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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 Pxing
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 debnite 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 redebned [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 veribed consequences of the wave theory”. But the the-
ory was in march, and in 1925 Schrsdinger was already introducing his master equation and the
powerful description of a quantum system that is the wavefunction. Despite the many remaining
conceptual difpculties, the strength of the formalism, and its ability both to precisely calculate
experimental values/([Nez B3]) 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-
mentwas 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 800s that were rewarded
in 1997 by the Nobel Prize of Steven Chu, Claude Cohen-Tannoudji and William D. Phillips
[Cohen-Tannoud;ji 97], cold atom physics proved to be a very adapted system to experiment the
quantum predictions such as the superf3uid- Mott insulator transition [Greiner 02, JSrdens 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, Fattall04, 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. Schrddinger in 1935 with his famous cat experiment, where he imagined a cat following
guantum rules that would be in a superposition of stdesglandalive. 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 SchrSdinger equation. But some questions
on the measurement remain, and among them is the Pnal 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 itselfthe extraction of information from the
system towards the environment, may Pll 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 08], and | 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 wavelen@hhundred nm) that atoms exhibit at low
temperature. The brst 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 Prst 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 08], sooner
or later, the Standard Quantum Limit [Caves|80a] 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) measuremeént [Caves 80b]. Using this method, atomic
spin-squeezed states have been recently achieved [Appel 09b, Schieier-Smith 10b] and already
allowed a sensitivity enhancement in atomic cloc¢ks [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 | 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 Pnesse Optical Resonator, was
to construct an experiment suitable to push forward the performance of atom interferometers.

Two directions were guiding our work: the brst
consisted in using new types of atomic source such
as Bose Einstein 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-Pnesse cavity doubly
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 benebt 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 brst chapter will introduce the topics of atom interferometry using non classical states
of matter. After a brief overview of the brst 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-Pnesse cavity that is at the heart of the
experiment. We Prst 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 proble 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 pbfth chapter gives a theoretical presentation of the Quantum Non-Demolition measure-
ment that leads to spin squeezed systems. At brst 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 Schrsdinger 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 Pnesse of the cavity, that in principle should make possible the achieven$etd@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 dOOptique Atom-
ique at Institut dOOptique 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 wgs to realize an atom
interferometric measurement that would scale with a sensitivity betterlthahl that is the
Heisenberg limit of a classical sourceNdf; 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 eledtrons [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 structure$ [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 6f time [Itano 82)].
In 1991, the Prst 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 gravitgd for example already been
realized with a jet of neutron [Colella I75], 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 Peld 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 eitpartecle description in which the state

of g single atom after the brst beam splitter is in a coherent superposition of the two outputs
1 2(]O." + [O2") or awavedescriptign in which a single wave of amplitudg is splitted in

two coherent waves of amplitudés/ 2. The combination of these two descriptions is well
known as the wave/particles duality. In atomic interferometers, the r™le 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 irf Pgure 1.1. For atom inter-
ferometer, the detection is even optical.

In practice, two types of atomic interferometers can be distinguished attmic clocks

which can be essentially seen as interferometers realized by a coherent manipulation of the in-
ternal atomic state and theertial sensorssuch 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 Prst 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 Peld 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-BordZ
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Laser beams/w

18+720,.& Atoms N Optical
26,83,"$4 detectior
-,

(a) Mach Zehnder interferometer as used in opticsto  (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 r™le 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 Pelds.

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
kmw & !'Kopical - The interference pattern is ruled by the phase accumulategd by the
atoms in the rotating frame of the microwave source that turhsaaid that generates the beam
splitting pulsesi.e.

P ok =("o" ™)T (1.1)

, Where" ¢ is the angular frequency of the atomic transition addressed asthe 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 [BordZ 89] that, due to the external inertial
Peld, the phase accumulated i#/&2" #' #/2 interferometer could be expressed by:

P! gravitation = Ke gT? (1.2)

, Wherekeg 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 beld can be either
interpreted as the action of the Hamiltonidly = mgr along the trajectories [BordZ189] or in
the free falling frame of reference, by the phase imprinted by the laser pulses [Antbine 03].

1.1.2 State of the Art

The achievement of atomic interferometers should be brst 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 foatisgluteatomic
fountain gravimeter i4.4 ( 10 8 g.HZ V2,

One of the Prst 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 ong, and using two different length, the valuegtould be obtained with an accuracy of
10 °g.

Other mechanical devices such as Lacoste-Romberg gravimeter relying on the use of zero
effective length spring were developed [LaCostel 67, Riccardi 02] and allowed to reach sensi-
tivity down to 10 1° g.HZ Y2, Nevertheless, these static gravimeter are not absolute and very
much inBuenced by the aging of the spring (¢g.HZ Y2 per day).

Another, more recent technic but still not absolute uses the levitation induced by the Meiss-
ner effect in supra-conductdr [Protherd 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 modiPed which indicates on the
variation ofg. This modern measurement reaches the tremendous sensitititly'8fg.HZ /2
but need the use of a complex cryogenic system and suffer from dfiff 8 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 evaluationgohre realized by measuring an object in free
fall. The more commonly used system is a free falling corner cube [Faller 67, Marson 86,
Niebauer 95] 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 tigas tpven by
' cupe = 2kgT? wherek 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
equationj 1.R). Hence, to be able to compare the performances of these two systems, itis 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 patbpendenfrom the other
photons, the difference of the photocurrents at the outputs will exhibits a Poissonian noise. This
;gsrﬁnoise" is linked to the number of photbdly, involved in the measurement and scales as

Non. The sa%ﬁonsideration can apply for atom interferometers that have then a sensitivity
proportional to 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 [Santarélli 99]. This type of performance
is depicted on Dgu@%that describes the sensitivity of the detection of an atomic clock. The
sensitivity scales here asN, which is the signature of shot noise. Similar performances have
been obtained for the measurement of rotations using a gyroscope interferometer [Gauguet 09].
From bgurg 1]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 benebt 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 cIoc[%(EZaesium operated in the BNM-LPTF at
Observatoire de Paris. The plad}aﬂrve has the fBrnN, with $ = 0.94that was adjusted
on the data. This dependence it 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.

Itis well known in quantum optics [Thorne /718, 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 Peld 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 partigles).

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 hyperPne levels (Pglire 1.4a) and in a conbguration that suppress common noise
of the path length to the level of the difference of frequency of the two 1as&§GHz). The
Pgure presented here are extracted with permission of the author from [Appel 09b]

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 [Kuzmich 98] 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 measuremeént [Caves 81] 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 (seq Pgure 1.3). The

measurement of the interferometer outcome indicate on the phase difference of the two arms and
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(a) Detuning of the probing frequencies from the atomic transi{b) Noise reduction in a cor-
tions. relation measurement

Figure 1.4:Atomic projection reduction in a two color probing
(a) Each probing laser address one of the hyperbne transition. The sum of photocurrent

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

The population difference noise is estimated by applying two successive pulses. In an ideal
measurement, the prst 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 obseralaled the correlated

observablés ' &%

then on the refractive index induced by the atoms. A prst all Pbered 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 RBuctuations and to reach measurement of the population difference [Pgure 1.4) below
the atomic shot noise in 2009 [Appel 09b]. In this bi-frequerfayandf,) design, the atomic

index of refraction is measured with respect to the optical wavelength , whereas the path length
Buctuations are common mode and contribute only with respect to the microwave wavelength
(c/(fi" f2)).

While realizing a very good measurement almost insensitive to path length Buctuations, this
system still suffer from its fairly "low" optical depth (Op 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 suchfasoises.

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 ca¥ty ( 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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(c) Relative position of the light frequencies and cavity resonances with respect to the atomic transitions

Figure 1.5:Probing the population difference by a measurement of the transmission of a cavity.

The hyperbne state population difference is measured by the frequency shift it induces on a
resonance of the cavity that is tuned in between the two hyperbne states. A far from resonance
twin beam (Compensation) allows a common rejection of the cavity length Buctuations 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 (bPgure
[1.58). A number of interesting technical choices made for the locking procedure can be seen
in Pgurg 1.5 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 Buctuations.

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 pPgurg 1.5a). 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 Prst introduced in [Kitagawal93]. 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 brst 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\( > 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 df N|. In reverse, fod N < 0O, 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 or{ Pgure 1.6 can be
observed. Indeed, farN > Oand! N * 1alarge rotation angle is predicted while none will
appear for N = 0. As a matter of fact this system mimics the Twisting Hamiltonian that was
prst 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 08] 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 re3ected by the cavity (Pgure
[1.7a). The dispersive proPle of the cavity is imprinted on the probing light. This proble 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 chapte} 6). Nevertheless, this system suffers from the low optical density of a
magneto-optical trap.

The results obtained in 2008 is presented on Pgure 1.7b 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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(a) The schematic set-up and the frequencies of the (b) The brst published results [Teper 08] that
light involved in the experiment. shows the increase of the noise in the anti-
squeezed quadrature .

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 Buctuations. The
schematic and results presented here are extracted|from [Teper 08] 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 Impenst al [Impens 06] and consisted in a bouncing gravimeter. In this
proposal, an ultra-cold gas is released from a trap=at0, after a free fall of time T, a brst
Raman pulse stops the cloud while a second one send it back in its original place. As the
efbciency of the Raman pulses depend on the energy momentum dispersion relation, the number
atoms addressed by the pulse depend on the "phase matching condipos’ ! k. This
condition is perfectly satisbed for a kick at tinfe = ! ke /(mg). Measuring the optimal
kicking time that keeps the atoms after N repetitions allows then to evajleteghes 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 sectjon 1.3.2). 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



1.3 The initial orientation of the experiment 15

p=-mgTu,

Figure 1.8:A bouncing gravimeter sequence
Pulse sequence of a bouncing gravimeter as proposed by Irapai{tmpens 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 | 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 conbnement 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 almdstbut 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 bgyre [1.9.

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 benebpts 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 chipter 6, this method
realizes in principle the optimal measurement of very low photon Bux and is also insensitive
to optical path (cavity) length Ructuations. 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 R# 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 brst
doctoral thesis on the experiment, the description of the technical aspects of the experiment are
rather detailed. | hope that this chapter will be a useful reference for new students who have to
learn about this experiment.

In the brst 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 distan§e30 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
conbguration which have been prst 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 od@%%brel3ecting mirror that guarantees the necessary
feedback. An interference Plter is used in the conbguration to narrow the gain proble. The
output beam is re-collimated by L3.

characteristics of these lasers, schematically shown in Pgyre 2.1.

