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3.5 Articles liés à ce chapitre . . . . . . . . . . . . . . . . . . . . . 34
3.5.1 Time interval distributions of atoms in atomic beams [1] 35
3.5.2 Cavity QED detection of interfering matter waves [2] . 39
3.5.3 Critical Behavior of a Trapped Interacting Bose Gas [3] 44
3.5.4 Observing the Formation of Long-Range Order during

Bose-Einstein condensation [4] . . . . . . . . . . . . . . 49
3.5.5 Cavity QED with a Bose-Einstein condensate [5] . . . . 54

4 Condensation par une méthode tout optique 61
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5.3 Superfluidité et désordre . . . . . . . . . . . . . . . . . . . . . 103

5.3.1 Un problème important en matière condensée . . . . . 103
5.3.2 Résultats sur l’effet des interactions dans les gaz désordonnés104
5.3.3 Bosons désordonnés dans les systèmes continus, résultats
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5.3.5 Théorie dans l’approximation de densité locale pour un
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Création d’ondes capillaires quantiques à la surface de l’hélium superfluide
sous la direction du Prof. F.I.B. Williams.
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Observing the Formation of Long-Range Order during Bose-Einstein
Condensation
Phys. Rev. Lett. 98, 090402 (2007), reproduit p. 49.
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Cargèse, france, June 2011

9



– Anisotropic 2D diffusion of ultracold atom in disorder, INLN, Nice,
Dec. 2010

– A quantum trampoline for ultra-cold atoms, IQS meeting,Brandenburg,
Oct 2009.
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doc à Heidelberg avec M. Weidemüller
Thomas Plisson (2009-2012, 80%), maintenant chercheur au CEA
Baptiste Allard (2009-2012, 80%), maintenant post-doc à Basel avec P.
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Chapitre 1

Résumé/Summary

1.1 Résumé du manuscrit

Ce manuscrit présente mes travaux de recherche depuis la fin de ma
thèse début 2005. J’essaye en particulier de replacer mes recherches dans
leur contexte, et d’expliquer mes choix scientifiques de façon chronologique.
Les principaux résultats ont donné lieu à des publications. Celles-ci ont été
écrites avec soin et c’est pourquoi, j’ai choisi de ne décrire les résultas princi-
paux que de façon succincte. Pour avoir plus de détails et pour retrouver les
figures expérimentales, mes articles sont reproduits à la fin de chaque cha-
pitre et cités à l’endroit adéquat. J’ajoute parfois des parties plus techniques
qui ne sont pas explicitées dans les publications.

Le Chapitre 2 est une courte introduction au domaine des atomes ultra-
froids, s’adressant à un lecteur non spécialiste. Cela permet de présenter mon
domaine de recherche, c’est à dire l’utilisation des gaz d’atomes ultra-froids
en tant que systèmes modèles pour l’étude des propriétés quantiques des
systèmes à N-corps.

Le chapitre 3 est consacré à mes recherches durant mon séjour post-
doctoral de deux ans dans le groupe de T. Esslinger à l’ETH Zürich. J’ai
participé à une série d’expériences utilisant une cavité de haute finesse pour
détecter individuellement les atomes issus d’un gaz ultra-froids. J’explique la
théorie de ce système quantique ouvert et sa résolution numérique qui per-
met de comprendre quantitativement le processus de mesure de la présence
d’un atome dans la cavité. Expérimentalement, nous avons mis en oeuvre
une technique consistant à extraire deux faisceaux d’atomes en deux points
distincts du nuage d’atomes pour avoir accès à la fonction de corrélation g1
en perturbant peu le système. Nous avons ainsi étudié la dynamique de la
transition de Bose-Einstein de façon beaucoup plus fine que cela n’avait été
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fait auparavant. Nous avons pu comparer la dynamique de croissance de la
densité à la dynamique d’apparition de la cohérence. Nous avons ensuite ob-
servé le comportement de la fonction g1 dans le régime critique très proche
de la condensation et extrait une valeur expérimentale de l’exposant critique
associé à la longueur de cohérence. Enfin, nous avons mis en place un as-
censeur à atomes constitué de deux lasers contra-propageants contrôlés en
phase. Le condensat de Bose-Einstein a ainsi été transporté vers la cavité
de haute finesse pour créer un système quantique couplé atome-rayonnement
dans un régime de couplage extrême et nouveau.

Le chapitre 4 est dédié à mes trois premières années (2007-2009) au la-
boratoire Charles Fabry de l’Institut d’Optique dans le groupe d’optique
atomique. J’explique d’abord le déménagement du système expérimental à
Palaiseau ainsi que les différentes améliorations apportées au piège magnéto-
optique 2D. Nous avons réalisé un condensat de Bose-Einstein de rubidium
par une méthode entièrement optique. Notre laser de piégeage est un laser
à fibre dopée erbium de puissance à 1565 nm. Cette longueur d’onde n’avait
jamais été utilisée auparavant dans des expériences avec des atomes ultra-
froids. Nous avons utilisé les spécificités de ce laser, et notamment le fort
décalage lumineux de la transition optique pour démontrer une technique de
tomographie du champ lumineux vu par les atomes. Cette compréhension
des décalages lumineux nous a guidé vers une mélasse très fortement décalée
(environ 200 MHz) pour charger les atomes le plus efficacement possible
dans le piège optique. Nous avons montré qu’une nouvelle géométrie per-
met de contrôler indépendamment la profondeur du piège et sa raideur, et
ainsi d’optimiser l’évaporation dans le piège optique. Enfin, nous avons utilisé
notre dispositif pour une première application qui consiste à faire rebondir les
atomes sur une onde stationnaire dans le but d’allonger le temps d’interroga-
tion dans les interféromètres où les atomes sont en chute libre. Le trampoline
à atomes peut fonctionner dans un régime quantique où les interférences entre
chemins quantiques permettent d’allonger le temps de lévitation.

Le chapitre 5 est consacré à mes recherches sur les gaz 2D et désordonnés
qui se poursuivent encore aujourd’hui. Lorsque les interactions entre atomes
sont négligeables, la physique est à un corps. Le phénomène de diffusion
a été mis en évidence et caractérisé pour la première fois avec des atomes
ultra-froids dans un potentiel conservatif. En allant vers le régime quan-
tique où la longueur d’onde de DeBroglie des atomes devient de l’ordre de la
taille caractéristique des grains de désordre, on s’attend alors à voir des ef-
fets de localisation d’Anderson, liés aux interférences entre ondes de matière.
Les conditions nécessaires pour observer la localisation d’Anderson dans un
gaz en expansion sont détaillées. Pour des gaz piégés, les interactions jouent
un rôle prédominant à 2D et la transition de Bose-Einstein est alors rem-

16



placée par une transition superfluide de type Berezinskii-Kosterliz-Thouless.
Expérimentalement, nous avons étudié cette transition via la distribution
en impulsion qui permet de caractériser les propriétés de cohérence du gaz.
Ensuite, nous avons observé quantitativement l’influence du désordre sur la
transition superfluide. Nous formons alors un système quantique complexe
pour lequel il n’y a pas de prédiction théorique précise et dont la physique
est liée à celle de certains matériaux de matière condensée. J’insiste sur le
rôle de la longueur de corrélation du désordre en la comparant aux lon-
gueurs caractéristiques du gaz. Dans le régime d’un désordre corrélé à longue
portée, l’approximation de densité locale est valable dans le désordre et alors
des prédictions quantitatives sur le diagramme de phase du système sont
possibles. Enfin, je propose des directions pour nos recherches futures. Le
refroidissement du potassium par un méthode entièrement optique est un
défi expérimental mais permettra d’avoir accès à des résonances de Fesh-
bach larges et ainsi de contrôler la force des interactions. De plus, un champ
magnétique effectif donnera un paramètre de contrôle supplémentaire sur le
système. Ces deux outils seront utiles non seulement pour l’étude de la phy-
sique à un corps mais aussi pour une étude plus précise du gaz de Bose 2D en
présence de désordre et d’interactions. On cherchera notamment à mettre en
évidence le diagramme de phase et à observer une phase isolante exotique, le
verre de Bose.

1.2 English summary

This manuscript describes my research activities since the end of my
PhD at the beginning of 2005. I explain the context of my researches and
scientific choices in an essentially chronological order. The principal results
have led to publications. Since these have been written with a lot of care,
I have decided to only describe the principal results briefly. All the details
and the corresponding experimental figures are reproduced at the end of each
chapter and are cited in the text at the appropriate place. I sometimes add
some technical parts that are not explicitly in the publications.

Chapter 2 is a brief non-technical introduction to ultra-cold atoms. It
permits to present my research domain : Ultra-cold atomic gases are used as
model quantum many-body systems.

Chapter 3 is dedicated to my research during two years as a Post-doc
at ETH Zürich in the group of T. Esslinger. I have participated to a series
of experiments using an high finesse cavity for the individual detection of
atoms extracted from an ultra-cold cloud. I explain the theory of this open
quantum system and how it is possible to numerically solve it. It permits a
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quantitative understanding of the measurement of an atom transit through
the cavity. Experimentally, we have extracted two weak atomic beams coming
from two different places in the atom cloud in order to access the first order
correlation function g1 with a minimal perturbation of the gas. We have
studied the dynamics of the Bose-Einstein phase transition more accurately
than what was previously done. We have in particular compared the growth
of the density to the growth of the coherence. Then, we have observed the
behavior of g1 in the critical region close to the phase transition. We have
extracted an experimental value for the critical exponent of the coherence
length. Finally, we have set up an atomic elevator made of two counter-
propagating phase controlled laser beams. The Bose-Einstein condensate was
transported inside the cavity, creating a new quantum system mixing the
cavity field and the atomic field with an extremely strong coupling.

Chapter 4 is dedicated to my first three years (2007-2009) at laboratoire
Charles Fabry de l’Institut d’Optique in the atom optics group. I first explain
the moving of the experimental setup to Palaiseau. Several improvements
of the 2D MOT setup are then presented. We have realized a Bose-Einstein
condensate of rubidium by an all optical cooling method. Our trapping laser is
an erbium doped fiber laser at 1565 nm. This wavelength had never been used
before in ultra-cold atom experiments. We have used the strong light shift on
the optical transition, specific to this wavelength, in order to demonstrate a
tomography of the optical field seen by the atoms. The understanding of the
light shifts have then led us to set up very far detuned optical molasses (200
MHz) to efficiently load the atoms in the optical trap. A new geometry of
cross dipole trap allows for the independent control of the trap depth and of
the trap confinement. It permits us to optimize the evaporation. Finally, our
first application was to bounce ultra-cold atoms on a light standing-wave.
The goal was to increase to interrogation time in atom interferometers where
atoms are in free fall. This atom trampoline can work in a quantum regime,
where interferences between different paths are used to increase the levitation
time.

Chapter 5 is dedicated to my research on 2D disordered quantum gases,
a subject I am still working on. When interactions between atoms are ne-
gligible, one body physics is at play. In this regime, diffusion was evidenced
and characterized for the first time for ultra-cold atoms in a conservative
potential. Going to the quantum regime where the De Broglie wavelength is
of the order of the disorder correlation length, we expect to see Anderson
localization effects, i.e. effects linked to quantum interferences. The neces-
sary conditions are detailed. In trapped gases, the interactions are playing
a predominant role in 2D. The Bose-Einstein phase transition is then repla-
ced by a superfluid transition of Berezinskii-Kosterlitz-Thouless type. Ex-
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perimentally, we have studied this transition through the sharpening of the
momentum distribution, which permits to characterize the phase coherence
properties of the gas. Then, we have quantitatively studied the influence of
disorder on the superfluid transition. In this complex disordered quantum
system, no precise theory is available and physics is linked to the one of some
condensed matter materials. I emphasize the important role of the disorder
correlation length which can be compared to the other characteristic length
scales of the gas. In the regime of long range disorder correlations, the lo-
cal density approximation is valid and some quantitative predictions for the
phase diagram can be made. Finally, I propose some directions for our future
work. Potassium cooling to degeneracy with all optical cooling method is a
challenge. It will permit to control the interatomic interactions via the use of
accessible Feshbach resonances. In addition, an effective magnetic field will
give an additional control knob on the system. These two new tools will be
useful not only to the study of one-body physics in the presence of disorder
but also to a more precise study of the 2D Bose gas in the presence of di-
sorder and interactions. We will explore the whole phase diagram and try to
observe the Bose glass, a predicted exotic insulating phase.
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Chapitre 2

Introduction aux atomes
ultra-froids

Ce chapitre est une brève présentation du domaine des atomes ultra-
froids. Il s’adresse à un lecteur non spécialiste et explique le contexte de mes
travaux de recherche.

2.1 Présentation, historique

La température d’un matériau est liée au degré d’agitation de ses consti-
tuants. Par exemple pour un gaz, la température est liée à la vitesse quadra-
tique moyenne des particules kBT = m〈v2〉/3 (v est la vitesse des particules,
m leur masse, kB la constante de Bolzmann). A température nulle, toutes
les particules sont à l’arrêt. Dans un gaz de rubidium à température am-
biante, la vitesse typique des atomes est d’environ 300 m/s. Par définition, on
entre dans le domaine des atomes froids aux températures inférieures à 1 mK
(soit 0.5 m/s pour le rubidium) et dans le domaine des atomes ultra-froids
aux températures inférieures à 1µK (1.5 cm/s). Ce régime de températures
extrêmement faibles n’est pas atteignable par les techniques de refroidisse-
ment classiques, telles que les réfrigérateurs à dilution d’hélium, et il faut
utiliser le refroidissement laser.

L’interaction entre un atome et la lumière a été un sujet de recherche
avant même l’invention du laser, devenu encore plus actif après. La spectro-
scopie atomique permet de comprendre la structure électronique des atomes
et le pompage optique permet de contrôler leur état interne [13]. L’effet de
la lumière sur les atomes ne se limite pas à cet effet sur l’état interne de
l’atome. Comme les photons portent une quantité de mouvement, on peut
agir avec de la lumière sur l’état externe des atomes, c’est-à-dire sur leur
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mouvement. Quand un photon est absorbé puis réémis dans une direction
aléatoire, l’atome subit en moyenne une force qu’on appelle force de pression
de radiation. Cette force est à l’origine du processus de refroidissement laser
qui consiste à ce qu’un atome absorbe préférentiellement des photons allant
dans le sens opposé à son mouvement [14].

Plus précisément, un jet d’atomes a d’abord pu être ralenti puis complètement
stoppé. Ensuite, la technique de mélasse optique avec trois paires de faisceaux
contra-propageants a permis de refroidir des atomes jusqu’à la température
Doppler [15] et même en dessous [16] (refroidissement Sisyphe [17]). La tech-
nique de mesure de la température par temps de vol a été mise au point
[16]. Les atomes froids ont pu être confinés dans des piéges magnétiques [18].
Enfin, le piège magnéto-optique a été inventé [19]. Cette combinaison de fais-
ceaux de mélasse optique et d’un quadripole magnétique permet à la fois de
collecter et de refroidir jusqu’à plusieurs milliards d’atomes. Cette technique
est aujourd’hui le point de départ de toutes les expériences d’atomes froids.
L’ensemble de ces avancées ont donné le prix Nobel de physique à S. Chu,
C. Cohen-Tannoudji et W.D. Philipps en 1997.

2.2 Des atomes froids, pourquoi faire ?

L’application évidente des atomes froids est la spectroscopie de précision.
Réduire la vitesse des atomes permet de s’affranchir de l’effet Doopler et
surtout d’avoir accès à des temps d’interrogation longs et ainsi d’améliorer
la précision. Les horloges atomiques actuelles sont basées sur la mesure
d’une fréquence de transition atomique. La précision que l’on peut atteindre
bénéficie des techniques de refroidissement atomique et la mesure du temps
est la principale application des atomes froids. Par ailleurs, on peut également
se servir d’interféromètres à atomes froids pour la mesure des accélérations,
de la gravité (gravimètre) ou de la rotation (gyromètre). Ces produits ne
sont pas encore industriels mais ils le deviendront probablement avec les fu-
tures améliorations technologiques car leur potentiel pour surpasser en perfor-
mance les appareils actuels est indéniable. Enfin, la spectroscopie de précision
permet de mesurer des quantités d’intérêt fondamental telles que la constante
de Rydberg [20], la constante de structure fine [21] ou le rapport ~/m [22].

Outre ces applications qui en général se contentent d’atomes à une température
de quelques µK, en refroidissant par la technique de refroidissement évaporatif
un gaz atomique, on peut aller dans un régime où la physique quantique
commence à jouer un rôle. Plus précisément, on atteint ce régime quand
la distance entre particules devient du même ordre de grandeur que la lon-
gueur d’onde de DeBroglie λB =

√
2π~2/mkBT . A température ambiante
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et pour un electron, la longueur d’onde de DeBroglie vaut environ 4 nm, et
les électrons d’un solide sont généralement dans le régime quantique. Pour
un gaz dilué de rubidium avec une densité de l’ordre de 1013 cm−3, il faut
pour cela atteindre une température inférieure à ∼ 1µK. En fait, un gaz à
cette température devient solide à l’équilibre thermodynamique, mais cette
évolution vers l’équilibre est très lente car le taux de collisions à trois corps
permettant la formation de molécules puis de petits agrégats est faible. On
peut ainsi piéger et étudier pendant plusieurs minutes un gaz d’atomes ultra-
froids à condition que celui-ci soit suffisamment dilué. C’est un état méta-
stable de la matière. En tant que gaz, on peut cependant le considérer à
l’équilibre thermodynamique.

Les gaz dilués ultra-froids sont ainsi devenus un système modèle pour la
physique quantique. Alors que la physique quantique se manifeste plutôt dans
les milieux denses de la matière condensée (hélium liquide, solides, semicon-
ducteurs, supraconducteurs), on a ici affaire à un gaz dilué. Les interactions
entre particules sont donc beaucoup plus faibles, et de plus, celles-ci sont fa-
cilement modélisables. On peut ainsi de façon quantitative comparer théorie
et expérience pour un système à N-corps quantique avec des interactions
connues.

Un autre aspect est la possibilité de faire grandement varier les paramètres
des gaz. Par exemple, on peut changer les interactions entre particules [23,
24, 25] ou modifier la géométrie des pièges utilisés pour les atomes. On crée
ainsi de nombreuses situations physiques différentes. Par exemple, on peut
confiner les atomes dans des réseaux optiques, véritables cristaux artificiels
créés avec de la lumière [26], ou confiner le gaz de telle sorte que sa physique
soit celle d’un système en dimension réduite [27]. Enfin, on peut faire varier les
paramètres rapidement pour étudier des situations hors équilibre. On parle
maintenant des gaz quantiques comme des simulateurs quantiques car on est
capable d’étudier des problèmes quantiques dont le comportement n’est pas
calculable. Les liens avec la physique de la matière condensée, la cosmologie
ou même la physique nucléaire deviennent de plus en plus étroits au fur et
à mesure que les expériences d’atomes froids deviennent capables d’adresser
des problèmes quantiques qui apparaissent dans ces domaines.

Mes travaux de recherche s’inscrivent dans ce contexte de compréhension
fine des systèmes quantiques, souvent en lien avec des problématiques issues
de la matière condensée. C’est le cas de l’étude, pendant ma thèse, de la tran-
sition entre un condensat de molécules et une phase superfluide constituée de
fermions en interactions attractives, de l’étude du régime critique et de la dy-
namique de la transition de Bose-Einstein pendant mon post-doc à Zürich ou
des travaux actuels sur les gaz ultra-froids bidimensionnels (2D) en présence
de désordre.
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Chapitre 3

Une cavité pour l’étude des gaz
quantiques

Ce chapitre est consacré à mes travaux de recherche en tant que post-
doctorant à l’ETH Zürich dans le groupe de Tilman Esslinger. J’ai participé
à une série d’expériences couplant un gaz de bosons dans le régime quan-
tique avec une cavité de haute finesse en régime de couplage fort permettant
la détection d’atomes uniques. Dans une première partie, je décris essentiel-
lement la cavité permettant la détection d’atomes uniques et le traitement
théorique adéquat. Ensuite, je m’intéresse à nos travaux sur les propriétés de
cohérence d’un gaz de Bose à la condensation, et enfin je présente le nouveau
système quantique couplé que constitue un condensat dans une cavité. Ce
système est, dans un régime de couplage extrême, véritablement novateur.

3.1 Cavité en régime de couplage fort

3.1.1 Bref historique de l’électrodynamique quantique
en cavité

L’hypothèse de quantification de la lumière remonte à Einstein en 1905.
Dès cette date, il a conscience que la quantification de la lumière ne permet
pas seulement d’expliquer la loi du corps noir mais qu’elle a des conséquences
dès que l’on s’intéresse à des processus de création ou de conversion de
lumière [28]. Un émetteur dans une structure résonnante est notamment un
système où la quantification de la lumière joue un rôle prépondérant et cela
constitue un système modèle de la mécanique quantique. Ce champ de re-
cherche s’appelle l’électrodynamique en cavité. L’exemple le plus naturel est
un atome dans une cavité Fabry-Perot. Cependant, de nombreux autres types
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d’émetteurs ont été utilisés, tels des molécules, des ions, des atomes de Ryd-
berg, ou des points quantiques, et ils ont été placés dans des cavités variées,
Fabry-Pérot, résonateur toröıdal, microsphère, microcavité de cristaux pho-
toniques ou structure micro-onde [29].

Le système constitué d’un émetteur à deux niveaux (un niveau fonda-
mental |g〉 d’énergie 0 et un niveau excité |e〉 d’énergie ~ωa) en interaction
avec un mode du champ électromagnétique (d’énergie ~ωc) peut être décrit
par le modèle de Jaynes-Cummings [30] dont le hamiltonien s’écrit (dans
l’approximation du champ tournant)

H0 = ~ωaσ†σ + ~ωca†a+ ~g(a†σ + σ†a), (3.1)

où a est l’opérateur annihilation du champ, σ = |g〉〈e| est l’opérateur destruc-
tion de l’excitation de l’émetteur, ~g est l’énergie de couplage entre l’atome
et le champ. Les états propres et les énergies propres du modèle de Jaynes-
Cummings sont facilement et exactement calculables car les niveaux ne sont
couplés que deux à deux. Si ce modèle joue un rôle central dans la théorie,
il est important d’en comprendre les limites. C’est un modèle hamiltonien et
l’énergie est donc conservée. La dissipation est complètement négligée. Ainsi,
cela modélise une cavité parfaite et un émetteur qui ne peut émettre que dans
le mode de la cavité. On appelle 2κ le taux de perte d’un photon de la cavité
et 2γ le taux de désexcitation de l’émetteur vers les autres modes du champ
électromagnétique. Le modèle de Jaynes-Cummings est une bonne approxi-
mation aux temps courts et quand κ, γ � g. Dans ce régime, l’émetteur et la
cavité s’échangent de l’énergie plus rapidement que celle-ci est dissipée. C’est
ce qu’on appelle le régime de couplage fort. Le fait que le spectre de faible
excitation du système à résonance (ωa = ωc) présente deux pics bien séparés
à des énergies ωc ± g est une caractéristique du couplage fort (voir fig. 3.1).

Si on place N émetteurs dans la cavité plutôt qu’un seul, on obtient le
modèle de Tavis-Cummings qui, dans la limite de faible excitation, revient
à remplacer le couplage g par un couplage collectif gcoll =

√
Ng. Historique-

ment, J.H. Kimble a été un pionnier dans l’étude des systèmes constitués
d’un atome placé dans une cavité Fabry-Pérot optique de haute finesse [32].
La séparation de modes dans le spectre d’excitation a d’abord été observée
avec un ensemble d’atomes puis avec un atome unique. On peut ainsi se servir
d’une cavité à résonance comme d’un détecteur d’atome unique très efficace
en observant la baisse de la transmission à travers la cavité lors du passage
d’un atome [33]. Ce domaine de recherche a depuis grandement progressé.
On peut travailler maintenant avec un seul atome véritablement piégé dans
la cavité pour de nombreuses expériences. Le laser à atome unique ou la
génération de photon unique ont par exemple été démontrés avec ce type de
systèmes [34].
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Figure 3.1 – Spectre de transmission du système atome-cavité avec fonction
de la fréquence laser sonde par rapport à celle de la cavité. Ici, on a pris les
paramètres de l’ETH et la cavité est à résonance avec la transition atomique
(ωa = ωc). Les courbes avec et sans atome sont présentées. La courbe avec
atome présente la séparation de modes et il faut noter que son échelle est
multipliée par un facteur 10. Cette figure est extraite de la thèse de S. Ritter
[31]

3.1.2 Le dispositif expérimental de l’ETH et ses spécificités

A la recherche d’un post-doc, je visite le groupe de Tilman Esslinger à
l’ETH Zürich en juin 2004. Un dispositif expérimental combine deux tech-
nologies de pointe : un condensat de Bose-Einstein et une cavité de haute
finesse dans le régime de couplage fort. La manip est en construction depuis
un peu plus de deux ans. Un condensat de 87Rb vient d’être obtenu et la
cavité est déjà placée sous vide. Sa finesse est mesurée à ∼ 3× 105. Les pa-
ramètres sont g = 2π × 10 MHz, κ = 2π × 1.4 MHz, et γ = 2π × 3 MHz.
L’extinction totale de la cavité est observée lorsqu’on lâche de nombreux
atomes issus d’un piège magnéto-optique vers la cavité. Le premier but de ce
dispositif est l’observation de l’effet Handbury-Brown et Twiss (HBT) avec
un jet thermique d’atome et de l’absence de cet effet avec un laser à atome.
Les perspectives à moyen terme sont alors plus floues.

J’ai été séduit par ce dispositif pour plusieurs raisons. En premier lieu,
c’était clairement une expérience très innovante qui me semblait particulièrement
prometteuse car le problème de la détection des atomes me semblait (et me
semble encore) un point crucial dans le domaine des atomes froids. La pos-
sibilité de descendre le seuil de détectivité à l’atome unique dans un régime
quantique était fascinante. De plus, la problématique des cavités m’intéressait
particulièrement, et j’ai d’ailleurs aussi rendu visite au groupe de G. Rempe
et à celui de B. Dévaud-Plédran travaillant sur les cavités semi-conducteur.
D’autre part, je voulais changer assez nettement de sujet d’étude à l’issu de
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ma thèse sur les fermions proches d’une résonance de Feshbach (ne pas rester
confiner à une thématique trop étroite est à mon avis très souvent un choix
bénéfique). A l’ETH, on m’offrait la possibilité de rester dans le domaine des
gaz quantiques tout en découvrant le domaine des cavités optiques. Enfin,
Tilman et son groupe se sont montrés accueillants et on m’a rapidement pro-
mis le financement de mon post-doc sur fonds propres tout en me proposant
de rédiger une demande de bourse Marie-Curie. Mon choix comportait cepen-
dant une part de risque en allant sur une expérience extrêmement complexe
(à titre d’exemple, il n’y a pas moins de 9 asservissements de lasers ou de
cavité) qui n’avait encore produit aucun résultat scientifique nouveau.

Je rejoins finalement Zürich en Mars 2005. L’expérience a alors déjà bien
progressé. Un laser à atomes est extrait du condensat et les atomes uniques
sont détectés dans la cavité (3.6 cm plus bas) [35]. L’absence de l’effet HBT
pour un laser à atomes est vérifiée [35]. La réalisation de ce dispositif consti-
tue en soit un tour de force expérimental et tout le mérite en revient à deux
étudiants A. Öttl [36] et S. Ritter [31], bien épaulés par M. Köhl, maintenant
professeur à Cambridge. A ce stade, j’apprends à faire fonctionner la ma-
nip et participe aux prises de données finales pour la publication. L’équipe
travaille alors à la stabilisation du laser à atomes car la moindre fluctua-
tion du condensat induit une fluctuation d’intensité du laser à atomes facile-
ment détectable par la cavité. Si on ne fait pas attention à varier les champs
magnétiques particulièrement lentement, on obtient un condensat qui oscille
dans le piège et donc un laser à atome qui n’est pas stable. De façon amusante,
la transformée de Fourier du flux d’atomes dans la cavité fait alors ressortir
les fréquences propres des modes d’oscillations du condensat. De plus, nous
utilisons une source radio-fréquence bruitée pour créer un faisceau d’atomes
pseudo-thermiques montrant l’effet HBT. Nous étudions aussi la distribution
d’arrivée des atomes par intervalle de temps et montrons que celle-ci cor-
respond bien à une distribution poissonnienne ou thermique suivant le cas
considéré (voir article page 36).

Enfin, j’écris un projet pour une bourse Marie-Curie axé sur l’étude d’un
ou deux atomes interagissant avec le champ de la cavité et refroidis en perma-
nence par un bain thermique formé par un condensat placé dans la cavité. J’ai
effectivement eu cette bourse mais j’avoue n’avoir jamais été complètement
convaincu de cet axe de recherche. Les aspects de dynamique collective pour
un condensat en interaction avec une cavité me paraissaient bien plus pro-
metteurs même si je n’étais pas capable de les expliciter. La suite me donnera
raison (voir section 3.3).
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3.1.3 L’équation mâıtresse et sa résolution, application
à la détection d’un atome unique

Après avoir travaillé un peu à l’optimisation expérimentale de la détection
des atomes par la cavité, je remarque que le groupe n’a pas à ce stade une
compréhension quantitative de la physique d’un atome dans une cavité qui est
au coeur du système de détection. Pour une faible excitation, la réduction
de la transmission de la cavité lors du passage d’un atome est simple et
analytique mais dès que l’on se place avec plusieurs photons dans la cavité,
l’effet est plus difficile à quantifier. L’optimum pour l’efficacité de détection
se situe (expérimentalement) justement autour de 10 photons dans la cavité
(en l’absence d’atome). Pour mieux comprendre notre système de détection,
je m’attaque donc à la théorie des systèmes quantiques ouverts (à laquelle
j’avais bizarrement échappé durant ma scolarité à l’ENS) [37].

Un système ouvert est un système qui peut échanger de l’énergie ou des
particules avec l’extérieur. Dans le cas du système atome-cavité, des photons
peuvent être perdus par émission spontanée vers un autre mode que celui de
la cavité ou par transmission/absortion au niveau des miroirs de la cavité.
C’est de la dissipation et cela influe sur l’état du système. Les photons per-
dus (ou non) contiennent de l’information sur le système et le fait que des
photons soient émis ou non renseigne sur l’état du système. En mécanique
quantique, on ne peut pas mesurer un état sans le perturber. La dissipation
donne lieu au phénomène de décohérence et explique pourquoi il est difficile
de préparer des états fortement non classiques. Un état pur évolue vers un
mélange statistique. L’équation d’évolution d’un système quantique ouvert
concerne la matrice densité ρ. C’est l’équation mâıtresse.

Pour un système atome-cavité, l’équation mâıtresse s’écrit [38] :

dρ

dt
= L(ρ) = − i

~
[H0, ρ]− i

~
[ηκ(a+ a†), ρ]

+κ(2aρa† − a†aρ− ρa†a) + γ(2σρσ† − σ†σρ− ρσ†σ) (3.2)

Le premier terme de l’équation correspond à l’évolution hamiltonienne en
l’absence de dissipation. La deuxième à l’excitation de la cavité par un champ
cohérent (η est proportionnel à l’amplitude du champ incident). Les deux der-
niers termes entre parenthèses sont dus aux deux différentes sources de dissi-
pation. L est le super-opérateur d’évolution agissant sur la matrice densité et
est défini par l’équation mâıtresse. Celle-ci contient a priori toute la physique
de l’évolution du système. Dans notre cas, comme l’atome ne bouge que len-
tement dans le mode de la cavité, comparé aux échelles de temps données par
1/g, 1/κ, 1/γ, le système reste proche d’une situation d’équilibre caractérisée
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par dρ
dt

= 0. C’est cette dernière équation qu’il faut résoudre pour trouver
l’état du système.

Cette résolution doit se faire de façon numérique. La solution la plus di-
recte est d’écrire l’équation sous une forme matricielle puis de la résoudre.
Cette technique marche pour un espace de Hilbert de dimension réduite. En
effet le super-opérateur a pour dimension N4 si N est la taille de l’espace de
Hilbert (la matrice densité est de taille N2). Dans les faits, il faut tronquer
l’espace de Hilbert à environ 10 photons, ce qui limite le nombre moyen de
photons à∼2 (si on veut être précis sur le résultat). Pour aller au delà de cette
limite, il faut changer de technique et par exemple utiliser la technique de
l’équation mâıtresse Monte-Carlo stochastique qui consiste à travailler sur la
probabilité d’un état quantique plutôt que sur la matrice densité directement
[39]. J’ai mis en oeuvre cette méthode avec Gabriele Puebla [40], stagiaire
pendant l’été 2005. En particulier, nous avons pu reproduire quantitative-
ment la chute de la transmission lors du passage d’un atome et le fait que le
signal sur bruit est optimal pour un pompage de la cavité correspondant à
une dizaine de photons dans la cavité (pour g = 2π×10 MHz). De plus, nous
nous sommes intéressés au temps nécessaire pour transformer l’état cohérent
d’un laser à atomes en un état nombre d’atomes à cause de l’interaction avec
la cavité. Ce temps est d’une fraction de microseconde. On comprend com-
ment le couplage à l’environnement induit par la cavité réalise une mesure
quantique de la présence ou non d’un atome dans la cavité. Ces résultats sont
présentés dans un article (voir page 39).

3.2 Détection des propriétés de cohérence d’un

gaz piégé

3.2.1 Mesure de la cohérence du premier ordre par
interférence entre 2 lasers à atomes

Expérimentalement, on peut extraire des atomes piégés à une altitude
donnée dans le piège magnétique en appliquant une radio-fréquence qui trans-
fert les atomes vers un état non piégé. C’est la technique standard pour
créer un laser à atomes à partir d’un condensat de Bose-Einstein piégé
magnétiquement [41]. Si on extrait, avec deux radio-fréquences différentes,
des atomes à deux positions différentes r, r’ dans le piège, on crée deux fais-
ceaux atomiques. L’opérateur champ atomique du jet d’atome est alors pro-
portionnel à φ(r) + φ(r’). Lorsqu’on mesure le flux atomique, on a alors un
terme proportionnel à φ†(r)φ(r’), c’est à dire à la fonction de corrélation
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g1(r, r’) du premier ordre du gaz. Plus précisément, on observe l’arrivée
d’atomes uniques, signe de la nature corpusculaire des atomes alors que la
probabilité d’arrivée des atomes reconstruit une figure d’interférence due à
leur nature ondulatoire (voir page 39). On réalise l’équivalent de l’expérience
des fentes d’Young au niveau de la particule unique. La cavité permet de
détecter le flux d’atome avec une grande efficacité et donc d’évaluer la fonc-
tion g1 du gaz en le perturbant le moins possible.

3.2.2 Etude du régime critique et de la dynamique au-
tour de la condensation de Bose-Einstein

Notre capacité à mesurer précisément et en fonction du temps la fonc-
tion g1 nous a amené à une série d’expériences sur la condensation de Bose-
Einstein. En effet, la fonction g1 est le paramètre d’ordre de la transition
et joue donc un rôle fondamental dans la physique de la condensation. En
fait, l’étude détaillée de la condensation 3D nous a conduit à nous intéresser
à la théorie générale des transitions de phases, telles les théories de Lan-
dau ou de Ginzburg Landau qui jouent un rôle central en physique de la
matière condensée. En 1937, Landau a noté que les transitions de phases
du deuxième ordre (celles n’impliquant pas de chaleur spécifique) étaient
toutes caractérisées par une brisure spontanée de symétrie et l’apparition
d’un paramètre d’ordre. La théorie de Landau montre en particulier qu’un
certain nombre de quantités, y compris le paramètre d’ordre, ont un compor-
tement divergeant au voisinage de la transition et que ce comportement peut
être caractérisé par un exposant critique universel. Cette théorie suppose un
paramètre d’ordre constant (champ moyen) et néglige donc les fluctuations
du paramètre d’ordre. La théorie de Ginzburg-Landau corrige ce problème
et montre que les fluctuations dominent la physique proche de la transition
dans la zone de fluctuation critique. On prédit l’existence de plusieurs classes
d’universalité suivant la dimension du système et du paramètre d’ordre. La
condensation de Bose-Einstein appartient à la classe d’universalité du modèle
XY à 3D au même titre que la transition superfluide dans l’hélium ou que la
transition supraconductrice dans la métaux.

Expérimentalement, nous avons adressé deux questions. D’une part, la
détermination expérimentale de l’exposant critique à la transition de Bose-
Einstein. La difficulté expérimentale réside dans le fait que la zone de fluctua-
tions critiques est ici une zone très petite autour de la température critique.
Nous avons pu mesurer un exposant critique en accord avec la théorie de
Ginzburg-Landau (voir article page 44). D’autre part, nous nous sommes
intéressés à la dynamique de la transition de phase, lors d’un refroidissement
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soudain. Cet aspect concerne la physique hors équilibre, domaine qui est de
plus en plus étudié et qui est très difficile sur le plan théorique. En parti-
culier, on peut s’attendre à une condensation locale et donc à l’apparition
d’un paramètre d’ordre non nul différent suivant la position. On a alors des
défauts de phases complexes qui doivent finalement disparâıtre petit à petit
alors que le système atteint lentement l’équilibre thermodynamique. C’est a
priori un problème très complexe qui dépend de la géométrie exact du piège
et des conditions précises de l’expérience. Ici on apporte principalement la
preuve que c’est une problématique accessible aux expériences avec des gaz
d’atomes ultra-froids (voir article page 49). Les échelles de temps sont typi-
quement de l’ordre de quelques 10 ou 100 milliseconds. Dans les systèmes de
matière condensée, les processus sont habituellement beaucoup plus rapides
et pas forcément accessibles expérimentalement. Ces travaux constituent le
coeur de la thèse de T. Donner [42].

3.3 Un condensat dans une cavité de haute

finesse

3.3.1 Transport du condensat et propriétés du système
condensat-cavité

Le transport du condensat dans son ensemble dans la cavité est une étape
qui n’avait pas été prévue au démarrage de l’expérience. Dans l’équipe, je
prends particulièrement en charge cette partie du montage. Nous choisis-
sons de fabriquer un ascenseur à atomes, basé sur un réseau optique en
mouvement, pour transporter les atomes sur 3.6 cm de la zone du piège
magnétique jusqu’à la cavité. En particulier, je construis un système laser
à 850 nm (diode+MOPA) asservi sur le Césium pour créer ce réseau décalé
vers le rouge pour les atomes de rubidium. Je supervise F. Brennecke un
nouvel étudiant en thèse pour synthétiser et faire passer les faisceaux el-
liptiques à travers la chambre de science. L’optimisation du transport sera
l’occasion pour moi de m’intéresser à la physique dans les réseaux optiques
qui représente une partie importante de la recherche dans le domaine des
atomes froids.

Un condensat dans une cavité donne lieu à un couplage collectif (
√
Ng0)

extrêmement grand (jusqu’à plusieurs GigaHertz). Nous avons alors dû revoir
notre méthode d’utilisation de la cavité, avec des balayages sur une échelle
de fréquences beaucoup plus grande (à la fois de la longueur de la cavité
et de la fréquence du laser d’excitation). Nos premières observations sont
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surprenantes avec par exemple deux résonances au lieu d’une, mais aussi des
spectres d’excitations avec des raies non symétriques et même des oscillations
rapides dans le nombre de photons présents dans la cavité à résonance. Les
deux résonances furent rapidement expliquées par les deux modes de pola-
risation de la cavité σ+ et σ− qui présentent une sensibilité différente à la
présence des atomes (voir article page 54). Les autres effets sont des effets
non-linéaires qui disparaissent pour des pompages très faibles avec largement
moins de un photon en moyenne dans la cavité. Notre premier travail se pla-
cera donc dans ce régime pour caractériser le spectre d’excitation à faible
intensité du système condensat-cavité. C’est l’objet de la publication repro-
duite page 54. Ce travail fut l’occasion de transmettre ma compréhension
théorique du système à F. Brennecke qui travaille encore sur l’expérience.

3.3.2 Développements plus récents : bistabilité, opto-
mécanique

Si nous avions déjà de vives discussions avant mon départ de Zürich sur
la nature des effets non linéaires observés, leur compréhension fine ne fait
plus vraiment partie de mon travail. Cela fait notamment l’objet de la thèse
de F. Brennecke qui est devenu un expert du couplage collectif d’atomes avec
une cavité [43]. Proches de la résonance atomique, les courbes asymétriques
sont dues à un effet de bistabilité [44]. Cet effet avait finalement déjà été
observé [45] mais il est grandement amplifié par le couplage collectif à un
condensat.

Les oscillations du nombre de photons dans la cavité en régime dispersif
(loin de la résonance atomique) sont plus intéressantes. Elle sont dues à
un couplage au mouvement des atomes [46, 47, 43]. Les photons forment un
réseau de Bragg qui diffracte les atomes. Ceux-ci sont ensuite périodiquement
résonnants avec la cavité du fait de leur déplacement. Une analogie entre ce
système (condensat interagissant avec un mode sinusöıdal dans une cavité)
et un système opto-mécanique constitué d’une cavité avec un miroir fixé avec
un ressort a été établie.

