which is 65 times smaller than the natural linewidth

and sufficient for any operations on the dipole allowed transition.

2.1.1.3 Slave lasers frequency generation

With the master laser frequency being locked on the discharge cell absorption signal and the
slave lasers injected at the master frequency vy, a set of Acousto-Optic Modulators (AOM) is used
to generate the different frequencies necessary for atomic slowing, cooling, imaging and blowing
out of the cavity. Moreover, these AOMs allow to switch on and off the diffracted laser beams
coupled to the optical fibers which connect the lasers optical table to the main experiment. The
RF signals feeding the AOMs are generated by a Direct Digital Synthesis (DDS) setup detailed
in appendix C. The optical and RF frequencies are represented in figure 2.4 in an energy-like
diagram. All optical transitions are referenced to the 1(5s2)18¢) — (555 p)lPl) transition of 88Sr
at vo. In order to obtain an agile frequency system capable of addressing the blue transition of

both the bosonic 8Sr and the fermionic 87Sr isotopes, the frequency of the master laser arm used

4Model PM7-VIS F16 from QUBIG. See https://www.qubig.com/.
5Cell 1.233-38NB from Hamamatsu. See https://www.hamamatsu.com/.

33


https://www.qubig.com/
https://www.hamamatsu.com/

CHAPTER 2. LASER SYSTEM

45 = T T T T T ™ 50

(mV)

Transmission (%)
=)

Error Signal

L
'
n
13

-600 -400 -200 0 200 400 600
Yuo (MHz)

Figure 2.3: Saturated absorption signal (left axis) and error signal (right axis) generated by a
retro-reflected beam from the 461nm master laser. The beam properties are 510 uW of optical
power and a waist of 400 um, corresponding to a saturation parameter sg = 5. The frequency axis
is referenced to the |(552)1So) — |(5s5p)1P1) transition of 38Sr. The signals exhibit Lamb dips for
this transition for the different isotopes.

for saturated absorption stabilization is detuned from its central frequency vjs by a set of two
AOMs. The first one is used in a single passage configuration with an RF frequency fgs, and the
second is a double passage AOM at frequency fp. Switching from one isotope to the other is thus
done by modifying the double passage frequency fp from 355 MHz for the boson to 378.5 MHz for
the fermion, while keeping the single passage one at a fixed value fg = —340 MHz.

The blue MOT beams are generated by detuning the MOT slave laser frequency from the master
by an amount fy;or = —342MHz, and coupling the obtained light into a fiber splitter 1 x 3 at
461nm°, as shown in figure 2.1. The atomic slower and imaging beams are derived form the
Zeeman slower slave laser, splitted by a PBS. An AOM driven by an RF signal at frequency
fzs = —175MHz produces the Zeeman slower beam. The imaging beam is nearly resonant with
the blue transition, due to a frequency shift 73 = 380 MHz from the master. Finally, the future
blowing beam used to expel the atoms from the ring cavity is derived form the master laser
detuned by fpr, =370 MHz.

2.1.2 Repumping lasers numerical lock

Following the arguments developed in 1.2.2.2, we implemented a two-laser repumping system
at 679nm’ and 707nm®. Both lasers are ECDLs from Moglabs. The setting points for stable

operation are given in table 2.1. The repumping laser at 707 nm is superimposed to the 461nm

61x3 coupler array with Corning PM48-U25D fibers from Evanescent Optics Inc. See http://www.
evanescentoptics.com/.

"Laser diode EYP-RWE-0690 from Eagleyard photonics. See https://www.toptica-eagleyard.com/.

8Laser diode HL7001MG from Opnext.
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Figure 2.4: Frequency diagram for the laser system at 461 nm. The vertical axis represents the
optical frequencies referenced to the dipole allowed transition of 88Sr. The AOM RF frequencies
fi are given in MHz. Transitions for the other isotopes are also given on the frequency axis. The
87Sr transitions from the ground state |(532)1So,Fg =9/2) to the excited states |(5s5p)'P1,F,)
are referenced by their hyperfine quantum number F,.

saturated absorption beam via a dichroic mirror through the hollow cathode discharge cell. This
scheme, represented in figure 2.1, allows to implement a saturated absorption scheme at 707 nm.
The resulting absorption and error signal are detailed in appendix D. However, due to the large
hyperfine splittings of the fermionic isotope 87Sr, as well as a reported 50 smaller signal at 679 nm
using the same type of cell [125], we have decided to implement a numerical lock and scan the
repumping lasers frequencies at a rate of 900 Hz, even for the bosonic isotope 8Sr. For the 707 nm
laser, this scan covers a range of 250 MHz for the boson, and 6 GHz for the fermion. The 679nm
laser is scanned over 150 MHz for the boson, and is technically limited to 2GHz for the fermion.
In order to implement the numerical lock, the two repumpers are measured simultaneously on
a wavelength meter’, as represented in figure 2.5(a). A Python interface interacting with the
device extract the frequency vy at time ¢ with an absolute accuracy of 60 MHz and a resolution

of 2MHz. This value is compared to a setpoint v;, where the index i stands either for 707 or for

9Model WS7-60 from High-Finesse. See https://www.highfinesse.com/en/wavelengthmeter.
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Figure 2.5: (a) Scheme of the numerical PI lock of the repumping lasers. Closed loop frequency
of the (b) 679nm and (c) 707nm repumpers. Data are shown in blue and an exponential fit in
orange gives the 1/e decay time from an arbitrary frequency to the setpoint.

679. Both setpoints are experimentally found by maximising the number of atoms in the targeted
isotope blue MOT. Finally, a correction V. is applied to the lasers piezos by an arduino-based
lock box. The correction at time ¢ = mAt¢ after an integer number m > 1 of steps of length At is

computed as follows

m-—1
(2.3) Ve®) =K, |e(t)+ Z e(jAt)E ,
j=1 T

with e(t) = vwp(¢)—v; the frequency error signal, K, the proportional gain equal to 5.6 x 1077 VHz !
for the 707nm laser and 7.7 x 108 VHz ! for the 679nm, and T7 = 50ms the integrator time
constant. Figure 2.5 shows the locking signals with an exponential fit giving a response time of
the PI of approximately half a second for both loops. In order to perform blue MOT operations,

the two repumping lasers are combined in a single fiber with PBSs, as shown in figure 2.1.
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Laser Power (mW) Waist (um) Temperature (°C) Current (mA)
Master 689nm  23.3 340 22.1 141.03
Red MOT Slave 55 400 22.1 124.0

Table 2.2: Operating parameters of the 689 nm lasers.

2.2 Red laser system

The red laser system refers to the lasers at 689nm and 698 nm, addressing the red MOT and
clock transitions, respectively. The natural linewidths of these transitions being much narrower
than for the blue laser system, a more involved frequency stabilization scheme needs to be
implemented. In our experiment, this scheme is realized by comparing the lasers frequencies
to a standard consisting in an ultra-stable high-finesse Fabry-Pérot cavity. This cavity will also
be used as a standard for the magic trap at 813nm, which will be superimposed to the red and
clock lasers with dichroic mirrors, as represented on the red laser system scheme in figure 2.6.
This sections begins with a description of the master-slave architecture at 689nm, with a master
locked on the cavity and a slave used to enhance the available optical power. The frequency
stabilization protocol on the cavity is then described for both the red and clock lasers, to end with
a description of the absolute frequency calibration of the 689 nm master laser on an home-made

spectroscopy cell.

2.2.1 689nm master-slave architecture

The laser system at 689nm is made of a Cateye ECDL from Moglabs used as a master laser and
an injected diode'” as a slave. Table 2.2 resumes the operating parameters for these two lasers.
Similarly to the blue laser system, the master laser is used as a frequency reference and the slave
provides sufficient optical power for strontium cooling on the intercombination line. The frequency
stabilization procedure of the master laser relies on a lock on the ultra-stable cavity, described in
2.2.2, combined with an absolute frequency calibration on a spectroscopy cell described in 2.2.3.
The slave laser is injected by a fraction of the master light via an optical isolator, as pictured in
figure 2.6. An AOM driven by an RF signal at a fixed frequency f,s = 220MHz acts as a switch
before a fiber splitter at 689nm'! used to produce the three red MOT retro-reflected beams. The
frequency accordability of these beams is ensured by a double-pass AOM on the injection path,

which detunes the master from the slave by an amount of 2,7, as represented in figure 2.7.

10Djode HL673MG from Thorlabs.
117 x 3 coupler array with Corning PM63-U40D fibers from Evanescent Optics Inc.
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Figure 2.6: Scheme of the laser systems at 689nm, 698 nm and the stabilization part of the dipole
trap system. ICE is a software used to control the frequency of a Titanium Sapphire laser from
MSquared. Half-wave plates and exact mirrors configurations have been omitted for simplicity
and the slave injection simplified. The AOM diffraction orders are +1 depending on the orientation
with respect to the RF frequency input. A realistic version of the laser system is presented in
appendix A. DM - Dichroic Mirror, PD - Photodiode, MIR - Mirror, ISO - Optical Isolator, PBS -
Polarising Beam Splitter, LP - Low-Pass filter, SG - Signal Generator, SP - RF Splitter, MX, RF
Mixer, FC - Fiber Coupler, PM - Polarization Maintaining fiber, AOM - Acousto-Optic Modulator,
EOM - Electro-Optic Modulator, f-EOM - fibred EOM.

2.2.2 Frequency stabilization on the Fabry-Pérot cavity

The natural linewidth of the intercombination line at 689nm is I', = 27 x 7.4kHz. To operate a
MOT at this wavelength, it is thus mandatory to use a laser with absolute accuracy, linewidth
and stability much smaller than this value. Our approach is to stabilize the master laser on
a high-finesse ultra-stable cavity for both frequency narrowing and short term stability. The
accuracy is then provided by a calibration on a home-made heat-pipe spectroscopy cell filled with
strontium. The requirements on the clock transition at 698nm are even more drastic, as the

theoretical linewidth of the fermionic transition equals 1mHz. Even if this limit is beyond the
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Figure 2.7: Frequency diagram for the laser system at 689nm. The vertical axis represents the
optical frequencies referenced to the intercombination line of 88Sr. The AOM RF frequencies f;
are given in MHz. Transitions for the other isotopes are also given on the frequency axis. The
87Sr transitions from the ground state I(532)1So,Fg =9/2) to the excited states |(535p)1P1,Fe)
are referenced by hyperfine quantum number F,.

reach of our current setup, we measure the clock laser linewidth, which gives an estimation of

the expected Fourier limited resolution in future clock experiments.

2.2.2.1 High-finesse ultra-stable cavity

Cavity design : The reference cavity is a commercial Fabry-Pérot from Stable Laser Systems'?

shown in figure 2.8(a). It provides a frequency etalon with equally spaced TEMgy modes separated
by a Free Spectral Range (FSR) vpsr = ¢/(2L) = 1.50 GHz. Any variations of the cavity length L is
thus imprinted on the frequency stability of this etalon. In order to minimize these fluctuations,
the design of the ultra-stable cavity is based on mirrors optically contacted onto an Ulira
Low Expansion Glass (ULE) support. The ULE piece is shaped in a so called notched manner,
combining Airy points which minimize the bending of the edges and Bessel points which ensure a
maximum length of the cavity. Its has a hollow core geometry between the mirrors. The material
also possesses an expansion coefficient a(T) which depends on the temperature. Relative cavity

length variations thus follow the equation

Bnttp://www.stablelasers. com/

39


http://www.stablelasers.com/

CHAPTER 2. LASER SYSTEM

oL

(2.4) T = a(T)ST + %a’(T)5T2 +0(5T3).

In the vicinity of the critical temperature, given by T, = 30(1)°C for this particular cavity,
the first order coefficient of the expansion vanishes. Quadratic deviations are still present at a
typical level of a/(T,) = 1.7 x 1079 K2 [126]. Thermoelectric Peltier modules inside the housing,
driven by an external temperature controller allows, for stabilization at the 1071-=1072K level
which corresponds to frequency drifts in the 10 1-103Hz range, well below the required stability.
Another layer of stability is ensured by a vacuum chamber surrounding the cavity. An 8 Ls™! ion
pump connected to the CF16 flange of the housing allows us to reach a pressure below 10 mbar.
These design choices allow a passive reduction of the frequency standard drifts. However, we still
measure long term drifts measured with the atomic spectroscopy cell reference, as presented in
2.2.3.

Cavity finesse measurement : The Fabry-Pérot cavity is made of one planar mirror and a
curved one with a radius of curvature R,,. The relevant parameters of the high-finesse cavity
are summarized in table 2.3. The finesse has been measured with a ring-down method. This
technique consists in coupling an optical beam to a TEMyy mode of the cavity and suddenly
switching off the input intensity [127]. We model the mirrors as having equal intensity reflection
R, transmission 7" and loss £ coefficients holding the conservation rule R + T'+ £ = 1. Assuming
that the intracavity power P, is reduced by a factor R? after each cavity round trip, this quantity

satisfies the following differential equation

dP.

(2.5) a

+ YcPc(t) = O,

where y, = (1 -R%)vpgr corresponds to the exponential damping rate of the intracavity power. A
measurement of that parameter performed with a 689 nm optical beam from the master laser
and recorded on a photodiode is presented in figure 2.8(b), with the associated exponential fit.

The cavity mirrors reflectivity and finesse, deduced from vy, are summarized in table 2.3.

2.2.2.2 Pound-Drever-Hall stabilization

The frequency stabilization of the red master laser at 689 nm, the clock laser at 698 nm and the
future dipole trap at 813nm are realized by implementing the Pound-Drever-Hall (PDH) locking
scheme with the ultra-stable cavity [128]. This procedure is used to both stabilize the lasers
frequencies and reduce their linewidths. Unfortunately, the cavity frequency is not completely
stable but subject to drifts which need to be compensated for. Moreover, the maximum frequency
separation between one longitudinal mode of the cavity and an eventual atomic transition is
equal to vpsgr/2 = 7T50MHz, beyond the reach of usual AOMs. In order to deal with these two
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Parameter Expression Value
Cavity length L 100mm
Mirror radius of curvature R,, 50cm
Mirror reflectivity 1-R 95ppm
Cavity finesse F=nvR/1-R) 33000
FSR vpsgr = c¢/(2L) 1.50GHz
FWHM Ove =VESRIF 45.6kHz

Table 2.3: High-finesse Fabry-Pérot cavity characteristics.
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Figure 2.8: (a) Picture of the notched Stable Laser Systems cavity with opened vacuum chamber
and thermal housing. (b) Cavity ring-down in logarithmic scale with a 689nm laser beam of
power P;, =60uW.

issues, one part of each laser is successively sent through a free space resonant EOM'® driven
by a signal at frequency fi, and a fibred EOM' at frequency fs, as pictured in figure 2.6. While
f1 is kept constant to implement the PDH scheme for each laser, frequency tuning of fs allows
to tune the laser frequency and compensate for the cavity drifts, measured by means of the
absolute frequency reference described in 2.2.3. In the following paragraphs, we detail this double

frequency PDH scheme.

EOM principle: The EOM working principle is based on the linear electro-optic (or Pockels)
effect in noncentrosymmetric crystals [129]. Applying an alternating electric field V = V,, sinw,, ¢
to such crystal induces a modulation of its refractive index with different intensities along the

principal axes. An optical beam polarized along one of these axes experience a phase shift at the

13Model PM7-VIS from QUBIG. See https://www.qubig.com/.
14Model PM635 from Jenoptik. See https://www. jenoptik.com/.
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same frequency with a modulation depth A® given by
Vi
2.6 AD=g—,
(2.6) 7
where V}; is a characteristic property of the crystal defined as the electric field needed to induce a
phase shift of 7. The complex optical electric field of a laser at central frequency w after the two

EOMs and incoming on the cavity can thus be written
2.7 E;, () _EoeiwteiNDlsinwlteiACDZSinwzt
* mn - .

The beam is then reflected onto the cavity, which is characterized by the optical transfer function
F(w) expressed as [130]

\/ITTeQi”ﬁ
~VR + —
1—-Re" " v“Fsr

Making use of the Jacobi-Anger expansion, we can express the electric field reflected by the cavity

(2.8) F(w) =

as
(2.9) E,)=Eq Y i""Jy(A®1) Iy (AD)F (Qp ) e Prmt

with J,, the Bessel function of order n and Q,, ,, = w + nw1 + mwsz. In order to pick up the reflected
beam of the cavity on a photodiode, a 30dB optical isolator is placed at its input port, as shown
in figure 2.6. The resulting electronic signal is then proportional to reflected beam intensity
I,.(¢) = egc|E,(t)|%/2. In our setup, we drive the free space EOMs at a fixed resonant frequency
fr1=20.2MHz for the red master laser, f.1 = 18.3 MHz for the clock laser and the trap laser will
be driven at f;; = 22.4MHz. These three frequencies are intentionally separated to avoid cross
talks between the different error signals. The signals in figure 2.9 shows the ultra-stable cavity

transmission and reflection of the clock laser with a modulation at f.1.

At this stage of the experiment, only the red master fibred EOM is used as no clock experiment
or atom trapping has been realized yet. This EOM is driven by an analog signal generator'®
at a frequency fro = 860 MHz, generating sidebands at w,) = mw,9, where w,)s corresponds to
the red master frequency. We then bring the m =1 sideband on resonance with one peak of the
cavity. This scheme is used as a frequency tuner for the master laser to the v, atomic resonance
1(552)1Pg) — |(5s5p)3P1) of 8Sr with a procedure detailed in section 2.2.3. The modulation depth
for this EOM is tuned at the zeroth order Bessel function first zero corresponding to A®,.9 = 2.40,
also close to the first order Bessel function maximum at 1.84. Similar schemes will be used for
the clock and trap lasers in order to stabilize their frequencies while keeping tunability with
fibred EOMs at the same time.

15Model E8257D from Keysight. See https://www.keysight . com/.
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Figure 2.9: Cavity transmission and reflection for a laser beam of power P;, = 160uW at 698 nm
as a function of the cavity detuning d..

PDH error signal : In order to produce the PDH error signal eppy, the photodiode signal is
mixed with a Local Oscillator (LO) at frequency f1 and phase ¢. The product is then low-pass
filtered with a cutting frequency f. < fi. In the expansion of |[E,(¢)|2, only the terms oscillating at
+w1t are thus non zero. Up to a constant factor including photodiode and other electronic gains

that we encapsulate in a term G, the error signal writes down

1 o0
€PDH=G><§€OC|E0|2 Y Ju(AD)) o1 (AD7) T2 (AD) X

{F (Qn-1,m)})
{F (Qn-1.m)})],

(2.10) [$in® (R{F (Qn,m)} R

{
—cos® (R{F (Qnm)}S

F(Qu-1,m)} =S{F (Qo,m)} S
{F )

( n— lm)}"‘\f{F( n,m}

with R (Q) standing for real (imaginary) part and F corresponding to the complex conjugate of F.

The error signals of the red master laser at 689nm and the clock laser at 698 nm as well as
fits according to equation 2.10 are presented in figure 2.10(a) and 2.10(b). These signals are linear
in the cavity resonance region, and can thus be used to compensate for frequency shifts in a
locking scheme. Even if the two curves were recorded with the same incident powers towards the
cavity, the dichroic mirror combining the two laser beams only transmits 50% of the 698 nm light.
After being transmitted twice through the mirror, we end up with a factor of 4 between the two
signals amplitudes. These error signals are fed into PID regulators'® for laser stabilization. The
fast part of the retroactions are applied to the laser currents and the slow one to the extended

cavities piezo electric actuators.

16Model D2-125 Laser Servo from Vescent. See https://www.vescent . com/.
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Figure 2.10: (a) Pound-Drever-Hall error signal of the red master laser at 689nm with a 300 uW
beam as a function of the cavity detuning §,. = v,y — Nvgsg, with N € N. (b) Error signal of the
clock laser at 698 nm with the same optical power before the dichroic mirror as a function of
cavity the detuning 6. =v., — Mvrskg.

2.2.2.3 Laser linewidth estimation

As previously described in paragraph 2.1.1.2, a first estimation of the linewidth of a laser can be
done by dividing the PDH error signal voltage rms by its slope at cavity resonance. The result is
described by equation 2.2. However, it is possible to obtain more information by computing the
Power Spectral Density (PSD) of the error signal. According to the Wiener-Khintchine theorem, a
temporal signal € has a PSD defined by the Fourier transform of its autocorrelation function I,

relating the signal value at time ¢ to the one at time ¢ + 7 through
(2.11) Te(7) = (e(t + 1)e(t)).
The PSD Sy at Fourier frequency f is thus defined as
oo .
(2.12) Sv(f)= f Te(r)e 27 d7.
—00

This function is giving information on the amount of electronical noise contained in the error
signal at a given frequency, expressed in V2/Hz. In order to define a criterion on the laser
linewidth, Sy has to be converted into frequency noise. This operation is realized by dividing the

electronical PSD by the slope 2 in VHz ! of the PDH signal at the cavity resonance. One obtains

Sv(f)

(2.13) Su(f)="23

in Hz2/Hz. The PDH error signal peaks being very narrow, a direct measurement of the slope
at the central resonance is perturbed by short term laser frequency fluctuations. The signals
in figures 2.10(a) and 2.10(b) are thus partially averaged and exhibit reduced peak heights. To

overcome this issue, they are adjusted by the theoretical function from equation 2.10 in a region
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excluding the peaks. The slope is then deduced form these adjustments.

An approach described by Di Domenico et al. [131] allows for Full Width at Half Maximum
(FWHM) laser linewidth estimation by integrating the frequency PSD area lying above the

so-called B-separation line defined as

81n(2)
2

(2.14) B(f)= f.

This line is interpreted as a separation between a region S,(f) > B(f) where the noise is con-
tributing to the line shape of the laser, and a region S,(f) < B(f) where it only contributes to the
wings of the profile. A first geometrical approximation of the linewidth is given by computing the

PSD area A above the f-separation line defined as
(2.15) A= fl H[SUH=PO]SupdS,
0

where T is the measurement time and H(x) the Heaviside step function. One can estimate the

FWHM of the laser using the following formula

(2.16) FWHM4 =+/8In(2)A.

A more complex evaluation is also proposed in the paper, to encounter for flicker noise in the
laser PSD [132]. This type of noise writes as a power law of the Fourier frequency S,(f) =af ™%,
with 1<a <2. For a > 1, the FWHM is estimated by the following formula s

a-1_
(2.17) FWHM = f,, 22 W |
Y4 a—-1

where f;, corresponds to the frequency where the PSD crosses the f line. The PSD for both the

red master and the clock lasers are measured with the error signals taken at the PID modules
17

inputs. Two spectrum analysers™ ' are used for low and high Fourier frequency ranges. The
results, associated with the f lines and flicker fits are presented in figures 2.11(a) and 2.11(b).
The FWHM measured for the different methods are listed in table 2.4. The results indicate
a sufficiently narrow linewidth for red MOT operations as it is small compared to the natural
linewidth ', = 27 x 7.4kHz. Concerning clock operations, a linewidth of 200 Hz limits the coher-
ence time for Rabi or Ramsey oscillations to 5ms. We observe a noise reduction of 4 orders of
magnitude at frequencies in the 102Hz range for the closed loop signals, inducing a linewidth
reduction by a factor of 25 for the clock laser and 50 for the red master laser compared to free
running operations. The removed noise is rejected at higher frequencies, with a noise peak around

1.2MHz. As this rejection is appearing at comparable frequencies for the two different systems,

17Model EXA N90110A form Keysight Technologies for frequencies higher than 20kHz and SRS760 FFT from
Stanford Research Systems for lower frequencies. See https://www.keysight.com/ and https://wuw.thinksrs.
com/.
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Figure 2.11: Power Spectral Density of the opened loop (blue) and closed loop (orange) error
signals of the (a) red master laser at 689 nm and (b) clock laser at 698 nm. The B-separation lines
depicted in red define the shaded areas that contributes to the laser linewidths. The black lines
are flicker model fits in the f < f;,, region.

Laser Opened loop area Closed loop area Closed loop flicker
Master 689nm 1.48kHz 63.8Hz 27.5Hz
Clock 698nm 4.63kHz 209Hz 167Hz

Table 2.4: FWHM laser estimation for red master and clock lasers.

the lock is most likely limited by the common PID laser servo rather than the laser electronic
circuits coming from two different companies. The very low frequency part of the PSD contains

the laser central peak optical power.

2.2.3 Absolute frequency calibration with the heat-pipe spectroscopy cell

Fabry-Pérot cavities are a powerful tool for laser frequency stabilization. As shown in the previ-
ous paragraph, the high-finesse cavity allows for linewidth reduction of the red master laser to
approximately 30 Hz, as well as short-term frequency stabilization. However, in the long-term
range, such cavities present frequency drifts due to ongoing crystallization of the mirrors glass
phases [133]. In order to measure and compensate for these drifts, we implemented a saturated
absorption scheme based on a home-made spectroscopy cell. This setup also serves as an absolute

frequency reference for the strontium red transition.
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2.2.3.1 Home-made heat-pipe spectroscopy cell

According to Beer-Lambert’s law, a probe beam on resonance with a two-level atomic medium
of density n, along a path L, is exponentially damped by a factor called the Optical Depth (OD).

This parameter is expressed as
(2.18) OD =n(T)ooL,

where g corresponds to the atomic cross-section and 7' to the medium temperature. The design
of our home-made spectroscopy cell is thus based on a heat-pipe configuration, as shown in figure
2.12. This elongated geometry allows to obtain an 80cm long interaction region between the
probe laser and a vapour of strontium. This vapour is created by heating a metallic strontium
sample located in the reservoir part of a cross-shaped CF16 tube visible on the Computer-Aided
Design (CAD) in figure 2.12(a). A flange facing the reservoir allows to fill the cell with about 2g
at maximum. As metallic strontium reacts with air to form strontium oxide, this procedure has
to be realized in a tent filled with argon. The pipe is terminated on each side by CF16 viewports
soldered with an angle in order to avoid etalon effects inside the cell. Two other flanges near
the extremities of the pipe allow for pressure monitoring with a gauge'® and connection to a
pumping system. The cell is surrounded by a heating wire on its external part of the pipe, rising
the temperature up to 900°C. A 10cm thick layer of SuperWool isolating ceramic fiber covers the

heating wire for thermal isolation to the environment.