The laser emitter is a diode laser (Eagle Yard, mod. EYP RWE 0790). The front side is
anti-ref3ection coated while the back side is totally re3ecting and is used as one of the two mir-
rors of the cavity. The diverging beam from the diode is collimated by an aspherical lérts of
mm focal length . 1) and refocused on the out-coupling mirror with an aspherical ierrs18
mm) (L2). This results in a catOs eye conbguration on the out-coupling mirror which confers its
geometrical stability to the laser. Indeed, the ler2sconjugates the output plane of the diode
with the out-coupling mirrori1 ), and it makes the system independent of the mirror position
and much less sensitive to alignment. The leB818 mm focal) is used for the collimation of
the beam

In the extended cavity is placed an interference blter (Research Electro-optics) with a band-
pass window 0D.3 nm. This Plter allows to considerably reduce the gain window of the diode
and ensures a monomode behavior of the diode laser. The central wavelength of the blter can
be Pnely tuned by tilting the Plter, that changes the multilayer interspacing.

Since laser diodes have considerable round trip gain, it is enough to feedbadéalyith the
out-coupling mirror. The use of an anti-ref3ecting 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-rel3ecting coating of the diode. Indeed, for an intracavity power ex-
ceeding 1 W, the antiref3ection 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 dection|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 bguie. 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¥&b) and the QND laser (s¢e 2.3, locked on the
repumper). The ampliPed frequency is analyzed on a spectrum analyzer with 30 kHz

resolution bandwidth (RBW). The green plain curve is a bt of the tail by a Lorentzian of 258
kHz (FWHM). The center is btted 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 bt 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 btted 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
Buctuations. 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®@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 yned slightly on the red of the closed optical
t-ransition"528$2, Fu=2"+| 52P3,$, Fp, =3 while the repumping laser is tuned on the
'52Sy,,F =1 + '5°Py, Fp, =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 S@Ifted by a few hur@red MHz. This allows to tune the cooling
laser on the5? Sy, F =2 + 5Py, Fp =2 transition.

¥ Based on the study of 2D MOT operation [Cheinet/06, MYllet 07, Rii5 90, Nellessen 90],
we decided to have the same frequencies for all the beams operating the 2D and 3D MOT.
Hence the push beam is 2:5detuned from the cycling transition. This is not optimal
to maximize the 2D MOT atomic RBux, but simpliPes the optical bench design with an
acceptable loss of efbciency.

¥ To image the cloud by the RBuorescence technique, we decided to use the MOT beams
themselves %Jrlng suchii |mag|ng the beams frequency is tuned on resonance with the
52 Sy, F =2 + 5Py, Fp =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 trang&f&, ,, F =
2" + | 5°Pg,, Fp = 2" is implemented using the radiation of the cooling laser. This op-
tical pumping allows to accumulate the atoms in [&&3,, F, = 2, mg = 0" atomic
state that is insensitive to magnetic pPeld at brst 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 th&’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®’Rb atomic frequency reference.

¥ To perform atom interferometry (e.g. Ramsey-BordZ 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 hyperbne splitting tha6i834 GHz. The detuning from the atomic
transition depends on the optical power available and on the diameter of the beams. In
typical experimental conbgurations that are a few hundreds mW power availabf dver
cm beam waist, the detuning is generally in the GHz range.

¥ Different frequency conbgurations were considered for the nondemolition measurement.
In order to keep versatility to our design, we decided to dedicate a specibc 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 or6@( 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 sedtion. 3.1.4.1) on the crogf ovér +
|Fp =1,2" of Rb and a cooling laser on the red |6f = 2" + | F, =3". The repumper is
frequency shifted onthiE = 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 brst injected in
a 1 W diode tapered ampliber (Eagle Yard : mod. EYP TPA 0780) and frequency locked to the
repumper (see sectidn. 2.1J4.2). 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 Pbers for the MOT operations, the absorption imaging, and the optical repumping.
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Figure 2.4:Scheme of the optical bench.
The cooling radiation is ampliPed and split to be used to cool, image and optically pump the
atoms. The repumper is spectroscopically locked oi#tRé transition. Small fractions of the
beamst 2 mW, are used for the frequency lock of the cooling laser on the repump laser. The
repumper and cooling radiations are geometrically overlapped before being injected in the
Pbers toward the 2D and 3D MOT. For the sake of clarity, the optical wave plates have been
intentionally removed from the scheme.
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Figure 2.5:Saturated absorption
(a) The modulation that is present on the strong pump is transferred onto the weak probe. On
the error signal below, only the atomic lines can be seen and not the crossover. (b) The
modulation is directly applied on the probe and the pump is used to saturate the transition for
the right velocity class of atoms. The error signal is not as clean but the crossovers are present.

2.1.4 Laserlocks
2.1.4.1 Saturated absorption on a cross over.

In order to stabilize the laser frequency, one needs an absolute frequency reference. As the bnal
purpose of the experiments is to control the atomic state, it is common to use the atomic tran-
sition lines themselves as a frequency standard. The main problem in doing so is the existence
in a gas at room temperature of the Doppler broadening of the atomic transitions. At room
temperature the apparent linewidth of atomic state are &bt 500rad.s !, which is much

more than the natural linewidth= 2 # ( 6 1 rad.$ ! of the atomic transitiofsS" + | 5P".
Nevertheless, using Doppler free spectroscopy techniques [Benhett 62, MacAdam 92] such as
saturated absorption, this enlargement can be circumvented..

To extract an error signal, we proceed with an heterodyne detection. Two main techniques to
insert the modulation are commonly adopted. The Prst consists to modulate the Zeeman split-
ting of the magnetic sublevels with an external magnetic bPeld. Because of the coils inductance,
magnetic Pelds cannot be modulated very fast, and the feedback bandwidth is limited to a few
kHz. The second method that we chose is a phase modulation introduced directly on the optical
beam [Shirley 82, Bjorklund 80]. The usual scheme of this method is presented i Pgiire 2.5a.
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The principle of the modulation transfer spectroscopy is to modulate the refractive index
of the cloud with a phase modulated pump beam (red in 2.5a). This modulation of the
refractive index, which depends on the relative position of the laser frequencies with respect
to the atomic lines, creates a phase modulation on the probe beam. Because the modulation is
fully transferred by the atoms, it is a spectroscopically sensitive measurement. Nevertheless, the
modulation is applied on the atomic transition that the pump frequency is addressing. Hence, it
is not possible to use this technique for a crossover where the pump and the probe are address-
ing two different transitions.

To circumvent this difbculty, we use an alternative method where the phase modulation is
directly applied on the probe (Pgyre 2.5b). The pump is used to modify the atomic population
between ground and excited state when the two lasers are addressing the same atoms. This
method does not depend on which atomic transition is addressed and work even for a crossover.
The error signal detected for one and the other methods are presented i Pgure 2.5.

Using this method, the repumper laser is locked on|khe 1" + | F, = 1,2" crossover.

The feedback is realized by a double integrator feedback scheme as presented fin bgure 2.6.

2.1.4.2 Beat note frequency lock

As shown previously, the repumper is bxed with respect to the atomic lines. In order to guaran-
tee a high tunability of the cooling laser for the molasses and loading phases, it is locked with
respect to the repumper via a beatnote technique.

The basic idea is to observe the beating frequency between the repumper and the cooling
radiation on a fast photodetector (Hamamatsu, mod. G4176-03). The beating frequency is the
difference of frequency between the two lasérs () 6.8 GHz). Mixing this signal with a
stable (Buctuation& ") microwave generator (Y1G, mod. LPO-0408), the frequency is down
converted in between 0 and 512 MHz. After a division by 512, the signal is proportionally
converted to a voltage through a frequency to voltage converter (FVC, 1 MHz = 10 V). The
signal is then low pass Pltered to avoid residual signal modulation at 1 MHz which passes
through the FVC, and a controllable reference voltage is subtracted. The error signal obtained
is doubly integrated: the fast part of the feedback is applied on the current and the low frequency
feedback is applied on the piezo. The double integrator scheme ensures that the piezo is always
dominating at DC.

The main advantage of this scheme is its versatility and capture range. Changing the ref-
erence voltage, one changes the frequency of the laser over approximately 400 MHz. The full
range (512 MHz) is not available since the FVC does not work at low frequencies (<200 kHz).

When the dipole trap is operated, the cooling frequency needs to be shifted by 250 MHz in 1
ms. Extended cavity diode laser are done to work with a zero average current correction. When
the reference voltage is quickly () 1 ms) changed in a two integrator scheme, all the short
time corrections are applied on the current. This creates an instability in the laser and makes
it more sensitive to mode-hop. In order to improve the speed at which the frequency can be
corrected, we implemented a feedforward on the feedback loop of the piezo. This feedforward
is actually equivalent to a peaked gainfa) 1 in the transfer function of the piezo. With
such a proportional feedback, the error signal on the current is kept centered on zero. With this
method, we were able to change the frequencg®y = 360 MHz in 1 ms.
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Figure 2.6:Scheme of the beatnote lock.
The beatnote detected on the photodiode is down converted in the range 0-1 MHz and linearly
converted to a voltage. The further subtraction of a reference voltage gives the error signal that
is integrated and fed on the piezo and the current of the laser.

2.1.4.3 Raman phase lock

Since the experiment is designed to realize sub-shot noise atom interferometry, a Raman bench
was mounted for the coherent manipulation of the atoms. In the following, we introduce the
coherent manipulation of atoms by two photons Raman transition [Cheinet 06] and emphasize
on their sensitivity to the laser phase noise. The performance of the implemented phase lock of
two independent lasers is then detailed.

Two photon transitions

To realize an atomic interferometer, it is necessary to coherently drive the atoms in a su-
perposition state. This coherent manipulation is the equivalent of the beam splitter in optics.
The superposition can be created by a microwave beld oscillating at the frequency difference
between the two states, but this interaction transfers only a small momegtuns h/* yw
to the atom. Itis then not adapted to generate the spatial separation of the two arms of the inter-
ferometer that is needed for the measurement of inertial forces. The solution was demonstrated
in 1991 [Kasevich 91] and takes advantage of a two photons transition. The implementation of
two photons Raman transition has been a real breakthrough for atom interferometry since the
momentum of the two photons are transferred to the atpgs= 2h/" o5t * Puw -

If we consider the case of a three level system, and if we neglect the light-shift induced by the
Raman beams, the evolution of a systgm"” = ¢ (0) [f " + c(0) |€" is given by [Cheinet 06]:
1 & 1

v &#Rt w0 #rt -
G (t) = cos - ¢ (0)' ie" sin - c(0) € ¥t (2.1)
% & & < (
)= ' ie'"’sin %  (0) + cos #—;t Ce(0) € et (2.2)

where#gr = # 1#,/(2!) is the Rabi frequency of the two photons transition #\dhe one
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photon Rabi frequency of each laser. The energies of both hyperbne sthte amed! " . and
9% = 9% "' 9% is the phase difference between the two lasers.

