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Introduction

Ce mémoire d’habilitation présente I’ensemble de mes travaux de recherche, du début
de ma these jusqu’a présent. Le manuscrit est divisé en deux parties. La premiere présente
mes travaux de these et une partie des résultats obtenus pendant mon séjour post-doctoral
a I’Université de Hambourg. Le sujet de ma these était le phenomene du piégeage cohérent
de population en spectroscopie laser. Ce travail a été realisé a la Technische Universitat
de Graz (Autriche) dans le cadre d’une collaboration entre le groupe de Pise de Ennio
Arimondo et le groupe de Graz de Laurentius Windholz. Aussi aprés ma theése j'ai con-
tinué a m’intéresser au role des cohérences a basse fréquence en spectroscopie laser, et
de nouveaux résultats, sur les résonances noires mais aussi sur le phénomene opposé, les
résonances brillantes, ont été obtenus pendant mon séjour post-doctoral a I'Université de
Hambourg. Dans la méme période, j’ai aussi abordé le probléme de la préparation et de la
manipulation d’états quantiques en utilisant des états noirs dépendant du temps. Enfin,
I'analogie entre les atomes réels et artificiels (boites quantiques) m’a amené a des excur-
sions dans un domaine un peu éloigné de la physique atomique, avec 1’étude des effets
de cohérences a basse fréquence dans la spectroscopie de transport des boites quantiques
couplées par effet tunnel. Tous ces résultats sont presentés dans la premiere partie de ce
mémoire.

Les réseaux d’atomes froids sont le sujet de la deuxieme partie de ce mémoire. J’ai
commencé a m’interesser aux réseaux optiques pendant mon premier séjour post-doctoral
dans I’équipe d’Andreas Hemmerich, qui venait de s’établir a I’'Université de Hambourg
et démarrait le montage d’une expérience sur les réseaux optiques. Mon intérét pour les
réseaux optiques m’a ensuite conduit a rejoindre I’équipe de Gilbert Grynberg au Labo-
ratoire Kastler Brossel. Pendant mon séjour au Laboratoire, j’ai développé la thématique
de la dynamique des atomes dans les réseaux optiques. Le mouvement diffusif des atomes,
la relaxation de leur énergie cinétique, et leurs modes de propagation ont été étudiés. Les
progres faits dans la compréhension de la dynamique atomique dans les réseaux optiques
ont été ensuite exploités pour expliquer ’origine de la résonance Rayleigh dans le spectre
d’absorption des atomes piégés dans le réseau. De plus, nous avons utilisé les réseaux
optiques comme systeme modele pour des phénomeénes de physique non-linéaire. Nous
avons ainsi étudié la résonance stochastique dans un réseau périodique, et la diffusion
dirigée dans un potentiel symétrique. Tous ces résultats sont présentés dans la deuxieme
partie de ce mémoire.

On trouvera en annexe un bref curriculum vitae, ainsi que la liste de mes publications.
Huit articles représentatifs de mon activité scientifique sont aussi fournis.






Chapitre 1

Résonances noires et brillantes en
spectroscopie laser

Le piégeage cohérent de population (ou CPT de I’anglais Coherent Population Trapping)
est un phénomene d’interférence quantique qui est observé quand un systeme atomique
interagit avec (au moins) deux champs laser [1].

Ce phénomene, observé pour la premiére fois en 1976 a Pise [2, 3], a été plus tard le su-
jet de nombreuses investigations liées a de nouvelles applications du phénomeéne, comme
le refroidissement laser sub-recul par résonances noires [4], le transfert d’un atome d’un
état quantique a un autre [5], la réalisation de nouveaux magnétometres [6] et horloges
atomiques [7].

£
£
Fluorescence (unités arbitraires)

gl 5,IT

Figure I.1: Gauche: systéme de niveaux en A, avec deux états fondamentaux couplés au
méme état excité par deux faisceaux laser. Droite: intensité de fluorescence atomique
en fonction du désaccord a la résonance atomique du laser 2, pour différentes valeurs du
désaccord du laser 1.

Le phénomene de piégeage cohérent de population est habituellement décrit en ter-
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mes d’un systéme atomique a trois niveaux (Fig. 1.1, gauche). Lorsque la condition de
résonance a deux photons est satisfaite, c’est-a-dire lorsque les désaccords a résonance des
deux champs laser sont égaux (§; = do), 'atome est pompé dans une superposition |[NC')
des états fondamentaux qui n’est pas couplée a I’état excité (état noir). Cela produit une
résonance noire dans la fluorescence atomique en fonction du désaccord a la condition de
résonance a deux photons (Fig. 1.1, droite).

Pendant mon travail de thése, nous avons examiné les phénomenes de piégeage cohérent
de population dans des systemes atomiques avec plus de trois niveaux. Cela nous a per-
mis, d’'une part, de réaliser le CPT dans des schémas d’interaction fermés, dans lesquels
la phase relative des faisceaux laser devient le parametre de contrdle pour le CPT, et,
d’autre part, d’expliquer quantitativement la dépendance du contraste et de la largeur de
la résonance noire, observée dans les expériences avec des atomes alcalins, en fonction des
parametres d’interaction.

Le piégeage cohérent de population a aussi été un des sujets dont je me suis occupé
pendant mon séjour postdoctoral a 'université d’Hambourg. En particulier, j’ai abordé
le cas ou I’état noir dépend du temps, ce qui permet la création et la manipulation de su-
perpositions d’états de facon robuste et sans dissipation. Parallelement j’ai aussi examiné
la possibilité d’utiliser la cohérence a basse fréquence pour manipuler les électrons dans
des boites quantiques et obtenir de nouveaux mécanismes de transport des électrons a
travers ces structures semi-conductrices. En plus, I'expérience acquise avec les résonances
noires m’a permis de contribuer a 'explication du phénomeéne ”opposé”: les résonances
brillantes, qui ont été simultanément observées par Gerardo Alzetta et Stefka Cartaleva
a Pise et par le groupe de Claus Zimmermann a Tiibingen dans le cas d’une transition
Fy=F — F, = F +1 fermée.

I.1 Piégeage cohérent de population dans un schéma
d’interaction a boucle fermée

Nous avons examiné le piégeage cohérent de population dans le cas d’'un schéma d’interaction
a boucle fermée [8]. Le cas général d’un tel schéma est représenté en Fig. 1.2. L’intérét
de tels systemes est lié aux applications, surtout en optique non-linéaire, et notamment
a la possibilité de réaliser le ”laser sans inversion”. Les différents systemes d’interaction
a boucle fermée partagent le méme comportement vis-a-vis du piégeage cohérent de pop-
ulation, et peuvent donc étre traités de facon unifiée. En effet, choisissons, de fagon
completement arbitraire, un des niveaux de la boucle d’interaction comme "niveau de
départ” (niveau |1) dans la Fig. 1.2) et numérotons les autres niveaux en suivant un
sens de rotation qu’on peut aussi choisir de fagon arbitraire. On peut montrer [9] que
I’Hamiltonien d’un tel systeme de N niveaux couplés en schéma d’interaction a boucle
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fermée peut étre réduit, par une transformation unitaire, a la forme:

N-1

H = h) Apiimm)(m|+V (L.1)
m=1
N—1

Vo= k) Gmmam)(m+1|+ hgn|1)(N|exp(i®) . (I.2)
m=1

Ici Am,m,l = E%‘l Aji1j, ot Ajiqj et gjy1; sont respectivement le désaccord et la
fréquence de Rabi du champ de fréquence wj, ; appliqué & la transition |[j+1) <> |j). La

phase ® s’écrit
N-1

N-1
¢ = (le - z wm—f—l,m) 1+ on1 — Z Pm+1,m (13)
m=1

m=1

oll ¢;j11,; sont les phases (constantes) des transitions atomiques correspondantes.
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W ,j- 01, 4
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Figure 1.2: (a): Cas géneral d’'un schéma d’interaction a boucle fermée. (b): Schéma
d’interaction en double-A.

On déduit de la forme de I’'Hamiltonien (1.2) que la dynamique et 1’état stationnaire du
systeme sont déterminés par la phase ®. Cette dépendance en phase est liée a la fermeture
de la boucle d’interaction. En effet, si la boucle est ouverte: ¢gix = 0 et la dépendance en
phase disparait. Nous avons mis en évidence cette dépendance en phase dans le cas d'un
systeme a double-A (Fig. 1.2(b)) créé en utilisant les sous-niveaux hyperfins des états
|3281/2) et |32P1 /2) de I'atome de sodium. Les fréquences des quatre faisceaux laser ont
été choisies de facon a obtenir un désaccord multiphoton Aw

N-1
Aw = wyi — Z Wint1,m (I.4)
m=1

différent de zéro. Dans notre expérience ce désaccord a pu étre controlé avec précision
a I’aide de modulateurs électro-optiques. Etant donné que Aw n’est pas nul, la phase ®
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dépend du temps: ® = Aw -t + cste. Dans ce cas il n'y a pas d’état stationnaire, et en
particulier il n’y a pas d’état noir stable. Donc le CPT est un phénomene transitoire:
si a un certain instant le systeme admet un état noir, et que les atomes sont pompés
optiquement dans cet état, aux instants suivants cet état n’est plus noir et les atomes
sont excités par les champs laser. Nous avons démontré expérimentalement la nature
transitoire du CPT dans le cas d’un schéma d’interaction & boucle fermée en observant
la fluorescence atomique au cours du temps. Nos résultats (Fig. 1.3) montrent bien qu’il
n’y a pas d’état stationnaire pour le systéeme atomique, qui est a certain instants piégé
dans un état noir, pour étre plus tard ré-excité.

(b)

| il
08 |- ‘ ‘

0,6 |-

04 |

02

00 WJ

relative Muorescence intensity 174

time (ms)

Figure 1.3: Intensité I de fluorescence atomique en fonction du temps. Ces résultats
ont été obtenus avec un jet thermique de sodium, et le niveau de référence I = 0 a
été déterminé en coupant le faisceau atomique. Les deux figures correspondent a deux
désaccords Aw différents: en (a) Aw = 8 kHz et en (b) Aw = 100 kHz.

1.2 Contraste de la raie noire

Les résonances noires ont été expliquées par Arimondo et Orriols [3] en termes d’interfé-
rence destructive dans un systeme atomique a trois niveaux en configuration A. Or, les
systemes atomiques utilisés dans les expériences sont souvent bien plus compliqués que
le schéma a trois niveaux en A. On peut donc se demander quelles sont les limites de la
description du CPT a l’aide d’un systeme a trois niveaux, et comment décrire quantita-
tivement les résultats des expériences.

Les résonances noires observées dans les expériences peuvent étre caracterisées par trois
parametres: la position de la résonance, son contraste et sa largeur. Comme 1’ont montré
Arimondo et Orriols [3], la position de la raie noire est donnée par la condition de résonance
multi-photons qui produit 'interférence destructive. Cela montre un accord complet avec
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les expériences, donc nous ne reviendrons pas la-dessus. Un point plus délicat est le con-
traste et la largeur de la résonance noire. Dans une série de travaux [10-12] nous avons
discuté les effets qui déterminent le contraste et la largeur de la résonance noire. Dans
cette Section nous nous occupons du contraste, la largeur étant le sujet de la Section
suivante.

Le contraste C de la résonance noire est défini comme

C = Imaac - Imm ’ (15)
Imaz + Imm

Loz €t Iin étant le maximum et le minimum de la courbe de fluorescence de la raie noire
(en particulier I,,;, est 'intensité de fluorescence & résonance multiphoton). Dans le cas
idéal d’un systéme a trois niveaux en A (Fig. 1.1, gauche), & résonance a deux photons
I'atome est rapidement pompé dans 1’état noir, et donc a I’état stationnaire I,,;, = 0 (Fig.
1.1, droite). Cela implique un contraste de la raie noire égal a I'unité: C' = 1. Or, dans les
expériences le contraste mesuré est souvent bien inférieur a I'unité, et montre une forte
dépendance avec l'intensité des faisceaux laser. Ce comportement peut étre reproduit
par le modele simple a trois niveaux en A en introduisant un terme de relaxation de la
cohérence de 1’état fondamental

pglyz = —YPgig2 > (1.6)

ou p est la matrice densité du systeme atomique. On peut alors choisir v de facon
a reproduire le contraste observé dans chaque expérience, et tout  différent de zéro
introduit aussi une forte dépendance du contraste en intensité des faisceaux laser. Plus
précisément, on peut montrer [13] que dans un systéme a trois niveaux en A avec un taux
de relaxation 7y de la cohérence entre les sous-niveaux de 1’état fondamental, le phénomene
de piégeage cohérent de population est observé seulement pour une intensité des faisceaux
laser plus grande que I, définie par:

Io = IS% , (L7)
ou Ig est l'intensité de saturation pour les transitions optiques considérées, et I' la largeur
naturelle de I’état excité. Or, cette procédure n’est pas, en général, correcte car la valeur
de v appropriée pour reproduire les résultats expérimentaux ne correspond pas aux taux
de relaxation impliqués dans les expériences. En effet la valeur de ~ est souvent attribuée
aux processus collisionnels, ou a I'imparfaite corrélation entre les faisceaux laser. D’autre
part, méme dans les expériences avec un faisceau atomique pour lequel les processus col-
lisionnels sont négligeables, et méme en utilisant des faisceaux laser avec une tres bonne
corrélation croisée, des contrastes bien inférieurs a I'unité ont été observés.

Pour identifier les effets qui déterminent le contraste de la raie noire, nous avons fait
une série d’expériences sur un faisceau atomique de sodium. Nous avons examiné le CPT
sur les transitions hyperfines F;, — F, de la raie D; en utilisant la configuration Hanle:
un champ laser polarisé linéairement est résonnant avec la transition atomique, avec un
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champ magnétique orienté dans la direction de propagation du champ laser qui leve la
dégénérescence des sous-niveaux des états fondamental et excité. L’utilisation de la con-
figuration Hanle a I'avantage de permettre d’examiner des schémas de CPT différents
simplement en changeant la fréquence du laser. Les différents schémas d’interaction
correspondant & une excitation simultanée 0%, o~ (lumiére polarisée linéairement) sont
représentés en Fig. 1.4.

Re=2 R=2
R=1 R=1
=2 Ri=2
FFl R=1
k=2 k=2
R=1 R=1
=2 R=2
Rt Rl e -

Figure 1.4: Schémas d’interaction qui peuvent étre établis sur les transitions hyperfines
de la raie D; du sodium par excitation o et o~. Les sous-niveaux qui forment les
superpositions non-couplées sont marqués par des cercles pleins et, dans le cas de deux
superpositions non-couplées pour la méme transition, également par des carrés pleins.

Nous avons observé la fluorescence du faisceau atomique en fonction du champ magnétique
B. Notons que balayer B revient a ”balayer” la condition de résonance multiphotons. Les
courbes typiques obtenues sont montrées en Fig. 1.5. Comme prévu par la théorie [14],
trois des quatre transitions examinées ont des états noirs, et donc une résonance noire
est observée dans le signal de fluorescence en fonction de B. Plus précisément, les tran-
sitions Fy =1 = F, = 1let F;, = 2 — F, = 2 ont un état non-couplé; la transition
Fy=2— F, =1 a deux états non-couplés.

Ce qui nous intéresse ici est le contraste de la raie noire. Nous remarquons que le con-
traste des raies noires pour les différentes transitions est bien inférieur a I'unité, méme si
la relaxation de la cohérence de I’état fondamental est négligeable dans notre expérience:
dans un faisceau atomique les collisions sont peu importantes, et les champs laser o™
et 0~ sont parfaitement corrélés, ces champs étant les deux composantes circulaires du
meéme faisceau polarisé linéairement.
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Figure 1.5: Intensité de fluorescence en fonction du champ magnétique B pour les
différentes transitions hyperfines de la raie D; du sodium.

