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Introduction

In physics as in every day life, it is by gathering information about the systems that surrounds us
that an understanding of their behavior can be obtained. Looking at the ball, a goalkeeper can
predict the trajectory and catch it. But what if, by looking at the ball, we were actually fixing
its trajectory? Would you call that cheating?

For many years before quantum physics arise, it was strongly believed that objects were
Newtownian and had well determined properties such as a definite position and velocity, and
that the constituents of matter were well described by point-like particles. With the elaboration
of quantum physics a real revolution [Bitbol 97 occurred , and a complete reversal in the inter-
pretation of the world has been operated. The concept of object itself and the properties it holds
had to be redefined [Bitbol 99||.

From its very beginning, quantum physics has been disturbing physicists, and even its found-
ing fathers were skeptical and in a sense overcome by their discovery. For most of them it was
only an intermediate description that should be further completed. In 1911, Einstein who had
himself introduced with M. Planck the quanta of energy to explain the black body radiation
was insisting on: "the provisional nature of this description (quanta) which does not seem to be
reconcilable with the experimentally verified consequences of the wave theory". But the the-
ory was in march, and in 1925 Schrodinger was already introducing his master equation and the
powerful description of a quantum system that is the wavefunction. Despite the many remaining
conceptual difficulties, the strength of the formalism, and its ability both to precisely calculate
experimental values ([Nez 93]) and to predict so many classically unexpected but observed be-
haviors made it an unavoidable theory of modern research.

Among the well known achievements of the theory, was the prediction in 1924 that below
a critical temperature, a macroscopic number of particles would accumulate in the ground state
of the system and form a Bose-Einstein condensate. Sixty years later the experimental achieve-
ment was realized at NIST and MIT [[Anderson 95, Davis 95]. If quantum mechanics has experi-
enced such a progress, it is partially thanks to the development of a proper experimental system
of study: cold atoms. Since the advances of optical cooling in the 80’s that were rewarded
in 1997 by the Nobel Prize of Steven Chu, Claude Cohen-Tannoudji and William D. Phillips
[Cohen-Tannoudj1 97], cold atom physics proved to be a very adapted system to experiment the
quantum predictions such as the superfluid- Mott insulator transition [Greiner 02, Jordens 08]]
or the BEC-BCS crossover [[Bourdel 04}, Bartenstein 04, |Greiner 03], which even extended the
success of the theory to interacting particles.

These many experimental achievements represent as many votes in favor of the quantum
theory but the theoretical concepts are still troublesome. At the very heart of the disturbance
is actually the measurement process itself. In 1925, Einstein, Podolsky and Rosen raised their
well known paradox [Einstein 35] that opened the way for the proposal of Bohm to complete
the theory by hidden variables [Bohm 52[. But this attempt failed [Bell 66]] and the experimen-
tal proof [Aspect 82, [Rowe 01} [Fattal 04, Weihs 98] was brought that the theory was complete.
Nevertheless, it did not end the debate since if it proves that entangled states exist, it does not
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explain why such states are not observed for macroscopic objects. This point was raised by
E. Schrodinger in 1935 with his famous cat experiment, where he imagined a cat following
quantum rules that would be in a superposition of states dead and alive. A partial answer was
brought in 1981 with the theory of decoherence [Zurek 81]. This theory states that for each
interaction with the environment, some information is taken from the system and the coherence
of the superposition collapses. The numerous interactions of a macroscopic object with its en-
vironment make it quickly loose its coherence and it shortly becomes a statistical mixture. The
cat is either dead or alive but not in a superposition of states. Among the great achievements of
the theory of the decoherence was its ability to reconciliate the non-linearity of the projection
postulate with the linear evolution described by the Schrodinger equation. But some questions
on the measurement remain, and among them is the final state of the cat: dead or alive? Does it
depend on the observer, or is it dead in one realization of the world and alive in another? These
considerations on the measurement process itself, i.e. the extraction of information from the
system towards the environment, may fill the gap between the quantum world description and
our classical perception of it. In that perspective cold atoms offer the possibility to study macro-
scopic entangled state of a few million atoms in a very controllable and toy model environment.
Many questions have already been addressed in quantum optics to deeply understand the mea-
surement process [Brune 96| Haroche O8], and I believe that cold atoms present an alternative to
further study the measurement process and the decoherence of macroscopic non-classical states.

Another interesting feature of cold matter is the ability to measure the coherence of a su-
perposition by using the large de Broglie wavelength (~ hundred nm) that atoms exhibit at low
temperature. The first demonstration of cold atomic trapping [Chu 85] triggered the analogy
between atomic physics and optics, and soon the wave nature of atoms was exploited to real-
ize Young slits experiment with atoms [Carnal 91]. In 1991, was first demonstrated the ability
to coherently separate the internal and external atomic states [Kasevich 91]], paving the way
to cold atom interferometry technique. In the last 20 years, atomic interferometers have been
extensively applied in different geometries to realize precise measurement of time and inertial
constants [Riehle 91]]. Pushed to their limits, devices such as clocks [Santarelli 99], gyrometers
[Gauguet 09]] and magnetometers [Wasilewski 10] have reached the shot-noise classical limit.
For now, the sensitivity of these devices can be further pushed by increasing the number of parti-
cles. But as the recent progresses of gravitational wave detectors have shown [Goda O8], sooner
or later, the Standard Quantum Limit [Caves 80al] of cold atom interferometers will be reached,
and the use of quantum engineered states such as spin-squeezed states [Kitagawa 93|] will be
unavoidable. The generation of spin-squeezed state involves a non-linear evolution of the state.
In that perspective, the non-linearity of particle interactions can be exploited , but up to now
it has only been able to entangle a few thousands particles [Esteve 08, (Gross 10, Riedel 10].
A real alternative is actually the non-linearity associated to the renormalization of a state dur-
ing a Quantum Non-Demolition (QND) measurement [[Caves 80bl]. Using this method, atomic
spin-squeezed states have been recently achieved [Appel 09b), Schleier-Smith 10bl] and already
allowed a sensitivity enhancement in atomic clocks [Louchet-Chauvet 10, 'Wineland 92/ beyond
the projection noise limit. Up to now, only a small amount of squeezing has been obtained on
small samples, leaving room for improvement...