This expression shows that during the coherent transfer, the phase difference of the lasers is
transferred onto the atomic state. As the interferometer measures the phase difference between
the two internal states, the noise on the phase difference between the laser will have a direct
impact on the sensitivity of the interferometer. To reach high precision measurement, this noise
has then to be kept as low as possible.

Phase lock of Raman beams

As previously mentioned, the two Raman lasers have a frequency difference equal to the ground
state hyperbne splitting (6.8 GHz) and a well dePned relative phase. To get such a phase rela-
tion between the lasers, two different methods are commonly used:

¥ The two phase related frequencies can be obtained by the generation of sidebands around
a carrier. This has been for example demonstrated with an acousto-optic modulator in
[Bouyer 96]. In this case, the phase correlation is automatically fulblled if optical path
length Buctuations are well controlled. This technique, which is quite efbcient, lacks ver-
satility in the tunability of the phase difference between the two lasers that can only be
tuned by changing the optical path.

¥ Instead, we decided to set two independent lasers. The frequency and phase relation be-
tween the lasers is ensured by a locking procedure that is presented in [Pglre. 2.7. The
master laser (Raman 1: R1) is frequency locked to|the 1" + | F' =1,2" cross
over via the repumper laser (noted: Rep). This frequency lock is done using a Phase
Locked Loop (PLL, Analog device: mod. ADF4108). In this numerical electronic de-
vice, the frequency of the signal, which oscillates at the frequency difference of the lasers
(' f = fri' frep) is numerically rescaled and compared to a quartz reference to ob-
tain an error signal. With this method, the absolute frequency of the miggteran
be placed anywhere close to the repumpef & 8 GHz). Contrarily to what seems
to indicate its generic name, the PLL device is here used for a frequency lock and not
for a phase lock. In recent years, the technology of PLL (bandwidth and compactness)
has been optimized for the need of telephony, where they are used to lock Voltage Con-
trolled Oscillator frequencies. Their application to laser locking is recent and detailed in
[Banerjee 06, Appel 09a].

As described in Pgufe 2.7, the slave laser (Ramdri2is phase-frequency locked to the master
laser. This lock consists in down converting the laser frequency differénce=(fr; ' fro =

6.834 GHz) around200MHz, by mixing the beatnote signal with a reference frequency. This
down converted signal is frequency compared to a tunable Local Osciliago) (200MHz) in

a phase-frequency detector (ON Semiconductor, mod. MC100EP40). The error signal obtained
is feedback on the laser as described in Pgure 2.7. The resulting beatnote presented in bgure
shows that the residual phase noise is belovars@.Hz ¥2 at 10 kHz and reaches 3
urad.Hz Y2 at 100 kHz.

Microwave frequency chain
A critical part in the lock of Raman lasers is the quality of the microwave reference. Actually,



2.1 Optical bench 27

I"HEYH#" & frmrmimem )M 6%#7898"8 <6 +:;

E UG HYEHY'

E N\ :87/"&
% |enen : |
+- $&&( g J

.

: I N#"1/&$%

2 J =>%)7)*33)@51 6('70D"&

: 6(&8ID$ 5+

i =2 @51 EF3*G. (X)—* FE2G6

; ELEM2)=51 C33)451
— : b BHET7)
P%'(OC  fommed - 3D 6%#7898 &——( X c33)a51 | 1I(K"&/'&
te SR I HSHYO-HYL ELFM2)=51

‘ JUu JUu
+ .

J

I =>*)7)C33)@51

=>%)?)")@51

Figure 2.7:Scheme of the frequency and phase lock of the Raman beams
A frequency lock between Ramanl and Repumper is Prst realized by the mean of a Phase
Locked Loop. The phase lock between Raman 2 and Raman 1 is done using a phase frequency
detector (PFD).
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(a) Optimization of the bandwidth of the phase lock: BWGHz

(b) Optimization of the phase noise close to the carrier

Figure 2.8:Phase lock beatnote
This spectrum is obtained by a demodulation with the HP synthetizer (point A in Pglire 2.7).
The demodulation is introduced to suppress the phase noise of the synthetizers and to look
only for the residual phase noise of the lock.
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a high quality (high gain, high bandwidth) phase lock will copy the noise of the microwave
source on the Raman phase difference. The noise spectrum offPdure 2.8 is measured relatively
to the microwave source, and shows that the phase noise performances of the lock are close to
standard performances. Nevertheless, the atoms will be sensitive to the absolute phase noise
and not to the relative one. It is then important to use a clean microwave source to drive the
atomic transition.

In that purpose, we designed in collaboration with the Syrte our own microwave reference
(Pgure[ 2.9pb). The basis of the design is a very low noise commér¢ia = 10 MHz crystal
reference (table 2.9a) on which a secd@®MHz reference is phased locked.

On one side, thid00MHz frequency is divided by 10. The resulting 10 MHz are used as
our common reference for the electronics in the lab.

On the other side, it is multiplied b$0, amplibed and sent to a non linear device (step
recovery diode, mod. HP 33005C). T harmonic (7 GHz) is bltered (Bandpass cavity
blter, mod. BP7000-70-6CS) and used as the reference microwave. In order to create a tunable
frequency around 7 GHz, the signal is mixed with a synthetiser tuned around 160 MHz and
referenced to the 10 MHz output of the chain. All the phase noise of the chain is then ensured
by the quality of the reference crystal.

Frequency offset  Phase noise >%$7()<= HSEI—| i+, || SN

1Hz -113 dBc/Hz ) 50 | s
10 Hz -143 dBc/Hz A A |
100 Hz -163 dBc/Hz +-10 +,-.10
1 kHz -170 dBc/Hz 12"%34-&(2"-5$6'-7-

(b) Scheme of the Microwave frequency chain. SRD: Step re-

Ref ise of the Bl l. .
(a) Reference noise of the Blue top crysta covery diode

Figure 2.9:Microwave frequency chain
On the left hand side are given the performance of the crystal measured by the manufacturer,
and on the right side is presented the electrical scheme that we implemented.

2.2 Apparatus for cold atom trapping

In this section, we will detail the apparatus where cold atomic sample are generated. The
underlying physics for cooling and trapping of atoms is brie3y exposed. In a second part, we
present the vacuum and optomechanical design of our 2D and 3D MOT which are generated in
two different vacuum chambers.

2.2.1 Cooling and trapping of atoms

Laser cooling techniques have been developed and pushed forward in the 800s. This led to the
Nobel Prize of Steven Chu, Claude Cohen-Tanoudji and William D. Philipps in 1997. The key
idea of laser cooling is to use the radiative pressure exerted by light to slow down atoms. In
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this section we will limit our explanation to the 1D case, and introduce the main notions of
these techniques. For further details on atoms cooling and trapping, one can refer to/[Chu 85,
Metcalf 03, Metcalf 01, Adams 97].

2.2.1.1 Cooling atoms

Because of the Doppler effect, two counter-propagating lasers with angular frequemdy
be absorbed differently depending on the relative atomsO velocity direction and modulus with
respect to the optical beams. If the lasers are tuned to the red of the atomic trarisitibny],
the atoms absorb preferentially from the beam counter-propagating its displacement. Because
of the momentum transfer associated with this absorption, the atoms are slowed down. A graph
of this dissipative forceRqop) is presented on bgure 2.]10a.

& "2/ 4 "2/ 4

Fan = Fo g mor s a4 Tk e 74 (2.3)

where" = 2 # ( 6.066 16 rad.$ ! is the natural linewidth of Rubidium. One can see in bPgure

[2.104 that the force is opposed to the atomic velocity, which makes it equivalent to a friction
force.

Remark

¥ The model presented before is based on a two levels atom. The cooling mechanisms
actually rely on the existence of a cycling transition that allows to repeat the process
of absorption. Ii*’Rb, the transition(|JF = 2" + | F, = 3") is a good candidate.
Nevertheless the cooling laser can still excite fhe= 2" + | F, = 2" transition.
From|F, = 2", the atoms can spontaneously decaff te 1 where they will no more be
sensitive to the cooling lasej = 1" is then called a dark state. An extra laser, called
repumper is needed to bring atoms back in the cycling transition.

¥ In addition, this description does not take into account the heating term due to the spon-
taneous emission linewidth. This effect limits in principle the lowest temperature achiev-
able to the Doppler temperatufg gop:

Tedop = Z'TB = 144 pK, (2.4)

which corresponds to a mean kinetic energy per particulé 62

2.2.1.2 Trapping

In order to gather a cold sample of atoms, a velocity dependent force that cools the atoms is
not sufpcient. It is also necessary to make the force position dependent. For that purpose, the
atom-magnetic Peld interaction is used (Zeeman effect). Hence, the energy of the atoms is
modibPed through an interaction between an external Bldrid the atomic magnetic moment

(W). In the case of a magnetic splitting smaller than both the Pne and the hyper-bPne structure
[Steck 10], the interaction Hamiltonian i = pggr 5=.B,, wherepg = ¢_ js the Bohr

2mec
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Figure 2.10:Cooling and Trapping mechanism

magneton andy is the LandZ factorge = 1/2for F = 2 andgs = 2/3for F, = 3). The
splitting energy of afF, mg " level is then:

' Erpme = 'F,mg[Hg|F,mg" = pggrme B, (2.5)

We consider now a magnetic el = aze, and two counter-propagating and circularly
polarized optical beams (Pgure 2.1.0b). Because of selection fules [Cohen-Tannpudji 96], a
*, beam authorizes only tHg,m = 0" + | e,m = +1 " transition, and &, authorizes the
lg,m=0"+| e,m=" 1" transition. For an atom ima > O, this interaction brings the atom
closer to resonance for the beams and takes it out of resonance for'thebeams. The radi-
ation pressure pushes the atom in the direction z=0 which creates the central force desired for

trapping.

In order to create such a linear dependence of the magnetic beld, two coils in an anti-
Helmholtz conbguration are commonly adopted. The quadrupolar Peld has the required linear
dependence in the 3 directions of space. The polarization of the six beams trapping beams is
adjusted to match with the direction of the gradient.