A well-known issue with strontium vapours is that it coats optical surfaces, reducing dras-
tically the cell transmission [134]. To avoid this problem, we apply two strategies. First, we
enrol the heating wire mainly around the central part of the tube, as shown in figure 2.12(b).
This induces a temperature gradient along the pipe axis with cold parts near the viewports.
Atomic re-emission from the inner surface is thus drastically reduced on the pipe edges, reducing
the adsorption on the windows. The second strategy consists in filling the pipe with a buffer
gas. Its role is to induce collisions with strontium atoms, thus reducing their mean free path.
The drawback of this technique lies in the fact that buffer gases induce transition pressure-
broadening and line-shifting. It has been measured for several gases in the case of strontium
on the [(55%)1S¢) — [(5s5p)3P1) transition [135]. When considering line modifications as well
as buffer gas price and availability, argon appears to be a reasonable choice. It induces the
lowest pressure-broadening among the considered gases in the study (helium, neon, krypton
and xenon) with a value of 3.68(5)MHzmbar !. Line-shifting is also fairly small with a shift of
~1.09(3)MHzmbar L.

The argon filling procedure started with a clean-up and a bake-out of the pipe at 200°C in its
center and 40°C at the edges due to the viewports limitations. It was then filled with strontium

through the flange, under an argon atmosphere to avoid strontium oxide formation. An amount

18Model 275i from Kurt J. Lesker. See https: //www.lesker.com/.
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Figure 2.12: (a) CAD of the heat-pipe spectroscopy cell. (b) Picture of the central part of the cell
with the heating wire wrapped around it. The thermocouple fixed to the strontium reservoir is
also visible as a green wire.

of 2.7 x 10~3mbar of argon was then introduced into the pipe, leading to a 689nm line-shift
of —2.94kHz and a broadening of 9.94kHz. At that time, the valve was closed to ceil the cell
and remove the turbo pump. When increasing the temperature for the first time to 400°C, the
pressure rose to 256 x 1073 mbar, probably due to outgassing. Surprisingly, after going back to
room temperature and increasing a second time the temperature to 470 °C, the pressure reached
the low level of 3.1 x 10~ mbar. This same value is now reached in day-to-day operations. This
experience can be explained by the fact that strontium acts as an efficient getter, as reported in
[136].

2.2.3.2 Absolute frequency calibration at 689 nm

The heat-pipe spectroscopy cell described in the previous paragraph is used to perform saturated
absorption spectroscopy in order to measure the 88Sr resonance at 689nm. We typically operate
the pipe at T' = 755 °C to obtain a significant signal. An optical beam coming from the 689 nm laser
and phase modulated by a fibred EOM at f,,, = 600kHz is sent through the pipe, retro-reflected
and collected on a photodiode to act as a pump-probe system for saturated absorption. This
beam has a waist wo = 4.4mm and an optical power Py = 950uW for sufficient signal on the
photodiode, leading to a saturation parameter sg = 1040. The linewidth of the transition is thus
power broadened to I',v/1+s0 = 27 x 240kHz, larger than the pressure-broadening due to argon.
To obtain an error signal, the photodiode signal is demodulated at f;,,, and low-pass filtered.
The resulting absorption spectrum and error signals are presented in figures 2.2.3.2 and 2.13(b),
respectively.

The two visible resonances on the error signal in figure 2.2.3.2 correspond to the ®Sr and 86Sr
transitions. In order to measure precisely the 38Sr resonance position, this signal is displayed on
an oscilloscope which data can be retrieved on the main experiment controlling computer with a

Python software. The absolute frequency correction procedure is then implemented by locking the
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Figure 2.13: (a) Saturated absorption and error signals at 689nm in the heat-pipe spectroscopy
cell with a modulation frequency f,n, = 6.0MHz. The frequency axis is referenced to the 88Sr
resonance. (b) 88Sr Lamb dip and error signal with f,.,, = 600kHz. The heat-pipe is operated at
700°C.

master laser on the cavity with the PDH scheme described previously. The modulation frequency
fro produced by an ethernet controlled RF generator is then scanned between 850 and 870 MHz
with the same Python code, as pictured in figure 2.14(a). In this frequency range, the master
laser frequency is brought on resonance with the three transitions between the ground state
1(55%)1So) and the excited Zeeman states [(5s5p)2P1,m €[-1,0,1]) of 38Sr. The three excited
states are resolved due to the presence of a constant magnetic field produced by the heating wire
itself, as shown in figure 2.13(b). Indeed, this single pass wire is wrapped in an hellicoidal way
around the central part of the cell, thus creating an horizontal magnetic field in that region. The
wire also covers the strontium reservoir, ending up with a vertical field in the central part. The
pump and probe beams are polarized horizontally and vertically, respectively. Pumping is thus
realized on the o, and o_ transitions with equal weights, while the probe is addressing an equal
superposition of ¢, and o_ in the horizontal B field region and the 7 transition in the reservoir
region.

In order to precisely determine the frequency f-¢ which brings the red master laser on resonance
with the m = 0 transition, the error signal is adjusted by the derivative % of the theoretical

atomic absorption profile of the three Zeeman transitions f given by

r
(2.19) )= > A, Voigt|s,+myAz, ——\/1+so,ul,
my=0,+1 2n
which includes Voigt profiles of relative amplitudes A. These profiles are defined as the normalized
convolution of a Lorentzian atomic lineshape of width I', and a Gaussian velocity distribution
profile of width u = \/kgT/m . A detailed derivation of this expression is given in appendix E. The

amplitudes are set as A;; = A_; and we measure A, =0.77A¢. The detuning 6, = v,y — v is
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referenced to the 7 resonance and the Zeeman splitting 6z for the o, transitions writes

(2.20) 0z = mJgJ'%BBeff,

with g; = 3/2 the Landé factor for this transition and B, the effective magnetic field norm.
We measure a splitting between the central and first peaks 67 = 3.64MHz corresponding to
B, =1.73G. The transition broadening is p = 2.7 MHz, much larger than the power broadening
probably due to second order Doppler effect and strontium-strontium collisions.

In figure 2.14(c), a measurement over 48 days of the fibred EOM frequency f»2 which brings the
master laser locked onto the Fabry-Pérot cavity on resonance with the red transition is presented.
This dataset acts as a direct measurement of the cavity drift, equal to 5.94(3)kHzday . As this
value remains smaller than the natural linewidth of the 689 nm transition, one calibration of
the atom-cavity detuning per day is sufficient to operate the red MOT without loss of capture

efficiency.
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Figure 2.14: (a) Error signals and frequencies configurations for the laser system at 689nm.
The frequency axis is referenced to the [(5s2)1S¢) — [(5s5p)3P1,m = 0) transition of 8Sr at v,
such that 6, = v,3r — vr0. The laser electric fields at frequencies v,s for the master laser, v,.g for
the slave, v,por for the red MOT and v, for the high-finesse cavity mode are represented as
vertical dashed lines. The error signal centred on 6, = f,9, in orange, corresponds to the PDH
locking signal. The blue signal, centred on §, = 0, is the saturated absorption error signal from
the heat-pipe spectroscopy cell. (b) Typical data and fit for the saturated absorption error signal
used as an absolute frequency reference. The data are represented in blue and the fit function
from equation 2.19 in orange. (¢) Cavity drift calibration for a 48 days measurement.
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A COMPACT VACUUM SYSTEM

he preparation of cold atomic samples require reliable atomic sources. In the case of

alkalis, relatively low melting points lying in the 30-180°C (for decreasing atomic mass

from cesium to lithium) only requires the need for dispensers in order to load magneto-
optical traps. For alkaline-earth atoms such as strontium, higher melting points within the
650-850°C range' complicate the use of such atomic sources. Common alkaline-earth sources
are thus provided by effusive atomic beams. Inspired by a design developed in a collaboration
between two teams at LENS in Italy and PTB in Germany [137], we developed a home-made
strontium oven. Motivated by the simplification of the original design consisting in an array
of micro capillaries, we developed an easy to manufacture single capillary oven. Moreover,
concerned by the mechanical stability of the vacuum system, affected by undesired heating of
its components, we aimed to reduce its electrical power consumption. The first section of this
chapter is dedicated to this effusive source of strontium, associated with a description of the
atomic collisional processes undergone in its reservoir. In the second section, our vacuum system
built in the spirit of a collimated atomic beam for cold sample loading is described. Its compact
design is motivated by the combination of the atomic slowing from the effusive beam and the
MOT capture. A set of technical solutions implemented in the system in order to tackle the
strontium peculiarities is also described. Finally, in a third and last section, the atomic beam
properties are extracted from a series of two experiments. In the first one, the oven was placed in a
simplified vacuum chamber and transverse spectroscopy on the blue transition was performed on
the effusive source output. The second experiment consisted in both longitudinal and transverse
spectroscopy on the same transition, performed on the collimated effusive beam of strontium in

the main vacuum system.

1Except for beryllium with a very high melting point at 1290°C.
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Figure 3.1: CAD of the home-made oven. The reservoir containing metallic strontium is sur-
rounded by a heating wire and its temperature is measured with a thermocouple. A screw cap
closes the reservoir from the back.

3.1 An effusive source of strontium

The first step in any cold atom experiment is the choice of an atomic source. In the majority of
existing strontium experiments, this source is made of a reservoir drilled with one or several
elongated holes referred to as micro capillaries [100, 119, 120, 138—145]. In this world of ovens,
we can notice some exceptions as the one developed in the group of Kai Bongs in Birmingham
that uses a strontium dispenser pierced by a slit and directed onto a 45° angled foil that deflects
the atoms toward the main chamber [146]. In this section, we describe the design of a home-made
oven with a single capillary manufactured by the mechanical workshop at LKB. Relying on the
Knudsen theory of gas collisions, we present the different effusive beam regimes produced by

such atomic sources.

3.1.1 Capillary design

In molecular effusive beams theory, it is a well known effect that an elongated hole in a gas
reservoir collimates the output beam near the propagation axis. With this effect in mind, we
designed a simple and efficient strontium oven inspired by the capillary architecture of the LENS-
PTB collaboration [137]. Taking into consideration the fact that the diameter of the capillary
should not be too small to avoid strontium blocking the exit, we built our oven as a stainless steel
reservoir drilled on its edge with a L = 5mm long hole of diameter d = 0.8 mm. A Computer-Aided
Design (CAD) of the oven assembly is presented in figure 3.1. Its temperature raising is ensured
by a heating wire from ThermoExpert?, fitted around the capsule in a spiral manner via a drilled
slot. The inner double passage configuration of the wire avoids magnetic fields creation in the
reservoir. The oven can be filled by the back with up to 2.5g of metallic strontium and closed by
a screw cap. To avoid clogging the capillary, the hotter part of the wire is placed on the drilled

28ee http://thermoexpert.com/mineral - insulated-heating- cables-single-core.
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surface side. A thermocouple sitting just below the capillary, inside the stainless steel, monitors
the oven temperature. The reservoir is embraced by a three legged mount used to screw the oven

to a custom CF40 sustaining flange described in 3.2.2.

3.1.2 Knudsen theory of collisions

This chapter being dedicated to the description of an effusive source of atomic strontium, it is
important to derive the basic principles of atomic collisions in an effusive beam. For this purpose,
we refer to the kinetic gas theory developed by Knudsen in 1935 [147]. The main parameter of
this theory is the mean free path 1 corresponding to the distance an atom can travel without
colliding with other particles. It is defined for a temperature T as

1
V26n(T)

where n is the gas density and & the molecular collisional cross-section. In the cases of ®8Sr

(3.1) MT) =

and 8 Sr, intra-species elastic cross-sections of Ggg_gg = 3(1) x 10" 3cm? and gg_gg = 1.3(0.5) x
10" 1%cm? have been measured by Sorrentino et al. [50]. The factor v/2 in equation 3.1 originates
from particles motion assuming a Maxwell-Boltzmann density of probability. We assume here
that the density is following the ideal gas relation n(T) = P(T)/kgT, where the vapour pressure
of strontium P is given by Antoine’s equation [148]

3.2) logy (%) —14.932— % —1.192610g;o(T).

The vapour pressures of the alkali and alkaline-earth species as a function of the temperature
are given in figure 3.2(a). The strontium mean free path calculated from its pressure is given
in figure 3.2(b). Comparing this parameter to the diameter of the aperture d = 2a defines the

Knudsen number Kn expressed as

(3.3) Kn =

Q| >

Depending on this ratio, three different regimes are defined. A non-exhaustive set of criteria
for distinguishing these regimes are resumed in table 3.1. The physical properties for the different

situations are defined as follows.

TRANSPARENT MODE : The regime corresponding to the smallest values of 1 is referred to
as molecular flow or transparent mode. Atoms or molecules in this regime only experience

wall collisions.

OPAQUE MODE : For intermediate values of the mean free path, a transitional regime or

opaque mode corresponds to non-negligible contributions of both wall and atomic collisions.
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Beijerinck & Vertser [149] Livesey [150]
Regime Criterion ‘ Regime Criterion
Transparent mode A>L Molecular flow Kn>05
Opaque mode a<A<L Transitional flow 0.01<Kn<0.5
Continuum flow Al<a Continuum flow Kn<0.01

Table 3.1: Flow regimes criteria based on the capillary geometrical dimensions and the atomic
mean free path.
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Figure 3.2: (a) Vapour pressures of alkali and alkaline-earth laser cooled atoms. (b) Mean free
path of 88Sr intra-species limited elastic collisions. Dashed lines correspond to A=L and 1 =a
in blue and orange, respectively. This boundaries define three regimes for the atomic beam
properties.

CONTINUUM FLOW : For the highest values of 1, inter particles collisions are dominant in

a regime called continuum flow.

In the majority of experiments presented in this thesis, we operate the oven at 450°C, corre-
sponding to a mean free path of 2.5mm which lies at the frontier between the transparent and

opaque modes.

3.2 Vacuum system

Under ambient pressure and temperature conditions, the mean free path of air molecules is on the
order of a few tens of nanometres. Dividing this path by the particles mean velocity, on the order
of a few hundreds of meters per second, we simply estimate the average time between two-body
collisions with the background gas to the nanosecond scale. It is thus clear that high vacuum
conditions are required in order to obtain a few seconds lived cold atomic sample. In this section,
we describe our vacuum apparatus used to reach the needed low pressure conditions. In addition,
the system needs to tackle several technical difficulties associated with the strontium physico-

chemical properties, described in the first paragraph. In the second paragraph, an analysis of the
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electrical power consumption used to heat the oven in its dedicated part of the vacuum system is
presented. As our system aims to produce a MOT inside a glass cell using the particles emitted
by the oven, a differential pressure stage is necessary to isolate the oven section from the science
cell section. This stage, also used as a collimator for the atomic beam, is described in the third
paragraph. Finally, the science chamber including the glass cell is presented at the end of this

section.

3.2.1 Strontium peculiarities motivated design

One of the main issues concerning strontium atoms lies in the fact that it can be adsorbed onto
optical surfaces, thus reducing light transmission in the corresponding areas [134]. Several
strategies have been implemented by different groups and companies to avoid strontium coating
of surfaces. A first idea consists in deflecting the atomic beam to avoid direct impinging on optical
surfaces. This strategy is implemented by the company AOSense® which sells a complete cold
atomic beam system based on an effusive source deflected by a 461 nm laser beam towards the
main vacuum chamber. Several experimental groups use the same technique [113, 119].

In a set of experiments where the atomic beam is directly facing the science chamber, a chopping
valve is used to parse the beam into packets used to load the MOT [100, 120, 138, 139, 141].
Sometimes used in combination with this idea, it is also possible to limit strontium pressure in-
side the science chamber by adding a differential pressure stage. Nevertheless, in such strategies,
a slowing optical beam has to face the atomic beam in order to slow it down. To prevent coating at
the crossing point between the optical surface, the laser and the atomic beam, it is possible to use
heated sapphire windows to enhance strontium evaporation [143]. Another approach, detailed by
Hukans et al. [134], consists in placing a SiOg coated mirror under vacuum facing the atomic
beam. The team showed that strontium layers less than 1.5um thick onto such optical surfaces

preserve the original mirror reflectance.

Regarding the different strategies, we based our design on a glass cell as a science chamber,
directly facing the atomic beam coming from the oven. An overview of the vacuum system is
presented in figure 3.3(a), and a cut in figure 3.3(b) shows the atomic beam trajectory. In order to
ensure an ultra-high vacuum level at the MOT position, the oven chamber and the science cell are
separated by a differential pressure stage tube of length L; = 13mm and diameter d; = 1.5mm.
The role of this aperture is twofold as it also collimates the atomic beam towards the glass cell.
The axis of this hole makes an angle 6y = 7° with the horizontal plane of the experiment, as can
be seen in figure 3.3(b). This geometry allows to collimate the atoms onto the bottom of an under

vacuum dielectric coated mirror prism. This mirror is glued* onto the underside face of the cell

3See https://aosense.com/product/cold-atomic-beam-system/.
4Glue form Epoxy Technology, model EPO-TEK H77T. See https://www.epotek.com/site/.
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Figure 3.3: (a) CAD of the vacuum system apparatus. (b) Cut inside the vacuum system with

selected components showing the atomic beam path and MOT position.

via three quartz glass plates® of dimensions 2.5mm x 2.5mm x 1mm. The other advantage of the

atomic beam angle is to place it under the MOT region, avoiding direct hitting of fast atoms into

the cold sample. This spatial selection is enhanced by a second aperture of length Ly = 2mm and

diameter d2 = 1mm called the collimation hole. For manufacturing issues, this second tube is not

tilted at the angle 8y but horizontal.

5Model FQP-25 from UGQ optics. See https:// www.uqgoptics.com/.
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Figure 3.4: Photography of a metallic strontium sample under vacuum (bottom) and open air
strontium oxide (top).

The last but not the least of the strontium peculiarities, actually common to alkali and
alkaline-earth elements, is to react with air to form strontium oxides. A photography of strontium
protected by a glass tube under vacuum compared to oxidized strontium taken in our laboratory
is shown in figure 3.4. The reaction leading the sample from a shiny metallic appearance to
a white powder typically occurs within several tens of minutes when exposed to air. For this
reason, oven filling and vacuum system assembling operations have to be realized under an argon

atmosphere inside a dedicated plastic tent.

3.2.2 Oven section power consumption

Along with compacity, our design aims to minimize the oven heating electrical power consumption
in order to increase the passive mechanical stability of the system. Power waists can appear
through undesired vacuum component heating as well as thermal radiations by the oven itself.
To tackle the first problem, a three-legged mount with minimal matter allows to fix the oven
to a CF40 sustaining flange shown in figure 3.5. The junction is ensured by slotted screws
and insulating ceramic spacers in order to minimize thermal contact with the flange and thus
unwanted heating of the surrounding parts. For the radiation problem, one can reduce the
stainless steel emissivity by polishing it. Also, the sustaining flange maintaining the oven
partially emit one part of the black-body radiation back to the capsule.

A measurement of the oven temperature using the thermocouple for a given electrical power
input is shown in figure 3.6. A complete heat numerical simulation of the system has been

realized by Torben Pépplau in his PhD thesis [61]. It includes thermal contributions from the
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(a) (b)

Figure 3.5: Photographies of the oven sustaining flange. (a) Frontside view showing the dif-
ferential pressure and collimation holes. The flange also serves as a mount for one of the two
right-angled mirror prisms. (b) Backside view showing the three tapped holes used to screw the
oven three-legged mount.

oven capsule, heating wire, thermocouple, ceramic spacers and surrounding flange. I hereafter
propose a simplified model based on a two step calculation predicting the oven temperature. In
a first step, heating wire temperature elevation due to Joule’s effect with an input electrical
power P = U] is considered. This elevation is mitigated by the heat conduction of the inner
metallic roads inside the heating wire as well as thermal radiation according to Stefan’s law. At

equilibrium, the temperature T, of the wire follows

1
(3.4) P=Ea@—nHA%aw;4®,

L
nrk

kin Wm 1K™, The first part of equation 3.4 corresponds to direct heating of the wire, while the

where R = is the thermal resistance of a wire of length L, radius r and thermal conductivity
second part corresponds to the radiation term with an external wire area A, the Stefan’s constant
0 =5.67 x 1078W/m?/K*, the wire emissivity €, and the ambient temperature T = 22°C.
In a second step, I consider that one third of the heating wire is in contact with the reservoir,
thus heating the oven via thermal contacting. The contact resistance R, = j’—,[;c depends on the
effective thermal conductivity %, at the interface which writes down [151]

2kk,
T hky

with &, being the stainless steel thermal conductivity. Considering thermal radiations as in

(3.5) ke

equation 3.4, the oven temperature T, can be written as
1
(3.6) R_C(Tov -Tyw) =AOU€OUU(Tgv _Tg)'
The result of this simple model is presented in figure 3.6, with the parameters summarized in

table 3.2. Despite omitting several effects such as thermal exchanges between the parts, losses
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Component A (mm?) L (@mm) r(@mm) k(Wm 1K) €

Heating wire 1000 200 0.5 391.1 0.6
Oven 3000 - - 16-20 (50-480°C) 0.08

Table 3.2: Heat transfer toy model parameters.
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Figure 3.6: Electrical power consumption used to heat the oven inside the vacuum system. A
simple analytical model predicts the temperatures of the wire (orange dashed line) and the
reservoir (yellow dashed line).

through the ceramic holders and maintaining screws as well as re-emission from the flange, this
toy model reproduces the experimental data with the effective emissivities of the two parts as

the only adjustable parameters.

3.2.3 Differential pressure stage

As the oven emits strontium atoms in the first part of the vacuum system, visible in figure 3.3(a),
the pressure rises when the reservoir is heated. The pressure being a limiting factor for the cold
atomic sample lifetime, a differential pressure stage between the oven section and the glass cell
allows to isolate the two parts. In the first section, a 3Ls ™! ion pump® is used as a first pumping
stage. In the science chamber, a bigger 25Ls™! pump’ ensures a low pressure level and sustains
the experiment at the same time. A differential pressure AP between the two parts is ensured by
the L1 = 13mm long and d; =2a; = 1.5mm large tube. At room temperature, the main vacuum

limiting gases such as Hg, CO9 and air are in the molecular flow regime. The gas throughput @

6Model Titan 3S from Gamma Vacuum. See https://www.gammavacuum.com/.
"Model Titan 258 from Gamma Vacuum.
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can then be written as [150]
3.7 Q =c1AP,

with ¢ the conductance of the differential pressure hole. This parameter writes down

1
(3.8) 1= Zna%ﬁwl

where 0 = \/8kpT/mm is the mean velocity of the Maxwell-Boltzmann distribution. The trans-
mission probability for reaching the aperture output W7 is given by Santeler’s formula expressed
as [152]

8a1/3L1

3.9 Wi=—.
3.9) 1 1+8a1/3L1

At room temperature, the conductances of Hy, COs and air equal 0.096, 0.020 and 0.025Ls™!

respectively.

The pressure in the two sections can be estimated knowing the outgassing rates of the differ-
ent materials constituting the vacuum system and their respective surfaces. In the oven section,
all the part are made of 316L austenitic stainless steel, which has a typical outgassing rate
of 2x 1072 mbarLem 257! after one day of bakeout at 250°C. This section represents a total
surface of 210cm?. This part of the system being pumped by a 3Ls™! ion pump, the theoretical
pressure in this region lies in the 10"1mbar range. After a bakeout of 48h at 150°C for the
component containing glue such as the cell, and 250°C for the components less sensitive to the
temperature, we experimentally measure a pressure P; = 1 x 10~' mbar at room temperature.
This value rises up to 2 x 10~" mbar with the oven operating at 450°C. These values are thus not
limited by stainless steel components but rather by the oven reservoir itself and the thermocouple

feedtroughs, surrounded by a polymer protecting layer presenting higher outgassing rates.

3.2.4 Science chamber

In the science section, the stainless steel parts cover an area of 770cm?. The glass cell® is a
parallelepiped with outer dimensions 30mm x 30mm x 70mm and a thickness of 2.5mm, as
shown in figure 3.7. The cell material possesses an outgassing rate of 5 x 10”2 mbarLem 2571
It is glued to a custom titanium flange® with an inner surface of 38cm? and an outgassing rate
of 7x 10" mbarLem™2s71. This metal has been chosen to match the glass cell coefficient of

thermal expansion. The glue contains particles of size 50 um in order to avoid leaks in the contact

8Uncoated SCHOTT™™ type UK 5 glass cell from Hellma. See https://www.hellma.com/en/
laboratory-supplies/.
9Titanium Grade 5, 6Al-4V.
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(a)

Figure 3.7: (a) Side view of the science glass cell glued on a titanium flange connected to the
vacuum system. (b) Bottom view of the right-angled prism mirror glued onto the cell via three
quartz plates.

area between the cell and the flange. An estimate of the pressure Ps in the science section can be
made by dividing the outgassing contributions from the different surfaces and the leak from the
oven section through the differential pressure stage by the So5 = 25Ls™! pumping speed of the

main ion pump, resulting in

_ cPq +Q0utgassing

(3.10) Py = ~2x 10 % mbar.
Sos

This estimation is consistent with the initial pressure in the science chamber of 1.3 x 10719 mbar
at room temperature and 5 x 10719 mbar with the strontium oven switched on. After one year

and half of oven operation, this level rose to 3 x 1071 mbar at room temperature.