Context of the thesis The work presented in this manuscript has been led between march
2007 and january 2011 in the group: "Optique Atomique" of the Charles Fabry Laboratory. The



experiment started in Orsay in 2006 and I joined it in march 2007 after it had moved to its new
location in Palaiseau. When we started, spin-squeezing in cold atomic samples had not yet been
achieved, and the international competition was strong. Our goal in this project named BIARO,
for Bose Einstein condensate for Atom Interferometry in a high finesse Optical Resonator, was
to construct an experiment suitable to push forward the performance of atom interferometers.

Two directions were guiding our work: the first
consisted in using new types of atomic source such
as Bose FEinstein condensates in bouncing gravime-
ters [Impens 06], and the second was the creation
of measurement induced spin-squeezed ensembles
[Kuzmich 98]]. For that purpose, we decided to imple-
ment a new type of folded high-finesse cavity doubly

x resonant at 1560 nm and 780 nm, that would serve the
two purposes. Using 1560 nm light, we would be able
to trap atoms in the fundamental mode of the cavity
and eventually to reach the degeneracy regime by evap-
oration. On the other side, the enhanced coupling at
780 nm would benefit to the Quantum Non-Demolition
measurement process and allow a better extraction of
the information while minimizing the probe effect on
the sample. The construction of this experiment raised

many technical challenges with the implementation and operation of a complex folded cavity
geometry in an ultra-high vacuum environment.

Outline of the thesis

The first chapter will introduce the topics of atom interferometry using non classical states
of matter. After a brief overview of the first matter wave interferometers that were realized, we
will present the basics of cold atom interferometer and compare their present performance with
the one of classical apparatus that measure the same inertial constants. We will then review the
experiment that have been attempted to increase the sensitivity of atom interferometers using
non-classical states. Finally we will detail the two prior objectives of this experiment which
will allow us to justify for the design chosen.

In the second chapter, we describe the experimental apparatus that has been designed and
realized to manipulate cold atomic samples. The main blocks of the experiment are detailed.
The optical bench that generates the 780 nm frequencies used to trap, cool and manipulate the
atoms has been designed in a compact and versatile way. The vacuum block is composed of a
two dimensional magneto-optical trap (MOT) chamber and a science chamber in which the 3D
MOT is operated. Because of the unusually large size of the vacuum chamber, we developed, a
long range high aperture and diffraction limited optical system.

The third chapter is entirely dedicated to the high-finesse cavity that is at the heart of the
experiment. We first expose the reasons of our choice of geometry and present a few test
that were carried out before the geometry was decided. The chosen geometry is analyzed and
characterized in details including its geometrical and spectral features. In an optical cavity,
the mode profile can usually be calculated from the geometrical properties (length, radius of
curvature). In our case, the cavity is close to the instability regime were the modes are very
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sensitive to imperfections of the geometry. An in-situ nondemolition measurement of the optical
mode based on atomic tomography is presented as well as an estimation of the intracavity losses.
The locking procedure of the 1560 nm laser on the cavity and its performances that are of key
importance for the trapping of atoms are detailed.

The fourth chapter presents our experimental procedure and achievements towards the ob-
tainment of a quantum degenerate gas. We start this chapter by a few theoretical remarks on
Bose Einstein condensation to point out the relevant experimental parameters that have to be
optimized. In a second part, we present the characteristics of the dipole trap realized by the cav-
ity mode and demonstrate our ability to load and trap atoms in the crossing region of the cavity.
The perspectives raised in this chapter include the opportunity to use the transverse modes to
generate exotic potentials, and the possibility to engineer the differential light-shift.

The fifth chapter gives a theoretical presentation of the Quantum Non-Demolition measure-
ment that leads to spin squeezed systems. At first we introduce the Bloch sphere description of
two level systems and extend this approach to a many body situation. The effect of the atomic
shot noise in an interferometer is shown, as well as the potential gain in the use of spin-squeezed
states. The basics of QND measurements to realize spin-squeezed states are given and we show
that the dispersive measurement foreseen in our case has indeed a QND character. In a last
step, we introduce a wavefunction formalism based on the partial projection of the atomic state,
which we developed to dynamically follow the evolution of the state towards a highly squeezed
state. It relies on a precise description of the measurement apparatus and is applied in the cases
of a Mach-Zehnder interferometer and of an heterodyne detection. Interestingly, this method
proved adapted to the description of the formation of Schrodinger cats and of the entanglement
of separated clouds.

In the sixth chapter we present the frequency modulation technique that we developed to
realize the QND measurement. The low sensitivity to noise of frequency modulation spec-
troscopy is detailed and it is shown that the detector is a key element in the achievement of
high signal-to-noise ratio. Such a detection, that has been implemented in our set-up, has been
characterized and special care was taken to understand the effects such as spontaneous emission
and light-shift of the probe on the atomic sample. This detection tool was used in single pass
to follow non-destructively the internal state evolution of an atomic sample that undergoes an
interferometric sequence.