2.2.2 Two dimensional Magneto-Optical Trap

To produce the source of atoms for the 3D magneto-optical trap, different methods were pro-
posed and tested. Among them, chirped optical cooling lasers [Ertrer 85] or white light slower
[Hoffnagle 88] can be mentioned. The methods which are now the most commonly adopted
are:

¥ Dispensers are the easiest way to create a controlled vapor. They consist in a metallic
Plament that contains solid Rubidium. In this Plament can circulate a current. By Ohm
dissipation, the Plament is heated and the Rubium sublimates, creating the desired vapor.
This technique is the simplest to increase the Rubidium vapor pressure but it has the
drawback that the atoms are not well collimated towards the trapping region and thus the
background pressure increases when dispensers are turned on. A high pumping rate is
needed to quickly recover the vacuum that allows the evaporation process to occur.
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¥ A Zeeman slower allows to extract a directed atomic beam from a hot vapor [Phillips 85].
This hot but directed atoms are slowed down by a laser counter-propagating the atomic
direction. A gradually decreasing or increasing magnetic beld allows to compensate for
the decreasing Doppler shift linked with the slowing down of the atoms, such that the
counter-propagating light stays on the red side of the atomic transition. This technique
is very efpbcient and allow to separate by differential vacuum the high pressure chamber
(oven) from the high-vacuum chamber. The main drawback of the method is the place
needed for the Zeeman slower (few meters).

¥ 2D-MOT loading is a technique that creates a slow jet of atoms that can circulate in
between two chambers that are separated by a differential vacuum stage. This technique
has been chosen in our set-up for its compactness and is described in the next section. For
a detailed analysis of 2D-MOT processes, one can refer to [Metdalf 01].

2.2.2.1 Principle

The technique involved in a 2D-MOT relies on the cooling mechanism described in section
[2.2.1. As shown in bPgure 2.]1a, two pairs of counter-propagating and circularly polarized
beams are applied in two transverse directionsufdy). Following the description given in
sectior] 2.2 1 the atoms will be slowed down in these two directions. Using two pairs of coils
in anti-Helmhotz conbguration, a gradient is createck@ndy with a zero of peld at equal
distance of the coils. Using two pairs of coils as present¢d in R.11a, the residual gradzent on
is cancelled at brst order. Atoms passing through the region of the beams will be trapped and
cooled along« andy, but free to escape along the longitudinal direczofT his creates a jet of
atoms along z, with a low divergence due to the transverse cooling. To force the atoms in only
one longitudinal direction, a push beam is added to reverse the velocity of atoms propagating in
the undesired direction and push them towards the 3D-MOT region.

2.2.2.2 Design

Vacuum

The titanium vacuum chamber of the 2D-MOT and the whole opto-mechanical system are pre-
sented in bgure 2.1[lb ahd 2.11c. The design is inherited from the Syrte where our 2D-MOT
has been assembled.

The Rubidium L g) is inserted in a glass cell which in turn is placed in a titanium Pnger.
Once the system is under vacuum, the glass cell is broken by a mechanical pressure on the
titanium Pnger and the Rubidium vapor is free to reach the 2D MOT chamber. The bnger is
usually kept at room temperature but can be heated to increase the 2D MOT Bux.

The windows (16 5 cn?) for the cooling laser are elongated to allow for a long trapping
region. For compactness reasons, the windows are glued to the titanium mount. A small hole (2
mm diameter and 2 mm long) followed bysacm long graphite piece with a conical holeg§

mm input diameter5 mm output diameter) ensures the differential pressure operation of the
2D MOT chamber and the science chamber. The slow jet of atoms reaches the 3D MOT region
through this hole. The vacuum of the two chambers can be isolated by an all metal CF16 valve.
On the 2D MOT side, the vacuum was primarily pumdé® mbar, before a 50 I/s getter pump



2.2 Apparatus for cold atom trapping 33

oy A

‘.“:H:$0/0&-‘ ()
AL

16012968 0%

(a) Schematic of the 2D MOT.

(b) Vacuum part of the 2D MOT

(c) Opto-mechanics assembled around the 2D MOT

Figure 2.11:Two dimensional magneto-optical trap
Two pairs of counter-propagating beams decomposed over three region each generate a slow
jet of atoms that escape through a hole in the vacuum chamber. A push beam helps the atoms
to escape the 2D MOT chamber towards the 3D MOT region.
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Figure 2.12:Loading of the 3D MOT.
The trapping beams of the 3D MOT are suddenly turned on, and the Ruorescence of the MOT
is measured on a photodiode.

was started (SAES getters, mod. C50-St707). The vacuum on this side is maintained to about
10 & mbar with the getter alone.

Light and coils

As explained irf 2.1]3, the light used for the 2D MOT is composed of repumper and cooling
radiations which are injected in the same Pber. The light is split in 3 with a commercial device
(SchSfter + Kirchhoff, modL( 3) to create 2 cooling beams containing e2®mW of cooling

and$ 0.5 mW of repumper, and 1 push beam mad®.6fmW of cooling ands 10 2 mW of
repumper.

In order to create a long layer of light to cover the windows, the cooling beams are ellip-
tically shaped with an aspect ratio of 2 and a beam waist of 10 mm on the long axis. As can
be seen in bguife 2.7]1c, the layer is generated by the juxtaposition of three of these elliptical
beams. The circularity of the polarization is ensured by a rotating quarter wave plate. Each of
these6 = 2 ( 3 beams is retrorefl3ected by a mirror on top of which is gluddrech quarter
wave plate.

The magnetic gradient needed for the trapping is generated out of 2 pair of rectangular coils
(15( 5cn?). Only one pair is really needed, but using 2 pairs ensures the symmetry of the two
transverse trapping direction and cancel at brst order the residual longitudinal gradient. Each
coil is composed 0100turns of1 mm diameter wires. All the coils are operated in series with
1.5to 2 A. The zero of magnetic beld is adjusted on the axis of the hole using independent
adjustable resistances in parallel to the coils (few percent adjustability).

Performance

Using the adjustability of the magnetic bPeld and power cited above, this 2D MOT loads the 3D
MOT with more than5 1& at/s. We were able to fully load 3D MOT of a fei® atoms in
about 3 s.
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2.2.3 Ultra High vacuum set up

The design of the main chamber, the cavity and the coils were carried out as an ensemble.
All the drawings have been realized on Solidworks. The design of the 2D MOT and the main
chamber are independent except for a CF16 3ange that links the two. All the mechanical pieces
were realized in non-magnetic material. The chamber is completely done in 316LN stainless
steel. The closest mechanics to the atoms were done in titanium, bronze beryllium or copper.

2.2.3.1 Main chamber

The main chamber is designed to reach ultra high vacuum and contains the optical cavity as
well as the MOT coils. Hence, it has a high volume compare to standard UHV chambers. Itis a
cylinder with inner diameter &5cm and height o080cm. The cavity and the coils are mounted

on the CF250 top 3ange, which is turned upside down to close the vacuum chamber (see bPgure
[2.13). This chamber includes as many optical ports as possible considering the optical access
left by the cavity and the coils. In particular, there are four CF100 windows (2 on the vertical
and 2 on the horizontal), 13 CF40 and 1 CF16. A precleaning of the cavity was realized by
baking the chamber t85GC with only blank Ranges for 1 week. A second precleaning was
realized at 200;C with the windows for 2 weeks. As describeld in 2]2.3.2, the coils had their
own precleaning. The cavity with the coils were inserted and the vacuum started with a turbo
pump mounted behind an all metal valve. When a vacuum of ab@t mbar was reached,

two (out of four)501/s getter pumps and tw20 I/s ion pumps were started. The valve of the
turbo pump was then closed and the turbo pump removed to avoid vibrations. The chamber was
baked ta80;C for 2 weeks to prevent damages on the piezo-electric elements of the cavity.

To avoid magnetic Pelds, no gauge was installed on the chamber and the two ion pumps are
shielded. The sum of the two ion pump currents is beddA, which is probably the leakage
current. We have no precise value for the residual vacuum pressure, but the life time of the
MOT is about 20 s (see Pgdre 2.16).

2.2.3.2 Coils under ultra high vacuum

Because the science chamber contains the cavity, it has big dimensions. Hence, if the coils had
been out of the vacuum chamber, we should have used &0Aito generates the 3D MOT
gradient. This would have unnecessarily constrained the experiment. To avoid such a problem,
the coils have been inserted in the science chamber itself. The design is presented[in Ppgure 2.15
and the drawings are given in appendix G. The V shaped design of the copper (OFHC) mounts,
that can be seen in bPgure 2.15b allows for a maximal optical access. To guarantee the overlap
of the cavity center and the zero of magnetic beld, the supports of the coils are bxed on the
titanium (TAGBV type) plate of the cavity. In this conbguration, the coils and the mirror of the
cavity are both referenced to the same mechanical piece (titanium plate) which helps to achieve
the previously mentioned geometrical overlap.

When the coils are supplied, a thermal distortion of the cavity plane could appear. To prevent
for such an effect, the coils supports were attached to the titanium plate with machor ceramics
which are thermally insulating and UHV compatible. To allow for the thermal dissipation to
occur, the coil supports are linked to the science chamber via copper braids which avoid me-
chanical constraints.
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Figure 2.13:0Overview of the complete vacuum system
The 2D MOT compact design is on the right and the science chamber containing the ultra-high
Pnesse cavity is on the left.
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The winding of the coils are made of kapton insulated copper wires. Their sec2alis
1.2 mm. The wires are glued together to the support to guarantee the robustness. The glue is
Epotek H77 and was heated upi8G,C under nitrogen to dry. Each coils has 116 turns with
radii betweerbOand77.5 mm and distances to the MOT betweEand38.5 mm. Considering
the full geometry, we hav.2 Geml A’ 1 and the coils are operated wihA. To avoid Eddy
currents, the copper support are cut.

To carry the current in and out of the chamber, a CF16 electrical feedthrough in 316L stain-
less steel with 8 pins has been installed on the vacuum chamber. To avoid heating on the
feedthrough, each way of the current is split onto two pins of the Range. Each pin can handle
15A with 1 kV.

Before the coils were included in the main chamber, they were bak#@}€ for 2 months
to allow for a maximal degassing. This long degassing time was mainly attributed to the air that
is captured deep in the coil wiring and that has then a low conductivity towards the pump. A
vacuum of4 10 1° mbar was then reached at room temperature with no current in the coils and
with a 100l/s pump behind0cm of a CF40 elbowed tube.

Remark: In order to create a bias beld for optical pumping or Rabi oscillations, we have the
possibility to switch the coils from anti-Helmholtz to Helmholtz conbguration. In that case, the
coils create a bias peld of 17.4 GAat the position of the MOT.