3.3 Atomic beam spectral properties

The capillary design of our home-made oven serves as a peaked effusive source of strontium atoms.
In this section, we present the theoretical background predicting the effusive beam properties
consisting in the angular atomic distribution, the velocity density of probability and the source
flow rate. In a second time, we show how laser spectroscopy can probe these different properties
and derive explicit formulas to predict both absorption and fluorescence spectra. This study will
be compared to a set of experimental data taken for both the oven output distribution and the

collimated beam in the vacuum chamber in section 3.4.

3.3.1 Effusive atomic beam flow

Starting in the 1920’s, molecular beams were intensely studied in several contexts among masers,
mass spectrometers, transverse spectroscopy and many others including fundamental studies
such as magnetic moment determination [153, 154]. In 1960, Giordmaine & Wang derived a

theory of effusive beam source properties [155]. In their model, they considered the beam angular
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\Y Effusive beam —/

Figure 3.8: Scheme of the atomic effusive beam at the oven output. The Cartesian and spherical
coordinates considered for the mathematical flow rate description are represented at 7 = 0,
corresponding to the capillary output.

and velocity distributions in different regimes, defined by the Knudsen number from equation 3.3.
Depending on the flow types given in table 3.1, strontium atoms leaving the oven by the capillary
would undergo different types of collisions. Depending on the temperature, our experiment
lies either in the transparent mode, where atoms only undergo collisions with the walls of the
capillary, or in the opaque mode where Sr-Sr collisions have to be taken into account. The physics
at the very end of the tube is of particular relevance for the source properties. Indeed, collisions
in this spatial section modify drastically the particles propagation at the oven output. In several
studies during the 1970’s, the beam angular properties in particular have been corrected by
studying the scattering properties in this region. In this thesis, we will rely mostly on the work of
Beijerinck & Vertser published in 1975 [149].

The effusive beam properties are characterized by the atomic flow rate, namely the number of
atoms per second exiting the oven. A scheme of the effusive beam, associated with the laboratory
frame of reference is represented in figure 3.8. By a simple symmetry argument, the atomic
distribution should be isotropic with respect to the capillary axis. Moreover, one should find
more atoms near this central axis than in peripheral regions. The mathematical description is
then simplified by considering a spherical coordinate system with a polar angle 8 between the
propagation axis z and the observed region, as well as an azimuthal angle ¢ given by the position
vector projection in the {x,y} plane. The Cartesian and spherical coordinates are linked by the

following equations

x =rsinfcos¢g
(3.11) y=rsinfsin¢g

z =rcos0.
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The number of atoms per unit of time in a solid angle d2Q centred on a direction 8 with a velocity
modulus v +dv can be described by the following equation

d*N 9
(3.12) T J(O)Fy(v)d“Qdv,

Lsr~1 and Fy(v) to the normalized velocity

where J(0) corresponds to the flow intensity in atoms™
distribution. According to [149], the angular dependency of the velocity distribution is small
in the relevant parameter set concerning our experiment,. We thus neglect it in the following

description, labelling the velocity distribution as F(v). The normalization conditions write as

follows
+00
(3.13) f Fw)dv=1
0
and
(3.14) f J()d2Q =N,
2

where N is the total flow rate of the source.
To understand the angular and velocity distribution shapes, let us recall the velocity distribu-
tion of an atomic vapour, given by the Maxwell-Boltzmann distribution M defined as [156]

4 _(v)2
3029 (a)’
T

(3.15) M@)=

with @ = /2kpT/m for a gas of molecular mass m at a temperature 7. Placing such a gas into a
reservoir which aperture length is considered infinitely small compared to its radius a and the
atomic mean free path leads to a differential output flow rate given by [157]

a*‘N

(3.16) =  7na®nvcosOM(v)d*Qdo,
d¢ L«a<l

with n the number density inside the reservoir. This simple case of a thin aperture, or diaphragm,

allows to define the normalized velocity distribution F as

(3.17) F(v) = %v?’e—(%)z.

One can also derive from equation 3.16 the angular distribution function of the diaphragm
as a cosine. Taking into account the finite length L of the hole leads to a modification of this
angular distribution, while the velocity density probability remains basically unaffected. In order
to compare the diaphragm to a tube with a geometrical ratio L/a, the atomic intensity </ is

expressed by means of the angular distribution function f as follows
N

(3.18) J(O) = —x"f(0),
/4
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where «* is called the peaking factor. This parameter gives the central intensity of the atomic
beam. It is thus equal to 1 for a cosine emitter in the transparent mode, and given by

_A(n")

=

for a tube having a probability W for an atom to escape the reservoir, given by Santeler’s formula

*

(3.19)

from equation 3.9. The function A expressed as

oo [T n*
(3.20) A=/ 5 erf( 5 )

is a correction depending on the reduced density n* = L/A, which compares the capillary length
to the atomic mean free path determined by the temperature in the reservoir as shown in figure
3.9(a). Our oven geometry is such that L/a = 12.5, giving x = 5.7 at low temperatures and x* = 3.9
at 460°C.

The angular distribution is a piecewise function defined for two sets of polar angles and nor-
malized by the condition f(0) = 1. Below the critical angle 6, = arctan(2a/L) given by the tube
geometry, the atoms escape the oven reservoir without colliding the aperture walls. Above this

value, the situation is modified by a more complex path through the hole. Studying the collision
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rate along the propagation inside the aperture, Beijerinck & Verster computed the angular

distribution in the transparent regime, corresponding to A(n*) =1, given by [149]

1 9\32 .
2080 {(1- AWR(p) + 21 - WL 0 ifg< <0,
(3.21) kf(0)=

1 cos?6 8a/3L cosf .
;WT(].—W)'FT ,1f0>60

where p =tan6/tan0, and R(p) = arccos(p)— p+y/1— p2. This distribution is represented in figure
3.9(b). The theoretical flow rate N is thus proportional to the exit probability W and can be

expressed as
1
(3.22) N = Zna Wno,

where ¥ is the mean velocity in the source defined as

+00 2“
(3.23) ] =f vM@)dv = —.
0 ved
This theory provides a full calculation of the source flow rate, angular and velocity distribu-
tions. Experimentally, these expressions can be tested by probing the atomic beam with a laser
and record either fluorescence or absorption spectra. In the following paragraphs, we derive the

theoretical predictions for these spectra shapes.

3.3.2 Laser beam absorption

Transverse (longitudinal) absorption spectroscopy is performed by sending a probe laser beam
towards a direction perpendicular (parallel) to the oven axis and record the transmitted power
with a photodiode. Fluorescence spectra recorded with a photodiode on a direction perpendicular
to the laser beam also gives informations on the atomic probability distributions. In the following
paragraphs, we make use of the effusive atomic beam properties derived in 3.3.1 to predict the
absorption and fluorescence spectra for a two-level atom. In the last paragraph, we consider the
modifications induced by the presence of an hyperfine structure in the probed atom such as the

fermionic 87Sr isotope.

3.3.2.1 Transverse beam spectroscopy

In order to derive the absorption theoretical properties, we consider a collimated Gaussian laser
beam propagating along the y axis, centred on a vertical position x¢ and a distance zy from
the end of the oven capillary as represented in figure 3.10. The incident laser intensity before

propagating inside the atomic beam can thus be written as

(3.24) I,(x.2) =Ioe_2l(%] (%) l
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Figure 3.10: Scheme of the effusive beam transverse absorption and fluorescence spectra recording
using a probe laser beam. The probe propagates along the y axis and the transmission is collected
by a photodiode on this same axis. The fluorescence is recorded by an optical system composed of
a collecting lens and a focusing lens converging scattered photons on a photodiode placed on the
X axis.

with wo the beam waist and Iy the peak intensity. According to the Beer-Lambert law, the
intensity variation dI for a laser propagating through a medium of number density n over a

distance dy at position 7 is given by

(3.25) ﬂ = —n(F)o(Ag,D)I(F).
dy

In this equation, o corresponds to the atomic cross-section. In the absence of magnetic field, the
cross-section of a two-level atom propagating at a velocity 7 with a resonance at wg, probed by a

laser at frequency w and wave vector & can be written as

(3.26) (A, V) =
0
1+s0+ =

where Ag = w — wy is the laser field detuning, so the saturation parameter and o = 312/(27) the
on resonance cross-section. In this description, we assume a low saturation parameter sg <1 in
order to neglect cross-section intensity dependency. The analytical solution of equation 3.25 in

this regime gives the transmitted intensity I; after propagation through the atomic beam
(3.27) I:(Ao,%,2) = I;(x, 2)e ] nD7B0D),
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The absorption part in the exponential is called the optical depth, defined as OD(Ag,x,z) =
Jdyn(F)a(Ag, D). In this expression, the velocity dependency is included in the integration over
the y axis, as the atomic speeds and positions are directly correlated.

In the experimental setup considered here, the detection is realized by recording the transmitted
power with a photodiode. Equation 3.27 thus has to be integrated over the x and z remaining
spatial coordinates in order to obtain the optical power. At this stage, we make a second assump-
tion consisting in OD « 1 for all probe positions and frequencies. This approximation allows
to expand the exponential in equation 3.27. At first order, it results in a transmitted power P;

expressed as
(3.28) Pt(Ao,xo,zo):ffdxdzli(x,z)(1—fdyn(?)a(A0,l7)).

Dividing this expression by the incident optical power Py = [ dxdzI;(x,z) = %nwgl 0, we obtain

the transmission 7" defined as

P(Ag,x0,20) _

(3.29) T80, 50,200 = % 1- [[[ @Vacirao pewste)
0
where d%V is the volume integration element and g(x) is the following normalized Gaussian
function
2 _ofx=xg 2
(3.30) g)=[—5e (=)
nwg

Expressing equation 3.29 in terms of the volume integration element allows to relate the atomic
density at position 7 to the source effusive properties derived in 3.3.1. Indeed, inserting d*V
expressed in spherical coordinates inside the flow rate equation 3.12 leads to

‘N a3V

P x el dn x vr?d2Q,

(3.31)

where we identified v = %. As the atomic angular and velocity distributions have been established

previously, equation 3.31 gives an explicit formula for the density :

F

+00
(3.32) n() = = J(6) f W =L g0,
r 0 v or

Physically, this expression highlights the density decay in 1/r? expected from a simple flow
conservation argument. However, the divergence of the density at small distances from the
capillary indicates that edge effects are neglected in this theory. A more complex expression for
r < a, beyond the reach of this analysis, should be considered in order to describe the density in
this regime. Nonetheless, the experimental spectra presented in section 3.4 are in agreement
with this theory even for distances as small as r = 3a.

Another physical phenomenon revealed by equation 3.32 is that the velocity distribution probed
by the laser beam is reduced compared to the flow density of probability by a factor 1/v. This
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behaviour can be understood by realizing that atoms which travel at a velocity v interact with the
laser beam during a time proportional to wo/v. The slow atoms thus contribute more to the signal
than faster ones. Combining equations 3.29 and 3.32 provides a complete model to understand
absorption spectra. The explicit formula for the absorption of a beam centred on positions x¢ and
zo at a detuning A is given by
(3.33)

(v) 0o

+00 9 +0o0o F
T(Ag,x0,20) = 1—[ drff d Q[ dvJ(0)g(rsinf cos)g(rcos) —.
0 2 0 + 4(Aog+kvsinfsing)

1"2

1+sg

This equation can be compared to experimental spectra by performing numerical integrations
on the velocity, determined by the oven temperature, and the solid angle. The only remaining
adjustable parameters thus are the total flow rate N and the laser beam position (xg,z¢). Also,
longitudinal absorption properties can easily be deduced from equation 3.33 by exchanging the
role of the different spatial coordinates in the Gaussian functions g and the atomic cross-section

ag.

3.3.2.2 Fluorescence spectra

With the determination of the transmission spectrum of a laser beam propagating in a transverse
direction compared to the atomic beam, one can develop a simple model for predicting fluorescence
emission spectra. In first approximation, all the photons absorbed by the atoms are spontaneously
emitted after an average time equal to the excited state lifetime. Assuming for simplicity that
the probe beam polarization is linear, for instance in the {y,z} plane, the dipolar atom-light

interaction presents an emission pattern that covers a solid angle Q;,; given by [137]
8m
(3.34) Qtor = f f d?Qsin?6 = —.
4n 3

The atomic fluorescence can be collected with a lens of focal f and radius r;, combined with a
photodiode, as represented in figure 3.10. Assuming that the lens is placed on an axis perpendic-
ular to the laser polarization plane, such as x, at a distance f from the atom-laser interaction

region, the collected number of photons per second N ph s given by

Qph Py ]
— | 1-T(Ag,x0, ,
Qtot hw ( 0-%0 ZO)’Vint

(3.35) Npr(Ao,x0,20) =

where Qp; = 27(1 - cosfy) is the collection solid angle defined by the lens aperture angle
tan0f = r/f. The transmission calculation in equation 3.35 is performed over the interaction
volume V;,,; seen by the photodiode. In practice, using the fluorescence to determine the flow rate
is thus more challenging than using absorption spectra as the collection angle and photodiode
gain have to be carefully characterized in order to obtain quantitative agreements between the
data and the model. Moreover, several effects such as the optics transmissions can also deviate

measured values from the predictions.
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3.3.2.3 Hyperfine structure considerations

The previous spectral properties derivation was performed considering a two-level atom, which
can be generalized to any atom without hyperfine structure such as the bosonic isotopes of
strontium. For atomic species presenting a non zero nuclear spin I like 87Sr, the fine structure
of the energy levels given by the quantity / = L + S is enriched by a hyperfine non-degeneracy,
characterized by the total spin F =1 +J. In this paragraph, we consider a transition from a
manifold of total spin number F; to an excited manifold F.. Such manifolds encapsulate a number

2F + 1 of Zeeman levels with projection numbers —F <mp <F, as shown in figure 3.11.

F=I+J
) mp=—I+dJ) . mr=+I+)

F=|I-J|

mp=—|I-J| mp =+|I-J|

Figure 3.11: Hyperfine manifold for a 2*1L ; quantum state.

The spectral properties derived in paragraph 3.3.2.1 can take into account the hyperfine
structure by generalizing the cross-section expression to or. Computing the absorption on the
transition from the F; manifold to the F, one results in summing the contributions of all the
|Fg,mp,) — |F,,mp,) transitions. The dipole operator overlap between the ground and excited

states is defined by the reduced dipole matrix element d written as [158]
(3.36) (Fg,mFg|D |Fe,mFe> =Cmp (Lgl |D||Le) = Cmpd,

where the Zeeman coefficient ¢, is expressed as a product of Wigner 3-j and 6-j symbols via

emp= (D)t IetdetlatStme 1 O T 2F, + D(2Jdg + D@, + D(2Lg + 1)
(3.37) F, 1 F, Jg J. 1| [ Lg L. 1
F, Fg I Jo Jg S|’

X
The g parameter in equation 3.37 corresponds to the probe laser polarization being equal to 0, —1

mp, —q -mpF,

or 1 for 7, o_ or o polarizations respectively. The selection rules impose that the c,,, coefficients
are non zero if and only if mp, = mp, + q. The reduced matrix dipole element is linked to the total

decay rate I of the excited state through the following equations

(3.38) J_ Y Mgtl R
’ " 3meghcd 2J,+1 ¢ ¢
and
(L, L, 1
(3.39) (J | ID||d,) = (=1)PetLe+S+1 Jo g + 1) 2L, +1){ & ¢ xd.
§ ‘ yed. ¢ J. Jg S
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The total transition strength C% for the F; to F, manifolds transition can be expressed as a

sum of the Zeeman transitions strengths as
2 _ 2
(3.40) Cr=) Crp
mp

Under a final assumption which consists in considering that the atomic populations are equally
distributed between the mp, sublevels, the hyperfine cross-section o is proportional to the
transition strength 012? divided by the degeneracy of the ground state. As each Fz manifold counts
a number 2F; + 1 Zeeman sublevels, the total number of states in the ground state manifolds

writes down

I+dJg
(3.41) Y @Fg+1)=(2I+1)2Jg+1).
Fg=|I-J,l

We thus obtain the cross-section expression given by
2k C%d? 1

heol (21 +1)(2Jg +1) afno-k5)

(3.42) or(Qo,V) =

where Ag accounts for both the isotope and hyperfine shifts. One can verify that in the two-level
case, given by I = 0 associated with a unique manifold in the ground and excited states, we recover
the cross-section expression from equation 3.26. For instance, considering a |J; =0) — |J, = 1)
such as the bosonic dipole allowed transition gives g = 2k/(hegl’) x C%dz.

The theoretical background derived in this section provides the tools for comparing effusive
beam calculations with experimental data. The next section is dedicated to such comparison,
using two sets of data characterizing the oven output properties, as well as the collimated beam

inside the vacuum system.

3.4 Strontium source characterization

During the experiment development, we realized a series of studies aiming to probe the effusive
beam properties described in the previous section. A first experiment was realized using the home-
made oven placed in a simple test apparatus. The setup was consisting of a vacuum chamber
surrounded by three viewports used to probe the atomic beam by transverse spectroscopy and
collect both the transmitted and scattered light. This experiment, presented in the first part
of this section, allowed to measure the source flow rate. In a second experiment led in the
main vacuum system described in section 3.2, we realized both transverse and longitudinal
spectroscopy of the effusive beam in order to define the flux after the cold apertures, as well as

the velocity distributions in these directions.
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(b)

Figure 3.12: (a) Picture of the vacuum test apparatus for absorption and fluorescence spectroscopy
of the oven atomic output beam. The laboratory frame is defined on the top left corner. (b) Picture
of the oven fixed on a custom sustaining flange.

3.4.1 Oven test apparatus

The first experiment realized on the effusive oven is described hereafter. In a first paragraph,
the test setup containing a vacuum chamber and an optical set for transverse spectroscopy is
introduced. The measurements results using this system as well as a comparison with the theory

are described in a second paragraph.

3.4.1.1 Vacuum test apparatus design

In order to characterize the strontium effusive source, we developed a simple test apparatus
exposed in figure 3.12(a). This apparatus was containing the oven fixed to a custom flange, shown
in figure 3.12(b). This sustaining mechanical piece was connected to a five-way CF40 cross on
one side, and to a tee on the other side allowing to connect the heating wire and thermocouple
feedthroughs as well as a turbo pump to place the system under vacuum. The cross port facing
the oven was sealed with a plain flange, and three viewports were located on top and on the sides
of the oven. This setup allows for transverse beam absorption spectroscopy along the y axis as
well as fluorescence collection on the vertical axis x, realizing the scheme from figure 3.10. The
axis of the atomic beam is defined as z, with the origin of this frame being located at the output

of the oven capillary.

The effusive beam was probed by a laser beam generated with the blue master laser scanned

in frequency over the 461 nm resonance. This pump was horizontally polarized in the lab frame
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and sent through the right viewport in figure 3.12(a), in order to maximize the fluorescence
emission on the vertical axis. To record the emitted photons, a collecting lens of focal f = 100mm
associated with a focusing lens and a photodiode were placed on a breadboard located on the
top of the apparatus. The transmission was recorded with a photodiode at the output port, on
the left of the picture. The beam waist wo =270 pum was chosen to be smaller than the capillary
radius a = 0.4mm to be able to probe a selective cylinder inside the atomic effusive pattern.
Accordingly, the optical power was set to Py = 55uW in order to collect a sufficient number of
fluorescence photons while keeping a saturation parameter on the order of 1. The probe spatial
region selection was performed by sending the laser towards a mirror mounted on two translation
stages on the x and z axes before the vacuum chamber, setting the central beam position xg and

2o in equation 3.33.

3.4.1.2 Transverse absorption beam probing

Using the test apparatus and varying the beam spatial degrees of freedom, we recorded a set of
absorption and fluorescence spectra presented in figure 3.13. The absorption spectra at a small
distance from the oven zp = 1.1 mm in figure 3.13(a) and at a large distance z9 = 15mm in figure
3.13(c) show a good agreement with the predictions from equation 3.33, with the flow rate N
and the positions xg and z¢ as the only adjustable parameters. These predictions are established
by considering the absorption of the two most abundant bosonic isotopes 38Sr and #Sr. The
fermionic contribution is neglected to avoid numerical complications arising from the hyperfine
structure calculations, but this effect should not modify the presented results by more than a few
percent due to the spectral spreading of the different lines and the low natural abundance of this
isotope. The fluorescence spectra in figure 3.13(b) also demonstrate the validity of equation 3.35.
For a measured voltage U, with a photodiode of gain G in VW~! and quantum efficiency 1, the

number of photon per second is computed with the following formula

U

3.43 Nyp=——o.
( ) ph nGhw

In order to fully describe the effusive beam angular distribution, we present in figure 3.13(d) the
optical depth for a probe beam on resonance with 88Sr atoms at vo. This measurement is thus
related to the transmission minimum as, according to the approximations established in 3.3, the

optical depth writes
(3~44) OD(AO,.?CO,ZO): l_T(AO’xO’ZO)-

Up to experimental imperfections, the predicted absorption behaviour corresponds to the mea-
sured spatial dependencies. However, the measured total flow rate N = 3.9(2) x 1013atoms™! is 3.5
times smaller than the predicted value from equation 3.22 at Ty, = 463 °C, which corresponds

to a reduced density n* = 3.1.
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Figure 3.13: (a) Transverse absorption and (b) fluorescence spectra with a 461 nm probe beam
located at a distance zg = 1.1mm from the capillary output and vertical position xg. The oven is
operated at a temperature of 463 °C. The data are presented as solid lines, while the corresponding
theoretical predictions from equation 3.33 are displayed as dotted lines with identical colours. (c)
Absorption spectra at the large distance zg = 15 mm from the oven for different vertical positions.
(d) On resonance optical depths for different probe positions along the effusive beam path with
the model predictions represented as solid lines for each distance z(.

In order to study the temperature dependency of the atomic flow rate and confirm the constant
factor disagreement between the predicted and measured values, we present a series of spectra
taken at the center of the beam xy = 0 and a short distance zg = 1.0mm from the oven output
in figure 3.14. The source density was modified by increasing the heating wire temperature,
measured with the thermocouple. The absorption spectra in figure 3.14(a) match the theoretical
predictions up to a constant correction factor of 4.0(5). This observation is confirmed by the
comparison between the expected flow rate from equation 3.22 and the measured values in figure
3.14(b). We thus find a good agreement between experiment and theory after renormalization
in the studied temperature regime. The Florence group reported a correction factor of 3.4 [137],

measured by fluorescence with a calibrated photodiode. As the temperature dependency is
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Figure 3.14: (a) Transmission spectra for a beam at position x¢9 = 0 and zg = 1.0mm from the
oven output for different source temperatures. (b) Flow rate inferred from the absorption spectra
in logarithmic scale. The data are represented as blue points and compared to the theoretical
predictions in solid orange line, rescaled by a factor 4 in dotted yellow line.

perfectly predicted in both experiments, the total flow rate disagreements could either come from
experimental calibration errors, or from an overestimated capillary output probability which

calculation results from approximations in the wall collisions.

3.4.2 Collimated beam characterization

After the validation of the effusive beam theory and the flow rate determination using the oven
test apparatus, we placed the atomic source inside the main vacuum chamber presented in section
3.2. The presence of the differential pressure and collimation holes along the atomic beam acts
as a spatial filter selecting only a fraction of the effusive beam. In the following paragraphs, we
describe a spectral analysis realized on this collimated beam. Both transverse and longitudinal
fluorescence spectra were recorded by probing the atoms with laser beams in the glass cell region.
A complete description of these data provides a determination of the atomic flux, as well as

longitudinal and transverse beam velocity distributions.

3.4.2.1 Longitudinal velocity distribution

Inside the vacuum chamber, the atomic beam is first transmitted through the differential pressure
hole before going through the collimation hole of length Ly = 2mm and diameter dg = 1mm. This
second aperture is placed at a distance zo = 3cm of the oven output, as shown in figure 3.3. Its
vertical position is such that the collimated atomic beam makes an angle 8y = 7° with the z axis.

This configuration thus acts as a spatial filter selecting atoms from the effusive beam propagating
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12100 . . . . . Figure 3.15: (a) Scheme of the collimated

beam characterization by transverse and
longitudinal fluorescence. All the vacuum
components have been removed except for
the oven and the glass cell for clarity. (b) Flu-
orescence spectrum of the collimated beam
for a probe laser beam counter-propagating
with respect to the atomic beam. The oven
N _ | | | | . | temperature is equal to 467° and the satu-
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in the solid angle Q. characterized by

n+d¢ 0p+60
(3.45) Q.= a2Q = 26 [cos(fg —66) — cos(Bg + 50)],
n-6¢ JOp—060

with 80 = 8¢ =~ 1° estimated from the hole radius and position, giving Q. =2 x 10~4sr.

In order to probe the resulting angular and velocity distributions of the collimated atomic
beam, we realized a first experiment with a counter-propagating laser beam scanned over the
461nm resonance. The direction of propagation p = cosfyz + sinfyx being common to the atoms
and the light, the Doppler effect was sensitive to the longitudinal component of the collimated
beam velocity distribution. With a photodiode placed on the y axis, as pictured in figure 3.15(a),
we recorded the fluorescence spectrum presented in figure 3.15(b). According to equation 3.26,
the atomic cross-section is maximum when the probe laser frequency and the atomic velocity
fulfil the condition Ag + kv, = 0. Rescaling the probe laser detuning by —1/k thus gives access
to the longitudinal velocity density of probability, broaden by the strontium response function.

The data are adjusted by the fluorescence theoretical expressions from equations 3.33 and 3.35
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Figure 3.16: (a) Transverse fluorescence spectrum of the collimated atomic beam inside the glass
cell with the oven operating at 460°C. The low saturation probe laser beam is scanned over
the 461nm resonance referenced to the 88Sr isotope. The data are represented as a solid blue
line, and fit functions taking into account all the different strontium isotopes weighted by their
natural abundance are shown as dashed coloured lines. The profiles sum is represented as a
black dotted line. (b) Normalized theoretical profile in logarithmic scale showing the different
isotopic contributions with the colour code defined in (a).

for a laser beam propagating along p. The integration is performed within the collimated beam
solid angle Q.. With the amplitude as the unique fitting parameter, we find excellent agreement

between the theoretical prediction and the measured fluorescence profile.