Pour expliquer nos observations nous avons remarqué que les transitions atomiques
considérées sont ouvertes et nous avons fait ’hypothese que le contraste est déterminé
par le taux de perte de la population atomique vers des états qui ne sont pas excités par
le champ laser. Nous avons résolu les équations de Bloch optiques pour une transition
F, — F, résonnante avec deux champs laser 0%, 07, en incluant les pertes vers le sous-
niveau Fy de I'état fondamental. Dans cette situation 1'état stationnaire pour B # 0
correspond évidemment a la totalité de la population atomique ”perdue” dans le sous
niveau Fjy et donc a une fluorescence nulle. Il s’ensuit que la fluorescence dans le régime
transitoire initial est importante et la quantité appropriée pour la comparaison avec les
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résultats de I’expérience est 'intensité de fluorescence intégrée sur le temps d’interaction:

ty Fe
Imt(B) = /0 r Z Pe;e; (B, t)dt ) (18)

-F,

ou ¢t est le temps d’interaction des atomes du faisceau avec le champ laser. Les résultats
de nos calculs sont représentés en Fig. 1.6.

Fg=1-> Fe=1 Fg=2 —> Fe=1 Fg=2 —> Fo=2
T T T T T T T T T T T T T T T
1.0 1.0 - 1.0
3 V 5 5 U
8 8 8
& 05 1 =z osf < 05
0.0 1 1 1 1 0.0 1 1 1 0.0 1 1 1

0
B(G)

0
B(G)
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Figure 1.6: Résultats numériques pour I;,;(B) pour les trois transitions de la raie D; du
sodium qui permettent le piégeage cohérent de population par excitation avec champs
laser ot et o”.

Ces résultats montrent bien que la perte de population correspond a une diminution
du contraste de la raie noire. La dépendance du contraste de la transition atomique est
en accord avec les résultats de I'expérience. Cela montre que la réduction du contraste
par rapport a la valeur idéale C' = 1, souvent attribuée aux processus de relaxation de
la cohérence de I’état fondamental, est au contraire produite par les pertes de population
vers des états non excités par la lumiere.

I.3 Largeur de la raie noire

Dans la Section précédente nous avons vu que les pertes de population déterminent le
contraste de la raie noire. Il est donc naturel de se demander quel est le role de ces pertes
dans la détermination de la largeur de raie.

Nous avons examiné la dépendance de la largeur de la raie noire en fonction du temps
d’interaction. Notre source d’atomes étant un faisceau atomique thermique, nous n’avons
pas pu explorer dans les expériences des temps d’interaction tres longs. Donc 1’étude
de la dépendance de la largeur de la raie noire en fonction du temps d’interaction a été
purement théorique.

Nous avons résolu les équations de Bloch optiques pour les trois transitions ouvertes
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F, — F, de la raie D; du sodium qui conduisent au piégeage cohérent de popula-
tion. De plus, nous avons aussi considéré le cas (fictif, pour le sodium) d’une transition
F,=1— F, =1 fermée. En calculant I'intensité de fluorescence I;,:(B) pour différents
temps d’interaction ?;, nous avons dérivé la largeur a mi-hauteur en fonction de ¢;. Les
résultats de nos calculs sont montrés en Fig. 1.7.
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Figure 1.7: Largeur de la raie noire en fonction du temps d’interaction. Gauche: compara-
ison de la largeur de raie pour les transitions ouvertes avec la transition (fictive) fermée.
Le trait plein correspond a la transition fictive F; =1 — F, = 1 fermée, le trait pointillé
a la transition F, = 2 — F, = 1, le trait tireté a la transition F; =1 — F, = 1 et le
trait pointillé-tireté a la transition F, = 2 — F, = 2. Droite: ajustement de données
numériques pour la largeur des transitions ouvertes avec la loi AB = C/,/t;, la constante
C étant différente pour les différentes transitions. Les triangles correspondent a la tran-
sition F; = 2 — F, = 1, les points a la transition F;, = 2 — F, = 2 et les carrés a la
transition Fy =1 — F, = 1.

Les résultats de nos calculs numériques montrent que la dépendance de AB en temps
d’interaction est tres différente selon que la transition considérée est fermée ou ouverte.
Pour une transition fermée, on retrouve le résultat bien connu [15]: la largeur A B présente
une décroissance rapide en 1/t; vers une largeur limite proportionnelle & I'intensité du
champ laser, et inversement proportionnelle a la largeur naturelle de I’état excité. Un
comportement completement différent est observé pour les transitions ouvertes: la largeur
AB décroit vers zéro avec une dépendance 1/,/7;. Ce comportement peut étre expliqué
en examinant la dépendance de I'intensité de fluorescence

IBA) =TS pe(B.1) (L9)

—F,

au cours du temps. La dépendance de I(B,t) en fonction du temps ¢ est représentée sur
la Figure I.8.

Considérons I(B,t) & deux instants successifs t; et ty (o > ¢1). La figure 1.8 montre
qu'a t = ty, I(B,t) a un profil plus réduit et plus étroit qu’a ¢ = ¢;. Ce rétrécissement
est produit par les pertes de population. En effet pour les valeurs du champ B qui
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conduisent a un pompage optique vers Fy important, c’est-a-dire loin du centre de la
résonance noire, le processus de perte de population est plus rapide que dans la région de
faible champ magnétique ou le pompage optique est faible. Donc le profil de la raie devient
plus étroit lorsque le temps d’interaction augment, et I(B,t) contribue & I;,:(B,ts) dans
une région autour de B = 0 de taille décroissante avec le temps d’interaction. De cette
facon la résonance noire observée pour I;,,,(B,t;) devient plus étroite en augmentant ;.
Cela explique qualitativement le mécanisme de rétrécissement de la raie noire dans une
transition ouverte.

1(B,t) (unités arbitraires)

1 1 1

-1 -0.5 0 0.5 1
magnetic field (G)

Figure 1.8: Intensité de fluorescence I(B,t) pour la transition (ouverte) F, =1 — F, =1
de la raie D; du sodium a des instants différents. Le trait plein correspond a t = 5us, le
trait tireté a t = 10us.

Plus quantitativement, nous avons aussi montré [12] que la dépendance de AB en
1/,/T4 est une conséquence directe de la dépendance quadratique du taux de départ I'nc
de I’état non-couplé.

I.4 Reésonances brillantes

L’étude des résonances ”brillantes” a été stimulée par les observations expérimentales du
groupe de Stefka Cartaleva et Gerardo Alzetta a Pise [16] et du groupe de Claus Zimmer-
mann a Tiibingen [17]. Le but du travail de ces deux groupes était d’étudier certaines
propriétés des résonances noires dans une vapeur atomique. Mais, de facon completement
inattendue, ’effet "opposé” a été observé: des résonances brillantes avec une largeur sub-
naturelle apparaissent superposées a la courbe de fluorescence du profil Doppler.

Une collaboration est alors née pour identifier le mécanisme derriere ces résonances bril-
lantes. Avec Philippe Verkerk, Claus Zimmermann et Ennio Arimondo, nous avons
montré que l'origine des résonances brillantes est la redistribution de la population atom-
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ique dans I’état fondamental, avec une accumulation dans les sous-niveaux Zeeman plus
fortement couplés a la lumiere [18]. L’effet des résonances brillantes est donc 1’analogue
en spectroscopie laser du processus de refroidissement laser dans la configuration o, —o_
identifié par Jean Dalibard et Claude Cohen-Tannoudji [19].

Dans les expériences menées a Pise, les résonances brillantes ont été observées sur les tran-
sitions fermées F; = F' — F, = F'+1 de laraie D, du rubidium. Une configuration de type
Hanle a été utilisée, avec un faisceau laser polarisé linéairement et un champ magnétique
parallele a la direction de propagation de la lumiere. Dans notre analyse théorique nous
avons considéré cette méme configuration, indiquée comme (lin, % || B). Pour cette con-
figuration, la transition la plus simple qui conduit au phenomene des résonances brillantes
est la transition F, = 1 — F, = 2 (Fig. 1.9).
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Figure 1.9: Schéma d’interaction pour une transition F, = 1 — F, = 2 résonante avec
lumiére polarisée linéairement, pour deux choix différents de la base atomique. Pour
un axe de quantification parallele au vecteur d’onde de la lumiere, I'interaction avec la
lumiére correspond & des excitations o, et o_ (trait plein). Pour un axe de quantification
parallele & la polarisation de la lumiére, une excitation 7 est produite (trait tireté).

Nous allons décrire le phénomene en considérant deux choix différents pour la base
atomique. Choisissons d’abord 1'axe de quantification parallele a la polarisation de la
lumiere. Dans cette base la lumiere ne crée pas de couplage entre les sous-niveaux Zee-
man, et le phénomene des résonances brillantes peut étre décrit en termes de redistribution
de la population dans I’état fondamental. Pour un champ magnétique nul, les popula-
tions des sous-niveaux de I’état fondamental sont: I1; = 4/17 et Iy = 9/17. Les atomes
s’accumulent donc dans le sous-niveau le plus fortement couplé a la lumiére (état brillant),
produisant une intensité de fluorescence maximale. En présence d’'un champ magnétique
perpendiculaire a ’axe de quantification, les populations des sous-niveaux Zeeman de
I’état fondamental sont partiellement redistribuées, car les sous-niveaux Zeeman ne sont
pas des états propres de I’Hamiltonien pour B # 0. Donc la population des sous-niveaux
faiblement couplés a I’état excité augmente aux dépens de la population de I’état brillant.
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Cette redistribution, qui correspond a une diminution du taux de fluorescence, explique
le phénomene des résonances brillantes. Cette description reproduit facilement aussi la
dépendance de 'amplitude de la résonance brillante avec la polarisation de la lumiere
d’excitation. En effet, on comprend immédiatement que dans le cas d’un champ laser
polarisé circulairement il n’y a pas de résonance brillante pour un champ magnétique
parallele au vecteur d’onde de la lumiere: les atomes s’accumulent dans le sous-niveau
M = +1 de I'état fondamental, et un champ magnétique parallele & ’axe de quantifi-
cation ne produit pas de redistribution de la population atomique entre les différents
sous-niveaux de 1’état fondamental.

Si on choisit de décrire le phénomene en prenant le champ magnétique comme axe de
quantification, la lumiere correspond a une excitation o, et o_ et produit des cohérences
Zeeman. Dans cette base, le phénomene des résonances brillantes est décrit en termes de
création, a champ magnétique nul, d’une cohérence Zeeman p,_,, , de I’état fondamental
et de sa destruction a champ magnétique non nul.

Les simulations numériques pour des transitions de moment angulaire plus grand (Fig.
1.10) montrent une résonance brillante avec une amplitude de quelques pourcents du profil
de fluorescence, en accord avec les observations expérimentales [16].
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Figure 1.10: Population stationnaire de I’état excité en fonction du champ magnétique
B pour la transition F, = 2 — F, = 3 de la raie Dy de atome 3"Rb. Le trait plein
correspond a lumiere polarisée linéairement, le trait tireté a une polarisation circulaire.

Nous avons aussi étudié 1’effet des résonances brillantes dans une autre configuration
Hanle, qui conduit a des résonances d’amplitude beaucoup plus importante que dans la
configuration (lin, & || B). C’est la configuration (o, k L B), avec un champ laser polarisé
circulairement et un champ magnétique perpendiculaire a la direction de propagation de la
lumiere [20]. Les résultats reportés en Fig. 1.11 montrent bien que pour cette configuration
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on observe une résonance brillante dont ’amplitude est comparable a I’amplitude du profil
large de fluorescence.
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Figure I.11: Population stationnaire de I’état excité en fonction du champ magnétique B
pour la transition Fy, = 3 — F, = 4 de la raie D, de I’atome 8Rb. La configuration Hanle

considérée est la (o,k L B).

I.5 Transfert adiabatique et manipulation de la cohé-
rence atomique

Pendant mon séjour post-doctoral a I’Université de Hambourg, j’ai commencé a collaborer
avec le groupe de Stig Stenholm a Stockholm au sujet d’une application importante des
états noirs : la technique de transfert cohérent de population par passage adiabatique.
Cette technique, appellée le STIRAP de I'anglais ” Stimulated Raman Adiabatic Passage”,
est basée sur l'existence d’un état noir dans un systeme a trois niveaux en configuration A.
La population peut étre transférée d’un état de départ |i) a I’état final | f) en utilisant deux
impulsions laser. Ces impulsions sont appliquées dans 1’ordre ”contre-intuitif”: d’abord
une impulsion (impulsion Stokes) couple I’état final |f) a 1'état excité |e), ensuite une
deuxiéme impulsion (impulsion pompe) couple ’état initial a |e) (Fig. 1.12). Pour un
choix approprié des amplitudes des deux impulsions, de leur durée et de leur recouvrement,
I'état du systeme correspond & un état noir dépendant du temps qui coincide avec |i) avant
lapplication de deux impulsions, et avec |f) apres la séquence des impulsions. Donc le
systéme évolue adiabatiquement de i) & | f) sans occupation de I’état excité (qui en général
peut se désexciter vers d’autres états par émission spontanée). Le transfert complet de
population de [i) & |f) est ainsi obtenu.
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le>
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time

Figure 1.12: Gauche: systeme de niveaux en A. Droite: séquence d’impulsions laser pour
le transfert de population de [i) & |f).

Dans la formulation initiale du mécanisme STIRAP, un systéme préparé initialement
dans un seul état quantique est transféré dans un autre état quantique. La technique
STIRAP a été depuis généralisée, et plusieurs schémas pour la préparation de superposi-
tions cohérentes [21, 22| et d’états intriqués [23] ont été introduits. Le but de mon travail
de recherche a été de généraliser ultérieurement la technique de STIRAP a la manipu-
lation des cohérences atomiques. En particulier, nous avons montré qu’il est possible de
transférer la cohérence atomique par la méthode STIRAP [24] et nous avons introduit
une nouvelle procédure, toujours basée sur la méthode STIRAP, pour effectuer la trans-
formation la plus générale d’un systéme a deux niveaux [25].

le>

QS+

If+>
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Figure 1.13: Systéme atomique a cinq niveaux pour le transfert adiabatique de cohérence
atomique.

Pour I’étude du transfert de la cohérence atomique, nous avons considéré un systeme
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atomique a cinq niveaux (Fig. 1.13). Les quatre sous-niveaux de 1’état fondamental
peuvent étre couplés a un état excité commun par quatre impulsions laser différentes.
Nous avons considéré un atome initialement préparé dans une superposition [¢;) de deux
sous-niveaux de ’état fondamental (sous-niveaux |i—) et |i+)) et nous avons examiné
la possibilité d’appliquer STIRAP pour préparer l’atome dans une superposition |t)
de deux autres sous-niveaux de I’état fondamental !. Nous avons démontré que pour
des superpositions initiale |1/;) et finale [1);) données, il est toujours possible de choisir
les amplitudes et phases relatives des impulsions laser de facon a ce que ’atome évolue
adiabatiquement de |¢;) & |1;). Nous avons déterminé les conditions correspondantes
nécessaires pour la séquence des impulsions laser.

Comme étape suivante dans la généralisation de STIRAP a la manipulation des su-
perpositions, nous avons examiné la possibilité de réaliser des transformations unitaires
|y — Uly), avec U donné et |¢) arbitraire, en utilisant une séquence composée de
plusieurs opérations STIRAP. Dans le cas ou [¢) est une superposition de deux états,
nous avons démontré qu’il est possible d’effectuer la rotation de |i) par STIRAP et nous
avons donné les conditions nécessaires [25].