To compensate for external parasite magnetic bPelds (e.g. earth belds), we settled the so
called compensation coils. These coils are three pairs of coils mounted in Helmholtz conbPgura-
tion. Each pair of coils compensate for the beld in one of the three direction of space such that
the residual magnetic beld is null. Hence when the 3D MOT coils are turned off, optical mo-
lasses and subdoppler cooling can be performed in a zero magnetic-bPeld environment. Along
the vertical, they create 31.8 GA in the axis of the 3D MOT coils they create 17.3 GAand
in the last direction they create 34.4 GA

2.2.3.3 Magneto-optical trap

In this section, we describe the optical arrangement and characteristics of the 3D MOT. As
presented in sectidn 2.1.3, the two necessary frequencies for the trapping and cooling are in-
jected in the same polarization maintaining Pber. To send the radiation from the three directions
of space, the light is split in 3 different bPbers using 1x3 splitter (SchSfter + Kirshoff). Each
retro-reRecting beam contains 0.5 mW of repumper and 20 mW of cooling and is collimated
to be sent on the atoms. The collimator are commercial couplers (SchSfter + Kirshoff, mod.
60FC-M75) directly bxed on the chamber itself. These couplers are composed of an achromat
lens to collimate the light with 8.75 mm waist, followed by a quarter wave plate to create left

or right circularly polarized light. To simplify the set-up, we choose to retro-ref3ect the MOT
beams with & inch quarter wave plate followed by a 2 inch mirror.

Remark 1: This choice of retroreBected MOT beams simplibes the implementation since no
intensity balance is required. At the same time, it becomes critical to reach low temperature
in optical molasse, with the shadow effect on the brst path that unbalances the power of the
retroref3ection.
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(b) Disposition of the wire

(a) Coils support.

Figure 2.14:The copper support of the coils
The V shape allows beams at 45j to access the atomic sample. The supports are directly
attached to the titanium plate of the cavity.

() One of the two 3D MOT coils. (b) Front surface of the coils
Figure 2.15:UHV coils support
The coils are winded on a copper support and are made of 116 winding each. The windings are
glued together to the support by epotek H77.
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Figure 2.16: Life time of the 3D MOT.
The 2D MOT is turned off and the decay of the Ruorescence of the 3D MOT atoms is
measured.

Remark 2. For more versatility, we have recently implemented a 3D MOT conbguration
using 6 independent beams. The splitting in 6 beams is don¢ ByPber splitters (Oz optics).

2.2.3.4 The optical cavity

The optical cavity properties are detailed in chapter 3. Figuie 3.4 shows a picture of the me-
chanical layout that gives an idea of the involved geometry for the cavity and of the mechanical
connection between the 3D MOT coils and the cavity plane. Essentially, the cavity is composed
of four mirrors placed at the corners of a squar@@fmm diagonal. Some of the mirror mounts
can be actuated under vacuum for a precise alignment on the atoms.

2.3 Imaging system

The strong interaction of Rb atoms with optical light is of great interest. It allows for all the
trapping and cooling process previously mentioned but can also be used to image the atoms.
When a laser that is resonant with an atomic transition is shined on the atomic cloud, it is
partially absorbed by the atoms, and a shadow appears on the transmitted beam. Recording this
shadow is called an absorption imaging. The optical system which images this atomic shadow
on the CCD is presented in sectfon 2.3.0.5. Another possibility to record an image of the sample
is to collect the light scattered by the atoms, hence realizing a 3uorescent imaging.

2.3.0.5 Imaging system

Our imaging system can be used with two different overall magnibcations x1 and x4 which
are described in Pgufe 2.18a. The Pbrst stage of the optical system is a side object tele-centric
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Figure 2.17:Mechanical design of the cavity
Four mirrors hold at the corners of a 90 mm diagonal square. The mirror mounts are
referenced to a 15 mm thick titanium plate on which are also bxed the coils

telescope described in the next paragraph. The brst lens of the telescope is placed at 220 mm
from the atomic ensemble. The image created by the telescope is taken by a microscope ob-
jective x5 or x20 (Zeiss, mod. Fluar) which are inpnity-corrected followed by a microscope
lens tube which images the atomic cloud on the sensor of the camera (Apogee). Using the x5
objective, the point spread function of the system is limited by the microscope objective x5 to
about = % = 38 um in the object plane (NA=0.05) and the depth of peldlli2um. Using

the x20 objective, the point spread function of the system is limited by the telescope to about
~ =13 um in the object plane (NA=0.13) and the depth of beld6sum. The adjustment of

the focus is realized by micro-positioning the microscope objective.

Telecentric objective

The two-side tele-centric telescope (Schneider optics, mod. Xenoplanl:5) has been character-
ized on the Zygo laser interferometer of the Institut dOOptique, Graduate School. The telescope
has an input numerical aperture of 0.13 (output NA = 0.65) and a magnibcation of 1/5 with a
working distance o270+ 75mm. As shown on bPgufe 219, the telescope is actually diffraction
limited on all its numerical aperture. The test has been realizé82nm withNA = 0.125

The Strehl factor of this telescope is 0.945 on axis, 0.937 out of axis by 2 degree and 0.997 for
half the full NA and out of axis by 2 degree.

Technical notes:

¥ Telecentric telescope Xenoplan 1/5 : NA 0.13, working distance (WM}t 75mm.
¥ Microscope objective Zeiss Fluar x5 : NA 0.25, WIR.5 mm, Transmission (T» 85%

¥ Microscope objective Zeiss Fluar x20 : NA 0.75, VOB mm, Transmission (T 90%
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(a) Imaging system
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(b) Photo of the imaging system

Figure 2.18:1maging system.
The imaging system is made of a telecentric objective that transports the image out of the
vacuum chamber. The image created is conjugated with the CCD plane by a microscope
objective. This conbguration allows to switch easily from an overall magnibcation of 1 to 4
simply by changing the microscope objective.
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Figure 2.19:Modulation Transfer Function of the telescope.
The dashed line are theoretical prediction and the dotted and plain lines are measurement
realized on axis and 2j off axis. The MTF of the telescope shows that it is very close to be
diffraction limited on all its aperture.

¥ Lens tube edmund optics : focdlé45 mm, WD 120+ 10 mm.

2.3.0.6 Absorption imaging

In most of the experiment described in the following, the detection of the atoms is realized with
an absorption imaging. This technique measures the local optical density of the cloud integrated
along one direction z.
The atomic cross section for atoms on the cycling transifiler2, mg = 2"+ | F, =3, mg =3")
is given by [Steck 10]:
32 1

2# 1+ (292 + 1/ ou

*

(2.6)

where" = 2 # 6.066 10 rad.$ ! is the natural linewidthl,s, = 1.67mW.cn 2 is the saturation
intensity, andrthe angular frequency detuning of the probe with respect to the atomic transition.
In our experiment, the quantization axis is not well determined. Hence it is not possible to
debne & + polarization of the light and the absorption cross section is reduced by a factor 2.13
[Steck 10].
Using a Beer Lambert law for the intensity, one bnds :

R
|O(X| y) e! & '(xy,z)dz (27)
X y

No V' Sotoztoz
o= — 0 o 2f aj a3 28
(2#)325 > y* 2 y (2:8)

I (X,y)

where, is the atomic density that is assumed to have a Gaussian distributidfp,ahd number
of atoms of the cloud.
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After the integration over the propagation axis and the integration of the 2D image on one
direction (y), one bnds the optical density proble:

+ i ) ¥
Y o egNo 1T ooy
N oy ¥ e " Toooyy @9

where+yis the pixel size.

Fitting the projected image, one obtains the number of atdgas well as the size of the
atomic cloud { ).

The evolution of the size of the cloud after a time-of-Right is governed by the initial mo-
mentum distribution of the atoms in the cloud and characterizes the temperature of the cloud:

ke T
*E(ttof ) = *i(ttof ) + B ttof (2.10)

This expression is valid for sufbciently diluted cloud{ << 1) and for non degenerated
samples with a Maxwell-Boltzmann distribution.is the atomic density anal = 5.77 nm the
s-wave scattering length.

2.4 Summary

In this chapter, we have presented the main technical characteristics of the experimental appa-
ratus.

We have described the extended cavity diode laser used in the experiment and shown the
different locking circuit that have been realized. The reference laser is the repumper laser
which is locked by saturation spectroscopy. The other lasers are locked to the repumper using
beatnote techniques in a versatile way. An optical bench to drive two photons Raman transitions
and involving a phase lock has also been realized.

The vacuum system consists of a titanium made 2D MOT chamber and a non-magnetic
stainless steel science chamber where the high Pnesse cavity sits. Special coils have been de-
signed to be mounted under vacuum.

The imaging set-up has been designed and implemented to be situated at 30 cm from the
atomic sample while keeping a high numerical aperture (NA=0.13). The system has been char-
acterized and is diffraction limited for this numerical aperture.
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CHAPTER 3

The high Pnesse cavity
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The high bPnesse cavity is at the heart of our experimental apparatus and is its peculiar
element. The four mirrors geometry in a crossed conbguration makes it quite specibc to trap
atoms. Since it is a novel geometry for cold atoms experiment, a care has been given to properly
understand its characteristics. The cavity has been chosen to be resonant both at 1560 nm and
780 nm. The radiation injected in the cavity at 1560 nm has the purpose to trap the atoms in a far
off-resonance optical dipole trap (FORT). As the waist chosen for the optical mode geometry are
about 10Qum, a Pnesse of a few thousands is enough to create a trap with a depth of a mK using
laser power that are only in the range of 1 W. On the contrary the 780 nm resonance that is used
to enhance the quality of the nondemolition measurement, should in principle always benebt
from a higher pPnesse (see for example se¢tion 5]3.4.2Jor 6.3 or [Lye 03]). In that context, we
searched for a manufacturer that could make the highest Pnesse possible at $80000(0
with the constraint of keeping a Pnesse of a few thousands at 1560 nm.

The choice of a trapping with a radiation at 1560 nm that is the double of 780 nm was not
fortuitous and was led by the idea to reference the 780 nm cavity resonance®’t®kthkines
using the 1560 nm lock. This locking of the cavity length that is still prospective in our current
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set-up is detailed in sectipn 6.3. In this perspective, locking the cavity length at a frequency for
which the Pnesse is "low" may seem problematic to perform a measurement at a high bnesse
(low linewidth) frequency. Actually if it is true that the absolute frequency stability of a lock is
proportional to the cavity Pnesse, it is important to remember that it is also proportional to the
square root of the optical power used to extract the error signal. Hence in our present case (see
sectior| 6.B for details), the low frequency at 1560 nm can be compensated by a higher optical
power which should in principle allow to approach the optimal situation where all the cavity
length RBuctuations are cancelled.