3.4.2.2 Isotope resolved fluorescence spectra

The collimation hole not only acts as a spatial filter, but also as a transverse velocity one.
Indeed, as only the central part of the v, distribution gets transmitted towards the glass cell,
the transverse velocity distribution is drastically reduced compared to the oven output beam.
Probing such distribution with a laser thus gives much narrower fluorescence spectra than the
one explored in the oven test section, and the different strontium isotopic contributions must be
taken into account. To illustrate this feature, we show in figure 3.16(a) an experimental dataset
taken with a laser beam propagating along a transversal axis with respect to the collimated
atomic beam and recorded by a lens and a photodiode assembly on the y axis, as shown in figure
3.15(a). The spectrum is adjusted by a sum of the isotopic absorption profiles, weighted by their
natural abundances and taking into account the hyperfine structure of the fermionic isotope as
derived in 3.3.2.3. The normalized theoretical profile is also shown in logarithmic scale in figure

3.16(b) in order to distinguish the low abundance isotopes such as 84Sr.
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3.4.2.3 Collimated atomic flux

In the same spirit as the oven effusive beam characterization using the test apparatus described
in 3.4.1, we characterized the collimated beam properties by transverse fluorescence inside the
glass cell of the main vacuum system. A small probe beam of waist wy = 140 um and optical power
Py =55uW, resulting in a saturation parameter sg = 4.3, was sent along an axis perpendicular
to p in the vertical plane, with translation stages on the y and z directions in order to set the
central probe position as represented in figure 3.15(a). The fluorescence spectra taken at different
positions are presented in figure 3.17(a).

In order to simplify the fluorescence description derived in 3.3.2.2, we consider that the spatial
distribution is reduced to its central value around 8y. With this simplification, the beam velocity
distribution can be expressed in Cartesian coordinates as a product of one dimensional Maxwell-

Boltzmann distributions defined by

F(U) ~ 7.[3/2

(3.46) vdvd®’Q—>=— [] dvim()
v a ie{x,y,2}
with
1 _(vi2
(3.47) m(vi)zme @),

Making use of equation 3.47, we can approximate the on-resonance fluorescence amplitude for

each isotope by the following formula

. Qph PO +oo
(3.48) Npp(Ao,¥0,20) = x nOLe(yOaZO)f dv,m(ve)op(Ao,vy),
Qo hwg -0

where we define the effective length L., corresponding to the width of the laser interrogation
region, and the collimated beam average number density ng. At the fluorescence maximum,
this length is given by the diameter of the collimation hole ds. The spectra in figure 3.17(a)
are adjusted by a sum of the strontium isotopes contributions following equation 3.48, with
the density and the transverse velocity as free parameters. We find a small transverse velocity
a; =7(2)ms™ 1, resulting from the collimation hole filtering in the x and y dimensions. Indeed, the
mean velocity of the Gaussian transverse distribution from equation 3.47 multiplied by the ra-

tio of the hole radius over its distance from the oven gives a simple estimation of @ xrg/z9 = 6ms™1.

Experimentally, the effective length is well approximated by a Gaussian profile, as shown in
figure 3.17(b) representing the on-resonance fluorescence level for the different positions. These
results give an estimation of the collimated beam divergence by measuring the profile spreading
between the two z¢ values. We determine a half width at half maximum angle §6 = 1.2(1)°, in
agreement with the vacuum system mechanical considerations. From this parameter, we can

compute the flow rate of the collimated beam inside the glass cell N given by
(3.49) Ny = J(00)Q,
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Figure 3.17: (a) Fluorescence spectra of the collimated beam at a distance z¢9 = 13.5cm from
the oven, probed by a transverse beam in the vertical plane centred on yy. The data, shown as
solid lines, are adjusted by fit functions equal to a sum of profiles from equation 3.48 taking into
account the different strontium isotopes. (b) On-resonance fluorescence maxima as a function
of the horizontal probe beam position yy. The data are shown as solid points for two different
distances z( to the oven, adjusted by Gaussian profiles represented as solid lines.

which gives Np = 3.0(2) x 101%atoms ™! at 460°C. This expression gives access to the density inside
the atomic beam using equation 3.32. At the MOT position, located at a distance pg = 15cm from
the oven, we obtain ng = 1.5(1) x 1013atom/m?. Finally, we obtain the atomic flux inside the cell
calculated with the following expression
(3.50) S= ZZV—b,

nrycosty

giving § = 3.8(2) x 10'2atom/s/cm? at 460°C.
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Conclusion on the atomic beam characterization

To conclude on the different analyses performed on both the effusive atomic beam at he oven
output and the collimated beam inside the main vacuum system, we summarize the measured
properties in table 3.3. We find a flow rate 3 times smaller than in the LENS-PTB collaboration
[137], in agreement with the product of the ratio between the total output surface of their 120
capillaries design over the surface of our single capillary, multiplied by the inverse ratio of the
measured peaking factors. A similar ratio is observed for the collimated atomic flux inside the
glass cell, but we measure a twice smaller transverse velocity due to the collimation hole. The
presence of this aperture collimates the atomic beam in a direction making an angle 6y = 7°
compared to the horizontal plane, thus reducing direct collisions with the cold strontium sample
in the MOT region'’. The presence of the differential pressure hole ensures an ultra-high vacuum
level of 1.3 x 10" %mbar in the science chamber and reduces strontium coating onto the right-
angled mirror prism. This system thus provides a simple and efficient collimated source of

strontium atoms in a reduced vacuum system of size 40cm x 40cm x 40 cm.

Effusive Beam Collimated Beam
Peaking factor x*=3.9
Flow rate N =3.92) x 1013atoms™?! Njp =3.0(2) x 10%toms™!
Longitudinal velocity ¢ =420ms™! 7 =420ms™!
Transverse velocity a=370ms™! a; =7(2)ms™!
Flux T =3.8(2) x 102atom/s/cm?
Density no = 1.5(1) x 1013atom/m3
Divergence 660 =1.2(1)°

Table 3.3: Characteristics of the effusive atomic beam at the oven output and the collimated beam
at the MOT position inside the glass cell for a source temperature of 460°C.

10Dye to manufacturing limitations, the capillary could not be drilled at the angle 6, which would have increased
the flow rate by a factor f(0)/f(6g) = 5/3.
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CHAPTER

TRAPPING AND COOLING OF STRONTIUM ATOMS

he 20" century has hosted a rich and fast history of atomic slowing and trapping. Starting

in 1917 with Einstein’s predictions on photon recoil modifying the momenta of atoms

[159], several ground-breaking discoveries very soon followed, as enlightened by the
impressive number of Nobel Prizes related to this field of physics. In 1975, Theodor Hénsch &
Arthur Schawlow at Stanford University [19] in parallel with David Wineland & Hans Dehmelt
at the University of Washington [20] came up with the idea that absorbers can be cooled when
illuminated with “quasi-monochromatic light confined to the lower-frequency half of a resonance
line’s Doppler width” [19]. Schawlow received the prize in 1981 with Bloembergen & Siegbahn
“for their contribution to the development of laser spectroscopy”, followed by Hall & Héansch
in association with Glauber in 2005 “for their contributions to the development of laser-based
precision spectroscopy, including the optical frequency comb technique”.
These pioneering contributions were also directed by Wolfgang Paul, who first achieved magnetic
trapping for charged and neutral particles. This achievement led him to the Nobel Prize in 1989
with Dehmelt & Ramsey “for the development of the ion trap technique” [160]. Magnetic trapping
methods where then combined to optical cooling, developed among others by William Phillips at
National Bureau of Standards, Steven Chu at Bell Laboratories and Claude Cohen-Tannoudji
here at Ecole Normale Supérieure. These contributions have earned them the prize in 1997 “for
development of methods to cool and trap atoms with laser light”. At that time, Jean Dalibard was
working at former Laboratoire Kastler-Brossel (Laboratoire de Spectroscopie Hertzienne) in the
team of Claude Cohen-Tannoudji. A series of papers in 1985 [21, 22, 161] with different collabo-
rators among eminent names cited earlier in this paragraph initiated the idea of combining laser
cooling with a quadrupole magnetic field, leading to the so-called Magneto-Optical Trap (MOT).
First realized with sodium atoms in Steven Chu & David Pritchard’s laboratory in 1987 [24], the
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technique was further improved and applied to several elements of the periodic table, as shown in
figure 4.1. The most common MOT's are nowadays realized with alkali atoms, especially rubidium
which benefits from easily accessible and low price lasers built for telecommunications and CD
players. Nonetheless, even if these first column alkali metals have all been domesticated by
photons, the second column, filled with alkaline-earth elements, have nothing to be ashamed of as
magnesium, calcium, strontium and barium have been brought to temperatures in the uK range
or lower. The collection is completed by all the noble gases except for radon, seven elements from
the transition metals and other metals group and five from the lanthanides [162, 163]. This last
category of heavy atoms interestingly presents atomic structures resembling the alkaline-earths
ones. Both benefiting from the existence of forbidden transitions, so-called narrow-line cooling
can be applied to these two families of elements, allowing to achieve colder temperatures than for

well known alkalis.

In this chapter, we start from a description of our MOT apparatus for strontium atoms,
focusing on magnetic field generation and optical beam access in the previously described vacuum
system. In a second part, we demonstrate atomic slowing of atoms from the effusive beam, using
the decaying part of the quadrupole magnetic field between the oven and the MOT region. We
then characterize trapping and cooling on the wide dipole allowed transition at 461 nm, referred
to as the blue MOT. This first stage cooling operates in the so-called Doppler regime, similarly to
the alkali MOTSs. Finally, we focus on cooling schemes on the inter-combination line at 689nm,
exploring the recently proposed Saw-Tooth Wave Adiabatic Passage (SWAP) scheme [164] and
Continuous Wave (CW) MOT. In addition, the production of red optical molasses on this same
transition is also demonstrated. The combination of SWAP and CW constitutes the red MOT.
Relying on recoil dynamics, at the very heart of quantum mechanics, this narrow-line MOT is

able to achieve colder temperatures than in the so-called Doppler regime.

84



21 22 (23 24 25 26 27 28

Sc| Ti| V | Cr|Mn| Fe | Co| N1

39 40 49l 43 Al 46

v |7 I'Nb IMo| Te | Ru | R | Pd

74k 75 77 78

72 |73 76
SEILEHE | Ta | W | Re | Os | Ir | Pt

104 105 106 107 108 109 110 111 112 113 114 115 116 117 118

8-103] Rf | Db | Sg | Bh | Hs | Mt | Ds | Rg Cp”Uut F1 [Uup| Lv |Uus|Uuo

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La|Ce| Pr [Nd|Pm|Sm|Eu|Gd|Tb]DyjHo} Er fTm{ Yb| Lu
91 92 97 8

89 90 93 94 95 96
Ac|[Th|Pa| U | Np| Pu|Am|Cm| Bk

9 99 100 101 102 103
[Cf] Es ”Fm}Md“No Lr

(7] Alkali Metals [ JAlkali Earth Metals [ ] Transition Metals [ ]Other Metals [ |Metaloids
[ ]Non Metals (JHalogens () Noble Gases (JLanthanides [ ]Actinides

Figure 4.1: Periodic table of the elements classified by families. The atomic species for which
laser cooling has been demonstrated are highlighted by thick black squares.

85



CHAPTER 4. TRAPPING AND COOLING OF STRONTIUM ATOMS

4.1 A combined Zeeman slower and MOT apparatus

In order to be able to capture fast atoms from an effusive source to a MOT, it is mandatory to
drastically reduce their velocity. The conventional way of stopping atoms from a high speed source
is to use a Zeeman slower. The basic principle of such devices is to use the radiative force of a
laser beam counter-propagating with respect to the atomic beam to slow the atoms down. This
procedure necessitates a particular magnetic field, which relies on a series of coils or permanent
magnets typically 15cm to 50 cm long in the case of strontium [165, 166]. As only the projection of
the velocity along the longitudinal axis of the beam can be decreased, a main problem with these
devices is the transverse velocity spreading across the propagation towards the MOT region. In
this part of the experiment, a quadrupole magnetic field is necessary to operate the magnetic
trap. Our design idea is thus to make use of the decaying magnetic field outside the MOT region
as a slower. This section presents our magnetic coils assembly design and optical access for the

cooling and trapping beams inside our vacuum system.

4.1.1 Magneto-optical configuration

In MOT experiments, magnetic fields are a key ingredient in several tasks. First, MOT operation
requires a quadrupole field in order to trap and slow the atoms, as will be further described
in 4.3. Such fields present a zero in their geometrical center. Any stray field at that particular
position, for instance due to the earth permanent field or other contributions such as the stray
fields produced by the ion pumps or any electrical device, would then displace the magnetic zero.
The MOT center could then lie away from the laser beams crossing point and the capture being
drastically reduced. This permanent fields have thus to be compensated for with a set of bias coils
pair in Helmholtz-like configurations along the three dimensional axes. Another important aspect
is that the quantum description of atomic levels and thus laser polarization is well defined for
atoms with a given quantization axis. This axis can be physically defined by a constant magnetic
field produced by the bias coils. In our experiment, this point will be relevant when placing the

atoms inside the ring cavity to implement CQED schemes with a well defined qubit axis.

4.1.1.1 Coils assembly

Our design aim to combine slowing and trapping with the same pair of magnetic coils in near
anti-Helmholtz configuration. To do so, it is mandatory to bring the coils close enough to the
output of the oven and use the decaying part of the magnetic field to slow down the atoms.
Our coils assembly is thus build in a rectangular architecture that can fit around the glass
cell, as shown in figure 4.2(a). The first quadrupole coil is placed around the titanium flange of

the glass cell, as close as possible to the main chamber. The second one is placed at the other
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(a)

Figure 4.2: (a) CAD of the
coils assembly including
quadrupole and bias coil
pairs maintained by sus-
taining copper holders. The
water cooling pipes entries
are visible on the left part
of the assembly. (b) Cut
inside the vacuum system
with selected components
showing the MOT and slower
laser beams. The quadrupole
(thick square) and bias coil
pairs (thinner rectangles)
are represented without the
holders.

extremity of the cell such that the MOT region is defined at a position slightly closer to the under
vacuum right-angled mirror prism than the titanium flange. This configuration allows to leave
space for the ring cavity on the flange side. The bias z coils are placed around the quadrupole
coils themselves. The other two bias pairs are directed along the vertical x and the transverse

horizontal y axes compared to the atomic beam, as shown in figure 4.3(a).

As coils crossed by a current produce heat due to Joule’s effect, a cooling system is needed.
In our setup, it is provided by water at 15°C coming out of a chiller which flows into the coils
maintaining pieces. These holders consist in copper plates drilled in a U shape and covered by
soldered copper caps with the same shape. Two input and output ports on each holder allow to
accommodate water pipes. In normal operation, the coils temperature is typically brought from

50°C to the ambient value. The assembly is held on the same breadboard as MOT and slower
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Coils pair Distance (cm) Turns Wire diameter (mm) Inner radii (cm)
Quadrupole Lg =86 dQuw =2.25 Rg=20
Bias x L,=3.46
Bias y L,=3.46 dy,=1.18 R;=355R,=3.9
Bias z L,=11.1

Table 4.1: Coil pairs geometrical parameters. The turns are represented as a cut view perpendic-
ular to the wire loops. The distance between the coils and the inner radii are given with respect
to the closest loop.
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Figure 4.3: (a) Configuration for calculating the magnetic field created by a single rectangular coil.
(b) Coil pairs geometry in our assembly. The coil centres are indicated only for the positive axis
values. The bias coils have similar rectangular dimensions while the quadrupole pair presents a
square geometry.

optics, further described in 4.1.1.2. The coils pairs have a rectangular shape with several turns.
Table 4.1 summarizes the different coil geometries and separation distances.

The magnetic field produced by a single rectangular wire crossed by a current of intensity 1
can be calculated using the Biot-Savart law. For the geometry represented in figure 4.3(a), the

field at position 7 created by a coil centred on the position zq is given by

r—r

. I -
4.1) _Whﬂfmm T
4w J¢ F—r3
where the integration is taken over the closed wire loop € and ' corresponds to the position

vector located on €. According to Herceg et al. [167], the three components of B can be computed
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using the following formulas

L ol & DMz - 20)
(4.2&1) Bx(r)_ 471 ];1 rk(rk+dk)

J

pol & (1% 1(z - 2)

4.2b B,(7)=—
( ) y(r) an re(ry +cg)
L mol & k Ch dp
4.2 B =— -1
( C) Z(r) 47 kX:“l( ) rk(rk +dk) * rk(rk +Ck) ’
with
4.3) ci=cs=x+a di=dg=y+b
co=c3=x-a ds=ds=y-0b
and
(4.9 Ty = \/cz +d1% +(z —20)2‘.

Making use of the magnetic field superposition principle, we can compute the actual field
for our geometry by summing all the contributions from the wires displayed in table 4.1. The
resulting profiles are compared to experimental data in figure 4.4. The fields were measured
with a three axis magnetometer placed on translation stages inside the coils assembly, before the
assembling on the vacuum system.

In the central region where the MOT is located, the quadrupole field components can be
approximated by linear functions. For the bias fields case, one can observe that the x and y coil
pairs are near Helmholtz configuration, and produce a constant field in this region. For the z axis,
the geometrical constraints force the bias coil pair to be centred around the quadrupole pair in
order to let optical access to the cell free. The coils are then separated by a greater distance than
their radii. Nevertheless, we can also approximate the bias z field by a constant field near the

7 = 0 position. The total magnetic field produced by the coils assembly can thus be written as

By _g
(4.5) B®) = | Bos +0.B| -3 |,
r<—5= BOz 2

where 0,B is the magnetic gradient along the z axis. As we experimentally vary the currents
flowing through the coil pairs to tune the different parameters in equation 4.5, it is conve-
nient to express them as 0,B = OB’QI @ for the quadrupole and By; = B6J.I j with j € {x,y,z} for
the biases. According to the results presented in figure 4.4, we experimentally find values of
0Bj, =1.307(2)Gem ' A™!, B), = B{, =2.341(2)GA™" and B, = 0.652(2)GA™".

During the MOT sequence, we need to rapidly switch the gradient from a high value for
the blue MOT to a small one for the red MOT, typically going from 8,B =~50Gcm™! to 1Gem™!.
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Figure 4.4: (a) Magnetic field produced by the quadrupole coil pair along the z axis for a current
Ig =0.15A. The theory with not adjustable parameter is represented as a solid blue line, and
its derivative as an orange line. (b,c,d) Bias fields along the z, x and y axes produced by the
corresponding bias coil pairs for currents I, =1.22A, 1, =0.83A and I,, =0.75A.

Moreover, when performing absorption images to measure the cloud density, the magnetic fields
have to be entirely switched off. To do so, we use the electrical scheme described in figure 4.5(a).
Two solid-state relays’ allow us to switch between the small current I, the greater I, or the sum
I inside the quadrupole coils?. The sets of resistors and diodes are used as power dissipaters to
compensate for the voltage overshoot when opening the relays. A dataset of the magnetic field
drop when switching from Ig =23 A to I = 1A is presented in figure 4.5(b). An exponential fit
gives a 1/e time constant 7 = 160us.
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Figure 4.5: (a) Quadrupole coils current supply scheme. SSR : Solid-State Relay, PS : Power
Supply, R : Resistor, D : Diode. (b) Magnetic field drop when opening the SSR on the I branch
(blue solid line) and exponential fit (orange dotted line).

4.1.1.2 Laser beams configuration

In our experiment, the blue and red MOTs are performed along the same spatial axes with laser
beams generated by the system described in chapter 2. A CAD in figure 4.3(a) allows for optical
access visualization inside the vacuum chamber, and a scheme of the optical configuration in
the (y,2) plane is presented in figure 4.6. The blue MOT beams are created with the outputs
of the 461nm fiber splitter and f = 75mm lenses, giving a 1/e? radius of 4.9mm. They cross
at the MOT position located at the center of symmetry of the quadrupole coils. The vertical
and horizontal beams, directed along the #, and —i, vectors, respectively, are transmitted
through the glass cell and retro-reflected. The third beam, propagating along the —u, direction,
which corresponds to the quadrupole coils central axis, is reflected by both right-angled mirror
prisms before going out of the vacuum chamber by the viewport visible in figures 4.3(a) and
4.6. This beam is also retro-reflected after the viewport, fulfilling the six beam configuration
necessary for MOT operation. The red beams are similarly produced with a second splitter
at 689nm and f = 25mm lenses, giving a smaller radius equal to 2.4 mm. We superimpose the

two sets of laser beams with dichroic mirrors having a sharp cut-off frequency in the green range®.

On the laser system side, the two repumpers are combined into the same fiber as described
in chapter 2, and overlapped with the blue and red MOT beams along the z axis. The output

coupler has a focal length of 60mm, defining beam waists of approximately 6.5mm at 679nm

IModel D1D40 from Crydom. See http://www.crydom. com/.

2The current I » is generated by a power supply SM15-100 from delta elektronika. The second one I is produced
by a model ES030-5 form the same company. See https://www.delta-elektronika.nl/.

3Dichroic beamsplitter FF510-Di02-25%36 from Semrock. See https://www.semrock. com/. Warning : the beam-
splitter being very thin (1.1mm), tightening too much this optic induce strong aberrations on the MOT beams which
become elliptical.
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Figure 4.6: Scheme of the MOT, Zeeman slower and imaging optics in the horizontal plane. The
fiber output couplers include lenses and half-wave plates. CCD : Charge Coupled Device camera,
FOC : Fiber Output Coupler, MOT : Magneto-Optical Trap.

and 6.8mm at 707nm. As these lasers have perpendicular polarizations at the fiber input on
the laser optical table, we necessary loose half of the total repumping power when combining
them on the polarizing beam splitter in figure 4.6. Nonetheless, the remaining power is sufficient
to ensure efficient repumping. The MOT and repumpers beams are circularly polarized when
propagating towards the glass cell by a first set of bichromatic quarter-wave plates operating
both at 461nm and 689nm *. At the outputs of the vacuum system, the beams are retro-reflected
by dielectric mirrors and a second set of similar waveplates is used to invert their polarizations.
The vertical axis x, not represented in figure 4.6, possesses the same configuration as the y axis.
The beams are coming from below the breadboard sustaining all the horizontal plane optics and
is retroreflected on top of the vacuum system by a mirror held on a circular breadboard with a

hole in its center.

4Custom quarter-wave plates from Altechna. See https://www.altechna.com/.
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The Zeeman slower beam is located under the MOT z beam. It reflects onto the right-angled
mirror prism under vacuum to counter-propagate with respect to the atomic beam. It is generated
by a f = 4.0mm output coupler and a x2 telescope, ending with a waist of 600um before the
cell. The first lens is placed at a distance slightly higher than its focal length from the fiber
output so that the beam is converging inside the vacuum system to match the atomic beam
divergence. A zeroth order quarter-wave plate gives the slower a o, polarization inside the cell,
accounting for the polarization switches when reflecting onto 45° angled mirrors. A last beam is
used to take pictures of the MOT by absorption imaging, collected onto a CCD camera® after a
x2 magnifying telescope. It is also circularly polarized and created by a f = 100mm lens produc-

ing a 7.3mm waist. For optical access reasons, it makes an angle @ = 15° with respect to the y axis.

4.1.2 Time sequence generation

In cold atoms experiments, several tasks require a time control setup. In our case, a precise
timing is for instance necessary to switch on or off the laser beam powers and magnetic field
gradients in order to load the atoms into the blue MOT and transfer them into the red MOT,
to create short imaging pulses in order to perform absorption imaging, etc. These timings are
determined by a C++ code run onto the experiment control computer. A digital card® generates
trigger pulses for the DDS box systems described in appendix C which controls laser powers and
frequencies, for the magnetic field solid-state relays status and for a pulse generator’ controlling
the imaging pulses durations. Two analog cards® output control voltages for the quadrupole
and bias coils currents”. This configuration allows for a 5pus time precision in the trigger pulses
generation. The main limitation in the actual physical signals timings is introduced by the
SPCI communications from the Arduino to the DDS card inside the DDS boxes described in
appendix C. However, the delays introduced during this communication can be measured for each
operation and compensated for. They are typically equal to 30us, and we separate the critical

timing channels on different boxes to avoid issues as much as possible.

4.2 Zeeman slowing of the effusive atomic beam

As a first step towards the production of an ultra-cold atomic sample in the MOT, the effusive
atomic beam emitted by the oven needs to be slowed down from a mean velocity of several

hundreds of meters per second to a near-zero value. In 1981, Phillips & Metcalf proposed a

5Blackfly GigE camera, model BFLY-PGE-23S6M-C by FLIR. See https://www.flir.com/products/
blackfly-gige/?model=BFLY-PGE-23S6M-C.

6Card PCI-DIO-32HS from National Instruments.

"Model DS345 from Stanford Research Systems. See https://www.thinksrs.com/.

8Card PCI6733 from National Instruments.

9Current control on delta elktronika power supplies with ISO AMP modules.
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Figure 4.7: On scale geometry of the experiment for zeeman slowing and MOT operations with
the quadrupole coil pair.

method to decelerate sodium atoms using a spatially varying magnetic field [168]. Indeed, atomic
slowing is done by sending a laser beam towards the particles in order to obtain a mean force
due to photonic recoils directed along the light propagation axis. The arising problem is that
atoms with changing velocities will see a different Doppler shift along their propagation. The
idea of the procedure, known as Zeeman slowing and implemented in numerous experiments, is
to compensate for the Doppler shift seen by the counter-propagating particles with the Zeeman
effect.