The last chapter is dedicated to the work that was realized during my stay in the group of
Pr. Kasevich in Stanford. During this time we discovered and set-up a Raman lasing process
between a Raman pump and a cavity mode. A key element that drove our attention is the very
high finesse of the cavity, that in principle should make possible the achievement of ~100 mHz
linewidth. In this chapter we give the main characteristics of the lasing process including the
laser threshold, the gain bandwidth, laser linewidth, and an interesting feature that is an atomic
population dependence of the laser absolute frequency.
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This project of using non-classical states in atom interferometers emerged from a dual in-
terest of the SYRTE at Observatoire de Paris which measure physical constants such as time or
gravity with high precision using cold atoms interferometers and the groupe d’Optique Atom-
ique at Institut d’Optique that takes interest in the quantum properties of these cold atomic
clouds.

This naturally led the two groups to collaborate and to develop a new experimental appara-
tus that would enable as well to probe the physics of non-classical states predicted by quantum
mechanics as to make the proof of principle of their usefulness for the enhancement of the sen-
sitivity of atom interferometers. Therefore, the ambition of this project was to realize an atom
interferometric measurement that would scale with a sensitivity better than 1/+/N,; that is the
Heisenberg limit of a classical source of N,; atoms.

In the following of this chapter, we will introduce the topics of atom interferometry and
the state of the art achieved in these systems. In a second part, we will detail the initiative
and the achievement that have been obtained in the world in the enhancement of the sensitivity
of atom interferometers by the use of non-classical states of matter. The physical interest and
the international context in which this experiment was led will be given and will explain the
technical and physical choice realized. This chapter does not have the pretension to teach the
reader on the precise physics of atom interferometers with non-classical states but merely to
introduce this topic that is at the heart of the experimental apparatus developed. A formalized
approach of the generation of non classical-states is given in chapter 5]
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1.1 Atom interferometric measurement

Very soon after the introduction of Matter Wavepacket by Schrodinger, experiments have been
performed to prove that atomic interferences could be observed in the same way than optical
interferences. In this prospect, the scattering of matter waves of electrons [Davisson 27] and
neutrons [Halban 36]] on the periodic structure of crystals were observed in 1927. These scat-
tering processes that can be interpreted as the interference of multiple path, are completely
equivalent to the coherent scattering of a laser beam on a grating or to the scattering of X-Ray
on crystal structures [Von Laue 15]]. After a few more years and an improved control of the ex-
perimental apparatus, this was the two wave interferences of electrons [Marton 52] (1952) and
neutrons [Maier-Leibnitz 62]] (1962) that were achieved. In the same time, the well known tech-
nics of Ramsey interferometry [Ramsey 50] (1950) that coherently manipulates internal states
was introduced and is still used nowadays to perform the best measurement of time [Itano 82].
In 1991, the first proof of principle of a coherent transfer of momenta [Kasevich 91] to a
cold atomic cloud opened a new way to the measurement of inertial constants with a high pre-
cision. Previous measurement of the acceleration of gravity g had for example already been
realized with a jet of neutron [Colella 75], but the possibility to perform these same interfero-
metric experiments with a cold atomic cloud that has no initial velocity allowed to lengthen the
interrogation time with the inertial field and to increase then the measurement sensitivity.

1.1.1 The concept

The physics of cold atoms inertial sensors usually involve two wave interferences and can be
understood by analogy with their optical equivalent which are the Mach Zehnder and Michel-
son interferometers. Similarly to optics, different point of views can be adopted to understand
these interferometers. Indeed, one can consider either a particle description in which the state
of a single atom after the first beam splitter is in a coherent superposition of the two outputs
1/4/2(]O1) 4 |04)) or a wave description in which a single wave of amplitude Aj is splitted in
two coherent waves of amplitudes A,/v/2. The combination of these two descriptions is well
known as the wave/particles duality. In atomic interferometers, the role of light and matter are
exchanged with respect to optical interferometers. For optical systems, the light is manipulated
by material objects such as mirrors and beam splitters while in atomic systems, the cloud of
cold atoms is coherently controlled by laser beams as schematized in figure[I.1] For atom inter-
ferometer, the detection is even optical.

In practice, two types of atomic interferometers can be distinguished : the atomic clocks
which can be essentially seen as interferometers realized by a coherent manipulation of the in-
ternal atomic state and the inertial sensors such as gravimeters or gyrometers which involve a
coherent manipulation of the external degree of freedom. As previously mentioned, the coherent
manipulation of the external degree of freedom of cold atoms has been a crucial breakthrough
for atomic interferometers [Riehle 91, |[Keith 91]] and was first realized a coherent two photon
excitation [Kasevich 91]] known as stimulated Raman transition. The transfer of momenta is
essential for inertial sensors. It allows to separate in space and time the trajectories of the two
arms of the interferometer and then to generate an interaction with the inertial field that is differ-
ent for each arm. This differential effect is measured by the interference of the two trajectories.

In the case of an atomic clock, the interferometer usually realized is a Ramsey-Bordé
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(a) Mach Zehnder interferometer as used in optics to (b) Atomic interferometer with momentum trans-
measure the path length difference. fered by the two counter-propagation laser

beams.

Figure 1.1: Analogy between optical and atomic interferometer
The atom interferometers can be understood in comparison with their optical analogues with
reversed role for light and matter. In atomic interferometers, the matter (Atoms) is manipulated
by laser beams. The atoms being massive particles and therefore not constrained to travel at
light speed, they can probe inertial forces with long interaction times and are then very
sensitive to inertial fields.

interferometer that consists of two beam splitting pulses. These pulses create a superposi-
tion of the internal state with a momentum transfer only linked to the microwave wavevector
hkyiw << hkoptical. The interference pattern is ruled by the phase accumulated Aok by the
atoms in the rotating frame of the microwave source that turns at w and that generates the beam
splitting pulses, i.e.

A(;Dclock = (WO - W)T (1.1)

, where wy is the angular frequency of the atomic transition addressed and 7" is the interrogation
time of the interferometer. By reading the interferometer output, one obtains a measurement of
the atomic transition that is used as a frequency standard.