In this chapter, we will present a detailed study which has been led on the cavity. At brst,
we will discuss the intrinsic properties of the geometries that have been considered for the
experiment. We will then focus and describe in detail the features of the chosen conbguration
and its experimental realization. We introduce at prst the formalism for the description of
optical cavities and apply it to derive the fundamental mode proble as well as the stability
conditions. The expected and measured spectrum of the transverse modes are then compared
and give informations on the astigmatism in the cavity. The fundamental mode of the cavity that
is used for the trapping of atoms is characterized via an indirect measurement of the divergence
of the output mode, but also via an in-situ nondemolition measurement that uses the atoms as a
sensor. At last we detail the locking procedure that has been realized.

3.1 The considered geometries

In this section, we present the three geometries that have been foreseen in the experiment.
We Prst give some qualitative arguments to understand their behavior, and brieRRy describe the
experimental characterizations that were led before our Pnal choice was made (sectjon 3.1.2).
The description of the butterf3y cavity that has been Pnally implemented is given in detail in
sectior3.2.

The geometries were analyzed in regard of the following requirements:

¥ the ability to switch between running and standing waves in the resonator. Hence, linear
cavity were excluded of the discussion,

¥ the possibility to reach high conbPnement in the dipole trap which involves to aim at small
cavity mode waists. The conPnement of a trap plays a crucial role to reach a high atomic
density and then to start the evaporation process that leads to the condensation,

¥ the optimization of the loading of atoms from the MOT to the dipole trap. This is obtained
by creating a good overlap between the MOT volume and the cavity mode with the use of
large cavity mode waist, that is contradictory with the previous point.

These requirements led us to study the geometries presented in the following section and to
look for the best compromise possible.

3.1.1 Different possible geometries... but a common description

Given the requirement of high conbPnement and our will to use traveling waves, we compared
the 3 mirrors geometry (Pgure 31a, called triangle), the 4 mirrors geometry (Pgure 3.1b, called
butterBy), the 5 mirrors geometry (Pglire 3.1c, called star). The position of the atoms in these
different geometries is represented by the red spot.
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(a) 3 mirrors geometry : tri- (b) 4 mirrors geometry : buttery (c) 5 mirrors geometry : star ge-
angle cavity cavity ometry

Figure 3.1:Geometry considered for the cavity

In the following of this section, we forget about the astigmatism of the cavity that will be
discussed in section. 3.2.2.2.

As the plane mirrors are only folding the space, it is clear in Pgufe 3.1 that the star geometry
and the triangle geometry are quite equivalent. But there is one major difference: in the triangle
geometry, the atoms are placed at the closest waist from the curved mirrors while it is the reverse
for the star geometry.

The butterBy geometry can also be brought back to the triangle case considering that the
upper part of the cavity is the symmetric of the lower one. A plane mirror placed at the center
would preserve the mode geometrical properties.

Studying the stability of the 3 mirrors conbguration, one can see that there exists actually
two different stability regimes that lead to an inverted ratio of the waist in A and B:

¥f = % > L ;. In that condition, the waist in A is smaller than in B. This condition would
be the one to apply f¢r 3.1b ahd 3.1c to have the tightest conbPnement on the atoms.

¥f = % < L ». In that condition, the waist in B is smaller than in A. This condition would
be optimal fof 3.Ta.

More generally, it can be intuitively understood by the fact that the waist in A and B are
reciprocally imaged by the curved mirrors. The smallest waist is the one whose distance from
the curved mirrors is closer to the focal length.

3.1.2 Triangle and star geometry

In this section, we describe the coupling efpciency that can be reached in the triangle and star
geometries, and determine the Pnesse of such cavities.

3.1.2.1 Coupling efbciency

Looking to the stationary equation for the propagation of the electric beld at each interface,
we calculate the inner and transmitted Peld in the cavity. In the following, the results will be
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Figure 3.2:Notation for the electric Peld in the cavity.
The refRection and transmissiorandt are considered to be identical for all the mirrors.

presented in two columns. The brst describes the triangle geometry and the second the star
geometry.

Debpnition:

The beld amplitude ref3exion, transmission and losses of the mirrors arerndtadd- re-
spectively. The cavity ref3ection and transmission are nd®d)(in amplitude andR ,T) in
intensity. We notds andE; the complex amplitude of the incident and ref3ected electric Peld
on the mirror M ands; the complex amplitude in the cavity (see bdure 3.2).

In the stationary limit, we have:

Triangle cavity Star cavity
EC:tE+r3EceikL EC=tE.+r5ECe"‘L (31)
E=tr?E L' rE E=tr‘E. "' rEg

Solving these equations, one bnds the rel3ectigty §nd transmissionT() coefbcients,
which should verifyfR + T =1 for a lossless cavity.

Triangle cavity Star cavity
_ ::&::2 = 2 1+r21 2r cos(kL) R = r2 1+r61 2r3 cos(kL) (32)
T o5 ow 1+r61 2r3 cos(kL) - 1+r191 2r5 cos(kL)
T = ::g::z — t4 r2 T = t4 r6
E 1+r61 2r3 cos(kL) 1+r101 2r5 cos(kL)

The coupling efpciency() is debPned as the part of the energy which is not rel3ected, i.e.
C=1"'R . It can be experimentally easily estimated by measuring the ref3ected power in
and out of resonance.

From[3.34, the coupling efbciency increases for a decreasing ref3ectivity. Indeed, in the low
ref3ectivity limit, we are approaching the free space condition where all the light is transmitted
(no mirrors),i.e. the coupling converge to 1.
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The theoretical limit to the coupling efbciency is presented in dashed line on the bgures.
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In the high mirror reectivity limit, Pgur¢. 3.3a shows that the more mirrors are involved,
the lower the coupling efbciency. In the case of the Fabry-Perot cavity, the coupling efbciency
is 100%whatever the mirrors rel3ectivity. This happens because the transmission of the prst
mirror perfectly matches the ref3ection of the second mirror. In other terms, the contrast of the
interference on the pbrst mirror is full: the cavity is impedance matched for the propagation of
light. For additional mirrors added in the cavity, the contrast of the coupling interference on
the Prst mirror is lowered and part of the light is reBected. In our experimental realization,
this property was well veribed for the triangle geometry but not for the star geometry that
exhibits a higher coupling than expected (see bgure] 3.3c). Our explanation holds on the angle
of incidence on the mirrors and on the calculation that assumes identical rel3ectivity for the
mirrors. The mirrors used were treated to have an optimal ref3ection for an angle of incidence
of 0j. In the case of the star geometry realized experimentally, the input mirror had an angle of
incidence of 45; while the others had about 20j. The high angle of incidence on the in-coupling
mirror probably lowers its ref3ectivity, and allows to approach the case of impedance matching
(ry) ro.rs.rars).

The coupling efbciency obtained experimentally for the triangle and star geometries were
respectively80%and87%

3.1.2.2 Finesse

Another important characteristic of a cavity is its ability to store the light, or in other terms the
average number of turns that a photon realizes before it exits the cavity. This parameter is called
the Pnesse of the cavity. The Pnesse is related to the average propagation distance in the cavity
over the length. of the cavity. It is also the ratio of the frequency distance between two adjacent
longitudinal modes (Free Spectral Range - FSR) over the width of the cavity transmission.

E = ! -FSR’ (3.3)

+-cav

where! .gsg = c/L is the FSR frequency, anel,, is the spectral width of the cavity trans-
mission, which is linked to the coherence length of the cavity and is inversely proportional to
the decay tim¢ of the cavity.

In equatiorf 3., the denominatbr debnes the width of the cavity resonan¢e.{,) and
can be rewritten as:

D=1" r3?@+ mysin(kL/2)) [ D =(1" r°?(1+ m,sin®(kL/ 2))
ms = 4r3 m» = 4r5 (3-4)
1~ @rr3)e 2~ @5y

The linewidth of the cavity is measured at half width at half maximum (HWHM) of the reso-
nance line and corresponds to the condition:

& 1
k= — . ¢ #+ %1—_. 3.5
>~ ¢ > )P — (3.5)
The cavity linewidth and the free spectral range are then given by:
o = 2% (3.6)
cav. ml_# ’ .

c
. FSR Z#E (37)
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Combining these two results, one obtains the Pnesse in the form:

#%__
= - m

F
2

(3.8)

Such a depnition of the bnesse shows that it is an increasing and ufjfonciibn of the re-
Bectivity. Even if the coupling efbciency gets down with ref3ectivity, it is always probtable to
increase the rel3ectivity of the mirror if the losses of the cavity can be neglected. Considering
the specibcations of the mirrors, the Pnesse were calculateddtb/laand 250for the triangle

and star cavities respectively. Their experimental measurement$0dwe both geometries.

This discrepancy is essentially attributed to the mirrors that were not taken at their specibed
angle of incidence (AOI).

Remark: The cavities have also been tested in s polarizatioto(the cavity plane) for which

they give bPnesse dI60 and 105 with coupling efpciency o#1% and 28% for the triangle

and the star geometries respectively. This polarization dependence of the mirrors is linked
to the nonzero angle of incidence that allows to differentiate the two polarizations (Fresnel
coefbcients).

3.1.2.3 Optical beam dimensions

We focus now on the size of the single trapping beam of the triangle and star geometries. All
the relevant depbnitions for Gaussian beams are given in s¢ction 3.2.2.1.

To perform an evaporation in a atomic trap requires high atomic densities. To reach these
densities, a tight trapping of the atoms has to be obtained. In the case of an optical dipole trap,
the trapping frequencies are mostly determined by the beam size which should be typically
below 200um. Hence, for a tight trapping in the transverse direction, the waisskould be
less than 20Qum. The characteristic length for the conbPnement in the longitudinal direction
of a Gaussian beam is called the Rayleigh range= #w?/' . To respect the same condition
on the dimension in the longitudinal directidre. zz < 200um, the waist of the beam would
actually be limited talO um at1.56 um. This waist dimension would be a priori technically
feasible but would require to operate the cavity close to the unstable limit of the concentric
geometry. Indeed, in this limit, the waist at the center of the cavity approaches the diffraction
limit (w) '/ 2). There are nevertheless some drawbacks to such a situation.

¥ Beams with small waist, are highly diverging# '/w . Hence, the mirrors need to be
close to the cavity center so that they can be used under high numerical aperture while
preserving the beam from aberrations. This proximity of the mirrors constrains the optical
access needed for all the cooling and trapping operation. In that perspective, the star
conbguration has the advantage to have its tightest waist the furthest from the mirrors.

¥ To operate a cavity close to an instability limit is technically difpcult since the length of
the cavity becomes a very critical parameter. For example, during the bake out the system
for degassing, the cavity length may change so that the cavity becomes unstable.