Enfin, plus récemment des études ont été menées avec un faisceau de
pompage orthogonal à l’axe de la cavité. Nous avions à l’époque brièvement
essayé cette configuration qui présente l’avantage de ne pas avoir de signal en
l’absence d’atomes, mais sans comprendre les signaux observés. La compli-
cation vient de la présence d’interférences entre le faisceau de pompage et le
champ de la cavité. Avec un faisceau de pompe rétro-réfléchi, on observe une
transition de phase quantique où les atomes s’organisent suivant un damier
pour émettre en phase le champ de la cavité [48]. A faible intensité de pompe,
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il n’y a pas de champ dans la cavité et le condensat reste homogène alors qu’à
plus forte intensité, le champ intra-cavité est non nul et l’interférence entre
le champ intra-cavité avec le champ de pompe auto-entretient le processus.
Il y a brisure spontanée de symétrie car la phase du champ intra-cavité (ainsi
que celle du damier) peut prendre deux valeurs différentes. On peut montrer
que cette transition de phase est en fait analogue à la transition de Dicke
[48].

3.4 Conclusion

Les deux années que j’ai passé dans le groupe de Tilman Esslinger à
l’ETH ont été particulièrement riches d’un point de vue scientifique. Nous
avons formé une bonne équipe avec Tilman et M. Köhl mais aussi avec les
différents étudiants avec qui j’ai eu l’occasion de travailler. J’ai personnelle-
ment beaucoup appris tant au niveau expérimental que théorique. J’espère
aussi avoir partagé avec succès certaines de mes compétences.

Cette expérience mélangeant gaz quantique et cavité de haute finesse
était pionnière et d’autres dispositifs similaires sont maintenant opérationnels
dans le groupe de J. Reichel [49] à Paris ou celui de D. Stamper-Kurn à
Berkeley [50]. Les expériences de cavité constituent un système modèle pour
l’optique quantique ou de façon plus générale la physique quantique. Le futur
de ces expériences est difficile à prévoir surtout maintenant que je ne suis
plus directement impliqué. Une chose naturelle serait sans doute d’aller vers
des expérience de type optique quantique. On peut par exemple analyser les
propriétés de cohérence du faisceau qui sort de la cavité ou exciter le système
avec un faisceau comprimé. On peut aussi imaginer de contrôler précisément
la position de nombreux atomes dans un réseau 3D dans une cavité et ainsi les
faire interagir à distance, de les intriquer, et ainsi d’aller vers le domaine de
l’information quantique. Personnellement, j’avoue cependant avoir un faible
pour les expériences où les aspects collectifs et quantiques interagissent et où
la physique à N-corps intervient comme c’est le cas dans les expériences qui
sont maintenant mises en oeuvre à l’ETH [51].

3.5 Articles liés à ce chapitre



3.5.1 Time interval distributions of atoms in atomic
beams [1]
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ABSTRACT We report an experimental investigation of two-
particle correlations between neutral atoms in a Hanbury Brown
and Twiss experiment. Both an atom laser beam and a pseudo-
thermal atomic beam are extracted from a Bose–Einstein con-
densate and the atom flux is measured with a single atom
counter. We determine the conditional and the unconditional de-
tection probabilities for the atoms in the beam and find good
agreement with the theoretical predictions.

PACS 03.75.Pp; 05.30.Jp; 07.77.Gx; 42.50.Pq

1 Introduction

Hanbury Brown and Twiss experiments [1] play
a central role in investigating correlations between identical
particles. The underlying idea of these experiments is that in-
tensity fluctuations and their correlations are tightly linked
to the quantum mechanical state of a system. The statistical
properties of a beam of photons or atoms can be accessed in
counting experiments. A famous example of how the statistics
vary for different quantum states of light is the distinct differ-
ence of photon correlations in thermal light beams and laser
beams [2, 3].

For ideal bosonic atoms the same quantum statistical prop-
erties are expected as for the case of photons. First experi-
ments investigating the second-order correlation function of
laser-cooled thermal atoms have already been undertaken
several years ago and the bunching behavior could be ob-
served [4]. The availability of quantum degenerate atomic
gases [5] has added a new dimension, since now even coherent
states of matter can be investigated. Recently, the second-
order correlation function g2(τ) of quantum degenerate atoms
has been observed [6, 7] and the feasibility of studying Han-
bury Brown and Twiss correlations of atoms released from an
optical lattice has been demonstrated [8, 9]. Moreover, atom–
atom correlations have also been observed in the dissociation
process of ultra-cold molecules [10] and density correlations
have been investigated in phase-fluctuating Bose–Einstein
condensates (BECs) [11, 12].

� Fax: +41-44-633 1254, E-mail: koehl@phys.ethz.ch

The second-order temporal correlation function of the sta-
tionary field ψ,

g2(τ) = 〈ψ†(τ)ψ†(0)ψ(0)ψ(τ)〉
〈ψ†(0)ψ(0)〉2

, (1)

reveals valuable information about the intensity noise and
the two-particle correlations in the sample. In particular, for
an atomic beam released from a Bose–Einstein condensate
the correlation function was found to be equal to unity, re-
vealing the second-order coherence of the atomic beam [6].
Together with the measurement of the first-order coherence
of this beam [13], this showed that atomic beams extracted
from a Bose–Einstein condensate indeed are the matter wave
analogue of an optical laser.

In this paper we discuss the two-particle correlations of
atoms in an atomic beam extracted from a Bose–Einstein con-
densate. We measure the conditional and the unconditional
probabilities for atom detection, which constitutes a comple-
mentary view of two-particle correlations as compared to an
analysis of the second-order correlation function.

2 Experimental setup

Our experimental setup combines the techniques
for the production of atomic Bose–Einstein condensates with
single atom detection by means of an ultra-high-finesse opti-
cal cavity [6, 14]. We collect 109 87Rb atoms in a vapor cell
magneto-optical trap which is loaded from a pulsed dispenser
source. After polarization gradient cooling and optical pump-
ing into the |F = 1, mF = −1〉 hyperfine ground state, we
magnetically transfer the atoms over a distance of 8 cm into
a magnetic Quadrupole Ioffe Configuration (QUIC) trap [15].
In this magnetic trap we perform radio-frequency-induced
evaporative cooling of the atomic cloud and obtain almost
pure Bose–Einstein condensates of 2 ×106 atoms. After evap-
oration we relax the confinement of the atoms to the final trap-
ping frequencies (ωx, ωy, ωz) = 2π × (39, 7, 29)Hz, where z
denotes the vertical axis.

For output coupling of an atom laser beam, we apply
a weak continuous microwave field to locally spin flip atoms
inside the Bose–Einstein condensate into the |F = 2, mF = 0〉
state. These atoms do not experience the magnetic trapping
potential but are released from the trap and form a well-
collimated beam which propagates downwards due to grav-
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ity [16]. The output coupling is performed near the center of
the Bose condensate for a duration of 500 ms during which we
extract about 3 ×103 atoms.

Alternatively, we create a beam with pseudo-thermal cor-
relations from a Bose–Einstein condensate. This is in close
analogy to changing the coherence properties of a laser beam
by means of a rotating ground glass disk [2, 17]. Instead of ap-
plying a monochromatic microwave field for output coupling
we use a broadband microwave field. We employ a white-
noise radio-frequency generator in combination with a quartz-
crystal band-pass filter which sets the bandwidth ∆ f of the
noise. The filter operates at a frequency of a few MHz and the
noise signal is subsequently mixed with a fixed-frequency sig-
nal close to the hyperfine transition at 6.8 GHz to match the
output coupling frequency.

After propagating a distance of 36 mm the atoms enter
the ultra-high-finesse optical cavity (see Fig. 1). The cavity
consists of two identical mirrors separated by 178 µm. Their
radius of curvature is 77.5 mm, resulting in a Gaussian TEM00

mode with a waist of w0 = 26 µm. The coupling strength be-
tween a single Rb atom and the cavity field is g0 = 2π ×
10.4 MHz on the F = 2 → F′ = 3 transition of the D2 line.
The cavity has a finesse of 3 ×105 and the decay rate of
the cavity field is κ = 2π ×1.4 MHz. The spontaneous decay
rate of the atomic dipole moment is γ = 2π ×3 MHz. Since
g0 � κ, γ we operate in the strong coupling regime of cav-
ity quantum electrodynamics (QED). The cavity resonance
frequency is stabilized by means of a far-detuned laser with
a wavelength of 830 nm using a Pound–Drever–Hall locking
scheme.

The cavity is probed by a weak, near-resonant laser beam
whose transmission is monitored by a single photon counting
module. We find a shot-noise-limited transmission of pho-
tons through the empty cavity. The presence of an atom inside
the cavity results in a drop of the transmission. The inten-
sity and the frequency of the detection laser are optimized to
yield a maximum detection efficiency for the released atoms

FIGURE 1 Schematic view of the experimental setup. A Bose–Einstein
condensate (BEC) is produced 36 mm above an ultra-high-finesse optical
cavity. Using microwave output coupling we extract an atomic beam from the
condensate, which passes through the cavity. The intensity of a laser beam
probing the cavity is modified by the presence of a single atom inside the
cavity, resulting in the characteristic dips of the cavity transmission

that is (23 ±5%) [14]. This number is primarily limited by
the size of the atom laser beam, which exceeds the cavity
mode cross section. The atoms enter the cavity with a vel-
ocity of 84 cm/s. The resulting dead time of our detector of
approximately 70 µs is short compared to the time scale of the
correlations, which allows us to perform Hanbury Brown and
Twiss type measurements with a single detector [18].

We record the cavity transmission for the period of atom
laser operation (typically 0.5 s) and average the photon count-
ing data over 20 µs. Using a peak detection routine we deter-
mine the arrival time of atoms in the cavity, requiring that the
cavity transmission drops below the empty cavity value by at
least four times the photon shot noise.

3 Results

We first investigate the distribution function of the
time intervals between successive atom counting events. This
represents a ‘start–stop’ measurement, where a time counter is
triggered by an atom detection event and stopped by the next
detection event [3]. From the histogram of the measured time
intervals, we obtain the conditional probability p(t|t + τ) of
detecting the next atom a time τ later than an initial atom ob-
served at t. These exclusive pair correlations, for which we
restrict ourselves to consecutive atom detection events, are
distinguished from the non-exclusive pair correlations meas-
ured by the second-order correlation function g(2)(τ). There,
the pairwise time differences between all atoms are evaluated.

For an average count rate ν the conditional detection prob-
ability density for a coherent beam is given by [19]

pcoh(0|τ) = ν exp(−ντ) . (2)

In contrast, for a thermal state of bosons one finds [19]

pth(0|τ) = 2ν

(1 + ντ)3
. (3)

For τ = 0 the thermal probability density is twice as large as
the coherent probability density. This reflects the increased
thermal fluctuations and the bunching behavior in pair corre-
lations of bosonic particles.

In Fig. 2 we compare our data with this theory. For the
pseudo-thermal atomic beam we have chosen a bandwidth
of ∆ f = 90 Hz and analyzed time intervals short compared
to the coherence time τc = 1/∆ f = 11 ms. We normalize
the measured probability by the measured count rate νexp =
1.3 ×103 s−1 and fit the result with the functions given in (2)
and (3), allowing for some overall scaling factor. From the fits
we obtain the average count rates ν = 1.4 ×103 s−1 and ν =
1.6 ×103 s−1 for the atom laser beam and the pseudo-thermal
beam, respectively, which compares well with the experimen-
tally determined flux νexp for both cases. For τ = 0 we find
that the data for the atom laser beam exceed p(0|τ)/νexp = 1
by approximately 15%. Similarly, the results for the pseudo-
thermal beam exceed p(0|τ)/νexp = 2 by approximately 30%.
This could be attributed to the dead time of our detector –
which is about 70 µs [6] – during which we cannot detect
a possible consecutive event. We estimate the probability for
a second atom arriving within the dead time of the detec-
tor to be 5% for the atom laser beam and 10% for atoms in



KÖHL et al. Time interval distributions of atoms in atomic beams 393

FIGURE 2 Conditional detection probability p(0|τ). The frequency distri-
bution of the time intervals between two successive atom counts is shown for
the atom laser (squares) and for a pseudo-thermal beam with a bandwidth of
∆ f = 90 Hz (circles). The lines are fits according to (2) and (3)

the pseudo-thermal beam. With this probability a later atom
might falsely be identified as being consecutive to the ini-
tial event, which overestimates the number of time intervals
larger than the detector dead time. Moreover, the experimental
count rate is underestimated by the same factor, also con-
tributing to the enhancement of the data above the theoretical
expectation.

Next, we study the unconditional probability of a single
atom detection event. The unconditional probability assumes
that the timer is started at a randomly chosen time and records
the time to the next atom detection event. For a coherent
beam of atoms the unconditional probability for a detection
event p(t) is equal to the conditional probability investigated
above [19]:

pcoh(τ) = ν exp(−ντ) . (4)

This reflects the absence of any density correlations in a co-
herent atomic beam. For a thermal state one finds

pth(τ) = ν

(1 + ντ)2
, (5)

which for τ = 0 differs from the corresponding conditional
probability by a factor of 2. The physical reason for this differ-
ence lies in the bunching of thermal bosons, which enhances
the detection probability only for two nearby events measured
by the conditional probability. The unconditional probabil-
ity measures a single-particle property and does not reveal
a bunching effect. In Fig. 3 we show our measurements of
the atom detection probability for a randomly chosen initial
start point and find good agreement with the theoretical pre-
diction. Similarly to the results for the conditional probability,
we observe that the experimental data for τ = 0 are larger than
the theoretically expected result of p(τ)/νexp = 1 by the same
relative amount as in Fig. 2. We attribute this again to the dead
time of our detector, as discussed above. The apparently bet-
ter data quality of Fig. 3 as compared to Fig. 2 is due to the
larger number of available time intervals for the unconditional
probability.

FIGURE 3 Unconditional detection probability p(τ). The frequency distri-
bution of the length of the intervals between a randomly chosen start point
and the subsequent atom detection event is shown for the atom laser (squares)
and for a pseudo-thermal beam with a bandwidth of ∆ f = 90 Hz (circles).
The lines are fits according to (4) and (5)

4 Conclusion

We have studied the time interval distribution of
atom detection in an atom laser beam and a pseudo-thermal
atomic beam. We have investigated both the conditional and
the unconditional detection probabilities and found good
agreement with the theoretical predictions. This complements
the measurement of the second-order correlation function of
the atomic beams [6].
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We observe the build-up of a matter wave interference pattern from single atom detection events in a
double-slit experiment. The interference arises from two overlapping atom laser beams extracted from a
rubidium Bose-Einstein condensate. Our detector is a high-finesse optical cavity which realizes a quantum
measurement of the presence of an atom and thereby projects delocalized atoms into a state with zero or one
atom in the resonator. The experiment reveals simultaneously the granular and the wave nature of matter. We
present a setup which is suited for applications in atom interferometry and cavity QED.
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The prediction of the duality between particles and waves
by de Broglie �1� is a cornerstone of quantum mechanics.
The simple picture that matter waves show interferences just
like classical waves neglects the granularity of matter. This
analogy is valid only if the detector is classical and integrates
the signal in such a way that the result is a mean particle
flux. With quantum detectors that are sensitive to individual
particles the discreteness of matter has to be considered. The
probability to detect a particle is proportional to the square
amplitude of the wave function and interferences are visible
only after the signal is averaged over many particles. Inter-
ference of single massive particles have been observed using
electrons �2,3�, neutrons �4�, atoms �5–7� and even large
molecules �8�.

In the regime of atom optics, single atom detection has
been achieved for example by fluorescence �9�, using a mi-
crochannel plate detector for metastable atoms �10�, and
high-finesse optical cavities �11�. Only very recently has the
single atom detection capability been achieved together with
quantum degenerate samples reaching the regime of quantum
atom optics �12,13�. In our experiment, we detect single at-
oms from a coherent matter-wave field using a high-finesse
optical cavity in the strong coupling regime of cavity quan-
tum electrodynamics �QED� �14–16�.

For atoms with a spatially extended wave function, such
as in a Bose-Einstein condensate or in an atom laser beam, a
measurement projects the delocalized atom into a state local-
ized at the detector �17�. This quantum measurement requires
dissipation in the detection process. For our cavity QED de-
tection method, we study the open quantum system com-
posed of coupled matter-wave and light fields. The two
sources of dissipation are cavity losses and spontaneous
emission. In particular, we calculate the time needed for the
localization of an atom along the beam in the cavity mea-
surement process. We then experimentally investigate atomic
interferences using our detector which can resolve single
atom transits in time. The high detection efficiency opens
new perspectives for atom interferometry such as quantum
limited detection of amplitude and phase of a matter-wave
�18�.

A schematic of our experimental setup is shown in Fig. 1.
We output couple two weak atom laser beams from a Bose-
Einstein condensate and their wave functions overlap and
interfere �19�. The flux is adjusted in such a way that there is
on average only one atom at a time in the interferometer.
Using the high-finesse cavity we measure single atom arrival
times in the overlapping beams. We observe the gradual ap-
pearance of a temporal high-contrast matter wave interfer-
ence pattern as more and more detection events are accumu-
lated.

Single atom detection in an optical cavity can be captured
in a classical picture: an atom changes the index of refraction
in the cavity and thereby shifts it out of resonance from the
probe laser frequency. In the absence of an atom, the probe
beam is resonant with the cavity and its transmission is
maximal. Experimentally we use a probe power correspond-

*Electronic address: Koehl@phys.ethz.ch

FIG. 1. �Color online� Schematic of the experimental setup.
From two well defined regions in a Bose-Einstein condensate
�BEC�, we couple atoms to an untrapped state. The real parts of the
resulting atom laser wave functions are sketched on the right-hand
side. The absorption image shows an interference pattern corre-
sponding to �f =1 kHz and an atom flux �106 times larger than in
the actual single atom interference experiment. Monitoring the
transmission of a probe laser through a high-finesse optical cavity
with a photon counter, single atom transits are detected.
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ing to five photons on average in the cavity. The cavity lock
is sufficiently stable for the cavity transmission to be at the
photon shot noise limit. The presence of an atom results in a
drop of the cavity transmission �see Fig. 2�. We set the
threshold for an atom detection event to a drop in transmis-
sion of four times the standard deviation of the photon shot
noise in our 20 �s integration time. Then the overall detec-
tion efficiency of atoms extracted from a Bose-Einstein con-
densate is measured to be 0.23�8�. It is mainly limited by the
size of the atom laser which exceeds the dimension of the
cavity mode and can be increased using a laser to guide the
atoms into the detector.

Our cavity has been described in a previous paper �12�
and we only recall here its main figures of merit. Its length is
178 �m, the mode waist radius is 26 �m, and its finesse is
3�105. The maximum coupling strength between a single
87Rb atom and the cavity field g=2��10.4 MHz is larger
than the cavity field decay rate �=2��1.4 MHz and the
atom dipole decay rate �=2��3 MHz. The probe laser and
the cavity are red-detuned as compared to the atomic reso-
nance such that the light force pulls the atoms to regions
where the coupling is large, therefore enhancing the detec-
tion efficiency.

To understand the actual detection process we study the
dynamics of the atom-cavity quantum system taking into ac-
count dissipation. We first consider a classical atom entering
a simplified square shaped cavity mode so that its coupling
to the cavity field increases suddenly to a constant value g.
Thereby we do not take into account the atom dynamics due
to the dipole potential of the standing-wave cavity mode. The
cavity field is initially coherent with a few photons. We use a
two level approximation for the atom description and assume
a 30 MHz red-detuning of the probe laser compared to the
atomic resonance �20�. In the case of strong coupling the
following dynamics occur. On a short time scale given by
1/g, the atom-cavity system exhibits coherent oscillations. It
progressively reaches an equilibrium state on a time scale
given by 1/� and 1/� due to cavity loss and atomic sponta-
neous emission. These are the two sources of dissipation. In
the equilibrium state, the mean photon number in the cavity
is reduced and the cavity transmission drops.

To evaluate this drop quantitatively, we find the steady-

state of the master equation for the density matrix numeri-
cally �21–24�. For our parameters, the transmission as a
function of the coupling strength g is plotted in Fig. 3�a�. For
a maximally coupled atom g=2��10.4 MHz, the average
intracavity photon number is found to be reduced from 5 to
0.8, and the number of detected photons is then reduced by
the same ratio. Such a reduction corresponds well to the
largest observed transmission drops. An example is shown in
Fig. 2. The detection threshold corresponds to a coupling of
g=2��6.5 MHz. Experimentally, unlike in our model, an
atom feels a position dependent coupling as it transverses the
mode profile. However, the atom transit time through the
cavity mode �40 �s� is long compared to the cavity relax-
ation time scales 1 /� and 1/� and the atom-cavity system
adiabatically follows a quasiequilibrium state. Therefore the
experimental transmission drops can be compared to the cal-
culated ones.

Specific to our experiment is that a longitudinally ex-
tended matter wave and not a classical atom enters the cavity
�25�. Our system allows us to realize a quantum measure-
ment of the presence of an atom. For our low atom flux, we
can neglect the probability of having more than one atom at
a time in the cavity. The incoming continuous wave function
is thus projected into a state with one or zero atoms in the
cavity. This evolution from a pure quantum state to a statis-
tical mixture involves decoherence. The latter is introduced
by spontaneous scattering and cavity photon loss. The origin
of the decoherence can be understood as unread measure-
ments in the environment �17,21�. For example, if a sponta-
neously emitted photon is detected, there is necessarily an
atom in the cavity and the wave function is immediately
projected. Similarly, the more different the light field with an
atom in the cavity is from the field of an empty cavity, the
more different is the scattered radiation out of the cavity, and
the projection occurs correspondingly faster.

We now quantify the time needed for the projection to
occur. For simplicity, rather than a continuous wave function,
we consider a coherent mixture of one and zero atoms enter-
ing a square-shaped cavity at a given time. We take the limit
when the probability to have one atom is low. The initial
cavity field is the one of an empty cavity. Dissipation effects
are studied by computing the time evolution of the density

FIG. 2. �Color online� �a� Cavity single atom detection prin-
ciple. An atom detunes the high-finesse cavity from resonance and
the cavity transmission consequently drops. �b� Photon flux through
the high-finesse optical cavity when an atom is detected. The pho-
ton count rate is averaged over 20 �s. The detection threshold is set
to be four times the standard deviation of the photon shot noise
�dashed line�.

FIG. 3. �Color online� �a� Normalized transmission as a function
of coupling strength. The solid line corresponds to our probe
strength of five photons in the cavity in the absence of an atom. The
dashed line is the weak probe limit. The dotted line corresponds to
ten photons in the cavity. �b� Coherence between the states with one
and no atom as a function of time. The initial coherence is normal-
ized to 1. Solid line: g=2��10 MHz. Dashed line: g=2�
�6.5 MHz. Dotted line: g=2��3 MHz.
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matrix �22�. The degree of projection of the initial state can
be extracted from the off-diagonal terms between states with
one atom and no atom in the density matrix. More precisely,
we define the coherence as the square-root of the sum of the
squared modulus of the off-diagonal terms mentioned above.
This quantity is maximal for a pure quantum state with equal
probability to have an atom or not. The coherence is zero for
a statistical mixture.

In Fig. 3�b�, the temporal evolution of the coherence is
plotted. As expected, it decays to zero at long times due to
dissipation. The decay time increases as the coupling to the
cavity is weakened. In the limit, where the coupling van-
ishes, the coherence is preserved. The atomic wave function
then evolves as if there was no cavity. For g�2�
�6.5 MHz, the decoherence time is found to be a fraction of
a microsecond. This time is much shorter than the 40 �s
transit time of an atom through the cavity and for all our
detected atomic transits, the wave function is thus well pro-
jected to a state with one atom. Our detection scheme real-
izes a quantum measurement of the presence of an atom in
the cavity. However, during an atom transit some photons are
spontaneously scattered and the velocity of the atom is
slightly modified.

Using our cavity detector, we can observe matter wave
interferences on the single atom level. The starting point of
the experiment is a quasi pure Bose-Einstein condensate with
1.5�106 rubidium atoms in the hyperfine ground state �F
=1,mF=−1� �12�. The atoms are magnetically trapped with
frequencies 7 Hz, 29 Hz, and 39 Hz. A weak and continuous
microwave field locally spin-flips atoms from the Bose-
Einstein condensate into the untrapped �F=2,mF=0� state.
This process is resonant for a section of the condensate
where the magnetic field is constant. Because the magnetic
moment of the spin flipped atoms vanishes they fall due to
gravity and form a continuous atom laser �26�.

When we apply two microwave fields of different fre-
quencies, we are able to output couple atom laser beams
from two well defined slices of the condensate �19�. The two
distinct atom laser wave functions overlap and interfere. At
the entrance of the cavity, the atomic wave function � is well
described by the sum of two plane waves with the following
time dependence:

��t� 	 exp�i
1t� + exp„i�
2t + ��… 	 cos��
2 − 
1�t/2 + �2� ,

where �
1 and �
2 are the energies of the two laser beams
and � is a fixed phase difference. The radial dependence of
the wave function is neglected. The probability to detect an
atom is given by the square norm of the wave function which
is modulated in time and behaves like a cosine squared. The
modulation frequency of the interference signal is given by
the energy difference between the two atom lasers. Experi-
mentally, it is determined by the frequency difference of the
two microwave fields and is chosen to be �f =10 Hz, which
corresponds to a distance of 5 nm between the two output
coupling regions. The two microwave fields are generated
such that the interference pattern is phase stable from one
experimental run to the other.

The results of the experiment are presented in Fig. 4. Each
experimental run corresponds to output coupling from a new

condensate. On average �6 atoms are detected in 0.5 s. Af-
ter the detection of a few atoms, the interference pattern is
not yet visible �Fig. 4�a��. Nevertheless, after adding the re-
sults of several runs, it progressively appears �Figs.
4�b�–4�d��. Experimentally, the atom number fluctuation is
found to be dominated by the atomic shot noise and the
signal to noise ratio of the interference increases as more
data are included. A fit to the histogram yields a contrast of
0.89�5�. The slight reduction of contrast is explained by a
detected flux of about one atom every three runs in the ab-
sence of output coupling. We attribute this effect to artifact
detection events and to atoms output coupled from stray mi-
crowave fields. Using a higher flux, we were able to detect
an interference contrast in excess of 0.97.

Here, we work with a flux of one detected atom per
83 ms, which is about the time an atom needs to travel from
the condensate region to the cavity. We are thus in a regime
where the atoms fall one by one in the interferometer.
Thereby a single atom interferes with itself. It behaves both
like a wave because its time arrival probability shows an
interference pattern and like a particle when detected. This
can be similarly expressed by saying that each individual
atom is released from both slits simultaneously. Our experi-
ment is an atomic counterpart of Young’s double slit experi-
ment with individual photon detection.

FIG. 4. �Color online� Histograms of the atoms detected in 5 ms
time intervals. �a� Single experimental run. �b� Sum of four runs. �c�
Sum of 16 runs. �d� Sum of 191 runs, the line is a sinusoidal fit.
Please note the different scales.
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To summarize, we detect matter wave interferences with a
high-finesse optical cavity detector which realizes a quantum
measurement of the presence of an atom. We explain how
dissipation plays a crucial role in the detection process and
for the localization of the atom inside the cavity. Using this
detector, we are able to detect a high contrast atom interfer-
ence pattern at the single atom level. The coupling of a mat-
ter wave to a cavity QED system opens the route to the
quantum control not only of the internal state of the atoms
but also of their positions �27�. Using the presented detection
technique we can probe an atomic gas with a good quantum
efficiency and introduce only a minimum perturbation

through the measurement. This could facilitate nondestruc-
tive and time-resolved studies of the coherence of a quantum
gas, for example during the formation of a Bose-Einstein
condensate. With our setup, quantum limited detection of the
phase between two distinct condensates would permit inves-
tigations of their relative phase evolution �28,29�, build-up
�30–32�, or diffusion �33�.
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3.5.3 Critical Behavior of a Trapped Interacting Bose
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Critical Behavior of a Trapped Interacting Bose Gas ∗
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The phase transition of Bose-Einstein condensation is studied in the critical regime, when fluctua-
tions extend far beyond the length scale of thermal de Broglie waves. Using matter-wave interference
we measure the correlation length of these critical fluctuations as a function of temperature. The
diverging behavior of the correlation length above the critical temperature is observed, from which
we determine the critical exponent of the correlation length for a trapped, weakly interacting Bose
gas to be ν = 0.67±0.13. This measurement has direct implications for the understanding of second
order phase transitions.

Phase transitions are among the most dramatic phe-
nomena in nature, when minute variations in the con-
ditions controlling a system can trigger a fundamental
change of its properties. For example, lowering the tem-
perature below a critical value creates a finite magne-
tization of ferromagnetic materials or, similarly, allows
for the generation of superfluid currents. Generally, a
transition takes place between a disordered phase and a
phase exhibiting off-diagonal long-range order which is
the magnetization or the superfluid density in the above
cases. Near a second-order phase transition point the
fluctuations of the order parameter are so dominant that
they completely govern the behavior of the system on all
length scales [1]. In fact, the large scale fluctuations in
the vicinity of a transition already indicate the onset of
the phase on the other side of the transition.

Near a second-order phase transition, macroscopic
quantities show a universal scaling behavior which is
characterized by critical exponents [1] that depend only
on general properties of the system, such as its dimen-
sionality, symmetry of the order parameter or the range
of interaction. Accordingly, phase transitions are classi-
fied in terms of universality classes. Bose-Einstein con-
densation in three dimensions, for example, is in the
same universality class as a three-dimensional XY mag-
net. Moreover, the physics of quantum phase transitions
occurring at zero temperature can often be mapped on
thermally driven phase transitions in higher spatial di-
mensions.

The phase transition scenario of Bose-Einstein conden-
sation in a weakly interacting atomic gas is unique as it
is free of impurities and the two-body interactions are
precisely known. As the gas condenses, trapped bosonic
atoms of a macroscopic number accumulate in a single

∗This is the author’s version of the work. It is posted here by
permission of the AAAS for personal use, not for redistribution.
The definitive version was published in SCIENCE, 315, (16 March
2007), doi:10.1126/science.1138807.

quantum state and can be described by the condensate
wave function, the order parameter of the transition.
However, it has proven to be experimentally difficult to
access the physics of the phase transition itself. In partic-
ular, the critical regime has escaped observation as it re-
quires an extremely close and controlled approach to the
critical temperature. Meanwhile, advanced theoretical
methods have increased the understanding of the critical
regime in a gas of weakly interacting bosons [2, 3, 4, 5].
Yet, the theoretical description of the experimental situ-
ation, a Bose gas in a harmonic trap, has remained un-
clear.

FIG. 1: Schematics of the correlation function and the cor-
relation length close to the phase transition temperature of
Bose-Einstein condensation. Above the critical temperature
Tc the condensate fraction is zero (see right) and for T ≫ Tc

the correlation function decays approximately as a Gaussian
on a length scale set by the thermal de Broglie wavelength
λdB. As the temperature approaches the critical temperature
long-range fluctuations start to govern the system and the
correlation length ξ increases dramatically. Exactly at the
critical temperature ξ diverges and the correlation function
decays algebraically for r > λdB (Eq 1).

We report on a measurement of the correlation length
of a trapped Bose gas within the critical regime just above
the transition temperature. The visibility of a matter-
wave interference pattern gives us direct access to the
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first order correlation function. Exploiting our experi-
mental temperature resolution of 0.3 nK (corresponding
to 2×10−3 of the critical temperature) we observe the di-
vergence of the correlation length and determine its crit-
ical exponent ν. This direct measurement of ν through
the single particle density matrix complements the mea-
surements of other critical exponents in liquid Helium
[6, 7, 8], which is believed to be in the same universality
class as the weakly interacting Bose gas.
In a Bose gas the physics of fluctuations of the or-

der parameter is governed by different length scales. Far
above the phase transition temperature, classical ther-
mal fluctuations dominate. Their characteristic length
scale is determined by the thermal de Broglie wavelength
λdB and the correlation function can be approximated by
〈Ψ†(r)Ψ(0)〉 ∝ exp(−πr2/λ2

dB) with r being the separa-
tion of the two probed locations [9] (Fig 1). Nontriv-
ial fluctuations of the order parameter Ψ close to the
critical temperature become visible when their length
scale becomes larger than the thermal de Broglie wave-
length. The density matrix of a homogeneous Bose gas
for r > λdB can be expressed by the correlation function
[10, 11]

〈Ψ†(r)Ψ(0)〉 ∝ 1

r
exp(−r/ξ), (1)

where ξ denotes the correlation length of the order pa-
rameter. The correlation length ξ is a function of temper-
ature T and diverges as the system approaches the phase
transition (Fig 1). This results in the algebraic decay of
the correlation function with distance 〈Ψ†(r)Ψ(0)〉 ∝ 1/r
at the phase transition. The theory of critical phenomena
predicts a divergence of ξ according to a power-law

ξ ∝ |(T − Tc)/Tc|−ν , (2)

where ν is the critical exponent of the correlation length
and Tc the critical temperature. The value of the critical
exponent depends only on the universality class of the
system.
While for non-interacting systems the critical expo-

nents can be calculated exactly [1, 12], the presence of
interactions adds richness to the physics of the system.
Determining the value of the critical exponent using Lan-
dau’s theory of phase transitions results in a value of
ν = 1/2 for the homogeneous system. This value is the
result of both a classical theory and a mean field ap-
proximation to quantum systems. However, calculations
initially by Onsager [13] and later the techniques of the
renormalization group method [1] showed that mean field
theory fails to describe the physics at a phase transition.
Very close to the critical temperature – in the critical
regime – the fluctuations become strongly correlated and
a perturbative or mean-field treatment becomes impossi-
ble making this regime very challenging.
We consider a weakly interacting Bose gas with den-

sity n and the interaction strength parameterized by the

s-wave scattering length a = 5.3 nm in the dilute limit
n1/3a ≪ 1. In the critical regime mean-field theory
fails because the fluctuations of Ψ become more domi-
nant than its mean value. This can be determined by
the Ginzburg criterion ξ > λ2

dB/(
√
128π2a) ≃ 0.4µm

[14, 15]. Similarly, these enhanced fluctuations are re-
sponsible for a nontrivial shift of the critical tempera-
ture of Bose-Einstein condensation [2, 3, 4, 17]. The
critical regime of a weakly interacting Bose gas offers an
intriguing possibility to study physics beyond the usual
mean-field approximation [18] which has been observed
in cold atomic gases only in reduced dimensionality be-
fore [19, 20, 21, 22].

In our experiment, we let two atomic beams, which
originate from two different locations spaced by a dis-
tance r inside the trapped atom cloud, interfere. From
the visibility of the interference pattern the first order
correlation function [23] of the Bose gas above the criti-
cal temperature and the correlation length ξ can be de-
termined.
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FIG. 2: Spatial correlation function of a trapped Bose gas
close to the critical temperature. Shown is the visibility of a
matter wave interference pattern originating from two regions
separated by r in an atomic cloud just above the transition
temperature. The gray line is a Gaussian with a width given
by the thermal de Broglie wavelength λdB which changes only
marginally for the temperature range considered here. The
experimental data show phase correlations extending far be-
yond the scale set by λdB . The solid line is a fit proportional
to 1

r
e−r/ξ for r > λdB. Each data point is the mean of on

average 12 measurements, the error-bars are ±SD.

We prepare a sample of 4 × 106 87Rb atoms in the
|F = 1,mF = −1〉 hyperfine ground state in a mag-
netic trap[24]. The trapping frequencies are (ωx, ωy, ωz)
= 2π × (39, 7, 29)Hz, where z denotes the vertical axis.
Evaporatively cooled to just below the critical tempera-
ture the sample reaches a density of n = 2.3× 1013 cm−3

giving an elastic collision rate of 90 s−1. The tempera-
ture is controlled by holding the atoms in the trap for a
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defined period of time during which energy is transferred
to the atoms due to resonant stray light, fluctuations of
the trap potential or background gas collisions. From
absorption images we determine the heating rate to be
4.4± 0.8 nK/s. Using this technique we cover a range of
temperatures from 0.001 < (T − Tc)/Tc < 0.07 over a
time scale of seconds.

For output coupling of the atoms we use microwave fre-
quency fields to spin-flip the atoms into the magnetically
untrapped state |F = 2,mF = 0〉. The resonance con-
dition for this transition is given by the local magnetic
field and the released atoms propagate downwards due to
gravity. The regions of output coupling are chosen sym-
metrically with respect to the center of the trapped cloud
and can be approximated by horizontal planes spaced by
a distance r [23]. The two released atomic beams inter-
fere with each other. For the measurement we typically
extract 4 × 104 atoms over a time scale of 0.5 s which
is approximately 1% of the trapped sample. We detect
the interference pattern in time with single atom reso-
lution using a high finesse optical cavity, placed 36mm
below the center of the magnetic trap. An atom entering
the cavity mode decreases the transmission of a probe
beam resonant with the cavity. Due to the geometry of
our apparatus, only atoms with a transverse momentum
(px, py) ≃ 0 are detected which results in an overall de-
tection efficiency of 1% for every atom output coupled
from the cloud. From the arrival times of the atoms we
find the visibility V(r) of the interference pattern [25].
From repeated measurements with different pairs of mi-
crowave frequencies we measure V(r) with r ranging from
0 to 4 λdB where λdB ≃ 0.5µm.
With the given heat rate a segmentation of the ac-

quired visibility data into time bins of ∆t = 72ms length
allows for a temperature resolution of 0.3 nK which cor-
responds to 0.002Tc. The time bin length was chosen
to optimize between shot-noise limited determination of
the visibility from the finite number of atom arrivals and
sufficiently good temperature resolution. For the analysis
we have chosen time bins overlapping by 50%.
Figure 2 shows the measured visibility as a function of

slit separation r very close to the critical temperature
Tc. We observe that the visibility decays on a much
longer length scale than predicted by the thermal de
Broglie wavelength λdB. We fit the long distance tail
r > λdB with Eq 1 (solid line) and determine the correla-
tion length ξ. The strong temperature dependence of the
correlation function is directly visible. As T approaches
Tc the visibility curves become more long ranged and
similarly the correlation length ξ increases. The obser-
vation of long-range correlations shows how the size of
the correlated regions strongly increases as the tempera-
ture is varied only minimally in the vicinity of the phase
transition.
Figure 3 shows how the measured correlation length ξ

diverges as the system approaches the critical tempera-
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FIG. 3: Divergence of the correlation length ξ as a function
of temperature. The red line is a fit of Eq 2 to the data with ν
and Tc as free parameters. Plotted is one data set for a specific
temporal offset t0. The error bars are ± SD, according to fits
to Eq 1. They also reflect the scattering between different
data sets. Inset: Double logarithmic plot of the same data.

ture. Generally, an algebraic divergence of the correlation
length is predicted. We fit our data with the power law
according to Eq 2, leaving the value of Tc as a free fit
parameter, which has a typical relative error of 5×10−4.
Therefore our analysis is independent of an exact cali-
bration of both temperature and heating rate provided
that the heating rate is constant. The resulting value for
the critical exponent is ν = 0.67 ± 0.13. The value of
the critical exponent is averaged over 30 temporal offsets
0 < t0 < ∆t of the analyzing time bin window and the
error is the reduced χ2 error. Systematic errors on the
value of ν could be introduced by the detector response
function. We find the visibility for a pure Bose-Einstein
condensate to be 100% with a statistical error of 2% over
the range of r investigated. This uncertainty of the visi-
bility would amount to a systematic error of the critical
exponent of 0.01 and is neglected as compared to the sta-
tistical error. The weak singularity of the heat capacity
near the λ-transition [1] results in an error of ν of less
than 0.01.

Finite size effects are expected when the correlation
length is large [16, 26] and they may lead to a slight un-
derestimation of ν for our conditions. Moreover, the har-
monic confining potential introduces a spatially varying
density. The phase transition takes place at the center of
the trap and non-perturbative fluctuations are thus ex-
pected within a finite radius R [5]. Using the Ginzburg
criterion as given in [14] we find R ≈ 10µm, whereas the
rms size of the thermal cloud is 58µm. The longest dis-
tance we probe in our experiment is 2µm which is well
below this radius R.
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So far, in interacting systems the critical exponent ν
has been determined for the homogeneous system. The
λ-transition in liquid Helium is among the most accu-
rately investigated systems at criticality. One expects to
observe the same critical exponents despite the fact that
the density differs by ten orders of magnitude. In the
measurements with liquid Helium the critical exponent
of the specific heat α has been measured in a spaceborne
experiment [8]. Through the scaling relation α = 2− 3ν
the value of the critical exponent ν ≃ 0.67 is inferred
being in agreement with theoretical predictions [27, 28].
Alternatively, the exponent ζ ≃ 0.67 (which is related
to the superfluid density ρs = |Ψ|2 instead of the order
parameter Ψ) can be measured directly in second sound
experiments in liquid Helium [6, 7]. Due to an argument
by Josephson [29] it is believed that ν = ζ, however, a
measurement of ν directly through the density matrix
has so far been impossible with Helium.
The long-range behaviour of the correlation function

of a trapped Bose gas in the critical regime reveals the
behavior of a phase transition in a weakly interacting sys-
tem. Our measured value for the critical exponent does
not coincide with that obtained by a simple mean-field
model or with that of an ideal non-interacting Bose gas.
The value is in good agreement with the expectations of
renormalization group theory applied to a homogeneous
gas of bosons and with measurements using strongly in-
teracting superfluid Helium.
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We have experimentally investigated the formation of off-diagonal long-range order in a gas of
ultracold atoms. A magnetically trapped atomic cloud prepared in a highly nonequilibrium state thermal-
izes and thereby crosses the Bose-Einstein condensation phase transition. The evolution of phase
coherence between different regions of the sample is constantly monitored and information on the spatial
first-order correlation function is obtained. We observe the growth of the spatial coherence and the
formation of long-range order in real time and compare it to the growth of the atomic density. Moreover,
we study the evolution of the momentum distribution during the nonequilibrium formation of the
condensate.
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When a gas of atoms is undergoing Bose-Einstein con-
densation a macroscopic number of particles start to oc-
cupy the same quantum mechanical state—it seems like
the randomly colliding atoms are suddenly forced into a
lock-step motion. The understanding of this process in
which phase coherence spreads over the whole gaseous
cloud has intrigued physicists long before Bose-Einstein
condensation has been demonstrated [1,2]. In particular,
the question when the characteristic long-range phase co-
herence is established is the key point for understanding
the condensation process. The trajectory into the state of a
Bose-Einstein condensate [1–4] is much more intricate
than its equilibrium properties.