Q. Qp, Q3

D 12 t

Figure 1.14: Gauche: systéme atomique & quatre niveaux pour la rotation du qubit par
STIRAP. Droite: séquence d’impulsions laser pour la rotation du qubit.

Notre schéma pour la rotation du qubit par STIRAP est basé sur un systéme atomique
a quatre niveaux (Fig. 1.14). Les trois sous-niveaux de ’état fondamental sont couplés
via un seul état excité par différents champs laser (champs 1,2, 3 de fréquences de Rabi
Qy, Qs et Q3). Deux de ces sous-niveaux (|1) et |2)) définissent le qubit, tandis que le
troisiéme sous-niveau (niveau |3)) est un état auxiliaire occupé seulement dans la phase
intermédiaire de la procédure de transformation du qubit. Les deux champs laser 1 et 2
ont essentiellement la méme forme: Q;(t) = Q(t) cos x, Q2(t) = Q(t) exp(in) sin x, avec x
et n donnés.

Tl est intéressant de noter qu’en I’absence de cohérence entre les sous-niveaux le transfert de population
d’un couple de sous-niveaux & un autre est impossible, sauf dans le cas ol le systeme peut étre réduit a
deux systémes A indépendants.
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Le but est de mettre en oeuvre la rotation du qubit |i) = «|1) + $|2) autour de 'axe
7i = (sin @ cos ¢, sin O sin ¢, cos @) d’un angle ¢, de fagon a obtenir

1f) = Ra(Q)]3) (L.10)

avec R, ({) ’élement du groupe SU, defini par:
. C - =
R,(() = exp —igit- o (I.11)

ol & = (04,0y,0,) sont les opérateurs de spin de Pauli: o, = [1)(2| + |2)(1], 0, =
i(12)(1] = [1){2]) et 0. = [1)(1] — [2)(2].

Notre procédure de rotation est constituée de deux opérations STIRAP. Dans la premiere
operation STIRAP les champs 1 et 2 sont les champs pompes, avec le champ 3 qui joue
le role du champ Stokes. Dans cette operation STIRAP, le champ 3 a la méme phase
que les champs 1 et 2. Les impulsions sont appliquées dans l'ordre contre-intuitif, avec
I'impulsion Stokes qui précede les impulsions pompes. Le processus de transfert peut
étre décrit de fagon transparente dans la base des états couplés/non-couplés pour le sous-
espace de Hilbert engendrés par les états |1) et |2). Dans ce sous-espace, les champs
pompes définissent un état non-couplé:

INC) = —sin x|1) + exp(in) cos x|2) . (L.12)
Son état orthogonal (état couplé) s’écrit:
|C) = cos x|1) + exp(in) sin x|2) . (L.13)

La composante selon |[NC) du qubit de départ |i) n’est pas changée par la premiére
operation STIRAP, tandis que la composante selon |C) est transférée a I’état auxiliaire
|3). On obtient donc:

1) = (NC[5)|NC) + (C5)|C) = |) = (NC[)INC) = (Cl3)[3) - (1.14)

Donc Veffet de cette premiere opération STIRAP est de décomposer ’état |i) selon les
états |C) et |[NC), avec la composante selon |C) transférée vers 'état auxiliaire |3).

Dans la deuxiéme operation STIRAP, la composante selon |3) est ramenée vers 1'état
couplé |C), mais avec une différence de phase. Cela est obtenu en appliquant les impul-
sions 1, 2, 3 dans 'ordre inverse, avec les impulsions 1 et 2 qui précedent 'impulsion 3. Les
champs 1 et 2 ont la méme fréquence de Rabi que dans la premiére opération STIRAP.
Le champ 3 a une phase différente par rapport a la premiere opération STIRAP. Soit ¢
la phase relative du champ 3 par rapport aux champs 1 et 2. Cette opération STIRAP
ramene la composante selon |3) vers 'état |C):

(3[1)[3) — exp(=i6)(3|1)|C) . (L.15)
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Donc on obtient:
y) = (NC[5)| NC) + exp(—id)(C|i}|C) (1.16)

qui, en utilisant (1.12,1.13), peut étre écrit comme

[¥r) = exp(—id/2) Rn(6)]i) (L.17)

avec 71 = (sin 2y cos 7, sin 2x sin7, cos 2x). A part la phase globale —d/2, nous avons bien
obtenu la rotation de I'état |7).

Cette procédure a une interprétation géométrique simple: 1’axe de rotation, défini par
2 et {2y n’est pas modifié par la rotation. L’état orthogonal |C) est au contraire tourné
autour de |[NC) d’un angle 6.

I.6 Piégeage cohérent d’électrons dans des boites quan-
tiques semiconductrices

Nous avons vu que la création de cohérence a des basse fréquence produit une modifi-
cation importante de la fluorescence atomique. Cohérences a basse fréquence peuvent
aussi étre utilisées pour controler I’évolution d’un systéme quantique de fagon robuste et
précise (méthode STIRAP, Section 1.5). Enfin, les propriétés d’absorption et de dispersion
d’un milieu atomique peuvent étre controlées par la création de cohérences Zeeman. De
cette fagon, on peut rendre un milieu atomique transparent a un champ laser proche de
résonance (”Electromagnetically-induced transparency” - EIT [26]) et obtenir la propa-
gation a travers le milieu d’impulsions de lumiére avec des vitesse de groupe tres faibles
(”Slow light” [27]).

Vu les résultats remarquables en physique atomique, une activité considérable s’est récem-
ment developpée pour comprendre si des cohérences a basse fréquence peuvent étre établies
aussi dans des milieux différents. En particulier, plusieurs investigations ont été con-
sacrées a l'identification de matériaux a 1’état solide, et notamment de matériaux semi-
conducteurs, favorables pour la création de cohérence a basse fréquence [28-30]. Parmi
les structures considérées, les boites quantiques a semi-conducteur semblent étre un des
systemes les plus prometteurs pour le transfert de ces concepts de physique atomique,
en conséquence du fait que le spectre d’énergie des boites quantiques est discret. Dans
ce domaine, beaucoup de travail a été déja fait pour les systemes électron-trou dans des
boites quantiques excitées par champ laser, et la préparation de ce systéme dans une
superposition d’états a été publiée récemment [31].

Pendant mon séjour post-doctoral a I’Université de Hambourg, j’ai eu la possibilité de
discuter du probleme de I’établissement des cohérences a basse fréquence dans des boites
quantiques avec Tobias Brandes, du Laboratoire de Physique Théorique de la méme Uni-
versité. Nous avons ensuite développé un projet de recherche sur ce sujet, en profitant aussi
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de la collaboration d’un expérimentateur de ce domaine: Robert Blick, de I’'Université de
Munich. Comme systéme physique, nous avons considéré des boites quantiques a un seul
électron couplées par effet tunnel, comme celles réalisées et étudiées a Munich par le
groupe de Robert Blick et dont un exemple est donné en Fig. 1.15.
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Figure 1.15: Gauche: Dispositif a un seul électron constitué par trois boites quantiques
couplées par effet tunnel. Centre: Schéma des niveaux pour deux boites quantiques
couplées par effet tunnel et dans le régime de blocage de Coulomb. Droite: Résonance
noire dans le courant tunnel a travers la double boite quantique pour differents taux de
transmission I' = I".

Ces structures sont habituellement étudiées par spectroscopie de transport, c’est a dire
en observant le courant a travers le systeme des boites quantiques couplées en fonction
du potentiel appliqué a la structure [32].

Dans une série de travaux [33-35], nous avons étudié les modifications des propriétés
de transport a travers des boites quantiques couplées par effet tunnel produites par les
cohérences a basse fréquence entre états quantiques différents. Nous avons montré que
la cohérence quantique peut modifier compléetement les propriétés de transport, et nous
avons proposé de nouveaux mécanismes de transport basés sur l'interférence quantique.

En particulier, nous avons suggéré [33] que le piégeage cohérent d’électrons dans les
”atomes artificiels” (boites quantiques) peut étre obtenu par irradiation avec deux sources
de micro-ondes et détecté en observant le courant a travers la structure semi-conductrice
en fonction du désaccord Raman. Le montage nécessaire pour I’expérience proposée est le
méme que celui déja utilisé & Munich pour étudier les oscillations de Rabi dans des boites
quantiques couplées [36].

L’effet de piégeage cohérent d’électrons apparait dans une double boite quantique dans
le régime de blocage de Coulomb. Dans ce régime, I'espace de Hilbert du systéme est
engendré par ’état du "vide” a N électrons, et les états a N+1 électrons. Les deux états
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fondamentaux a N+1 électrons |G) et |G') ont une différence d’énergie € = e¢g — €gr et
s’hybrident dans les états |1) et |2) (Fig. 1.15, centre). Les deux premiers états excités de
méme nombre d’électrons (N+1) sont indiqués par |0) (état localisé dans la boite quan-
tique de droite) et |0') (gauche). Nous admettons que la différence d’énergie ¢y — €y est
beaucoup plus grande de 7, I’élément de matrice de couplage par effet tunnel, de facon
a négliger 'hybridation entre |0) et |0'). Les sources d’électrons couplées a la structure
semi-conductrice ont des potentiels chimiques p (source de droite) et u' (gauche) tels
que les électrons peuvent passer des sources aux états fondamentaux (vides) |G) et |G')
par effet tunnel, mais peuvent quitter la structure seulement a travers 1’état excité |0),
le passage des électrons de |G) et |G’) aux sources étant supprimé (blocage de Pauli).
Le taux de transmission des électrons de la source de droite (respectivement de gauche)
dans la structure est noté I' (respectivement I'') et sont, par simplicité, considerés comme
independants de 1’énergie.

La structure est irradiée par deux sources de micro-ondes, qui couplent les transitions
|1) — |0) et |2) — |0). Nous avons calculé le courant a travers la structure en tenant
compte du processus de désexcitation, & un taux I'%, de |0) par émission de phonons acous-
tiques et pour un choix de parametres de la structure semi-conductrice correspondant aux
structures realisées et étudiées a Munich. Le résultat de nos calculs pour le courant I en
fonction du désaccord Raman g (Fig. 1.15, droite) montre bien qu’a résonance multi-
photon, 1’électron est piégé dans I’état fondamental, et que le transport d’électrons a
travers la structure est supprimé.






Chapitre 11

Dynamique d’atomes dans des
réseaux optiques

Cette deuxieme partie de mon mémoire résume mon travail de recherche dans le do-
maine des atomes froids, effectué au Laboratoire Kastler Brossel. Tous les résultats ex-
posés dans cette partie ont été obtenus au sein de I’Equipe Optique Non-Linéaire de
Gilbert Grynberg.

Pendant cette période, le theme principal de ma recherche a été ’étude de la dynamique
des atomes dans des réseaux optiques dissipatifs. Nous avons examiné plusieurs facettes
de ce probleme. D’abord nous avons étudié la diffusion spatiale des atomes dans le réseau
[37]. Dans ce premier travail, nous avons pu vérifier plusieurs propriétés fondamentales
du transport des atomes dans le réseau. En particulier, nous avons observé que le mou-
vement des atomes correspond a un régime de diffusion normale, et nous avons mesuré
les coefficients de diffusion. D’un point de vue technique, pendant cette étude nous avons
mis au point le systeme d’imagerie qui a été un outil essentiel dans toutes les expériences
suivantes.

Nous avons ensuite abordé le probléme du lien entre la diffusion spatiale et la résonance
Rayleigh [38]. Il a été suggéré récemment que la résonance Rayleigh peut étre utilisée
comme sonde du transport des atomes dans un réseau [39, 40], et des valeurs pour les
coefficients de diffusion ont été déduits des mesures de la largeur de la raie Rayleigh [39].
Or, la validité de cette méthode n’a jamais été prouvée. Nous avons montré que la largeur
de la raie Rayleigh ne correspond pas a une mesure des coefficients de diffusion spatiale, et
qu’au contraire la grandeur correspondant a cette largeur de raie est le taux de relaxation
de la température.

Ensuite, nous avons étudié les modes de propagation dans les réseaux optiques ou les
atomes se déplacent a une vitesse bien définie. Le résultat principal de cette étude a été
I'observation directe de ces modes [41, 42]. Dans un travail ultérieur, nous nous sommes
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intéressés au probléme de I’excitation des modes de transport [43, 44]. Nous avons montré
que le méme mode peut étre excité par différents schémas d’excitation. Selon le schéma
utilisé, ’excitation du mode produit ou non une résonance dans le spectre d’absorption
du milieu atomique. Ce résultat nous a permis de comprendre de fagon certaine le lien
entre les propriétés optiques du milieu atomique et la dynamique des atomes.

Dans une derniere série d’expériences, les réseaux optiques dissipatifs nous ont servi
comme systeme modele pour étudier le role du bruit dans les systéemes non-linéaires.
En particulier, nous avons observé le phénomene de résonance stochastique sur les modes
de propagation [42]. Cette observation réprésente la premiere réalisation du régime de
résonance stochastique dans un systeme périodique. Ensuite, nous avons étudié la rec-
tification des fluctuations dans un potentiel symétrique, avec un mouvement dirigé des
atomes résultant de la brisure de la symétrie temporelle du systéme [45].

II.1 Réseaux optiques: généralités

La dynamique des atomes dans un réseau optique dissipatif est normalement décrite
en termes de refroidissement et de piégeage des atomes au fond des puits de potentiel.
Nous rappelons ici le principe du refroidissement Sisyphe [46]. Considérons une transition
Fy, =1/2 — F, = 3/2 couplée a deux champs laser avec la méme amplitude et la méme
longueur d’onde A, polarisés linéairement et contrapropageants. Ces champs laser sont
désaccordés sur le rouge de la transition atomique et ont des polarisations perpendiculaires
(configuration lin_Llin, Fig. IL.1(a)):

= E
Ei(z,t) = €'$70 expli(kz — wt)] + c.c. (IT.1)
Ey(z,t) = é'y% expli(—kz —wt + ¢)] + c.c. (I1.2)

ou k =2m/\ et w = ke sont le vecteur d’onde et la fréquence du champ laser. Le champ
électrique total s’écrit donc:
E\(2,t) + Ey(2,t) = [E4(2)€, + E_(2)é_] exp (—iwt) + c.c. (IL.3)

ol, en éliminant la phase relative a travers un choix approprié de I'origine des coordonnées
spatiale et temporelle, £, et E_ sont donnés par:

E

E.(2) = —i7%sinkz (I1.4)
Ey

E_(z) = —=coskz. (IL5)

V2

La superposition de ces deux champs laser produit donc un champ électrique caractérisé
par une intensité constante et un gradient spatial d’ellipticité de période A/2. Ce gra-
dient d’ellipticité produit une modulation périodique des déplacements lumineux des
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sous-niveaux Zeeman de l'état fondamental ("potentiels optiques”, Fig. IL.1(b)). Plus
précisément, pour une transition F, = 1/2 — F, = 3/2 l'opérateur des déplacements
lumineux est diagonal dans la base |g, +1/2), avec comme valeurs propres

It I~
I- I

ou Aj est le déplacement lumineux par faisceau pour une transition de Clebsch-Gordan
égal & 1, I* = |E.|? sont les intensités des composantes circulaires droite et gauche, et
I =1 +1I" est l'intensité totale. En utilisant les expressions (I1.4,11.5), les déplacements
lumineux peuvent étre écrits comme

Uy = 5 [—2 =+ cos k2] (I1.8)
ol 4

est la profondeur du puits de potentiel (Fig. I1.1).