1Only true in a lossless cavity as will be discusse@.Z.?
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¥ When considering to obtain a quantum degenerate sample in a cavity, a crucial parameter
is to reach high densities. For that, not only the trapping frequencies are important pa-
rameters but also the number of atoms loaded from the MOT into the dipole trap formed
by the cavity mode. Regarding this second constraint, a dipole trap with a waigpof
is completely unadapted to load atoms from a MOT that has typical dimensions of a few
hundredum.

Considering these geometrical arguments, we converged to the crossing cavity geometry
(see bgurg 3.3b) in which the Rayleigh range does not play any role. The strong constrain on
the waist dimension,e. w ) 10pum, is then removed. This geometry allows at the same time
for high trapping frequencies in all directions, and for a high volume of capture with waist of
the cavity beam that can be abd@Oum. On the other hand, this geometry has the drawback
that interferences between the two arms can appear in the crossing region. The pattern of the
interference is linked with the position of the mirrors and will then shake with acoustic noise,
inducing heating of the atomic sample. To avoid the interference, we use light polarized in
the plane of the cavity and we Pnely adjust the angle between the two crossing arms to 90j. A
second drawback is due to the fact that for the butter3y cavity all the waists are positioned inside
the cavity while the triangle and star cavities have waists on the plane mirrors. This geometrical
difference makes mode matching more difpcult to achieve.

3.2 The Butter3y geometry

In this section we present a detailed analysis of the cavity used in the experiment. We give its
mechanical design and describe the geometrical properties of the mode and the spectral response
of the cavity. A last part is dedicated to present the locking scheme of theni Jaser to the

cavity.

3.2.1 The a priori cavity properties
3.2.1.1 Geometry and mechanical design

The cavity adopted for this experiment is a four mirror cavity with two arms crossing at its
center as presented in bgures B.1b[and 3.4a.

The cavity, shown if 3]4, is made up of four mirrors placed at the corners of a square with
a diagonal o0 mm. All the mechanical components of the cavity are realized in titanium
to maintain a low magnetic environment for the trapped atoms. The size of the cavity results
from a compromise to maximize the optical access while minimizing the cavity mode to en-
sure a tight trapping. For a polarization in the cavity plane, the square geometry en@bjes a
crossing angle which avoids an interference pattern in the crossing region. The mirrors are all
identical and are plane-concave with a radius of curva®ure100 mm. They have a diameter
of 1/ 2 inch. With the notations of bgufe 3]1b, we are in a conbguration whefe f = R/ 2
which corresponds to a concentric cavity. Considering in addition the astigmatism, we are ac-
tually very close to the concentric cavity case for the horizontal direction (see [Pgufe 3.14).

All the parts are tightly mounted onXb mm thick titanium plate, which gives its stability
to the mechanical design. Two mirror mounts allow an axial degree of freefignfiof air
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(b) The inner cavity set up

(a) Scheme of the cavity geometry

Figure 3.4:The crossed cavity conbguration
The cavity is a square of 90 mm diagonal, and all the mirror mounts are mechanically
referenced to titanium supporting plate. Under vacuum, two mounts are completely bxed
whereas the two others can be piezo actuated. One mount realizes the coarse alignment and the
other one gives the bne adjustment of the cavity length.

alignment but are completely Pxed once under vacuumnj 3.5a. One mount [[Pguire 3.5b) is hold
with an exact constraint design (point-line-plane), in which the screws are newfocus picomotors
(Newfocus, modi30]). These linear actuator can be driven under vacuum and allow for a coarse
alignment of the cavity, necessary to vertically overlap the two crossing arms. The last mount
(Pgure[ 3.5¢) is adapted from a nano positioning system (Madcitylabs, mod. M3Z) ;itis a 3
axis (x,/y,z) piezo actuated titanium mount with maximal angular displacement of 2 mrad
and translation o0 um. It allows for a Pne adjustment of the cavity crossing angle and for a
dynamical control of the cavity lengtRQHz - bandwidth).

To bx the mirrors in these mounts, the mirrors are inserted in an adjusted hole and com-
pressed onto a front reference plane. In each mount a care was given to mechanically reference
this front plane. Following the study presented in secfion. 3]2.3.2, the position tolerance was
pxed toTy = 100 um and an angle tolerance bf 100 prad was accepted

To avoid mechanical distortion on the mirrors, special oOring string have been designed and
fabricated in Bronze-Berrylium which is a non-magnetic and elastic material. These o0ring
compress the mirror from the back (see bgure|3.5a).
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(a) Cavity axis debnition

(a) UHV bxed mount (b) Two axis, high tunable range ) Three axis bne piezo con-
mount trolled mount

Figure 3.5:UHV mirror mount mechanics.
Under vacuum, two mounts are completely bxed (a). Among the two others, one is actuated by
picomotors and gives a coarse alignment of the cavity whereas the other is actuated by piezo
element and give a continuous and Pne adjustment.

3.2.1.2 Mirror datasheet

The high ref3ectivity mirrors were ordered from ATFilms. On the back side, the surface is plane
and is anti-reRection coated at bdt660nm (2 = 0.03419% and780nm (r2 = 0.07929%.

The front is a concave surface wiflfd0 mm radius of curvature. It has a superpolish Pnish
(roughness < 5 ¢). The transmission of the front sidgds= 0.03776%at 1560nm andt? =
0.001545%at 780nm.

These are manufacturer measured data on a dark background, i.e. the high quality ref3exion
is measured by the transmission leaks.



3.2 The Butter3y geometry 55

3.2.1.3 Coupling efbciency and Pnesse expression

The formalism used if 3.1.2 is applied to model the coupling mechanism of the beld in the
cavity. In a stationary limit, one has:

E=tE+r'Eéd", (3.9)
E=tr®Ee" " rE. (3.10)

This leads to a PeldR(" ), T(")) and intensity R (" ), T (")) coefbcients of the form:

R - & — 12r3e""- 1 r- R — ll&ll — r2
E 11 ragkt wEn 1+r8! 2r4 cos(kL) (3 11)
n n2 .
— B — +E — t2 — B — t4
T= E - tE 11 rdekt T= E — 1+r81 2r4cos(kL)

wherek = "/c is the wavevector of the light.

The maximal coupling that can be achieved if all the mirrors are identical is:

C=1'R (")=1" rzﬁ) 75% (3.12)
As in sectiorn) 3.1.2]2, the denominairof equatiorj 3.1]1.:
D = (1" r%?Q+ msin*(kL/ 2)), (3.13)
where:
4 (3.14)

leads to the expression of the Pnesse:

%__ )
m #r

> = 1 14 = 4160 at 1560 nm and F = 101 668 at 780 nm(3.15)

The value given if 3.12 arjd 3]15 are theoretical values calculated from the specibcations. They
have to be compared to the measured ones which are presented in[sectjon 3.2.6.

3.2.2 The gaussian mode : TEMy

Gaussian probles and more generally Hermite-Gauss or Laguerre-Gauss beams are very useful
in optics. They have the property to be self consistent, which means that during their propaga-
tion, they change size but not shape. In addition, it is possible to prove with Huygens integral
formalism [Nicolas 05], that they also conserve their shape while going through a linear optical
system.
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3.2.2.1 DebPnition of the cavity modes

In this section, we will give some debnitions and formulas relevant to the context of this
manuscript. All the following formulas on Gaussian beams can be derived directly from the
Helmholtz equation of propagation of beld in free space:

& 1 02I

In the case of a time separable electric-Held, t) = A(x ,y, z) é#t k2 the wave equation
[3.16 simpliPes to its equivalent on the Peld spatial amplitude:

). + kz*A(x,y, z)=0. (3.17)

In the paraxial apprommauodé(- << kA andﬂ << k A . sin(/) << 1), the expression
[3.17 becomes:
&
OA

- #A" 2k =0. (3.18)

If the x andy coordinates can be further separated, which is true for an astigmatic cavity, the
complex amplitude of the electric Peld is found to be the Hermite-Gauss functions:

%_ %_ 4 c
Zy !ik(x2+y2) ) )
E = Eogrsl ()l alre 0 dlsim@) - gg)
where
a
Hn(l) 15
2& . dI n 2
Ho(x) = ez x' = e 7, (3.21)

andH, is then™ Hermite polynamial wittHo(x) = 1, H1(x) = 2x andH(x) =4x2"' 1.

With this formalism, the fundamental mode is a Gaussian mode that takes the form of:

we O 20
| i kr . .
E = EOW(;)e"zw gl! tkz+) (2)) (3.22)
W C o] O ) (o]
|
= EoW(;)e' o e MG @) (3.23)

In equation$ 3.79 to 3.23, we have used the following dePnitions:

¥q(z) =( ﬁ ' *wz(z))' !is the complex curvature of the beam,
& 2‘
¥R(z)=z 1+ ZA is the wave front curvature,
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Figure 3.6:Gaussian beam proble and debnitions

/[
) -2
¥ wy is the beam waist at the focus aw@z) = w, 1+ % the beam waist at distance
z,

¥z = % is the Rayleigh range,

¥ &2) is the Gouy phase of the mode [Gouy 90b, Gouy 90a].

The intensityl (z,r) = 2ncE%2° of the fundamental mode writes:

&W 2 & 2r2|
0

' 24
W) exp (3.24)

|(r,Z) = |0 WZ—(Z)

wherel o stands for the maximum intensity at the center of the beam, and is linked to the power
P, throughl g = ;2%

*WOZ

Remark 1: Harmonic oscillator

When the bPeld complex amplitudg(x,y, z) = B(x,z).C(y, z) is transversally separated, it

is possible to show [Steuernagel 05] that the paraxial approximation of the Helmholtz equation
is equivalent to the Schridinger equation of the harmonic oscillator. It is then not surprising
that the proble of the optical mode corresponds to the space proble of the harmonic oscillator
eigenstates.

Remark 2: Useful formula for beams characterization

In the context of Gaussian beams, we give here some useful formula for the waist characteri-
zation when realizing a Foucaultage. The Foucaultage consists to cut progressively part of the
beam and to measure the remaining and normalized power:

0,5 0,4

P (Z) — x=1$ y=a I (XI X01y' yO,Z)dXdy
r - .

5 (3.25)
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Deriving this signal, one re-obtains the Gaussian proble. For an intensity proble centered in
(X0, Yo), and using equatiof (3.24), the express$ion|3.25 can be simplibed in:

1 1oy 22
P (z) = % 1+ erf % : (3.26)
where er{z) is the error function debned as:
+
erf(a) = v ’ exp( y?)dy. (3.27)

# y=0

3.2.2.2 ABCD Matrix study
The Gaussian beams introduced in the previous section are self consistent proble, and the only
parameter to be determined during their propagation is their complex radius of cury@ure

Introduction to the ABCD formalism

The ABCD formalism introduced in [Kogelnik 66] expresses the idea that the geometrical prop-
agation parametery,$) evolve linearly when the light propagates through passive optical sys-
tems (Pg[ 3.1a). They can thus be expressed using a matrix formgligm (3.7). In the context of
optics, it is called the ABCD formalism. Such a formalism makes the beam rays calculation
very systematic and easy to implement.

o .. & ' & &
ety fae
U ’ _ C

(a) Effect of an optical system.