The transition to a superfluid or a superconducting
quantum phase is a remarkable process in which the prop-
erties of the system undergo a fundamental change. The
conceptual link between quantum phases in various sys-
tems is the off-diagonal long-range order in the density
matrix which describes phase correlations over macro-
scopic distances [5,6]. The first-order spatial correlation
function G�1��r; r0� � h�y�r���r0�i [7] quantifies the char-
acteristic length scale over which phase correlations exist.
Here � (�y) denotes the annihilation (creation) operator
of the atomic fields. To experimentally study how long-
range order is established in space and time, real time
access to this process is required. Yet, due to the short
relaxation times and the strong coupling to the environ-
ment this seems troublesome in condensed matter samples,
such as liquid helium or superconducting materials.

In a trapped atomic Bose gas the situation is distinctly
different. It forms an almost closed system with negligible
coupling to the environment and the relaxation time scales
are experimentally accessible. Previous experimental stud-
ies of the Bose-Einstein condensate formation have fo-
cused on the increasing particle density [8–10] and the
influence of excitations on the momentum spread in elon-
gated traps [10,11]. The off-diagonal long-range order has
been studied only at thermal equilibrium [12].

Here we present an experimental study of the evolution
of off-diagonal long-range order during the formation of a
Bose-Einstein condensate out of a nonequilibrium situ-
ation. We start from a Bose gas above the phase transition
temperature and suddenly quench the gas into a strongly
nonequilibrium state [8–11]. Subsequently, the gas can be
regarded as a closed system which evolves into a Bose-
Einstein condensed phase. The off-diagonal long-range
order is measured by studying the interference pattern of
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FIG. 1 (color online). Formation of long-range order. Shown is
the visibility of a matter wave interference pattern originating
from two regions separated by �z inside a trapped cloud. This is
a measure of the first-order spatial correlation function of the
atomic cloud. By shock cooling the gas is prepared in a highly
nonequilibrium state at time t � 0 and then relaxes towards
thermal equilibrium. Initially (t � 75 ms) the correlations are
short ranged and thermal-like. The onset of Bose-Einstein con-
densation is marked by the appearance of long-range order
extending over all measured distances (t � 275 ms). The largest
measured distance corresponds to half of the Thomas-Fermi
diameter of the final condensate. The data are taken for constant
separations versus time. The substructure of the curves reflects
the scatter of the initial conditions for each separation. The
resulting variance in the onset of condensation is about 30 ms.
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atomic matter waves originating from two different loca-
tions in the atom trap [12]. The visibility of this interfer-
ence pattern measures the phase coherence between the
two regions and its temporal evolution uncovers the for-
mation of long-range order. We continuously monitor the
interference pattern during the formation using a single
atom counter with high temporal resolution [13]. Varying
the vertical distance �z between the two locations allows
us to experimentally map out the evolution of the phase
coherence in the trapped Bose gas (see Fig. 1).

In the initial nonequilibrium state just after the quench
we observe purely thermal-like short-range correlations
which decay on a characteristic length scale given by the
thermal de Broglie wavelength �dB � 0:4 �m. After the
first 200 ms during which little changes are detected, the
length scale over which phase correlations exist expands
rapidly and the long-range order of a Bose-Einstein con-
densate is established after a further 100 ms. Subsequently,
a stage of gradual condensate growth towards equilibrium
is observed. In the Bose-Einstein condensed phase the
system does—apart from its size—not exhibit a character-
istic length scale [14].

In the theoretical investigation of the nonequilibrium
formation of a Bose-Einstein condensate one distinguishes
qualitatively between a kinetic evolution and a coherent
evolution [1,3,15,16]. During the kinetic stage of the evo-
lution, the occupation numbers of the low-energetic states
grow. It is governed by elastic collisions and the character-
istic time scale is set by the collision time �col � �n�vT��1

with n being the peak density of the gas, � the elastic
collision cross section, and vT the average thermal veloc-
ity. The coherent stage—which plays a significant role
only in the regime of very large density or scattering
length—describes the merging of quasicondensates,
patched regions of locally constant phase, into a full
Bose-Einstein condensate. The presence of quasiconden-
sates could be revealed by the momentum distribution of
the gas below the critical temperature.

Our experimental setup and the procedure for Bose-
Einstein condensation have been described previously
[17]. For the experiments reported in this Letter, we start
by preparing a thermal cloud of atoms in the jF � 1; mF �
�1i hyperfine ground state of 87Rb in a harmonic magnetic
trapping potential. The trapping frequencies of the mag-
netic trap are �!x;!y;!z� � 2�� �39; 7; 29� Hz, where z
denotes the vertical axis. The temperature of the atom
cloud T � 240 nK is slightly above the transition tempera-
ture Tc � 215 nK for Bose-Einstein condensation for the
given number of atoms 1:3� 107. This results in a colli-
sion time of �col � 30 ms. Temperature and atom number
are measured by absorption imaging. The atom cloud is
then brought into a strong nonequilibrium situation by
rapidly lowering the trap depth to 620 nK and removing
the high-energy tail of the Maxwell-Boltzmann distribu-
tion. Within the 100 ms of this ‘‘shock cooling’’ we remove
30% of the atoms. Subsequently, the cloud relaxes from its

highly nonequilibrium state and within a few hundred
milliseconds 3% of the atoms form a Bose-Einstein con-
densate. During the relaxation process particle number and
total energy are conserved with minimal disturbance due to
the detection process. Moreover, we do not observe oscil-
lations of the condensate with respect to the detector as a
consequence of the shock cooling.

We detect the evolution of both the density and the long-
range order of the cloud simultaneously and in real time
using radio frequency output coupling [18] and single atom
counting [13,19]. For output coupling we apply a weak
monochromatic microwave frequency field which spin-
flips atoms from the magnetically trapped state into the
untrapped state jF � 2; mF � 0i. The untrapped atoms
form a downwards propagating atomic beam. The output
coupling region is defined by a surface of constant mag-
netic field and can be approximated by a horizontal plane
within the atomic cloud [18]. Applying two microwave
fields with different frequencies realizes output coupling
from two vertically separated surfaces of constant mag-
netic field [12] which are chosen symmetric about the
center of the cloud. The two overlapping atomic beams
interfere with each other. The mean flux reflects the local
density of atoms at the position of output coupling within
the transverse momentum interval measured by our detec-
tor. The visibility of the interference pattern reflects the
phase coherence. The interference pattern is detected in
time with single atom resolution using an ultrahigh finesse
optical cavity, located 36 mm below the magnetically
trapped atoms [13]. The presence of an atom inside the
cavity leads to a decrease in the transmission of a probe
laser beam resonant with the empty cavity [20]. Our system
permits a precise measurement of the time-dependent atom
flux.

The mean atom flux and the visibility of the atomic
interference pattern are determined in time bins of 50 ms
length. In Fig. 2 three different situations of the condensate
formation are shown. For the cloud immediately after
shock cooling [Fig. 2(a)], the visibility is zero and the
mean atom flux is low. As the condensation process devel-
ops [Fig. 2(b)], the atom flux increases and interference
arises. Both continue to grow up to a final value [Fig. 2(c)]
determined by the condensate fraction and detector
function. The black lines are a fit of f�t� � A�1�
V sin�2��t���	 to the data. The frequency � is the
difference of the two microwave frequencies used for out-
put coupling. The phase � is determined by the relative
phase of the two microwave fields which is locked to the
experimental cycle. The output coupling of atoms with a
rate� 5� 104 atoms per second is essentially not perturb-
ing the density dynamics of the condensate formation. In
particular, it has no detectable influence on the final con-
densate fraction.

The observation of long-range order even at a very small
condensate fraction poses a severe technical challenge. Our
detection scheme has specific properties which render the
present measurement possible. The output coupling proba-
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bility for a condensed atom is a factor of 4 larger than for a
thermal atom due to their different density distributions for
our equilibrium parameters. Moreover, we observe unequal
detection efficiencies for condensed and noncondensed
atoms which we estimate to be 23% and 1%, respectively.
They are mainly determined by the size of the atomic beam
exceeding the active area of the detector. For thermal atoms
the transverse velocity spread is larger which reduces the
probability for an atom to be detected in the cavity [17].
Because of these effects the visibility of the interference
pattern greatly exceeds the condensate fraction and reaches
a maximum of 70% for �z > �dB. We observe a reduction
of the visibility towards large values of �z (Fig. 1). This is
influenced by the following effects: Output coupling sym-
metrically off center from the Thomas-Fermi profile leads
to a reduction of 7% at �z � 9 �m. Furthermore, the
spatial modes of the two interfering atom laser beams
depend on their divergence and thus on the position of
output coupling [21]. We calculate this effect to be 10% for
the largest �z. An additional contribution is due to the
geometry of our trapping potential resulting in a tilt of the
long axis of the condensate by 4
 with respect to the
horizontal. Moreover, the residual uncertainty in determin-
ing the arrival times of the atoms (4 �s) limits the attain-
able contrast for the largest slit separations in our
experiment to 94%.

In Fig. 3 we show the growth of the density reflected in
the mean atom flux and of the visibility for a given sepa-

ration of the output coupling regions. This corresponds to a
section of constant �z � 1:9 �m in Fig. 1. We have
analyzed both the delay of the formation with respect to
the shock cooling stage and the speed of the formation for
density and off-diagonal long-range order. We fit a function
g�t� � A2 � �A1 � A2�=�1� �t=��p	 to the data to quan-
tify the growth, where � denotes the time after which 50%
of the increase in flux or visibility are reached.

The duration of the condensate formation can be quan-
tified by the time needed for an increase of both the flux
and the visibility from 10% to 90% of the total increase.
We find the duration to be approximately independent of
the separation �z of the two output coupling regions. For
the flux this time is 421� 47 ms whereas the visibility of
the interference pattern grows faster in a time of 267�
48 ms. From the data we find that the time � after which
50% of the total atom flux is reached is almost constant
across the investigated inner region of the trapped cloud,
whereas for the visibility it increases with larger slit sepa-
ration. The coherent region grows with a velocity of
� 0:1 mm=s, approximately a factor of 5 slower than the
speed of sound at the peak density of the thermal cloud.
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FIG. 3 (color online). Growth curves for atom flux and visi-
bility of the interference pattern during the formation of a Bose-
Einstein condensate. The separation �z between the two output
coupling regions is 1:9 �m. Before the shock cooling stage there
is a low flux of thermal atoms and no interference. The growth in
atom flux is significantly slower than the growth of the interfer-
ence pattern. The data are averaged over 20 repetitions and the
error bars indicate the statistical error of these measurements
which are within a factor of 2 of the theoretical shot-noise limit.
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FIG. 2 (color online). Buildup of density and off-diagonal
long-range order during condensate formation. We plot the
histogram of the atom arrival times modulo 1 ms for � �
4 kHz. The data are summed over 18 repetitions of the experi-
ment. The black lines are fits to the data to extract the mean atom
flux A and the visibility V of the interference pattern (see text).
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The speed of sound imposes a natural speed limit for the
expansion of the coherent region. While the onset of the
growth (defined by the 10% points) starts 39� 54 ms
earlier for the flux than for the coherence, the visibility
saturates (90% points) about 116� 34 ms earlier than the
density. This applies to all separations �z larger than the
de Broglie wavelength.

Moreover we find that � decreases with increasing size
of the final condensate. To obtain larger condensates in
equilibrium, the initial particle number or temperature or
the fraction of atoms removed during shock cooling was
changed. As the limiting cases we find for a final conden-
sate number of 2:5� 105 atoms � � �282; 320� ms and for
8:9� 105 atoms � � �57; 114� ms, where the first number
in the bracket refers to the visibility and the latter to the
flux. The numbers are averaged over all slit separations.
This decrease of the formation time for larger condensates
is proportional to the increase of the elastic collision rate
due to the higher final density.

It is instructive to study the evolution of the vertical
momentum distribution n�k� during the thermalization
process. We infer the distribution n�k� of the detected
atoms from the Fourier transform of the visibility data of
Fig. 1 multiplied by the average flux [22]. The result is
shown in Fig. 4. For the initial state directly after the
quench, the momentum distribution is well approximated
by a thermal distribution (dashed line). The thermalization
process after the shock cooling leads to the formation and
the growth of a low-momentum peak which in equilibrium
corresponds to the condensate. For our parameters in equi-
librium we expect a true condensate without strong resid-
ual phase fluctuations [23]. In Fig. 4, we focus on the

beginning of the condensate formation. After 225 ms of
evolution, we observe a broader low-momentum peak
(width in k� 0:8 �m�1) than for the final distribution.
For evolution times of 325 ms and larger, the width of the
low-momentum peak is limited by our measurement reso-
lution of 2�=�16 �m�, which takes into account that the
correlation function is symmetric with respect to �z � 0.

In summary, we have experimentally studied the dynam-
ics of Bose-Einstein condensation and more specifically
the formation of long-range order using an interference
measurement. We have quantitatively compared the evo-
lution of the flux and of the visibility of the interference
pattern. Finally, we have presented our data in terms of the
atom momentum distribution.
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3.5.5 Cavity QED with a Bose-Einstein condensate [5]
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Cavity QED with a Bose–Einstein condensate
Ferdinand Brennecke1, Tobias Donner1, Stephan Ritter1, Thomas Bourdel2, Michael Köhl3 & Tilman Esslinger1

Cavity quantum electrodynamics (cavity QED) describes the
coherent interaction between matter and an electromagnetic field
confined within a resonator structure, and is providing a useful
platform for developing concepts in quantum information pro-
cessing1. By using high-quality resonators, a strong coupling
regime can be reached experimentally in which atoms coherently
exchange a photon with a single light-field mode many times
before dissipation sets in. This has led to fundamental studies with
both microwave2,3 and optical resonators4. To meet the challenges
posed by quantum state engineering5 and quantum information
processing, recent experiments have focused on laser cooling and
trapping of atoms inside an optical cavity6–8. However, the tre-
mendous degree of control over atomic gases achieved with
Bose–Einstein condensation9 has so far not been used for cavity
QED. Here we achieve the strong coupling of a Bose–Einstein
condensate to the quantized field of an ultrahigh-finesse optical
cavity and present a measurement of its eigenenergy spectrum.
This is a conceptually new regime of cavity QED, in which all
atoms occupy a single mode of a matter-wave field and couple
identically to the light field, sharing a single excitation. This opens
possibilities ranging from quantum communication10–12 to a
wealth of new phenomena that can be expected in the many-body
physics of quantum gases with cavity-mediated interactions13,14.

The coherent coupling of a single two-level atom with one mode of
the quantized light field leads to a splitting of the energy eigenstates of
the combined system and is described by the Jaynes–Cummings
model15. For the experimental realization the strong coupling regime
has to be reached, where the maximum coupling strength g0 between
atom and light field is larger than both the amplitude decay rate of the
excited state c and that of the intracavity field k. In the case of a thermal
ensemble of atoms coupled to a cavity mode, the individual, position-
dependent coupling for each atom has to be taken into account.

To capture the physics of a Bose–Einstein condensate (BEC)
coupled to the quantized field of a cavity, we consider N atoms occu-
pying a single wavefunction. Because the atoms are in the same
motional quantum state, the coupling g to the cavity mode is identical
for all atoms. Moreover, bosonic stimulation into the macroscopically
populated ground state should largely reduce the scattering of atoms
into higher momentum states during the coherent evolution. This
situation is therefore well described by the Tavis–Cummings model16,
where N two-level atoms are assumed to identically couple to a single
field mode. A single cavity photon resonantly interacting with the
atoms then leads to a collective coupling of g

ffiffiffiffi
N
p

.
A key characteristic of the coupled BEC–cavity system is its eigen-

energy spectrum, which we map out with a single excitation present.
An ensemble of thermal atoms does not fulfill the requirement of
identical coupling, but it shows a similar energy spectrum, which can
be modelled by the Tavis–Cummings hamiltonian with an effective
collective coupling17. In previous measurements18,19 and also in a very
recent report20, these eigenenergies have been measured for thermal
atoms coupled to a cavity. Aside from the sensitivity of the spectrum

to the precise spatial distribution of the atoms, the differences
between a BEC and a thermal cloud, or between a BEC and a Mott
insulator, should also be accessible through the fluctuations of the
coupling, that is, in the width of the resonances21.

First experiments bringing together BEC physics and cavities con-
centrated on correlation measurements using single atom counting22,
studied cavity enhanced superradiance of a BEC in a ring cavity23,
observed nonlinear and heating effects for ultracold atoms in an
ultrahigh-finesse cavity24,25 and achieved very high control over the
condensate position within an ultrahigh-finesse cavity using atom
chip technology20.

To create a BEC inside an ultrahigh-finesse optical cavity we have
modified our previous set-up26. The experiment uses a magnetic trap
36 mm above the cavity, where we prepare 3.5 3 106 87Rb atoms in
the jF, mFæ 5 j1, 21æ state with a small condensate fraction present.
The atoms are then loaded into the dipole potential of a vertically
oriented standing wave, formed by two counter-propagating laser
beams. By varying the frequency difference d between the upwards
and the downwards propagating wave, the standing-wave pattern, and
with it the confined atoms, move downwards at a velocity v 5 ld/2,
where l is the wavelength of the trapping laser8,27. Because of continu-
ous evaporative cooling during the transport, the number of atoms
arriving in the cavity is reduced to typically 8.4 3 105 atoms with a
small condensate fraction present. During the 100 ms of transport a
small magnetic field is applied to provide a quantization axis and the
sample remains highly spin-polarized in the j1, 21æ state. However,
owing to off-resonant scattering in the transport beams, a small frac-
tion of the atoms undergoes transitions into the jF 5 2æ hyperfine state
manifold.

At the position of the cavity mode, the atoms are loaded into a
crossed-beam dipole trap formed by one of the transport beams
and an additional, horizontal dipole beam with a waist radius of
wx 5 wz 5 27 mm (see Fig. 1). A final stage of evaporative cooling is
performed by suitably lowering the laser power to final trapping
frequencies (vx, vy, vz) 5 2p3 (290, 43, 277) Hz, ending up with
an almost pure condensate of 2.2 3 105 atoms.

The ultrahigh-finesse cavity has a length of 176 mm and consists of
symmetric mirrors with a 75 mm radius of curvature, resulting in a
mode waist radius of 25 mm. A slight birefringence splits the res-
onance frequency of the empty cavity for the two orthogonal, prin-
cipal polarization axes by 1.7 MHz. With the relevant cavity QED
parameters (g0, k, c) 5 2p3 (10.6, 1.3, 3.0) MHz, the system is in the
strong coupling regime. The length of the cavity is actively stabilized
using a laser at 830 nm (ref. 26). The intracavity intensity of the
stabilization light gives rise to an additional dipole potential of
2.4Erec, with the recoil energy defined as Erec 5 h2/(2ml2), where m
is the mass of the atom. The chemical potential m 5 1.8Erec of
2.2 3 105 trapped atoms is comparable to the depth of this one-
dimensional lattice, so that long-range phase coherence is well
established in the atomic gas. The 1/e lifetime of the atoms in the
combined trap was measured to be 2.8 s.
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To find the eigenenergies of the coupled BEC–cavity system for a
single excitation, we perform transmission spectroscopy with a weak,
linearly polarized probe laser of frequency vp. To this end, the res-
onance frequency of the empty cavity is stabilized to a frequency vc,
which in general is detuned by a variable frequency Dc 5 vc 2 va

with respect to the frequency va of the jF 5 1æ R jF’ 5 2æ transition
of the D2 line of 87Rb. The transmission of the probe laser through the
cavity is monitored as a function of its detuning Dp 5 vp 2 va (see
Fig. 2). The two orthogonal circular polarizations of the transmitted
light are separated and detected with single-photon counting mod-
ules. The overall detection efficiency for an intracavity photon is 5%.
To probe the system in the weak excitation limit, the probe laser
intensity is adjusted such that the mean intracavity photon number
is always below the critical photon number n0 5 c2/(2g0

2) 5 0.04. A
magnetic field of 0.1 G, oriented parallel (within 10%) to the cavity
axis provides a quantization axis.

From individual recordings of the cavity transmission as shown in
Fig. 2 we map out the low-excitation spectrum of the coupled system
as a function of Dc (see Fig. 3). After resonant excitation we do not
detect an influence on the BEC in absorption imaging for large atom
numbers (see Fig. 1). For small BECs of the order of 5,000 atoms we
observe a loss of 50% of the atoms after resonant probing. The nor-
mal mode splitting at Dc 5 0 amounts to 7 GHz for s1 polarization,
which results in a collective cooperativity of C 5 Ng2/(2kc) 5

1.6 3 106. The splitting for the s2 component is smaller, because
the dipole matrix elements for transitions starting in j1, 21æ driven
by this polarization are smaller than those for s1.

A striking feature of the energy spectrum in Fig. 3 is a second
avoided crossing at probe frequencies resonant with the bare atomic
transitions jF 5 2æ R jF’ 5 1, 2, 3æ. It is caused by the presence of
atoms in the jF 5 2æ hyperfine ground state. This avoided crossing

is located at a cavity detuning where the eigenenergy branch of
the BEC–cavity system with no atoms in jF 5 2æ would intersect
the energy lines of the atomic transitions jF 5 2æ R jF’ 5 1, 2, 3æ.
Accordingly, the avoided crossing is shifted by approximately
Ng2/Dp 5 2p3 1.8 GHz with respect to the intersection of the empty
cavity resonance with the bare atomic transition frequencies. From a
theoretical analysis (see Methods), we find the size of the jF 5 2æ
minority component to be 1.7% of the total number of atoms.

Our near-planar cavity supports higher-order transverse modes
equally spaced by 18.5 GHz, which is of the order of the collective
coupling g

ffiffiffiffi
N
p

in our system. In general, the presence of one addi-
tional mode with the same coupling but detuned from the TEM00
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Figure 1 | Experimental situation. a, 36 mm above the cavity, 3.5 3 106

ultracold atoms are loaded into the dipole potential of a vertically oriented
one-dimensional optical lattice. This trumpet-shaped standing wave has its
waist inside the ultrahigh-finesse cavity and is composed of two counter-
propagating laser beams. A translation of the lattice transports the atoms
into the cavity mode. There, they are loaded into a crossed-beam dipole trap
formed by a focused beam oriented along the y axis and one of the transport
beams. b, Almost pure condensates with 2.2 3 105 atoms are obtained.
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mode by Dt would shift the resonance frequencies at Dc 5 0 to first
order by Ng2/(2Dt). In our system, this results in a clearly visible
change of the energy spectrum with respect to a system with a single
cavity mode only (see dashed lines in Fig. 3). This can be seen as a
variant of the ‘‘superstrong coupling regime’’28, in which the coup-
ling between atoms and the light field is of the order of the free
spectral range of the cavity.

We describe the BEC–cavity system in a fully quantized theoretical
model (see Methods), which yields the eigenenergies of the coupled
system. Good agreement between the measured data and the model is
found (see Fig. 3) for 154,000 atoms in the j1, 21æ state and for 2,700
atoms distributed over the Zeeman sublevels of the jF 5 2æ state, with
the majority in j2, 21æ. The substantial influence of the higher-order
transverse modes is modelled for simplicity by the coupling of the
BEC to one additional effective cavity mode.

To test the square-root dependence of the normal mode splitting
on the number of atoms in the BEC, a second measurement was
conducted. We set the cavity frequency to Dc 5 0 and record the
detuning of the lower coupled state from the bare atomic resonance
jF 5 1æ R jF’ 5 2æ as a function of the number of atoms as displayed
in Fig. 4. The atom number was varied between 2,500 and 200,000,
determined from separately taken absorption images with an esti-
mated statistical error of 610%; possible systematic shifts are esti-
mated to be within 67%. The dependence of jDpj on the number of
atoms is well described by a square root, as expected from the Tavis–
Cummings model (dashed lines). However, for a weakly interacting
BEC the size of the atomic cloud—and thus the spatial overlap with
the cavity mode—depends on the atom number. Our more detailed
model, which includes this effect, as well as the influence of higher-
order cavity modes, yields maximum single-atom couplings of
gsz 5 2p3 (14.4 6 0.3) MHz and gs{ 5 2p3 (11.3 6 0.2) MHz for
the two polarization components (solid lines). The ratio of these two
couplings is 1.27 6 0.03 and agrees with the ratio of 1.29 that is
obtained from the effective Clebsch–Gordan coefficients for the s1

and s2 transitions starting in state j1, 21æ.

The coupling of a single mode of a matter-wave field to a single
cavity mode opens a route to new experiments. It facilitates the mani-
pulation and study of statistical properties of quantum-degenerate
matter-wave fields by a quantized optical field, or even the generation
of entanglement between these two fields21,29. The detection of
single atoms falling through the cavity has already been demon-
strated with this set-up22. In principle, the detection of small impurity
components embedded in a large BEC presented here can also be
extended to single atoms. This is an important step towards the
realization of schemes aiming at the cooling of qubits immersed in
a large BEC30.

METHODS SUMMARY
Optical transport. The transport of the atoms into the cavity is accomplished in

T 5 100 ms with a maximum acceleration of a 5 22.4 m s22. The standing wave

used to transport the atoms has its waist (wx, wy) 5 (25, 50)mm centred inside

the cavity and is locked to a 133Cs resonance at a wavelength of 852 nm. The

intensity and frequency of each beam are precisely controlled by acousto-optical

modulators, which are driven by two phase-locked, homebuilt direct digital

synthesis generators. The frequency difference d between the two counter-

propagating waves follows d(t) 5 [1 2 cos(2pt/T)]dmax/2, with a maximum

detuning of dmax 5 1,670 kHz. With the maximally available power of 76 mW

per beam the trap depth at the position of the magnetic trap is 1.1mK. During

transport, the power in the laser beams is kept constant until the intensity at the

position of the atoms has increased by a factor of ten. Subsequently, this intensity

is kept constant.

Theoretical model. To gain understanding of the presented measurements we

have developed a fully quantized theoretical description of the coupled BEC–

cavity system. Our model includes all Zeeman sublevels in the 52S1/2 and 52P3/2

state manifolds of 87Rb and both orthogonal polarizations of the TEM00 cavity

mode. For simplicity, the effect of higher-order transverse cavity modes is mod-

elled by the effective coupling to one additional mode which is detuned from the

TEM00 mode by Dt 5 2p3 18.5 GHz. The free parameters of the model are the

coupling strength between this effective mode and the BEC and the population of

the several ground states in the condensate. Good agreement with the measured

energy spectrum is found for the ground-state population given in the main text

and a coupling between BEC and effective cavity mode that is r 5 1.2 times the

coupling to the TEM00 mode.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
To characterize the coupled BEC–cavity system theoretically, we start with the

second-quantized hamiltonian describing the matter–light interaction in the

electric-dipole and rotating-wave approximation29. We take all hyperfine states

including their Zeeman sublevels in the 52S1/2 and 52P3/2 state manifolds of 87Rb

into account and describe the cavity degrees of freedom by two orthogonal linear

polarizations of the TEM00 mode. We choose the quantization axis, experiment-

ally provided by a small magnetic field, to be oriented parallel to the cavity axis.

The near-planar cavity supports higher-order transverse modes equally spaced

by Dt 5 2p3 18.5 GHz. To incorporate the coupling to all higher-order trans-

verse modes we include one additional effective cavity mode in our model with

its resonance frequency shifted by Dt with respect to that of the TEM00 mode.

Considering only one spatial atomic mode for the ground-state manifold and

another one for the excited-state manifold, the hamiltonian of the uncoupled

system reads

ĤH0~
X

i

Bvgi
ĝg
{
i ĝgiz

X
j

Bvej
êe
{
j êejz

X1

k~0

X
p~?,:

Bvk âa
{
k,pâak,p

where the indices i and j label the states 52S1/2 jF, mFæ and 52P3/2 jF9, mF9æ,
respectively. The operators ĝg

{
i (or ĝgi) and êe

{
j (or êej ) create (or annihilate) an

atom in the mode of the corresponding ground and excited states with frequen-

cies vgi
and vej

. The operators âa
{
k,p (or âak,p) create (or annihilate) a photon with

energy Bvk and linear polarization p in the cavity mode k, where k 5 0, 1 labels

the TEM00 mode and the additional effective cavity mode, respectively.

The coupling between the BEC and the cavity is described by the interaction

hamiltonian

ĤHint~{iB
X1

k~0

X
p~?,:

X
i,j

g
k,p
ij êe

{
j âak,pĝgizh:c:

where g
k,p
ij denotes the coupling strength for the transition i R j driven by the

cavity mode k with polarization p, and h.c. is the hermitian conjugate. For the

TEM00 mode the coupling strength g
0,p
ij depends on the dipole matrix element

Dp
ij for the transition i R j driven by the polarization p, the mode volume V0, and

the overlap U0 between the two spatial atomic modes and the TEM00 mode:

g
0,p
ij ~Dp

ij

ffiffiffiffiffiffiffiffiffiffiffiffi
Bv0

2e0V0

s
U0

We numerically calculated the ground state of the Gross–Pitaevskii equation in

the potential formed by the dipole trap and the cavity stabilization light for

N 5 2 3 105 atoms, and found the spatial overlap between BEC and TEM00

mode to be U0 5 0.63. Because of the position uncertainty of the BEC relative

to the cavity mode, the overlap might deviate by up to 20% from this value.

The repulsive interaction between the atoms leads to a slight decrease in U0

with increasing atom number, which was found numerically to follow

U0(N) 5
ffiffiffiffiffiffi
0:5
p

(1 2 0.0017N0.34). For the coupling strength to the additional

effective cavity mode we assume g
1,p
ij ~rg

0,p
ij , with r being a free parameter.

The initial atomic population of the several ground states i given by the free

parameters Ni is relevant for the form of the energy spectrum of the coupled

BEC–cavity system. To find the energy spectrum in the weak excitation limit we

can restrict the analysis to states containing a single excitation. These are the

states j1k, p; N1, ..., N8; 0æ, where one photon with polarization p is present in the
mode k and all atoms are in the ground-state manifold, and also all possible states

j0k, p; N1, ..., Ni 2 1, ..., N8; 1jæ, where no photon is present and one atom was

transferred from the ground state i to the excited state j. Diagonalization of the

hamiltonian ĤH~ĤH0zĤHint in the truncated Hilbert space spanned by these states

yields the eigenspectrum of the coupled system as a function of the cavity detun-

ing Dc. The relevant transition energies with respect to the energy of the initial

ground state are plotted in Fig. 3.

The detuning of the lower resonance branch at Dc 5 0 is a function of the atom

number and given by

Dp

�� ��~U0(N )gs+

ffiffiffiffi
N
p

z
(U0(N )rgs+ )2N

2Dt

zO(1=D2
t )

Fitting this dependence to the data in Fig. 4 yields the maximum coupling

strengths gs+ for the two polarization components s6.
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Chapitre 4

Condensation par une méthode
tout optique

Ce chapitre est consacré à la première partie de mes travaux de re-
cherche au sein laboratoire Charles-Fabry de l’Institut d’Optique. Je com-
mence par une description de mon projet de recherche initial et du système
expérimental sur lequel il s’appuie. Je raconte ensuite le déménagement et
l’installation dans le nouvel Institut d’Optique à Palaiseau. Je décris plus
avant les spécificités de notre montage : le piégeage avec un laser telecom à
1565 nm et notre technique d’évaporation menant à la condensation de Bose-
Einstein d’un gaz de rubidium. Enfin, j’expose la réalisation d’un trampoline
quantique à atomes froids.

4.1 Un dispositif expérimental repensé

4.1.1 Le projet inital

Lors de mon embauche au CNRS en janvier 2007, en accord avec Phi-
lippe Bouyer et Alain Aspect, j’ai pris la responsabilité d’une expérience
de refroidissement à deux espèces (rubidium et potassium) par des méthodes
tout optique. Les idées associées à ce dispositif étaient multiples. Il s’agissait,
d’une part, de fournir une source compacte et rapide d’atomes ultra-froids
pour des expériences d’interférométrie atomique (à 2 espèces permettant à
terme de tester le principe d’équivalence). D’autre part, l’accès optique im-
portant vers la chambre de science devait permettre de créer des potentiels
de piégeage variés pour les atomes pour étudier des propriétés collectives des
nuages atomiques.

Dans mon projet au CNRS, la première partie était le développement
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d’une source d’atomes ultra-froids simple, rapide et versatile. C’est à mon avis
toujours un point clé dans la réussite des expériences, qu’elles soient à but
fondamental ou appliqué. Dans un deuxième temps, je proposais d’étudier les
gaz confinés à deux dimensions en interaction et éventuellement en présence
de désordre (ce qui ferra l’objet du chapitre suivant). Ce projet était bien en
accord avec les possibilités offertes par un système expérimental en cours de
réalisation, sur lequel se greffait mon projet. De plus, il s’est avéré que ce dis-
positif (visant à la condensation) était bien trop lourd pour les premiers vols
paraboliques auxquels il était initialement destiné et un dispositif simplifié
spécifique a été créé dans ce but (notamment par G. Varoquaux [52]). Cela
nous a ainsi libéré de certaines contraintes et a permis l’avancée simultanée
des deux projets.

4.1.2 Déménagement du dispositif et installation du
nouveau laboratoire

A mon arrivée à l’Institut d’Optique, l’état du dispositif expérimental est
le suivant : le système à vide est monté et complet (MOT 2D et chambre de
science). Un système laser (diodes laser en cavité étendue et amplificateur
semi-conducteur) existe pour le rubidium. A ce moment-là, le système laser
manque de stabilité et le piège magnéto-optique ne piège qu’environ 107

atomes.

Je rejoints l’équipe juste quelques semaines avant le déménagement du
dispositif d’Orsay à Palaiseau. La distance n’est que de quelques kilomètres
mais il faut quand même empaqueter l’ensemble du materiel. L’avantage
est de s’installer dans des locaux neufs. C’est finalement une situation as-
sez agréable pour un nouveau permanent et il est ainsi possible d’organiser
l’espace de travail au mieux. Cette phase a été bien gérée et et je détaille
quelques points qui me semblent particulièrement importants.

Il faut prévoir de nombreux rangements, et même plus que ce qui semble
nécessaire. L’expérience prouve que l’on a toujours beaucoup de materiel à
stocker. En particulier, des meubles fermés peuvent être placés en hauteur. Je
conseille aussi fortement des meubles de rangement type atelier avec de nom-
breux compartiments et très robustes (marque Lista dans notre cas). C’est
particulièrement pratique pour ranger les composants optiques. De plus, il
faut éviter au maximum de placer des choses sous les tables optiques ; cela
oblige à se baisser, ce qui est à la fois dangereux pour les yeux et peu confor-
table. Pour cela, nous avons installé des étagères en profilés d’aluminium
(Elcom) au-dessus des tables optiques permettant de placer à la fois les com-
posants rackables ou non (par exemple toute l’électronique pour les lasers).
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A l’usage, cet agencement s’est révélé extrêmement pratique. Enfin, prévoir
des espaces supplémentaires de tables optiques est aussi utile. Cela permet
de faire de petits montages annexes ou même d’agrandir la surface dispo-
nible pour l’expérience facilement. J’espère que ces quelques conseils assez
simples pourront être utiles à d’autres personnes montant de nouveaux pro-
jets expérimentaux.

4.1.3 Montage expérimental

Figure 4.1 – Schéma du système expérimental. On distingue les deux parties
du système à vide : en haut à droite, le piège magnéto-optique 2D, au milieu
la chambre de science. Deux hublots CF160 permettent de faire passer de
nombreux faisceaux optiques pour piéger et manipuler les gaz ultra-froids.

Le dispositif expérimental se compose essentiellement d’une chambre à
vide contenant les atomes à refroidir (voir fig. 4.1) et d’une table laser dédiée
à la génération des fréquences optiques nécessaires au refroidissement (voir
fig. 4.2). La table laser est ensuite reliée à la chambre à vide par des fibres
optiques. Cette séparation entre les lasers et la chambre à vide permet à la
fois un gain de place autour de la chambre de science et le découplage des
problèmes expérimentaux.

La chambre à vide est essentiellement composée d’une chambre de science
où nous ferrons d’abord un piège magnéto-optique 3D, avant de transférer
les atomes dans un piège optique à 1565 nm pour évaporer ensuite les atomes
jusqu’à la dégénérescence quantique. Cette chambre de science est en forme
de camembert avec 8 brides latérales (CF40) et 2 grands hublots (CF160).
L’accès optique vers les atomes est ainsi important ce qui permet d’appliquer
de multiples lasers sur les atomes et notamment des faisceaux dipolaires pour
créer des potentiels optiques variés pour les atomes. Cette chambre de science
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dispose de deux systèmes de pompage, une pompe ionique (50 L/s) et une
pompe à getter.

Une des brides latérales sert à connecter la chambre de collection. Un piège
magnéto-optique bidimensionnel [53, 54, 55, 56, 57, 58] permet d’y créer un
faisceau d’atomes collimaté qui, à travers un tube de pompage différenciel,
alimente le piège magnéto-optique 3D de la chambre de science. Ce dispositif
est une alternative plus compacte à un ralentisseur Zeeman qui nécessite de
lourdes et volumineuses bobines. En contrepartie, plus de puissance laser est
nécessaire. Ce dispositif de piège magnéto-optique 2D est le premier à être
monté à l’institut d’optique et il nous a posé pas mal de soucis avant que l’on
ait acquis le savoir-faire nécessaire. En effet, c’est cette partie du montage
qui a nécessité de nombreux changements avant de donner satisfaction et
permettre un chargement efficace du piège magnéto-optique 3D.

Plusieurs modifications ont été nécessaires (la plupart ont été faites entre
mars 2007 et Août 2008) pour atteindre des flux comparables à ce qui se
trouve dans la littérature et il me semble utile de les détailler à titre de
référence :

– Pour un piège magnéto-optique 2D, il est inutile d’avoir 4 faisceaux
indépendants, on peut très bien rétro-réfléchir ces faisceaux et ainsi
gagner en puissance disponible car la densité optique dans un piège
magnéto-optique 2D est faible (à la différence d’un piège magnéto-
optique 3D). De plus, le flux en nombre d’atomes augmente (presque
linéairement) avec la puissance au moins jusqu’à environ 10 ou 20 fois
l’intensité de saturation. Cela est probablement due à la possibilité de
capturer des atomes plus rapides.

– Pour la configuration de champ magnétique, il faut un quadrupôle
magnétique à 2D avec un zéro de champ magnétique sur une ligne. Deux
bobines, en configuration anti-Helmholtz, même relativement allongées
laissent un gradient résiduel et il faut mieux utiliser une configuration à
quatre bobines. Dans notre expérience, nous utilisons encore deux bo-
bines mais rajoutons une bobine pour compenser le gradient parasite
le long de l’axe du piège magnéto-optique 2D.

– Un faisceau pousseur est typiquement utilisé pour pousser le jet ato-
mique vers la chambre de science. Pour le rubidium, il n’y a pas besoin
de beaucoup de puissance (typiquement 100µW) mais il est préférable
que ce faisceau soit à résonance et ne contienne pas de repompeur.
Ainsi, les atomes sont dépompés et ne diffusent plus de photons pen-
dant leur trajet entre le piège 2D et le piège 3D.

– La pression partielle de rubidium dans la chambre de collection est
un élément important ; jusqu’à environ 10−7 mbar, le flux atomique est
proportionnel à cette pression. Un dispositif à base de dispenseurs ne
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permet typiquement pas d’atteindre cette pression sur le long terme
(sans épuiser les dispenseurs trop rapidement) et il faut donc mieux uti-
liser un four pour alimenter la chambre de science. De plus, au départ,
la chambre de collection n’était pompée que par l’intermédiaire de la
chambre de science, ce qui n’est pas suffisant. Nous avons finalement
rajouté une petite pompe ionique 2 L/s et une pompe à getter dans
cette zone, avant un réétuvage complet.

Après toutes ces améliorations, nous avons maintenant un flux atomique de
quelques 109 par seconde capturé par le MOT 3D ce qui est comparable à
l’état de l’art [59].