E: 0" lin o lin O~
(a) L»O AN Q O :
X / =
A E
0 N8 N4 3M8 N2 Z | 0

g,+1/2

(b) Uo

9,-1/2

Figure IL.1: (a): Configuration de faisceaux dite lin_Llin, et gradient d’ellipticité résultant.
(b): Déplacements lumineux des sous-niveaux Zeeman |g,+1/2) de I’état fondamental
dans le cas d'une transition F, =1/2 — F, = 3/2.

Le refroidissement Sisyphe est engendré par ’action combinée des déplacements lu-
mineux et du pompage optique. Le principe est indiqué sur la Figure I1.2. Considérons
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un atome se déplacant dans la direction z avec une vitesse positive, et initialement en
z = 0 dans I’état |g,—1/2). En se déplacant dans la direction des z positifs, I'atome
gravit la courbe de potentiel sur laquelle il se trouve. Cela a deux conséquences : d’une
part, une partie de l’énergie cinétique de ’atome est transformée en énergie potentielle ;
d’autre part, la composante ot de la lumiere augmente, ce qui implique ’augmentation
du taux de pompage optique vers le niveau |g,+1/2). Au sommet de la colline de poten-
tiel (A = z/4) la polarisation de la lumiére est purement o™, et 'atome a une tres forte
probabilité d’étre pompé dans I’autre sous-niveau |g,+1/2). Le passage de I'atome vers
le sous-niveau |g, +1/2) s’accompagne d’une perte d’énergie potentielle, qui est emportée
par le photon spontanément émis. Ce processus se réitere jusqu’a ce que l’atome n’ait
plus I’énergie suffisante pour atteindre le sommet d’une colline de potentiel, et qu’il reste
piégé dans un puits. On obtient de cette facon ce qu'on appelle un ”réseau optique”:
un ensemble d’atomes localisés dans un réseau périodique de puits de potentiel. Il faut
remarquer que les atomes se localisent aux sites ou leur interaction avec la lumiere est
maximale, avec des cycles d’absorption-émission entre |g, +1/2) et |e, +3/2) pour les puits
o', et entre g, —1/2) et |e, —3/2) pour les puits 0~. C’est & cause de cette propriété que
ce type de réseaux est appelé réseau brillant.

AE
YUs 2 . ‘mE+1/2>
ul®@ | mg=-1/2>
o- ot o- ot

Figure I1.2: Principe du mécanisme de refroidissement Sisyphe.

La configuration lin Llin se généralise directement a trois dimensions : chacun des fais-
ceaux contrapropageants est scindé en deux faisceaux de méme polarisation, se propageant
dans le plan perpendiculaire a leur polarisation, et symétriques par rapport a I'axe de la
configuration unidimensionnelle. Le schéma des faisceaux pour cette configuration lin_lin
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a 3D est représenté sur la figure I1.3. Cette géométrie de faisceaux produit un potentiel op-
tique tridimensionnel, dont les puits sont alternativement polarisés o™ et 0, comme dans
la configuration lin_Llin 1D. Pour le cas d’une transition atomique F, =1/2 — F, = 3/2
on a tracé deux coupes de la nappe du potentiel U_, la nappe du potentiel U, étant
obtenue par translation spatiale, sur la Figure I1.3, selon Oy et £Oz respectivement. Les
périodes spatiales pour cette configuration valent:

A
Ap = S, (11.10)
A
o= o 7 (IL11)
A o= N (IL12)

cos B, + cos b,

Les expériences qui font ’objet de ce mémoire ont été effectuées soit avec un réseau 1D,
soit avec un réseau 3D avec 8, = 0, = 0. Dans ce dernier cas, les directions z et y sont
équivalentes, et les pas du réseau sont A\, , = A/sinf, A\, = A/(2cos ).
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Figure I1.3: Gauche: Schéma de faisceaux en configuration lin_Llin 3D. Coupes de la
nappe de potentiel U_ dans le plan xOy (centre) et dans le plan zOz (droite) pour la
méme configuration et une transition atomique F, =1/2 — F, = 3/2.

I11.2 Diffusion spatiale

Le point de départ de notre étude de la dynamique des atomes dans les réseaux op-
tiques brillants a été 1’étude de la diffusion spatiale. Deux mécanismes différents peuvent
conduire a un mouvement diffusif des atomes dans le réseau. Le premier mécanisme
est montré en Fig. I[.4: le pompage optique entre sous-niveaux de I’état fondamental
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peut faire passer un atome d’un puits de potentiel & un puits voisin, qui correspond a
un potentiel lumineux différent. Un deuxiéeme mécanisme correspond au chauffage des
atomes produit par le recul associé au cycle de fluorescence. En effet, 'augmentation en
énergie cinétique produite par plusieurs cycles de fluorescence peut permettre a ’atome
de quitter le puits de potentiel dans lequel il était initialement piégé. Dans ce cas, la
diffusion spatiale n’est pas associée au pompage optique entre différents sous-niveaux de
I’état fondamental.
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N 05 [
3 " el
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Figure 11.4: Gauche: Processus de diffusion spatiale produit par le pompage optique entre
différents sous-niveaux de 1’état fondamental. Droite: Résultats expérimentaux pour
I’évolution du nuage atomique dans le réseau optique. Les déplacements quadratiques
moyens dans les directions z et £ sont reportés en fonction de la durée t du réseau.

Nous avons observé l’expansion du nuage atomique dans le réseau optique a l’aide
d’une caméra CCD. Les directions z et y étant équivalentes dans notre réseau, nous avons
choisi, pour des raisons d’acces optique au nuage atomique, de prendre les images dans le
plan £O0z, ou £ est 'axe dans le plan Oy qui forme un angle de 45° avec les axes x et y.
Nous avons vérifié que le profil du nuage est bien approché par une fonction gaussienne.
A partir des images du nuage atomique, nous avons estimé les déplacements quadratiques
moyens (Az?) et (AE?) dans les directions z et &. L’évolution de (Az%) et (A&?) au
cours du temps (Fig. 1.4, droite) montre que 1’expansion du nuage correspond bien a
une diffusion normale, caractérisée par une dépendance des déplacements quadratiques
moyens linéaire en temps:

(Ax?) = 2D, t + constante  (7; = 2,§) . (I1.13)

Nous avons de cette facon déterminé les coefficients de diffusion spatiale D, et Dg en
fonction de I'intensité et du désaccord des faisceaux du réseau. Un exemple des résultats
de nos mesures est reproduit en Fig. IL.5.

Ces résultats pour les coefficients de diffusion spatiale vont étre essentiels pour com-
prendre le lien entre la diffusion Rayleigh et la dynamique des atomes dans un réseau
optique.
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Figure I1.5: Coefficients de diffusion spatiale dans les directions z et £ en fonction de
I'intensité des faisceaux du réseau, pour différents désaccords A a la résonance atomique.
Pour cette série de mesures ’angle du réseau valait 8 = 30°.

I1.3 Résonances Rayleigh et dynamique atomique

Des les premieres études des réseaux optiques, la spectroscopie pompe-sonde a été un
outil essentiel pour la compréhension de leurs proprietés. En effet, la plupart des informa-
tions sur les modes propres et sur les mécanismes de relaxation dans les réseaux optiques
ont été obtenues grace a cette technique.

Dans le cadre de 1'étude de la dynamique des atomes dans les réseaux optiques, nous
avons abordé le probléme de l'interprétation de la diffusion Rayleigh stimulée (diffusion
quasi-élastique), dans le but d’éclaircir le lien, suggéré dans des travaux précédents [39,
40], entre la résonance Rayleigh et le transport des atomes dans les réseaux optiques.

Considérons d’abord la relation générale entre la largeur de la résonance Rayleigh et
le taux de relaxation de ’observable atomique excité dans le processus optique induit
par le faisceau sonde et le faisceau pompe. L’interférence entre le faisceau sonde et le



DYNAMIQUE D’ATOMES DANS DES RESEAUX OPTIQUES

faisceau pompe correspond a une modulation de l'intensité ou de la polarisation de la
lumiére (ou des deux), qui se déplace a une vitesse proportionnelle au désaccord ¢ entre
la sonde et la pompe. Les atomes cherchent a se réadapter en permanence a cette figure
d’interférence, et un réseau d’une observable atomique (typiquement densité, aimantation
ou température) est ainsi créé. A cause du temps de réponse fini du milieu atomique, le
réseau de matiere est décalé en phase par rapport a la figure d’interférence de la lumiere.
Donc le faisceau pompe peut étre diffracté sur le réseau de matiere dans la direction de
la sonde, produisant ainsi une modification de sa transmission. Il est donc clair qu’il doit
étre possible de deduire des informations sur le temps de réponse atomique du spectre
de transmission de la sonde. Plus précisement, si nous admettons qu’une seule observ-
able atomique est excitée dans le processus optique, et que I’évolution de cette observable
est caracterisée par un seul taux de relaxation 7, on peut montrer [48] que le spectre
d’absorption ¢(¢) de la sonde a la forme d’une dispersion

J

_ 11.14
X ,-)/2 + 52 ( )

9(9)

de largeur 2+.

Revenons maintenant au probleme spécifique des résonances Rayleigh dans les réseaux
optiques. Dans ce cas, un faisceau sonde polarisé linéairement selon y est introduit le
long de I'axe z, les faisceaux du réseau jouant le réle de la pompe. Un spectre typique de
la transmission de la sonde est représenté sur la Fig. 1.6, avec un agrandissement de la
résonance Rayleigh dans ’encadré.
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Figure 11.6: Transmission de la sonde en fonction du désaccord § entre la sonde et le
réseau.

Le but de notre travail sur la résonance Rayleigh a été d’identifier I’observable atomique
dont le taux de relaxation correspond a la largeur de la raie Rayleigh. Le point de départ
de notre analyse a été la suggestion que la résonance Rayleigh peut étre utilisée comme
sonde de transport des atomes dans le réseau [39, 40]; selon cette idée, des valeurs pour
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les coefficients de diffusion ont été déduits des mesures de la largeur de la raie Rayleigh
[39]. En effet, si on admet que la seule observable atomique excitée dans le processus
optique determiné par le faisceau sonde et les faisceaux du réseau optique est la densité,
on peut exploiter le fait que le processus de relaxation de la densité atomique est la
diffusion spatiale (les atomes doivent se déplacer pour détruire un réseau de densité), et
déduire une relation entre la largeur de la raie Rayleigh et les coefficients de diffusion.
Plus précisément, pour un réseau 3D lin_Llin et une sonde, polarisée selon y, se propageant
dans la direction z, on attend une largeur de la raie Rayleigh égale au taux de relaxation
de la densité atomique, donné par

vp = D, (ksin0)® + D,k*(1 — cos §)* . (I1.15)

Pour vérifier si la largeur de la raie Rayleigh est réellement égale au taux ~vyp, nous
avons mesuré la largeur 2v¢ de la résonance Rayleigh dans le spectre d’absorption de la
sonde pour plusieurs choix des parametres du réseau. Les résultats de ces mesures sont
portés sur la Fig. IL.7 (gauche). En utilisant les valeurs pour D, et D, obtenues par
imagerie (voir Section I1.2) nous avons ensuite déduit de la relation (II.15) le taux ~p.
Les résultats pour yp sont montrés en Fig. I1.7 (droite). On remarque immédiatement
que g et yp different par plusieurs ordres de grandeur. On peut donc conclure que la
largeur de la raie Rayleigh n’est pas égale au taux de relaxation de la densité atomique,
et donc la densité atomique n’est pas la seule observable excitée dans le processus optique
considéré.
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Figure I1.7: Gauche: Résultats expérimentaux pour la demi-largeur de la raie Rayleigh.
Droite: Taux de relaxation vyp de la densité atomique déduit des coeflicients de diffusion
spatiale par I’'Eq. II.15.

Pour conclure notre analyse, nous avons identifié 1’observable atomique dont le taux
de relaxation correspond a la largeur de la raie Rayleigh. A travers des simulations Monte
Carlo semiclassiques nous avons en effet démontré que la largeur vg de la raie Rayleigh
est liée au taux de relaxation de 1’énergie cinétique des atomes par la relation

vr = 0.13(£0.04)wg + 0.25(2£0.02)Ty, | (IL.16)
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ol wg est la fréquence de recul et I'7, le taux de relaxation de la température (ou taux de
refroidissement) dans la direction z. Donc la résonance Rayleigh n’est pas une sonde du
transport des atomes dans le réseau, mais fournit une mesure du taux de refroidissement.

I1.4 Détection directe des modes de propagation

Nous avons vu qu’apres une phase de thermalisation caractérisée par une diminu-
tion importante de 1’énergie cinétique, le mouvement des atomes dans un réseau optique
dissipatif correspond & un régime de diffusion normale (Section I1.2). Au niveau micro-
scopique, cela correspond a une marche au hasard produite par le pompage optique entre
potentiels optiques différents (Figure 11.4, gauche). Méme si cette marche au hasard est
le processus de transport dominant, elle n’est pas le seul processus de transport dans un
réseau optique. En particulier, il y a des modes de propagation, appelés modes Brillouin
par analogie avec les modes de propagation en matiere condensée, qui correspondent a la
propagation des atomes a travers le réseau a une vitesse bien définie.

Les modes de propagation Brillouin dans les réseaux optiques ont été identifiés pour
la premiere fois par des simulations Monte Carlo [47], dans le but d’expliquer I'origine de
certaines résonances dans le spectre d’absorption des atomes piégés dans le réseau. Ces
modes de propagation consistent de une succession de demi-oscillations dans un puits de
potentiel suivies par un processus de pompage optique vers un puits adjacent (Fig. 11.8).

La vitesse du mode Brillouin se calcule aisément si I’on néglige les corrections dues a
I’anharmonicité du potentiel. La durée d'une demi-oscillation pour un atome est dans ce
cas T = /€y, ou £, est la fréquence de vibration selon x. Ceci correspond a une vitesse
moyenne

Aef2 A

T 2msinf ’

(IL17)

v =

ol nous avons utilisé la relation A, = A/ sin# pour un réseau 3D.

Les modes de propagation dans les réseaux optiques ont été initialement détectés de
fagon indirecte: en observant les résonances dans le spectre de transmission d’un faisceau
sonde dont la fréquence est balayée autour de la fréquence des faisceaux du réseau optique
[47]. Dans une série d’expériences, nous avons démontré de fagon directe 'existence de ces
modes: en observant les modifications de la dynamique des atomes lorsque les modes de
propagation sont excités. La modification de la dynamique des atomes a été détectée soit
par la mesure des coefficients de diffusion [41], soit par 'observation du mouvement du
centre de masse du nuage atomique [42]. Nous décrivons les deux méthodes séparément.
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Figure I1.8: Trajectoire atomique correspondant au mode de propagation Brillouin dans
la direction z. Les courbes de potentiel (g, et g_) sont la coupe selon y = z = 0 du
potentiel lumineux pour une transition Fy = 1/2 — F, = 3/2 avec une configuration des
faisceaux 3D lin L lin.

I1.4.1 Détection des modes Brillouin par la mesure des coeffi-
cients de diffusion

Le schéma d’excitation du mode Brillouin est montré sur la Figure IL.9 (gauche): on in-
troduit un champ laser polarisé linéairement selon 1’axe y, se propageant selon I'axe z.
Ce champ sonde interfere avec les faisceaux du réseau copropageants. Une modulation
de l'intensité de la lumiere est ainsi créée. Ce réseau d’intensité consiste en deux on-
des d’intensité qui se propagent avec une vitesse de phase ¥; = 7i;0/ |AEj| (j =1,2) ou
i, = Ak, J|Ak;|, et Ak; = k; — k, est la différence des vecteurs d’onde du faisceau j du
réseau et du faisceau sonde (p). Ici 6 = w, — w est le désaccord entre les fréquences de la
sonde et du réseau.