4.2.1 Constant deceleration slower theory

The originally proposed Zeeman slowing procedure is based on the constant deceleration of atoms
by the laser beam. In order to derive the equations corresponding to this physical situation,
we consider an atomic beam propagating along an axis p as pictured in figure 4.7. The laser
addresses an hyperfine transition |Fg,mp,) — |Fe,mp,), with a resonance frequency wo. The
scattering force induced by the laser field with a wave vector % and a detuning Ag = w —wy is

given by
. T
(4.6) F="hk 3"

where 1) corresponds to the scattering rate written as

So

4.7 n= )
1+sg+ (%)2

In this equation, the ratio between the laser and saturation intensities sg = 19/l 5,; is the sat-

uration parameter [169]. The detuning A seen by an atom at velocity v in a magnetic field of

amplitude B is shifted both by the Doppler and Zeeman effects such that
(4.8) A=A ~k-0—(mp,yr, —mF,yr,)B,
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with yr = grup/h the gyromagnetic ratio of a state with a Landé factor gF.

A constant atomic deceleration ag = —IF' |/m can be obtained if the scattering force is also
kept constant. According to equations 4.6 and 4.7, this statement is fulfilled if the detuning also
remains constant over the propagation. The energy conservation from the output of the oven

located at position pg to a location p is given by

1 1 .
(4.9) 5muz(po)z 5mv2(p)—[1«“-ﬁpdp.

Combining equations 4.6, 4.8 and 4.9 gives the theoretical magnetic profile for constant decelera-

tion

(4.10) B(p):B(p0)+AB(1— 1—(”;”0)).

Considering, for simplicity, a fine structure |Jg =0,mj, = 0) — |J, = 1,m,, = m) transition such
as the blue and red transitions of the strontium bosonic isotopes, the field at the oven output can

be expressed as

Ao —A+Ekv(pg)
(4.11) B(pg) = ———— 2P0
mygyJg
the field amplitude as
(4.12) ap=-EuPo)
mJgyJ
and the slower length as
2
mv“(po)
4.13 =—.
( ) nhkl

The magnetic profile from equation 4.10 is represented in figure 4.8(a). One can notice that two
configurations are possible for the laser beam polarisation. Indeed, either a . beam with a
negative magnetic field or a o_ polarisation with a positive field provides efficient slowing. In
order to be consistent with the following MOT descriptions and the field presented in 4.4(a), we
choose the m = +1 and AB < 0 configuration.

A convenient experimental choice for the Zeeman slower consists in taking B(pg) = 0 and
A =0 in equation 4.10, which leads to Ag = —kv(pg). For our oven heated to 450°C, the mean
velocity of the atomic beam is & = 500ms~!. Capturing atoms with velocities v < & would lead in
this context to a Zeeman shift Ag/27 = —1.1 GHz, a magnetic field amplitude AB = -530G and a

length L =27 cm for a saturation parameter sg = 1.

95



CHAPTER 4. TRAPPING AND COOLING OF STRONTIUM ATOMS

4.2.2 Quadrupole slower

The beauty of Zeeman slowing lies in the fact that all the velocity classes below the capture
velocity v(pg) can be slowed and potentially trapped by the MOT beams. Moreover, even if the
spatial magnetic profile differs from the one in equation 4.10, the atoms can still non-constantly
decelerate, at the cost of presenting a higher probability of being lost from the slowing procedure.
For instance, we can use the decaying part of the quadrupole field between the oven and the first
coil as an effective slower. A key point in this configuration is that the effective length of the
slower is fixed by the position of the first quadrupole coil to L = 10cm. The distance between the
oven and the MOT being equal to 15cm, the atoms have to travel for 5cm inside the cell before
being captured by the MOT beams. The velocity at the end of the slower should therefore not be
strictly null. Figure 4.8 compares the constant deceleration profile derived in equation 4.10 to the

quadrupole magnetic field expressed in equation 4.2c.

Experimentally, the slower beam is produced by the blue Zeeman slave laser as described
in chapter 2. It typically has a power of 10 to 12mW and a waist of 200 um, slightly converging
to match the atomic beam transverse expansion. In order to characterise the slowing effect, we
recorded fluorescence spectra inside the vacuum system with the Zeeman slower beam fixed at
a detuning 6vzg and a probe beam scanned across the 461 nm resonance. The two lasers were
combined on a beam splitter and circularly polarized by a quarter wave-plate. Similarly to the
effusive beam characterization scheme presented in figure 3.15(a) in chapter 3, a photodiode and
a collection lens were placed perpendicularly to the glass cell on the MOT optics breadboard in
order to record the fluorescence of the atomic beam. The results are presented in figure 4.8(b).

As described in 3.4.2.1, the probe laser gets on resonance with a longitudinal velocity class v,
at the detuning Ag + kv, = 0. Rescaling the probe laser detuning by —1/k thus give access to the
density of probability of the longitudinal velocity, broaden by the strontium response function. We
observe a strong modification of the probability distribution in the low velocity region compared
to the atomic beam in the absence of slower beam, shown in figure 3.15(b). The presence of an
absorption peak in this region proves the efficiency of the quadrupole slowing procedure, which
splits the distribution into a slowed ensemble and a fast fraction, not captured by the MOT beams.
The slow fraction peak amplitude is increased for higher absolute values of the Zeeman slower
detuning in the explored range of 6vzg € [-750MHz,—350 MHz]. However, we will show in 4.4.3
that the optimum value for the combined slowing and blue MOT operation lies in between these

maximum values.

4.3 MOT regimes and mechanisms

The textbook description of a MOT originally described by Jean Dalibard and collaborators

is defined for a |Jz = 0) — |J, = 1) transition. In this section, we derive the MOT equations in
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Figure 4.8: (a) Quadrupole field with Ig = 25A (blue) and constant deceleration magnetic profile
with AB = 300G (orange) along the atomic beam axis p. The oven is located at py = —15cm
compared to the MOT region at p = 0. (b) Fluorescence spectra of the atomic beam facing a
Zeeman slower laser of saturation parameter sg = 50 for different fixed Zeeman detunings dvzg.
The signal is recorded with a low saturation probe beam scanned across the resonance at detuning
Ay for a constant magnetic gradient d,B = 35Gem™ L.

this framework, allowing to define different cooling regimes based on the comparison between
scattering and recoil effects. In a second part, a more complicated description of the MOT
mechanisms, including hyperfine structure effects, is described. This description is involved in

the fermionic strontium MOT operations, as the 87Sr isotope presents a nuclear spin I = 9/2.

4.3.1 |Jz=0)—|J.=1) MOT description

As opposed to the majority of alkaline MOTSs presenting an hyperfine structure, some alkaline-
earth isotopes possess the basic structure for simple MOT operation between a |JJ; = 0) ground
state and a |J, = 1) excited state. It is for instance the case for the bosonic strontium isotopes,
operating on the |(552)1So) — |(5s5p)1P1) or |(55%)1S¢) — [(5s5p)3P1) transitions. The MOT in-
gredients are a set of three pairs of counter-propagating laser beams with circular and opposite
polarizations on each Cartesian axis, in combination with a quadrupole magnetic field as repre-
sented in figure 4.9(a). A simple derivation of the MOT equations can be done in one dimension,
with the scheme represented in figure 4.9(b).

Considering for instance the z axis, a 0_ beam is sent towards the negative axis region while
a 0, one propagates towards the positive region. According to equation 4.6, the sum of the two

scattering forces projected on the z axis writes down

r S0+
(4.14) Fz:hkg 5~
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(b)

E/h

Figure 4.9: (a) Three-dimensional scheme of the MOT with three pairs of counter-propagating
circular beams. The quadrupole coils are represented with opposite running currents generating
the magnetic field linear dependency in the MOT region. (b) One dimensional scheme of a
|Jg =0) — |J, =1) MOT. A pair of beams with opposite circular polarizations addresses an atomic
cloud exposed to the quadrupole magnetic field gradient. The excited Zeeman states energies are
represented as a function of the spatial coordinate z.

with sg. the saturation parameters and A, = Ay FysB F kv, the detunings for the corresponding
polarizations. Both beam frequencies are set equal and red detuned compared to the bare atomic
transition (Ag < 0). When A, =0, the scattering force in equation 4.14 is maximum for the
corresponding beam. As stated in equation 4.5, the magnetic field is linear in the central region
of the coils. The resonance condition for the Zeeman part of the detuning is thus fulfilled at
positions z. defined as

Ag

4.15 =4
(4.15) #+=%,0.B

+ 2o,

where zg = —B(,/0,B corresponds to an offset position due ton non-zero bias fields. Atoms ap-
proaching these positions experience a higher scattering force from the beam pointing towards
the central region than the one expelling them from the center, thus inducing restoring forces
towards the magnetic field zero. Moreover, they coherently absorb photons along the z axis and
scatter them in a random direction. Averaging over several absorption-emission cycles thus
produces a mean velocity reduction (dv) = —hk/m, independent of the polarization. In the end, the
MOT both traps and slows down the atoms, based on state selective laser absorption. In a paper
published in 1989, Castin, Wallis & Dalibard made a clear distinction between two different MOT
regimes, depending on the balance between the scattering and the recoil effects [170]. These

regimes are described in the following paragraphs.
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Transition A I'/2n y hI'/E, Tp T,
Blue 460.862nm 32MHz 42mWem™2 3x102 770uK 1.03uK
Red 689.449nm 7.4kHz 3uWem™2 1.6 180nK 460nK

Table 4.2: Relevant set of parameters for strontium cooling on the blue and red transitions.

4.3.1.1 Doppler cooling

In the first MOT regime, referred to as the Doppler regime, the natural energy width of the
excited state Al is large compared to the recoil energy E, = i2k2/2m. The competition between
coherent cooling by the MOT lasers and the incoherent heating from photon scattering is well
described by a semi-classical Fokker-Planck approach, physically corresponding to Brownian
diffusion in momentum space [21]. For low-saturation beams with equal powers sg+ =s¢o- <1, a
minimum for the final temperature is obtained for Ag = —I'/2. This so-called Doppler temperature

Tp is given by

I
(4.16) kgTp :?‘

In the low density regime, a simple argument consists in approximating the restoring force by an
harmonic potential. Making use of the equipartition theorem, the typical size (z2) of the cloud is
given by

r

4.17 L —
41D & = Leoky,0.B

4.3.1.2 Narrow-line cooling

The second regime corresponds to Al' < E,.. In these conditions, the situation is fairly different
from the Doppler case as only one scattering event can bring the laser beams out of resonance.
The quantum nature of the light can then no longer be neglected, justifying the name quantum
or narrow-line MOT regime. The minimum temperature is then no longer limited by the natural
linewidth I', but rather by the recoil temperature 7', defined as
h2k?
(4.18) kpT,=——.
m

The different parameters for the blue and red strontium transitions are presented in table 4.2. It
shows that the blue MOT is operating in the Doppler regime, while the red MOT stands in the

narrow-line regime.

4.3.2 Strontium fermionic MOT

For atomic species presenting an hyperfine structure, the MOT description is complicated by the

fact that more atomic levels have to be taken into account. It is the case for the fermionic isotope
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87Sr, which has a nuclear spin I = 9/2. In addition to the hyperfine splitting between the different
F = I + J manifolds, the energy dependency on magnetic fields of the Zeeman states |F,mp)
within each manifold is modified through the Landé factor gr. Considering a transition from a
ground-state Zeeman level |Fg,mp,) to an excited |[Fe,mp,), we can define an energy difference

Az due to the Zeeman shift as follows
4.19) ANz = (mpegpe—mpggpg)uBB(z).

The hyperfine Landé factor calculation arise from the sum of the nuclear contribution governed
by the factor g; and the fine structure factor g.;, proportional to the electronic spin factor gg

[171]. Tt results in the following expressions

FE+D+J+D-I0+1)  FE+D-JJ+D+II+1)
OF(F+1) 81 OF(F+1) ‘

(4.20) SFr=8Jg

with

_JI+D+LIL+1)-SS+1) JJ+1D)-LIL+1D+S(S+1)

(4.21) 8J 2T +1) *8s 27T+ 1)

The spin factor is given by gg = 2. Generally, the nuclear contribution in equation 4.20 is ne-

glected, as g7 < gg. Indeed, the ratio of the two constants is equal to 658 according to [172].

The fundamental principle of the MOT is to induce light forces that bring back the atoms
moving away from the center of the trap to this location. In the 1D case, described in the previous
paragraph, this statement is fulfilled if 0_ (o) resonances occur on the z—z9 >0 (z—2¢ <0)
region. These conditions can be expressed by fixing the sign of Ay for the two different types of

transitions in the appropriate region, reducing to

F'e_1 8F, Fg
<= <—=

(4.22) .
Fe gFg Fg_l

A situation where the o, and o_ transitions occur on the same side of the z axis is made possible
if equation 4.22 is not satisfied. This situation can induce drastic changes in the MOT operation.
Indeed, one of the two transitions would bring the atoms back to the trap center, while the other
one repels them and create MOT losses. For instance, considering our case of interest composed of
a |Jg = 0) ground-state and a |/, = 1) excited state, one immediately see from equation 4.20 that
the electronic part of the Landé factor is reduced to 0. As the nuclear dependency to magnetic
fields is extremely reduced compared to the electronic contribution, the ground-state manifold
levels are basically insensitive to the MOT gradient, while the excited Zeeman states are shifted
by an amount proportional to gr,, as shown in figure 4.10(a). Taking as an example an 87Sr atom
in the z <0 region with a spin projection mp, = 9/2, it can absorb a o+ photon on the transition
towards mp, = 11/2 that would decelerate it, but can also be resonantly driven by the o_ transi-

tion towards mp, = 7/2 and be accelerated away from the magnetic field zero. This situation is
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Figure 4.10: (a) Energy levels and relative transition strengths c%np x 165 for the dipole allowed
and the intercombination transitions of 87Sr. (b) As gr . < &F,, some o_ (0,) are brought on
resonance in the negative (positive) z — zg region, producing anti-trapping forces. This situation
is represented for an atom in the stretched mp, = 9/2 (-9/2) ground state in the left (right) part
of the graphic. The dipole allowed transition is represented as a broad blue line of width I', while
the intercombination line corresponds to the smaller red line of width I';.

exposed in figure 4.10(b). Fortunately, the Clebsch-Gordan coefficients favour the transitions to
the stretched states which are trapping over the [mp,| <|mp,| anti-trapping transitions, as can

be seen in figure 4.10(a).

To summarize, we can emphasize two simple conditions for which the inequalities in equation

4.22 are not satisfied :

CONDITION 1 : gr, < gF, (Jg=0).

CONDITION 2 : F, > 2.
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Figure 4.11: (a) Energy levels of 8Rb for MOT operation on the Dy line. The different Zee-
man transitions are represented by coloured lines with the corresponding relative transition
strengths ¢2, x 30 from equation 3.37. (b) Zeeman detunings for the |52S1,F g =2,mp,) —

mg
|52P3/9,F, =3, m F,) transitions along the z axis. The o, and o_ transitions can be separated in

two distinct manifolds, all trapping the atoms toward the MOT center as shown for the stretched
states.

For neutral alkalis, the first condition can not be verified due to the fact that the electronic spin
projections S, and thus J/, are only half-integers. To illustrate this purpose, we compare the 8’Rb

MOT operation to the 8”Sr one in figures 4.10 and 4.11, respectively.

The MOT dynamics also play an important role in this anti-trapping process. Indeed, if the
atoms are randomly distributed in the Zeeman ground states, the mean resulting force is still
restoring the atoms to the trap center. This situation naturally appears for the dipole allowed
87Sr MOT, where the natural linewidth is large compared to the recoil frequency shift and thus
rapidly randomizes the sublevels populations. The effect is also increased by the vicinity of the
F,=17/2 and F, = 9/2 manifolds, which contributes to the population redistribution. In the red
MOT case, the situation is different as each scattering event brings the atoms out of resonance.

An 87Sr atom absorbing a photon from the previously described anti-trapping transitions would
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then be lost from the trap. The solution proposed by Mukaiyama et al. from the University of
Tokyo is to add a “stirring” laser on the |(5sz)ISO,Fg =9/2) — |5s5p3P1,F, = 9/2) transition [173].
This state presents a 4.5 times lower magnetic field dependency than the F, = 11/2 state, which
induces resonances on a longer period and on an extended spatial region, thus redistributing the
populations inside the Zeeman levels. As will be described in 4.5.1.1, another alternative to this
problem is to use the recently developed Saw-tooth WAve Adiabatic Passage (SWAP) technique,
which has been proven efficient to trap the fermionic strontium isotope without making use of a

stirring laser [174].

4.4 Cooling on the dipole allowed blue transition at 461 nm

As described in section 4.3, the strontium blue MOT operates in a regime where scattering events
dominates the cloud dynamics. In this section, the MOT characterization methods and results
are detailed. Starting form the description of absorption imaging, used to determine the MOT
population and temperature, we define the experimental procedure leading to a cold strontium
sample using the 461 nm transition. As our apparatus combines Zeeman slowing and cooling in a
single magnetic configuration, an optimization of the trap loading efficiency using the Zeeman
slower beam is then presented. Finally, a full characterization of the blue MOT with respect to

the different optical powers and detunings is given.

4.4.1 Absorption imaging

Cold atomic ensemble characterizations necessitate quantitative imaging processes. The common
solutions are provided by either absorption or fluorescence imaging techniques. The later being
more sensitive to calibration procedures, as no optical system can collect all the light coming
out of the atomic sample and the detectors such as photodiodes do not have a perfect efficiency,
absorption imaging provides a more direct determination of the atomic density. In the following
paragraphs, we detail the calculations leading from the imaging beam intensity absorption to the
atom number determination, as well as temperature measurement using the cloud expansion

after a controlled expansion time.

4.4.1.1 Number of atoms calculation

The atomic detection is performed using absorption imaging on the blue transition at 461 nm.
The basic principle of this technique is to take a picture of an imaging beam on resonance with
the atomic cloud at frequency wg after propagating through it and compare this image to the
beam intensity without atoms. The intensity of the absorbed beam with atoms in the cell and the
reference beam without atoms are noted I,, and I,,,, respectively. The shadow let by the atoms
on the beam gives information on their number. In practice, a picture I ,,; without any beam is

also needed in order to compensate for stray light incoming on the CCD camera. The corrected
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intensities are defined as I, =1,, — I 44, and I, , = I,,, — I 44,1. We consider a beam propagating
along the b axis as pictured in figure 4.6. According to the Beer-Lambert law, the absorption can

be written for a fine structure |J; = 0) — |J. = 1) transition and neglecting the Doppler effect as

dl (o))
4.23 & b db
(4.23) 7 = O L 4

with 0 = 312/27 the atomic resonant cross section [175]. This equation allows to compute the

column density of atoms n. as

oo 1 I, (h, I, (h,v)-1;/(h,
nc(h,v):f n(h,v,b)db:_ln( L(;O( U))+ wO( U) w( v)
_ Iw(h,v) 00l sqt

(4.24)

b
o) oo

where we identify I, = I(h,v,—o0) and I, = I(h,v,+00).

As the CCD camera collects photons on pixels of effective area A = (g x p)?, where g is the
magnification of the imaging system and p the actual pixel size, we have access to the corrected
number of counts per pixel N . This quantity is proportional to the corrected intensity and can

be expressed as

TA
(4.25) N (h,0) = Gn—L1"(h,v),
hwo

where G corresponds to the CCD gain in counts per electron, 1 to the quantum efficiency of
the chip in electrons per photon and the right part of the equation corresponds to the number
of photons at the MOT position, taking into account the glass cell transmission 7' and the
imaging pulse duration 7. Physically, the maximum of energy that a saturated atom can scatter

corresponds to the saturation intensity multiplied by the cross-section such that
r
(4.26) UOIsat = Eﬁ(z)o.

Integrating equation 4.24 over the pixel size along 2 and v, rewritten by means of equations 4.25

and 4.26, gives the number of atoms per pixel N expressed as

(4.27) N(h,v) = éln

(N;;O(h,v)) 2
o)

Nt * (h,0)—N(h,0))].

" GnI'Tt [N

In our system, the well depth capacity of 33 x 10 electrons converts into a maximum number
of photons of 27 x 102 per pixel by the quantum efficiency 7 = 0.8 at 461nm. The peak intensity
at the camera position, even for short pulse durations of 5us, can thus not exceed 2mWcm 2.
In order not to saturate the camera, we use an imaging beam of power P, = 800uW and waist
wo = 7.3 mm corresponding to approximately half the maximum intensity previously derived. The
relatively large size of the beam is chosen to allow for direct imaging of the atomic transport from
the MOT region to the ring cavity in the future version of the experiment. This configuration

corresponds to a very low saturation parameter sg = 0.02. As the variance of the measured
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number of atoms scales as /sg due to the Photon Shot Noise (PSN), and the number of photons
scattered by the atoms as s¢/(1 +sg), an optimal signal-to-noise ratio is obtained around sg =1
[176, 177]. Our current imaging setup is thus limited by the camera properties and the large
saturation intensity of the blue transition. To tackle this problem, separated imaging systems
could be implemented for the MOT and the transport to the cavity, with a reduced waist of the
imaging beam in the MOT region in order to increase the saturation parameter while keeping

the optical power constant.

4.4.1.2 Temperature determination by time-of-flight experiment

Widely used in the context of cold atoms [178], the time-of-flight technique allows to measure
temperatures as cold as the one produced in MOT clouds, namely in the nK to mK range. The
idea consists in releasing the atoms from the trap, and perform an absorption or fluorescence
image after a given a time ¢. Doing so, the initial momentum distribution of the cloud is mapped
onto its spatial distribution. Indeed, neglecting interactions during the expansion, the momen-
tum vector components p; are linked to the spatial dimensions of the cloud through p; = mr;/t,
with i € {x,y,z}. The spatial distribution variance thus simply reflects the velocity variance as
U?(t) = agi(O)t2.

In the context of the MOT, the initial phase-space density distribution is ruled by the light
forces on one side, and by the photon emission and reabsorption between atoms on the other side
[179]. For a small reabsorption cross-section compared to the absorption one, which corresponds
to a small number of atoms and thus low densities, the second effect can be neglected and
both spatial and velocity distributions are found to be Gaussian. This type of MOTs are called
thermal clouds as the atomic velocities follow a Maxwell-Boltzmann distribution with a variance
U%i(O) =kpT;/m. Assuming an initial spatial extension 0(; along dimension i, such cloud expands
as

kpTi £2.

(4.28) o2t)= 0%+

A series of absorption images at different times of flight is given in figure 4.12(a), showing an
example of typical cloud expansion. At these short times of flight, the influence of gravity is not
visible. A summation over the images vertical axes is given in figure 4.12(b). With a Gaussian fit
on this data, we extract the radius o at different times, which corresponds to the CCD camera
horizontal axis. The horizontal and vertical radii are reported in figure 4.12(c). Using equation
4.28, it gives a temperature T, = 14.7mK on the horizontal axis and T, = 11.8mK on the vertical

one for this particular unoptimized blue MOT.

Comments on the Gaussian fit procedure : An important aspect in temperature determi-

nation lies in the fact that the MOT can be fitted with a two dimensional Gaussian function
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Figure 4.12: (a) Absorption images of the
blue MOT after different times-of-flight to
illustrate the method. (b) Projection of the
number of atoms on the horizontal axis of
the CCD camera (blue line) and Gaussian
fit (orange line). (c) Gaussian radii of the
cloud (points) and associated fits (lines) ac-
cording to equation 4.28 on the horizontal
and vertical axes.
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presenting varying proper axes over the free fall. Labelling 6 the angle between the smallest axis

of the MOT and the horizontal direction of the camera A, these coordinates write down

(4.29) ( ho =hoo ):R(e)( h=ho )

Vg — Ugo UV—0o
with R(6) the 2D rotation matrix. The number of atoms is thus expressed as

2 2
_(hg—hgo)” _ (vg-vpo)

(4.30) N(hg,vg)=Noe 2o 27,9

Taking a two dimensional Gaussian fit to extract the temperature would then be sensitive to the
MOT tilt 6. Instead, fitting the projections on the horizontal and vertical axes of the camera rules
out this problem, as we always consider the same orientation. The link between the tilted radius
ong (0,¢) and the fixed one o}, (0,) can be determined by integrating over the vertical (horizontal)

axis as follows

_(h=hg)?

+oo dv 202
4.31) N(h) = f Niho,00)"" =Nioe ™

b
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with p the pixel size, oj the horizontal radius defined as

(4.32) op = \/cos2 60%9 +sin? 9036 ‘,

and Ny the Gaussian amplitude which can also be expressed by means of the tilted parameters.
A similar expression is obtained for o, by switching the roles of 039 and o,9 in equation 4.32.
The last possible issue is that, for nearly symmetric MOTSs, the tilt can jump by 7/2 between one
picture and the following one, thus artificially exchanging o and o,. Tracking this angle and

correcting for the jumps allows to avoid this issue.

4.4.2 Experimental realization

In practice, running a MOT requires a proper set of laser beams, appropriate magnetic fields
and a timing procedure in order to control the atomic internal states. In the following, we expose
the blue MOT time sequence which controls the optical beam powers and detunings, as well as
the magnetic field gradients. In a second part, the problem of power imbalance within the MOT
beam pairs due to the glass cell transmission is explained. To deal with this phenomenon, we
developed a spectroscopic technique including the red beams which allows to measure the MOT

forces balance inside the blue cloud.