4.1.4 Table laser pour le refroidissement du rubidium

Figure 4.2 – Schéma du système laser utilisé pour le refroidissement du
rubidium. Les trois lasers battent ensemble sur une photodiode. Cela per-
met d’asservir le piège et le repompeur sur le laser sonde. Les absorptions
saturées sur les lasers piège et repompeur servent uniquement de contrôle.
Les amplificateurs optiques (AO) sont des Eagleyard 1W à 780 nm. Figure
extraite de la thèse de J.P. Brantut [60].
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J’ai personnellement repensé et remonté l’ensemble de la table laser à la
suite du déménagement et je reproduis ici le schéma du dispositif qui me
semble particulièrement efficace (fig. 4.2). Il contient 3 diodes mâıtres en
cavité étendue et 2 amplificateurs optiques. Il présente de multiples avan-
tages. Les fréquences principal et repompeur sont mélangées dans les deux
amplificateurs semiconducteurs et il n’y donc pas besoin de les mélanger
ensuite. On peut modifier la puissance du repompeur indépendamment ce
qui est important pendant la phase de mélasse optique. Enfin, le dispositif
d’asservissement par battement (par division de fréquence puis convertisseur
fréquence-tension) permet de décaler la fréquence du faisceau de refroidisse-
ment principal jusqu’à plusieurs centaines de MHz [60, 61]. Cette propriété
nous est utile pour le chargement du piège optique à 1565 nm. Ces asser-
vissements par battement sont particulièrement robustes avec une plage de
capture de près de 1 GHz de large. Seul le laser sonde est asservi par une
absorption saturée (sur le crossover 2→3). Enfin, la division en 6 faisceaux
pour le piège magnéto-optique 3D est faite grâce à un diviseur de fibre de
Schaeffter-Kirchoff, un dispositif particulièrement stable. Seules l’injection de
la fibre 3D et l’injection du MOPA 3D nécessitent un réalignement journalier.

4.2 Piège optique à 1565 nm et tomographie

de décalage lumineux

4.2.1 Pièges dipolaires optiques

Les pièges dipolaires optiques reposent sur le fait que le champ électrique
d’un laser induit un dipôle électrique pour une particule ou un atome. Ce
dipôle interagit avec le champ et crée un potentiel dipolaire. Le premier
piège dipolaire optique pour des atomes neutres a été réalisé par S.Chu et al.
[62] en 1986. Depuis, les pièges dipolaires optiques se sont considérablement
développés pour créer différents types de potentiel et notamment des réseaux
optiques [63]. La polarisabilité d’un atome vient essentiellement du mouve-
ment des électrons situés sur ses couches externes et on peut par exemple
faire un modèle d’électron élastiquement lié au noyau (avec un fréquence
correspondant à la résonance atomique), pour trouver le comportement de
la polarisabilité atomique.

Pour piéger efficacement des atomes, il faut un laser puissant, loin de
la transition atomique pour éviter l’absorption des photons. Dans la pra-
tique, si on veut éviter l’utilisation d’un piège magnétique et donc piéger
directement un nombre important d’atomes directement après une phase de
refroidissement laser, c’est-à-dire à des températures de quelques dizaines de
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microKelvin, il faut un piège profond mais ne diffusant que peu de photons.
Cela implique l’utilisation d’un laser décalé de résonance par au minimum
une centaine de nanomètres et avec une puissance minimum de plusieurs
watts. Cette contrainte impose un choix de laser restreint et deux types de
lasers avaient été utilisés pour les expériences de condensation tout optique :
des lasers CO2 à 10.6µm [64] ou des lasers autour de 1.07µm [65, 66] (type
laser YAG ou laser à fibre dopé erbium). Ces deux types de laser avaient déjà
permis d’obtenir des gaz dégénérés d’atomes neutres à la fois bosoniques et
fermioniques.

Avant même mon arrivée à l’Institut d’Optique, le choix a été fait de tester
un nouveau type de laser pour le piège optique, un laser à fibre à 1565 nm,
c’est à dire dans la bande telecom. Ces lasers existent alors depuis peu et
peuvent fournir jusqu’à 50 W (IPG) 1. A priori, ce choix est plutôt bon, car
on est suffisamment loin de résonance pour pouvoir complètement négliger
l’absorption de photon et on est encore dans la bande de transparence de la
silice, ce qui permet d’utiliser des optiques standard à la différence du CO2.
Expérimentalement, l’électro-optique utilisé au départ pour le contrôle de la
puissance du piège et présentant trop d’effet thermique a dû être changé pour
des modulateurs acousto-optiques.

A terme, une idée est d’utiliser un seul laser à 1560 nm dans un dispositif
permettant de non seulement piéger des atomes de rubidium mais aussi de
les refroidir en doublant cette fréquence pour obtenir de la lumière à 780 nm.

4.2.2 Décalage lumineux et tomographie

Comme décrit précédemment, l’énergie d’un atome de rubidium dans
l’état fondamental (5S1/2) est décalée (à la baisse) en présence d’un fort
champ laser à 1565 nm (potentiel dipolaire). De même, on peut s’attendre à
ce que l’état excité (5P3/2) subisse lui aussi un décalage en énergie dû à la
présence du champ lumineux. En fait, ce décalage est 42 fois plus grand (et
de même signe) que celui de l’état fondamental, à cause d’une résonance de
l’état excité à 1529 nm. Cette situation est tout à fait particulière. Dans le
cas d’un laser CO2, le rapport n’est que de ∼ 3 et dans le cas d’un laser à
1.06µm, ce décalage est dans le sens opposé avec un facteur de l’ordre de 1
(c’est le cas simple d’une transition à deux niveaux).

Cette particularité du laser à 1565 nm conduit à un décalage en fréquence
de la transition optique qui peut être très grand par rapport à sa largeur.
On peut ainsi résoudre spèctralement ce décalage lumineux. Nous avons ainsi

1. Ce laser a définitivement cassé en 2012, et il n’est plus commercialisé. Nous avons
racheté un laser de 30 W à 1550 nm (IPG).
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pu réaliser deux expériences distinctes, d’une part étudier la géométrie d’un
piège optique in-situ et d’autre part observer la thermalisation d’un gaz piégé
en regardant sa distribution en énergie potentielle. Pour les détails, je renvois
ici à la publication (voir page 76).

Ce travail sur la compréhension et l’utilisation de ces décalages importants
était en fait indispensable pour la suite de notre programme de recherche.
En effet, pour pouvoir optimiser le processus de chargement du piège optique
à partir d’une phase de mélasse, il est indispensable de parfaitement com-
prendre l’effet de la lumière à 1565 nm sur la transition optique. La version
simplifiée présentée ci-dessus n’est pas strictement exacte, car dans l’état
excité, la polarisabilité dépend du nombre quantique mF (polarisabilité ten-
sorielle). Cet effet est finalement petit mais il faut le calculer précisément
pour s’en convaincre. On pourra se reporter à la thèse de J.-F. Clément pour
plus de détails [59].

Le fait de pouvoir résoudre spèctralement un décalage lumineux sur la
transition d’imagerie est quelque chose qui avait déjà été utilisé par le passé
pour étudier le mouvement des atomes in− situ. Cependant, cette méthode
pourrait être exploitée plus avant. En effet, c’est une méthode de type champ
proche où la résolution est liée au gradient du décalage lumineux qui peut
facilement être augmenté en se rapprochant de la résonance à 1529 nm. On
peut ainsi avoir une résolution plus petite que la longueur d’onde optique. On
peut imaginer différentes applications comme de l’imagerie par fluorescence
avec une résolution sub-lambda (avec un fort gradient d’intensité lumineuse)
ou la mesure de corrélation de densité sub-lambda en utilisant une onde
stationnaire à 1529 nm [60] (cette idée pourrait être mise en place à 1D dans
l’équipe puce dirigée par I. Bouchoule dans notre laboratoire).

4.3 Condensation par une méthode tout op-

tique

4.3.1 Intérêt d’une méthode de refroidissement tout
optique

On appelle refroidissement tout optique la méthode selon laquelle les
atomes sont directement placés dans un piège optique, après une phase de
refroidissement radiatif par laser. C’est alors directement dans un piège op-
tique que l’on évapore les atomes vers le régime de dégénérescence quantique.
A la différence des premières expériences de condensation atomique [67], on
n’utilise donc pas de piège magnétique.
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Les avantages d’une telle méthode sont multiples. Ne pas avoir de fort
champ magnétique est utile pour des mesures de précision par interférométrie
atomique. Les effet systématiques sont alors réduits. De plus, le temps de
cycle de l’expérience est réduit grâce à une évaporation dans un piège op-
tique typiquement très confinant. Cela est utile non seulement pour augmen-
ter le taux de répétition d’une mesure de précision, mais aussi dans n’importe
quel dispositif visant à étudier les propriétés à N-corps des gaz ultra-froids.
Cela permet d’avoir plus de statistiques mais aussi de plus rapidement op-
timiser les paramètres ou tester des idées nouvelles. Enfin, la méthode est
généralement plus simple pour toutes les expériences où on a de toutes façons
besoin d’un piège optique, par exemple pour piéger un mélange de spin ou
pour utiliser un fort champ magnétique pour atteindre une résonance de
Feshbach.

Ceci dit, la méthode de refroidissement tout-optique présente aussi quelques
désavantages. Il faut utiliser des lasers de puissance avec tous les problèmes
de thermique que cela implique. De plus, le nombre final d’atomes est réduit
(à typiquement ∼ 105 atomes), principalement à cause de la difficulté de
charger beaucoup d’atomes dans un piège optique à partir d’une mélasse.
Enfin, les étapes de chargement et l’évaporation dans un piège optique sont
toutes deux assez délicates et c’est pour cela que je les décris plus en détail
dans la suite.

4.3.2 Chargement d’un piège optique à partir d’un piège
magnéto-optique

Le chargement du piège optique à partir d’une étape de refroidissement
laser est une étape clé pour pouvoir obtenir des gaz dilués dans le régime
quantique. Il faut charger le piège optique avec non seulement beaucoup
d’atomes mais aussi avec une densité dans l’espace des phases importantes. Il
est aussi nécessaire que le taux de collisions à l’issu du chargement permette
un refroidissement évaporatif efficace. A titre d’exemple, dans la première
expérience de condensation ”tout optique” [64], environ 2× 106 atomes sont
chargés dans un piège CO2 à une densité dans l’espace de phase de ∼ 2×10−3.
Le taux de collision est de 1.2×104 s−1. Ces chiffres sont à comparer aux
chiffres typiques obtenus dans un piège magnétique : quelques 108 atomes à
une densité dans l’espace des phases de quelques 10−6 et un taux de collision
de quelques unités par seconde.

Pour charger efficacement un piège magnétique, on transfert l’ensemble
des atomes à partir d’une mélasse optique préalablement optimisée pour être
la plus froide et dense possible. Dans le cas d’un piège optique, compte tenu
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du faible volume de capture du piège optique, il faut optimiser la phase de
mélasse en présence du piège optique pour obtenir un chargement efficace.
Typiquement, beaucoup d’atomes sont perdus lors de cette phase de char-
gement, mais les atomes piégés le sont alors avec une densité dans l’espace
des phases plus importante que dans la mélasse seule. Cela montre bien que
le processus n’est pas une simple sélection des atomes les plus froids dans la
zone du piège. En particulier, la puissance du laser repompeur joue un role
crucial, et il faut la diminuer pour réduire le taux de diffusion de photons et
permettre l’augmentation de la densité dans le piège (effet dark MOT [68]).

Dans la section précédente, nous avons vu que l’état excité 5P3/2 de
la transition cyclante pour le rubidium 87 était particulièrement décalé en
énergie par la lumière à 1565 nm. Ce décalage peut facilement être grand
par rapport aux décalages lumineux utilisés dans les mélasses optiques (typ.
100 MHz). En conséquence, le refroidissement est affecté. Par exemple, si le
décalage lumineux est plus important que celui de la mélasse, la lumière est
sur le bleu de la transition et le chargement est alors catastrophique (un
chargement brusque en fin de mélasse est alors plus efficace). A première
vue, charger un piège à 1565 nm avec des atomes de rubidium semble donc
être une tâche difficile.

Une première technique que nous avons essayé de mettre en place consiste
à alterner (toutes les 0.2 à 1 ms) des phases de refroidissement (avec les
faisceaux de mélasse) avec des phases de piégeage (avec les faisceaux de
piégeage). Cette méthode marche partiellement avec un gain de l’ordre d’un
facteur 2.5 par rapport à un chargement brusque mais ce gain est très nette-
ment insuffisant pour amorcer une évaporation efficace. La diffusion multiple,
pendant les phases de refroidissement, semble limiter la densité et donc aussi
la densité dans l’espace des phases.

La technique que nous utilisons actuellement est une technique de char-
gement continu (similaire à la technique utilisée avec les lasers CO2 [64]).
Pendant la phase de mélasse optique, à la fois les faisceaux de refroidisse-
ment et de piégeage sont présents. L’astuce consiste à utiliser un faisceau avec
un waist large (∼150µm), induisant un décalage lumineux relativement faible
∼60 MHz (pour 24 W) et un décalage de mélasse important (200 MHz). On a
ainsi toujours un refroidissement efficace même à l’interieur du piège optique.
L’efficacité en fonction du décalage de la mélasse est tracée en figure 4.3. On
remarque que l’optimum est obtenu pour un décalage de mélasse de 200 MHz.
Cette valeur particulièrement élevée comparée aux autres expériences, s’ex-
plique par l’importance du décalage lumineux créé par le laser à 1565 nm.

De plus, l’intensité du repompeur est réduite pendant la phase de charge-
ment pour réduire le taux de diffusion de photon et ainsi la limite en densité
due à la réabsorption de photon. Ce processus est accentué au centre du
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Figure 4.3 – Nombre d’atomes chargés en fonction du désaccord de la
fréquence piège de la mélasse.

piège où le décalage lumineux rend le laser repompeur inefficace. On a un
effet de dépompage (dark MOT) extrême dans la région de piégeage. Cet
effet est aussi à l’oeuvre en utilisant d’autres lasers de piégeage mais l’effet
est ici accentué grâce au fort décalage lumineux. A l’issu de cette première
étape de chargement, on obtient 3× 107 atomes à une température de 20µK
et une densité dans l’espace des phases de 2× 10−5. Pour augmenter le taux
de collisions, nous ajoutons alors un faisceau de piégeage avec un waist de
∼25µm et après 100 ms, 3×106 atomes s’accumulent finalement dans le piège
croisé avec une densité dans l’espace des phases de 2.5 × 10−3. Ce sont des
conditions très favorables pour poursuivre avec la phase d’évaporation. Le
détail des paramètres utilisés peut être trouvé dans l’article reproduit page
81.

4.3.3 Evaporation dans le régime d’emballement

La phase d’évaporation dans un piège optique s’effectue typiquement en
baissant la puissance du ou des faisceaux de piégeage. On réduit ainsi la pro-
fondeur du piège et on permet l’évaporation des atomes les plus énergétiques.
Cette technique a le désavantage de réduire les fréquences de confinement du
piège. En l’absence de gravité, le régime d’emballement où le taux de colli-
sion augmente en fur et à mesure de l’évaporation n’est alors pas accessible
[69]. En fin d’évaporation, l’efficacité de l’évaporation peut être fortement
affectée.

Différentes techniques ont été utilisées pour contrer cet effet. Des pièges

71



compressibles (avec la possibilité de changer le waist) ont par exemple été
mis en place [65, 66]. Cependant, l’idée la plus simple est d’utiliser un piège
croisé et de ne réduire la puissance que dans un seul des deux faisceau ; on
peut alors diminuer la profondeur du piège sans trop diminuer sa fréquence
moyenne. La technique d’évaporation que nous avons mis en place utilise deux
faisceaux (approximativement horizontaux 2) de waist différents (∼ 150µm et
∼ 25µm). Le faisceau large est utilisé pour collecter les atomes depuis le piège
magnéto-optique, comme explicité ci-dessus, alors que le deuxième faisceau
assure un confinement important pour l’évaporation. Le fait de décaler les
deux faisceaux verticalement de ∼70µm permet de compenser la gravité
de façon optique et ainsi de pouvoir plus fortement décomprimer le piège
sans perdre les atomes. Notre géométrie nous permet d’avoir un contrôle
indépendant du confinement et de la profondeur du piège et ainsi d’optimiser
au mieux l’évaporation.

Au final, nous pouvons obtenir un condensat de 105 atomes en moins de 3 s
d’évaporation et même 650 ms avec un nombre d’atomes réduit (voir article
page 81). C’est un résultat majeur des thèses de J.F. Clément et J.P. Brantut
[70, 60] Il est intéressant de noter que notre temps d’évaporation est similaire
à se qui ce fait sur les puces atomiques. Ce temps est contraint par la présence
de perte à trois corps qui empêche d’utiliser des confinements et donc des
taux de collisions plus élevés. En fait, notre évaporation est optimisée pour
être à la limite d’avoir des pertes à trois corps trop importantes.

Nos résultats sur la condensation par une méthode ”tout-optique” ont eu
un impact sur la communauté des atomes froids et les questions spécifiques de
déplacement lumineux et d’évaporation dans les pièges optiques sont main-
tenant mieux prises en compte dans la conception de nouveaux dispositifs
expérimentaux.

4.4 Trampoline à atomes ultra-froids

4.4.1 Principe et motivations

Dans le domaine des atomes ultra-froids, on distingue essentiellement
deux types d’expérience : d’une part, celles s’attachant à la compréhension
des phénomènes quantiques et notamment aux problématiques issues de la
physique à N-corps et, d’autre part, celles dédiées aux mesures de précision.
Mes recherches se situent habituellement dans la première catégorie. Cela

2. En fait, nous avons noté qu’il est important que le faisceau large ne soit pas
précisément horizontal (à 1 degré près) pour éviter que des atomes piégés dans les ailes ne
reviennent vers la zone du piège croisé.
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étant, sous l’impulsion de P. Bouyer, après l’obtention du condensat de Bose-
Einstein, nous nous sommes intéressés à la mesure de la constante de gravité
g. Les interféromètres et en particulier les gravimètres sont de plus en plus
précis quand le temps d’observation des atomes augmente. Pendant ce temps,
les atomes ne doivent pas être perturbés et typiquement ils sont en chute libre.
Ici, l’idée était de garder des atomes en chute libre pendant un temps long,
tout en repliant leur trajectoire dans un petit volume en les faisant rebondir
périodiquement.

Pour faire rebondir des atomes de façon contrôlé, la technique de réflexion
de Bragg consiste à appliquer une onde lumineuse qui, de façon cohérente,
transfert à l’atome deux unités de moment cinétique ~k (où k est le vecteur
d’onde de la lumière). On peut ainsi maintenir les atomes en suspension en
envoyant périodiquement de la lumière. De plus, cette suspension des atomes
contre la gravité ne marche que si la période T des pulses lumineux est telle
que T = 2~k/mg, c’est-à-dire que l’accélération de la gravité compense le
transfert d’impulsion des pulses lumineux. En fait, cette technique permet
de mesurer directement la gravité. Pour que la lévitation soit efficace, il faut
que les transferts d’impulsion se fassent avec une probabilité proche de 1.
Ce n’est le cas que pour des pulses pour lesquels l’intensité varie lentement
pendant le pulse (régime de Bragg). Dans notre cas, nous avons utilisé des
pulses d’enveloppe Gaussienne, et réalisé jusqu’à une trentaine de rebonds,
nombre limité par la température du nuage initial (200 nK). Pendant que nous
faisions ces expériences qui sont détaillées dans les thèses de J.P. Brantut
et M. Robert-de-Saint-Vincent [71], un résultat similaire a été publié par
l’équipe de C. Sackett [72] , et nous avons donc choisi de nous concentrer
sur un autre régime de fonctionnement du trampoline à atomes : le régime
quantique. Néanmoins nos résultats sur le trampoline classique ont été publiés
dans un proceeding de conférence [73].

4.4.2 Trampoline quantique

On faisant l’expérience du trampoline ”de façon sale”, c’est-à-dire en uti-
lisant des pulses lumineux de profil carré, nous avons découvert des franges
dans le nombre d’atomes suspendus en fonction de la période T . Ces franges
sont dues à des interférences quantiques entre différents chemins quantiques
qui apparaissent à cause de la séparation du paquet d’onde en plusieurs com-
posantes en impulsion à chaque pulse. Je n’ai pas l’intention ici de rentrer
dans les détails du processus qui sont décrits dans notre publication (voir
page 86). Nous avons particulièrement travaillé sur la compréhension fine du
phénomène, à la fois au niveau qualitatif mais aussi quantitatif (voir les thèses
de J.-P. Brantut [60] et M. Robert-de-Saint-Vincent [71]). Par exemple, nous
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avons pu mettre en évidence l’origine de la modulation à fréquence moitié
et nous avons développé le calcul précis de l’ensemble du processus incluant
l’ensemble des chemins quantiques et en tenant en compte précisément de
la phase acquise à chaque pulses lumineux par les différents paquets d’onde.
Ceci nous a permis notamment d’expliquer l’affinement des franges quand
on arrive dans le régime d’interférence multiple (pour un nombre de rebonds
supérieur à 10 ou 20). L’article présentant ces travaux est reproduit page 86.

4.4.3 Limites et perspectives

Notre dispositif nous permet une mesure de la gravité à 4 × 10−4. Ce
chiffre semble très modeste au regard de l’état de l’art, à la fois par rapport
aux gravimètres Raman [74] ou aussi par rapport aux mesures par oscillations
de Bloch [75]. Cette différence est en partie due au fait que nous n’avions
pas l’ambition de réaliser directement une mesure de précision. Notre tram-
poline quantique est un interféromètre mais, pour le système de franges fon-
damental, le déphase n’est accumulé que sur ∼ 1 ms. Ce n’est que pour des
interférences multiples que l’on peut réellement espérer un véritable gain,
mais il faut pour cela s’assurer que les phases de toutes les ondes partielles
soit commensurables (ce qui semble difficile dans notre schéma). De nouveaux
schémas utilisant des transitions Raman pourraient éventuellement atteindre
ce but, mais leur faisabilité reste à démontrer [76].

Notre but initial était plutôt de démontrer qu’il était possible de garder
des atomes en suspension dans un petit volume, tout en les perturbant de
façon minimale et contrôlée. A ce titre, notre expérience est positive et a
montré l’importance de contrôler les déphasages induits par les pulses de
Bragg. On peut par exemple créer un interféromètre entre deux chemins
quantiques distincts en suspension grâce à des pulses de Bragg (ou Raman),
c’est d’ailleurs ce qui a été fait dans la manip de C. Sackett [72]. D’après moi,
il n’est de toute façon pas inutile de chercher des schémas d’interféromètres
alternatifs au classique Mach-Zehnder, utilisant des faisceaux Raman, qui
s’est imposé dans le domaine des mesures de précisions.

D’une façon plus générale, la question se pose du gain potentiel que
l’on peut atteindre en utilisant une source d’atomes condensés pour l’in-
terférométrie atomique, plutôt qu’un nuage thermique. D’un point de vue fon-
damental, comme l’interférométrie est un processus à 1 corps, rien n’empêche
de réaliser un interféromètre avec des atomes thermiques et c’est d’ailleurs
ce qui se fait habituellement. D’un point de vue pratique, une source d’atomes
extrêmement froids pourrait être utile pour réduire certains effets systématiques
dus à l’expansion du nuage sur un volume important. Des déphasages induits
par les hublots nuisent à la précision de la mesure interférométrique et se-
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raient réduits en utilisant un nuage plus petit. Nous avons une collaboration
avec l’équipe de F. Perreira Dos Santos au LNE à Trappes pour implémenter
notre technique de refroidissement sur leur gravimètre de haute précision.

4.5 Conclusion

Dans ce chapitre, j’ai décrit la réalisation d’un dispositif expérimental
permettant d’obtenir des gaz de 87Rb ultra-froids rapidement et efficace-
ment dans un piège à 1565 nm. Nous obtenons un condensat de 105 atomes
toutes les 10 secondes environ. Si ce résultat peut parâıtre uniquement une
réalisation technique, nous avons en fait dû comprendre et tenir compte des
déplacements lumineux induits par un laser à 1565 nm, en particulier pen-
dant la phase de chargement du piège optique. Nous avons obtenu notre
premier condensat en août 2008, soit environ 18 mois après mon arrivée et
le déménagement du laboratoire à Palaiseau. C’est finalement un délai assez
court si on tient compte du fait qu’il a fallu d’abord réinstaller le dispositif,
puis comprendre les défauts et revoir en grande partie le piège magnéto-
optique 2D (avec un réétuvage complet), avant de trouver une méthode de
chargement et d’évaporation nouvelle dans le piège dipolaire à 1565 nm.

L’année suivante a été consacrée à la fiabilisation du dispositif, puis à
de premières expériences avec la réalisation d’un trampoline à atomes froids.
Cela a constitué un premier résultat physique avant de modifier assez for-
tement le dispositif expérimental pour étudier la physique des gaz 2D en
présence de désordre ; c’est le sujet du chapitre suivant.

4.6 Articles liés à ce chapitre



4.6.1 Ligth-shift tomography in an optical-dipole trap
for neutral atoms [6]
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Light-shift tomography in an optical-dipole trap for neutral atoms

J. P. Brantut, J. F. Clément, M. Robert de Saint Vincent, G. Varoquaux, R. A. Nyman,* A. Aspect, T. Bourdel, and P. Bouyer
Laboratoire Charles Fabry de l’Institut d’Optique, Univ Paris Sud, CNRS, Campus Polytechnique RD128 91127 Palaiseau, France

�Received 21 July 2008; published 25 September 2008�

We report on light-shift tomography of a cloud of 87Rb atoms in a far-detuned optical-dipole trap at
1565 nm. Our method is based on standard absorption imaging, but takes advantage of the strong light shift of
the excited state of the imaging transition, which is due to a quasiresonance of the trapping laser with a higher
excited level. We use this method to �i� map the equipotentials of a crossed optical-dipole trap and �ii� study the
thermalization of an atomic cloud by following the evolution of the potential energy of atoms during the
free-evaporation process.

DOI: 10.1103/PhysRevA.78.031401 PACS number�s�: 37.10.Gh, 32.60.�i, 33.40.�f

In situ studies of ultracold atomic gases can yield invalu-
able information. Imaging on the one hand �1–5� and light-
shift spectroscopy on the other hand �6–9� have indepen-
dently proved successful in the investigations of cold neutral
gases. In this paper, we present a light-shift tomography
method combining in situ absorption imaging and light-shift
spectroscopy to yield an image, and/or the number, of atoms
at a given potential energy in an optical-dipole trap. It takes
advantage of the strong light shifts of the upper 5P3/2 level of
the imaging transition of 87Rb under the influence of our
trapping laser at 1565 nm. This is due to quasiresonances to
higher excited states �4D3/2 and 4D5/2� at 1529 nm. As a
consequence, although the light shift experienced by atoms
in the ground state �5S1/2�—i.e., the trapping potential—is
moderate, the shift of the imaging transition can be large
compared to its natural linewidth. It thus allows us to per-
form spectrally resolved imaging of the atomic cloud.

We use this technique for two different goals: �i� Mapping
of the optical potential. Starting with a cold cloud with a
smooth density profile, we suddenly switch on a trapping
laser at 1565 nm and immediately take an absorption image
of the atoms in the presence of the trap, before any evolution
of the atomic density. By repeating this imaging at various
probe-laser frequencies, we obtain a map of the equal light-
shift regions; i.e., we perform tomography of the trap poten-
tial �10�. �ii� Measurement of the atomic potential-energy
distribution. Counting the number of atoms at a given probe
detuning—i.e., at a given potential energy in the trap—and
repeating this measurement at various probe detunings, we
directly measure the potential-energy distribution of the
cloud. This allows us to study the relaxation of a trapped
atomic cloud from an initial out-of-equilibrium situation to-
wards a thermal distribution by monitoring the evolution of
the potential-energy distribution during the free-evaporation
process �11�.

As shown in Fig. 1�a�, we image 87Rb atoms using a
probe resonant with the 5S1/2 �F=2� to 5P3/2 �F�=3� transi-
tion at 780 nm �D2�, perturbed by the trapping laser at
1565 nm. In order to evaluate the light shifts of the ground
and excited states of the D2 imaging transition, we have
computed the polarizabilities ��g and �e, respectively� of

these states for the 1565-nm laser excitation. The transitions
giving the main contributions are shown in Fig. 1�a�. The
moderate detuning of the trapping laser with respect to the
5P to 4D transitions, compared to the 5S to 5P, leads to a
polarizability of the 5P3/2 state greater than that of the
ground state by a factor of

�e

�g
=42.6.

As the light shifts of the energy levels are all proportional
to the trapping-laser intensity, the light shift of the ground
state—i.e., the potential energy of an atom in the trap Ep
�neglecting gravity�—is proportional to the light shift of the
imaging transition �:

�� = ��e

�g
− 1�Ep = 41.6Ep. �1�

As indicated below, we operate in a situation where the
ground-state light shift is of a few MHz only, whereas the
light shift of the 5P3/2 level is much larger than the natural
linewidth of the probe transition, � /2�=6.1 MHz. In fact,
when one considers the various magnetic sublevels of the
hyperfine levels F=2 and F�=3, there is a additional

*Present address: Centre for Cold Matter, Imperial College, Lon-
don, SW7 2BW, UK.

FIG. 1. �Color online� �a� Energy diagram of the lowest energy
levels of 87Rb. The strong transitions at 1529 nm are responsible for
the 42.6 enhancement factor in light shift of the 5P3/2 energy level
with respect to the 5S1/2 ground state. �b� Light shifts of the 5S1/2
and 5P3/2 levels under the influence of a Gaussian focused laser at
1565 nm �not on scale�. The probe laser interacts with atoms at a
position which depends on the probe detuning.
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intensity-dependent broadening, but it remains small com-
pared to the light shift � �12,13�.

As a consequence, we can spectrally resolve the potential
energy of the atoms in the trapping beams. As shown in Fig.
1�b�, by taking an in situ absorption image with a chosen
detuning � of the probe laser, we detect atoms situated at
positions r such that U�r�= ��

41.6 , where U�r� is the trapping
potential �U=0 in free space�. We thus directly obtain a map
of the trapping potential U�r�. The potential-energy reso-
lution is equal to the linewidth of the imaging transition di-
vided by 41.6, according to Eq. �1� �corresponding to
0.14 MHz or 7 �K	kB�.

The experimental setup is as follows: in a first vacuum
chamber, 87Rb atoms are collected from an atomic vapor
created by a dispenser in a two-dimensional magneto-optical
trap �2D MOT�. Atoms are then transferred into a second
chamber where they are trapped in a 3D MOT. The laser
system for 2D and 3D MOTs is based on tapered-amplified
extended-cavity diode lasers, as described in �14�. The probe
beam is generated by a dedicated, offset-locked laser, which
can be detuned by 350 MHz from the F=2 to F�=3 transi-
tion and is linearly polarized.

The dipole-trap light is generated by a 50-W erbium-
doped fiber laser at 1565 nm �IPG ELR-50�. This laser is
focused to a 50-�m waist onto the atomic cloud through a
lens that can be moved along the optical axis via a motorized
translation stage �Aerotech ANT-50L�, allowing us to adjust
the beam diameter at the atomic position �much as in Ref.
�15��. Light is then refocused onto the atoms by a 1:1 tele-
scope to create a crossed-beam configuration, with a crossing
angle of 56°, and linear orthogonal polarizations. The beam
configuration is shown in Fig. 2. Throughout this paper, the
movable lens is adjusted such that at the dipole trap crossing,
the beam diameters are about 200 �m. The optical power is
controlled at the output of the laser by an electro-optic
modulator and a Glan polarizer. The angle of incidence of
the trapping beams with respect to the vacuum-chamber win-
dow is 28°, leading to astigmatism of the beams. We com-
pensate this effect to first order on the first-pass beam using
a tilted, glass plate.

We use light-shift tomography of the optical-dipole trap to
map the potential landscape, using atoms as local probes of
the potential. About 108 87Rb atoms are collected in the 3D
MOT with a magnetic field gradient of 12.5 G cm−1 and a

detuning of the cooling laser of 2.5�. The 3D MOT is then
compressed down to 200 �m �rms radius� by increasing the
detuning of the cooling laser up to 10�. The cooling beams
are switched off, and the dipole trap laser is switched on
1 ms later. After another millisecond an absorption image is
taken with a 50-�s pulse at the chosen probe detuning. A
repumping laser resonant with the free space F=1 to F�=2
transition is applied together with the imaging laser. At reso-
nance, atoms scatter about 100 photons during the imaging
pulse and the atomic density has no time to evolve.

Examples of absorption images are shown in Fig. 3. At
moderate probe detuning �−40 MHz�, we see open equipo-
tentials �Fig. 3�a��, which means that we probe atoms which
will be able to escape along the directions of the two beams.
In this image, we can detect an asymmetry of the trapping
potential between the two arms of the dipole trap, which is
related to intensity imbalance and residual astigmatism. The
decrease of the contrast at the edges of the image is due to
the vanishing atomic density. For larger detunings
�−80 MHz�, the images �Fig. 3�b�� show closed equipoten-
tials with elliptic contours. As we go deeper in the trap
�−100 MHz�, we reach the bottom, where the equipotentials
merge into a spot �Fig. 3�c��.

This tomographic method allows us to determine in situ
the trap characteristics. The potential landscape at the bottom
of the trap yields the trap frequencies �110
10 Hz,
110
10 Hz, and 150
10 Hz�, and the detuning at which
we observe the change from closed to open equipotentials
yields the trap depth �57 �K	kB in our experiment�. We
observe that the shape of the crossed region as probed by
tomography is very sensitive to the overlap of the two arms,
which provides us with a direct and accurate alignment
method �16�.

We evaluate the spatial resolution of the potential map-
ping as follows: in a place where the trapping potential gra-
dient is �U, the spatial resolution associated with the line-
width � of the probe transition is d=

�g

�e−�g

��
��U�r��

�1 /41.6 ��
��U�r�� . In our experimental conditions, at the places

of steepest gradients, d=10 �m, whereas the resolution of
our imaging setup is 7 �m. The widths of the peaks in the
insets of Figs. 3�b� and 3�c� are consistent with the convolu-
tion of the two effects. Actually, d could be made smaller
than the spatial resolution of the imaging system, either by
increasing the light-shift gradients or by using a narrower
transition �17,18�.

We now turn to the measurement of the potential-energy
distribution of the atomic cloud. For each value of the probe
detuning—i.e., of the potential energy �Eq. �1��—we count
the number of atoms by integration of the optical density in
the corresponding in situ absorption image �any spatial infor-
mation is lost�. Repeating this measurement at various values
of the detuning, we obtain the atomic potential-energy distri-
bution convolved with our energy-resolution line shape. As
in our case the measured atom number varies smoothly at the
scale of the resolution �7 �K	kB�, it is simply proportional
to the atomic potential-energy distribution.

Using this technique, we follow the evolution of an opti-
cally trapped cloud under the effect of free evaporation. Ex-
perimentally, we load atoms in a compressed MOT; we then

FIG. 2. �Color online� Beam configuration of the dipole trap and
the probe.
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turn off the cooling laser and load the atoms into the dipole
trap �19�. We then wait for a given time and image in situ the
trapped cloud at various detunings.

Figure 4 shows the observed atomic potential-energy dis-
tribution after various evolution times, averaged over four
images per data point. At short evolution times ��50 ms�,

the measurement is blurred by the untrapped atoms falling
from the magneto-optical trap. After 50 ms, the atomic dis-
tribution extends far into the anharmonic region of the trap,
in particular into the two arms where atoms can escape. The
fact that we can observe atoms with a potential energy
greater than the trap depth is a signature of the nonergodicity
of the free-evaporation process: atoms have enough energy
to escape, but temporarily remain in the trapping region. Not
all the available regions of phase space are explored in the
time scale of the experiment �20�. The potential energy at the
bottom of the trap is Ep /kB=−115 �K. The nonzero signal at
deeper potential energy is due to the finite linewidth of the
imaging transition �12�.

As the thermalization proceeds, the number of atoms lo-
cated in regions of high potential energy diminishes faster
than the number of atoms at the bottom of the trap. This
process results in a lower mean potential energy of the re-
maining atoms. To characterize our results better, we fit our
data with the theoretically predicted atom number N��� at a
given probe detuning, in the case of Ntot classical atoms at
thermal equilibrium in a harmonic trap, taking into account
the finite linewidth of the imaging transition:

N��� =
4Ntot

	�



0

� u2e−u2
du

1 + 4�� + v − tu2�2 , �2�

where t=
kBT

�� �
�e

�g
−1�, v= U�r=0�

��

�e

�g
, and �=

−0

� �0 is the un-
shifted probe-transition frequency� are normalized tempera-
ture, minimal potential energy, and detunings, respectively.
The fit is unexpectedly good given the fact that the trap is
harmonic only close to the bottom. The fitted temperatures
are, to within 10% uncertainty, consistent with complemen-

FIG. 3. Absorption images taken 1 ms after switching on the optical-dipole trap, showing the equipotentials of the trap. By choosing the
probe laser detuning with respect to the free-space imaging transition ��a� −40 MHz, �b� −80 MHz, and �c� −100 MHz, corresponding to
potential energy in the ground state of −45, −91, and −115 �K	kB, respectively� we observe the distribution of equal laser-intensity
regions—i.e., equipotentials of the trap. The probe-laser propagation axis is inclined by 45° with respect to the crossed dipole trap plane.
Images in the insets of �b� and �c� show cuts along the horizontal axis.

FIG. 4. �Color online� Thermalization of the atomic cloud in the
trap �trap bottom is at Ep /kB=−115 �K; equipotentials are closed at
Ep /kB=−58 �K�. The number of detected atoms in the trap is mea-
sured as a function of potential energy after different evolution
times. The potential energy is taken to be zero in free space. Solid
curves are fits for a thermal gas taking into account the finite line-
width of the imaging transition �using Eq. �2��. Fitted temperatures
are 41, 27, 22, and 16 �K, consistent with time-of-flight measure-
ments. The inset shows the evolution of the fitted temperature of the
cloud as a function of time.
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tary measurements of the velocity distribution obtained by
the time-of-flight method.

The inset in Fig. 4 shows the evolution of the temperature
with the free-evaporation time. We first observe a rapid de-
crease of the temperature in 100 ms, which we attribute to a
simple loss of atoms with an energy larger than the trap
depth. It takes a few trap periods for the energetic atoms to
find their path to escape along one of the two trapping
beams. At longer times, we observe a slower decrease of the
temperature, consistent with collision-induced evaporation,
as we estimate the initial collision rate in our trap to be of the
order of 3 s−1. The lifetime in this experiment is limited to
2 s by background gas collisions, and we nevertheless mea-
sure an increase in phase-space density by a factor of 5 be-
tween the loaded cloud at 50 ms and the thermal, trapped
cloud at equilibrium after 1 s.

In conclusion, we have presented a method to directly
map the potential created on 87Rb by an erbium-doped fiber
laser at 1565 nm and to directly measure the atomic
potential-energy distribution. The energy resolution �7 �K
	kB� could be improved using a trapping wavelength closer
to the 1529-nm transition and an appropriate probe polariza-

tion �12�. This method is not specific to 87Rb and could be
generalized to other alkali-metal gases which have strong
transitions from the nP3/2 state to higher excited states in the
midinfrared �e.g., Cs at 1469 nm, K at 1252 nm� �21�.

The potential-energy resolution of this technique is inde-
pendent of the spatial resolution of the imaging setup. For a
rapidly spatially varying light field, this technique could
achieve subwavelength resolution. For example, in a three-
dimensional, cubic, optical lattice, the detuned probe laser
would be resonant with atoms situated in spherical shells
centered on each lattice site, the radii being related to the
probe-laser detuning. Light-shift tomography, allowing in
situ local probing, is likely to be useful in the context of both
quantum gas studies and quantum information processing us-
ing cold atoms.
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A. Villing. This research was supported by CNRS, CNES �as
part of the ICE project�, ANR �project “blanc” MélaBo-
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4.6.2 All-optical runaway evaporation to Bose-Einstein
condensation [7]
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J.-F. Clément, J.-P. Brantut, M. Robert-de-Saint-Vincent, R. A. Nyman,* A. Aspect, T. Bourdel, and P. Bouyer
Laboratoire Charles Fabry de l’Institut d’Optique, CNRS, Université Paris Sud, Campus Polytechnique,

RD128, 91127 Palaiseau, France
�Received 12 March 2009; published 19 June 2009�

We demonstrate runaway evaporative cooling directly with a tightly confining optical-dipole trap and
achieve fast production of condensates of 1.5�105 87Rb atoms. Our scheme uses a misaligned crossed-beam
far off-resonance optical-dipole trap �MACRO-FORT�. It is characterized by independent control of the trap
confinement and depth allowing forced all-optical evaporation in the runaway regime. Although our configu-
ration is particularly well suited to the case of 87Rb atoms in a 1565 nm optical trap, where an efficient initial
loading is possible, our scheme is general and will allow all-optical evaporative cooling at constant stiffness for
every optically trappable atomic or even molecular species.

DOI: 10.1103/PhysRevA.79.061406 PACS number�s�: 37.10.De, 05.30.Jp, 37.10.Gh, 32.60.�i

Far off-resonance optical-dipole traps �FORT� �1� are
used extensively in ultracold atom experiments. They allow
great versatility of the trapping potentials and therefore offer
the possibility to study numerous physical situations such as
double wells �2�, two-dimensional �2D� traps �3�, or artificial
crystals of light �4�. Moreover, they have the advantage over
magnetic traps that they leave the magnetic field as a degree
of freedom. As a consequence, they are crucial to the study
of Bose-Einstein condensates �BEC� with internal spin de-
grees of freedom �5� or formation of ultracold molecules by
means of magnetically tuned Feshbach resonances �6–8�.
Last and not least, for some atomic species, condensation in
a magnetic trap is not possible and all-optical trapping and
cooling is necessary. This is the case for cesium because of a
large inelastic collision rate �9� and also for magnetically
untrappable atoms such as ytterbium �10� or alkaline-earth
atoms.