La condition pour exciter un mode de propagation est que la vitesse de la modulation soit
égale a la vitesse du mode. En remplacant les expressions pour v et ¥ on peut ré-écrire
la condition d’excitation du mode Brillouin sous la forme

§ =40, , (IL18)

ol nous avons utilisé |[Ak| ~ 2k sin 6.

Nous avons observé ’expansion du nuage atomique dans le réseau optique en présence
du faisceau sonde pour différentes valeurs du désaccord d. Nous avons vérifié que I'expan-
sion du nuage correspond a une diffusion normale et nous avons déterminé les coefficients
de diffusion D, et D, dans les directions = et z. Les résultats pour les coefficients de
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Figure I1.9: Gauche: Configuration des faisceaux laser pour le réseau lin_Llin 3D, avec
un faisceau supplémentaire (sonde) introduit pour créer une modulation du potentiel
lumineux. Droite: Résultats expérimentaux pour les coefficients de diffusion spatiale
dans la direction x et z en fonction du désaccord de la sonde.

diffusion en fonction du désaccord ¢ montrent deux résonances en D, centrées en 6 = ().
Au contraire, aucun comportement résonnant de D, avec § n’est observé. Cela correspond
a I'observation directe des modes de propagation Brillouin dans la direction z.

I1.4.2 Détection des modes Brillouin par I’observation du mou-
vement du centre de masse du nuage atomique

Dans une deuxiéme expérience [42], nous avons détecté les modes Brillouin par I’observation
du mouvement du centre de masse du nuage atomique. Pour cela, nous avons utilisé un
schéma d’excitation différent de celui utilisé précédemment, comme indiqué sur la Figure
I1.10 (gauche). Dans ce schéma une modulation du potentiel lumineux est créée en intro-
duisant deux faisceaux laser additionnels, polarisés linéairement selon y (M; et My dans
la figure). Ils sont symétriques par rapport a l’axe z, se propagent dans le plan 2Oz, et
forment un angle 2. La figure d’interférence qui se propage consiste en une modulation
de l'intensité lumineuse avec une vitesse de phase le long de x

)
Ak 2ksing’

ol J est dans ce cas le désaccord entre les champs M; et M, et Ak = IZM1 — £M2 la
différence entre les vecteurs d’onde.

La condition d’excitation du mode Brillouin v = #+v s’écrit donc, en termes du
désaccord entre M; et My, comme § = £)g, avec

9 i
Qp = sin ¢

z - 1.2
sin 0 (11.20)
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Figure I1.10: Gauche: Configuration des faisceaux laser pour le réseau lin_Llin 3D, avec
deux faisceaux supplementaires introduits pour créer une modulation du potentiel optique.
Droite: Résultats experimentaux pour la vitesse du centre de masse du nuage atomique
en fonction du désaccord ¢ entre les faisceaux de modulation.

Dans notre expérience, nous avons étudié le mouvement du centre de masse (CdM) du
nuage atomique par imagerie directe avec une caméra CCD. Nous avons vérifié que pour
un désaccord 9§ fixé, a savoir pour une vitesse de modulation donnée, le mouvement du
CdM est rectiligne uniforme, et nous avons pu en déduire la vitesse v.. En répétant les
mesures pour différents désaccords entre M; et My, nous avons obtenu les composantes
selon z et z de la vitesse du CdM en fonction de d, comme le montre la Fig. I1.10 (droite).
La composante z présente deux résonances symétriques par rapport a 6 = 0 et en tres
bon accord avec la valeur Q2 ~ 55 kHz que 1’on peut déduire des parametres du réseau a
I'aide de I’Eq. I1.20. En revanche, les données pour la composante z de la vitesse v, ne
montrent pas de résonance, le décalage par rapport a la valeur nulle étant di a la pression
de radiation induite par ’ajout des faisceaux de modulation. Ces résultats constituent
I’observation expérimentale directe des modes Brillouin via la détection du mouvement
du CdM du nuage atomique.

II.5 Modes de propagation inactifs

Dans la Section II.4 nous avons mentionné que les modes de propagation Brillouin
peuvent étre révélés en observant les résonances dans le spectre d’absorption des atomes
piégés dans le réseau optique. En effet, dans le schéma d’excitation avec un faisceau
sonde se propageant dans la direction z (Fig. I1.9 (gauche) de la Section 11.4), deux
résonances dans le spectre d’absorption de la sonde sont observées pour § = +Qp [41,
47]. De fagon similaire dans le schéma avec deux faisceaux de modulation polarisés selon
1y, si on diminue l'intensité de I'un des deux faisceaux, on peut observer des résonances
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dans sa transmission a travers le nuage atomique, en correspondance de l’excitation du
mode Brillouin.

Dans une étude suivante [43], nous avons montré que le méme mode de propagation
peut étre excité par un schéma d’excitation différent, et que dans ce schéma le mode est
noir: aucune modification du spectre de transmission n’est produite par ’excitation de ce
mode. Dans cette étude, nous avons comparé deux schémas d’excitation, représentés sur
la Figure I1.11. Le premier, appelé configuration ||, est celui utilisé dans les expériences
précédentes (Section I1.4): deux faisceaux (M; et My) polarisés selon y et symétriques par
rapport a ’axe z se propagent dans le plan zOz et forment un angle 2¢. Le deuxieme
schéma, appelé configuration |, est obtenu & partir du premier en tournant de 7/2 la
polarisation du faisceau My, qui est maintenant polarisé dans le plan zOz.

Figure II1.11: Schéma des faisceaux de modulation (M; et My) pour les configurations ||
et L.

Nous avons déja mentionné dans la Section I1.4 que la configuration || correspond &
une modulation de I'intensité lumineuse qui se déplace & la vitesse vy = d/|Ak|. Au con-
traire, la configuration L correspond a une modulation de la polarisation de la lumiere.
La vitesse de phase de la modulation est la méme que dans la configuration ||.

Nous avons vérifié par imagerie du nuage atomique dans le réseau optique que les deux
configurations conduisent a I’excitation du mode Brillouin, comme montré par les données
de la Fig. II.12 (gauche). On observe cependant que la vitesse v, de la modulation cor-
respondant a l’excitation du mode est différente pour les deux configurations (Fig. 11.12
(droite)).

En général, la condition pour I'excitation du mode Brillouin revient a imposer que les
atomes appartenant au mode soient tirés par la modulation du potentiel optique produite
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Figure 11.12: Gauche: Résultats expérimentaux pour la composante selon = de la
vitesse du centre de masse du nuage atomique en fonction de la vitesse vy de la fig-
ure d’interférence de la lumiére. Ici v est la vitesse du mode Brillouin (Eq. II1.17). Droite:
Désaccord § correspondant a I’excitation du mode Brillouin pour les deux configurations
(|| et L). Les cercles représentent les résultats expérimentaux, les carrés les résultats des
simulations Monte Carlo. Les traits plein et tireté correspondent aux prédictions des Egs.
(I1.21,11.22).

par la modulation de la lumiere. Nous avons montré que cette condition se traduit en
deux conditions différentes pour la vitesse vy de la modulation de 'intensité (configuration
||) et de la polarisation (configuration L ):

Vg)| = EU (I1.21)

~ (14 sin 0
Yol = 2sin

Ces deux conditions, dont les prédictions pour le désaccord § = v¢\AE| sont reportées
en Fig. I1.12 (droite), sont en tres bon accord avec les données de Iexpérience et des
simulations Monte Carlo.

(IL.22)

]

Nous avons examiné la diffusion stimulée par le mode Brillouin en diminuant l'intensité
du faisceau My et en observant sa transmission a travers le nuage d’atomes en fonction
de §. Dans la configuration || une résonance dans le spectre de transmission est observée
en correspondance avec ’excitation du mode de propagation. Au contraire, dans la con-
figuration 1 le mode Brillouin est optiquement inactif: aucune modification du spectre
de transmission n’est produite par I'excitation de ce mode. Nous avons expliqué ce com-
portement en terme de création, dans le cas de la configuration 1, d’'un désaccord de
phase entre le champ laser et le réseau de matiere qui empéche la diffusion de la lumiere
par le mode de propagation. En effet, a partir des Equations (I1.21,I1.22) on peut dériver
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que l'impulsion ¢ = +|§]€, du réseau de matieére est dans les deux cas:

@l = |Ak] (11.23)
- sin

7. = |A 1 11.24

ol = 18R (14 7m0 ) (1.24)

(IL.25)

ol Ak = EMl — EM2. Donc la relation d’accord de phase
Fa, =k, £7, (11.26)

nécessaire pour la diffusion par le mode de propagation, est satisfaite dans la configuration
||, mais pas dans la configuration L. Cela explique pourquoi dans la configuration L le
mode est noir.

I1.6 Résonance stochastique

Considérons un systeme A (par exemple un amplificateur) avec une entrée E et une
sortie S (Fig. I1.13).

Re R

Figure I11.13: Systeme entrée-sortie. Les signaux d’entrée et de sortie sont caracterisés par
leur rapport signal /bruit Rg, Rs.

Les signaux d’entrée et de sortie peuvent étre caracterisés par leur rapport signal /bruit,
Ry et Rg respectivement. Si le systéeme A est linéaire, on a simplement

Rs = Ry . (I1.27)

Au contraire, pour un systéme non-linéaire, on obtient un rapport signal/bruit & la sortie
plus faible que celui a l’entrée [49]
Rs < Rp, . (1128)
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D’autre part, pour un systeme non-linéaire, le rapport Rg depend en général du
niveau du bruit D a l’entrée du systeme, et certains systemes non-linéaires présentent
le phénomene de résonance stochastique [50]: le rapport signal/bruit Rs & la sortie du
systeme présente une dépendance résonnante en fonction du niveau du bruit a I'entrée.
En particulier, une augmentation du bruit a ’entrée peut produire une amélioration du
rapport signal/bruit a la sortie!

Le phénomene de résonance stochastique a été étudié en détail dans le cas d’'une particule
dans un double puits de potentiel modulé périodiquement en présence d’une force aléatoire
[50]. Ce systeme simple permet la modélisation d’un grand nombre de phénomenes, qui
vont de la géophysique [51, 52] aux lasers en anneau bistables [53] et aux réseaux de
neurones [54]. Le phénomene de résonance stochastique n’est pas restreint a des puits
doubles de potentiel en présence d’une force aléatoire, et de nouveaux types de résonance
stochastique ont été proposés dans plusieurs systemes, comme des systemes monostables,
des systemes bistables en présence d’un bruit modulé périodiquement, et d’autres encore
[55-61]. En particulier, un grand intérét a été consacré a I’analyse de la résonance stochas-
tique dans des potentiels périodiques [56-61]. Plusieurs systémes physiques sont décrits
en termes de structures périodiques et il est maintenant bien établi que le bruit joue un
role majeur dans le mécanisme de transport dans ces structures. Par exemple, ’étude du
mouvement sous-amorti d’une particule dans un potentiel périodique a montré que c’est
I’action combinée d’effets inertiels et d’effets thermiques qui détermine les caractéristiques
particulieres de certains métaux [62, 63].

Nous avons examiné le phénomeéne de résonance stochastique en utilisant un réseau op-
tique 3D lin_Llin comme systeme non-linéaire. Les champs des lasers créent le poten-
tiel périodique et induisent ’effet stochastique du pompage optique. La friction pour
les atomes bien localisés au fond d’un puits de potentiel est trés faible, et donc les ef-
fets inertiels sont importants (régime sous-amorti). Nous avons observé une résonance
stochastique pour les modes de propagation des atomes dans le réseau [42].

Les modes de propagation ont été déja décrits dans la Section II.4. Pour I’étude de
la résonance stochastique nous avons utilisé le schéma d’excitation avec deux faisceaux
laser polarisés linéairement selon y (Fig. I1.10 (gauche) de la Section 11.4). Nous avons
étudié 'amplitude du mode en fonction du taux de pompage optique I'j, qui joue le role
du bruit, pour un potentiel modulé donné. L’amplitude du mode a été caractérisée par
I'amplitude £ de la courbe de vitesse du centre de masse (Fig. I11.10 (droite) de la Section
I1.4):

§= Uc,w((s = +QB) - Uc,x(5 = —QB) . (1129)

Nous avons étudié le parametre & en fonction du taux de pompage optique I'fy (I')
I/A?), en maintenant constante la profondeur des puits de potentiel Uy (Uy oc I/A). Nous
avons gardé constants 'intensité et le désaccord des faisceaux de modulation. Les résultats
de nos mesures pour £ sont présentés sur la Fig. I1.14. On observe ’allure typique d’une
résonance stochastique: le parametre £ augmente avec I'; pour les faibles valeurs du taux
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de pompage optique; on atteint un maximum correspondant a la synchronisation entre
demi-oscillations dans un puits et pompage optique dans le puits suivant; enfin, pour une
valeur trop élevée de Iy, on perd la synchronisation et & décroit.
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Figure I1.14: Résultats expérimentaux pour 'amplitude £ du mode de propagation en
fonction du taux de pompage optique I', en gardant fixe la profondeur des puits et
I’amplitude de la modulation.

Ces résultats constituent I’observation expérimentale de la résonance stochastique dans
un potentiel périodique.

I1.7 Diffusion dirigée dans un potentiel symétrique

Le probleme de la modélisation des moteurs moléculaires, c’est-a-dire des objets micro-
scopiques qui se déplacent unidirectionellement dans une structure périodique, a récemment
stimulé beaucoup de travail sur le mouvement dirigé en présence de fluctuations, sans
I'application de forces de biais [64]. Un systéme souvent évoqué comme modeéle pour
les moteurs moléculaires est un potentiel asymétrique (ratchet”) en présence de bruit
gaussien et d’une force périodique de moyenne nulle [65, 66]. Or, les fluctuations aussi
peuvent induire un mouvement dirigé dans un potentiel symétrique, si la force de moyenne
nulle brise la symétrie temporelle du systeme. C’est cette derniere situation que nous avons
réalisée avec des atomes froids dans un réseau optique spatialement symétrique [45].

Considérons la dynamique diffusive d’un ensemble de particules dans un potentiel périodique
U(z) de période \: U(x + \) = U(x), en présence d’une force F'(t) de période temporelle
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T: F(t+T) = F(t). Si le systeme est symétrique, au sens ou:

U(-z) = Ulx) (IL.30)
Ft+T/2) = —F(t), (IL.31)

il n’y a pas de mouvement dirigé de particules a travers la structure [66]. Donc pour
observer un flux net de particules, la symétrie spatio-temporelle du systéme doit étre
brisée. Pour un potentiel spatialement symétrique, la symétrie peut étre brisée par une
force F'(t) non-monochromatique qui contient des harmoniques paires et impaires. C’est
la situation que nous avons réalisée dans notre expérience: la force a deux composantes,
de fréquences w et 2w, et de différence de phase ¢. Nous avons démontré que cette
configuration conduit a un mouvement dirigé dans un potentiel symétrique, la phase ¢
jouant le role du parametre de controle pour 'amplitude et le signe du courant des atomes.
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Figure I11.15: Gauche: Schéma du montage expérimental pour I'observation de la diffusion
dirigée dans un réseau optique symétrique. Droite: vitesse du centre de masse du nuage
atomique en fonction de la phase ¢.