In the case of a gravimeter, it was shown in 1989 [Bordé 89| that, due to the external inertial
field, the phase accumulated in a 7/2 — m — /2 interferometer could be expressed by:

A(;Dgravitation - kefng2 (12)

, where kg is the wavevector associated with the momentum transfer of the beam splitter and
T the time between two pulses. This effect of the gravitational inertial field can be either
interpreted as the action of the Hamiltonian H;, = mgr along the trajectories [Bordé 89] or in
the free falling frame of reference, by the phase imprinted by the laser pulses [Antoine 03].

1.1.2 State of the Art

The achievement of atomic interferometers should be first compared to the classical analogous
that realize the same measurement. If we focus for example on the case of gravimeters, different
apparatus that rely on classical physics have been developed. For comparison with the following
apparatus, the sensitivity obtained at Syrte - Observatoire de Paris for their absolute atomic
fountain gravimeter is 1.4 x 1078 g.Hz~1/2.

One of the first precision measurement of gravity has been realized in 1855 [Kater 18]] using
a pendulum of tunable length. The oscillation period depending on the length of the pendulum
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and on g, and using two different length, the value of ¢ could be obtained with an accuracy of
107%g.

Other mechanical devices such as Lacoste-Romberg gravimeter relying on the use of zero
effective length spring were developed [LaCoste 67, Riccardi 02] and allowed to reach sensi-
tivity down to 10719 g Hz~'/2. Nevertheless, these static gravimeter are not absolute and very
much influenced by the aging of the spring (10~%g.Hz~'/? per day).

Another, more recent technic but still not absolute uses the levitation induced by the Meiss-
ner effect in supra-conductor [Prothero 68| |(Goodkind 99]]. In these system, the position of a
macroscopic object levitating over a supra-conductor is measured. When the inertial environ-
ment of the gravimeter is changed, the position of the object is modified which indicates on the
variation of g. This modern measurement reaches the tremendous sensitivity of 10~!? g. Hz~1/2
but need the use of a complex cryogenic system and suffer from drift of 107!° g/day. Neverthe-
less, these systems are very adapted for the measurement of tiny variation of the earth structure
[Courtier 00] and are thus very useful for geophysical studies.

Up to now the best absolute evaluation of g are realized by measuring an object in free
fall. The more commonly used system is a free falling corner cube [Faller 67, Marson 86,
Niebauer 93] that closes one arm of a Michelson interferometer. Recording, during the free
fall, the fringes displacement at the output of the Michelson directly measure the position of the
cube versus time. The sensitivity of this interferometer to the phase and then to g is given by
Apene = 2kgT? where k is the wavevector of the light used in the interferometer. These corner
cube systems involve the same physics of free falling object than the atomic interferometers.
In addition, the sensitivity of both systems scales similarly with the interrogation time (see
equation[I.2). Hence, to be able to compare the performances of these two systems, it is crucial
to determine how these system are affected by noise or systematic bias and how far these noises
can be controlled.

It is also interesting to study the state of the art of atom interferometers themselves with
respect to the classical prediction given for the scaling of their sensitivity. It is well known
in optics that the classical sensitivity of an interferometer is given by the optical shot noise.
In these single particle interferometers, each photon interferes with itself and can be detected
on one or the other output ports. As each photon follows a path independent from the other
photons, the difference of the photocurrents at the outputs will exhibits a Poissonian noise. This
"shot noise" is linked to the number of photon N}, involved in the measurement and scales as
\/Nph. The same consideration can apply for atom interferometers that have then a sensitivity
proportional to v/ Ny.

This atomic shot noise limit has now been reached in the recent apparatus that have been
developed in the context of cold atoms interferometers [Santarelli 99]]. This type of performance
is depicted on figure [1.2] that describes the sensitivity of the detection of an atomic clock. The
sensitivity scales here as /NN, which is the signature of shot noise. Similar performances have
been obtained for the measurement of rotations using a gyroscope interferometer [Gauguet 09].
From figure [.2] two solutions can be adopted to increase the sensitivity per run. One can
either increase the atom number or overpass the classical limit of the shot noise using non-
classical states such as squeezed states. Obviously a combination of the two approaches, that is
a highly squeezed sample that contains a high atom number, is not forbidden and would actually
guarantee the best sensitivity per run.

At this point, it is interesting to remark that if today, the sensitivity of falling corner cube
and atomic interferometer are comparable, the road map of non-classical (quantum) states give
a strong interest for the future of atomic interferometer. It is indeed clear that the benefit in
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Figure 1.2: Detection sensitivity of an atomic clock limited to the shot noise.

The data presents the sensitivity of an atomic clock of Caesium operated in the BNM-LPTF at
Observatoire de Paris. The plain curve has the form a\/N,; with o = 0.94 that was adjusted
on the data. This dependence in /N, is the signature of atomic shot noise. Data extracted
from [Santarelli 99]] with the authorization of the authors.

using quantum mechanics will not apply to a macroscopic object such as a corner cube.

1.2 The international context of non-classical state prepara-
tion.

From the previous section, it appears that the independence of the particles in a single particle
interferometer such as a Mach-Zehnder interferometer is the key issue. Breaking the indepen-
dence require to introduce correlations between the particles. Rephrasing with the vocabulary
of quantum mechanics: the goal is to transform the separable state of independent particles into
an entangled state or squeezed state of reduced uncertainty for the measurement of the "path
length difference" of the two interfering arms.

It is well known in quantum optics [Thorne 78| Caves 81] that such a transformation needs a
non-linearity to occur. Different methods can be applied to generate such a non-linearity includ-
ing the inter-atomic interactions [Esteve 08, |Gross 10, Riedel 10], an atom-cavity field inter-
action [Schleier-Smith 10b] or a Quantum Non-Demolition measurement (QND) [Appel 09b,
Louchet-Chauvet 10, Schleier-Smith 10b, [Teper 08].