All-optical cooling methods to achieve quantum degen-
eracy have been successfully implemented in ultracold atom
experiments, both for bosonic �11� and fermionic species
�12�. These methods have several advantages. The absence
of a magnetic trap permits a better optical access to the
trapped cloud and a better control of residual magnetic field
for precision measurements. The optical trap tight confine-
ment allows fast evaporation ramps and therefore cycling
time of only a few seconds. However, all-optical evaporative
cooling is severely hindered by the fact that the trap confine-
ment is reduced during forced evaporative cooling. This is
because the reduction of the trap depth is usually performed
by lowering the trap power �typically by several orders of
magnitude�, which consequently reduces the trap frequen-
cies, the collision rate, and therefore also the evaporation
efficiency. In early experiments, it was thus necessary to start
evaporative cooling with a large phase-space density and a
large collision rate �11�. Many elaborated strategies have
then been used to improve the conditions for evaporative
cooling in an optical trap: Raman sideband cooling in a
three-dimensional �3D� lattice to lower the temperature be-

fore the transfer into the optical trap �13�, a mobile lens to
change the optical trap waist dynamically �13,14�, or the use
of a second dipole trap to compress the cloud after some
evaporation �9�.

In this Rapid Communication, we present an all-optical
method allowing one to decouple the control of the trap
depth from the control of the trap confinement, in analogy to
the case of radio-frequency forced evaporation in a magnetic
trap. We are thus able to reach the runaway regime, where
the collision rate increases during the evaporation, a situation
which seems impossible to achieve in a single-beam optical
trap �15�. Recently, a similar result has been obtained in the
case of cesium atoms using an optical-dipole trap combined
with a magnetic-field gradient �16�. In contrast to this hybrid
scheme, our all-optical evaporation scheme does not rely on
an external magnetic field and therefore does not require any
specific magnetic properties. It is very general: it can be used
to cool a spin mixture, as shown in this Rapid Communica-
tion, but also nonparamagnetic atoms, atomic mixtures, or
even molecules.

Our misaligned crossed-beam far off-resonance dipole
trap �MACRO-FORT� is composed of two horizontal cross-
ing beams, a wide beam and a tightly confining beam, with
waists of 180 �m and 26 �m, respectively �Fig. 1�a��. The
tightly confining beam is offset by �80 �m from the center
of the wide beam as sketched in Fig. 1. It is responsible for
most of the trap confinement and the atoms are trapped at its
waist. On the contrary, the wide beam is used to control the
trap depth Utrap. It applies locally a force, which pulls the
atoms out of the confining beam. By varying its power we
can vary the trap depth and it acts as an effective evaporative
knife which removes the high energy atoms from the trap.
During the evaporation, we can thus control the trap depth
and confinement independently. This method allows us to
implement an efficient forced evaporation in the runaway
regime to Bose-Einstein condensation.

In addition, our optical trap geometry is well suited to an
efficient loading from the magneto-optical trap. This is done
in two steps. We first combine the wide optical beam with an
extremely far-detuned optical molasses. It takes advantage of
a position selective optical pumping due to the strong light
shifts induced by the wide trapping beam at 1565 nm �17�.
Second, the atoms are transferred into the tightly confining

*Present address: Center for Cold Matter, Imperial College, Lon-
don SW7 2BW, UK.
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beam creating the trap configuration used for the evapora-
tion.

The experimental sequence begins with a standard 3D-
magneto-optical trap �MOT� with �3�109 atoms, loaded
from a 2D-MOT in a few seconds, as described in �17�. The
detuning of the cooling beams is then increased to 120 MHz
for 60 ms, which leads to a compression of the cloud as the
repelling forces due to multiple scattering are reduced �18�.
At this point starts our dipole trap loading procedure. The
wide trapping beam at 1565 nm with a waist of 180 �m and
a power of 28 W is turned on. Simultaneously the magnetic-
field gradient is turned off and the cooling laser detuning is
increased to 200 MHz. This value is chosen such that the
cooling beam remains red detuned even in the presence of
the strong light shift induced by the trapping laser �Fig. 2�a��.
This corresponds to a very far-detuned optical molasses with
the dipole trap beam intersecting the atomic cloud in its cen-
ter. It lasts for 50 ms.

Our dipole trapping beam not only affects the cooling
transition but also detunes the repumping beam out of reso-
nance, as shown in Fig. 2�a�. The repumping efficiency de-
creases as the FORT laser intensity increases �Fig. 2�b�� and
the atoms are pumped to the F=1 hyperfine states. This re-
duces scattered photon reabsorption, a process which limits
the density of laser-cooled samples. We thus create an effec-
tive spatial dark MOT �19� induced by the trapping laser
itself �11,20�. The depumping effect is further enhanced by
reducing the repumping laser intensity by a factor �30 to
21 �W cm−2. In absorption imaging without repumping, we
find that 99% of the atoms remaining in the dipole trap are in
the 5S1/2 �F=1� hyperfine states. For the untrapped atoms
this number is only 97% showing that the dipole trapping
laser causes an additional reduction in the repumping rate.

The cooling and repumping beams are then switched off
and about 3�107 atoms remain in the wide trapping beam.
Their temperature is 20 �K and the phase-space density is
�2�10−5. Longitudinally they occupy a region of about 1
mm in size, but the trapping force in this direction is negli-

gible and the atoms can escape along the beam. In order to
create a trap in three dimensions, we add the tightly confin-
ing beam immediately after switching off the molasses. It
intersects the wide beam at an angle of 56°. We choose a
quite small waist of 26 �m and a power of 6 W �21� in order
to create a tight trap, whose frequencies are 124 Hz, 3.8 kHz,
and 3.8 kHz. After a waiting time of 100 ms, we end up with
3�106 atoms at 65 �K whereas the rest of the atoms are
lost. The phase-space density is 2.5�10−3. Adding the
tightly confining beam has thus allowed us to increase the
phase-space density by 2 orders of magnitude, with only a
factor of 10 reduction in atom number. We attribute this to an
efficient free-evaporative cooling.

This result is nonintuitive as the initial collision rate in the

FIG. 1. �Color online� �a� Scheme of our MACRO-FORT. The
confining beam crosses the wide beam at a distance of about
80 �m from its center. This configuration decouples the control of
the trap depth Utrap from the control of the trap confinement. �b�
Vertical potential energy cuts. The two curves correspond to the
same power of 0.15 W in the confining beam whereas the wide
beam powers are 8 W �light/blue curve 1� and 16 W �dark/red curve
2�. It shows that the trap depth is reduced by increasing the wide
beam power. The atoms, pulled upward from the confining beam
waist, are lost in the direction of the wide beam, perpendicular to
the figure, along which there is no confinement.

FIG. 2. �Color online� Loading scheme into the wide trapping
beam. �a� Light shifted levels of the 5S1/2 and 5P3/2 states of 87Rb
under the influence of the wide beam at a power of 28 W. At 1565
nm, the 5P3/2 excited state of the MOT cooling transition is 42.6
times more shifted than the 5S1/2 fundamental state �17�. For clarity
the hyperfine structure is not shown. During the very far-detuned
molasses phase, the cooling laser is 200 MHz detuned and therefore
remains to the red of the cycling transition even in the presence of
the trapping laser. The repumping light on the contrary is on reso-
nance in free space and is brought out of resonance by the dipole
laser light. �b� Repumping rate as a function of position. The re-
pumping is not efficient at the position of the dipole trap leading to
a depumping effect leaving the atom into the “dark” F=1 hyperfine
states.
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wide beam is a priori too low to prevent atoms which fall
into the tightly confining beam to escape from it. However, a
one-body calculation using our trapping potential showed
that these atoms follow nontrivial 3D trajectories and typi-
cally remain for a time much longer than the 100 ms waiting
time in the crossed-trap region where they accumulate. As a
consequence, the atomic density and the collision rate
quickly increase in the tightly confining trap. The atoms then
thermalize and cool down by evaporation. The final collision
rate is greater than 104 s−1 and the conditions are very fa-
vorable for efficient evaporative cooling.

We now proceed to the final forced evaporative cooling
stage. It takes advantage of our specific MACRO-FORT ge-
ometry, which permits independent control of trap stiffness
and depth. The collision rate and the phase-space density
during the evaporation are presented in Fig. 3. The time se-
quence is the result of an optimization of the number of
atoms obtained in the condensate. The evaporation can be
decomposed in two phases. In a first step �which lasts 1.4 s�,
we decrease the power of both beams. Evaporative cooling is
then accompanied with a reduction in the confinement, the
density, and the collision rate. Such a reduction is useful as it
avoids three-body losses �22�. In a second step �which lasts 2
s� we increase the power of the wide beam while the tightly

confining beam is approximately kept at a constant power.
As explained in the introduction, because of our original trap
geometry, this procedure yields forced evaporation at con-
stant confinement �Fig. 1�.

Runaway evaporation is experimentally observed as the
collision rate increases during this phase before it saturates
due to three-body losses �Fig. 3�b��. Our evaporation ramp,
which lasts 3 s, leads to 3�105 atoms at the critical tempera-
ture and to pure condensates of 1.5�105 atoms. However,
by simply reducing the duration of all ramps we were able to
achieve Bose-Einstein condensation in an evaporation as
short as 650 ms. Our condensates are spinor condensates
with relative abundance of 0.45, 0.35, and 0.2 in the mF=
−1, mF=0, and mF=1 magnetic states of the F=1 manifold.
In order to produce a BEC in a single state, a spin distillation
method �20� could be used.

We characterize the efficiency of our evaporation ramp
through the scaling parameter �=− d LnD

d LnN =2.8�5�, where D is
the phase-space density and N is the number of atoms. Given
our estimated truncation parameter �=11�2� �ratio of trap
depth to temperature�, the efficiency is lower than expected
according to the scaling laws �15�. The reduction can be
understood by including three-body losses in the analysis.
Using a similar treatment to �23,24�, the efficiency of the
evaporation is given by

� = �� − 4� − R�� − 2� . �1�

The term �−4 comes from the evaporation �15� while the
second term is due to losses; R is the ratio of three-body
losses to the total number of atoms removed from the trap
�25�. With �=11�2�, we recover our observed efficiency of
the evaporation with R�0.45. Such a number is compatible
with our calculated three-body loss rate of about 1 s−1 at the
end of the evaporation.

In conclusion, we have demonstrated an efficient and
simple all-optical route to Bose-Einstein condensation of
87Rb in a 1565 nm dipole trap �26�. A very far off-resonance
optical molasses, taking advantage of the strong light shifts,
is used to efficiently load the optical-dipole trap. Then we
apply a misaligned crossed-beam configuration �MACRO-
FORT�, which permits all-optical runaway evaporation. This
method can be straightforwardly generalized to numerous
situations such as the cooling of nonparamagnetic atoms,
spin mixtures, atomic mixtures, or molecules. The ability to
achieve high duty cycle without a magnetic trap opens the
perspective to use BECs in high precision measurement ap-
plications such as atomic clocks or accelerometers �27�.
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FIG. 3. �a� Optical power in the two trapping beams as a func-
tion of time during the evaporation. The solid �dashed� curve cor-
responds to the tightly confining �wide� beam. In the second part of
the evaporation the tightly confining beam power is roughly con-
stant whereas the power of the wide beam is increased to force the
evaporation. ��b� and �c�� Phase-space density and collision rate as
a function of time.
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Abstract – We have observed the interferometric suspension of a free-falling Bose-Einstein
condensate periodically submitted to multiple-order diffraction by a vertical 1D standing
wave. This scheme permits simultaneously the compensation of gravity and coherent split-
ting/recombination of the matter waves. It results in high-contrast interference in the number
of atoms detected at constant height. For long suspension times, multiple-wave interference is
revealed through a sharpening of the fringes. We characterize our atom interferometer and use it
to measure the acceleration of gravity.

editor’s  choice Copyright c© EPLA, 2010

Introduction. – Atoms in free fall are remark-
able test masses for measuring gravity, with a host of
applications from underground survey to tests of the
equivalence principle [1]. Because of the quantized char-
acter of atom-light interaction, the acceleration of free
falling atoms can be precisely measured with lasers, for
instance by comparing the velocity change of atoms by
absorption or emission of a single photon to the gravity
induced velocity change in a precisely determined time [2].
Furthermore, atom interferometry exploits the quantum
nature of matter waves [3–6]. In both cases, an accurate
measurement of gravity demands a long time of free
fall, but it is a priori limited by the size of the vacuum
chamber in which the measurement takes place [7–9]. It
is possible to overcome this limitation by bouncing many
times the atoms on an atomic mirror [10], realizing a
trampoline for atoms [11,12]. This scheme can be used to
fold the trajectories within a standard light-pulse atom
gravimeter [12].
Here we show how to operate a quantum trampoline

based on a periodically applied imperfect Bragg mirror,
which not only reflects upwards the falling atoms, but also,
in contrast to [12], acts as a beam splitter that separates
and recombines the atomic wave packets. This results in
multiple-wave [13–15] atom interference, evidenced by an
efficient suspension of the atoms even though successive

(a)E-mail: thomas.bourdel@institutoptique.fr

leaks at each imperfect reflection would classically lead
to a complete loss of the atoms (similarly to the theo-
retical proposal [16]). This suspension is obtained at a
precise tuning of the trampoline period, whose value
yields directly the local value of gravity g. Our scheme
can be generalized to other interferometer geometries,
such as in [17,18] replacing perfect Bragg reflections with
imperfect ones.
A classical trampoline for atoms can be experimentally

realized by periodically bouncing them with perfect Bragg
mirrors. These mirrors are based on atom diffraction by
a periodic optical potential [19], i.e. a vertical standing
wave of period λ/2, where λ is the laser wavelength. The
interaction between the atoms and the optical potential
leads to vertical velocity changes quantized in units of
2VR, where VR = h/λm is the one photon recoil velocity
of an atom of mass m (h is the Planck constant). For long
interaction pulses, the applied potential can be considered
as time independent, and the atom kinetic energy has to
be conserved. This requirement is fulfilled by changing the
vertical velocity component from −VR to +VR, and vice-
versa. We call this process a resonant velocity transfer.
Perfect Bragg reflection, yielding only resonant velocity
transfer, is obtained by choosing appropriate duration
and intensity of the pulse [12]. When a perfect Bragg
reflection is applied on atoms freely falling with a velocity
−VR, they bounce upward with a velocity +VR. After a
time T0 = 2VR/g (≈ 1.2ms for 87Rb), the reflected atoms

10002-p1



M. Robert-de-Saint-Vincent et al.

Fig. 1: (Colour on-line) Atom trajectories in the quantum tram-
poline. a) Atoms, diffracted by periodically applied imperfect
Bragg mirror, explore various paths which eventually recom-
bine. The probability of a trajectory is represented by the line
thickness. The thick line corresponds to a classical trampoline
associated with perfect Bragg reflections. The arrows mark the
loss channels at −3VR. b) An imperfect Bragg reflection: an
incoming matter wave with vertical velocity −VR is mainly
Bragg reflected to +VR (thick line). A small fraction is also
diffracted to higher velocities (+3VR and −3VR), and a smaller
one transmitted without deviation. c) Elementary interfero-
meter: from a zeroth-order trajectory (thick line), an atom can
be diffracted to +3VR, at point A in the example shown. It is
then Bragg reflected from +VR to −VR at point B1 one period
later, and finally recombines at point C with the zeroth-order
trajectory, thanks to diffraction from −3VR to +VR.

have again a velocity −VR because of the downwards
acceleration of gravity g. Repeating this sequence with
a period T0 allows to suspend the atoms at an almost
constant altitude (thick line in fig. 1). This is a classical
trampoline [11,12].
To operate the trampoline in the quantum regime, we

use imperfect Bragg reflections, associated with short laser
pulses, for which the kinetic energy conservation require-
ment is relaxed: Heisenberg time-energy relation permits
energy to change by about h/τ for a pulse of duration
τ . Choosing τ ≈ h/4mV 2R allows us to obtain additional
velocity changes from −VR to secondary diffracted compo-
nents with velocities ±3VR (fig. 1(b)), hereafter referred as
non-resonant velocity transfers. The matter wave packet is
thus split into various components that eventually recom-
bine, resulting in a situation where multiple-wave atomic
interference plays a dramatic role (fig. 1(a)). For our exper-
imental conditions (τ ≈ 35µs), transition from −VR to
+VR occurs with a probability of 0.93, while the ampli-
tudes ε of the components diffracted to ±3VR correspond
to a probability |ε|2 ≈ 0.03 (|ε| ≈ 0.17). The amplitudes
of higher velocity components are negligible, and the
probability to remain at −VR is 0.01. A similar situation
occurs for an atom with initial velocity +VR: transition
to −VR happens with probability 0.93 and to ±3VR with
probability |ε|2 ≈ 0.03.

Fig. 2: (Colour on-line) Outputs and losses in a 15-pulse
quantum trampoline. a), b) Absorption images taken 2ms after
the last pulse (O in fig. 1), in the case of destructive (a) and
constructive (b) interference in the suspended channel. The
pulse periods are T = 1.206ms and T = 1.198ms, respectively.
The image extends over 3mm vertically. The atoms suspended
against gravity lie in the circle at the top of the images.
The spots below correspond to loss channels and are strongly
suppressed in b) compared to a) due to the interference
blocking the loss channels. The two lowest spots correspond to
losses at points A and B of fig. 1(a), which cannot be suppressed
by interference.

We operate our quantum trampoline as follows. An all-
optically produced ultra-cold sample of 1.5× 105 87Rb
atoms in the F = 1 hyperfine level [20] is released from
the trap with a rms vertical velocity spread of 0.1VR for
the Bose-Einstein condensate and 0.6VR for the thermal
cloud. In this work, the condensate fraction is limited
to 0.2. After 600µs (≈ T0/2) of free fall, such that the
mean atomic velocity reaches −VR because of gravity,
we start to apply imperfect Bragg reflections with a
period T , close to the classical suspension period T0.
More precisely, a retroreflected circularly-polarized beam
of power 4mW and waist 2.7mm (35mW · cm−2), 6.3GHz
red-detuned with respect to the nearest available atomic
transition from F = 1 is then periodically applied for
a pulse duration τ ≈ 35µs. The successive diffraction
events result in several atomic trajectories that coherently
recombine in each output channel, as presented in fig. 1(a).
In this work, we were able to apply up to 30 imperfect
Bragg reflections corresponding to a total time of 36ms.
After N pulses, we wait for a 2ms time of flight

and detect the atoms through absorption imaging with
resonant light. We observe distinct wave packets (fig. 2).
The atoms situated in the circle at the top have been
suspended against gravity, while the distinct packets below
correspond to falling atoms. These atoms have acquired
a velocity −3VR after one of the laser pulses, and then
continue to fall, unaffected by the subsequent pulses. The
difference between fig. 2(a) and (b) shows that a small
change in the pulse period T results in a dramatic change
in the number of suspended atoms. When suspension is
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maximum (fig. 2(b)), the losses are strongly suppressed
except for the two lowest spots, which correspond to
atoms that have been lost at points A and B of fig. 1.
This behavior is due to quantum interferences between
the various trajectories as presented in fig. 1(a): for an
adequate pulse period T , the interferences are constructive
in the suspended trajectories and destructive in the falling
ones, except at points A and B where no interference
can happen. This blocking of the “leaking channels” is
analogous to the suppression of light transmission through
a multi-layer dielectric mirror.
Our quantum trampoline is a multiple-wave interfero-

meter, where the fraction of atoms in each output port is
equal to the square modulus of the sum of the amplitudes
associated with all trajectories that coherently recombine
at the end. We classify the contributing trajectories with
respect to the number of non-resonant velocity transfers.
The zeroth-order path is the one which is reflected from
−VR to +VR at each pulse (trajectory ABCD . . .O in
fig. 1(a) and fig. 1(c)). This is the path associated with
the largest output amplitude (of square modulus 0.93N ).
The first-order paths are the ones which are once deviated
upwards from the zeroth-order path, and recombine with
it after twice the period T (for example, the trajectories
AB1CD . . .O or ABC1D . . .O in fig. 1(a)). All these
paths have the same accumulated interferometric phase
that depends on the pulse period T . Their amplitude,
proportional to |ε|2, is small but the number of such
paths increases as the number of pulses N . Their total
contribution to the probability amplitude at O scales
as N |ε|2. Higher-order paths, with more than 2 non-
resonant transfers, are less probable individually, but their
number increases faster with the number of pulses. As a
consequence, they can have a major contribution to the
final probability amplitude. More precisely, multiple-wave
interference plays an important role when N |ε|2 becomes
of the order of 1.
Figure 3 shows the fraction of suspended atoms for

a 10-pulse quantum trampoline where the interference
between the zeroth- and first-order paths dominates since
N |ε|2 ≈ 0.3 is small compared to 1. When the pulse period
T is changed, we observe interference fringes with char-
acteristic spacing ∆T = 16.6(2)µs (for T ≈ T0). This is in
agreement with ∆T = λ/4gT as expected from the differ-
entiation of the elementary interferometer (fig. 1(c)) accu-
mulated phase1. We also observe an additional modulation
with a fringe spacing of ∆T ′ = 33µs, about twice ∆T . It
can be understood by considering the interferometers from
A to O1 and from A to O2, such as AB1C1D1 . . .O1 and
ABC1D1 . . .O1. The corresponding fringe spacing ∆T

′ =
λ/4|VR− gT | is equal to 2∆T for T = T0. The output ports
O1, O2 of these additional interferometers are 14µm above

1The calculation of the phase difference for the elementary
interferometer (fig. 1(c)) leads to ∆φ= φ0− 4πgT 2/λ, where φ0 is a
constant resulting from the sum of the phase shifts acquired during
the diffraction events. The trajectory AB1C . . .O experiences two
non-resonant transfers while ABC . . .O experiences none.

Fig. 3: (Colour on-line) Interference fringes for a 10-pulse quan-
tum trampoline. a) Fraction of suspended atom as a function
of the pulse period. The overall envelope is due to the velocity
selectivity [11] while the modulation is due to quantum inter-
ference. The solid line corresponds to our model as presented
in the text. b) Position of three consecutive fringe maxima
around the highest maximum, as a function of the pulse dura-
tion, showing the influence of the phase shift φ0 imprinted by
the diffraction pulses: Dots are experimental points, with error
bars reflecting the experimental uncertainties. Solid lines come
from the theoretical model using g= 9.809m · s−2.

or below O. In our absorption images, we do not distin-
guish the various ports and the observed signal is thus the
sum of the intensities of the two fringe patterns. In addi-
tion, the total interference pattern is included in a broad
envelop due to the mirror velocity selectivity as predicted
for a classical trampoline in [11] and first observed in [12].
We model our quantum trampoline in a semi-classical

approximation2. It makes use of complex amplitudes
calculated along the classical trajectories plotted in
fig. 1(a). During each free-fall, the accumulated phase
is given by the action along the trajectory and, for
each diffraction pulse, the matrix of transfer amplitudes
between the various inputs and outputs is calculated by
solving the Schrödinger equation in momentum space.

2Our semi-classical approximation can be justified by decompos-
ing the sample into Heisenberg limited wave packets with a momen-
tum spread ∆p and position spread ∆x such that i) (∆p/m)NT <
∆x, ii) ∆p/m� VR, and iii) ∆x< 14µm (NT is the total dura-
tion of the interferometer). In our case, these conditions are met
for ∆x≈ 10µm. During the free falls, according to condition i), the
expansion of a wave packet can be neglected and the exact ABCD
formalism [21,22] reduces to calculating its classical trajectory (posi-
tion and momentum) and the classical action along it. For the pulses,
condition ii) ensures that the momentum spread is sufficiently low so
that the diffraction amplitudes can be calculated as for plane waves.
Finally, condition iii) implies that wave packets ending at differ-
ent positions do not overlap. For the condensate part, the previous
description is also valid as the interactions ensure that the initial
spatial coherence is lost because the chemical potential µ≈ 1 kHz is
such that µNT/h� 1.
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Fig. 4: (Colour on-line) Multiple-wave quantum trampoline.
a) Suspended fraction as a function of the pulse period, for
10 (diamonds) and 20 (triangles) pulses. The contrast evolves
from 0.6 to almost 1 and the fringe width is significantly
reduced as highlighted by the vertical dashed lines at half-
maximum. Lines: calculated suspended fraction, with g=
9.809m · s−2 selected as fitting parameter. b) Fringe half-width
at half-maximum as a function of the number of pulses N . The
narrowing of the fringes with increasing N is an evidence of the
stronger contribution of higher-order paths to the interference
pattern.

At each output O of the interferometer, we sum the
amplitudes of all possible trajectories from the input
A to that output and take the square modulus to get
its probability. For comparison with our observations,
the fraction of suspended atoms is taken as the sum
of the probabilities at all outputs Oi. Finally, we take
into account the finite temperature of the initial atomic
sample by summing the results over the distribution of
initial velocities. This model reproduces accurately the
whole interference pattern of fig. 3(a).
When we increase the number of pulses so that

N |ε|2 ≈ 1, the contribution from higher-order paths is
not negligible and we enter a regime of multiple-wave
interference. Figure 4(a) shows a comparison of the
fringes for the cases of 10 and 20 consecutive pulses. After
20 pulses, we observe a clear deviation from a sinusoidal
pattern, the fringe width decreases and the contrast
increases to almost 1. As plotted in fig. 4(b), the fringe
half-width at half-maximum decreases from 4.1µs after 10
pulses, where N |ε|2 ≈ 0.3, to 2.1µs after 30 pulses, where
N |ε|2 ≈ 0.3. The relative contributions to the output
amplitude at O of zeroth-, first-, and second-order paths
increase from 1, 0.26, and 0.01, respectively in the case
of 10 pulses to 1, 0.9, 0.32 in the case of 30 pulses. The
finesse of our interferometer, i.e. the ratio of the full-width
at half-maximum of the resonances to the fringe spacing,
is 4 after 30 pulses. This increase of the finesse is an
evidence of the stronger contribution of the higher-order
paths when the number N of pulses increases, as expected
for a multiple-wave interferometer [13–15].

Our quantum trampoline is sensitive to gravity. From
the position of the broad envelop associated with the
classical trampoline, we can deduce g= 9.8(1). The same
value, with a similar accuracy can also be inferred from
the fringe spacing. However, a measure of the absolute
fringe position allows us to reach a better accuracy. For
this, we need to take into account an additional phase
φ0 (see footnote

1) resulting from the diffraction events,
which varies with the pulse duration (fig. 3(b)). We
calculate precisely this phase with our model, and use
it to fit the data on fig. 4(a) with g as the only fitting
parameter. We find g= 9.809(4)m · s−2, in agreement with
the known value of g in Palaiseau (9.8095m · s−2 from
WGS84). The uncertainty is dominated by standing-wave
power fluctuations which affect the complex diffraction
amplitudes and by our measurement noise. Our shot-
to-shot fluctuations correspond to ±0.01 in the fraction
of suspended atoms, leading to a signal to noise ratio
of ∼ 20 for 10 pulses and ∼ 10 for 20 pulses. For the
measurement of g, there is a tradeoff in the number
of bounces between the increase of the finesse and the
reduction of the signal to noise ratio. In our case, the
data at 10 pulses give a better precision than the data
at 20 pulses. There are several possibilities to improve our
setup. First, a higher number of bounces is achievable,
for example starting from a condensate in a trap with
weaker confinement, for which the velocity spread after
release is reduced [12]. Second, an adequate shaping of
the pulses temporal envelope [23] could favor well chosen
diffracted orders, and increase the number of contributing
trajectories, resulting into a higher finesse of the fringe
pattern. Third, using a standing wave with a smaller
wavelength or atoms with a reduced mass (such as helium
or lithium), the time between bounces would increase and
the precision on g could be improved by several orders of
magnitudes.

Conclusion. – We have presented a quantum trampo-
line and used it as a proof-of-principle gravimeter, where
atoms are held in a volume of few cubic micrometers.
Further investigations are needed to study the system-
atic effects and limitations of our interferometric scheme
and to compare it with other compact sensors [2,12,24].
Our scheme, where the atomic wave-function is repeat-
edly split and recombined, is likely to be weakly sensitive
to atom interaction or to laser phase-noise thanks to aver-
aging over many diffraction events. Beyond the prospect of
miniaturized gravito-inertial sensors, our setup has poten-
tial applications for measuring fundamental forces at small
distances [25,26]. It also opens perspectives for new types
of interferometers and new sensor geometries. Suspended
atoms could be used for atomic clock applications [16]
or to build additional interferometers in the horizontal
plane. The interrogation time would then not be limited
by the size of the experimental chamber. The realization
of a multidimensional interferometer measuring simulta-
neously the acceleration in three dimensions seems possi-
ble [27]. Our quantum trampoline differs dramatically
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from its classical analogue, where the random velocity
transfers would result in atom losses. It provides another
clear demonstration of the dichotomy between classical
and quantum dynamics [28–31].
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[2] Cladé P. et al., Europhys. Lett., 71 (2005) 730.
[3] Cronin A. D., Schmiedmayer J. and Pritchard D. E.,
Rev. Mod. Phys., 81 (2009) 1051.

[4] Berman P. R. (Editor), Atom Interferometry (Academic
Press City) 1997.

[5] Peters A., Chung K. Y. and Chu S., Metrologia, 38
(2001) 25.

[6] Snadden M. J., McGuirk J. M., Bouyer P., Haritos
K. G. and Kasevich M. A., Phys. Rev. Lett., 81 (1998)
971.

[7] Dimopoulos S., Graham P. W., Hogan J. M. and
Kasevich M. A., Phys. Rev. D, 78 (2008) 042003.

[8] Vogel A. et al., Appl. Phys. B, 84 (2006) 663.
[9] Stern G. et al., Eur. Phys. J. D, 53 (2009) 353.

[10] Aminoff C. G. et al., Phys. Rev. Lett., 71 (1993) 3083.
[11] Impens F., Bouyer P. and Bordé C. J., Appl. Phys. B,
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[16] Impens F. and Bordé C. J., Phys. Rev. A, 80 (2009)

031602(R).
[17] Rasel E. M., Oberthaler M. K., Batelaan H.,

Schmiedmayer J. and Zeilinger A., Phys. Rev. Lett.,
75 (1995) 2633.

[18] Gupta S., Dieckmann K., Hadzibabic Z. and
Pritchard D. E., Phys. Rev. Lett., 89 (2002) 140401.

[19] Kozuma M. et al., Phys. Rev. Lett., 82 (1999) 871.
[20] Clément J.-F. et al., Phys. Rev. A, 79 (2009) 061406(R).
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Chapitre 5

Désordre et cohérence dans les
gaz 2D

Ce chapitre est consacré à mon sujet actuel de recherche au sein labo-
ratoire Charles-Fabry de l’Institut d’Optique, c’est-à-dire les gaz d’atomes
froids en présence de désordre. Je me focalise plus particulièrement sur la
physique en dimension deux (2D). Je décris d’abord les effets du désordre
sur la physique à 1 particule. Cette physique est déjà très intéressante et on
voit apparaitre, outre la diffusion des particules par le désordre, des effets
d’interférences dont on attribue la découverte à P. Anderson [77]. C’est ce
qu’on appelle les effets de localisation de Anderson. Je présente cette physique
à 1 corps avant de m’attaquer à la physique à N-corps avec des interactions
entre particules. Le sujet de la compétition entre désordre et interactions est
un sujet complexe dont de nombreux aspects ne sont pas encore compris et
qui prouve son importance dans certains systèmes de matières condensées.
Je décris nos premiers pas pour tenter d’apporter notre contribution à la
compréhension de ces systèmes. Les possibilités de contrôles offertes par les
gaz ultra-froids peuvent apporter un plus par rapport à ce qui est possible
en matière condensée pour l’étude de l’influence du désordre. Enfin, je donne
des perspectives de recherches à court et moyen terme dans ce domaine des
gaz ultrafroids en présence de désordre.
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5.1 Physique à 1 particule : localisation de

Anderson

5.1.1 La physique de Anderson, contexte et résultats

Introduction à la physique de Anderson

En physique classique, une particule dans un milieu désordonné subit
des chocs sur les impuretés et dévie ainsi de sa trajectoire. On définit le
temps de Boltzmann τ comme étant le temps nécessaire pour que la particule
perde la mémoire de sa direction initiale. Pendant le temps τ , la particule
parcourt la longueur de Boltzmann lB. Le mouvement global de la particule
est un mouvement de diffusion où la distance parcourue par la particule
grandit comme la racine carrée du temps. En physique classique, les particules
peuvent aussi être piégées dans une région du potentiel désordonné. L’énergie
en dessous de laquelle toute les particules sont piégées s’appelle le seuil de
percolation.

En physique quantique, la situation est différente car l’effet tunnel et les
interférences modifient la physique de la propagation. De façon imagée, l’effet
des interférences est de favoriser les trajectoires qui bouclent sur elles-mêmes
(il faut sommer les amplitudes de probabilité et non les probabilités). Dans
certaines conditions, les particules ne se propagent plus et sont localisées
dans l’espace. C’est ce qu’on appelle la localisation de Anderson. Une autre
façon de considérer cette physique est d’étudier les états propres de l’équation
de Schrödinger. Ainsi, dans certains cas, ces états deviennent localisés dans
l’espace. La taille typique des états à énergie fixée s’appelle la longueur de
localisation ξloc.

Comme lors d’un processus de diffusion, la probabilité de revenir à son
point de départ est très différente suivant la dimension du système physique,
l’effet des interférences est plus important à basse dimension. Ainsi, à 1D et
2D, quelle que soit l’énergie de la particule, elle est localisée. Au contraire,
à 3D, il y a une énergie en deçà de laquelle les états sont localisés, c’est le
seuil de mobilité. Aux énergies supérieures au seuil de mobilité, les états sont
délocalisés et on observe une physique de diffusion. Cependant, cette diffusion
est ralentie par les effets d’interférence et le temps de Boltzmann est réduit
par rapport à ce qu’on peut estimer näıvement en considérant l’interaction
avec un défaut ponctuel. C’est ce qu’on appelle la localisation faible par
rapport à la localisation forte décrite précédemment. De part et d’autre de
la transition, τ tend vers 0 et ξloc tend vers l’infini. Le seuil de localisation à
3D n’est pas connu précisément mais intervient lorsque k le vecteur d’onde
de la particule devient de l’ordre de 1/lB. C’est la règle empirique de Ioffe
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[78].

En dimension 2, la longueur de localisation peut être estimée dans le
régime de faible désordre par [79, 80] :

ξloc ≈ lBeπklB/2 (5.1)

Comme cela correspond à une variation très rapide, si klB est grand devant 1,
la longueur de localisation est généralement trop grande pour avoir des effets
notables sur la diffusion dans un système de taille finie. Finalement, il faut
donc aussi être proche du critère de Ioffe pour avoir un effet de localisation.
De plus, comme lB est forcément toujours plus grand que σ, il faut donc aussi
kσ ≤ 1 (régime quantique) et aussi un désordre fort de telle sorte que lB ≈ σ.
La limite classique correspond à kσ � 1 (la longueur d’onde de DeBroglie
est alors petite devant σ) et c’est un régime où la physique de Anderson ne
joue pas de rôle en pratique. On peut noter que la transition de percolation,
valide dans le régime classique, est un phénomène physique différent de la
localisation de Anderson.

Réalisation expérimentale dans la physique des ondes

La physique de Anderson s’applique en général à des particules quan-
tiques qui sont décrites par l’équation de Schrödinger. C’est un phénomène à
un corps où les interactions ne jouent pas de rôle. Expérimentalement, dans
les systèmes électroniques de la matière condensée, les effets d’interférence
de Anderson sont très difficiles à observer à cause de l’importance des in-
teractions et des phénomènes de décohérence par exemple dus aux phonons.
De ce fait, la localisation forte n’a pas été observée dans ces systèmes et la
localisation faible provoque seulement un faible effet de magnétorésistance
négative notamment dans les films 2D [81, 82, 83, 84].

La physique de Anderson peut être observée avec n’importe quel type
d’ondes ; pas seulement des ondes de DeBroglie mais aussi des ondes clas-
siques. Dans le cas d’ondes classiques, il est plus facile d’assurer la condition
kσ ≤ 1, mais il faut quand même un désordre fort et donc des différentiels
d’indice important pour observer la localisation à 2D et 3D. A titre d’exemple,
avec des ondes lumineuses, ont été utilisés des poudres de semi-conducteurs
très diffusantes pour des expériences à 3D [85] et des cristaux phoniques à
1D et 2D [86]. Avec des micro-ondes, des cylindres diélectriques placés entre
deux plaques conductrices permettent l’observation de la localisation de An-
derson à 2D [87]. Enfin, des expériences récentes avec des ondes élastiques
se propageant dans un milieu constitué de sphères métalliques ont donné des
résultats très convaincants de localisation de Anderson à 3D [88].
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Expériences de localisation avec des atomes utrafroids

Tout d’abord, on peut se demander quel est l’intérêt de réaliser la locali-
sation dans des systèmes d’atomes froids alors que la théorie est relativement
bien comprise et que l’effet a déjà été observé dans d’autres systèmes. Une
première réponse est, qu’à la différence des exemples précédents, les atomes
sont des particules massiques, et qu’à ce titre ce sont des particules quan-
tiques au sens de DeBroglie. A mon avis, comme cela ne change pas la phy-
sique, cela n’est pas une réponse convaincante. Une autre réponse est qu’il
n’y a finalement que peu de systèmes physiques dans lesquels la localisation
de Anderson est clairement observable et que l’étude de la localisation de
Anderson dans un système contrôlé peut permettre une comparaison avec la
théorie plus détaillée. C’est en effet le cas notamment à 1D. A mon avis, en-
core plus important est le fait qu’on peut introduire des interactions de façon
controlée dans les gaz d’atomes ultra-foids et ainsi étudier les effets au-delà
du simple modèle à une particule dans des régimes où la physique n’est en-
core que partiellement comprise. Avant d’aborder ces problèmes en présence
d’interaction, il est intéressant de comprendre et caractériser la physique de
Anderson dans nos gaz ultra-froids.

Les expériences d’atomes froids avec du désordre ont commencé vers 2005
dans une géométrie 1D. Si initialement, les interactions entre atomes et un
désordre trop ”classique” n’ont pas permis l’observation de la localisation
de Anderson [89, 90], ce fut fait en 2008 après la diminution du rapport kσ
permettant d’atteindre le régime de désordre quantique. La localisation de
Anderson (ou plus précisément l’arrêt de la propagation) a été observée dans
un gaz de rubidium très dilué et en présence d’un désordre créé par une
figure de tavelure (speckle) dans le groupe d’A. Aspect [91]. Simultanément,
le groupe de M. Inguscio a présenté l’absence de diffusion dans un réseau
optique dichromatique pour du potassium 39 et en utilisant la résonance de
Feshbach pour annuler les interactions entre atomes [92].

Depuis cette première réalisation expérimentale, des progrès ont été faits
pour comprendre l’effet des interactions sur la localisation de Anderson à
1D. A l’Institut d’Optique, nous avons choisi d’étendre ce résultat en di-
mension supérieure. L’expérience 1D a été rénovée et convertie à 3D lors
du déménagement à Palaiseau. Cette expérience a permis l’observation de la
localisation de Anderson à 3D en 2011 [93]. Parallèlement, l’expérience de
condensation tout optique dont je m’occupe a été dédiée à l’étude des gaz
2D désordonnés. Se diriger vers la physique à 2D était un souhait de ma part
et faisait partie de mon projet au CNRS. Un point important de mon projet
consistait à avoir des interactions variables à 2D en utilisant du potassium,
nous avons choisi de différer ces études pour nous consacrer directement à
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l’étude du désordre qui faisait partie d’une des ouvertures possibles de mon
projet. C’était à mon avis un choix judicieux.

5.1.2 Notre contribution : caractérisation de la diffu-
sion classique à 2D

Vers la géométrie 2D

Pour aller vers la physique à 2D, il faut modifier la géométrie du piège de
telle sorte que l’énergie caractéristique du gaz (kBT pour un gaz thermique, µ
pour un condensat) soit faible devant l’énergie de confinement vertical ~ωz du
piège. Cela implique de réaliser un piège de forme aplatie. Pour cela, plusieurs
techniques expérimentales sont possibles. La plupart des expériences utilisent
des pièges optiques constitués d’un faisceau très elliptique ou d’un réseau op-
tique. Nous avons choisi d’utiliser un décalage vers le bleu pour éviter au
maximum un effet de confinement radial qui est évidemment néfaste pour
des expériences où l’on cherche à étudier la propagation du gaz. De plus, il
nous a semblé souhaitable de n’avoir qu’un seul plan 2D et non plusieurs car
cela permet de mieux contrôler le système. Nous avons donc opté pour la
technique développée initialement par C. Foot [94] et actuellement utilisée
notamment dans les expériences de J. Dalibard à 2D [95]. Elle consiste à uti-
liser un faisceau dans le mode TEM01 fortement focalisé dans une direction.
On crée ainsi deux nappes de lumière parallèles.