4.4.2.1 Blue MOT sequence

Using the optical configuration described in 4.1.1.2 and the time sequence generation hardware
described in 4.1.2, we generate the physical signals presented in figure 4.13. At ¢t = Os, the
Zeeman slower, blue MOT and repumpers beams are switched on. At the same time, we run a
current of 25 A inside the quadrupole coils in order to generate the magnetic profiles for atom
slowing and trapping, creating a longitudinal gradient d,B = 32.7Gcm ™! and a field amplitude
AB = 300G. During a loading time of 3s, we let all the parameters constant to transfer strontium
from the effusive atomic beam to the blue MOT. At the end of this loading phase, we switch off
the Zeeman slower and implement a magnetic gradient ramp of 100ms, rising up to 65Gem™!.
At the same time, the blue MOT power is ramped down in order to compress the MOT. Finally,
two imaging pulses delayed by 100ms from one another are sent through the cold cloud after a
variable time-of-flight. During this delay, the atoms theoretically fall on a distance gt2/2 = 5cm,
meaning that they have already reached the bottom of the glass cell when the second imaging

pulse is applied.

4.4.2.2 MOT beams power imbalance

In this first step experiment towards strontium in a ring cavity, we decided to use a glass cell and
vacuum viewports that were not coated with anti-reflecting layers at the wavelengths of interest.

This choice implies that the transmission of these two optical elements is not perfect, as shown
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Figure 4.13: Time sequence for blue MOT operation with measured longitudinal magnetic field
gradient and optical beams powers.

in figure 4.14. The data corresponds to transmission measurements of a blue beam through the
glass cell and a viewport, for different angles of incidence. We find a good agreement with a
simple model based on Fresnel’s coefficients for p and s polarizations. For a beam propagating
from a medium of refractive index n; towards a medium with an index n;, the reflection R, and

R; in intensity for an angle of incidence 6; follow the equations

n; cos(0;) — nycos(0;) |2
4.33 Rp(ni,n,0;) =
(4.332) p(nine,0) n;cos(0;) +n;cos(0;)
n; cos(0;) —n;cos(6,)|?
4.33b Rs(ni,n:,0;) =
( ) s(ni,n4,01) n; cos(8;) + n;cos(0;)

where the angles are linked by n; sin(8;) = n;sin(6;). The transmission of the cell and viewports

are given by
(4.34) Ts p(0:) = [1-Rs »(1,n,0))] x [1-Rs »(n,1,0)],

with n = 1.5 the refractive index of fused silica and 6; the transmission angle from air to glass.
At normal incidence, we experimentally find T' = 92%, independent of the polarization of the

incident beam.

As we are using a retro-reflected scheme to operate both blue and red MOTSs, the power of

the reflected beam is decreased by a factor T? compared to the incident one. If the beams are
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Figure 4.14: Glass cell (blue dots) and viewport (orange circles) transmissions as a function of
the angle of incidence 6; for a 461 nm horizontally polarized beam. The data are compared to a
Fresnel coefficients model with a refractive index n = 1.5 for linear polarizations p (yellow solid
line) and s (green point dotted line) as well as circular polarizations o = (s = ip)v/2 (purple point
dotted line).

collimated, this imbalance induces scattering light forces that push the MOT away from the
magnetic field zero. To understand this phenomenon, we make use of the one dimensional MOT
force written in equation 4.14. An equilibrium is found at the position where F, = 0, which can be

expressed by

(4.35) 50r _ ﬂ
L)

For a constant beam waist, the cell and viewport transmissions induce that the saturation
parameters of the beam propagating along —#, and the retro-reflected one along +u, are linked by
so+ = T?s¢_ = 0.85s¢_. In this case, the MOT forms at a position where the detunings compensate
for the intensity imbalance. If the induced displacement is larger than the typical size of the

MOT, the average magnetic field over the cloud is non zero.

4.4.2.3 Spectroscopic method for power balance determination

In order to measure the MOT beams power balance, we determined an experimental spectroscopic
technique including a red probe beam scanned over the intercombination line at 689nm inside
the blue MOT. Recording the blue MOT fluorescence at 689nm gives rise to the spectra presented
in figure 4.15. When the power difference between the blue MOT beams is not compensated, as

represented in figure 4.15(a), we observe a fluorescence triplet corresponding to the different
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Figure 4.15: Fluorescence of the blue MOT at 689nm. (a) Blue MOT with intensity imbalance
between the laser beams probed by a single 730uW probe on the red transition with a magnetic
gradient 3,B = 31Gem™!. (b) Blue MOT with balanced beams intensities probed by the six red
MOT beams. The frequency axes are centred on the main peaks in each figure.

Zeeman transitions [(5s2)1S¢) — |(5s5p)3P1,mJ) of 88Sr, with m_ = 0 for the central peak and
mg = %1 for the side ones. The distance between the central and side peaks would correspond
to a 3mm displacement of the MOT on the z axis, larger than its typical radius of 1.5mm. This
displacement is far above the predicted value from the simple resonance condition in equation
4.35, and would need a more complex analysis including MOT repulsion forces to quantitatively
describe the observed shifts.

The solution that we implement to compensate for the intensity imbalance is to focus the
MOT beams such that the retro-reflected one has a smaller radius at the atomic position than the
incident one. According to equation 4.35, the saturation parameters are equal for the two beams
if their waists satisfy wo+ = Two-. This condition can be reached experimentally by adjusting
the positions of the fiber splitter output lenses such that the fluorescence on the red transition
exhibits a singlet with minimum width. The result is presented in figure 4.15(b), where we
observe the fluorescence at 689 nm induced by the red MOT beams scanned in frequency inside
the blue MOT.

4.4.3 Loading efficiency

In our peculiar setup geometry, the atomic loading and trapping from the effusive beam to the
MOT are genuinely linked to each other. Indeed, the quadrupole magnetic field amplitude at the
first coil position controls the Zeeman slowing procedure, while the gradient defines the MOT
properties. The slowing procedure optimization has thus been realized in parallel with the MOT

capture. The next paragraph describes this capture optimization by means of the Zeeman slowing
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Figure 4.16: Number of atoms in the 33Sr blue MOT as a function of (a) the magnetic field
gradient 0,B and the Zeeman slower beam detuning dvzg and (b) the slower beam power before
the glass cell. The dotted blue line is a guide to eye showing the saturation of the number of
atoms. The oven is operated at 440°C.

parameters. In a second paragraph, we study the MOT loading and damping dynamics inside the

vacuum chamber as a function of the oven temperature.

4.4.3.1 Slowing and capture optimization

The atoms leaving the effusive oven present a high average velocity & = 500ms~!. Adjusting the
magnetic field gradient and Zeeman slower beam properties allows to adjust the mean velocity of
the slowed particles from the atomic beam. An optimal value satisfying the propagation through
the 5cm separating the first quadrupole coil from the MOT region, as well as reducing the final
atomic velocity can be found to maximize the MOT capture fraction. This optimization is shown
in figure 4.16. The dataset in figure 4.16(a) shows the number of atoms in the blue MOT as
a function of the longitudinal magnetic field gradient and the Zeeman slower detuning. The
optical powers where set to Pzg = 12.0mW and Ppor = 11.1mW before the glass cell, with a
detuning 6vyor = —32MHz. The experimental data show a clear optimum for Zeeman slowing
which corresponds to 9,B = 32.5Gcem ™! and Avzg = —545MHz. This value appears to be robust
over experimental conditions variations, with a maximum of 1.5 x 108 trapped atoms in a range
covering +2Gcem ™! and +2MHz around the maximum values.

The other adjustable parameter for the number of atoms optimization is the power of the Zeeman
slower beam, represented in figure 4.16(b). The curve shows a plateau for powers higher than
8mW and a linear decrease in atom number for smaller values. We thus operate the MOT
with Zeeman slower powers typically equal to 10mW or more, without changing the MOT

characteristics.
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Figure 4.17: Fluorescence of the blue MOT when (a) loading the atoms by switching on the
Zeeman slower beam and (b) switching it off for different oven temperatures. The data are
represented by solid coloured lines while the black dotted lines correspond to fits according to
equation 4.39.

4.4.3.2 MOT dynamics

The MOT dynamics is ruled by two competing effects. On one side, atoms are loaded into the
trap by slowing a fraction of the effusive atomic beam and capturing it with the MOT beams. On
the other side, collisions with the background gas, with strontium atoms from the effusive beam
and from MOT particles themselves generate losses. At equilibrium, these mechanisms lead to a
stationary atom number. The time evolution of the number of atoms N can be modelled by the

following equation [24, 180]

(4.36) % =R —yN(t)- BN?(1),

where R corresponds to the loading rate in atoms™!, Y to the one-body loss rate with the back-
ground gas in Hz and B to the strontium two-body collisions rate in Hzatom™!. Generally, the
lifetime 7 = 1/y is limited by the vacuum pressure inside the glass cell. The right-hand side of
equation 4.36 being a polynomial of order 2 in N, we can rewrite it to find the number of atoms
at time ¢ starting from Ny at #g as

N dN 1 1 t
(4.37) f ( - ) = | dt,
Ny BNt —N_)\N-N_ N-N, o

with

(4.38) N;= —% (r+va)

and A = y2 + 4R B the discriminant of the polynomial. The solution of this equation writes

N_—N, f(Ng)e VAl-to)

(4.39) N(@)=
1— £(Ng)e—VA(t-to)
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Figure 4.18: (a) Steady state number of atoms in the blue MOT as a function of the oven tempera-
ture (blue points) and adjustment by a linear function (orange dotted line). (b) Loading rate of
the MOT from the fits in figure 4.17(a). Two linear functions (orange and yellow dotted lines)
enlight the transparent and opaque regimes, respectively, delimited by the critical temperature
T. =450°C. (c) Loss rate and lifetime for the MOT decay from the fits in figure 4.17(b). (d) Two-
body loss rate for both MOT loading (blue points) and damping (yellow points) with linear fits.
The optical powers were set to Pyror =11.3mW and Pzg = 12.0mW, with respective detunings
6VMOT =—-28MHz and 6VZS =-545MHz.

with f(Ng) =N - N_)/(Ny—N,). We experimentally verify this model by recording the fluores-
cence of the blue MOT at 461nm when switching on and off the Zeeman slower beam. When the
laser is turned on at ¢t = 0s, atoms are loaded into the MOT as shown in figure 4.17(a). After a
time ¢ = 3s, we turn it off and look at the atomic depletion due to collisions as can be seen in
figure 4.17(b).

The different parameters from equation 4.39 for both MOT loading and damping are presented
in figure 4.18. The atomic depletion corresponds to a loading rate R = 0 and an initial number of
atoms Ny = N(¢ = 3s) from the loading phase. The number of captured atoms with respect to the

oven temperature is represented in figure 4.18(a). A linear fit gives a slope of 1.4 x 10° atom K1
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in the studied temperature range. This linear dependency actually results from two competing
effects. Indeed, for oven temperatures below the critical value T, = 450°C, the atomic loading
rate is linearly increasing with a slope of 1.7 x 10%atoms ™' K~1. Above the critical temperature,
the slope is getting steeper with a value of 7.3 x 10°atom s~ K. This transition is also visible
on the loss rate y and the lifetime 7 in figure 4.18(c). Moreover, the two-body loss rate in figure
4.18(d) is equal to O for the lowest temperatures, but starts to increase when the oven is heated up
with a slope of 1.2 x 10" Hzatom ' K~! for the loading phase and 8.0 x 10 1 Hzatom ' K~! for
the damping one. The two-body collisions thus remain negligible compared to one-body processes
for a number of atoms in the 107 range. The critical temperature derived from this analysis
corresponds to the passage from the transparent regime to the opaque mode in Knudsen’s theory,
derived in 3.1.2. In order to keep a typical MOT lifetime 7 = 1s and yet have a sufficient number

of atoms in the blue MOT, we operate the oven at the cross-over temperature 7'..

4.4.4 Blue MOT characterization

The MOT loading optimization allowed to determine the most efficient magnetic field gradient
and Zeeman slower detunings, ending with 8,B = 32.5Gcem™! and dvzg = —~545MHz. In the
following paragraphs, we describe the MOT number of atoms and temperature optimizations by

means of the different laser beam frequencies and powers.

4.4.4.1 Blue MOT laser frequency

In Doppler cooling theory, the temperature of the MOT can reach a minimum given by the natural
linewidth of the transition and the saturation parameter. At low intensities, it gives the limit
written in equation 4.16. In the case of strontium, this theory completely fails in describing the
MOT temperature [181] as extra-heating mechanisms due to laser intensity fluctuations are
not included [182]. We thus have performed an experimental optimization presented in figure
4.19. The bosonic MOT properties where recorded with the imaging apparatus and the optimized
parameters for Zeeman slowing described in the previous paragraph. The loading sequence was
done with constant optical powers, detunings and magnetic field gradient, with an MOT beam
power of Pyror = 10.5mW per axis before the glass cell.

The measured temperatures presented in figure 4.19(a) shows the discrepancy between the
Doppler limit and the blue strontium MOT behaviour. With this constant loading procedure, we
observe an increase in temperature for high absolute values of the MOT beams detuning, and a
minimum of 10mK at évyo7r = —15(5) MHz. The cloud size, presented in figure 4.19(b), follows
the temperature behaviour to reach a minimum Gaussian radius of 600um at the same detuning.
Concerning the number of atoms seen in figure 4.19(c), a clear maximum is observed at a higher
absolute value 6vyor = —28(2) MHz.

Combining the MOT temperature, size and number of atoms allows to compute the phase space
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Figure 4.19: Bosonic blue MOT optimization as a function of the MOT beams detuning. (a)
Temperature of the cloud in the horizontal A (blue points) and vertical v (orange points) directions
of the CCD camera. The Doppler theory curve for sg = 0.7 (yellow dotted line) is drawn for
comparison. (b) Gaussian radius of the MOT for both directions. (c) Number of trapped atoms. (d)
Phase-space density derived from equation 4.40.

density p defined as
(4.40) p=nAdg,

where n = N/V is the number density for a MOT volume V and A g the thermal de Broglie

B2
Adp=1\ ————.
dB 2nmkgT

As we do not have access to the cloud size and temperature along the propagation axis of the

wavelength expressed as [183]

(4.41)

imaging beam, we can approximate the MOT temperature and size by its arithmetic and geometric

means over the camera axes, corresponding to 7' = (T + T,,)/2 and & = /5,0, , respectively. The
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Figure 4.20: Blue MOT (a) number of atoms and (b) temperature as a function of the 461 nm mas-
ter laser frequency referenced to the 8Sr resonance. The double resonance feature demonstrates
that trapping on the all the strontium isotopes is achieved, with a bosonic ensemble centred on
o0vy = —370MHz and a fermionic one at vy = —415MHz.

Gaussian volume of the MOT inferred by the absorption imaging fits is given by

(4.42) V = (27262)"*.

The phase-space density is presented in figure 4.19(d). It is maximum for a detuning Awyor =
—I'/2, as predicted by the Doppler theory despite the quantitative disagreements between the
theoretical and experimental temperatures. In order to maximize the number of atoms, we chose

to operate the MOT with 6vy;or = —28 MHz in the following characterizations.

4.4.4.2 Isotopic populations

Even if the fermionic isotope 8”Sr has a richer level structure than the bosonic isotopes due
to its nuclear spin I = 9/2, a MOT can be run in similar conditions as for 88Sr by addressing
the |(5s2)ISO,Fg =9/2) — |(5s5p)'P1,F, = 11/2) transition. Switching from one isotope to the
other thus resumes in red shifting all the blue beams frequencies compared to the 88Sr reso-
nance. Another key aspect is that the repumping levels also split into hyperfine manifolds, as
described in 1.2.2.3. The repumping lasers thus need to be scanned over 5.42GHz in order to
address the transitions from the five |(5s5p)2Ps, F = 5/2, ...,13/2) manifolds towards the three
I(5s6p)3S1,F =7/2,9/2,11/2) manifolds at 707nm, as well as from the |(5s5p)3 Py, F = 9/2) mani-
fold towards the same excited states at 679nm. For technical reasons, we are only able to achieve
this condition for the 707nm laser scanned over 6.0 GHz, while the 679nm suffers from mode

hopes for scan amplitudes larger than 1.7 GHz.

To verify the fact that we can trap 87Sr by shifting all the blue lasers frequencies, the number

of atoms and the temperature of the blue MOT as a function of the blue laser master frequency
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Figure 4.21: Fluorescence of the blue MOT at 461 nm depleted by the red MOT beams scanned
over the 689nm resonance. The blue curves corresponds to a fermionic blue MOT with resonances
for the three different |[(5s5p)2P1,F,) manifolds, while the orange curve corresponds to an 88Sr
MOT with a fraction of 8Sr atoms.

are presented in 4.20. This measurement was performed by changing the frequency fp of the
double passage AOM on the saturated absorption arm of the master laser, as represented in
figure 2.4. The other AOM frequencies were kept constant such that the MOT, Zeeman slower
and imaging detunings can be determined by dvyor = 6vy + 342MHz, 6vzg = dvyr — 175 MHz
and 6vy, =0vy + 380 MHz.

The number of atoms in figure 4.20(a) exhibits two clear peaks of 1.6 x 107 and 8.5 x 10° atoms.
The frequency difference between the two maxima of —47MHz is close to the shift of the fermionic
|(5S2)lS(),Fg =9/2) — |(5s5p)1P1,Fe =11/2) transition compared to the |(532)ISO) — |(5s5p)1P1)
transition in 38Sr, equal to —51.6 MHz. This second peak thus indicates that the smaller peak
corresponds to 87Sr. The MOT temperature presented in figure 4.20(b) shows that the fermionic
blue MOT is colder than the bosonic one by a factor of 2. This feature can be explained by the

hyperfine structure of the 87Sr states, allowing for Sisyphus cooling mechanisms [23].

Comparing the peak heights in figure 4.20(a) gives a ratio of 5.1%, while the natural abun-
dance ratio between the 87Sr and 8 Sr isotopes equals 8.3%. This reduced capture efficiency can
be attributed to the repumping limitations on the 679nm, but also to the fact that the bosonic
MOT is actually containing a fraction of 8Sr atoms. To confirm this hypothesis, we probe the
blue MOT with the red beams scanned in frequency at 689 nm and observe the depletion on the
fluorescence at 461 nm. The spectra for two different MOTSs operating in the bosonic range at
6vy = —370MHz and in the fermionic range at 6vy; = —417MHz are shown in figure 4.21. The
presence of 84Sr is also probable, but the small natural abundance of this isotope makes it harder

to detect and we do not observe it with the implemented detection schemes.
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4.4.4.3 Temperature reduction

The blue MOT temperature from the previous characterizations is equal to 10mK, while com-
monly reported values stand in the 1-3mK range [173, 184]. In order to further cool the blue
MOT down, we implement a compression sequence as shown in figure 4.13. The first step of
this temperature reduction consists in ramping down the power of the blue MOT beams. We
characterize this process by applying a sequence with a power Pyor during the loading phase
ended by a linear RF amplitude ramp of 100 ms from the maximum power to a fraction of 20% of
it. The results are given in figure 4.22.

The number of atoms in figure 4.22(a) shows a plateau for the boson when the optical power
is above 8mW. Also, the fermionic populations appears to be slightly peaked for this particular
value. As the temperatures from figure 4.22(b) exhibit a linear behaviour with respect to Pyo7,
the phase-space density in figure 4.22(c) presents a maximum at this power for both isotopes and
we run the MOTs with this configuration. At the end of the ramp, the power is thus reduced to
200uW. The horizontal and vertical temperature fits from figure 4.22(b) respectively give slopes
of 0.52 and 0.29mKmW! for 88Sr, while it is equal to 0.27 and 0.17mKmW ! for 87Sr. These

results confirm the fact that the fermionic MOT is almost a factor of 2 colder than the bosonic
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Figure 4.23: (a) Number of atoms, (b) temperature,(c) size and (d) phase-space density of the
bosonic blue MOT as a function of the longitudinal magnetic field gradient final value for
a 100ms long compression at the end of the sequence. The 3s loading phase is operated at
0,B=325Gem™ L.

one.

On the same time interval as the laser power ramp down, we implement a cloud compression
by increasing the magnetic field gradient linearly, as shown in figure 4.13. The temperature
and phase-space density resulting from a short compression at the end of a 3s loading sequence
with 8,B = 32.5Gcm ™! are shown in figure 4.23. The temperature, represented in figure 4.23(b),
exhibits a minimum at d,B = 65Gcm ™!, thus chosen to implement the optimized sequence. The
phase-space density from figure 4.23(d) shows that the gradient ramp compresses the MOT,
mostly by reducing its size more than the number of atoms as can be seen in figures 4.23(c) and
4.23(a), respectively. At the end of the temperature reduction procedure, we reach an average
temperature T = 2.4mK for the 88Sr blue MOT.
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Figure 4.24: Number of atoms and temperature in the Sr and 87Sr blue MOTs as a function of
the (a,b) 679nm and (c,d) 707nm repumpers lasers powers before the glass cell.

4.4.4.4 Repumping efficiency

In this last paragraph concerning the blue MOT characterization, we study the influence of the
repumping lasers. When either the 679nm or 707 nm beams are switched off, the MOT population
is strongly reduced such that the number of atoms goes below the absorption imaging noise level.
The dependencies of the ®8Sr and 87Sr with the repumping beams on are presented in figure 4.24.

The number of atoms in the bosonic MOT presents a slight depletion near the 679nm laser
power Pgrg =450uW, as can be seen in figure 4.24(a). For the 707nm, no clear dependency upon
the laser power is observed in figure 4.24(c). On the other side, the fermionic MOT is optimized
for the values Pg79 = 650uW and P7p7 = 3.0mW. Concerning the temperature, both isotopes do to
not seem to be particularly affected by these lasers powers, as presented in figures 4.24(b) and
4.24(d). In conclusion, both MOTs are optimized for these two powers, avoiding us from modifying

the repumping power when switching from one isotope to the other.
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Conclusion on the blue MOT

To conclude on the blue MOT characterization and optimization, we operate at the same laser pow-
ers for 88Sr and 87Sr but different frequencies. In the 3s long loading phase, the Zeeman slower
power is kept at Pzg = 10mW, the repumping beams at Pg7g = 650uW and Pr7¢7 = 3.0mW, and
the MOT power value verifies Pyror = 8.0mW. The magnetic field gradient is also kept constant
with a longitudinal amplitude 8,B = 32.5Gcm™!. In a final compression phase where the Zeeman
slower beam is switched off, we linearly ramp the gradient up to 8,B = 65Gcm™! and the RF
amplitude of the AOM controlling the MOT beams power down, ending with Py;o7 = 200uW. The
difference between the two isotopes lies in the laser detunings, equals to 6vyor = —28 MHz and
8vzs = —545MHz for the 88Sr isotope, while all the blue laser frequencies for 8’Sr are detuned
by —47MHz compared to the previous values. The repumpers are also scanned over wider ranges
of 1.7GHz for the 679nm and 6.0 GHz for the 707 nm lasers.

With these parameters and the optimized time sequence from figure 4.13, we produce an 88Sr
blue MOT of typically 2 x 107 atoms at a temperature T' = 2.4mK and an 87Sr cloud of 9 x 10° at
half this temperature. We have also demonstrated that the bosonic MOT contains a fraction of
86Sr isotopes. A picture of such bosonic blue MOT taken in the laboratory is presented in figure
4.25(a). An absorption image of the MOT in figure 4.25(b) shows a cloud with a Gaussian e~ "2
radius of 1.5mm, in agreement with the estimation from equation 4.17 which gives a size of

v/ (z2) =1.3mm for so = 0.5 and 8,B = 32.5Gem™1.
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Figure 4.25: (a) Picture of a typical 33Sr blue MOT inside the glass cell. The right-angled mirror
prism is visible on the left part of the image. The MOT fluorescence corresponds to the highly
saturated blue circle at the center, while the other ones correspond to MOT and Zeeman slower
beams reflections onto the surfaces of the cell. (b) Absorption image of the blue MOT taken along
the horizontal 2 and vertical v axes of the CCD camera.
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4.5 Narrow-line cooling on the red intercombination line at
689nm

Due to their two valence electrons structure, alkaline-earth elements present very interesting
narrow transitions from singlet to triplet manifolds. Such so-called intercombination line operates
between the strontium ground-state 1(552)1S() and the excited |(5s5 p)3P1> state at 689nm. With
a natural linewidth I', = 27 x 7.4kHz, a MOT on this transition operates in the quantum regime,
as described in section 4.3. It is theoretically limited to the recoil temperature, ending with
a colder sample than in the Doppler regime. On the other hand, the dipole force induced by
photons on such a transition is weaker than for a large transition, as it is proportional to I';.. This
statement makes impossible a direct Zeeman slowing from the atomic beam on this transition
with the available laser power. The common approach thus consists in slowing and trapping a
large number of atoms using the dipole allowed transition at 461 nm, as described previously, to
load a colder narrow-line MOT in a second stage. Similar schemes are applied for trapping and
cooling of calcium [185], radium [186] and magnesium [187]. Interestingly, for barium [188] as
well as for the lanthanides such as ytterbium [189] and dysprosium [190], the intercombination
line is wide enough to directly operate a MOT after Zeeman slowing on the larger dipole allowed

transitions.

4.5.1 Narrow-line cooling techniques

The main difference between Doppler and narrow-line cooling lies in the fact that the recoil effect
from photon absorption cannot be neglected for the latter. Indeed, the recoil velocity induced by a
single 689nm photon v, = hk/m = 6.6mms~! induce a Doppler shift v, = hk2/m = 9.6kHz, larger
than the natural linewidth I',./27. The quantum nature of light can then not be neglected in this

regime, hence the name quantum regime.