Up to now, the inter-atomic interaction squeezing has been realized in double well and multi
well experiment but does only concern atomic cloud with a "low" number of particles (= 10%).
It therefore does not really represents an alternative for todays classical interferometers that are
still more sensitive even if they operate in the classical limit. Nevertheless, these experimental
achievements use with ingenuity the atomic interactions that are usually considered as harmful
for the operation of atomic interferometers and have even proven that an increased sensitivity
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Figure 1.3: Schematic of the Mach Zehnder interferometer used in the group of Eugen Polzik
The measurement of the atomic is realized in this experiment by its effect on the path length
difference of the interferometer. The interferometer is operated with two colors, each probing
one of the two hyperfine levels (figure[T.4a) and in a configuration that suppress common noise
of the path length to the level of the difference of frequency of the two laser (= 6.8G'H z). The
figure presented here are extracted with permission of the author from

could be achieved.

In the following, we will describe a few international experiments that represented in 2007
the main attempt for the generation of large atom number and squeezed atomic cloud. The
technical limitation of the sensitivity of each apparatus will be raised. In the last part, we will
sum up the main idea of the experimental apparatus that has been constructed and operated
during this thesis.

1.2.1 Measurement induced spin squeezing in a Mach Zehnder interfer-
ometer

One of the pioneer group to take interest in the implementation of Quantum Non Demolition
measurement for spin squeezing was the group of Eugen Polzik in the Netherlands. Their work
followed the proposal of Kuzemich, Bigelow and Mandel that stated that a far
of resonance measurement of the index of refraction induced by a two level atomic system was
realizing a Quantum Non Demolition measurement of the difference of population
of these two levels. Therefore, such a measurement squeezes the observable of the population
difference and reduces, for example, the uncertainty in the outcome of an atomic interferometer.

To realize such a measurement, the Dutch group setted up an optical Mach Zehnder inter-
ferometer in which the atoms are placed in one arm of the interferometer (see figure [I.3]). The
measurement of the interferometer outcome indicate on the phase difference of the two arms and
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Figure 1.4: Atomic projection reduction in a two color probing
(a) Each probing laser address one of the hyperfine transition. The sum of photocurrent

generated is proportional to the population difference between the hyperfine ground states. (b)

The population difference noise is estimated by applying two successive pulses. In an ideal
measurement, the first pulse measure a phase within the initial atomic projection noise and the

second pulse remeasure in principle exactly the same phase. This effect is depicted here by a

visible reduction of the noise between the individual phase observable ¢; and the correlated

observable ¢y — (¢

then on the refractive index induced by the atoms. A first all fibered version of the interferom-
eter was unsuccessful in reaching the high sensitivity required to clearly distinguish the atomic
noise. A second attempt was realized in 2007 by a dynamically stabilized free space interferom-
eter operated close to the zero path length difference. A clever operation of the interferometer
in a bi-frequency design [Saffman 09], allowed to overpass the last technical challenges of path
length fluctuations and to reach measurement of the population difference (figure [T.4) below
the atomic shot noise in 2009 [Appel 09b]]. In this bi-frequency (f; and f;) design, the atomic
index of refraction is measured with respect to the optical wavelength , whereas the path length
fluctuations are common mode and contribute only with respect to the microwave wavelength
/(fr = f2)).

While realizing a very good measurement almost insensitive to path length fluctuations, this
system still suffer from its fairly "low" optical depth (OD ~ 50) that intrinsically limits the
achievable amount of squeezing. In addition, the measurement is realized in DC, which makes
it perturbed by low frequency noise of the environment such as 1/ f noises.

1.2.2 Measurement/Cavity induced spin squeezing at MIT
1.2.2.1 Non demolition measurement by cavity transmission measurement

In the group of Vladan Vuletic at MIT, another experimental apparatus was developed to per-
form the same type of non-demolition measurement. In this system, the atoms are placed in
the center of a linear high Finesse Fabry Perot cavity (¥ ~ 100000) and trapped with a far of
resonance light at 851 nm. The index of refraction, induced by the population difference, shifts
the cavity resonance frequency. Adjusting a laser on half fringe of the transmission yields in a
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Figure 1.5: Probing the population difference by a measurement of the transmission of a cavity.
The hyperfine state population difference is measured by the frequency shift it induces on a
resonance of the cavity that is tuned in between the two hyperfine states. A far from resonance
twin beam (Compensation) allows a common rejection of the cavity length fluctuations on the
transmitted power while preserving the effect of the difference of population. The locking of
the probing to the resonance is realized by a sideband lock to a higher transverse mode of the
cavity.

transmitted intensity that is proportional to the population difference of the two levels (figure
[[.5b). A number of interesting technical choices made for the locking procedure can be seen
in figure and are detailed in [Schleier-Smith 10c]]. The two main points are the locking on
higher transverse mode that does not perturb the measurement and the use of a second beam
that compensate for cavity path length fluctuations.

This system takes advantage of the high optical depth that is reached in the optical resonator.
Nevertheless, the trapping and the probing being realized at two different wavelength yield in
an inhomogeneous coupling of the probing standing wave. Indeed, the atoms are spread in the
antinodes of the dipole trap which position does not correspond to the antinodes of the probe
(see figure [I.5a). This complicate the analysis of the atomic noise and intrinsically lower the
strength of the measurement. Similarly to the Dutch experiment, this transmission measurement
is also realized in DC and suffer then from the same sensitivity to low frequency noise.