La longueur d’onde du laser pour le piège 2D est choisie à 767 nm car
nous avions déjà cette longueur d’onde disponible après des premiers essais
de refroidissement du potassium [96] . Plus précisément l’écart entre les deux
nappes de lumière est de 14µm alors que le waist radial est de 1 mm 1. Le
choix d’une si grande taille horizontale est dû au fait qu’on veut effectuer
une longue expansion dans le plan, pour observer la dynamique du gaz en
présence de désordre. Le confinement radial, relativement faible, est réalisé
par le piège optique initial ou par un piège additionnel dédié. Le piège final,
après évaporation, a des fréquences de piégeage typiques de 8×15×1500 Hz.

Dans la suite, je décris plus avant quelques détails et problèmes qui
peuvent survenir avec ce type de piège. Tout d’abord, même avec un piège
décalé vers le bleu , il y a un anti-piégeage résiduel. Il est dû, d’une part à
l’énergie quantique de point zéro du confinement vertical, et d’autre part à la
prise en compte de la gravité. Dans notre cas, cela donne un anti-confinement

1. Après expansion, le nuage a une très faible densité optique et il est alors préférable
d’utiliser une imagerie par fluorescence avec une camera amplifiée EMCCD. Nous avons
très bien caractérisé les caractéristiques de ce type de camera et les détails sont à retrouver
dans la thèse de T. Plisson
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de l’ordre du hertz qui ne pose pas vraiment de problème mais dont il
faut parfois tenir compte dans l’analyse. On pourra se référer à la thèse de
M. Robert-de-saint-Vincent pour plus de détails [71]. Expérimentalement, le
principal problème que nous avons observé après la réalisation expérimentale
est d’ordre plus technique. Nous avons remarqué que le potentiel de piégeage
présenterait une rugosité de l’ordre de quelques nanoKelvins à des échelles
de l’ordre de 10 à 100µm (défaut linéaire dans le sens de propagation du
faisceau). Nous avons mis ce problème en évidence en cherchant à réduire la
température du gaz pour aller vers le régime de la localisation. Après avoir
essayé de modifier et de comprendre ce problème, il semble que cela soit du
à la diffraction par des impuretés sur le hublot de l’expérience (à 4 cm des
atomes). On pourra se reporter à la thèse de B. Allard pour plus de détails
[97]. Plus récemment, nous avons pu nous affranchir de ce problème en pas-
sant par des hublots situés plus loin des atomes, ce qui réduit fortement l’effet
des ondes diffractées.

Diffusion à 2D dans le régime classique.

Notre première étude (voir article page 117) sur le désordre à 2D a
concerné la diffusion dans un régime classique (kσ � 1). Notre expérience a
consisté à lâcher un gaz d’atomes dans le désordre et à étudier l’expansion
du nuage en fonction du temps. Malgré le fait que notre gaz thermique a
une distribution large en énergie, nous avons pu tenir compte de cette convo-
lution dans l’analyse et ainsi mettre en évidence la dépendance rapide des
coefficients de diffusion en fonction de l’énergie. Nos résultats sont en accord
avec un modèle complètement classique de boules de billard diffusant dans
un potentiel désordonné [98]. Cette expérience est la première démonstration
expérimentale d’un phénomène de diffusion non dissipatif dans des gaz ultra-
froids. On connait ainsi le type de traitement nécessaire pour extraire de
l’information malgré la dispersion d’un nuage ultra-froid en énergie. De plus,
nos données montrent clairement qu’une distribution fortement piquée res-
semblant à une exponentielle n’est pas une signature de localisation à 2D
(comme c’était le cas à 1D avec un désordre faible). Notre technique consis-
tant à se focaliser sur la densité centrale a été ensuite reprise dans l’obser-
vation de la localisation à 3D dans l’équipe de V. Josse [93]. Au regard de
nos résultats, l’observation de la localisation de Anderson à 3D dans l’équipe
de B. De Marco [99] n’est pas très convaincante car les profils observés res-
semblent à nos résultats pour un nuage diffusif, alors qu’ils n’observent pas
de régime de diffusion même pour les atomes les plus énergétiques.
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Vers la localisation forte à 2D

A la suite de cette expérience sur la diffusion à 2D. Nous avons modifié
plusieurs points pour aller vers le régime de localisation forte et donc kσ ∼ 1.
Nous avons tout d’abord changé la longueur d’onde qui crée le speckle et donc
le désordre de 767 nm à 532 nm. Ce changement permet de réduire σ de 0.8µm
à 0.5µm (largeur à 1/

√
2 [100]) sans augmenter l’ouverture numérique et en

gardant les mêmes optiques. Ensuite, pour être dans le régime de Anderson,
il faut aussi réduire l’énergie des ondes de matières, c’est-à-dire réduire la
température du gaz. Le gaz devient alors dégénéré et nous avons observé la
transition BKT (voir partie suivante). On est alors limité par l’énergie d’in-
teraction entre particules, autrement dit par le potentiel chimique µ. A 2D,
par rapport au cas 3D, c’est plus difficile d’avoir un potentiel chimique petit
car le confinement est grand dans une dimension. Il faut fortement réduire
les fréquences de piégeage radial. En utilisant notamment un troisième fais-
ceau large pour le piège optique à 1565 nm, nous avons pu décomprimer le
piège jusqu’à des fréquences de l’ordre de quelques hertz. C’est ensuite dif-
ficile d’aller au-delà car la dynamique du gaz devient très lente. L’énergie
d’expansion la plus basse que nous avons pu obtenir est de l’ordre de 4 nK,
soit kσ de l’ordre de 1.

Nous avons pu observer des atomes bloqués dans le désordre sur plus
d’une seconde. Cependant, nous n’avons pas pu montrer de façon convain-
cante que cela correspond à un phénomène de localisation de Anderson. Ceci
est dû au fait qu’il est très difficile de distinguer entre de la diffusion très
lente ou un piégeage classique et la localisation forte. Dans l’expérience 3D,
cela a été fait au prix d’une étude très détaillée des profils après expansion.
En fait, dans notre expérience nous avons fait le choix scientifique d’aller,
dans un premier temps, vers l’étude des systèmes en interaction, plutôt que
de nous acharner à essayer de réaliser la localisation de Anderson à 2D. Les
raisons de ce choix sont les suivantes. D’une part, l’intérêt intrinsèque de
l’observation de la localisation à 2D est moindre que celui de la localisation
à 3D car il n’y a pas de réelle transition de phase et donc pas de régime
critique. Les questions théoriques dans le cas de la localisation à un corps
se posent plutôt dans le cas 3D. D’autre part, la physique à 2D en présence
d’interactions me semble particulièrement intéressante. La transition super-
fluide à 2D est une transition qui nécessite de façon cruciale les interactions
et la modification de cette physique par le désordre est une question à la
fois ouverte d’un point de vue théorique et très pertinente pour quelques
systèmes de matière condensée. Nos études dans ce domaine sont présentés
dans les parties suivantes.
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5.2 Gaz de Bose 2D en interaction : la tran-

sition BKT

5.2.1 Présentation

La dimensionnalité d’un système quantique, et notamment d’un gaz dilué
de bosons ultrafoids, a des conséquences importantes sur ses propriétés. A
3D, la transition de phase vers un état superfluide est très bien décrite par un
modèle sans interaction, ne tenant compte que de la statistique bosonique.
On peut clairement distinguer deux phases, une partie thermique dans les
états excités et le condensat de Bose-Einstein qui est décrit par l’équation de
Gross-Pitaevskii. Cependant, la physique à plus basse dimension (notamment
à 2D) est différente car les interactions entre atomes jouent un rôle crucial
[101]. Dans un gaz idéal et homogène à 2D, il n’y a pas de condensation
de Bose-Einstein. Dans un gaz idéal 2D piégé harmoniquement, il y a un
phénomène de condensation de Bose, mais cela arrive quand la densité au
centre du piège devient infini. On comprend alors pourquoi les interactions
doivent être prises en compte. Dans une approximation de champ moyen, il
n’y a pas de transition de phase. En réalité, il y a bien une transition de
phase superfluide dans un gaz de Bose 2D en interaction qui s’explique dans
le cadre théorique introduit par Berezinskii, Kosterlitz et Thouless [102, 103].
Je décris brièvement cette théorie dans la suite, on pourra trouver plus de
détails dans un article de revue [101] et dans les thèses de T. Plisson et B.
Allard [100, 97].

La théorie BKT au départ s’applique au modèle XY à 2D, c’est-à-dire à
un modèle de spin classique dans le plan avec une interaction entre proches
voisins. Dans ce système, le théorème de Mermin-Wagner-Hohenberg sti-
pule, qu’à température non nulle, aucun ordre à longue portée n’est possible
[104, 105]. En fait, on peut le comprendre en considérant les ondes de spin de
grandes longueurs d’onde (modes de Goldstone) qui prolifèrent à température
non nulle. Paradoxalement, l’absence d’ordre à longueur portée n’empêche
pas l’existence d’une transition de phase superfluide dans ce système. Au-
dessus de la transition de phase la fonction de corrélation g1 est exponen-
tiellement décroissante alors qu’au-dessous de la transition la fonction de
corrélation devient algébrique. Le mécanisme de cette transition de phase est
lié à des défauts topologiques appelés vortex, c’est à dire un point autour
duquel le spin tourne de 2π. A la transition les vortex thermiquement excités
s’apparient, ce qui donne lieu au changement de comportement de la fonction
g1.

La théorie BKT précédente s’applique approximativement dans les gaz
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dilués de bosons à basses températures car les interactions inhibent les fluc-
tuations de densité. L’opérateur champ pour les atomes décomposé en opérateur
densité et phase peut se réduire alors à l’opérateur phase et le hamiltonien
est alors :

H =
~2

2m

∫
(∇θ(r))2d2r (5.2)

Ce hamiltonien est la version continue du modèle XY où la phase θ corres-
pond à la direction du spin. On retrouve alors la même physique au niveau
de la transition de phase. Il est important de comprendre cependant que
cela reste une approximation car en pratique les fluctuations de densité ne
sont pas strictement gelées à la température de la transition [101]. Dans un
gaz de Bose, le passage de la transition de phase s’accompagne d’un saut
vers une fraction superfluide non nulle. Ce comportement universel a été mis
en évidence dans les films d’hélium [106]. Le modèle XY, le gaz de Bose
2D en interaction et même la transition supraconductrice dans les systèmes
d’électrons 2D appartiennent à la même classe d’universalité pour la transi-
tion BKT.

La théorie BKT ne permet pas de connâıtre précisément la température
ou la densité critique nc à la transition dans un gaz de Bose. Pour cela il
faut recourir à des simulations Monte-Carlo. Dans le cas d’un gaz homogène
[107], on trouve

ncλ
2
dB = log(

380.3

g̃
), (5.3)

où g̃ =
√

8πa/az (avec az =
√
~/mωz) est le paramètre sans dimension

décrivant la force des interactions. Typiquement, dans les expériences avec
des atomes ultrafroids, g̃ vaut entre 0.01 et 0.2, ce qui donne ncλ

2
dB ≈ 8. Dans

le cas expérimental d’un piège harmonique, il faut faire une approximation
de densité locale pour trouver le moment où la densité critique est atteinte au
centre du piège. Il n’y a pas de formule simple pour trouver la transition de
phase. On peut aussi noter qu’il y a alors des effets de tailles finies importants
(beaucoup plus qu’à 3D) et que la transition de phase dans un piège est plutôt
une transition molle [101].

5.2.2 Quelques expériences marquantes dans le domaine
des atomes froids

L’étude des gaz ultrafroids dilués à 2D a commencé au alentour de 2003.
La transition BKT a été mise en évidence en 2005 dans l’équipe de J. Dalibard
à l’ENS [95]. Plus précisément, l’analyse des interférences entre deux nuages
a permis de mettre en évidence le changement de régime dans la décroissance
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de la fonction g1. De plus, la prolifération de vortex libres au-dessus de la
température critique a été observée.

D’autres études ont suivi, en particulier sur la densité in− situ. La sup-
pression des fluctuations de densité avant la transition de phase a été observée
[108]. L’invariance d’échelle due à l’absence de dimension du paramètre d’in-
teraction g̃ a été démontrée [109], et l’équation d’état mesurée [110]. En
faisant varier la valeur de g̃, l’universalité à la transition de phase peut être
mise en évidence [109]. Ces études ne s’intéressent pas directement aux si-
gnatures de la transition de phase. D’ailleurs, rien de spectaculaire ne change
sur la densité in − situ quand on passe la transition superfluide car le gaz
est dominé par les interactions, et le profil de densité est donné par un pro-
fil Thomas-Fermi au centre du piège. Les ailes de la distribution peuvent
être ajustées par une théorie de champ moyen ce qui permet de déterminer
précisément la température et le potentiel chimique [111]. In − situ, à la
différence de ce qui se passe à 3D, on ne peut pas distinguer directement la
fraction superfluide ou condensée. On distingue seulement la région ”quasi-
condensée” caractérisée par un profil Thomas-Fermi et des fluctuations de
densité réduite, qui apparâıt avant la transition de phase BKT.

Pour avoir une signature claire de la transition de phase superfluide, il
faut s’intéresser soit aux propriétés de cohérence, soit aux propriétés de trans-
port qui sont les seules à vraiment changer à la transition. La superfluidité
d’un gaz de Bose 2D a récemment été observée directement [112]. C’est ce-
pendant une méthode assez lourde et il est probablement difficile d’en faire
une analyse quantitative. La cohérence peut être étudiée soit par interférence
[95, 113], soit en en étudiant la distribution d’impulsion du gaz qui est lié à la
transformée de Fourier de la fonction g1. Cette solution a été mise en oeuvre
dans le groupe d’E. Cornell mais dans une configuration pas vraiment 2D
(kBT ≈ 2~ωz), et de façon peu détaillée car ce n’était pas le sujet principal
de la publication [108].

5.2.3 Etude de la distribution en impulsion autour de
la transition BKT pour un gaz piégé

Notre étude (voir l’article page 122) a consisté en l’analyse de la distri-
bution en impulsion n(k) d’un gaz 2D de façon beaucoup plus précise que
cela n’avait été fait auparavant. Pour cela, nous avons simplement réalisé
un temps de vol 3D à partir de notre gaz piégé. L’énergie d’interaction est
relâchée dans la direction de fort confinement, et l’expansion du gaz dans la
direction radiale reflète directement la distribution en k du nuage initial. Ha-
bituellement, (on peut le calculer exactement pour un gaz sans interaction),
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il faut attendre un temps grand devant 1/ωr où ωr est la fréquence radiale
du piège pour que la distribution après expansion corresponde directement
à celle en impulsion. Expérimentalement, nous utilisons un temps de 83 ms,
ce qui correspond à ωrt ≈ 6. Cependant, il faut noter qu’à cause des inter-
actions le gaz initial est plus gros qu’un gaz sans interaction et que proche
de la transition la longueur de cohérence diverge, notre temps de vol limite
alors la résolution en impulsion. Notre résolution est de plus limité par notre
résolution d’imagerie. Expérimentalement, nous mesurons une résolution de
0.3µm−1 (pour des gaz largement sous la transition), due à la combinaison
des deux effets.

Les résultats principaux de l’article sont la première caractérisation précise
de la distribution en impulsion d’un gaz à 2D. Nous avons étendu une théorie
quasi-classique de champ moyen développer pour la densité in − situ [111]
pour l’étude des profils en impulsion. Cela nous permet d’ajuster les ailes
des profils observés et ainsi d’extraire la température. Une comparaison di-
recte avec des simulations Monte-Carlo permet de montrer un bon accord
et de vérifier que nous comprenons bien notre système expérimental. Une
observation particulièrement intéressante est le fait que la cohérence com-
mence à grandir largement avant la transition de phase. C’est un résultat
attendu d’un point de vue théorique car la divergence exponentielle de la
longueur de cohérence à la transition donne lieu à une région critique large
[101]. Ce point n’avait pas été mis en évidence dans le groupe d’E. Cornell
[108], probablement à cause d’un caractère 2D moins marqué.

Enfin, nous étudions à la fois la largueur de la distribution reliée à la
longueur de cohérence moyenne ou le pic n(k = 0) relié à la fraction du nuage
d’impulsion inférieure à notre résolution de 0.3µm−1. Ces deux quantités
nous permettent de quantifier le degré de cohérence de nos gaz. En particulier,
la valeur n(k = 0) a l’avantage de pas saturer dans la phase superfluide et
sera utilisée pour nos études sur les gaz 2D en présence de désordre.

5.3 Superfluidité et désordre

5.3.1 Un problème important en matière condensée

Le désordre est un paramètre qui influence grandement les propriétés des
systèmes de matière condensée. Par exemple, les propriétés de conduction
sont affectées par le désordre. Un des ingrédients importants est la localisation
de Anderson, mais il est aussi très important de comprendre comment les
interactions agissent sur un système désordonné [114]. La compétition entre
désordre et interaction donne lieu à des transitions de phase métal-isolant
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[115, 116]. Le concept de localisation de Anderson à N-corps (”Many body
Anderson localization ”) a été introduit pour expliquer ce type de physique
par Basko, Aleiner et Altshuler [117]. On peut le comprendre comme étant
la localisation de Anderson des fonctions d’onde à N-corps dans la base des
états de Fock.

Des transition de phases directes entre une phase isolante et une phase
supraconductrice sont aussi observées [118]. Les films métalliques minces
montrent une transition de phase supraconducteur-isolant à basse température
en fonction de leur épaisseur et donc de l’importance du désordre [119, 120].
Cette physique, liée à la compétition entre désordre et superfluidité, est aussi
à l’oeuvre dans les supraconducteurs à haute température critique qui ont
une structure bidimensionnelle et dans lesquels le dopage introduit natu-
rellement du désordre [121]. La supraconductivité peut alors prendre une
structure granulaire sur des échelles mésoscopiques [122]. On peut imaginer
deux mécanismes pour une transition de phase supraconducteur-isolant : soit
les paires de Cooper sont détruites par le désordre, soit les paires de Cooper
survivent mais on a une transition de phase superfluide-isolant pour des bo-
sons en présence de désordre [123]. Ce deuxième scénario a poussé Fisher
et al. à s’intéresser au problème de bosons désordonnés (”dirty boson pro-
blem”) [124]. Cette étude sur réseau montre l’existence, outre des phases
superfluide et isolant de Mott, d’une phase isolante, compressible et sans
gap : le verre de Bose. Des études expérimentales récentes semblent confir-
mer la nature bosonique de la transition de phase dans les supraconducteurs
à hautes températures critiques [125]. Enfin, les condensats de polaritons-
excitons dans les cavités semi-conductrices sont des systèmes bosoniques où
le désordre joue aussi un rôle important [126].

5.3.2 Résultats sur l’effet des interactions dans les gaz
désordonnés

Dans ce contexte où la physique n’est que partiellement comprise, les gaz
ultra-froids peuvent apporter un angle de vue nouveau. Dès 2003, plusieurs
publications ont proposé d’utiliser des gaz d’atomes ultra-froids pour réaliser
et ainsi étudier le modèle de Bose-Hubbard désordonné [127, 128] introduit
par Fisher et al. [124]. Cela a été réalisé à 1D dans l’équipe de M. Inguscio
en 2007 [129, 130]. Le désordre est alors introduit par un deuxième réseau de
longueur d’onde incommensurable. Plus récemment, un gaz de bosons dans
un réseau 3D désordonné a été obtenu dans l’équipe de B. DeMarco [131, 132].
En utilisant un réseau dépendant du spin, du désordre créé par des impuretés
atomiques piégées a pu être étudié dans le groupe de D. Schneble [133, 134].
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Tous ces travaux sur réseaux s’intéressent au passage entre la phase isolant
de Mott et la phase superfluide en passant par la phase de verre de Bose.

Parallèlement, à partir d’états localisés, la subdiffusion due à l’ajout des
interactions dans un gaz 1D (et qui donc serait localisé en l’absence d’inter-
action) a été observée [135]. Ce type d’expérience recherche le comportement
aux temps longs d’un gaz en expansion en présence de désordre et de non-
linéarité. Il n’est pas évident de savoir si le gaz va alors finir par localiser ou
si il va toujours s’étendre à l’infini de façon subdiffusive [136, 137, 138].

Nos expériences avec des gaz piégés en interaction et du désordre continu
diffèrent assez fortement des études ci-dessus et j’explicite plus avant notre
problématique dans la partie suivante.

5.3.3 Bosons désordonnés dans les systèmes continus,
résultats théoriques

Dans cette partie, je fais une revue bibliographique des résultats sur les
systèmes de bosons en présence de désordre continu à 2D et 3D. J’essaie en
particulier de faire émerger la physique à l’oeuvre dans ces systèmes ainsi
que les questions ouvertes. J’omets volontairement de discuter la physique à
1D en présence de désordre et d’interaction, qui est très différente de celle
en dimension supérieure [139]. Dans le cas de systèmes continus, c’est-à-dire
en l’absence de réseau, on évite les complications liées à l’existence d’une
transition de Mott en l’absence de désordre.

Diagramme de phase

La forme du diagramme de phase pour les gaz 2D et 3D en présence de
désordre a été schématisée récemment dans un article théorique de I. Alei-
ner, B. Altshuler et G. Shlyapnikov [140]. Ils donnent en particulier des argu-
ments pour expliquer qu’il existe trois phases (isolante, normale, superfluide)
qui se rejoignent à température nulle (voir fig. 5.1). On a donc la forme du
diagramme de phase, mais sans connâıtre les frontières entre les différentes
phases de façon précise. Par exemple, la valeur du désordre critique ou la
dépendance de la température critique de superfluidité avec le désordre ne
sont pas précisément connues.

Traitement perturbatif du désordre à partir de la phase superfluide

A 3D, pour un désordre faible et des interactions de contacts, on peut
traiter le système de façon perturbative à partir de l’état à température nulle
et sans désordre en utilisant la théorie de Bogoliubov [141, 142, 143, 144, 145,
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Figure 5.1 – Diagramme de phase d’un gaz de Bose désordonné. Cette figure
est extraite de [140]. A 2D, la transition entre la phase isolant et normale est
véritablement une transition de phase alors qu’à 3D, c’est un crossover.

146, 147, 148]. Ces travaux indiquent que la fraction superfluide ainsi que la
fraction condensée sont diminuées par le désordre. Ils ne traitent pas de façon
précise de la transition de phase quantique qui nécessite un désordre fort. Des
simulations Monte-Carlo [149, 150] corroborent les résultats analytiques, et
indiquent la possibilité d’avoir une fraction superfluide plus petite que la
fraction condensée [147]. Ces travaux à 3D modélisent de l’hélium dans une
matrice poreuse [151].

Transition de phase superfluide isolant à température nulle.

A température nulle, il a été montré que le gaz peut être fragmenté et
donc non superfluide [152, 153]. Plus précisément, l’image de la transition
de phase quantique est la suivante. A basse densité, les bosons occupent les
états quantiques de basses énergies dans le désordre. Ce sont les états de
Lifshitz. Ces états sont spatialement isolés les uns des autres. Si très peu
d’états sont occupés (suivant la taille du système) , on peut avoir un régime
non ergodique où le résultat dépend de la réalisation du désordre. Au fur et
à mesure qu’on augmente le nombre de particules (ou le potentiel chimique),
de plus en plus d’ilots superfluides se forment et grossissent. C’est un régime
de condensat fragmenté qu’on peut associer à une phase de verre de Bose
car c’est un isolant compressible et sans gap. Enfin, l’effet tunnel entre les
ilots fin̂ıt par être suffisant pour que leur phase soient liée, on a alors un
état superfluide. Le lien entre le potentiel chimique critique, et le seuil de
mobilité de Anderson n’est pas évident [154]. En particulier, les interactions
entre atomes sont cruciales pour comprendre la transition de phase quantique
superfluide-isolant alors qu’elles n’interviennent pas pour la localisation de
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Anderson.

Importance des corrélations du désordre

Les études présentées précédemment pointent aussi vers l’importance des
corrélations pour le désordre. On peut étudier les cas limites où l’énergie de
corrélation du désordre Eσ = ~2/mσ2 est très inférieure ou très supérieure
aux autres énergies caractéristiques du problème, c’est-à-dire l’amplitude du
désordre V et le potentiel chimique µ. Dans le premier cas, le désordre est
classique ; il y de nombreux niveaux quantiques dans chaque grain de désordre
et on peut utiliser l’approximation de densité locale. La transition de phase
peut se comprendre comme la percolation classique d’ilots superfluide. Le po-
tentiel chimique critique correspond au seuil de percolation classique. Dans
le cas contraire où la corrélation du désordre σ est très faible, on peut rem-
placer le désordre par un potentiel δ corrélé tout en conservant la même
physique. Par analyse dimensionnelle, la fonction de corrélation du potentiel
en delta prend l’amplitude V 2σd, où d est la dimension. La seule énergie
caractéristique du désordre est alors V 2/Eσ à 2D et V 4/E3

σ à 3D. Naturelle-
ment, ces énergies donnent l’ordre de grandeur du potentiel chimique critique
dans ce régime.

Les résultats précédents trouvés par analyse dimensionnelle, peuvent se
retrouver par d’autres approches. Ainsi, on peut se baser sur l’équation de
Gross-Pitaevski et ajouter le désordre en perturbation. Le désordre alors est
moyenné ou non suivant la valeur de σ par rapport à ξ [155]. On retrouve le
désordre critique pour lequel la densité devient fractionnée. Une autre façon
de retrouver le résultat utilise la façon dont les états de basses énergies (de
Lifshitz) grossissent quand les interactions augmentent et finissent par se
chevaucher [153]. Cette façon de traiter le problème donne le bon résultat
pour un désordre de statistique gaussienne. On peut cependant douter de la
généralité de la méthode car on ne retrouve pas le résultat lorsqu’on l’applique
à un désordre de speckle qui a des états de Lifshitz très particuliers [152, 154].

Influence du désordre sur la température critique de superfluidité

L’influence du désordre sur Tc est aussi une inconnue dans le diagramme
de phase. Il y a assez peu de résultats sur ce problème. Récemment, une
étude Monte-Carlo à 3D avec un désordre de type speckle a été mise en oeuvre
[156]. Le résultat est que pour un désordre quantique, la température critique
a tendance à diminuer ce qui correspond à l’intuition. L’effet est cependant
assez faible et il faut mettre un désordre bien supérieur à la température
critique pour avoir un effet notable. Dans le régime classique, au contraire,
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la température critique augmente avec le désordre. En fait, cet effet peut se
comprendre car le désordre à pour effet de comprimer le gaz et d’augmenter
ainsi la densité dans certaines zones. C’est un effet sur la densité d’état du
gaz thermique [157] comparable à un effet de type dimple [158]. Le seuil de
percolation classique est très faible à 3D [156] et ne joue essentiellement pas
de rôle ici.

A deux dimensions on peut s’attendre à des résultats différents car les
effets du désordre sont plus grands : non seulement les effets à 1 corps de type
Anderson, mais aussi les effets de piégeage classique. De plus, la transition
de phase à 2D de type Kosterlitz-Thouless requiert de prendre en compte
les interactions au-delà du champ moyen. Quel est alors l’effet du désordre
et par quel mécanisme le désordre aĝıt-il sur la transition de phase sont
des questions ouvertes. On peut s’attendre à ce que l’effet du désordre soit
différent suivant sa longueur de corrélations. Dans la limite d’un désordre avec
une longueur de corrélation très grande devant la longueur de cicatrisation
ξ et la longueur d’onde de de Broglie thermique λdB, on aura une physique
de type percolation des ilots superfluides. Dans ce cas, la physique sous-
jacente reste celle de la transition de phase BKT et le désordre peut être
considéré dans une approximation de densité locale. Dans le cas contraire
pour σ ≤ ξ, λdB, la physique va être modifiée au niveau microscopique. Ce
régime est essentiellement inconnu et c’est justement ce qui nous pousse à
l’étudier dans notre expérience. On peut noter qu’il n’est pas nécessaire
d’aller vers le régime σ � ξ, λdB car on aurait alors simplement un effet
de moyennage du désordre sur une taille de ξ ouλdB, où la physique de la
transition de phase se passe.

5.3.4 Mesure expérimentale de l’effet du désordre sur
la transition BKT

Expérimentalement, nous avons étudié l’effet d’un désordre de speckle
corrélé à une échelle microscopique (σ = 0.5µm, ξ = 0.8µm, λdB = 0.7µm)
autour de la transition BKT. Notre technique expérimentale consiste à ajou-
ter le désordre de façon réversible après avoir préparé un gaz 2D autour de
la transition BKT avec un degré de dégénérescence bien contrôlé. Nos études
précédentes sur les gaz 2D piégés harmoniquement nous permettent d’ex-
traire de façon précise la température T , le nombres d’atomes N , et donc
le degré de dégénérescence du gaz. Au contraire, en présence de désordre,
nous n’avons pas de théorie exacte pour déterminer les caractéristiques du
gaz. Nous basons alors notre étude sur la conservation de l’entropie lorsqu’on
ajoute le désordre. Nous choisissons d’étudier plus particulièrement le pic au-
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tour de k = 0 dans la distribution d’impulsion. Cela a l’avantage d’être une
mesure bien définie et ne dépendant pas d’un modèle. Nous observons un
léger décalage en entropie de l’apparition de la cohérence pour un désordre
de 0.4Tc. Pour un désordre plus fort de l’ordre de la température, nous obser-
vons une forte réduction du pic à k = 0 même aux entropies les plus faibles
de nos données. Il n’y a alors plus de véritable augmentation soudaine de la
cohérence. Nos mesures sont quantitatives mais nous n’avons pas de théorie
quantitative à laquelle comparer nos données. Une question qui reste ouverte
est celle de la relation entre l’augmentation soudaine du pic de cohérence en
k = 0 et la transition de phase superfluide. Il semble logique de les associer
mais nous n’en avons pas une preuve explicite.

Pour notre désordre fort de l’ordre de la température, il est possible que
même à température nulle, le gaz ne soit pas superfluide mais reste isolant. On
a plusieurs méthodes possibles pour estimer le point de la transition de phase
quantique et ainsi faire des comparaisons avec nos mesures expérimentales.
On peut utiliser des résultats sur réseaux [159] en remplaçant la maille du
réseau par une valeur réaliste

√
σxσy = 0.7µm. On trouve alors Vc = 50nK

(voir le détail de ce calcul dans la footnote de l’article [11]). On peut aussi uti-
liser le résultat µ ∼ V 2/Eσ pour un désordre quantique en supposant que la
densité est celle du gaz piégé dans le régime de Thomas-Fermi à température
nulle pour 4 × 104 atomes 2. On trouve alors, pour Eσ = ~2

mσxσy
= 11 nK,

un désordre critique de 15 nK à un facteur numérique près. Dans l’approxi-
mation de densité locale valable pour un désordre classique, on peut faire le
calcul du désordre critique pour un gaz avec un profil Thomas-Fermi dans
le désordre et un potentiel chimique égal au seuil de percolation classique.
On pourra se reporter à la publication reproduite page 133. On trouve alors
Vc = 90nK. Ces valeurs de désordres critiques donnent seulement un ordre
de grandeur du désordre nécessaire pour vraiment affecter la transition de
phase. Elles se comparent bien avec nos valeurs expérimentales, mais nous
manquons d’une théorie précise dans notre régime.

Dans notre article, nous avons aussi essayé d’estimer l’effet du désordre
à température constante, il faut alors estimer la température en présence
de désordre. En l’absence de théorie exacte, nous avons utilisé notre théorie
sans désordre sur les ailes de la distribution d’impulsion, ce qui nous permet
d’estimer le chauffage lors de l’allumage du désordre. Expérimentalement,
nous n’observons pas vraiment de décalage de l’apparition de la cohérence
en fonction de la température pour un désordre de 0.4Tc. Depuis la parution
de l’article, nous avons testé cette méthode d’ajustement de la température
sur des résultats Monte-Carlo avec désordre, et il semble que notre méthode

2. A 2D, on a N = πµ2

g̃(~ω̄)2 .
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sous-estime la température de quelques nanokelvins [97]. A la lumière de
ces nouveaux éléments, nos conclusions restent cependant essentiellement
inchangées. Il faut un désordre de l’ordre de la température pour changer no-
tablement la température d’apparition de la cohérence et donc aussi proba-
blement la température de la transition dans nos conditions expérimentales.

5.3.5 Théorie dans l’approximation de densité locale
pour un désordre corrélé à longue distance

Comme évoqué déjà plus haut, le problème de l’influence du désordre sur
la transition superfluide est un problème difficile. C’est en particulier le cas
quand le désordre est corrélé à l’échelle microscopique. Au contraire, dans le
cas d’un désordre corrélé à grande distance par rapport aux longueurs ca-
ractéristiques du gaz telles que la longueur de corrélation ξ et la longueur
de de Broglie λdB, on peut traiter le problème dans l’approximation de den-
sité locale, c’est-à-dire en supposant que localement le gaz à le comportement
du gaz homogène 3. Dans cette approximation, le gaz sera globalement super-
fluide si la partie superfluide percole dans le désordre traité de façon classique.
Nos conditions ne correspondent pas au domaine de validité de l’approxima-
tion de densité locale mais nous ne sommes pas non plus infiniment loin de
cette limite. Elle permet donc d’obtenir des ordres de grandeurs réalistes à
comparer aux expériences. Il serait évidemment intéressant de voir des effets
au-delà de cette approximation car c’est alors la signature d’effets nouveaux
dans le désordre.

Les calculs du diagramme de phase sont présentés dans l’article repro-
duit page 133. Dans l’approximation de densité locale, il y a deux effets du
désordre qui s’opposent : l’augmentation du seuil de percolation qui a ten-
dance à inhiber la superfluidité, et la diminution du volume disponible qui
a, au contraire, tendance à la favoriser. On peut quantitativement comparer
nos résultats expérimentaux à cette théorie approchée. La théorie prévoit un
décalage de la transition de 0.3 kB pour V = 0.4Tc alors que nous voyons
environ 0.2 kB. Pour un désordre d’amplitude ∼ Tc, le décalage de l’entropie
critique est très important de l’ordre de kB par particule. C’est en accord avec
nos observations expérimentales qui tendent à montrer que nous n’avons pas
passé la transition pour un tel désordre.

Dans l’approximation de champ moyen, on peut aussi à entropie constante,
évaluer le chauffage induit par le désordre pour nos conditions expérimentales.

3. Pour que l’approximation de densité locale soit strictement valide, il faut que le
potentiel varie peu à l’échelle de la longueur de cohérence qui peut, à 2D, être beaucoup
plus grande que λdB .
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Figure 5.2 – Augmentation de la température du gaz en fonction du désordre
dans l’approximation de densité locale. L’état initial correspond à un gaz à
la transition BKT pour nos paramètres expérimentaux.

On prend ici un gaz proche de la transition BKT en l’absence de désordre.
La figure 5.2 donne la température en fonction du désordre. On trouve un
chauffage de l’ordre de 5 nK pour V = 0.4Tc et de 15 nK pour V = Tc.
Nos mesures expérimentales nous donnaient plutôt une augmentation de
température plus faible (5 nK pour V = Tc) mais avec une fonction d’ajus-
tement approximative. Plus récemment, des comparaisons directes avec des
résultats Monte-Carlo, nous donnent plutôt un chauffage de l’ordre de 10 nK,
ce qui reste inférieur aux prédictions dans l’approximation de densité locale.
Il est légitime de penser que nous observons ici une déviation par rapport
à l’approximation de densité locale. Cela n’est pas vraiment étonnant, car,
pour σ de l’ordre de ξ et λdB, on peut s’attendre à un moyennage du désordre
et donc à des effets plus faibles.

5.4 Perspectives

Nos études concernant les gaz de Bose désordonnés sont relativement
pionnières et il reste beaucoup à faire pour mieux comprendre ce type de
système. Continuer dans cette voie dans les années à venir semble donc na-
turel. Dans la suite, je détaille quelques perspectives possibles, d’abord à
court terme avec des projets qui sont déjà plus ou moins avancés et puis je
propose d’autres idées pour poursuivre nos recherches.

111



5.4.1 Vers la localisation d’Anderson à 2D

Fin 2011, début 2012, après nos expériences sur les gaz 2D en interac-
tion, nous avons apporté plusieurs améliorations importantes au dispositif
expérimental pour aller vers l’observation de la localisation de Anderson 2D
dans un gaz en expansion. Un réseau optique pour le piégeage vertical a
été mis en place pour éviter les faibles rugosités présentes dans le piège 2D
initial. La fixation du montage speckle a été changé pour éviter des vibra-
tions qui induisent du chauffage. De plus, nous avons mis en oeuvre une
méthode de refroidissement supplémentaire qui consiste à rallumer le piège
harmonique après une première courte expansion [160]. Cette technique a
aussi été utilisée dans l’expérience de retrodiffusion cohérente dans l’équipe
de Vincent Josse [161]. Alors que nous étions sur le point de faire des mesures
précises pour détecter la localisation de Anderson, notre laser de puissance
consacré au piégeage a malheureusement rendu l’âme en Mars 2012 après
plusieurs années de fonctionnement sans soucis. La fibre laser a brulé, sans
cause évidente. La panne n’étant pas réparable, nous avons dû commander
un nouveau laser, ce qui impliquait un délai de 4 mois. De plus, notre laser
initial de 50 W n’est malheureusement plus commercialisé et nous devrons
nous contenter de 30 W à 1550 nm. Nous avons alors décidé de commencer
l’installation du refroidissement du potassium. L’observation claire de la lo-
calisation de Anderson à 2D figure donc encore dans notre programme de
recherche.

5.4.2 Controle des interactions, potassium

Le potassium est un alcalin avec trois isotopes stables de masses atomique
39, 40, et 41. Le 39K et le 41K sont des bosons et la condensation de Bose-
Einstein a été atteinte [162, 163]. Le 40K est un fermion avec lequel beaucoup
d’expériences sur la transition BEC-BCS ont été réalisées [164, 165]. Tous les
isotopes bénéficient de résonances de Feshbach, larges de quelques Gauss, à
des champs de l’ordre de quelques centaines de Gauss. Ils sont donc bien
adaptés pour faire varier la force des interaction entre atomes [166]. Dans le
cadre de nos recherches, nous avons choisi de refroidir le 39K qui est l’iso-
tope bosonique le plus abondant. Le contrôle des interactions est intéressant
à plusieurs titres pour nos recherches sur les gaz désordonnés. D’une part,
pour l’étude de la localisation de Anderson qui est un phénomène à 1 corps, il
est évidemment favorable de ne pas avoir d’interaction. En fait, cela permet
surtout d’éviter que les atomes gagnent une énergie d’interaction importante
lorsqu’on les relâche à partir du piège. Il est alors plus facile de réduire le
vecteur d’onde k des atomes. Ensuite, on pourra étudier comment l’ajout
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d’interactions répulsives ou même attractives modifient la physique de la lo-
calisation. On peut imaginer observer de la subdiffusion de façon analogue
à ce qui a été fait à 1D [135]. D’autre part, pour la physique de la transi-
tion BKT avec ou sans désordre, le rôle des interactions est déterminant. La
modification des interactions permet donc des études plus détaillées [109].

Expérimentalement, le refroidissement du 39K n’est pas une tâche simple
à cause d’un refroidissement laser difficile. Cela est dû à la faible différence en
énergie pour la structure hyperfine dans les niveaux excités. Il faut alors une
puissance équivalente pour les lasers principal et repompeur. De plus, le re-
froidissement subdoppler n’est que marginal et pour des conditions expérimentales
bien précises [167, 168]. Très récemment, l’équipe de F. Chevy et C. Salo-
mon a prouvé qu’un refroidissement sur le raie D1 était efficace sur le 40K
[169]. cela n’a pas encore été testé sur le 39K. Ces difficultés pour le refroi-
dissement expliquent pourquoi le potassium a toujours été placé pour une
première étape d’évaporation dans un piège magnétique qui bénéficie d’une
grande profondeur. De plus, le refroidissement sympathique par du rubidium
a souvent été utilisé et ce n’est que récemment que le potassium 39 a pu être
condensé sans l’aide d’un autre élément [170].

Dans notre système expérimental, nous avons déjà réalisé un piège magnéto-
optique de potassium 39 et sommes en train d’optimiser la phase de refroi-
dissement laser. Par la suite, nous allons chercher à refroidir le 39K jusqu’à
la condensation par une méthode tout optique telle que celle que nous avons
mis en oeuvre pour le rubidium. Cela n’a jamais été réalisé auparavant, et
cela reste un défi. Ce défi est intéressant à relever non seulement dans le
cadre de nos recherches, mais plus généralement car cela rendrait accessible
cette méthode à l’ensemble de la communauté des atomes ultra-froids, alors
que les expériences utilisant du potassium se développent et qu’un refroidis-
sement tout-optique tend à simplifier les dispositifs. La principale difficulté
technique est d’obtenir un chargement efficace du piège optique à partir du
piège magnéto-optique compte-tenu des mauvaises propriétés de refroidis-
sement laser. A cet égard, je pense qu’un piège à une longueur d’onde de
1550 nm est particulièrement favorable pour un chargement continu du 39K
à partir du piège magnétique. En effet, le décalage lumineux de l’état excité
est 5 fois plus grand et dans le même sens que l’état fondamental [59]. Cette
situation est due à la présence d’une raie atomique à 1178 nm vers un état D.
Compte-tenu de notre expérience sur le refroidissement du rubidium, un tel
rapport des décalages lumineux semble favorable car cela permet un effet de
dépompage important, sans pour autant devoir changer trop les fréquences
de refroidissement. Expérimentalement, le décalage lumineux de la transition
optique pour du lithium dans un piège CO2 est faible et malgré une struc-
ture hyperfine resserrée, le chargement du piège est efficace [171]. Enfin, le
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refroidissement évaporatif du 39K proche de la résonance de Feshbach a déjà
été réalisé et est aussi très efficace [170].