Le montage expérimental est schématisé sur la Figure I1.15 (gauche). Nous avons utilisé
un réseau 1D linllin. Pour engendrer une force homogene et dépendant du temps, un
des faisceaux du réseau a été modulé en phase. La configuration du champ électrique
resultant s’écrit

E = EyRe{&, exp[i(kz — wit)] + €y exp [i(—kz —wrt + «(t))]} - (I1.32)

Considérons maintenant la dynamique des atomes dans le systeme de référence accéléré,
défini par la transformation des coordonnées z' = z — «(t)/2k. Dans ce systéme, le
potentiel lumineux est stationnaire. En plus du potentiel, les atomes, de masse M, sont



DYNAMIQUE D’ATOMES DANS DES RESEAUX OPTIQUES

aussi soumis a une force inertielle F' dans la direction z, proportionnelle & I'accélération
a du systeme de référence accéléré [67]:

F=—Ma= _2%@(75) | (11.33)

En choisissant une modulation de phase de la forme
B
a(t) = ap[A cos(wt) + 7 cos(2wt — @)] , (I1.34)

avec ¢ constante, nous obtenons la force inertielle

Muw?ayq

F
2k

[A cos(wt) + B cos(2wt — ¢)] (I1.35)

qui est la somme de deux forces oscillantes aux fréquences w et 2w, et de différence de
phase ¢.

Nous avons étudié la dynamique des atomes dans ce réseau par imagerie avec une caméra
CCD. Nous avons déterminé la vitesse v du nuage atomique en fonction de la phase ¢. Il
faut remarquer que pour les échelles de temps de notre expérience, la position du centre de
masse du nuage atomique dans le systeme du laboratoire et dans le systéme accéléré sont
équivalentes. En effet, le systeme accéléré oscille avec une amplitude de 1 ym, tandis que
le déplacement typique du centre de masse associé a la diffusion dirigée est de 1’ordre de
100 pm. De plus, pour une fréquence typique w ~ 100 kHz, la position z dans le systeme
du laboratoire et la position correspondante z’ = z — «(t)/2k dans le systéme accéléré
sont équivalentes apres moyennage sur le temps d’exposition typique de la caméra CCD
(1 ms). Donc la vitesse v du centre de masse mesuré dans le systeme du laboratoire et
dans le systeme accéléré sont équivalentes.

Les résultats de notre expérience pour la vitesse v du centre de masse du nuage atomique
en fonction de la phase ¢ sont montrés en Fig. II1.15 (droite). Ces résultats démontrent
clairement le phénomene de diffusion dirigée dans un potentiel symétrique: les atomes
peuvent étre mis en mouvement unidirectionnel si la symétrie temporelle du systeme est
brisée.

Dans notre expérience c’est la phase ¢ qui controle la symétrie temporelle du systeme.
En effet, méme si la symétrie F'(t+7/2) = —F(t) est brisée pour n’'importe quelle valeur
de ¢, il y a une autre symétrie: F(t) = —F(—t) qui conduit & un courant d’atomes nul
pour des valeurs particulieres de ¢ [68, 69]. Cette symétrie est obtenue pour ¢ = nm,
avec n entier, et brisée complétement pour ¢ = (n + 1/2)m. Cette symétrie explique la
dépendance de la vitesse du centre de masse en fonction de ¢, portée sur la Figure I1.15
(droite), et montre que dans notre expérience ¢ est le parametre de controle de la diffusion
dirigée.



Perspectives

Mes activités de recherche les plus récentes ont porté sur la dynamique non-linéaire
des atomes dans les réseaux optiques. En particulier, nous avons donné une preuve
expérimentale directe des modes de propagation dans les réseaux, et nous avons observé
le phénomene de résonance stochastique sur ces modes. De plus, nous avons démontré le
phénomene de diffusion dirigée dans un réseau optique spatialement symétrique. Je me
propose de poursuivre ces recherches sur la dynamique des atomes dans des potentiels
périodiques. Cette recherche va se développer dans deux directions distinctes, selon que
I’on considere des réseaux optiques proches ou loin de résonance atomique.

Dans le cas des réseaux optiques proches de résonance, nous avons vu que le processus
stochastique de pompage optique induit des fluctuations dans la dynamique atomique.
Cela permet d’étudier le role du bruit dans la dynamique dans un potentiel périodique.
En particulier, les propriétés de transport de particules browniennes dans un potentiel
périodique symétrique peuvent étre étudiées. Parmi les nombreux problemes qui peuvent
étre examinés, je cite ici 'activation résonnante [70] et le mouvement brownien & mobilité
négative [71], & savoir une situation dans laquelle I'ajout d’une force dans une direction
induit un déplacement moyen dans la direction opposée.

Comme exemple, examinons un peu plus en détail le probleme de ’activation résonnante
en présence de bruit. Considérons un systéme non linéaire forcé de facon non adiabatique,
ou la fréquence de la force appliquée est proche d’une fréquence propre du systeme. Si on
admet que l'application de la force produit un réchauffement du systeme, on en déduit
que la variation du taux d’activation du systéme est exponentielle en carré de 'amplitude
de la force. Or, cette théorie ne semble pas reproduire de facon satisfaisante les résultats
expérimentaux. Récemment une analyse théorique de ce probleme a montré que pour un
niveau de bruit suffisamment faible, la dynamique du systeme est dominée par les fluc-
tuations tres grandes, qui sont évidemment tres rares [70]. De cette hypothése on peut
déduire une variation du taux d’activation du systéme exponentielle en 'amplitude de la
force, et non pas en son carré. Je me propose de vérifier la validité de cette théorie par
des expériences avec les réseaux optiques, un systeme dans lequel le niveau du bruit peut
étre précisément controlé.

Les réseaux optiques loin de résonance correspondent & des potentiels périodiques purs,
sans fluctuations induites par le pompage optique, qui est négligeable. Je me propose
d’utiliser ce type de réseaux optiques pour étudier la dynamique cohérente des atomes
dans un potentiel périodique. Comme exemple des effets qui peuvent étre étudiés a
I'aide de ces réseaux optiques tres désaccordés, je cite ici la suppression cohérente de
I'effet tunnel. Cet effet, identifié théoriquement par le groupe de Peter Hanggi il y a une
dizaine d’années, consiste en la suppression de 'effet tunnel dans un systeme de deux
(ou plusieurs) puits de potentiel sous l'effet d’'une modulation périodique de fréquence
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Figure I1.16: Evolution au cours du temps du paquet d’onde d’une particule dans un
potentiel bistable. Gauche: en ’absence de modulation du potentiel, une particule ini-
tialement préparée dans un puits passe périodiquement d’un puits a 'autre par effet
tunnel. Droite: pour une modulation périodique appropriée du potentiel, une particule
initialement préparée dans le puits de gauche reste localisée dans le méme puits au cours
du temps.

Considérons une particule dans un potentiel a double puits et examinons le cas d’une
petite barriere de potentiel qui sépare les deux puits. Cette situation est illustrée dans
la figure I1.16. En I’absence de modulation du potentiel, nous retrouvons le cas bien
connu: a cause du couplage tunnel entre les deux puits, les états correspondant a une
particule localisée dans un puits ne sont pas des états stationnaires. Cette situation est
représentée dans la figure I1.16, gauche: une particule initialement préparée dans un puits
passe périodiquement dans ’autre puits par effet tunnel.

La dynamique change completement si le potentiel est modulé périodiquement. En effet
I'analyse théorique de Hinggi et al [72] a montré que pour une amplitude et une fréquence
appropriées de la modulation, les états localisés dans un puits de potentiel sont stables par
rapport a 'effet tunnel, c’est a dire que le temps nécéssaire a une particule pour traverser
la barriere de potentiel est divergent. Cette situation est représentée sur la figure 11.16, a
droite: une particule initialement préparée dans le puits de gauche reste localisée dans le
meéme puits au cours du temps. C’est cet effet que nous voulons mettre en évidence dans
un réseau optique tres désaccordé.
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Coherent population trapping with losses observed on the Hanle effect of the D; sodium line
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We consider the coherent-population-trapping phenomenon in a thermal sodium atomic beam. We compare
the different coherent-population-trapping schemes that can be established @p lihe using the Zeeman
sublevels of a given ground hyperfine state. The coherent-population-trapping preparation is examined by
means of a Hanle-effect configuration. The efficiency of the coherent-population-trapping phenomenon has
been examined in presence of optical pumping into hyperfine levels external to those of the excited transition.
We show that both the contrast and the width of the coherent population trapping resonance strongly decrease
when the optical pumping rate is increased. In the experiment, the loss rate due to optical pumping has been
controlled by means of a laser repump of variable inten&{.050-294®7)08304-3

PACS numbgs): 32.80.Pj, 34.50.Rk

I. INTRODUCTION coherent dark superpositions listed above for the
Fy=1—F¢=1 andF,=2—F,=2 transitions are present.
Recently, the coherent-population-trappitGPT) phe-  Finally the transitiorF;=1—F.=2 is not relevant for CPT
nomenon has received much interest, especially in connedn the o™, o~ light configuration, because it does not contain
tion with its applications, for example, the laser cooling be-a coherent superposition noncoupled to the laser field.
low the recoil limit or lasing without inversiofsee[1] for a The experiment is based on the laser excitation of a so-
review). At the beginning CPT theoretical studies were re-dium atomic beam. To produce CPT in the sodium atoms
stricted to the three-level system[2,3], but recently, they and to investigate its production we have used a Hanle effect
have been extended to different atom-light interactionconfiguration. The sodium atoms are excited by monochro-
schemeg$4,5]. Despite the large amount of data available onmatic linearly polarized laser light resonant with an hyper-
the CPT phenomenon exploited in several atom-light interfine optical transition; the degeneracy of the ground-state
action schemes, the features related to different level
schemes and established on a given atomic species hav
never been directly compared. However, the increasing inter- F =2 we———— —— —
est in CPT applications requires realistic calculations, taking | F, =1 — —
-1 1

in account processes such as the loss towards the externa
states, the Doppler broadening of the absorbing transition,
and the collisions, all of them present in the experimentand | g -
determining the strength of the CPT resonance. Pg =
The main goal of the present investigation is to study the
dependence of the CPT phenomenon on the atom-laser inter
action parameters. In this paper we focus our attention on the
level schemes that can be established on the so@iytine Fe=1
using as ground states the Zeeman sublevels of the samg (b)
hyperfine component. We investigate theoretically and ex-

(a)

I
|
0

2

Fe=2 NN I N N S

perimentally the CPT features associated with the different | F, =2
hyperfine optical transitions. As shown in Fig. 1, the hyper- P§=1 M E— —
fine transitions composing the ;Oine areFy=1—F.=1, m, = -2 -1 0 1 2
Fg=2—Fe=1, Fy=2-F.=2, and Fg=1-F.=2. FL—) — —
Within all those optical transitions, only a limited number of Fe—l —
Zeeman sublevels contributes to the preparation of the CPT e~ (C)
coherent superposition of states, and precisely those con-
nected by heavy lines in Fig. 1. For instance, the
Fy=1—F.=1 transition contains & system that when ex- Eg =2
. i — 5 L =1 I SIS S
cited byo™,o light produces the coherent superposition of g8~ 0
ground states not interacting with the laser radiation. The me= -2 -1 1 2

Fq=2—F¢=2 transition contains an M-shaped system that

again when excited by, light produces a coherent su- FIG. 1. Different CPT schemes that can be established on the
perposition of three ground states not interacting with thenyperfine components of the sodiuiy line through excitation by
laser radiation. For the transitiofy=2—F,=1 both the o, ,0_ laser lights.

1050-2947/97/56)/37109)/$10.00 55 3710 © 1997 The American Physical Society
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FIG. 2. Theoretical results for the time-dependent intenisitiersus timet and integrated fluorescence intendify at t;=45 for the
Fy=1—F.=1 hyperfine transition in correspondence with different values of the loss parameter . -1:F ,-2- In (& and (b)
ape:hpgzl;pg,zzzo, i.e., a hypothetical closed transition; (i) and (d) aFe:ng:l,Fg,:z=5 as for the real hyperfine transition of the
D, line. The timet andt; are measured in units of]l,ée:ng:l. The laser intensity is 26 mW/ct

Zeeman sublevels is removed by the introduction of an external to the hyperfine transition resonant with the laser light,
ternal magnetic field that is parallel to the laser propagatiorthe atomic preparation into the coherent superposition is
direction. For zero magnetic field the atomic system is opti-nodified by the optical pumping into those levels. The
cally pumped into a coherent superposition of ground stateatomic time evolution is governed by the competition be-
noninteracting with the laser field, i.e., the dark or non-tween optical pumping into the noncoupled state and the
coupled state. For a fixed laser frequency, scanning the exptical pumping into the external hyperfine states.
ternal magnetic field around the zero value, the atomic fluo- We have investigated, both theoretically and experimen-
rescence emitted at right angles with respect to the directiorntally, how the contrast and linewidth features of the CPT
of the laser field propagation and of the magnetic field exresonance depend on the optical pumping rate towards the
hibits a minimum at zero magnetic field with a line-shape dipexternal levels. In effect for the different hyperfine optical
that is typical of the Hanle-CPT phenomenon. transitions of the sodiunD; line, owing to their different
We have measured the contrast and the linewidth of theptical pumping rates, the CPT resonances have different
resonance in the Hanle-CPT line shape versus the intensitinewidths and contrasts. The optical pumping rate into
of applied laser field. These measurements are compared &xternal levels may be compensated by the application
analytical and numerical analyses. For a closed optical tramef a repumping laser of variable intensity. Thus, we have
sition the CPT process is quite straightforwardly understoodtudied the CPT features of a given scheme of hyperfine
and described in the frame of the optical Bloch equationslevels as a function of the external optical pumping loss rate
With an atomic sample in an initial uniform Zeeman distri- by applying a repumping laser of variable intensity. Some of
bution, the atomic preparation into the coherent superposibur results, as the narrow linewidth realized on open transi-
tion increases with a time constant determined by the opticaions, can be applied to the magnetometry based on coherent
pumping rate into the noncoupled state. For an open opticgdopulation trapping recently introduced by Wynareisl.
transition, i.e., in the presence of atomic levels that are exf6].
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Our investigation should be compared to previous CPT

studies. The more recent and detailed investigation of the (a)

CPT resonance has been performed by Lital. [7]. 0.14
Previous accurate studies of the Hanle effect in the ground :
state[8—12] have examined the line-shape dependence on . 0.12
the laser intensity. Moreover, optical pumping and narrow &
. o - . ‘= 0.1
lineshapes have been studied in a variety of nonlinear spec- =
. f . =
troscopy techniquegl3]. None of the previous studies ana- 0.08
lyzed the role of the different hyperfine transitions as pre- "g
sented here. Lingt al. [7] have examined the role of the 0.06
Doppler broadening on CPT. Their results show that in our '_.‘50.04
experiment the Doppler broadening associated to the residual
divergence of the sodium atomic beam has a negligible in- 0.02
fluence on the measured contrast and linewidth. Thus, we 0
have not included the Doppler broadening in our analysis. In -6 -4 -2 0 2 4 6
the comparison between our data and the theoretical analysis B (G)

we have discovered that our measured contrast could not
reach the theoretical value because the magnetic-field com-