1.2.2.2 Non linearity in the Atom - cavity coupling.

In the research led on this apparatus it appeared in a second step that a stronger squeezing
mechanism could be implemented. This mechanism rely on the dual interaction between atoms
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Figure 1.6: Shearing effect of a coherent state
The non linearity of the atom cavity coupling is strictly equivalent to the twisting hamiltonian
that was first introduced in [Kitagawa 93|]. This causes the transformation from the coherent
state (red) to an elongated and squeezed state.

and photons. On one hand, the photons light shift the atomic transition and on the other hand, the
atoms shift the cavity resonance frequency via their index of refraction. This dual mechanism
was both first understood [Schleier-Smith 10a]] and observed [Leroux 10] in the MIT group.
The physics can be sum-up in the following. We consider for simplicity that the cavity is tuned
such that for a zero difference of population of the two eigenstates, the cavity resonance is
unshifted. For a positive atom number difference (AN > 0), the cavity is shifted for example
such that more photons enter the cavity, leading to a light shift effect that furthermore depends
on the absolute value of |[AN|. In reverse, for AN < 0, less photons enter the cavity and
a low light shift is observed. Hence, within the initial Poissonian distribution of a coherent
superposition of atom number difference, a shearing effect as described on figure [I.6] can be
observed. Indeed, for AN > 0 and AN > 1 a large rotation angle is predicted while none will
appear for AN = 0. As a matter of fact this system mimics the Twisting Hamiltonian that was
first proposed by Kitagawa and Ueda [Kitagawa 93| for the generation of squeezed states.

1.2.3 Measurement induced spin squeezing in Stanford

In parallel, the group of Mark Kasevich in Stanford published in 2008 [Teper O8]] their exper-
imental work on the measurement of atomic noise. The apparatus developed also consists of
a linear cavity, but does not involve trapping since the atoms are released from a MOT and in
free fall during the measurement. An important feature of this apparatus is its measurement
process, that consists to measure the phase of the probe while it is reflected by the cavity (figure
[I.74). The dispersive profile of the cavity is imprinted on the probing light. This profile depends
on the relative position of the probe frequency with respect to the cavity resonance frequency
and is proportional to the difference of population. An experimentally interesting feature of
this detection is that it realizes an AC detection insensitive to low frequency noise. In addition
it takes advantage of a strong local oscillator that helps to reach the optical shot noise for the
detection (see chapter [6). Nevertheless, this system suffers from the low optical density of a
magneto-optical trap.

The results obtained in 2008 is presented on figure and shows a noise increase of the
antisqueezed quadrature. No clear signature of squeezing could have been seen in this pioneer
experiment.
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Figure 1.7: Heterodyne Non demolition measurement apparatus developed at Stanford.

The frequency modulation spectroscopy involved in this experiment allows to reach an optimal
detection limited to the optical shot noise and insensitive to path length fluctuations. The
schematic and results presented here are extracted from [Teper O8] and presented here with the
authorization of the authors.

1.3 The initial orientation of the experiment

As previously mentioned, this experiment emerged from the will to try new types of interfer-
ometers involving ultra-cold atomic gas and to create an apparatus that would push forward
the sensitivities of atomic interferometers. In this last perspective, we choose to follow the
Quantum Non-Demolition approach that scales very well with high atom number.

1.3.1 New sources for new types of gravimeter

A gravimetric experiment that was foreseen and that uses ultra-cold atomic sources was issued
from a proposal of Impens et al [Impens 06] and consisted in a bouncing gravimeter. In this
proposal, an ultra-cold gas is released from a trap at ¢ = 0, after a free fall of time T, a first
Raman pulse stops the cloud while a second one send it back in its original place. As the
efficiency of the Raman pulses depend on the energy momentum dispersion relation, the number
atoms addressed by the pulse depend on the "phase matching condition" : p = hk. This
condition is perfectly satisfied for a kick at time 7' = hkeg/(mg). Measuring the optimal
kicking time that keeps the atoms after N repetitions allows then to evaluate g [Hughes 09].
Regarding the experimental realization, our main concern was to reach degeneracy of the
cold cloud in a compact environment and using low electrical power. This, to demonstrate, for
exemple, the possible implementation of such a system in space application. An optical trapping
and evaporation in an optical cavity were chosen to satisfy this condition. The trapping wave-
length was chosen at 1560 nm to match with the requirements of the Qunatum Non-Demolition
measurement (see section [[.3.2). For the implementation of the Raman pulses, we decided to
phase lock two independent lasers and we designed the vacuum chamber with a large optical
access on the vertical. Interestingly, a Non-Demolition measurement of the atoms that have
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Figure 1.8: A bouncing gravimeter sequence
Pulse sequence of a bouncing gravimeter as proposed by Impens et al [Impens 06]. A
condensate is suddenly released from a trap, starts to fall and is stopped and reversed by the
use of two optical kicks (Counter-propagating Raman transition). The obtention of a levitating
sample by the use of well timed kicks then realizes a measurement of gravity.

bounced could also be an interesting feature to implement in this scheme and would allow to
increase the repeatability of the sequence.

1.3.2 Pushing forward the quantum

Concerning the measurement induced spin-squeezing, different options were still considered
when I started on the project. It was clear that a cavity resonant at 780 nm would help to
increase the atom-light coupling and then to increase the signal-to-noise of the measurement,
but the exact experimental realization was still to be determined. In addition, we wanted to trap
the atoms in the cavity mode. As previously stated, this will allow to use low power laser for the
evaporation and will also automatically guaranty the alignment of the probe on the atomic mode
(mode of the same cavity). To avoid the mismatch of the position of the atoms and the maxima
of the probe that is inherent to a linear cavity, we opted for a traveling wave cavity geometry.
Looking for an evaporation in the cavity, a tight confinement of the mode in all direction was
needed. In a three mirrors geometry, this can only be obtained by focusing the mode, but the
Rayleigh range associated with the longitudinal variation of the beam does not allow for a tight
trapping (except if the focus is almost A, but then the trapping region is very small). It was then
necessary to implement a four mirrors cavity geometry with two crossing arms. This lead us to
the cavity presented in figure