5.4.3 Etude détaillée de la transition superfluide

Nos études sur l’effet du désordre autour de la transition BKT pour un gaz
2D constituent un premier pas vers une exploration plus systématique de ce
système. Motivées par nos avancées expérimentales, des études Monte-Carlo
quantiques de notre système ont démarré. Dans l’équipe de Laurent Sanchez-
Palencia, le cas du gaz désordonné homogène est étudié alors que nous
continuons à avoir une collaboration avec M. Holzmann, S. Piatecki et W.
Krauth qui étudient le cas d’un cas piégé. Ces études sont complémentaires,
le cas homogène étant sans doute plus adapté à étudier le diagramme de
phase du système alors que le cas piégé est plus directement comparable aux
expériences. En particulier, on s’attend à un fort effet du piège car les effets
de taille finie sont grands à deux dimensions et les transitions de phase sont
plutôt des transitions molles. Nous pouvons par exemple directement com-
parer nos profils aux profils simulés pour connaitre la température de nos
nuages. On peut ainsi valider ou non nos méthodes d’ajustement en présence
de désordre alors qu’il n’existe pas de théorie exacte [97].

Expérimentalement, il est souhaitable d’étendre nos mesures au-delà de
la région proche de la transition BKT sans désordre dans le diagramme de
phase (voir Fig. 5.1). La transition de phase quantique à T = 0 reste par
exemple à étudier. On peut s’attendre à une signature de la transition dans
la distribution d’impulsion mais il serait aussi intéressant d’étendre nos pos-
sibilités avec des mesures complémentaires. On peut penser à une mesure di-
recte de la superfluidité comme ce qui a été fait dans l’équipe de J. Dalibard
[112], à la mesure de la dissipation ou de la fréquence de modes d’excitation
du gaz [172], à la mesure du profil de densité in − situ (ce qui nécessite le
développement d’un objectif de haute résolution [173, 174]), ou même à la
détection des vortex.

Enfin, il me semble intéressant de faire varier la longueur de corrélation
du désordre σ. On peut ainsi passer du régime où l’approximation de densité
locale est valide, au régime de désordre microscopique. On pourrait chercher
à mettre en évidence des déviations à la théorie utilisant l’approximation de
densité locale ou des lois d’échelles différentes dans chacun des deux régimes
[175].
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5.4.4 Etude de la phase verre de Bose

Jusqu’à maintenant, nous nous sommes focalisés sur la transition vers
la phase superfluide. D’après le diagramme de phase de la figure 5.1, à
température non nulle, il existe une autre transition de phase entre une
phase normale de conductivité finie et une phase isolante. Cette dernière
est associée à un verre de Bose, une phase désordonnée introduite pour un
gaz de Bose dans un réseau désordonné [124]. En l’absence de réseau sous-
jacent les propriétés sont cependant probablement différentes. En l’absence
d’étude expérimentale d’un verre de Bose dans un système réel, il est difficile
de prévoir la meilleure façon d’étudier ce système. Probablement, la réponse
du système à une mise hors équilibre est particulière et sur des temps longs.
Expérimentalement, on pourrait par exemple changer brusquement la raideur
ou la position du piège et étudier l’évolution ultérieure [176]. Ces études s’ins-
criraient dans le cadre plus général de l’étude de la dynamique quantique hors
équilibre, qui est un domaine très difficile du point de vue de la modélisation
mais est sans aucun doute amené à se développer à l’avenir en particulier dans
les gaz quantiques ou les constantes de temps de relaxation sont accessibles
[177, 178, 179, 4, 180, 181].

5.4.5 Champ magnétique effectif

En matière condensée, le champ magnétique est une variable qui se couple
à la charge et qui agit directement sur le mouvement des électrons. Il per-
met parfois de changer la phase du système. Par exemple, un supraconduc-
teur cesse de l’être au-delà d’un champ magnétique critique. Dans le cas
d’atomes neutres, il est possible de créer un champ effectif qui a les mêmes
propriétés qu’un champ magnétique avec des particules chargées. Dans le
cas des systèmes désordonnés, l’ajout d’un champ magnétique peut avoir des
conséquences importantes.

Un champ magnétique a tendance à s’opposer aux effets de localisation
de Anderson. Cela donne lieu au phénomène de magnéto-résistance négative
[81, 82, 83, 84]. Il est plus simple de s’en rendre compte en considérant le
phénomène de localisation faible. L’équivalence entre deux boucles parcou-
rues en sens inverse est alors brisée par l’ajout d’un champ magnétique.
Expérimentalement, dans les films minces, cela se manifeste par une faible
magnéto-résistance négative à faible champ magnétique. Dans le cas des gaz
quantiques, on peut s’attendre à réduire l’amplitude du pic de rétrodiffusion
cohérente [182, 161] quand le champ magnétique est suffisant pour changer
la phase de π pour un chemin de diffusion typique. L’effet est donc de plus en
plus grand en fonction du temps. Dans le cadre d’une simulation numérique
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de l’équation de Schrödinger en présence de champ magnétique menée par
Thomas Plisson, cet effet a pu être mis en évidence [100]. Pour un désordre
plus grand et dans le cas de la localisation forte, on s’attend à observer une
augmentation de la longueur de localisation ou peut-être même à une tran-
sition vers des états étendus.

Pour la transition de phase supraconducteur-isolant observée dans les
films minces, le champ magnétique est souvent utilisé pour changer l’état du
système. Expérimentalement, cela est plus simple que de changer la force du
désordre ou l’épaisseur du film [119]. Par analogie avec ces expériences, nous
pourrions utiliser un champ magnétique effectif pour modifier la phase de
nos gaz de Bose en présence de désordre. Ce nouveau degré de liberté ajoute
une variable au diagramme de phase.

Expérimentalement, la création de champ magnétique effectif pour les
gaz d’atomes neutres est possible [183, 184, 185]. Le champ est limité en
amplitude pour des raisons expérimentales telles que le manque de puissance
laser, qui obligent a se placer proche de résonance ou par le chauffage résiduel
dû aux fluctuations du champ magnétique réel. Il n’a par exemple pas été
possible de s’approcher du régime de l’effet Hall quantique qui correspond
à un fort champ magnétique. Cependant les effets du champ magnétique
proposés ci-dessus sont au contraire des effets à relativement faibles champs
magnétiques semblables à ceux créés expérimentalement dans l’équipe de W.
Philipps et I. Spielman [185].

5.5 Articles liés à ce chapitre



5.5.1 Anisotropic 2D Diffusive Expansion of Ultracold
Atoms in a Disordered Potential [9]
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We study the horizontal expansion of vertically confined ultracold atoms in the presence of disorder.

Vertical confinement allows us to realize a situation with a few coupled harmonic oscillator quantum

states. The disordered potential is created by an optical speckle at an angle of 30� with respect to the

horizontal plane, resulting in an effective anisotropy of the correlation lengths of a factor of 2 in that plane.

We observe diffusion leading to non-Gaussian density profiles. Diffusion coefficients, extracted from the

experimental results, show anisotropy and strong energy dependence, in agreement with numerical

calculations.

DOI: 10.1103/PhysRevLett.104.220602 PACS numbers: 05.60.Gg, 37.10.Gh, 67.85.Hj, 73.50.Bk

Transport in most materials is determined by the com-
plex interplay of many ingredients, for instance the struc-
ture and thermal fluctuations of the substrate [1], the
interparticle interactions, which can induce superconduc-
tivity [2] or metal-insulator transitions [3], and disorder
[4]. Disorder is relevant to many condensed-matter systems
and strongly affects transport via scattering. Its primary
effect is thus diffusion, an effect underlying the Drude
theory of conductivity [1], as well as the self-consistent
theory of Anderson localization [5]. Disorder is of special
interest in dimension two (2D), which is the marginal
dimension for return probability in Brownian motion and
for Anderson localization [6]. Moreover, intriguing effects,
which are not fully understood, occur in 2D, such as the
metal-insulator transitions in high-mobility Si MOSFETs
[7,8], GaAs heterostructures [9,10], and thin metal-alloy
films [11].

Ultracold atomic gases are good candidates to study
classical or quantum disordered systems (see
Refs. [12,13], and references therein). They offer unique
versatility as one can control the amount and type of
disorder, the interaction strength or the confinement ge-
ometry. In 1D, Anderson localization [14,15] and
interaction-induced delocalization [16] have been ob-
served. In 3D, the competition between interaction and
disorder has been investigated in disordered optical lattices
[17,18]. Diffusion was reported for speckle-induced 3D
optical molasses in the dissipative regime [19]. So far,
less work has been devoted to 2D.

In this Letter, we study diffusion of ultracold atoms in an
effectively anisotropic disordered potential without dissi-
pation. The geometry is planar as the atoms are confined
vertically to a size of about 1 �m in a dipole trap and
horizontally free to move over a millimeter. In the presence
of disorder, we observe expansion at a reduced speed and
anisotropic, non-Gaussian atomic density profiles. We
show that the dynamics is horizontally diffusive. Fitting a

diffusive model to the data, we extract the diffusion coef-
ficients and find that they are anisotropic and strongly
energy-dependent. Our results are consistent with numeri-
cal simulations assuming classical dynamics.
The experimental setup uses a vertically confining po-

tential and a speckle light field (see Fig. 1). Both are
created with 767 nm laser light [20], blue detuned from
the resonance at 780 nm for 87Rb atoms in their ground
state. They thus induce a repulsive potential. The vertical
confinement is realized between the two lobes of a verti-
cally focused Hermite-Gauss TEM01-like mode, prepared
with a holographic 0� � phase plate [21,22]. The mea-
sured vertical trapping frequency is !=2� ¼ 680 Hz with
a 22 �m separation between the two intensity maxima, a
total power of 150 mW, and an horizontal waist radius at
1=e2 of 1.1 mm.

FIG. 1 (color online). Experimental setup (see details in text).
Atoms are detected from the top by fluorescence imaging on an
Andor electron multiplying charge coupled device (EM-CCD).
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The speckle light field is produced by a beam passing
through a diffusive plate [23,24] and focused on the atoms.
The high numerical aperture (a 75 mm diameter aperture at
a distance of 150 mm from the atoms) allows us to achieve
an approximately Gaussian correlation function with trans-
verse correlation length �y ¼ 0:8 �m (half-width at

1=
ffiffiffi
e

p
). The longitudinal correlation length (in the direction

of propagation) is deduced to be �long � 9 �m [24]. As

the speckle beam is at 30� from the horizontal expansion
plane, the correlation length �x along x is 2�y ¼ 1:6 �m.

With a power of 66 mW and a Gaussian waist radius of
1.1 mm, at the center of the beam, the standard deviation of
the disordered repulsive potential (equal to its average
value) is �V � kB � 53ð8Þ nK � ð2�@Þ � 1:1ð2Þ kHz
(where kB is the Boltzmann constant and 2�@ the Planck
constant).

The experiment proceeds as follows. An ultracold atom
sample is produced by an all-optical runaway evaporation
in a crossed dipole trap at 1565 nm, as described in
Ref. [25]. The atom cloud is first transferred in 5 ms in a
trap combining simultaneously the initial crossed dipole
trap and the vertically confining beam. The crossed trap is
then further ramped down in 200 ms in order to reduce the
confinement and thus also the temperature to kBT � kB �
200ð20Þ nK � ð2�@Þ � 4:2ð4Þ kHz, slightly above the
condensation threshold. Finally, the speckle field is ramped
up in 4 ms, and 1 ms later a thermal cloud of N ¼ 1:5�
105 atoms is released in the horizontal plane by suddenly
turning off the crossed dipole trap. After a chosen 2D
expansion time, the vertical confinement and the speckle
potential are switched off. After 0.1 ms, the atomic column
density is measured from the top through fluorescence
imaging.

A typical image for an expansion time of 50 ms in the
disordered potential is presented in Fig. 2(a). The corre-
sponding integrated density along y (respectively x) is
plotted in Fig. 2(b) [respectively 2(c)]. We observe a sharp
anisotropic structure elongated along x around the initial
position, surrounded by a broader isotropic cloud similar to
what is observed in the absence of disorder. The sharp
anisotropic structure corresponds to low energy atoms,
whose expansion has been slowed down by the disorder,
whereas the broad cloud corresponds to atoms which ex-
pand almost ballistically at this time scale. For an expan-
sion time of 200 ms [see Figs. 2(b) and 2(c)], the
contribution of the ballistic atoms is negligible with respect
to the lowest energy atoms. The cloud profiles are then
found to be non-Gaussian with long tails in both directions.
Similar profiles have been theoretically predicted for
energy-dependent diffusive behavior in the expansion of
Bose-Einstein condensates [26].

We first study the behavior of the peak column density
nð0; 0; tÞ as a function of time. It should scale as 1=t in a
diffusive regime, and as 1=t2 for a ballistic expansion.
Figure 3 shows a log-log plot of the measured peak density
as a function of time. For times below 15 ms, the cloud is

smaller than the pixel size and therefore our measurement
does not reflect nð0; 0; tÞ. Between 15 and 200 ms, we
observe a linear behavior with a slope �2:0�0:2

þ0:3 without

disorder, whereas with disorder, we find a linear behavior
with a slope �1:0�0:1

þ0:3. The uncertainties come from the

dispersion of the slopes found for different data sets taken
in similar conditions. This measurement is consistent with
diffusive expansion of a significant part of the atoms in the
horizontal plane. After only 15 ms, the contribution of the

FIG. 2 (color online). Atomic column density after planar
expansion of an ultracold gas in an anisotropic speckle potential.
(a) Image after 50 ms of expansion. (b),(c) Integrated density
along the two major axes. The plain dots (open squares) corre-
spond to 50 ms (200 ms) of expansion.

FIG. 3 (color online). Evolution of the peak column density
nð0; 0; tÞ as a function of expansion time. Triangles: with dis-
order; circles: without disorder. The solid lines are fits with
algebraic time dependence between 15 and 200 ms. The fitted
slopes of the decay are �0:98 with disorder and �1:97 without
disorder.
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ballistically expanding atoms to the density at the origin
vanishes.

In order to understand our experimental findings in more
detail, we have performed numerical simulations. In the
experiment, kBT � 6@!, so that a few vertical harmonic
oscillator states are populated. The vertical size of the

atomic cloud, �z ’ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT=m!

p � 1 �m (where m is the
atom mass), is much smaller than �long and the speckle

potential can be considered invariant along its propagation
axis. Since it makes an angle � ¼ 30� with respect to the
expansion plane, it couples the vertical quantum states. To
account for these features in the numerics, we consider the
3D dynamics of classical particles in the external potential
Vðx; y; zÞ þm!2z2=2, with Vðx; y; zÞ ¼ Visoðx sin��
z cos�; yÞ where Visoðu; vÞ is a 2D isotropic speckle poten-
tial with correlation length �y. Using a classical particle

model is a reasonable approximation since kBT=@! � 6
and k�y � 5 where k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

mkBT
p

=@. Note also that our

experiment is not in the weak scattering limit [27] as
ð �V=kBTÞ2ðk�yÞ2 � 1:6.

A characteristic time scale for the dynamics is the
Boltzmann time �B, i.e., the time after which the memory
of the direction is lost, which depends on the particle
energy. For long times (t � �B), scattering from the angled
speckle potential redistributes the kinetic and potential
energies in 3D, so that the dynamics in the horizontal plane
is expected to depend on the 3D particle energy E. We
hence calculate the spatial variances h�2ðE; tÞi as a function
of time, where � ¼ x, y and brackets indicate averaging
over disorder and over initial conditions corresponding to

the energy E. The evolution is described by h�2ðE; tÞi ’
2D�ðEÞt��ðEÞ. We identify three regimes characterized by

the value of ��ðEÞ. For E= �V & 2, we find a subdiffusive

dynamics, i.e., ��ðEÞ< 1, for experimentally relevant time

scales. In particular, for E= �V & 0:52, we find strictly
bounded trajectories, ��ðEÞ ¼ 0. This is consistent with

the percolation threshold expected for 2D speckle poten-
tials [28,29]. For E= �V * 2, numerical simulations yield a
diffusive dynamics, i.e., ��ðEÞ ’ 1. In this regime, the

diffusion coefficients D�ðEÞ are strongly anisotropic and

grow algebraically with the particle energy [Fig. 4(a)].
From a fit to the numerical calculations for our parameters,

we find DxðEÞ ¼ 2:4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�V�2

y=m
q

ðE= �VÞ2:8 and DyðEÞ ¼
0:65

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�V�2

y=m
q

ðE= �VÞ2:8 [30,31]. We have also done simula-

tions of a classical 2D diffusion in the same anisotropic
disorder. The various regimes found in the 3D simulations
with vertical confinement are also found in 2D simulations
at the same values of E= �V. In the diffusive regime, the
energy dependence of the diffusion coefficients remains
algebraic but with modified constants.

In the experiment, the observed expansion results
from the diffusion of atoms with a broad energy dis-
tribution, NðEÞ. It can be calculated assuming that, before
abrupt release in the horizontal plane, the gas is at thermal

equilibrium in the trap plus speckle potential. The corre-

sponding energy distribution NðEÞ / e�E=kBT
PE=@!

n¼0 ð1�
eðn@!�EÞ= �VÞ is plotted in Fig. 4(b) [32]. It is fully deter-
mined from the experimental parameters !, N, �V, and T.
Here, only 6% of the atoms are subdiffusive [E � 2 �V,
shaded regions in Fig. 4(b)]. Incorporating their contribu-
tion to the diffusive regime is thus a small error, and for
long expansion time, the column density can be approxi-
mated by

nðx; y; tÞ ’
Z 1

0
dENðEÞ 1

t

expð� x2

4DxðEÞt �
y2

4DyðEÞtÞ
4�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DxðEÞDyðEÞ

q : (1)

We fit Eq. (1) (convolved with our imaging resolution
�15 �m) to the experimental 2D density distribution with
DxðEÞ ¼ D0

xðE=ERÞ� and DyðEÞ ¼ D0
yðE=ERÞ�, D0

x, D
0
y,

and � as fitting parameters, and the recoil energy ER ¼
kB � 180 nK as energy scale. As can be seen on Fig. 5, the
2D fit function reproduces the data both close to the central
peak and in the wings. We find D0

x ¼ 3:0ð1:5Þ �
10�7 m2 s�1, D0

y ¼ 8:7ð4:3Þ � 10�8 m2 ms�1, and � ¼
3:3ð3Þ. The uncertainties come from the uncertainties on
the measurements ofN, �V, and T used in NðEÞ and from an
observed systematic drift of the results as a function of the
expansion time [33]. Experimentally, the power-law expo-
nent is found to be � ¼ 3:3ð3Þ, to be compared with 2.8 in
the simulation. The observed ratio of the two diffusion
coefficients is 3.45(15) when it is 3.7 in the simulation.
These slight discrepancies can be due to the approxima-
tions made in order to derive Eq. (1). At E ¼ ER � kBT,
numerically, we find DxðERÞ ¼ 1:3ð0:6Þ � 10�7 m2 s�1

and DyðERÞ ¼ 3:5ð1:7Þ � 10�8 m2 s�1, where the uncer-

tainties come from the uncertainties on �V and �y. The

experimental values of the diffusion coefficients are thus
in quantitative agreement with the 3D classical simulation.
In conclusion, we have observed and studied 2D diffu-

sive expansion of ultracold atoms in a disordered potential.
As a result of the effective anisotropy of the speckle
potential, the diffusion is anisotropic. Fitting a diffusive
model to our density profiles, we are able to extract the

FIG. 4 (color online). (a) Diffusion coefficients along x (blue
circles) and y (red diamonds) as a function of energy in log-log
scale. Points are numerical results, lines are fits to power laws.
(b) Energy distribution for the experimental parameters. The
shaded regions correspond to subdiffusive regimes (see text).
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diffusion coefficients and find a strong dependence on the
atom energy, in quantitative agreement with a classical
simulation for our parameters.

Understanding the diffusion properties as a function of
energy (in particular out of the weak scattering regime) is a
necessary step towards the study of other disorder-induced
effects in two dimensions, starting with anomalous sub-
diffusion [34] and classical trapping under the percolation
threshold [28,29]. By cooling the gas further or by reduc-
ing the correlation length of the disorder, we expect quan-
tum corrections to the diffusion and Anderson localization
to show up at the sub-mm length scale of the experiment
[27]. Moreover, in a 2D degenerate gas, the influence of
disorder on the Berezinskii-Kosterlitz-Thouless transition
[35] is especially intriguing. Will the vortices be pinned by
disorder [36]?
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We measure the momentum distribution of a two-dimensional trapped Bose gas and observe the increase of
the range of coherence around the Berezinskii-Kosterlitz-Thouless (BKT) transition. We quantitatively compare
our observed profiles to both a Hartree-Fock mean-field theory and quantum Monte Carlo simulations. In the
normal phase, the momentum distribution is observed to sharpen well before the phase transition. This behavior
is partially captured in a mean-field approach, in contrast to the physics of the BKT transition.

DOI: 10.1103/PhysRevA.84.061606 PACS number(s): 67.85.Jk, 05.30.Jp, 05.10.Ln

The characteristics of a Bose gas in the degenerate regime
are greatly dependent on the dimensionality of the system.
In contrast to its three-dimensional (3D) counterpart, a two-
dimensional (2D) interacting Bose gas does not present
true long-range order at low temperature [1,2]. Instead, it
undergoes a superfluid–to–normal-fluid transition described
by the Berezinskii-Kosterlitz-Thouless (BKT) theory [3,4].
This superfluid transition has been observed in 4He films [5],
Josephson-coupled superconducting arrays [6], and recently
in dilute ultracold atomic gases [7].

In ultracold 2D trapped Bose gases, the appearance of
superfluidity was predicted to be preceded by a reduction of
density fluctuations [8,9] and by an increase of coherence
[10,11]. Experimentally, great efforts have been devoted to the
study of the density distribution n(r) of 2D gases, which gives
direct access to the phase-space density and to the density
fluctuations. It has permitted the study of the scale invariance
[12] and universality in 2D Bose gases [13] as well as their
thermodynamics [14]. The study of the first-order correlation
function g1 is possible in real space through interferences
between two clouds of atoms [7,15], which revealed its
expected algebraic decay in the superfluid regime [7]. The
Fourier transform of g1 is also naturally embedded in the
momentum distribution [16,17]. For example, the narrow peak
in the density distribution after time of flight is frequently used
as an indicator of the slow algebraic decay of the coherence in
the superfluid regime [15,18,19].

In this paper, we present a detailed analysis of the
experimental momentum distribution of a 2D Bose gas closer
to a genuine 2D gas than in previous studies [19]. In addition,
we fit our profiles using a Hartree-Fock mean-field (HFMF)
model already used in density space [20] but extended here
for the momentum distribution, and compare our results to
quantum Monte Carlo (QMC) simulations [11,20]. As we
increase the phase-space density, we observe a progressive
narrowing of the momentum distribution and a change of shape
from approximately Gaussian to a peaked distribution, which
is not an unambiguous signature of the superfluid phase. In
particular, at the superfluid phase transition, the momentum

*thomas.bourdel@institutoptique.fr

distribution is already peaked and its width reduced by a
factor ∼7 compared to a Boltzmann thermal gas. Whereas
this behavior is partially captured in a mean-field approach
where the 2D Bose statistics plays a central role, correlation
effects beyond the mean field are clearly visible in the full
momentum profile.

Experimentally, the 2D Bose gases are prepared as follows.
We prepare a 3D cloud of 87Rb atoms cooled by all-optical
runaway evaporation in a crossed-dipole trap, as described
in [21]. During the evaporation process, we turn on a
uniform magnetic gradient to select a single hyperfine state
(|F = 1,mF = 0〉) [22]. We then transfer the cloud to a 2D trap
[23]. For that, we adiabatically ramp on a blue-detuned laser at
767 nm in a TEM01-like mode, providing an intensity node in
the horizontal plane of the atoms (see Fig. 1). It induces a strong
confinement in the vertical direction, with an oscillation fre-
quency of ωz/2π = 1.5 kHz, corresponding to a dimensionless
interaction strength g̃ = gm/h̄2 = √

8πas/az = 0.096, where
as = 5.3 nm is the 3D scattering length, az = √

h̄/mωz is the
harmonic oscillator length in the vertical direction, h̄ is the
reduced Planck constant, and m is the atomic mass.

Horizontally, the 2D trap is made of a laser beam at
1565 nm with a waist w = 200 μm and tilted by ∼30◦ with
respect to the horizontal plane (see Fig. 1). Its oscillation
frequencies are ωx/2π = 8 Hz, ωy/2π = 15 Hz. The atom
number N is varied from 2 × 104 to 6 × 104 by changing
the number of atoms initially loaded. The final temperature
remains approximately constant at T = 64.5 ± 2.0 nK. The
two-dimensional character of our experiment is given by
kBT/h̄ωz = 0.90 where kB is the Boltzmann constant, which
results in having ∼70% of the atoms in the ground state of the
vertical harmonic oscillator.

We let the atoms thermalize for 500 ms in the final trap
before probing the momentum distribution function through
time-of-flight (TOF) imaging. In the first milliseconds of
expansion, the gas expands predominantly in the vertical direc-
tion and the interaction energy is thus quickly released in this
direction. As a result, the horizontal momentum distribution
(in the xy plane) remains unchanged during the expansion.
After an expansion time of tTOF = 83.5 ms, much longer than
1/ωx and 1/ωy , the horizontal density distribution reflects
the initial momentum distribution [24]. Finally, two circularly

061606-11050-2947/2011/84(6)/061606(4) ©2011 American Physical Society
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FIG. 1. (Color online) Scheme of the experimental setup. The
atom cloud, initially trapped in a harmonic 2D trap with frequencies
8 Hz × 15 Hz × 1.5 kHz, is dropped for 83.5 ms before shining
a fluorescence beam situated 3.4 cm below the initial position.
The fluorescence signal is recorded from above with an electron-
multiplying CCD camera.

polarized saturating retroreflected laser beams, resonant with
the |5S1/2,F = 2〉 → |5P3/2,F

′ = 3〉 transition and with the
|5S1/2,F = 1〉 → |5P3/2,F

′ = 2〉 transition allow the atoms
to fluoresce for 100 μs. The fluorescence signal is recorded on
an electron-multiplying CCD camera placed along the vertical
axis, thus imaging the horizontal profile.

To analyze the experimental data, we perform an azimuthal
averaging of the single pictures, as described in [12], in order
to extract radial profiles corresponding to the momentum dis-
tributions n(|k|), where k is the atom wave vector. Experimen-
tally, we weight every point of the profile by its experimental
standard deviation (coming from the photon shot noise, the
camera dark noise, and the number of averaging points). Such
profiles are presented in Fig. 2. For a low atom number
[see Fig. 2(e)], the distribution is approximately Gaussian
and relatively broad. For a higher atom number [Figs. 2(c)
and 2(d)], the curve progressively peaks and deviates from
a Gaussian. At high atom number [Figs. 2(a) and 2(b)], a
sharp feature develops at very low momentum and grows with
increasing atom number. Its width tends to a constant and
agrees with our resolution in momentum space (half-width of
∼0.3 μm−1) coming essentially from our imaging resolution
and from the initial size of the cloud. Since the peak at
low momentum develops on top of a distribution that is
not a Gaussian, it is hard to precisely pinpoint when it first
appears.

In order to attribute a temperature to each profile, we have to
rely on a model. More precisely, we fit the Hartree-Fock mean-
field model to the wings of the momentum distribution data.
This model has already been used for in situ density profiles
[11,12,20] but needs to be extended to get the momentum
distribution. We proceed as follows. The density distribution
in HFMF theory, in the local density approximation, reads

n(r) = 1

(2π )2

∫ ∞

0

2πk dk

eβ[h̄2k2/2m+2gn(r)−μ(r)] − 1
, (1)

where β = 1/kBT , and μ(r) = μ0 − mω2
xx

2/2 − mω2
yy

2/2 is
the local chemical potential with μ0 the chemical potential at

c 57.1=N/N

c 23.1=N/N

]2
m

µ3 01[
)

k(
n

c 62.1=N/N

c 90.1=N/N

]1−mµ[k

c 38.0=N/N

FIG. 2. (Color online) Radial profiles of the momentum distri-
bution for five different atom numbers at constant temperature T =
64.5 ± 2.0 nK. The atom number N is given in units of the critical
number for the ideal gas Bose-Einstein condensation Nc ≈ 3 × 104

and the superfluid phase transition is expected for N/Nc ≈ 1.26 (see
text). In each plot, we present the experimental data (black dots), the
mean-field profiles (blue dashed line) resulting from the fit in the
wings (i.e., for k > 2 μm−1), and the corresponding quantum Monte
Carlo profiles (green continuous line) with the same temperature and
the measured atom number.

the trap center. After integration, this leads to the following
equation relating μ(r) and n(r) [25]:

βμ(r) = 2βgn(r) + ln
(
1 − e−λ2

dBn(r)
)
, (2)

where λdB =
√

2πh̄2/mkBT is the thermal de Broglie wave-
length. Writing the momentum distribution

n(k) = 1

(2π )2

∫
dx dy

eβ[h̄2k2/2m+2gn(r)−μ(r)] − 1
(3)

and making the change of variables from (x,y) to μ, we obtain
n(k) after integration. By taking into account the thermally
populated vertical levels but neglecting the interaction in these
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levels, which is justified since the densities in the excited levels
are small, we finally calculate the function

n(k) = 1

2πmω2

∫ μ0

−∞

dμ

eβ[h̄2k2/2m+2gn(μ)−μ] − 1

+
∑
ν>0

−1

2πβmω2
ln

(
1 − e−β(h̄2k2/2m+νh̄ωz−μ0)

)
, (4)

where n(μ) is determined numerically by solving Eq. (2),
and where ω2 = ωxωy . For given values of μ0 and T , we
can calculate n(|k|) and then use this function to fit to the
experimental data.

More precisely, we fit the wings of the data where we
expect beyond-mean-field effects to play little role and we can
extract the temperature and chemical potential. This requires
an accurate calibration of the atom detection efficiency, which
is a rather difficult task. We have performed QMC simula-
tions based on a numerically exact path-integral algorithm
[20,26,27] to calculate the momentum profiles, so that we
can adjust the calibration of the atom detector. Within
the experimental error bars, it agrees with an independent
calibration using the 3D condensation threshold. Moreover, by
fitting a mean-field model to the wings of QMC simulations,
we find the accurate temperature and thus validate our fitting
method.

In Fig. 2, we plot with each profile the fitted mean-field
distribution (blue dashed line). We observe that the mean-field
fit reproduces well the experimental data at low atom number,
while it fails to account for the central part of the profiles when
the number of atoms increases. However, the QMC simulations
for the fitted temperatures and the experimental atom numbers
(green continuous lines in Fig. 2) are in agreement with the
experiment in all regimes. For both the calculated mean-field
and QMC profiles, we take into account the finite resolution
of our imaging system.

In order to quantify the degeneracy of the gas, we calculate
N/Nc, where

Nc =
∑

ν

(βh̄ω)−2g2(e−νβh̄ωz ) (5)

is the critical atom number for a noninteracting Bose gas for
our trap parameters, and g2(x) = ∑∞

n=1 xn/n2. From classical
field calculations [8,9,28], the BKT transition is expected at a
central density of the lowest vertical level ln(380.3/g̃)/λ2

dB
with small quantum corrections of order g̃/λ2

dB [11,20].
Integration of the dominating classical field corrections to the
mean field [11] yields (N/Nc)BKT ≈ 1.26 as the critical value
of the particle number. Close to this value, the experimental
profiles are already peaked at low momentum [Fig. 2(c)].

In order to analyze our experimental findings further, we
now consider two quantities: the half width at half maximum
(HWHM) and the fraction of atoms in the central pixel
N0/N . The advantage of these two quantities is that they
are model independent and quantify the degree of coherence
of the gas. The HWHM gives a measure of the inverse of
the coherence length, whereas the fraction of atoms in the
central pixel is related to the fraction of atoms which are
coherent on a length scale larger than ∼5 μm. In Fig. 3, we
plot these two quantities as functions of N/Nc. The HWHM
is normalized to the HWHM of a Gaussian distribution:

].
mro

n[
M

H
W

H

]1
−

m
µ[

M
H

W
H

cN/N

0
]2

− 01[
N/

N
FIG. 3. (Color online) (a) Half width at half maximum of the

profiles, normalized to the HWHM of a Gaussian profile for the same
temperature, plotted versus the number of atoms normalized to Nc.
(b) Fraction of atoms in the central pixel of the image, N0/N .
Blue dashed line, mean-field prediction for T = 64.5 nK. Green
continuous line, Monte Carlo data for T = 64.5 ± 0.3 nK. Red
vertical dot-dashed line, superfluid transition.

2
√

π ln(2)/λdB = 4.0 μm−1. Already for N/Nc ≈ 0.5, the
normalized width of the momentum distribution starts to
decrease from 1. In other words, the distribution is not a
Gaussian any more and tends to peak at low momentum. At
the superfluid transition point (N/Nc ≈ 1.26), the HWHM
has already decreased by a factor of ∼7. After the transition,
the HWHM saturates to a value corresponding to the imaging
resolution.

The change of shape in the momentum distribution is also
reflected in the fraction of atoms in the central pixel [Fig. 3(b)].
This value increases rapidly with the number of atoms. For low
atom number, it corresponds to the decrease of the width. For
high atom number, while the HWHM saturates, the fraction
of atoms in the central pixel keeps growing, reflecting the
increasing coherence of the gas with atom number. In our
experiment, we finely tune the degeneracy of the cloud and
thus resolve the increase of coherence close to the BKT phase
transition [19], which does not appear as a sharp feature. This
is in contrast to what is predicted for the superfluid fraction
[10,25].

In addition to the experimental points, we also plot Monte
Carlo simulations and mean-field calculations for our experi-
mental conditions. The Monte Carlo simulations show a good
agreement with our experimental findings. The mean-field
results coincide with the Monte Carlo simulations at low
atom number up to about N/Nc ≈ 1. For high degeneracy
parameters N/Nc > 1, the mean-field model underestimates
the height of the coherence peak, showing that beyond-
mean-field effects become important. It is remarkable that
the mean-field approximation captures the initial increase
of the coherence length. This effect is thus not directly linked
to the physics of the BKT phase transition for which the
theory is inherently beyond mean field. In fact, even in a 2D
noninteracting trapped Bose gas, for which calculations are

061606-3



RAPID COMMUNICATIONS

T. PLISSON et al. PHYSICAL REVIEW A 84, 061606(R) (2011)

exact, there is also an increase of the coherence length before
the Bose-Einstein phase transition.

The presence of a low-momentum coherence peak cannot
be considered as an unambiguous signature of the BKT
phase transition. An accurate signature, however, is the slow
algebraic decay of the first-order coherence function (as 1/rα

with α < 0.25) [7]. This decay can in principle be observed in
the momentum distribution, and indeed our QMC calculations
show a change of slope (to negative) in the function k2−αn(k)
at low momentum, k < λ−1

dB for N � 1.3Nc, together with
the onset of superfluidity. Unfortunately, our experimental
resolution is not sufficient for direct observation of this feature.

In conclusion, we have studied the momentum distribution
of a trapped interacting 2D Bose gas. In particular, we show
that the momentum distribution narrows progressively and
well before the BKT phase transition and therefore that a
peak in the momentum distribution is not an evidence of the

BKT transition. We also performed a quantitative comparison
of the experimental momentum distribution profiles with
mean-field and Monte Carlo calculations, strengthening our
interpretation. Our detailed characterization of the 2D trapped-
Bose-gas momentum distribution will be a useful tool for
further studies of the remarkable properties of 2D gases of
ultracold atoms.
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We experimentally study the effect of disorder on trapped quasi-two-dimensional (2D) 87Rb clouds in the
vicinity of the Berezinskii-Kosterlitz-Thouless (BKT) phase transition. The disorder correlation length is of the
order of the Bose gas characteristic length scales (thermal de Broglie wavelength, healing length) and disorder
thus modifies the physics at a microscopic level. We analyze the coherence properties of the cloud through
measurements of the momentum distributions for two disorder strengths as a function of its degeneracy. For
moderate disorder, the emergence of coherence remains steep but is shifted to a lower entropy. In contrast, for
strong disorder, the growth of coherence is hindered. Our study is an experimental realization of the dirty boson
problem in a well controlled atomic system suitable for quantitative analysis.

DOI: 10.1103/PhysRevA.85.033602 PACS number(s): 67.85.Jk, 05.10.Ln, 05.60.Gg, 74.62.En

I. INTRODUCTION

Together with band structure and interactions, disorder
is a key ingredient for the understanding of transport in
condensed matter physics [1]. At low temperature it affects the
conductivity of a metal and it even induces phase transitions
to insulating states [2]. A striking example is Anderson
localization [3], which has recently been observed in three-
dimensional (3D) ultracold gases [4].

Disorder is especially relevant in 2D systems, such as
Si-MOSFET (metal-oxide-semiconductor field-effect transis-
tor) [5], or thin metal films [6], in which quantum phase
transitions to insulating phases have been observed. Moreover,
in high-Tc superconductors, doping intrinsically introduces
inhomogeneities in the CuO planes [7]. Understanding the
complex interplay between disorder and interactions in these
systems remains a major challenge.

Whereas the above mentioned electronic systems are
fermionic, superconductivity originates from the bosonic
nature of Cooper pairs. As long as disorder does not break the
Cooper pairs, the problem is reduced to a study of dirty bosons
[8,9]. It has mainly been studied numerically in the framework
of the disordered 2D Bose-Hubbard model. Disorder can both
favor or disfavor superfluidity [10], and the occurrence of a
Bose glass, an insulating, gapless, compressible phase has
been predicted [8].

In the context of ultracold atoms, the properties of
disordered trapped Bose gases have been studied both in
one-dimension (1D) [11–13] and 3D [14]. In 2D Bose
gases in the absence of disorder, the Berezinskii-Kosterlitz-
Thouless (BKT) superfluid phase transition [15] has been
experimentally studied through the modification of the gas
coherence properties associated with the pairing of thermal
vortices [16,17]. In a continuous system, the effect of disorder
on the BKT superfluid transition is expected to depend on
the correlation length of the disorder σ , which has to be
compared to the characteristic length scales of the cloud such

*thomas.bourdel@institutoptique.fr

as the thermal de Broglie wavelength λdB and the healing
length ξ , that is, the vortex core size [18]. For slowly varying
disorder (σ � ξ,λdB), the physics can be locally described
by the homogeneous BKT transition, and disorder causes a
percolation transition of superfluid islands. In contrast, for a
microscopically correlated disorder (σ � ξ,λdB), tunneling is
possible and the very nature of the phase transition is affected.

A recent Monte Carlo study of the homogeneous 3D Bose
gas in the presence of speckle disorder [18] has shown that,
depending on its correlation length σ , the disorder can either
reduce the critical temperature (due to quantum localization) or
increase it because of the reduction of the available volume (see
Fig. 14 in [18]). However there have been so far no theoretical
prediction for the effect of disorder on the BKT superfluid
transition in a continuous 2D system. As in 3D, Anderson
localization [3] and percolation phenomena are likely to affect
the superfluid transition, but reducing dimensionality should
enhance their effects [18,19]. In addition, new phenomena af-
fecting specifically the BKT transition such as enhanced phase
fluctuations or vortex pinning [20] may play an important role.

In this paper we present an experimental study of the
effect of microscopically correlated disorder on the coherence
properties of a 2D ultracold atomic gas near the BKT superfluid
transition. As in [21], the coherence properties are probed by
the study of the momentum distribution, which is the Fourier
transform of the first order correlation function g1 [22]. We
observe that an adiabatic ramping up of the disorder results in
a suppression of the low momentum peak, that is, a decrease
of coherence. In particular, for a moderate disorder strength
of 0.4 times the temperature, we measure a small shift of
the emergence of coherence toward low entropy. For stronger
disorder strength of the order of the temperature, the growth
of coherence is significantly hindered both as a function of
entropy and temperature.

II. EXPERIMENTAL SETUP

Our experiment starts with a quantum degenerate 2D Bose
gas in a trap obtained from a combination of a blue detuned

033602-11050-2947/2012/85(3)/033602(5) ©2012 American Physical Society
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TEM01 beam, which confines the gas in a horizontal plane,
and a red detuned Gaussian beam for the in-plane confinement
[21]. The trap oscillation frequencies are ωx/2π = 8 Hz,
ωy/2π = 15 Hz, ωz/2π = 1.5 kHz. The atom number N is
varied between 2 × 104 and 6 × 104 in order to change
the degeneracy of the gas across the BKT transition. The
temperature, measured from a fit to the wings of the momentum
distribution using a Hartree-Fock mean-field model [21],
remains constant at 64.5 ± 2.0 nK. At this temperature ∼70%
of the atoms are in the ground state of the vertical harmonic
oscillator. The dimensionless 2D interaction strength is g̃ =√

8πas/az = 0.096, where as = 5.3 nm is the 3D scattering
length, az = √

h̄/mωz ≈ 0.28 μm is the vertical harmonic
oscillator characteristic length, m is the atom mass, and h̄

is the reduced Planck constant.
The disorder potential is a speckle pattern produced by a

532 nm laser beam, which passes through a diffusive plate
and is focused on the atoms. The repulsive disorder potential
is characterized by its mean value V (equal to its standard
deviation) and its correlation lengths, inversely proportional
to the numerical aperture of the optical system [23]. Given
the intensity of the beam and its transverse waist radius of 1
mm, the maximum value of V felt by the atoms is V max =
kB × 60(10) nK. As the beam is tilted by 30◦, the in-plane
disorder is effectively anisotropic [24]. The correlation lengths
of the disorder are such that σx/2 = σy = 0.5 μm (half-width
at 1/

√
e). These correlation lengths are of the order of both

the thermal de Broglie wavelength λdB =
√

2πh̄2/mkBT ≈
0.73 μm and the healing length (at the BKT transition)
ξ = λdB/

√
Dcg̃ ≈ 0.82 μm, where Dc ≈ ln(380.3/g̃) ≈ 8.3

is the BKT critical phase space density [25]. However, σx

and σy are small compared to the Thomas-Fermi radii of

the cloud at the BKT transition lx = h̄
√

2g̃Dc

mωxλdB
= 25 μm, ly =

(ωx/ωy)lx = 13 μm, a necessary condition for self-averaging
measurements. In our experiment we use a single realization
of the speckle pattern.