. . . (b)
pensation was not accurate as requwed. On the contrary, In

the experiment by Picque 2] the very good magnetic-field 4
compensation allowed the author to reach the contrast pre- 3.5
dicted by the theory. Thus, we have used the data of Ref.
[12] for completing the comparison with our theoretical Q 3
analysis. 'S 2.5
In the present work Sec. Il contains a theoretical analysis :
of the CPT process based on the analytical and numerical 2 2
solution of the optical Bloch equations. Section Ill describes S1.5
the experimental setup and the experimental results. Section = 1
IV contains the comparison between the theoretical analysis —_
and the experimental results. In Sec. V conclusions are pre- 0.5
sented.
0 -6 -4 -2 0 2 4 6
B (G)
I1. OPTICAL BLOCH EQUATION
We consider a sodium atom interacting with a linearly (c)
polarized monochromatic laser light resonant with one of the
hyperfine transition of thé, line and propagating in the
directionOz 0.6
© 0.5
=
E(zt)= nge‘(kz‘“’”vLc.c. 50.4
2 =
= 0.3
V2¢ . . =
= (& ite,)elkemo e, ) 0.2
H-v—i
0.1
with €; the unit vector of thé polarization. We indicate by 0 -6 -4 -2 0 2 4 6
F,—Fe the transition pumped by the lasér, andF, being B (G)

the quantum numbers of the total angular momentum of

the hyperfine levels of théS;,, and 2P, levels, respec-

tively. The quantum number of the total angular mo-

mentum of the other hyperfine level of tR&,, level will be

denoted byF4,. A magnetic fieldB is applied in the direc-

tion Oz. FIG. 3. Theoretical results for the integrated fluorescence inten-
For the z axis as quantlzatlon aX|S the Opt|Ca| Bloch S|ty Ilnt attf_45/[": —1oF. =1 for the rea|(0pe|j transitions of the

equations (OBE) for the system Fy—F. under ex- sodiumD; line, calculated for the laser intensity of 26 mW/&m

amination have the following form |‘£1> |JIFej).l9)) (@ corresponds to the transitionF;=1—F,=1, (b) to

=[|3IFgi)): Fg=2—F¢=1, and(c) to Fg=2—F,=2.
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Peiej=—[iweiej+rFeﬂFg(1+ aFeHFg;Fg,)]Peiej % Fg’ %

i e 3 1

+ %QE (peigkvgkej_veigkpgkej)’ (Za) aF F F FF ~>F ’ 2Fg/+1
‘ a 1—‘F —Fg 2Fg+1 % Fg % 2
Fe 3 1

: . FFEHFg(ldl_aFeHFg;ng)
Peig = ~| ! Weigy 2 Peg; (4)

ﬁ 2 PeeV 0, E Ve 0Pas, ) (2b) The termag ¢ ., describes the loss due to spontaltr?eous

decay to the ground leveF, external to the transition

pumped by the laser. Note that the term
FFeHFg(lJr aF_F_iF ) in Egs.(2) is equal tol" so that the
description througlw evidences the role of the spontaneous
decay towards external levels. For the hyperfine components
of the D, transition the values o& are

. _ i
pgigj =1 wgigjpgigj +%§k (pgiekvekgj _Vgiekpekgj)

d
+| = .
(dt pgigj)SE (20)
aFe:1—>Fg:1;Fg,:2:51 (58
The quantitieso, 4z, with a, 8= (e,g) represent the fre-
Lo - : QF —2 .F =2;F =11, (5b)
quency separation between the levelsand g;, including 9 e g
the Zeeman splittings of the ground and excited levels due to
the applied magnetic fielB, 1
AF =2F=1Fy =1~ 5 (50)
1) = —Eai _ EB] (3
@ Bj h ' In the dipole approximation the atom-laser interaction has
matrix elements
I' is the total spontaneous emission rate for any excited level, (elld-e]g;)
i xI1Yj

FFe_,Fg denotes the spontaneous decay rate onFthe F Ve g.=— T‘S' (6)
transition anda,:eﬂ,:g;,:g, the ratio between the spontaneous o

decays on th&.—F, andF.— F transitions. This ratio is
given by[14] The spontaneous-emission repopulation termq Hsel 6]

photomultiplier
CW Dye Laser \

pre-amplifier

chopper
Na oven l_.l ~

Pl
slit .
atomic beam

lock-in
| amplifier
Helmbholtz coils

computer

FIG. 4. Experimental setup for the investigation of the Hanle-CPT resonance on a sodium atomic beam for the different hyperfine
transitions on thé; line.
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F, 1 Fe Fe 1 F
2 =(2Fe+ DTk ¢ > (—np| Ly pee| —a' —p K|
dt 9,9k’ - e g(q,q’=fFe,+Fe),(p=fl,l) p q q-q’ q p

In order to examine the influence of the external levels onweight on the sum. Also for an open system the contrast
the Hanle-CPT resonance around zero magnetic field, wincreases with the interaction time, reaching a value smaller
have solved numerically the time-dependent OBE withthan 100% at larger interaction times.
the initial condition P, o (t=0)= L 8i, Py e(t=0) _ F|ggre 3 ;hows the results for the mtegrated_ﬂuorescence

i UL intensity |, in the case of the real open transitions of so-
=Pe, (t=0)=0. We have calculated the time-dependentyiym for a choice of experimental parameters corresponding

fluorescence intensity emitted from the atomic system to the conditions of the experimental investigation. The dif-
ferent contrast of the Hanle-CPT resonance for the different
I(B,t)=T E o ®) hyperfine transitions is quite eviden'_[. A Ia_rge contrast is ob-
’ Me=—FoFo tained for theFy=2—F.=1 transition with the smallest

value of losses towards external states.

In our experiment on an atomic beam, we detect a signal The results of Figs. 2 and 3 show that the loss towards the
proportional to the integrated fluorescence intensity emittegxternal states modifies strongly also the linewidth. In Fig. 2
by an atom interacting with the laser light during a timethe  resonance linewidth  for ~ the case of
te, QF —1 .F —1F ,—»=5 is much narrower than the linewidth

for the casex=0. In Fig. 3 the real hyperfine transitions are
) directly compared and once again open transitions with a

larger loss towards external states have a more narrow reso-

nance. The comparison between different hyperfine transi-

In the case of a closed atomic system, if the time-tions is not straightforward because the matrix eleméy

integrated detected signal corresponds to a long interactiodf the atom-laser interaction between excited and ground
timest;, the transient initial regime produces a negligible states depends on the hyperfine levels, and furthermore, in
contribution to the overall intensity. The contrast betweenthe systemFg=2—F.=1, two noncoupled states are
the maximum and the minimum of the emitted fluorescenceresent. However, the CPT analysis for a closed symmetrical
intensity, defined as in Ref1,17], approaches 100% when A system performed in the basis of the coupled and non-
all the atoms are pumped into the noncoupled state. In theoupled states is very useful for the interpretation. In that
case of an open system the excited-state occupation at tlaalysis[1,17], in absence of ground-state relaxation, at the
steady state is equal to zero: all population is lost because steady state the linewidth of the CPT resonance is deter-
the presence of the external state. In this case the transiefined by the loss ratd™’ of the coupled state, with
regime produces the most important contribution to the intel'’ =V ¢/(°T exd, Texc being the excited-state lifetime. In
grated emitted intensity, which exhibits a Hanle-CPT resoFig. 2, the main difference between the closedairand(b),
nance with contrast strongly depending on the atomic transiand open, ir(c) and(d), systems is the excited-state lifetime,
tion. Figure 2 shows results for versusB at different Wwith I'g,.=T';_; in the first case, andl'e=1"7_1(1
interaction times antl,; versusB attf:45/rFe:1_>Fg:1 for  +a;_.5.5) in the second case. An increase in that lifetime
the Fy=1—F,=1 hyperfine transition of th®, line, at Produces -
different values ofrg Fy The casar=0 of (3) and(b) & Smallerl”” and a more narrow CPT resosnce, as observed

) . in the figure for both andl;,. It should be noted that in an
corresponds to an ideal close transition, the case

open system the coupled-noncoupled approach applied to
AF = 1HFg:1?Fg':2:5_ _Of (c) and(d) §orresponds to the real sfates v?//ithout populatign because gf the cr))gtical pumpgng to-
Fg=1—F.=1 transition of theD, line. In (a) and (b) for  \yards external states is not really meaningful.
the case of a closed atomic system, whege ¢ ¢ =0, The narrow linewidths obtained in Fig. 3 have a different
the time-dependent fluorescence intensity exhibits a shargxplanation, because for the re@} line hyperfine transi-
and well pronounced Hanle-CPT resonance around zertions the excited states have the same lifetimevhichever
magnetic field. The contrast df,, increases with the inter- Zeeman or hyperfine component. The narrow resonances are
action time and results around 100% at larger interactiombtained in the curve df;,,, versusB and the contribution of
times. In(c) and(d) a large loss towards external states pro-| at different interaction times should be considered. They
duces a reduced intensity and a smaller contrast in the arise because of the simultaneous action of the pumping
integrated intensity;,,. The limiting value for the contrast into the noncoupled nonabsorbing state and of the optical
observed orl is 100% independently of the loss rate and ispumping towards external states. The optical pumping to-
reached at interaction times shorter than in the case of wards external states is less efficient whenever the optical
closed system, because only those atoms already in the nopumping in the noncoupled states is more efficient: in the
coupled state contribute to the contrast, the remaining onasoncoupled state the atomic wave function has no contribu-
having been pumped into the external states. The integrataibn of excited state, whence the atom does not decay to-
fluorescencé;,; is obtained summing up the contributions at wards the external states. Thus, the narrow CPT resonance,
different times, and those at earlier times have a largebeing produced by the contribution of only those atoms

Iim(B)zjotfl(B,t)dt.
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remaining in the noncoupled state and nondecayingarth magnetic field was compensated to better than 0.05 G
towards the external states, is a consequence of an atomiy additional pairs of Helmholtz coils. By tuning the laser to
selection. different hyperfine optical transitions of the sodiun line,
we excited different atomic configurations. The laser fre-
[11. EXPERIMENTAL SETUP guency was tuned to the center of the homogeneous hyper-
The experimental setup is shown in Fig. 4. We used fine abs_orption profile._ The fluoresc_ence signal emitte(_j by
he sodium atoms at right angles with respect to the direc-

single-mode CW dye laser; the light polarization was linear. fthe | field . d of th i< field
and the propagation direction orthogonal to the thermal sotions of the laser field propagation and of the magnetic fie

dium atomic beam. An external magnetic field was appliedV@S detected through a photomultiplier and recorded by
parallel to the laser beam propagation direction. MagneticM&ans of a lock-in amplifier and a standard data acquisition
field Helmholtz coils, applied around the atom-laser interacSyStem. In our experiment the interaction time was of the
tion region, were driven by a programmable power supply inorder of fewus, to be compared to theP3,, excited-state
order to produce a linear scan of the magnetic field. Thdifetime of 16 ns.

Fg=2—>Fe=1 Fg=1->Fe=2
175 175 WM
5 % 150
4?‘150 i§
) ‘0125
g 125 g
.d 100 ,Q 100
M ~
8 75 8 75
& 50 5 50
-~ -~
H 25 H 25
0 0
~30 -20 -10 0 10 20 30 -15 -10 -5 0 S5 10 15
B(G) B(G)
Fg=2—>Fe=2 Fg=l—>Fe=l
175
175 _
- ~150
ﬁ 150 t){
: =125
g 125 §
X . 100
2100 2
2 75 £ 7
8 50 a S0
o -
H 25 H 25
0 0
30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
B(G) B(G)

FIG. 5. Experimental results for the fluorescence interlgifyas a function of the magnetic fiell on the different hyperfine transitions
with no repumping laser. The interaction time=ist.5 us. Laser intensity, = 26 mW/cn? in all the data sets.
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FIG. 6. Experimental results for the full width at half maximum
linewidth of the Hanle-CPT resonance for the different hyperfine
transitions as a function of the laser intensity. Black triangles cor-
respond to laser excitation on the transitieg=2—F.=2, while 0.
open squares toFy;=1—F,=1 and closed circles to
Fq=2—F.=1. Typical error bars are marked. 0.

(b)

IV. EXPERIMENTAL RESULTS AND COMPARISON 0.
WITH THEORY

Examples of the time-integrated fluorescence signals re- . L s
corded on the different hyperfine transitions are shown in 10 10 10 10
Fig. 5. Three of the four transitions on tBg line exhibit the I 2

. : » mW/cm
Hanle-CPT typical dip. The transitioRy=1—F,=2 does L( )
not exhibit any dip because there are no noncoupled states )
into which the atom could be pumped. The dip contrasts for FIG. 7. In(a) experimental results for the contrast of the Hanle-
the other three transitionsF,=1—F.=1, F,=2—F CPT resonance for the different hyperfine transitions as a function
g e v g e . . . "

=1, Fg=2—F,=2, are very different. The dip for the tran- gf tﬁ; 'aiei g\tensny. Black t:g‘”?'fs liorielspong tlo thg trarllsmon
sition Fy=2—F,=1 is very pronounced, and the corre- |9~ < "e— < OPSN SQUATEs fg= 1~ Fe= ", and closed cireies

. . . to F,=2—F.=1. Typical error bars are marked. (b) experimen-
g e

sponding .ComraSt Is large. .T.he ContrEStS of tEe dips assOGE results for theFy=2—F.=1 transition from Ref[12] for the
ated with the transitions Fy=1-F.,=1 and

. contrast of the Hanle-CPT resonance as a function of the laser in-
Fg=2—Fc=2 are S.maller. The obser_ved behaVIOr§ COIMe4ensity. Laser intensity derived frofil2]; error bar of the contrast
spond to those predicted by the analysis and shown in Fig. Zstimated on the figures of that reference.

The hyperfine transitions with a larger loss factotowards

external states present a narrower Hanle-CPT resonance, .