At the end of the blue MOT stage, the Maxwell-Boltzmann standard-deviation of the Doppler
shifts is given by o, = \/W =~ 1MHz for a T'= 2mK cloud. In order to load these atoms
into the red MOT, one thus needs a broadening mechanism. Two ideas have been implemented
to realize such broadening. First, the saturation intensity I;,; = 3pW/cm? being very weak for
the red transition, the line can easily be power broadened to a linewidth I',\/1+sq. The second
idea consists in broadening dynamically the red laser frequency. Until 2017, the traditional way
of doing so was to modulate the MOT laser frequencies in a sinusoidal manner, for instance
by modulating the voltage of a Voltage Controlled Oscillator (VCO). This method, developed by
Katori et al. in 1998 [49], is referred to as the Broad Band (BB) phase. A variant of this scheme
was developed by Norcia et al. at JILA [164]. Instead of modulating the phase in a sinusoidal
manner, they generated upward linear frequency ramps in a saw-tooth way, hence naming the

technique Saw-tooth Wave Adiabatic Passage (SWAP) [174]. Hereunder, we compare the two
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Figure 4.26: (a) One dimensional configuration for red MOT operation. Two counter-propagating
beams with opposite circular polarizations are sent toward an atom with velocity . The Doppler
shifted frequencies of the laser are indicated on the corresponding lasers. (b) BB phase scheme.
The laser frequency is modulated symmetrically over time. The Doppler and Zeeman shifted
energies of the excited state are represented as red lines, detuned by the recoil frequency w,
at photonic absorption events. The stimulated emission events are presented as red arrows.
(c) SWAP mechanism. The laser frequency is modulated in a saw-tooth manner, preventing
stimulated emission in the beam absorbed during the upward ramp. The atoms thus have a
higher probability to decay by stimulated emission, represented as a wavy arrow.

methods to motivate our choice of operating the first stage of the red MOT using SWAP.

4.5.1.1 SWAP mechanism

Broad Band technique : To understand the difference between the BB MOT operation and
the novel SWAP technique, we briefly summarize the first technique. The idea behind frequency
modulation is to generate a Dirac frequency comb in the Fourier domain, which acts as broaden
laser spectrum. In BB modulation, the laser frequency is temporally modulated in a symmetri-
cal manner, such as the triangular function of repetition period 7' and modulation amplitude

A = Weng — Wstart Tepresented in figure 4.26(b). This type of temporal frequency modulation
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traduces on the electrical field spectrum as a Dirac comb with peaks separated by dw = n/T,
multiplied by an envelope with a width proportional to A. Increasing the modulation amplitude
thus results in broadening the spectrum, with a price to pay being the reduction of the intensity
per peak. This method can thus be compared to a MOT acting in the Doppler regime, where the
large maximum force shell of spatial width I'/y;0,B and radius |Agl/y 0B is replaced by a sum

of thinner shells distant from each other by an amount dw/y;d,B.

SWAP advantages: The BB method described above has proven to efficiently cool strontium
atoms from the blue MOT in a variety of experiments. Nevertheless, it can be improved by a
simple modification. To understand the issue behind the BB mechanism, we consider an atom
moving along the z axis with a given velocity v, illuminated by two counter-propagating beams
with opposite circular polarizations, as pictured in figure 4.26(a). The Doppler and Zeeman
shifts experienced by the excited states |(5s5p)3P1,m. ) can be combined in a single parameter &

written as
(4.43) 6=kv,+mygyj0,Bz.

Considering the case § > 0 and the laser frequency being ramped towards high frequencies, the
counter-propagating beam o_ gets on resonance with the lower energy m = —1 state before the
co-propagating one with the higher energy state. An atom in the ground state is then transferred
to the excited m s = —1 state by absorbing a photon, which induces a Doppler shift of —kv,.. This
situation is represented in figure 4.26(c), where the excited state energies of the considered atom
and the laser frequency as a function of time are represented. Even if the authors originally
envisioned stimulated emission from the co-propagating beam to bring back the atom to the
ground state [164], this situation is prevented by the selection rules in a MOT. They finally showed
that it remains in the excited state during the rising part of the ramp [174]. This conclusion
has been corroborated by Snigirev et al. from the Munich Max Planck Institute in 2019, in a
paper studying both numerically and experimentally the BB and SWAP mechanisms [109]. On
the other hand, a stimulated emission process can occur in the BB case during the downward
frequency ramp. As the atom emits a photon into the same beam than the absorbed one, the
momentum exchange at the end of the cycle is strongly reduced and thus the cooling as well.
Interestingly, the SWAP MOT works best in a regime that can neither fully be described by the
Landau-Zener formalism for adiabatic transfer, which requires 7' < 7, nor in the steady-state
formalism for which 7" > 7. We can thus only give an upper bound py 7 for the adiabatic transition
probability from the ground to an excited state, given by [191]

z 02
(4.44) prLz=1—-e 2,
where a = Ag/T corresponds to the sweep rate for a swap detuning amplitude Ag and the Q to

the Rabi frequency.
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By suppressing the downward frequency ramp, the SWAP technique relies on spontaneous
emission to achieve cooling. The probability for an atom promoted to one of the excited states
to remain in that state thus follows an exponential decay with a lifetime given by the natural
linewidth 7 = 1/T. Tuning the repetition period close to the excited state lifetime as T ~ 7 allows
to maximize the influence of spontaneous emission. Indeed, as soon as the atom is reset to
the ground state, it gets excited by the next laser frequency sweep. The atom thus receives a
momentum kick Ak per sweep at maximum, opposed to its velocity. One can see from figure
4.26(c) that the process stops to be efficient at a detuning smaller than the Rabi frequency |5| < Q.
In this regime, the competition between the two lasers for excited state promotion results in no
momentum transfer on average.

Another main advantage of the SWAP technique is that it can efficiently trap fermionic 87Sr
atoms without the need for a stirring laser [174]. This major simplification, combined with the
ease of implementation of SWAP using DDS systems, makes this technique a powerful tool for
strontium red MOT implementations. This is the path we followed in our experiment, which

experimental characterizations are presented in 4.5.3.

4.5.1.2 CW final phase

While the SWAP technique is an efficient tool for capturing strontium atoms from the blue MOT,
its final temperature is limited to kg7 = h{)/2 as in Doppler cooling [109]. To further cool the
red MOT and achieve temperatures close to the recoil one, a Continuous Wave (CW) phase is
necessary. In this second red MOT stage, the laser frequencies are set to a fixed detuning Ay <O0.
The physics in this regime is different than for Doppler or SWAP operations, mainly because the
light forces become very weak. Gravity is then no longer negligible as the maximum scattering

force F,qx = hkI'/2 is only 16-times larger than mg.

Usually, the dynamical transition from SWAP to CW is done by keeping in a first time the
laser powers relatively high such that sg > 1. The induced force is thus comparable to the SWAP
force. To achieve the smallest temperatures, the power has to be reduced until it reaches a level
so ~ 1. Under these conditions, the MOT density is expected to be concentrated at the bottom of
the maximum force shell determined by the CW detuning. The experimental results concerning

this phase will be presented in 4.5.4.

4.5.2 Red MOT time sequence

At the end of the blue MOT compression phase, the atoms are driven by the blue MOT lasers
detuned by —28 MHz with a longitudinal magnetic field gradient d,B = 60Gcm™!. During the
SWAP and CW phases, the red beams detuning equals a few MHz for the former, and is even

narrowed down to several kHz for the latter. In order to keep a capture region on the same
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Figure 4.27: Time sequence for the red MOT operation. The time axis is referenced to the end
of the sequence £.,4. The blue MOT power switch off corresponds to 3.1s after the beginning of
the blue MOT loading from figure 4.13. The repumping beams are kept on with constant power
during the whole sequence, while the y and z bias fields are null. Only the first imaging pulse is
represented, the second one being delayed by 100ms.

order of magnitude from the blue to the red MOT, the field gradient has to be reduced by the
same amount. For this reason, we rapidly switch the gradient from the high blue MOT values
to 0,B = 1.3Gem™! at the beginning of the SWAP sequence, as can be seen in figure 4.27. The
transfer timing is limited by our SSR switch circuit, described in 4.1.1.1, which exponentially
decays from one value to the other in a typical 1/e lifetime of 160us. The magnetic bias fields
are kept equal to 0 on the y and z axes, but the x axis is used during the compression phase to
compensate for the fact that the MOT region is placed below the quadrupole coils axis. It thus
has to be ramped up from 4.9 to 7.3 G at the same time as the quadrupole gradient in order to
avoid any MOT displacement, and reset to 0G during the red MOT. At the B-field switching time,
it is important that the blue MOT lasers are completely switched off in order to avoid a fast and
drastic rise of the forces that would make it implode. We thus impose a 200 us delay between
the blue beam extinction and the magnetic field drop off. On the other hand, we experimentally
observe that switching on the red laser beams 5ms before the drop off increases the recapture
fraction from the dipole allowed to the narrow-line MOTSs. Once the red MOT beams are switched
on, we immediately start sweeping their frequency in a saw-tooth manner. The SWAP phase lasts
50ms during which the 689nm beam power is ramped down continuously by linearly ramping
down the slave AOM RF power. At the end of the SWAP stage, we switch to the CW phase where
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Figure 4.28: Sweep amplitude generated by the red master-slave architecture measured with
a wavelength meter. The teeth repetition rate is intentionally slowed by 2 orders of magnitude
compared to SWAP operation to stay below the instrument bandwidth.

the detuning is kept constant. The power of the beams is first increased to be then ramped down
the same way as for the SWAP, in order to reduce the final CW MOT temperature. During the
whole timing sequence, the repumping lasers are switched on with the powers specified in 4.4.4.4.
The timings for the SWAP sequence are limited by the performances of our DDS box system.
The minimum time step for any frequency or amplitude variation is limited to 8ns, far below
the lifetime of the |(5s5p)3P1) state 7 = 21ps, thus not limiting the physics. On the other hand,
delays on the order of 7 occur when switching from a sweeping mode to a single frequency one.
Fortunately, these delays remain small compared to the dynamics associated with atom falling
and do not limit the recapture from SWAP to CW phases.

4.5.3 SWAP MOT characterization

The SWAP technique being a dynamical cooling process, it is very sensitive to the frequency
amplitude and final value as well as precise timing. It has been demonstrated by Snigirev et
al. [109] that the number of atoms captured by the SWAP MOT is not varying for T' < 27, but
linearly decreases for higher repetition rates due to a reduced cooling rate which can not trap the
fastest atoms. In all the experiments presented hereafter, we use a sweep time 7' =50ps = 27.
The characterization of the SWAP stage consists in an optimized blue MOT sequence followed by
a varying number Ng of red frequency sweeps, ended by a time-of-flight free fall and absorption
imaging of the cloud. The sweeps are generated by the DDS box driving the red master AOM.
The red slave injection then follows this frequency teeth of amplitude Ag without jumping for

values as high as Ag = 27w x 25 MHz, as shown in figure 4.28.
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Figure 4.29: SWAP MOT pictures for different bias x field amplitudes with Ng =400, Ag/27 =
3MHz and v.,q = 1.2MHz.

4.5.3.1 Alignment sensitivity and procedures

We demonstrated in 4.4.4.1 that the blue MOT has a typical diameter between 2 and 3mm. The
red beams being also relatively small, with a 1/e? diameter of 4.8mm, it would be easy to miss
the cloud recapture if not adjusting carefully the bias fields and red MOT beams. To demonstrate
the magnetic field sensitivity of the cloud, we show in figure 4.29 images of the SWAP MOT for
different values of the bias x field after the gradient drop off. We observe a distortion of the cloud
density for increasing absolute values of the By,, indicating induced light forces pushing the
atoms towards the displaced field zero. We conclude that the bias fields need to be tuned with a
precision of +0.5G, corresponding to the Half-Width at Half-Maximum (HWHM) of the number
of atoms versus Byy.

To ensure that the red beams are correctly centred on the blue MOT cloud, we use a photodiode
pointing towards the MOT region. The experimental alignment procedure follows the steps given

hereafter.

STEP 1 : Periodically switch the magnetic field gradient on and off on a timescale on the
order of 10%2ms in order to make the blue MOT blink.

STEP 2 : Properly align the photodiode to maximize the fluorescence variations.
STEP 3 : Switch on the red MOT beams, scanned in frequency over the resonance.

STEP 4 : Maximize the 461 nm fluorescence depletion induced by the 689nm beams axis

per axis by modifying the corresponding red beam alignment.

Once this procedure is fulfilled, one can be sure that the red beams cross at the MOT position.
At the current stage of the experiment, this optimization as to be done approximately every week,
but this timescale could be enlarged by the active temperature stabilization of the optical tables.
The last alignment procedure that had to be realized once and for all was the red beams focusing
in order to compensate for power imbalance induced by the glass cell transmission. In contrast

to the blue MOT, where we can use the fluorescence depletion produced by the red beams, an
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Figure 4.30: (a) Fluorescence signal of 5 blue MOTs in a raw. The data are presented as blue
points while a fit according to equation 4.39 plus an offset is given as a black line. (b) Correlation
between the fluorescence loading amplitudes and the number of atoms determined by absorption
imaging. The blue points corresponds to the data and the orange dotted line to a quadratic fit.

equivalent procedure is extremely challenging for the red MOT. Indeed, this phase has to be
produced dynamically and there are no narrower transitions to probe an eventual fluorescence
triplet, apart from the clock transition which presents its own challenges for spectroscopy mea-
surement. We thus only had a direct look at live absorption images of the SWAP MOT and tried
to increase the number of trapped atoms while modifying the beams focusing, as well as ensuring

a symmetrical density profile.

As we are interested in increasing the recapture from the blue to the red MOT, we also need
a procedure for measuring the number of atoms in both phases during a given sequence. This
can be done by using the same photodiode as mentioned above pointing at the blue MOT and
recording its loading, while the number of atoms in the red phase is determined by absorption
imaging. We average each MOT realization with fixed parameters over at least 5 cycles, and
use the fluctuations in atom numbers to compute error bars. A sequence of 5 MOT loadings is
presented in figure 4.30(a), with fits following equation 4.39 plus an offset due to blue MOT beams
reflections on the glass cell. In order to correctly infer the number of atoms in the blue MOT
from the fluorescence curves, we add a calibration procedure to each dataset where we record
absorption images of the blue MOT and fluorescence loadings simultaneously and correlate the
two, as shown in figure 4.30(b). The non-linearity between the fluorescence amplitude and the
number of atoms reflects the MOT population dependency on the MOT beams power represented
in figure 4.22(a). Indeed, the number of atoms saturates for Py;o7r = 8 mW, while the fluorescence

signal is more linearly dependent to the beams power.
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Figure 4.31: (a) Number of atoms and (b) Gaussian radius during a TOF experiment for a small
number of sweeps Ng = 100 and a longer SWAP duration Ng = 1000.

4.5.3.2 Evolution of the density along the SWAP phase

In the time-of-flight (TOF) temperature measurement technique derived in paragraph 4.4.1.2, the
atomic cloud spatial and velocity densities are assumed to be Gaussian. The extent of the cloud
size as a function of the release time ¢ then gives the temperature, as stated in equation 4.28. In
our imaging system, the hottest measured clouds such as the blue MOT, where a temperature
of 3mK leads to a velocity distribution with a standard deviation of 0.55ms™1, get out of the
imaging beam region for TOFs as short as 2ms. This behaviour can be observed in figure 4.31(a),
where the number of atoms in a hot SWAP MOT with a short number of sweeps Ng = 100 linearly
drops down with ¢, while a colder SWAP MOT with Ng = 1000 is insensitive to the release time. A
similar observation can be done with the cloud size, represented in figure 4.31(b), which saturates
in the first case and linearly expands in the second case, as expected. Gravity is also a limitation
for our imaging apparatus, as free falling atoms start to reach the bottom of the imaging region
at t =20ms.

In addition to the apparent atomic losses in the TOF experiment, the temperature deter-
mination is being complicated by the fact that the density profile is no longer Gaussian during
the SWAP MOT. An illustration of this phenomenon is presented in figure 4.32(a), showing an
absorption image of a cloud in the short SWAP times regime. The picture exhibits a crossed
density profile, with an apparent Gaussian center. This assumption is confirmed by the projection
of the number of atoms onto the camera horizontal axis in figure 4.32(b). My interpretation is
that, during the recapture process from the blue to the SWAP MOT, the hottest fraction of atoms
is not efficiently trapped by the red beams and is ejected from the cloud center. As the MOT
force is maximum at the beams centres, the atoms leave the cloud along the minimum force axes.

If one imagines the optical beams transverse intensities as squared profiles, these weak axes
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Figure 4.32: (a) Absorption image of a cloud after Ng = 200 sweeps and a TOF of 5.5ms for a
SWAP detuning amplitude Ag/27 = 8.0MHz and offset v,,,; = 1.0 MHz. The red beams are kept at
the constant power P,yror = 5.6 mW per axis before the glass cell. The white circle corresponds to
the fitting region which corresponds to 0.7 times the imaging beam 1/e? diameter. (b) Histogram
of the number of atoms on the horizontal axis of the camera. The data are presented in blue,
while the orange curve represents a fit made of the sum of the three black dotted lines profiles
according to equation 4.46. The central profile is gaussian while the wings are doubled-sided
Gaussians from equation 4.45. The fit residuals are given by the yellow curve.

correspond to the diagonals of an imaginary cube created by the beams overlap region, explaining
the cross profile observed in figure 4.32(a). Fitting the central part of the profile with a Gaussian
leaves us with “wings” on the edges, with different amplitudes on the right and left probably due
to remaining power imbalances. Inspired by coronal mass ejections models [192], I adjust the
wings by double-sided Gaussian functions. These W functions are made of two half Gaussians

sharing a common amplitude and central position, but distinct radii as follows

_ =xp)? i ar, if x < xg
(4.45) Wes(x—xg)=e 22 ,witho =

s, if x = xg

The total number fitting function C in figure 4.32(b) is then a sum of a Gaussian with adjustable
offset and two wings profiles with adjustable heights and sizes on both edges, according to the
following equation

_ (x-x)?

(4.46) C(x)=N;Wy s1(x —x7)+Noe 204 + N Wep or(x —x7),

with /, 0 and r corresponding to the left wing, central gaussian and right wing, respectively.

As we apply longer and longer SWAP phases, the density profiles evolve towards a reduction
of the number of atoms in the wings. This feature can be observed directly on the images taken
for different Ng in figure 4.33(a). It is confirmed by figure 4.33(b), showing the fraction of atoms
in the wings compared to the central Gaussian, expressed as (N; + N,)/Ny. The width of the
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Figure 4.33: (a) Selection of in situ absorp-
tion images for different number of sweeps
Ng. (b) Fraction of atoms in the wings pro-
files compared to the central gaussian. The
SWAP duration tgwap is offset by 5ms com-
pared to NgT to account for the 5ms part
overlapped with the blue beams ramp down.
(c) Temperature estimation from the stan-
dard deviation (std) of the horizontal projec-
tion of the number of atoms (orange) and
from the size of the central Gaussian fit
(blue). The atomic losses along the TOF ex-
periment combined with the particular ve-
locity distribution in the SWAP phase lead
to artificial negative temperatures. The sit-
uation is improved when using the crossed
profile fit function from equation 4.46. (d)
Recapture fraction from the blue to the
SWAP MOT, including all the atoms present
on the absorption images.

error bars is directly linked to the atomic losses during the TOF and thus reduces at higher

Ng. All the preceding effects combined lead to a complicated determination of the temperature,
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even giving negative temperatures when considering the standard deviation of the number of
atoms along the horizontal axis of the camera, as can be seen in figure 4.33(c). Taking into
account only the central Gaussian width to determine the temperature improves the situation,
but remains very sensitive to the fitting parameters and can not provide an accurate temperature
determination. Nevertheless, the temperature estimation converges for long SWAP durations to
a value T, = 40(10)uK for this set of parameters. The recapture evolution from blue to red as a
function of the number of teeth is given in figure 4.33(d). After a first drop off within the first
20ms starting from one half of the number of atoms in the blue MOT, the fraction stabilizes to

about a third for these unoptimized parameters.

4.5.3.3 Frequency sweeps parameters

As detailed in 4.5.1.1, the sweep frequency amplitude Ag and its final value v,,4 are key parame-
ters in the SWAP dynamics. In this paragraph, we present a characterization by means of these
two quantities, for a number of teeth Ng = 600 equivalent to a time tgwap = 25ms with the blue
beams off and the red beam power kept constant to P07 = 6.2mW. The recapture fraction from
the blue MOT is given in figure 4.34(a) for different Ag. We observe a maximum in the region
ranging from Ag = 27 x 6MHz to Ag = 271 x 8 MHz, followed by a drop off for higher amplitudes.
This recapture fraction reduction could be explained by the reduced intensity available per fre-
quency tooth in the Fourier domain. Nonetheless, atoms are still trapped for amplitudes as high
as 25 MHz, proving the robustness of the technique. The corresponding temperatures, pictured in
figure 4.34(b), are estimated by taking the expansion of the central Gaussian from the crossed
profile in equation 4.46. The results show that lower temperatures can be reached by increasing
Ag.

In a second stage, we use the best detuning amplitude of 8MHz to characterize the influence
of the final frequency v,., 4. In the recapture fraction from figure 4.34(c), one can see that the
SWAP technique starts to be efficient when this frequency approaches 0. Moreover, the number
of atoms is maximized for a significant part of the ramp lying above the atomic resonance, and
only drops off when v,,,; approaches the sweep amplitude Ag. This behaviour is explained by
the fact that SWAP cooling relies on an imbalance between the probabilities of exciting an atom
from the ground state to one of the [(5s5 p)3P1, m g = +1) excited states. This process is robust to
blue detuned laser frequencies, as an atom adiabatically promoted to the lowest lying energy
state during the upward frequency ramp will remain in that state when the frequency crosses
the highest excited state resonance [174]. We thus observe a recapture maximum from the blue
MOT in figure 4.34(c) in a broad region centred around 27v,,q = Ag/2. The temperatures in
figure 4.34(d) follow the same considerations, with a minimal temperature range v,,q4 € [1,5]MHz

corresponding to the maximum atomic recapture range.
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Figure 4.34: (a) Recapture fraction from the blue MOT and (b) temperature estimated with
the central Gaussian for varying SWAP amplitude Ag with a fixed offset v,,q = 1.0MHz. (c)
Recapture and (d) temperature as a function of the final frequency offset v,,q with a fixed
amplitude Ag = 8.0MHz. Both dataset are taken at the fixed red beam power of 6.2mW per axis
and for a number of sweeps Ng = 600.

4.5.3.4 Red beams power

As is the case in Doppler theory, the red MOT beam powers during the SWAP phase influence
both the recapture fraction and the temperature. It has been shown in the previous SWAP
experiments that the number of trapped atoms increases linearly with the beam powers and
reaches either a plateau or a maximum [109], while the temperature presents a minimum at
smaller values [164]. To confirm these observations, we characterize the SWAP recapture and
temperature in two steps. In the first experiment, we keep the laser power at a constant level and
measure the number of atoms as shown in figure 4.35(a). We find a maximum recapture fraction
from the blue MOT for a starting power P,pror =5.5mW, lower than the highest optical available
powers of the red slave laser. In the second experiment, we linearly ramp down the red slave

AOM RF power, and thus adiabatically ramp down the laser power from the maximum available
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value to a reduced one. The results are shown in figure 4.36(a). The corresponding phase-space
density is presented in figure 4.36(b) as a function of the final three-dimensional Rabi frequency
Q3p,r. For one beam, the Rabi frequency can be expressed as (2 =I'/s¢/2. Summing over the six

red MOT beams and accounting for the glass cell transmission 7, this parameter is given by

/3
(4.47) Qsp =T 580T(1+T2),

where sg = Io/I4; is the saturation parameter computed with the incident intensity Iy per beam
before the glass cell. It appears from figures 4.36(a) and 4.36(b) that the fitting method developed
in 4.5.3.2 tends to overestimate the temperature in this regime, but also smoothens divergences
from the raw data. The results exhibit an optimum for the temperature and the phase-space
density at a final power P,y o1 r = 200uW. The estimated temperature at the end of this sequence
lies below 30K, but a more precise study including longer time-of-flights would be necessary to

give a precise value.
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Figure 4.36: Recapture fraction from the blue MOT to a red optical molasses after an optimized
SWAP phase as a function (a) of the 689nm laser detuning and (b) the laser power per beam

in logarithmic scale. The data are represented as blue points and the orange dotted line is a
Pew \*

fit on the lowest powers according to log(P—O) with Po = 7uW and a = 0.1. In the first dataset,

the power is kept constant to Pcw = 100pW while in the second one the detuning is fixed to
dcw = —-90kHz.

4.5.4 CW operation

The final stage of the red MOT is a Continuous Wave (CW) phase where we keep the laser detuning
constant during 50 ms. Starting with the optimized SWAP phase described in the previous section,
we present results on a CW MOT with a longitudinal magnetic gradient 3,B = 1.3Gem™!, as
well as a molasses experiment where ,B = 0Gem™! in the continuous phase. In theory, optical
molasses achieve colder temperatures than MOTs [193], making a potentially interesting tool to

reduce the final red MOT temperature before the atomic transport to the ring cavity.

4.5.4.1 Red molasses

In this paragraph, we characterize a red optical molasses applied during 50ms with constant
detuning 637, and power Pjs,; for the red MOT beams. As the temperatures get as low as a
few pK in this phase, the realized studies do not provide a sufficient precision with our current
imaging apparatus, and we only focus on the recapture fraction from the blue MOT presented in
figure 4.36. The recapture as a function of the molasses detuning from figure 4.36(a) shows an
optimum at d7,; = —90kHz. For this particular value, we are able to recapture approximately
one third of the atoms initially captured. This number can be improved by adjusting the laser
power, as shown in figure 4.36(b). It appears that, for powers Pps,; < 1mW on each MOT axis, the
atomic recapture logarithmically drops down as demonstrated by the fit on the lowest powers.
At higher laser powers, it saturates to 45(5)%, similarly to the SWAP MOT. The relatively high

powers necessary to recapture all the atoms from the SWAP phase can be explained by the fact
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that we switch from a broad frequency modulated MOT to a single frequency operation. Power
broadening of the red transition in the molasses phase thus allows to recapture almost all the
atoms from the SWAP MOT. As the temperature is known to decrease with laser intensities due
to a reduction of the photonic diffusion, it is relevant to start the molasses phase with a power

Pyro1 = 1mW, lying above the final SWAP value, and ramp it down along the molasses operation.