Figure 3.7:ABCD formalism

As an example, we give [n 3.1 two commonly used matrices: the free space and lens matri-
ces.

Free space Lens

& ' & '
1L 1 0
01 21

Table 3.1:Commonly used ABCD matrices.

The propagation of an electric Peld can be calculated using the Huygens-Fresnel integral :

+ "
. . "
E(x,y)= I_'— #E(x,y)eXpﬁA:\AMM)

dxdy (3.28)
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which describes the fact that each point in space is emitting a spherical wave.

Using the Huygens integral of equatin. 3.28 on a Gaussian Bgany) for which the trans-
verse directionx’,y’) can be calculated from ABCD laws, it is possible to derive [Siegman 86]
a formula for the evolution of the complex curvatureintroduced irfj 3.2]2:

_Aq+B
Cqg+ D

whereA, B, C andD are the element of the propagation matrix through the systengasd
the initial complex radius of curvature. To determine the Gaussian properties of a beam after

propagation, one brst calculates the ABCD matrix of the optical system by multiplying all the
individual matrices and appli€s 3]29 to obtain the beam properties at the output.

(3.29)

Off axis mirrors

A concave mirror of radius of curvatufe acts as a lens of focal length = R/ 2 that also
modibPes the direction of the optical axis. This does not make any difference for the beam
proble but allows to recycle the space.

As it can be seen on bguries 3.8a and|3.8b, when a mirror is taken off axis by ar angle
the focal distance is no moie/ 2 but depends on the direction with respect to the plane of
incidence. The optical proble will have a fodgl = R/ (2cog/) for the x direction ( to
the incident plane) antl, = R cos( )/ 2 for they direction Q to the incident plane). This is
illustrated on Pgurie 3.8 and makes the cavity strongly astigmatic. This astigmatism of the mirror
purely results from geometrical considerations and is strictly equivalent to the astigmatism of a
tilted lens.

(a) Beams traces in yOz plane (b) Beams traces in xOz plane

Figure 3.8:Ray traces
Off axis mirrors are astigmatic. The ray traces show that the focal (crossing) point of parallel
traces depend on the direction with respect to the plane of incidence (orthogonal, xOz or parallel
yOz).

yOz plane xOz plane
fy=2cos() fy = —ch*se)
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Waist dimension (um)

= |n cavity plane

= Perpendicular to cavity plane
50+ —

0 50 100 200 250 300

150
Propagation distance (mm)

Figure 3.9:Proble of the beam along the optical axis for 1560 nm radiation.
These proble are obtained by applying the ABCD formalism in which is including the
correction of focal due to the nonzero angle of incidence. The astigmatism arises from the
astigmatism of off-axis ref3ection on curved mirrors.

Waist proble of the fundamental mode

It has been shown that the complex radius of curvat(e could be expressed from0)
and the propagation matrix:

& 1)
_ A B
M(z) = cC D (3.30)
Since the proble is auto imaged by the cavity mirrors, we have :
_ _ Ag(0)+B
d(Lc) = q(0) = Cq0)+ D (3.31)

whereA, B, C andD are the matrix coefbcients of one round trip in the cavity starting from
z=0.

The expressiop 3.31 determines the size of the waist at any place in the cavity. [Figure 3.9
shows the beam proble for the two eigen-directions of the cayvitg(dO to the cavity plane).
Because the mirror focal length is smaller in the cavity plane, the cavity gets closer to instability
in this direction (part 3 of Pgurg. 3]14). As can be seen in Hgufe 3.9, the beam waist is smaller
in the cavity plane.

For a1560nm radiation, this calculation allows us to predict a priori a waist in the cavity
plane ofws,= 81 um andw; = 128 um perpendicular to this plane. This gives Rayleigh ranges
of z, o= 13.2 mm andz, » = 34 mm respectively.

For 780nm wavelength, the same calculation giveg= 57.4 um andw; = 91 um. The
Rayleigh range are the same as the one givdbadnm.



3.2 The Butter3y geometry 61

(a) Scheme of the alignment problem. In  (b) Experimental conbguration for alignment.

black, the perfect alignment. In blue (resp.  The green light is injected in the cavity to real-

red) an acceptable (resp. unacceptable) mis- ize a pre-alignment. The 1560 nm radiation is

alignment. then injected by counter-aligning on the green
and by optimizing the transmitted signal.

Figure 3.10:Alignment and injection of the cavity

3.2.3 Cavity alignement

In the initial study that has been led on the cavity, one of the key elements considered was the
inaccessibility of the cavity once under vacuum, and the complicate geometry that has many
degrees of freedom. In particular, we analyzed the alignment of the cavity injection as being

a critical experimental parameter. The procedure used for the alignment of the cavity is brst
described in section. 3.2.3.1, and the sensitivity of the optical axis to misalignement is then

estimated.

3.2.3.1 Alignment procedure

In a non-confocal cavity only one optical axis exists. This axis is debPned by the optical ray
which overlaps after one turn. The Prst constraint in the alignment is to make sure that such an
axis exists and stands the mirror (see Pgufe 3.10b).

Once this brst constraint is fulblled, it becomes sufbcient to align the injection beam on
this axis to couple light in the cavity. For a cavity under vacuum the windows limit the optical
access and make the prealignement more critical. More details on the coupling are given in
sectior] € at the end of this chapter.

Experimentally, we used the conbguration described in Hgure|3.10b. A visible green laser
was used to realize a prealignment of the cavity: the cavity mirrors are rotated such that the
green light overlaps after one turn. The green light is not coupled on resonance in a cavity
mode, we only take advantage of the low rel3ectivity in the green to have a visible beam in the
cavity. For the alignment, we took advantage of the degree of freedom given by the mechanical
design (sectiof 3.2.1.1). Once the cavity was close to be aligned and because the mirror have
some rel3ection &32nm (about90%y, it was possible to distinguish the structure of a cross
in the transmitted mode, that indicates the injection of the transverse modes. The structure was
modibed until it became point-like which indicates the end of the prealignement.58am
laser was injected in counter-propagation with the green (Bgure|3.10b) outside the cavity to the
obtain the Prsit560nm signal in transmission. It is then directly this transmission signal that is
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Back in the OOAF

9 o <
9 Action of the mirror in its own frame<
a TD;MF -
OAF
3 .6 3 63 63 6£-1—6<
y 1 01'R 1 000 1 0'1R y
%3‘2 _2010 02%%1002 01 0 o§§$é
Ty S 001 O 0 010 00 1 O T,
/ 000 1 0 001 00 0 1 Iy
6 3 6
1 0 0 O y
SNBUR RS
0O 0 1 0 Ty
0O 0 0 1 I
Table 3.2:ABCD formalism for a misaligned mirror.
optimized.

3.2.3.2 Stability of the optical axis

In this section we focus on the sensitivity of the optical axis position to misalignments (transla-
tion or rotation) of the mirrors. This study was realized because the cavity is mounted and used
under vacuum. In addition, the cavity mirrors are abditm from the vacuum windows. It
is then crucial to ensure that the mode position, in other word the optical axis, is close to the
theoretical cavity axis and stands in the windows aperture.

This study debnes the mechanical requirements (planarity and parallelism) that constrain
the cavity realization. It also gives some clues on the type of deformation that can be expected
for our concentric geometry.

To lead this analysis, we adapted the ABCD formalism to take into account the possible
rotation and translation of the cavity mirrors. The cavity is completely unfolded using the
procedure of bguré. 3.11b. In addition, a rgy${ arriving on a mirror that has been translated
and rotated byTy,/ ) will exit as (y',$") with respect to the original optical axis. In the ABCD
formalism, it can be formally written as in tajle 3.2.

where OOAF and TDMF stand respectively for the Original Optical Axis Frame and the
Tilted and Displaced Mirror Frame.

Since the position of the mirror is completely dePned by that of its center of curvature, it is
possible to show that the translation of a mirror is in Prst approximation equivalent to a rotation
around its center, and the link between the two is the radius of curvature. 3.11aillustrates
this equivalence.

In order to be sure to take into account the worst misalignment possible, we scan the mirrors
rotation (# ,0,7 o) and translation (¥o,0,-Tp) in both direction for all mirrors. For rotation, the
error angle considered is = 100 prad. For translation, we considerég = 100 um. These
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(a) Equivalence between rotation (b) Unfolding the cavity using the mirror-lens equivalence.
and translation

Figure 3.11:Translation and rotation of a mirror

Distance from optical axis (mm)

Distance from optical axis (mm)

. . R R . . & L L L L L L
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Propagation distance (mm) Propagation distance (mm)

(a) Sensitivity to misalignment in the cavity plane (b) Sensitivity to misalignment in the direction per-
pendicular to the cavity plane

Figure 3.12:Trajectory of the mode compared to the theoretical optical axis. The curve are obtained
for!o =100 prad andTg =0 pm.

values were chosen because they are standard mechanical achievable precision.

In bgurd 3.1R, the mode position is presented when only rotation {00 prad) misalign-
ments of the mirrors are permitted. We note that in the worst combination, the displacement of
the optical axis is belo00pm on the mirror, and below 3mm on the output vacuum windows
(CF 40). Thus rotational misalignment are not critical. Figiire 3.12a shows the trajectories in
the horizontal plane which appear to be degenerate. The horizontal direction is the closest to
the instability regime, and the transverse modes are close to be degenerate with the next funda-
mental mode (see bgyre 3.14).

In Pgure 3.1B, the optical path for all possible rotations and translations of the mirrors are
traced. The result shows a much stronger displacement on the mirrors (few mm) as well as on
the vacuum windows (below 3 cm) than for the pure rotational misalignment. The cavity is then
much more sensitive to translational misalignment than rotational one. This is due to the fact
that a rotatior$ is equivalent to a translationaT = R$ ) 10um.

In the Pgures, we see that at the center of the cavity, where the atoms are situated, the two
directions have different behaviors. In the horizonital Cavity plane, Pgur¢. 3.13a), the optical
axis always passes through the same point while on the vertical (Pgurg. 3.13b) it is more spread.
This means that for a misalignment in the vertical, the two crossing beam can be one over the
other. On the other hand, for an horizontal misalignment, the two beams will always cross at
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