To realize the Non Demolition measurement, we decided to implement a frequency modu-
lation spectroscopy realized at 780 nm in our ring cavity. This scheme benefits from the far off
resonance strong local oscillator which helps to reach an optically shot noise limited detection.
In addition, this method of detection takes also advantage of the atom-light cavity coupling en-
hancement that increases the signal-to-noise ratio. As will be shown in chapter [0 this method
realizes in principle the optimal measurement of very low photon flux and is also insensitive
to optical path (cavity) length fluctuations. Our choice of measurement induced spin-squeezing
and not, for example of interaction induced spin-squeezing relies on the scaling of the process
with the number of particles. Indeed, as the optical shot noise does not depend on the number
of atoms, the measurement induced spin-squeezing is very suitable to realize spin-squeezing of
larger and larger sample for which the atomic noise is ever increasing. To realize the measure-
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Figure 1.9: The four mirror cavity geometry.
The geometry of the cavity arise from a compromise to reach degenerate cold atom sample
trapped in the mode of the cavity while being able to measure with a strong enhancement factor.

ment, our goal is to trap atoms in the 1560 nm radiation injected in one of the cavity mode, to
cool by evaporation and to nondestructively measure the trapped atoms by using light injected
in the 780 nm mode of the cavity. Experimentally, the choice of 1560 nm radiation for the
trapping that is the half frequency of 780 nm radiation allows to refer the cavity length to the
atomic transition of Rb®" while limiting spurious interaction with the atomic sample.
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In this chapter we present the experimental apparatus in its main blocks, namely the optical
and laser system, the vacuum set-up, and the imaging system. As this manuscript is the first
doctoral thesis on the experiment, the description of the technical aspects of the experiment are
rather detailed. I hope that this chapter will be a useful reference for new students who have to
learn about this experiment.

In the first part we detail the generation of all the laser frequencies that are used in this
experiment. The lasers themselves are presented as well as the different locking procedure
implemented among which are atomic spectroscopy, frequency, and phase lock. In the second
part, we give information about the geometry of the vacuum set-up and its use to create a 2D and
a 3D magneto-optical trap (MOT). One of the peculiarity is the implementation of the 3D MOT
coils under vacuum. In the last part, we describe and show the characterization of the imaging
system that has a long working distance (~ 30 cm) and a high numerical aperture (0.13).

2.1 Optical bench

2.1.1 Extended cavity diode lasers

The laser system mounted in this experiment relies on extended cavity diode lasers in a linear
configuration which have been first intrduced in [Lucas-Leclin. 98]]. A full characterization of
the laser has been realized at Syrte - Observatoire de Paris and an exhaustive study can be found
in [Cheinet 06, Baillard 06, Lucas-Leclin. 98]]. In the following, we will just remind the main
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Figure 2.1: Scheme of the extended cavity diode.
The front plane of the diode is imaged on a 10% reflecting mirror that guarantees the necessary
feedback. An interference filter is used in the configuration to narrow the gain profile. The
output beam is re-collimated by L3.

characteristics of these lasers, schematically shown in figure

The laser emitter is a diode laser (Eagle Yard, mod. EYP RWE 0790). The front side is
anti-reflection coated while the back side is totally reflecting and is used as one of the two mir-
rors of the cavity. The diverging beam from the diode is collimated by an aspherical lens of 4.5
mm focal length (1) and refocused on the out-coupling mirror with an aspherical lens (f = 18
mm) (L2). This results in a cat’s eye configuration on the out-coupling mirror which confers its
geometrical stability to the laser. Indeed, the lens L2 conjugates the output plane of the diode
with the out-coupling mirror (M), and it makes the system independent of the mirror position
and much less sensitive to alignment. The lens L3 (18 mm focal) is used for the collimation of
the beam

In the extended cavity is placed an interference filter (Research Electro-optics) with a band-

pass window of 0.3 nm. This filter allows to considerably reduce the gain window of the diode
and ensures a monomode behavior of the diode laser. The central wavelength of the filter can
be finely tuned by tilting the filter, that changes the multilayer interspacing.
Since laser diodes have considerable round trip gain, it is enough to feedback only 10 % with the
out-coupling mirror. The use of an anti-reflecting diode reduces considerably the mode compe-
tition between the diode and the cavity. Nevertheless, it obliges to maintain a low intra-cavity
power to preserve the anti-reflecting coating of the diode. Indeed, for an intracavity power ex-
ceeding 1 W, the antireflection coating (situated on a focal point) usually gets damaged.

In order to tune the emitting frequency of the laser, the length of the cavity, and then the
position of the longitudinal modes of the cavity, is controlled by a piezo electric-tube on which
is glued the mirror M. The frequency lock is realized by a low bandwidth feedback applied on
the piezo and a high frequency one applied on the current (see section[2.1.4.2). The temperature
stabilization of the laser is ensured by two peltiers elements: one guarantees the stability of the
ensemble and especially the length of the cavity, and the other stabilizes the temperature of the
diode itself.

The measurement of the laser linewidth is presented in figure. [2.2] [Baillard 06]. It is ob-
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Figure 2.2: Beatnote of two extended cavity diodes.