4.54.2 CW MOT

At the end of the red MOT, a CW MOT operation has been studied with a magnetic gradient
9,B = 1.3Gem™! applied during 50ms, at a constant optical power. In the laboratory frame
{x,y,z}, the maximum of the MOT force for a detuning Ay can be represented in three dimensions
as an ellipsoid following the equation

N2 N2 2
(4.48) (x xo) +(y yo) +(Z ZO) -1,

Iy Ty rs

where r, =r, = [Agl/(y j0,B) and r, = |Agl/(yj0,B) correspond to the elliptic radii, with y; =

2.1MHzG™! for a J = 1 transition. This equation can be parametrized as follows

x—x9=rycosfcosp
(4.49) Yy —Yyo=rycosfsing

xX—x9=r,sinf

with the reduced latitude —§ <60 < § and the longitude 0 < ¢ < 27. Due to the angle a between
our imaging system and the y axis shown in figure 4.6, the MOT shell projections onto the CCD

camera follows

(4.50) { v —vg=rycosdcose

h—ho=rycosOsingsina+r,sinfcosa

rySing
rytana

where tanf = is fixed by the condition b = by.

The absorption images taken for different detunings are shown in figure 4.37, with a closer
look at ¢w = —100kHz and its projections onto the horizontal and vertical axes of the CCD cam-
era in figures 4.38(a) and 4.38(b), respectively. For these settings, the MOT shell from equation
4.50 presents radii r, = 730pum and r, = 365um, according to equation 4.48. The comparison
between the cloud density and the MOT force shell reveals a large CW MOT compared to previ-
ously reported experiments [50, 101]. The main reason is that the intensity of the laser beam is
kept as high as 2 x 1031, in order to recapture a maximum number of atoms from the SWAP
MOT. Moreover, our experiment uses a quadrupole coil pair centred on a horizontal axis in the
lab frame, while the usual implementations use vertically aligned coils. The atoms thus tend
to accumulate at the bottom of a trap which is twice narrower in the z dimension than in its

vertical coil pair counter-part. Nevertheless, we observe the previously reported gravitational sag
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Figure 4.37: Absorption images of the CW MOT for different detunings. The maximum MOT
force ellipsoids from equation 4.50 are represented as white dotted ellipses.

in figure 4.38(b) as the vertical atom number projection presents a steeper variation in the v <0

region than in the v > 0 region.

The recapture fraction from the blue MOT for different CW detunings, presented in figure
4.38(c), presents a maximum of 65(5)% at dcw = —100kHz. This value indicates that we capture
all the atoms from the SWAP MOT, presenting a similar recapture fraction for optimized parame-
ters. For smaller absolute values of the detuning, the trap ellipsoid becomes smaller and smaller
and can not efficiently capture the remaining atoms. At the same time, it increases the cloud
temperature as can be seen in figure 4.38(d). On the other side, for §cw < —100kHz, atoms are
leaking from the trap and fall as can be seen in figure 4.37. To conclude, the number of atoms is
maximized at the transient value, ensuring at the same time a temperature below 20 uK.

In order to further decrease the final temperature, we implement a power ramp down along the
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4.5. NARROW-LINE COOLING ON THE RED INTERCOMBINATION LINE AT 689nm
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Figure 4.38: (a) Absorption image and (b) projection of the number of atoms on the two axes of
the CCD camera r € {h,v} for 6cw = —100kHz. (c¢) Recapture fraction from the blue to the CW
MOT and (d) temperature inferred from the central Gaussian as a function of the detuning for a
constant power Pow =540 uW.

50ms CW phase by linearly ramping the red slave AOM RF power, as previously done during
the SWAP phase. For a final power Pcw y = 1nW we still trap 55(5)% of the atoms from the blue
MOT at a temperature approaching the recoil limit, even if a precise temperature determination
still needs to be realized.
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CHAPTER 4. TRAPPING AND COOLING OF STRONTIUM ATOMS

Conclusion on the red MOT

At the end of the SWAP and CW MOT characterizations, we conclude that we are able to trap
more than 50% of the atoms from the blue MOT, at a temperature approaching the uK. To realize
this performance, we use a 45ms long SWAP phase with 5ms overlapped to the final blue MOT
compression. Within this time interval, we implement saw-tooth frequency sweeps at a repetition
rate T = 50us with an amplitude Ag = 27 x 8.0 MHz and an offset v,,q = 2.0 MHz compared to the
1(552)1So) — |(5s5p)3P1) transition of 88Sr. The red beams optical powers are ramped down from
P,yor =5.5mW to Pryor,r =200uW on each retro-reflected MOT axis. In a second stage, we fix
the detuning to dcw = —100kHz for a CW MOT operation. The laser power are once again ramped
down from Pcw = 500uW to a final value Pcw r = 1uW. During the whole red MOT sequence,
the longitudinal magnetic field gradient is fixed to 0,B = 1.3Gcm™!. The cloud resulting from
the total sequence is presented in figure 4.39(a), with its projections onto the CCD camera axes
in figure 4.39(b). In order to increase the phase-space density before the transport from the
MOT region to the ring cavity, a longer low power phase could be implemented at the end of
the sequence, at the cost of loosing a fraction of the atoms. We also demonstrated that optical
molasses at 689nm can be implemented to further reduce the cloud temperature. This phase is
optimized for a detuning 67,; = —90kHz and a power Pjs,; = 1mW, which can be ramped down

to decrease the temperature even further.

(a) (b)
3 200 20000
2
150 g15000
1 2 <]
g ©
= ki
E 0 1003 ? 10000
H 2 3
= Q
-1 2 £
S 5000
50 Z
2
0
3 0 | | | | ]
3 2 A 0 1 2 3 -4000 -2000 0 2000 4000

h (mm) r (um)

Figure 4.39: (a) Absorption image of the final CW MOT after optimization and (b) its projections
onto the axes of the imaging camera r € {h,v}.
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CONCLUSION

uring this project, we implemented a simple, compact and efficient apparatus for stron-

tium trapping and cooling. In chapter 2, the laser system that I designed and built

for operations on the blue, red, repumping and clock transitions has been presented.
It results in laser lineshapes and stabilities narrower than the natural linewidths for all the
transitions involved in MOT operations. Also, a versatile frequency generation setup allows
to address the transitions of the most abundant bosonic 88Sr and fermionic 87Sr isotopes. A
first determination of the clock laser linewidth, obtained with a stabilization on a high-finesse
ultra-stable cavity, is equal to 200Hz. This value gives an estimation of the expected Fourier
limited resolution for future experiments on the clock transition, but can still be improved with
higher bandwidth locking schemes. The day-to-day frequency drift of the Fabry-Pérot ultra-stable
reference cavity has been measured to 5.94(3)kHz, which does not limit the red MOT operations
but needs to be actively compensated with the 698 nm laser AOM in order to address the clock

transition.

In chapter 3, the vacuum system designed and assembled by our team has been described.
At the heart of this system, a low power consumption home-made oven allows to produce an

0'3atoms™! at 460°C, using

effusive beam of strontium atoms with a total flow rate of 3.9(2) x 1
only 13W of electrical heating power. Its capillary design, characterized by a peaking factor
of 3.9 at this temperature, combined with two cold apertures results in a collimated atomic
beam of 3.0(2) x 10%atoms™! in the MOT region located in the glass cell, 15cm away from the
oven. A characterization of the beam angular distribution has been performed by transverse
absorption, with a theoretical description accounting for the finite probe laser beam diameter. We
also measured a small atomic beam transverse velocity spreading of 7(2)ms~!. With the presence

0~ mbar inside the glass cell.

of the differential pressure hole, we obtain a pressure of 1.3 x 1

This compact vacuum system is combined with a coil assembly that is used to achieve
both Zeeman slowing and MOT capture on the blue transition simultaneously, simplifying the
experimental apparatus compared to usual Zeeman slower setups as described in chapter 4. This
hybrid slowing and cooling mechanism at 461 nm leads to the trapping of 2 x 107 atoms in 3s at a
temperature of 2mK at the end of an optimized laser power and magnetic gradient time sequence.

A second stage SWAP cooling on the red transition brings 80% of the atoms to a temperature of
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CHAPTER 4. TRAPPING AND COOLING OF STRONTIUM ATOMS

approximately 20K in 40ms. Finally, a CW operation at constant detuning and reduced optical
power lowers the temperature to the uK range, reaching the precision limitations of our current
imaging setup. At the end of this sequence, a total fraction of 55% is held from the blue to the red
MOT. Moreover, I proved that red optical molasses could be implemented to further reduce the

temperature before transporting the atoms to the cavity.
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PROSPECTIVES ON THE RING CAVITY

In the last months of my project, Torben Popplau assembled a high-finesse micro ring cavity
visible in figures 4.40(a) and 4.40(b), based on the design presented in his PhD thesis [61]. The
cavity is made of an astigmatism compensated mirror dug onto the tip of a multi-mode optical
fiber of diameter 210 um by COg machining, and two planar mirrors consisting in 2.5 x 2 x 1 mm
fused silica wafers. The fiber is placed on a shearing piezo electric actuator allowing to adjust
the cavity length around its nominal value of 500 um. The near-concentric operation of the cavity
leads to a beam waist of 3.5um. A first estimation of the cavity finesse gives & =4 x 10%, leading
to a single atom cooperativity C; = 80 for future CQED schemes.

This cavity is assembled on a glass plate which will be glued onto the top inner surface of the
glass cell. The atoms thus need to be transported from the MOT region to the cavity. For this

Y in a moving lattice

purpose, we will use a green laser with an optical power of 5mW at 515nm’
configuration. The trapping potential will be produced by two counter-propagating beams detuned

from each other by dw. The resulting trapping potential along the transport m axis writes

2 2.2 2
w _20%+y%) o
(4.51) Ulm,y,)= —L—e  wm cos (—“’t —km) ,
w2(m) 2
where the spatial coordinates are represented in figure 4.40(c), and Uy is the trapping potential
given by
AL T Iy
4.52 Up=—-— ,
( ) 0 2 A1 sat

with A = w — wg the detuning between the trapping light and the blue transition at 461nm, I' the
transition linewidth and Iy the trapping beam intensity in each arm. This transport will occur on
a distance of 1cm, at an angle of 50° compared to the vertical axis of the experiment, as pictured
in figure 4.40(c). The longitudinal trapping potential is shown in figure 4.40(d). With a realistic
optical power of 0.5W per beam and a trapping waist wg = 40um located inside the cavity, the
obtained trap depth is large compared to the final red MOT temperature and should allow to

efficiently transport a non negligible fraction of the atoms.

The experiment is thus ready to host the optical micro ring cavity in the glass cell and

magically trap an ultra-cold strontium sample coupled to its light field at the clock frequency.

10Fiber laser ALS-GR-515-2-1-CC-SF from Azurlight Systems. See https://azurlight-systens.com/.
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CHAPTER 4. TRAPPING AND COOLING OF STRONTIUM ATOMS

This promising platform will constitute an entirely new basis for many-body entanglement
studies on an optical clock transition with two possibly interacting cavity modes. The available
physical schemes will thus allow to bring a new contribution to the understanding and generation
of multi-particles entangled states, as well as proposing quantum enhanced precision processes

for quantum optical clocks.
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4.5. NARROW-LINE COOLING ON THE RED INTERCOMBINATION LINE AT 689nm
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Figure 4.40: (a) Picture of the assembled high-finesse ring cavity. The fiber is held by a V-groove
glued on a shearing piezoelectric actuator allowing to adjust the cavity length. The piezo, planar
mirrors and coupling lenses are glued on a maintaining glass plate. (b) Picture of the cavity taken
with a microscope objective. The cavity mode length is equal to 500 um. (¢) Scheme of the atomic
transport from the red MOT to the ring cavity with two counter-propagating green laser beams
at 515nm. (d) Trap depth potential along the transport axis m for a power Py = 0.5W per beam
and a waist wo = 40um located between the two planar mirrors of the cavity.
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APPENDIX

OPTICAL TABLES SCHEMES

he laser systems presented in sections 2.1 and 2.2 of chapter 2 are a simplified version
of the complete optical setup that I developed. A more realistic scheme of the two optical
tables containing the blue and repumping lasers on one side, and the red lasers on the
other side are given in figures A.1 and A.2, respectively. The red laser system is placed on a
breadboard located on the main experiment table, while the blue system is placed on another

optical table located approximately 1m away from the previous one.
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APPENDIX A. OPTICAL TABLES SCHEMES
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Figure A.1: On scale scheme of the optical table containing the lasers at 461nm, 679nm and
707 nm.
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Figure A.2: On scale scheme of the optical breadboard containing the lasers at 689 nm and 698 nm,
as well as the stabilization part of the 813nm laser.
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APPENDIX

LASER ASTIGMATISM COMPENSATION BASED ON ABCD MATRICES
FORMALISM

oth light fields emitted by laser diodes and encountered in optical cavities can be de-
composed on a basis of eigenmodes of the Maxwell’s equations. In an homogeneous and
isotropic medium of refractive index n, these expressions give rise to the Helmholtz

equation written as
(B.1) (V2+E%)E=0,

with & = nw/c for a wave at frequency w. A set of solutions of this equation in the paraxial
approximation is given by the Hermite-Gauss Transverse Electromagnetic Modes (TEM,,,,) [62].
The fundamental transverse mode TEMyy is of particular interest in CQED experiments. Indeed,
it is referred to as the Gaussian mode and is also solution of the free space propagation of laser

beams. The explicit form of the Gaussian mode for a beam propagating along the z axis is given
by

W W R
(B2) E(x,y,z) = EO & e w2 wy(2)? cos
wy(2)wy(2)

where wy; represents the 1/e? intensity radius, or beam waist, in dimension i € {x, y}. The beam

kx? ky?
+ +
2Rx(2) 2Ry(z)

kz —y(2) -y (2)]|,

radii w;, the wavefront radii of curvature R; and the Gouy phases ¥; depend on the position

along the z axis, as represented in figure B.1. The beam radius expression is given by

s \2
(B.3) wi2) = woi\| 1+ 2 Z"‘) ,

2Ri

where z(; corresponds to the beam waist position and zg; = nnwgi//l is called the Rayleigh range,

corresponding to the distance from the waist for which the beam has expanded by a factor v2..
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APPENDIX B. LASER ASTIGMATISM COMPENSATION BASED ON ABCD MATRICES
FORMALISM

Figure B.1: Gaussian beam propagating along the z axis with a waist wg and a radius of curvature
R.

The radius of curvature follows

(B.4) Ri(2) =(z—-z0i)

=l
Z2—20i

(B.5) v;(z) = arctan (ﬂ .
2R

and the Gouy phase is given by

In cavities, the Gaussian beam properties are determined by the radii of curvature of the mirrors,
which shall match the wavefront radii of curvature of the light modes at the mirrors positions.
The Gaussian modes outcoming from laser diodes are generally astigmatic and elongated
along one transversal axis. This is the case for the Moglabs ECDLs that we use to address
the strontium transitions at 461 nm, 689nm, 679nm and 707nm, as well as for the Toptica
DLPro laser used for the clock transition at 698 nm. In order to derive a formalism describing
this astigmatism, one can combine the beam waist and radius of curvature along one of the

transversal axes in a single expression known as the complex radius of curvature q(z) given by
(B.6) q(z)=(z—2z¢9)+izR.

The inverse of this relation writes

2
11wl

B.7) oy = G ZZsz(Z).

Equation B.7 thus serves useful in expressing all the Gaussian beam characteristics at a given
position, knowing only the three parameters wg, z¢9 and A. Also, to infer the beam properties at a
postion z9 from a measurement at position z1, the two complex radii of curvature are linked by

_Aq(z1)+B

(B.8) q(z9) = m,

which makes use of the ABCD matrices well known in geometrical optics. For instance, the free

space matrix for a beam propagating over a distance d is given by

(AB)(l d)
(B.9) = ,
C D 0 1
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and the matrix of a lens of focal length f is expressed as

20,0
C D -1/f 1
Using this formalism, I developed a Mathematica code used to compute the 1/e? radii of the laser
beams at the output of our ECDL lasers and compensate for the measured astigmatism with
sets of cylindrical lenses and anamorphic prisms. To do so, a first step consisted in recording
the beam profiles at different position using a CCD camera, performing a so-called z-scan. In a
second step, the measured beam radii along the x and y axes where fitted by the w(z) function
in order to measure the beam waists positions and values. Finally, the software could be used
to choose the right set of optics along these axes separately in order to focus the two waists at
the same position on the optical table. A z-scan of the 689nm before any corrections is shown
in figure B.2(a). A telescope on the x axis, pictured in figure B.2(b), allowed to correct the laser

astigmatism to obtain the beam radii shown in figure B.2(c).
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Figure B.2: (a) Results of a z-scan per-

formed at the 689 nm ECDL output, show-
ing a strong astigmatism between the x
and y transverse directions. (b) Cylindrical
telescope on the x axis computed with the
ABCD matrix software to compensate for
the astigmatism. (c) Resulting z-scan after
compensation by the telescope. The x and
y components present similar beam waists
w50 wox = woy = 520(10)pm, located at the same
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APPENDIX

DDS BASED FREQUENCY GENERATION SETUP FOR AOMS

he frequency generation system used in our experiment to drive the AOMs is derived
from the previous work of Francesco Ferri [194] on the SAROCEMA experiment. It

1 combined with an Arduino

relies on an AD9959 evaluation board from Analog Devices
Due?. A python code generates a list of instructions controlling the four DDS output channels
amplitudes, phases and frequencies. This list is loaded at the beginning of each experiment
sequence through an ethernet link and stored in the Arduino memory. A Serial Peripheral
Interface (SPI) communication transmits instructions from the arduino to the evaluation board.
This exchange can either be instantaneous or triggered by an external time reference. At the
current stage of the experiment, this reference is given by an independent computer responsible
for the trigger generation via a C++ code. In a nearby future, we aim to implement a fully Python
controlled platform following the spirit of the labscript suite developed by Starkey et al. [195].
This DDS system, shown in figure C.1(a), operates with an external clock frequency of 25 MHz
which can internally be multiplied up to 500MHz. The so-called Shannon criterion gives a
theoretical limitation on the output frequencies to half this value. The channel output power at
different frequencies presented in figure C.1(b) shows a strong attenuation above 200 MHz. We
thus use passive frequency doublers for applications at higher frequencies.
The minimum time interval between operations such as frequency steps in a sweep are limited to a
rate of one fourth of the clock frequency, leading to 8.0ns. In practice, another important limitation
is the SPI communication delay linked to each instructions. These instruction-dependent delays
lie in the 30us range and can be anticipated, but still present a limitation in fast and complex

sequences present in the red MOT operation or CQED schemes.

1See https://www.analog. com/.
28ee https://www.arduino.cc/.
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Figure C.1: (a) DDS box system in-
cluding AD9959 evaluation board from
Analog Devices, an Arduino Due with
equipped ethernet shield and several
power supplies. (b) Maximum output
power of the DDS evaluation board per
channel as a function of the frequency.



APPENDIX

ABSORPTION ON THE |(5s5p)3Py) — |(5s65)3S1) LINE AT 707nm

ue to the need of scanning the repumping lasers for the fermionic MOT operation, we

stabilize their frequencies with the numerical lock described in 2.1.2. For the 707nm

laser, a direct stabilization on the discharge strontium cell is also possible, as shown
by Norcia et al. [125]. The absorption and error signals obtained in our experiment with a
saturated absorption scheme similar to the 461 nm one are presented in figure D.1(a). Moreover,
the theoretical absorption profile computed with the cross-sections derived in section 3.3.2, the
isotope shifts in table 1.3 and the hyperfine shifts in table 1.2 for the 88Sr and 87Sr isotopes
is shown in figure D.1(b). In the data, three absorption peaks are visible, with the side ones
symmetrically located at +4 GHz around the central feature. The theory only predicts the presence
of the central peak, leaving the existence of the two extra peaks unknown. The relative amplitudes
of the red and blue detuned peaks compared to the main one, equal to 70% and 45% respectively,
rules out the possible effects concerning the hyperfine structure of the 87 Sr isotope. Moreover,
even if the isotope shifts of 34Sr and 8Sr do not have been measured for this transition to my
knowledge, and are thus not presented in figure D.1(b), their respective natural abundances
of 0.56% and 9.86% can not generate such absorption peaks. Also, a Zeeman shift of the three
components of the |(5s65)3S1) state in 8Sr would induce the presence of a magnetic field on the
order of 0.1T, which sounds unrealistic for such cell and is moreover not observed on the blue
transition spectrum. These unpredicted peaks could thus come from other molecular species

present in the cell, or strontium ions produced by the high electric fields in the hollow cathode.
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Figure D.1: (a) Saturated absorption signal (blue line) and error signal (orange line) of the 707nm
repumping laser. The frequency axis is referenced to the |[(5s5p)3Py) — |(5565)3S1) transition of
883r. (b) Theoretical absorption profile for 8Sr and 87Sr isotopes compared to the experimen-
tal spectrum in blue. The fermionic absorption line is a sum of all the transitions from the
|(5s5p)3P2,Fg €[5/2,7/2,9/2,11/2,13/2]) to the |(5s6s)3S1,F, € [7/2,9/2,11/2]) manifolds.
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APPENDIX

OPTICAL BLOCH EQUATIONS

n this appendix, we detail the theoretical electric field absorption profile of a two level atom
with a ground state |g) and an excited state |e), separated by an energy hwg. This atom is
placed in a laser field with amplitude &y and frequency w. We assume for simplicity that
its relative phase is zero, without loss of generality. The Hamiltonian for the electric dipolar

interaction in the Rotating Wave Approximation (RWA) can be written as

~  hA hQ
(E.1) H = ?&2—7(6’4_4‘6'_),

where o; corresponds to the Pauli matrix i, A = w — wy is the atom-laser detuning and Q = d&y/h
is the Rabi frequency for the transition with reduced dipole matrix element d. Equation E.1 is
used to compute the time evolution of the density matrix operator p under spontaneous emission

with the Lindblad master equation
(E.2) ——=—[H,p]+T|6-p6+ -

where I is the natural linewidth of the transition. The left part of equation E.2 describes the
unitary evolution of the states populations, while the right part explicitates quantum jumps
from the excited to the ground state. Assuming that the number of atoms is conserved through
Pee + Pgg =1, and that the coherence writes peg = pg,, equation E.2 leads to the Optical Bloch
Equations (OBEs) expressed as

(E.3) d . .
2% = —iNpeg+iF (1-20cc) Y Peg-

{ Ut = Q3 {peg} - Toee

The damping rate y' = /2 + 1/T gives information on the longitudinal and transverse relaxation

times. In the following equations, we will assume that the longitudinal relaxation is dominant,
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leading to y' = I'/2. In the stationary regime, we can solve the OBEs and obtain the excited state

population as well as the coherence between the ground and excited states

S0
Lsg+(22)°
Q (4A i 1
== |l==4==|—
Peg =73 (1“2 r/z) 1+SO+(%)2,

[\

Pee =
(E.4)

where s¢ = 2(Q/T)? = I/ 44, is the saturation parameter. This equation shows that a two-level
atom driven in an intense field, such that sg > 1, would only have a probability of one half to be

found in the excited state.

The solution of the state populations in the stationary regime gives an information on the
coherence between states |g) and |e). In classical physics, one can easily compute the absorption
of a medium with complex refractive index n using the Beer-Lambert law. If we consider that
the laser field is propagating through this medium along the z axis, the intensity of the field at
position z depends on the initial intensity Iy before the absorptive sample in the following way
(E.5) 1&) _ - fa0dc

Iy ’
where a = 2k3{n} is the polarizability of the atom. The complex refractive index can be expressed
in terms of the susceptibility y as n = \/1+ y. If the susceptibility of the medium for a given

transition is small, we can approximate the refractive index as
(E.6) ~ 14 2Rpp+issiy
. n 21173 1+ 33 1}

We can thus rewrite the polarizability as a = £3{y}. Finally, we relate the classical dipole operator

to its quantum version via
E.D D =eo(1+x)Eo=2dp.g N,

where A is the number density. Combining equations E.4 and E.7, we obtain the polarizability

for a two level ensemble of atoms written as
1
(E.8) a(A,2) = —kd® N (2)fr(D),
heg

with a lineshape factor

2 1
(E.9) fr(A) = .
I'(1+sgp) 1+ (r 21i30 )2

We can notice that this Lorentzian atomic response is power broadened from the natural decay
rate I' by a factor /1+ sg when the laser intensity is non negligible compared to the saturation
intensity of the considered transition. Moreover, the absorption amplitude is decreased by a factor

1+ sg compared to the low saturation regime.
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Doppler effect : An atom at velocity 7 probed by a laser with a wave vector E will present
a frequency shifted absorption profile. This behavior, very well known as the Doppler effect,
shifts the bare atomic detuning Ag = w — wg between the laser and the atomic frequency via the

following expression
(E.10) A=Ag-k.U.

For a laser beam propagating along z through an atomic ensemble with a normalized velocity
distribution p(v,), the response function from equation E.9 has to be convoluted with this

distribution in order to compute the polarizability. The new lineshape factor s(Ag) thus writes
E.11) 5(80)= [ fr(Bo~kv)p(w,)do.

In the particular case of an atomic vapour, the velocity distribution along one axis is Gaussian
with a standard deviation u = /2kgT/m for an ensemble of atoms of mass m at temperature 7.
The convolution with the Lorentzian line shape from equation E.9 results in a so-called Voigt

profile. An explicit form of the imaginary part of the s function is given by
.a
(E.12) Sls)) = VIR (Wi -},

with W(z)=i/n f—+:§ e~ /(z—t)dt the complex error function or Faddeeva function [196], y = Ay/ku

anda=Tv1+sg/ku.
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