In the experimental sequence the disorder potential is
slowly ramped up in 250 ms after the preparation of the 2D
gas. After a holding time of 250 ms, all trapping potentials
including the disorder are switched off and the atom cloud
expands in 3D during a free fall of 83.5 ms. The column density
of the gas along z is then measured by fluorescence imaging
from the top. As explained in Ref. [21], it reflects the in-trap
momentum distribution in the x,y plane. Since, the momentum
distributions appear to be cylindrically symmetric, we perform
an azimuthal averaging [26] to obtain the momentum profiles
n(k) as a function of the wave number k.

III. RESULTS

We study the effect of disorder on the momentum distri-
bution for different initial conditions, both above and below
the BKT transition. A narrow momentum distribution is the
signature of a large coherence length in the sample. We
quantify the degeneracy of the nondisordered gas with the
ratio N/Nc, where Nc is the critical atom number of an ideal
3D Bose gas in our anisotropic trap. From our previous study
of the 2D Bose gas in the absence of disorder [21], we know
that the BKT phase transition happens at N/Nc ≈ 1.26 for our

0.0

5.0

10

15
(a)

C 57.1=N/N

Bk09.1=S

0.0

2.0

4.0)2
m

µ(
)

k(
n3

− 01

(b)
C 23.1=N/N

Bk73.2=S

0 1 2 3 4
)1−mµ(k

0.0

0.4

0.8
(c)

C 60.1=N/N

Bk47.2=S

FIG. 1. (Color online) Azimuthally averaged momentum dis-
tribution profiles for (a) N = 5.6 × 104, (b) N = 3.8 × 104, and
(c) N = 2.9 × 104. In each case we show the influence of the
disorder: no disorder V = 0 (black triangles), 0.4 V max (green open
squares), and V max (red circles).

parameters. In Fig. 1 we compare the momentum distribution
without disorder to the results obtained after ramping up
the disorder potential to V = 0.4 V max and V = V max. For
N/Nc = 1.06 [Fig. 1(c)] and in the absence of disorder, the
gas is in the normal phase. In this case, the addition of the
disorder has little effect, reducing slightly the low momentum
population (k < 2 μm−1). For N/Nc = 1.32 [Fig. 1(b)] the
gas has just entered the superfluid phase in the absence of
disorder and a low momentum peak is clearly present. In this
case the disorder has a strong effect. The population at very low
momentum (k < 0.5 μm−1) is strongly suppressed and the low
momentum peak almost disappears. The profiles with disorder
are then qualitatively similar to the one in the normal phase
[Fig. 1(c)]. For N/Nc = 1.75 [Fig. 1(a)] and in the absence of
disorder, the gas is deep in the superfluid phase with a large
low momentum peak. In this case the addition of the disorder
leads to a reduction of the height of the peak but not to its
disappearance. In all our data, adding disorder always results
in a reduction of the coherence of the Bose gas.

It should be noted that slowly applying the disorder
preserves the entropy. When the disorder potential is ramped
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FIG. 2. (Color online) Fraction of atoms N0/N in the central pixel
of the momentum distribution as a function of the average entropy per
particle S: nondisordered case V = 0 (black triangles), V = 0.4 V max

(green open squares), and V = V max (red circles). Each point results
from the averaging of five experimental profiles and the error bars
are statistical. The line corresponds to a Monte Carlo simulation in
the absence of disorder [21]. Inset: entropy per particle measured by
quantum Monte Carlo simulations at 64.5 nK (blue cross) and fitted
by a third order polynomial (black line). The dashed lines indicate
the BKT transition.

up to a mean value V max in 250 ms and then down in 250 ms,
we find no heating and no atom loss compared to the
nondisordered situation, within our experimental precision
(±1 nK). This uncertainty comes from both the shot-to-shot
fluctuation of the experiment and the accuracy of the fitting
procedure. We thus observe that adding the disorder is a
reversible process. In the following we assume that consecutive
pictures with and without disorder correspond to the same
entropy (Fig. 1). Presenting our data as a function of entropy
is then a natural choice.

Even in the absence of disorder, we however do not have
experimental access to the entropy. To find the correspondence
between the ratio N/Nc, extracted from our measurements
and entropy, we rely on quantum Monte Carlo simulations
of the nondisordered in situ distribution [27], from which the
entropy can be determined because of the scale invariance of
the 2D Bose gas [28]. The calibration of the average entropy
per particle S as a function of N/Nc for our experimental
conditions is shown in the inset of Fig. 2.

IV. ANALYSIS AND DISCUSSION

In order to analyze our result in a simple way, we would
like to characterize the degree of coherence of the gas with a
single number and not with the full momentum distribution. A
natural quantity to consider is the coherence length, that is, the
inverse of the width of the momentum distribution. However,
in our case, the width of the momentum distribution saturates
because of the limited resolution of our imaging system for
highly coherent clouds [21]. As an alternative we choose
to focus our analysis on the fraction of atoms N0/N in the

central pixel of the momentum distribution (k < 0.2 μm−1).
It is also a well-defined model-independent quantity and it is
related to the fraction of atoms that are coherent on a length
scale larger than ∼5 μm [29]. We plot N0/N as a function
of the entropy per particle S (Fig. 2) and find that, at fixed
entropy, the coherence of the gas is reduced in the presence
of disorder. For V = 0.4 V max, the emergence of coherence is
slightly shifted to a lower entropy per particle by 0.2(1) kB,
compared to the nondisordered case. For V = V max, we never
reach a sufficiently low entropy to observe a large increase of
coherence.

Since the phase diagram of disordered systems is typically
presented as a function of disorder and temperature [30], we
now complement our analysis of the coherence as a function
of these quantities. This means that we have to determine
the temperature from the experimental disordered profiles. In
the absence of an exact theoretical model for 2D disordered
gases, we use our nondisordered Hartree-Fock mean-field
model [21], which we expect to be valid at large momenta.
Experimentally we fit to the wings of the distribution between
a variable cut-off momentum kc and 12 μm−1. We find
that for 2.75 � kc � 3.75 μm−1 our signal to noise ratio is
sufficient and the fitted temperature varies typically less than
1 nK, indicating that our model is reasonably accurate in this
range. We use kc = 3.5 μm−1 in the following analysis. For
V = V max the temperature is found to increase on average by
5.5 nK compared to the nondisordered case (T = 64.5 nK).

Figure 3 presents N0/N as a function of the temperature
normalized to Tc, the critical temperature for an ideal 3D Bose
gas in our anisotropic trap and the measured atom number.
The results without disorder and with a disorder of amplitude
0.4 V max are similar and no clear shift is visible. Within our
accuracy we can conclude that for this amount of disorder
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FIG. 3. (Color online) Fraction of atoms N0/N in the central
pixel of the momentum distribution as a function of the normalized
estimated temperature for disorder strengths, V = 0 (black triangles),
V = 0.4 V max (green open squares), and V = V max (red circles). Tc is
the critical temperature of an ideal 3D Bose gas in our anisotropic trap.
Each point results from the averaging of five experimental profiles
and the error bars are statistical. The line corresponds to a Monte
Carlo simulation in the absence of disorder [21].

033602-3



B. ALLARD et al. PHYSICAL REVIEW A 85, 033602 (2012)

the coherence properties are weakly affected. Note that the
classical percolation threshold ∼0.52V̄ ≈ 13 nK [31] is larger
than the mean-field chemical potential at the phase transition
in the absence of disorder μc = g̃h̄2Dc/mλdB

2 ≈ kB × 8 nK.
The observation of a weak effect of disorder is a signature
that classical percolation is not relevant in the regime of a
microscopically correlated disorder (σ ∼ ξ,λdB).

For V = V max, the coherence increases much slower when
T/Tc decreases. The coherence properties of the gas are
greatly modified. This finding contrasts with the 3D quantum
Monte Carlo calculation, which predicts a significant effect
of the disorder only at larger disorder strength [18]. We
thus show the enhanced role of disorder in 2D as compared
to 3D. At our lowest temperatures, N0/N does not reach
the value of 0.0035 which corresponds to the superfluid
transition in the absence of disorder [21]. Although we do
not directly measure the superfluid fraction [17] since the
superfluid transition is generally associated with the apparition
of long range coherence, we can suspect that our system is
not in a superfluid phase and that the critical temperature for
superfluidity is shifted down by a significant amount. Actually,
for our amount of disorder [32], the existence of a superfluid
is not guaranteed even at zero temperature because of the
disorder-driven quantum phase transition from a superfluid to
an insulating Bose glass phase [30].

V. CONCLUSION

In conclusion, we have shown that a microscopically
correlated disorder (σ ∼ ξ,λdB) always reduces the coherence

of a 2D Bose gas, both at constant temperature and entropy.
For moderate disorder strength of 0.4T , the reduction is weak
although we are able to measure a small shift of the emergence
of coherence toward low entropy. A disorder strength of the
order of gas temperature leads to a qualitative change of
behavior with a suppressed coherence growth. We interpret
the observed strong suppression of the coherence growth as
a large shift of the superfluid transition. Theoretical studies
in our experimental conditions would be of great interest
and would strengthen our analysis. The mechanism of the
disorder action can also be addressed both experimentally
and theoretically. In the future, similar studies on strongly
interacting fermions would add the possibility of elucidating
the physics of disorder-induced breaking of bosonic pair.

Note added. Recently, we have learned about a com-
plementary work about disordered 2D Bose gases in
the deep superfluid regime [33]. It is focused on the
different behaviors between quasicondensate fraction and
coherence.
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I. INTRODUCTION

Disorder is an essential ingredient for the understand-
ing of transport in condensed matter physics. At low
temperature, it affects the conductivity of a metal and
it even induces phase transitions to insulating states [1].
Superconductor-insulator transitions [2] are observed in
thin metal films [3] and, in high-Tc superconductors,
where doping intrinsically introduces inhomogeneities in
the CuO-planes [4]. Understanding the complex inter-
play between disorder and interactions in these systems
remains a major challenge. Whereas the above men-
tioned electronic systems are fermionic, superconductiv-
ity originates from the bosonic nature of Cooper pairs.
As long as disorder does not break the Cooper pairs, the
problem is reduced to a study of dirty bosons [5, 6]. It has
mainly been studied numerically in the framework of the
disordered Bose-Hubbard model [5, 7]. This model was
realized experimentally in 1D and 3D ultra-cold gases in
disordered lattices [8–10]. The physics is complicated by
the presence of a Mott insulating transition, which occurs
in the absence of disorder.

In this paper, we focus on a different model with corre-
lated disorder in a continuous Bose system. This model
has been studied previously in 3D [11]. Our work is
motivated by recent experiments studying the superfluid
transition in disordered 2D ultra-cold atomic Bose gases
[12, 13]. A schematic phase diagram for such a system
has been proposed and at low temperatures and low dis-
order, a superfluid is expected [14]. However, the exact
shape of the superfluid region is not known. In this pa-
per, we calculate the superfluid transition curve for a
disorder that is correlated at long range such that we
can make use of the local density approximation. In this
limit, we find quantitative predictions in both 2D and
3D. In 3D, we rely on a mean-field description of the
Bose gas [16] whereas in 2D, we use the equation of state

∗Email: thomas.bourdel@institutoptique.fr

from Monte-Carlo-simulations [15]. Interestingly, we find
a very different quantitative behavior in 2D and 3D and
that a small amount of disorder (either added reversibly
or at constant temperature) is always favorable to the
appearance of a superfluid.

The paper is structured as follows. In the second sec-
tion, we define our system parameters and the conditions
of validity of the local density approximation. In the fol-
lowing section, we calculate the critical disorder at zero
temperature in homogeneous and harmonically trapped
Bose gases in 3D and 2D. In the fourth section, the super-
fluid transition curves are found as a function of disorder
and temperature. In the fifth section, we extend our re-
sults to get the curves as a function of entropy which is
more convenient for the comparison to experiments which
is presented in the sixth section.

II. THE LOCAL DENSITY APPROXIMATION
IN A DISORDERED POTENTIAL

We consider Bose gases with repulsive contact interac-
tion, i.e. with a positive scattering length a, such that
there is no collapse of the wave function. The 2D gases
are supposed to be harmonically confined in the verti-
cal z direction with a frequency ωz/2π such that the
atoms occupies in this direction a single quantum state,
whose size is lz =

√
~/mωz, where ~ is the Planck con-

stant and m the atomic mass. We also suppose that
a � lz, such that the interactions can be described
by 3D scattering. The interaction parameter is then
g2D = (~2/m)g̃ = (~2/m)

√
8πa/lz [17]. In three dimen-

sions, the interaction parameter is g3D = 4π~2a/m. The
healing length of a gas of density nd, where d stands
for the dimension, is ξ = ~/√mgdDnd. It reflects the
size over which the density of a condensate (or quasi-
condensate in 2D) comes back to its original value when
a local perturbation is imposed.

We consider a disorder created by a laser speckle, with
a blue detuned frequency as compared to the atomic tran-
sition frequency. In this case, the optical potential V (r)
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is repulsive [18]. We suppose that the speckle intensity
has a gaussian correlation function whose 1/

√
e radius is

σ. The mean disorder potential V̄ is proportional to the
laser power. Knowing σ and V̄ , all statistical properties
of the disorder are then known [19]. In particular, the
probability density of having a disorder V is an exponen-
tial P (V ) = exp(−V/V̄ )/V̄ . The classical percolation
threshold for such a disorder is proportional to the mean
disorder V̄ and we call α the proportionality coefficient.
In 2D, α2D =0.52 [20–22] and, in 3D, α3D ∼ 4 10−4 [11].
The much lower value of α in 3D as compared to 2D re-
flects the fact that it is easier to find ways around the
peaks of the disorder in 3D.

The local density approximation (LDA) assumes that
the gas can be considered locally as homogenous with a
local chemical potential µlocal = µ − Vext, where Vext is
the external potential, i.e. the sum of the trapping and
disorder potential. In typical experimental conditions in
non-disordered harmonic traps, the LDA tends to give
extremely accurate results. In order for this approxima-
tion to be valid in a disorder potential, σ must be much
larger than all characteristic lengths of the gas such as
the healing length ξ and the thermal De Broglie wave-
length λdB =

√
2π~2/mkBT , where kB is the Boltzmann

factor and T the temperature.

III. SUPERFLUID TO INSULATOR QUANTUM
PHASE TRANSITION

In 2D and 3D, homogeneous interacting Bose gases at
zero temperature are always superfluid independently of
the density. Within the local density approximation, a
superflow in the presence of disorder can then exist, if the
region of non-zero density percolates through the sample.
The quantum phase transition (T = 0) is thus reduced to
the percolation of the density. The density of the gas nd

can be found from the Thomas-Fermi approximation of
the Gross-Pitaevskii equation [23] which corresponds to
the local density approximation for a (quasi-)condensate
nd = Max(µlocal, 0)/gdD. The gas will thus be superfluid
when the region where µlocal > 0 percolates, i.e. when the
global chemical potential µ exceeds the classical percola-
tion threshold of the disorder αV̄ . For 0 < µ < α3DV̄ ,
local superfluid islands exist in the disorder minima but
it does not lead to global superfluidity.

In a disordered Bose gas at zero temperature in a box
the number of atoms is :

N =

∫
Max(µ− V (r), 0)/gdDddr. (1)

When averaging of the disorder, we can replace the posi-
tion dependance of the disorder by an integral :

〈N〉 =

∫ ∫
Max(µ− V, 0)/gdDddrP (V )dV. (2)

The integration over the volume is then trivial. At the
transition point, i.e. for µ = αV̄ , we find the critical

mean density

〈ncond
dD 〉 =

V̄

gdD
(−1+exp(−αdD)+αdD) ≈

αdD→0

V̄

2gdD
α2

dD ,

(3)
which is valid in both 2D and 3D. The expansion for
low value of αdD is especially accurate in 3D. In 2D, we
find the critical disorder strength V̄crit ≈ 8.7g2D〈ncond

2D 〉,
whereas in 3D, V̄crit ≈ 1.2 107g3D〈ncond

3D 〉. A much higher
disorder is thus needed in order to reach the superfluid
quantum phase transition in 3D.

In the presence of an additional harmonic confinement,
we suppose that the gas is superfluid as soon as the su-
perfluid threshold is obtained in the center of the trap
where the density is maximal. The calculation can then
be done along the same lines with the trapping potential
entering in the expression of the local chemical potential.
The spacial integration leads to different results in 2D
and 3D for the critical atom number as a function of the
disorder :

〈N cond
2D 〉 = π

V̄ 2

g̃~2ω2
(2− 2 exp(−α2D)− 2α2D + α2

2D)

(4)

〈N cond
3D 〉 =

4
√

2

15

V̄ 5/2

(~ω)5/2a
√
mω/~

∫ α3D

0

(α3D − v)5/2e−vdv

(5)

≈
α3D→0

4
√

2

15

V̄ 5/2

(~ω)5/2a
√
mω/~

2

7
α

7/2
3D .

Here, ω is the geometrical mean of the two in-plane trap
oscillation frequencies in 2D and of the three oscillation
frequencies in 3D.

IV. PHASE DIAGRAM OF 2D AND 3D BOSE
GASES AS A FUNCTION OF TEMPERATURE

AND DISORDER

We now look for the temperature dependance of the su-
perfluid transition in the presence of disorder. In the pre-
vious section, we have found the critical disorder at zero
temperature. The critical temperature with no disorder
is known both in 2D [15] and 3D [16]. In the following, we
study the shape of the superfluid transition curve which
connects these two points in the temperature-disorder
phase diagram. We separate the 3D case, in which a
mean field approximation is possible, from the 2D case,
in which one has to rely on classical field numerical cal-
culations.

A. The superfluid transition at finite temperature
in a 3D gas

A 3D Bose gas at low temperatures is well described
by two components, a condensate fraction and a thermal
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fraction. For typical interaction parameters used in ex-
periments, the interaction between the atoms in the ther-
mal cloud can be neglected and the interaction between
the thermal cloud and the condensate can be treated in a
mean field approach. Similarly to the T = 0 case, the dis-
ordered 3D Bose gas is superfluid if the condensate den-
sity percolates through the sample. The critical chemical
potential is thus equal to α3DV̄ . In order to know when
the phase transition is reached, we have to calculate the
relation between the atom number, the temperature and
the chemical potential in the presence of disorder.

The thermal cloud can be treated in the semi-classical
approximation. The atom number for a Bose gas in a
box is [16]

Nth =

∫
d3kd3r

(2π)3

1

eβ(~2k2/2m+2g3Dncond
3D (r)+V (r)−µ) − 1

,

(6)

where β = 1/kBT and where 2g3Dn
cond
3D is the term due

to the interaction with the condensate part in the mean
field approximation. After averaging over the disorder,
and integrating over r and k, the mean thermal density
is

〈nth〉λ3
dB =

∫ ∞

0

e−vPolyLog

[
3

2
, e−|βµ−βV̄ v)|

]
dv , (7)

where PolyLog [n, a] =
∞∑

l=0

al/ln , (8)

where the Polylog function is the result of the integration
over k and where the absolute value comes from the mean
field interaction with the condensate.

The total mean density is then 〈ntot〉 = 〈ncond
3D 〉+〈nth〉,

where 〈ncond
3D 〉 comes from equation 3 and 〈nth〉 comes

from equation 7. At the phase transition, the chemi-
cal potential is µ = α3DV̄ and the conservation of the
density gives the relation between the disorder strength
and the critical temperature. It can be written in a di-
mensionless form using the quantities V ′ = V̄ /〈ntot〉g3D,
T ′ = (〈ntot〉λ3

dB)−2/3, and a′ = (〈ntot〉a3)1/3, which
quantifies the interaction strength. The equation relating
V ′ and T ′ at the phase transition is then

1 = V ′((−1 + exp(−α3D) + α3D)) (9)

+T ′
3/2
∫

e−vPolyLog

[
3

2
, e−2|α3D−v|a′V ′/T ′

]
dv . (10)

It can be solved numerically.
The boundary between the normal and superfluid

phase for a disordered Bose gas in a box is plotted in fig.
1. For low disorder, we find that the critical temperature
increases with disorder. This is due to the compression
of the gas by the disorder, which leads to an increase
of the effective phase space density. When the disorder
approaches its critical value at T = 0 corresponding to
V ′ ≈ 1.2 107, the increase of the percolation threshold
starts to play a role and the critical temperature quickly
goes to zero.
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FIG. 1: Superfluid phase transition of a disordered 3D Bose
gas in a box. We have fixed 〈ntot〉a3 = 10−6. At low temper-
ature and low disorder the gas is superfluid.

A similar calculation, albeit slightly more technical,
can be done in the presence of an harmonic confine-
ment. In this case, natural non-dimensional param-
eters are T ′ = kBT/~ωN1/3, V ′ = V̄ /~ωN1/3, and
the strength of the interaction is characterized by a′ =
N1/6a

√
mω/~ .The equation of the superfluid boundary

is then

1 =
4
√

2

15a′
V ′5/2

∫ α

0

(α3D − v)5/2e−vdv

+T ′
3/2
V ′

3/2
∫ ∞

0

(
2√
π

√
v − e−vErfi

[√
v
]
)

×PolyLog

[
3

2
, exp(−|α3D − v|

V ′

T ′
)

]
dv , (11)

where Erfi is the imaginary error function.
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FIG. 2: Superfluid phase transition of a disordered 3D Bose
gas in an harmonic trap. We have fixed a′ = N1/6a

√
mω/~ =

0.023. At low temperature and low disorder the gas is super-
fluid.

The boundary between the normal and superfluid
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phase for a disordered Bose gas in an harmonic trap is
plotted in fig. 2. The interpretation is the same as be-
fore except that the disorder induced enhancement for
the critical temperature is not as strong because heating
the gas results in a further spreading in the trap and in
a reduced density.

B. The superfluid transition at finite temperature
in a 2D gas

The physics of 2D gases is more complex than the
one of 3D gases because the effects of interactions are
much stronger and cannot be captured in a mean field
approximation. The superfluid phase transition at finite
temperature is of Berezinskii-Kosterlitz-Thouless type
[17, 24, 25] and is intrinsically a beyond mean-field effect.
As a consequence it is not possible to separate the gas into
two components. The phase space density of the homo-
geneous 2D Bose gas D = n2Dλ

2
dB has to be a function of

µ/T and g̃ because the interaction parameter g̃ is dimen-
sionless. This equation of state is not analytically known.
It has been computed in Monte-Carlo simulations close
to the phase transition [15]. Further from the transition,
simple analytic forms are available. At low phase-space
density the mean-field approximation works, and at high
phase space density the Thomas-Fermi limit is rapidly
approached. Numerically, it is possible to interpolate be-
tween the different regimes with a good accuracy.

From Monte-Carlo studies, we know that a finite su-
perfluid fraction is expected at a critical value of the ratio
µcrit/kBT ≈ g̃Log(13.2/g̃)/π which depends on the inter-
action parameter g̃ [26]. In the local density approxima-
tion, we expect the gas to be superfluid if the regions of
finite superfluid fraction percolate, i.e. if the difference
of chemical potential µ−µcrit is larger than αV̄ . To find
the phase transition for a Bose gas in a box, the equation
to solve is thus :

〈n2D〉λ2
dB =

∫
P (V )D(β(µcrit+α2DV̄ −V ), g̃)dV . (12)

Using the non dimensional parameters V ′ =
V̄ /g2D〈n2D〉, T ′ = 1/〈n2D〉λ2

dB, and g̃, the phase dia-
gram takes the form shown in fig. 3. At V = 0, the phase
transition takes place at 〈n2D〉λ2

dB ≈ 8 ≈ 1/0.125 as pre-
dicted in the absence of disorder for g̃ = 0.96 [15]. A
T = 0, we recover the moderate critical value expected
from the treatment using the Thomas-fermi approxima-
tion. In between, the shape of the phase diagram is differ-
ent from the 3D case. We interpret this as a consequence
of the much higher percolation threshold in 2D. In the
phase diagram in 2D, there is no region where the perco-
lation threshold is irrelevant in contrast to the 3D case.
Nevertheless at small disorder, the effect of compression
is still dominant and the critical temperature increases
with disorder albeit by a small amount.

Again, a similar calculation can be made in an har-
monic trap. In this case, we chose V ′ = V̄ /~ωN1/2 and
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FIG. 3: Superfluid phase transition of a disordered 2D Bose
gas in a box. g̃ = 0.096. At low temperature and low disorder
the gas is superfluid.
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FIG. 4: Superfluid phase transition of a disordered 2D Bose
gas in a harmonic trap. g̃ = 0.096. At low temperature and
low disorder the gas is superfluid.

T ′ = kBT/~ωN1/2 in addition to g̃ as non-dimensional
variables. The phase diagram is then shown in fig. 4. The
initial increase of the critical temperature with disorder
is still present although it is a relatively weak effect.

V. CRITICAL ENTROPY AS A FUNCTION OF
DISORDER

In all the previous cases, the addition of a small
amount of disorder is favorable to the apparition of a
superfluid fraction, in the sense that the critical temper-
ature increases. This is due to the fact that the disor-
der compresses the gas in a smaller region and therefore
leads locally to an increase of the phase space density
(at constant temperature). In a recent experiment with
ultra-cold atoms [12], the disorder is added reversibly af-
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ter the preparation of the gas. In this case, the entropy
is conserved (as well as the number of particles) but the
temperature increases due to the effective compression of
the gas. In the following, we derive the phase diagram as
a function of disorder and entropy per particle, which is
more directly related to the experiment.

In the local density approximation, the calculation of
the critical entropy can be done as soon as the entropy
of a homogeneous gas is known. In the 3D case, as be-
fore the semi-classical approximation can be used and the
entropy per unit of volume is [16]

S = kBλ
−3
dB(

5

2
PolyLog

[
5

2
, eµlocal/kBT

]

−µlocal

kBT
PolyLog

[
3

2
, eµlocal/kBT

]
). (13)
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FIG. 5: Superfluid phase transition of a disordered 3D Bose
gas in a box as a function of entropy per particle and disorder.
〈ntot〉a3 = 10−6. At low entropy and low disorder the gas is
superfluid.

This expression can be used to find the phase diagram
as a function of the entropy and the disorder. It is plot-
ted in fig. 5. Without disorder, the critical entropy per
particle is the one that is found at the Bose-Einstein con-
densation threshold in a box. When increasing the dis-
order, the critical entropy first increases to a value close
to 2.1. This is a consequence of the change of the shape
of the density of state at low energy [27] from propor-

tional to
√
E without disorder to proportional to E3/2

with disorder. Only at a disorder of the order of the crit-
ical disorder at T = 0, the critical entropy decreases. In
a 3D experiment, although it may appear counterintu-
itive, it is thus possible to induce superfluidity in slowly
adding some disorder. A similar statement holds in the
3D harmonically trapped Bose gas, although we do not
show the plot in this paper.

In the 2D case, the calculation of the entropy is pos-
sible as soon as the equation of state is known be-
cause of the scale invariance in 2D interacting Bose
gases [28]. More precisely, the entropy per particle is

S2D = kB(2Pred/D − µ/kBT ), where the reduced pres-

sure Pred =
∫ µ/kBT
−∞ Dd(µ/kBT ) can be calculated from

the equation of state.
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FIG. 6: Superfluid phase transition of a disordered 2D Bose
gas in a harmonic trap as a function of entropy per particle
and disorder. g̃ = 0.096. At low entropy and low disorder the
gas is superfluid.

In fig. 6, the phase diagram of a harmonically trapped
2D gas is plotted as a function of entropy per particle
and disorder. For small disorder, the critical entropy
still increases with disorder and it is thus favorable for
the appearance of a superfluid fraction. However, this
effect due to the change in the density of state is rapidly
hindered by the effect of the increase of the percolation
threshold in contrast to the 3D case.

VI. COMPARISON TO EXPERIMENTS

Experimentally, the appearance of coherence have been
studied in ultra-cold 2D rubidium disordered gases [12].
In this experiment, we expect noticeable deviations from
the LDA because σ ≈ ξ ≈ λdB. Nevertheless, since there
is no quantitative theory in the regime of microscopic
disorder explored in the experiment, it is interesting to
compare with the LDA approximation results. The two
disorder strengths used in the experiment correspond to
V ′ ≈ 0.3 and V ′ ≈ 0.7. The value V ′ = 0.7 is close to
the critical disorder and the transition is strongly shifted.
This is in agreement with the observation of no sudden
appearance of phase coherence in the range of entropy
explored in the experiment. The value V ′ = 0.3 corre-
sponds to a lowering of the critical entropy per particle
by 0.3 kB. This value is somewhat larger than the shift
∼ 0.2 kB found in the experiment for the sudden appear-
ance of coherence, a phenomenon linked to the superfluid
phase transition. Note that the absolute values of the en-
tropy per particles differ between the above theory and
the experiment because of a small fraction of atoms that
populates the excited states of the vertical strongly con-
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fining harmonic oscillator. We have checked that adding
the vertical levels does not significantly affect the value
of the entropy shift in the LDA approximation.

Another quantity that we can calculate in the local
density approximation is the change of temperature due
to the addition of the disorder. For the parameters of
the experiment, the temperature changes are found to be
5 nK and 14 nK. These values clearly exceed the exper-
imentally observed heating. The fact that the LDA ap-
proximation overestimates the effects of the disorder can
be interpreted as a consequence of an effective smoothing
of the disorder for σ ≈ ξ ≈ λdB and thus as a proof of
beyond LDA physics.

VII. CONCLUSION

In this paper, we have analyzed 2D and 3D Bose gases
in the presence of disorder, which is treated in the local
density approximation. The superfluid part of the phase
diagram is found as a function of disorder and temper-
ature and as a function of disorder and entropy. Our

results show the competition between two effects when
adding disorder. One is the appearance of a percolation
threshold, which tends to hinder superfluidity. The sec-
ond is the disorder induced compression of the gas and
the change of the density of state. On the contrary, it is
favorable for the appearance of superfluidity. Since the
percolation thresholds greatly differ in 2D and 3D, we
find very different quantitative behaviors of the super-
fluid transition curves. Although it might be counterin-
tuitive, the addition of a low amount of disorder always
lowers the critical temperature as well as the critical en-
tropy. Finally, this works permit quantitative compar-
isons with experimental findings in the presence of disor-
der.
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Conclusion

Dans ce manuscrit, j’ai détaillé l’ensemble de mes travaux de recherche,
qui se placent dans le domaine des gaz d’atomes ultra-froids. Plutôt que de
revenir sur les résultats que j’ai obtenus, je voudrais expliquer dans cette
conclusion les raisons de mon intérêt constant pour ce domaine de recherche
et en particulier pour ce qui a trait à la physique des systèmes quantiques en
présence d’interactions et dans des géométries variées.

Une physique fascinante

La physique en général s’attache à la compréhension si possible quanti-
tative des phénomènes. La physique quantique donne lieu à des phénomènes
contraires à l’intuition. Comment ne pas être fasciné par la superfluidité de
l’hélium et encore plus par le fait qu’on est capable de la comprendre ? Alors
que les solides sont tous composés d’un ensemble d’ions et d’électrons au ni-
veau microscopique, ils peuvent avoir des propriétés très différentes. Il y a des
isolants, des métaux, des semi-conducteurs, voir à basses températures des
supra-conducteurs. Ces propriétés de conduction dépendent de la physique
du gaz d’électrons présent dans le solide. Alors que les gaz d’électrons dans les
solides sont dans le régime quantique, la physique quantique est cruciale pour
comprendre la diversité des phénomènes observés. La géométrie du réseau
sous-jacent, les interactions entre atomes, ou la dimension du système sont
des ingrédients importants. Typiquement, les phénomènes physiques sont re-
produits avec un hamiltonien bien choisi et où les paramètres doivent être
ajustés à posteriori.

Un gaz d’atomes ultra-froids placé dans des potentiels optiques ou magnétiques
adéquats est aussi un système à N-corps quantique alors que sa densité est en-
viron 1010 fois moins grande que celle des électrons dans un solide. L’avantage
principal des gaz ultra-froids est qu’il est possible de modifier grandement
les paramètres tels que les interactions ou la géométrie du potentiel. On peut
ainsi reproduire de multiples phénomènes quantiques, tels des transitions de
phase. Un autre aspect fascinant des gaz d’atomes ultra-froids est la possibi-
lité de mesures variées et précises qui permet de se focaliser sur les quantités
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les plus intéressantes. On peut mesurer par exemple la distribution en posi-
tion ou en vitesse, mais aussi les fonctions de corrélations telles que les fonc-
tions de corrélations du champ atomique g1 ou g2 qui permettent d’avoir des
informations directes sur la physique à l’oeuvre. Dans plusieurs expériences
récentes, tous les atomes sont détectés individuellement [173, 174].

Une physique modèle

Les atomes ultra-froids ont pour avantage que le système est parfaite-
ment caractérisé au niveau microscopique. On connait exactement le poten-
tiel appliqué sur les atomes et les interactions entre atomes sont facilement
modélisables. Le hamiltonien est donc connu très précisément. Cela permet
une comparaison quantitative entre la théorie et l’expérience. On acquiert
de cette façon plus facilement une compréhension fine de la physique en jeu.
Cet aspect pédagogique constitue sans aucun doute l’un des attraits de la
recherche dans le domaine des atomes ultra-froids.

Parfois, le hamiltonien est connu mais les résolutions théoriques ne sont
qu’approchées. On peut alors considérer les expériences d’atomes froids comme
des simulateurs pour la résolution de problèmes quantiques complexes. Par
exemple, les problèmes dépendant du temps sont en général très difficiles
théoriquement alors qu’expérimentalement dans un gaz d’atomes ultra-froids
on peut facilement varier brusquement les paramètres par rapport aux temps
d’évolution typiques qui sont de l’ordre de 1 ms à 1 s dans les gaz ultra-froids.
Cette physique hors équilibre est amenée à se développer encore plus dans
les années à venir.

Dans le cas des systèmes quantiques en présence de désordre, les calculs
sont aussi très difficiles. Expérimentalement, dans les systèmes de matière
condensée, le désordre est intrinsèque et ses propriétés ne sont pas forcément
connues alors qu’il joue parfois un rôle essentiel dans les propriétés physiques.
On comprend tout l’intérêt d’ajouter du désordre dans un gaz ultra-froid.
On contrôle alors précisément les propriétés du désordre et on connait le
hamiltonien du problème. L’étude d’un tel système peut permettre de mieux
comprendre la physique du désordre en général.

Une physique fondamentale et expérimentale

On peut légitimement s’inquiéter du fait que les études de la physique à
N-corps ne débouchent pas directement vers des applications concrètes. En
effet, à l’heure actuelle, le seul débouché industriel des atomes ultra-froids
concerne l’interférométrie et donc plutôt des atomes dans le régime clas-
sique et essentiellement sans interactions. Une première réponse est qu’une
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meilleure compréhension de la physique des gaz ultra-froids en interaction est
bénéfique pour ces applications. Une deuxième réponse est que les expériences
d’atomes ultra-froids sont très souvent à la pointe de la technologie, et sont
donc particulièrement propices aux développements technologiques. C’est,
à mon avis, un autre aspect particulièrement attrayant de cette physique.
On peut citer par exemple les lasers à peigne de fréquences [186] qui sont
directement issus du laboratoire de recherche de T. Hänsch. Un étudiant
dans ce domaine acquiert, outre de solides connaissances en physique quan-
tiques, des compétences expérimentales poussées dans des domaines variés ;
optique, laser, ultra-vide, électronique, gestion informatique complexe, traite-
ment d’images, modélisation. C’est une très bonne formation. Enfin, si nous
ne voyons pas, pour l’instant, d’applications concrètes des gaz quantique,
cela ne veut pas dire qu’il n’y en aura jamais. Le domaine continue à évoluer
extrêmement rapidement, les techniques expérimentales se simplifient alors
que nous sommes capables de réaliser des situations de plus en plus com-
plexes. Après tout, l’invention du laser ne découle pas d’une recherche guidée
par les applications, mais plutôt par la compréhension.
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[43] H. Ritsch, P. Domokos, F. Brennecke, and T. Esslinger, “Cold atoms
in cavity-generated dynamical optical potentials,” arXiv : 1210.0013
(2012).

[44] S. Ritter, F. Brennecke, K. Baumann, T. Donner, C. Guerlin, and T.
Esslinger, “Dynamical coupling between a Bose-Einstein condensate
and a cavity optical lattice,” Applied Physics B : Lasers and Optics
95, 213 (2009).

[45] G. Rempe, R. J. Thompson, R. J. Brecha, W. D. Lee, and H. J. Kimble,
“Optical bistability and photon statistics in cavity quantum electrody-
namics,” Phys. Rev. Lett. 67, 1727 (1991).

[46] F. Brennecke, S. Ritter, T. Donner, and T. Esslinger, “Cavity optome-
chanics with a Bose-Einstein condensate,” Science 322, 235 (2008).

[47] J. Zhang, F. Cui, D. Zhou, and W. Liu, “Nonlinear dynamics of a
cigar-shaped Bose-Einstein condensate in an optical cavity,” Physical
Review A 79, 03340 (2009).

[48] K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger, “Dicke quan-
tum phase transition with a superfluid gas in an optical cavity,” Nature
464, 1301 (2010).

[49] Y. Colombe, T. Steinmetz, G. Dubois, F. Linke, D. Hunger, and J.
Reichel, “Strong atom-field coupling for Bose-Einstein condensates in
an optical cavity on a chip,” Nature 450, 272 (2007).

[50] S. Gupta, K. L. Moore, K. W. Murch, and D. M. S. Kurn, “Cavity
Nonlinear Optics at Low Photon Numbers from Collective Atomic Mo-
tion,” Phys. Rev. Lett. 99, 213601 (2007).

[51] R. Mottl, F. Brennecke, K. Baumann, R. Landig, T. Donner, and T.
Esslinger, “Roton-type mode softening in a quantum gas with cavity-
mediated long-range interactions.,” Science (New York, N.Y.) 336,
1570 (2012).

148



[52] G. Varoquaux, Ph.D. thesis, Institut optique, Palaiseau, 2008.

[53] K. Dieckmann, R. J. C. Spreeuw, M. Weidemüller, and J. T. M. Wal-
raven, “Two-dimensional magneto-optical trap as a source of slow
atoms,” Phys. Rev. A 58, 3891 (1998).
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tum gas microscope for detecting single atoms in a Hubbard-regime
optical lattice.,” Nature 462, 74 (2009).

[174] J. F. Sherson, C. Weitenberg, M. Endres, M. Cheneau, I. Bloch, and S.
Kuhr, “Single-atom-resolved fluorescence imaging of an atomic Mott
insulator.,” Nature 467, 68 (2010).

[175] T. Nattermann and V. Pokrovsky, “Bose-Einstein Condensates in
Strongly Disordered Traps,” Physical Review Letters 100, 060402
(2008).

[176] H. Ott, E. de Mirandes, F. Ferlaino, G. Roati, G. Modugno, and M. In-
guscio, “Collisionally Induced Transport in Periodic Potentials,” Phy-
sical Review Letters 92, 160601 (2004).

[177] H. Miesner, D. Stamper-Kurn, M. Andrews, D. Durfee, S. Inouye, and
W. Ketterle, “Bosonic Stimulation in the Formation of a Bose-Einstein
Condensate,” Science 279, 1005 (1998).

[178] I. Shvarchuck, C. Buggle, D. Petrov, K. Dieckmann, M. Zielonkowski,
M. Kemmann, T. Tiecke, W. von Klitzing, G. Shlyapnikov, and J. Wal-
raven, “Bose-Einstein Condensation into Nonequilibrium States Stu-
died by Condensate Focusing,” Physical Review Letters 89, 270404
(2002).

[179] M. Hugbart, J. A. Retter, A. F. Varón, P. Bouyer, and A. Aspect,
“Population and phase coherence during the growth of an elongated
Bose-Einstein condensate,” Physical Review A 75, 011602(R) (2007).

[180] C.-L. Hung, V. Gurarie, and C. Chin, “From Cosmology to Cold
Atoms : Observation of Sakharov Oscillations in Quenched Atomic Su-
perfluids,” (2012).

[181] G. Labeyrie, T. Karpiuk, C. Miniatura, and D. Delande, “Coherent
backscattering of a dilute Bose-Einstein condensate,” Arxiv preprint
arXiv :1206.0845v1 1 (2012).

[182] G. Juzeliunas, J. Ruseckas, P. Öhberg, and M. Fleischhauer, “Light-
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