Two ECDL are beated on a fast photodiode (Hamamatsu, mod. G4176). The lasers are
respectively the repumper (locked to 7 Rb) and the QND laser (see locked on the
repumper). The amplified frequency is analyzed on a spectrum analyzer with 30 kHz

resolution bandwidth (RBW). The green plain curve is a fit of the tail by a Lorentzian of 258
kHz (FWHM). The center is fitted by a Gaussian of 416 kHz standard deviation.

tained by the analysis of the beatnote of two "identical" ECDL, after locking the beatnote to
a local oscillator. The beatnote is detected on a fast photodiode (Hamamatsu, mod. G4176).
The Lorentzian fit of the tail indicates a linewidth of 258 kHz (FWHM) that corresponds to the
convolution of the two Lorentzian. The Lorentzian linewidth of a single laser being then 124
kHz. The low frequency noise is fitted by a Gaussian of 416 kHz standard deviation for the
two lasers. It corresponds to non-fundamental processes such as the feedback noise or thermal
fluctuations. Hence, one laser has a Gaussian linewidth of 294 kHz. These values vary for each
laser but it gives a good idea of the general linewidth properties.

2.1.2 Laser frequency

In this section, we will describe the laser frequency stabilization and the tunability needed in the
experiment. This will be helpful to understand the implementation of the optical bench. Figure
shows the atomic structure of 87 Rb and the laser optical frequencies involved in our bench.

This experiment aims at the non-classical improvement of atomic interferometers. As a
consequence, we need laser radiation to trap and cool the atoms (780 nm), to create a far off
resonance dipole trap (1560 nm), to squeeze by nondemolition measurement (780 nm), and to
perform the interferometric sequence (Raman beams at 780 nm).

* The trapping and cooling of the atoms in the 2D and 3D MOT involve 2 lasers at dif-
ferent frequencies. The cooling laser is tuned slightly on the red of the closed optical
transition ‘5251 12, B = 2) — |52P; 2, Fp = 3> while the repumping laser is tuned on the
!5251 o F=1) — |52P3 /2, F, = 2) transition. Because of the differential light shift at
1560 nm which will be discussed in section [3.2.5.2] the cooling laser requires the pos-
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Figure 2.3: Atomic transition and lasers frequencies.

All the laser frequencies used in the experiment are presented. In brackets is the laser from

which the radiation is generated

sibility to be frequency shifted by a few hundred MHz. This allows to tune the cooling
laser on the ’5251/2, = 2> ’5 P3), F), 2> transition.

Based on the study of 2D MOT operation [Cheinet 06, Miiller 07, Riis 90, Nellessen 901,
we decided to have the same frequencies for all the beams operating the 2D and 3D MOT.
Hence the push beam is 2.5 I' detuned from the cycling transition. This is not optimal
to maximize the 2D MOT atomic flux, but simplifies the optical bench design with an
acceptable loss of efficiency.

To image the cloud by the fluorescence technique, we decided to use the MOT beams
themselves. During such imaging, the beams frequency is tuned on resonance with the
’5251/2, = 2> ’5 P35, F, 3> transition.

The cooling radiation is also used to perform absorption imaging on a different axis. As
the MOT and the absorption imaging beam are never present at the same time on the
atoms, it is not a problem to use the same laser source for the two purposes. Thanks to
a versatile lock the cooling laser can be easily shifted to realize off-resonance absorption
imaging.
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* Since we want to maximize the number of atoms in a non magnetic-sensitive atomic state
(atomic interferometer), a linearly polarized optical pumping on the transition |5%5; 2, F' =
2) — [52P; /2, I, = 2) is implemented using the radiation of the cooling laser. This op-
tical pumping allows to accumulate the atoms in the |5°Ps /s, F,, = 2, mp = 0) atomic
state that is insensitive to magnetic field at first order.

* In order to trap the atom in a non dissipative trap, we use far detuned radiation (1560 nm)
injected in the optical mode of a cavity. The 1560 nm laser is locked to the fundamental
mode of the cavity. As the radiation is far off-resonance, the absolute frequency of the
mode of the cavity is a priori not a critical parameter. Nevertheless, as the cavity is
also used to perform the nondemolition measurement, the cavity resonances have to be
referenced to the 8"Rb atomic lines. This involves that the length of the cavity has to be
controlled, and then that the exact frequency of the 1560 nm radiation has to be referenced
to the 8"Rb atomic frequency reference.

* To perform atom interferometry (e.g. Ramsey-Bordé type interferometer), and to coher-
ently control the internal atomic state, we choose to implement stimulated Raman transi-
tion induced by far detuned two photon transitions. To enable the transition, the two lasers
need to be coherent with respect to each other and with a frequency difference equal to
the fundamental hyperfine splitting that is 6.834 GHz. The detuning A from the atomic
transition depends on the optical power available and on the diameter of the beams. In
typical experimental configurations that are a few hundreds mW power available over ~ 1
cm beam waist, the detuning is generally in the GHz range.

* Different frequency configurations were considered for the nondemolition measurement.
In order to keep versatility to our design, we decided to dedicate a specific extended cav-
ity diode laser for this purpose. This diode can be easily tuned for a few GHz and is
referenced to an atomic transition.

2.1.3 Scheme of the optical bench

The optical bench has been designed to be compact. The optical system to generate the cooling
and repumping radiation holds only on a 60 x 60 cm breadboard. The beam height is 4 cm
above the table. To minimize the spacing between the optical elements, all the mounts are glued
on the table.

In this optical bench two independent extended cavity diode lasers are implemented: a re-
pumper, locked by saturated absorption (see section. on the cross over |F' =1) —
|F,, = 1,2) of "Rb and a cooling laser on the red of |F' = 2) — |F,, = 3). The repumper is
frequency shifted on the |F' = 1) — |F,, = 2) transition by an acousto-optic modulator which is
furthermore used as a fast controller for the light intensity. The cooling laser is first injected in
a 1 W diode tapered amplifier (Eagle Yard : mod. EYP TPA 0780) and frequency locked to the
repumper (see section. [2.1.4.2)). The relative beatnote lock implemented allows a tunable con-
trol of the laser frequency. The strong beam is separated, controlled in amplitude and injected
in different