However, it should be noted that different hyperfine transi-Ntensity. The contrast of the Hanle-CPT resonances, as de-

tions cannot be directly compared, as already discussed. rived from the five curves published [A2], and the results
The full width at half maximum1 linewidth and the con- ©°f @ theoretical analysis for the interaction times of that ref-

trast of the Hanle-CPT resonance for the various hyperfinlgrence are reported in Fig(ly. In this case the agreement

transitions have been studied as a function of the laser inter2StWeen our fcheory and_ t_he experimental .reSUItS IS very
sity. The experimental results are shown in Figs. 6 afal 7 good, C°”f'”“”?9 the validity of the theoretmal_approach
The experimental results of Figs. 6 an@#or the linewidth [18]. The experiment 0[1.2]. reported a compensation of the
and contrast of the Hanle-CPT resonance have been corfi@y magnetic fields within 10 mG over the whole atom-
pared to the theoretical numerical analysis. The theory pre@Se€r interaction volume. Thus, our failure to reproduce the

dicts an increase of the linewidth and contrast with the apgheorencal contrast is produced by an imperfect compensa-

plied laser intensity, as observed in the experiment.tior_‘ of the magnetic field in our apparatus. _Mo_re precis_ely,
However, the maximum contrast achieved in our experimen(—)Wlng ttq t?ﬁ prteserllce Of. t"somet_ magnguc—ﬁ;ld grad|e?t
tal observations is lower than that predicted by the theoryﬁé?j’ecnou'lg no? Seogrzszaslgtzga%\l/oe? trﬁglevr;{oleeing?g;?of
For i.nstance, for th§g=2*>|:e=.1 hyperfing transition, the egion through our HeInF’)lhoItz coils

maximum theoretical contrast is 67%, while the measured For the D itati di : ¢ f the h
value of the maximum contrast on that transition is around 0" €D €xcitation on sodium atoms none ot the ny-
50%. In order to examine more carefully the comparisonperflne opt|calltran§|t|or.15 is closed. H_owever, experimen-
between theory and experiments, our theoretical analysis hd _IIy, a closedlike S|tgat|0n can b? realized through the ap-
been applied also to the Hanle-CPT measurements publish@ cat_lon of a repumping laser, which compensates the losses
by Picque{12] in an experimental configuration very similar €' pee,=—ar —r ;r T —F Pee fOr the population de-

to the present one, on tig,=2—F.=1 hyperfine transition cay. We examined, for a given transition, the dependence of
of the sodiumD; line as a function of the applied laser field contrast and linewidth on the population loss rate, by apply-
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ing a repumping laser to partially compensate the losses to-
wards external states. Varying the intensity of the repumping

laser it was possible to study the features of the CPT reso- 100
nance as a function of the rate of population losses. Obvi- e 'S T —
ously the repumping transition should be chosen in order to 80
not produce an additional noncoupled coherent superposi- :u}
tion. In the case of the sodium, line the most favorable E 60
transition for this study is th&,=2—F,=2 transition be- =
cause the transitiorFy=1—F,=2, without noncoupled D
state, as verified by the record in Figdh can be used for 5; 40
repumping. The CPT results in presence of a repumping la- &
ser are reported in Fig. 8: it is clearly visible that the contrast == 20
and the width of the CPT resonance increase for increasing
power of the repumping laser, i.e., for a decreasing rate of 0
-15 -10 -5 0 5 10 15

population losses. These experimental results can be com-
pared to the theoretical ones of Fig. 2. The presence of a B (G)
repumping laser, compensating for the losses towards exter-

nal states, is equivalent to a longer lifetime of the excited

state. Thus starting from the configuration of an open system (b)
as in Fig. Zb) in absence of the repumping laser, its appli- 300
cation produces an effective closed system as in Ra). &

should be noted that the repumping laser does not compen- 259
sate for the decay rate of the optical coherences. However,
after preparation of the atoms in the noncoupled states, the*

ts)

1
oI
1

optical coherences are zero and their decay is not relevant for ':"
the atomic preparation. ..g 150

Neuer’
ElOO

V. CONCLUSIONS —
. . 50

The CPT phenomenon on the sodiudy line has been
investigated by means of an Hanle effect configuration com- 0
-15 -10 -5 0 5 10 15

paring different level schemes\(and M and studying the
influence of the losses towards external states. Different B (G)
atom-laser interaction schemes involving as ground states the

sublevels of the same hyperfine component have been con-

sidered. On the sodiur®, line the relevant transition are (c)
Fg=1—-F¢=1, Fg=2—F.=1, F;=2—F.=2. As the 1000
original contribution of the present investigation we have
investigated CPT in atomic configurations that are not closed
for spontaneous-emission decay. We have demonstrated that
CPT may be realized on those open transitions with an effi-
ciency decreasing with the amount of spontaneous emission
towards external states. Because in Eheline the different

level configurations correspond to different rates of popula-
tion losses, the features, i.e., width and contrast, of the ™7,
Hanle-CPT resonance depend on the explored transition. A _;‘5200
careful study of the dependence of the width and contrast of

the Hanle-CPT dip on the interaction parameters has been
performed. A numerical analysis of the density-matrix equa- 0_15 -10 -5 0 5 10 15

tions confirms most experimental observations, except that B (G)

the maximum contrast is lower than the expected one be-

cause of the imperfect compensation of the magnetic field in

the experiment. However, our numerical analysis is in agree-

ment with the contrast measured in a previous experiment FIQ. 8. Experimental_ results for tht=T integrated_ qu_oresce_nce
[12], where a very good magnetic-field compensation wadhtensity, I;y, as a function of Fhe applied magnetic fleld,_W|th
applied. The experimental data show that the contrast of th@ne laser tuned to the transitioRg=2—F,=2 to establish.
Hanle-CPT dip is less than 100%. It depends strongly on thd'¢ _M-scheme; another — laser tuned to the transition
population loss rate and it can be controlled by means of a9~ +Fe=2 10 repump the atoms. The 'mﬁgs'ty of the laser used
repumping laser that compensates the rate of populatioﬁ; eStab“Sh.thelM SCheme.WaLs:_%O nt:W/C_ . The 'n;err:;'ty of
losses towards the external levels. The contrast of the Hanla.¢ 'SPUMPINg laser was i@ 1r=0, (b) Ig= 20 mW/en, (c)

CPT resonance is only weakly affected by the small Dopple?R: 200 mw/nt.

800

(arb. units)

400
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broadening associated to the atomic beam.
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but aA +W system, where the states are not completely dark

Note that in the regime of very large saturation, the poweffor the laser absorption.
broadening of the spectral lines does not allow the interpre-

tation of the experiment as a pufg—F, transition with

losses onFg,. Let us consider, for example, the case of
Fy=1—F¢=1 (A schemg At large laser saturation the ab-

sorption linesFy=1—F.=1 andF,=1—F.=2 are ex-
cited simultaneously. Thus, we do not have a pArgystem
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beam does not affect the results. In effect the interaction times
were so long that the large majority of the atoms reached the
steady state of empty population.
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We propose a new transport mechanism through tunnel-coupled quantum dots based on the coherent
population trapping effect. Coupling to an excited level by the coherent radiation of two microwaves
can lead to an extremely narrow current antiresonance. The effect can be used to determine interdot
dephasing rates and is a mechanism for a very sensitive, optically controlled current switch.

PACS numbers: 73.23.Hk, 73.40.Gk, 73.50.Pz

The analogy between real and artificial atoms (quantum
dots) suggests the transfer of concepts from atomic physics
to ultrasmall semiconductor structures. If methods such as
optical coherent control are combined with the tunability
of quantum dots, basic quantum mechanical effects such
as preparation in a superposition of states and quantum
interference can be realized and controlled in artificial mi-
croscopic devices. The interaction with light has been used
to create coherent superpositions of states in single [1] and
double quantum dots [2]. Furthermore, external radiation
fields lead to nonlinear electron transport effects such as
photoassisted tunneling and photosidebands [3,4].

In this Letter, we propose a new transport mechanism
through tunnel-coupled quantum dots based on the co-
herent population trapping effect, a well-known effect in
atomic laser spectroscopy [5]. We predict that the inter-
action with coherent light of two frequencies can be used
to pump a current through a double dot. As a function
of the relative detuning of the two frequencies the current
shows an extremely narrow antiresonance, i.e., an optically
controlled abrupt transition from a conducting to a noncon-
ducting state. We furthermore show that the vanishing of
the current antiresonance due to dephasing of the coupled
ground states coherence (which can be controlled by tun-
ing the tunnel coupling) can be used to obtain quantitative
estimates for inelastic dephasing rates in coupled dots.

The effect appears in double quantum dots where elec-
tron transport involves tunneling through two bonding and
antibonding ground states |1) and |2) and one additional
excited state |0); see Fig. 1. Leads coupled to both dots
have chemical potentials such that electrons can tunnel into
the ground states but leave the dot only through the ex-
cited state. The system is driven by two light (microwave)
sources with frequencies w; and w; that are detuned off
the two excitation energies by /78 := gy — €1 — hw
and 716, := gy — &, — hw,. Relaxation from the excited
level by acoustic phonon emission traps the dot in a coher-
ent superposition of the bonding and the antibonding state,
if 6 := 6, — 6 is tuned to zero. In this case, the ex-
cited level becomes completely depopulated. In the case
of real atoms, the resulting trapping of the electron in a ra-
diatively decoupled coherent superposition leads to “dark

4148 0031-9007/00/85(19)/4148(4)$15.00

resonances” in the fluorescence emission. In the double
dot case discussed here, the dark resonance effect appears
as a suddenly vanishing electron current for 5 = 0. We
suggest that for low enough microwave intensity, the effect
can serve as a very sensitive, optically controlled current
switch.

Atomic dark states have been found to be extraordinary
stable against a number of perturbations [6]. In the
quantum dot case, due to the Pauli blocking of the leads,
a trapped electron cannot tunnel out of the ground state
coherent superposition. Furthermore, this superposition is
protected from incoming electrons due to Coulomb block-
ade (no second electron can tunnel in). These two mecha-
nisms guarantee the robustness of the effect, which is
limited only by dephasing from inelastic processes. The
latter are due to spontaneous emission of phonons in
double dots [7,8] and can be controlled by tuning system
parameters with gate voltages.

In our model, we consider a double quantum dot in the
strong Coulomb blockade regime that is determined by
transitions between states of fixed particle number N and
N + 1. The two tunnel-coupled N + I-particle ground
states |G) and |G’) (see Fig. 1, inset) have energy dif-
ference & := g5 — & and hybridize into states |1) and

I g s
—0’ &)
E-:G’ G
TC ’ _“‘
u
(O] (1)2

FIG. 1. Level scheme for two coupled quantum dots in the
Coulomb blockade regime. Two tunnel-coupled ground states
|G) and |G’) (small inset) form states |1) and |2) from which an
electron is pumped to the excited state |0) by two light sources of
frequency w; and w,. Relaxation by acoustic phonon emission
is indicated by dashed arrows.

© 2000 The American Physical Society
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|2) of energy difference A 1= g, — g, = (g + 4T3)1/2.
Here, T, denotes the tunnel-coupling matrix element. The
system is irradiated with two coherent microwave sources
with frequencies @ and w,, driving the transitions |1) —
[0) and |2) — |0). Here, |0) is the first excited state of the
same electron number N + 1 in the right dot with energy
go. Furthermore, the energy of the first excited level |0')
of the other (left) dot is assumed to be in off resonance for
transitions to and from the two ground states. If the energy
difference €y — g¢ is much larger than 7, the hybridiza-
tion of |0’) with |0) can be neglected.

The microwave radiation pumps electrons into the ex-
cited level |0) such that transport through N + 1-particle
states becomes possible if both dots are connected to reser-
voirs of free two-dimensional electrons. We assume the
Coulomb charging energy U to be so large that states with
two additional electrons can be neglected. Typical values
are 1 = U =< 4 meV in lateral double dots [7]. The chemi-
cal potentials u and w' are tuned slightly above &;; this
excludes the co-tunneling-like reentrant resonant tunneling
process that can exist in three-level dots [9].

The light coupling is described by an interaction Ham-
iltonian in the rotating wave approximation,

Q.
Hi(1) = == 710y 1|
QO .
- %e"w2’|o><2| + He, (1)

where nonresonant terms have been neglected and (}; =
(E;j/R){Olez| j), j = 1,2, are the Rabi frequencies, where
E; is the projection of the electric field vectors of the
light onto the dipole moments for the transitions 1 — 0,
2 — (. The coupling of the dot ground states to the leads
is described by the standard tunnel Hamiltonian

Hy = > (ViuehlE) Gl + cc) )

ki=G,G'
and correspondingly for the excited state |0). Here, |E)
denotes the “empty” double dot N-particle state before
tunneling of an additional electron, c;i ; creates an electron
with quantum number k in the reservoir connected to the
dot ground state i = G or i = G/, and Vy; denotes the
corresponding tunnel matrix element. The rates I' (right
dot) and I’ (left dot) for tunneling between the dots and
the connected reservoirs can be calculated from Hy by sec-
ond order perturbation theory. If the chemical potentials
wu and u' are as indicated in Fig. 1, electron tunneling oc-
curs by in tunneling that changes |E) into |G) at a rate T’
and |E) into |G') at the rate I/, whereas out tunneling
from |G) and |G') is Pauli blocked. The corresponding
rates y; and y, for tunneling into the hybridized states |1)
and [2) are yip = [(A = 82T + 4T2T")/[(A = 8)* +
4T?]. On the other hand, electrons can leave the dot only
by tunneling out of the state |0) (but not in) at the rate I'.
This tunneling is only into the right lead because we as-

sumed negligible hybridization of |0) with |0’). Here and
in the following, we neglect the energy dependence of I’
and I" for simplicity.

In coupled quantum dots, decay of excited levels is due
to spontaneous emission of phonons rather than photons
[7]. We denote the corresponding decay rates for the state
|0) and |2) by I'° and T'»;, respectively. The lowest state
|1) is stable against decay. For the moment, we take these
rates as given and discuss quantitative estimates below.
We are then in the position to set up equations of motion
for the time-dependent occupation probabilities p;(z), j =
E,1,2,0, of the four double dot states. The spontaneous
phonon emission and the single electron tunneling gives
rise to an incoherent dynamics, while the electron-light
interaction in treated fully coherently. One has

pe = —(y1 + v2)pe + I'po,

po=—(" + T)py + Im(Qp10 + D2p20),

p1=ailpo + yipe + Toipy — Im(Qp10).,

P2 = axlpy + yape — Toipa — Im(Q2p20) .
Here, a1 = 1 — ay = (A + &)*/[(A + ¢)* + 4T2] and
poj = ,5;0 = poje' " are slowly varying off-diagonal ma-
trix elements of the reduced density operator of the double
dot, whose equations of motion close the set (3). One has

~ RO Oy
Pio= —Dipo + 17(171 — po) + L= P

Poy = —Dapox — i%(m - po) — i%ﬁlz, 4)
Q;
2
where we defined resonance denominators D; :=
(=1)/i8; + @,;T° + I'/2 that appear in the solution
for the coherences in the stationary case for large times
which we consider from now on. Together with the
normalization condition pg + p; + p» + po = 1, the
stationary solution is then easily obtained.

Before discussing the stationary tunnel current, we esti-
mate the inelastic rates I'° and I'5; which determine if or
if not the effect can be observed in quantum dots at all.
In the following, we restrict ourselves to lateral dots. Re-
laxation from the excited dot level |0) is due to acoustic
phonon emission at a rate

. . _ . . . Q,
Pro= —[ibg + T'21/2]p12 — i Po2 + 172/010,

I = Qw/h)) |AlP8(iwe — e0)F.(g.)G(qy), (5)
Q

where A is the deformation potential matrix element,
Q = (qy, ¢;) the phonon wave vector, wp = ¢|Q|, and
F. and G are the quantum well and lateral dot form factor
which cut off phonons with |g.| = ;! and |qy| = 17",
where [, is the quantum well width and / an estimate
for the dot diameter. For gy =< 0.5 meV and a typical
well width of I. ~ 50 A, only the lateral cutoff G is ef-
fective here at energies above fiw; = fic/l, where c is
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the longitudinal speed of sound [10]. The explicit form
of G depends on the shape of the many-electron wave
functions (x |0) and (x|i), i = 1,2 and is never known
exactly for realistic dots with N = 10 electrons. As-
suming a form G(q) = (¢1)?/[1 + (¢1)*]* that smoothly
interpolates between G(0) = G(») = 0 and using mate-
rial parameters for GaAs and [ = 200 nm, we find rates
between I'%(gg = 0.5 meV) = 6 X 108 s ! and I'(gg =
10 meV) = 2 X 10'% s™!. Most important for the obser-
vation of the population trapping effect in dots is the relax-
ation rate I';. In GaAs/AlGaAs lateral double dots, I',; is
mainly due to the spontaneous emission of phonons [7,8].
In experiments, gate voltages can be applied to tune the
ground state level splitting to small values. Here, we as-
sume A < 20 eV where form factor cutoffs are no longer
effective. One obtains

T.\> A
2”<K> 8 [1

where w, := c¢/d, g = 0.05 the dimensionless coupling
constant, d is the distance between the dot centers, and we
assumed identical shapes of both dots for simplicity and
neglected the small overlap between the states |G) and
|G’). Furthermore, a simplified model with bulk piezo-
electric phonons has been adopted. Important here is that
in contrast to real atoms the spontaneous rate I'5; can be
tuned in gated double dots by varying 7. and/or &. This al-
lows one to study how the coherent superposition of states
is destroyed due to the interaction with the phonon bath as
discussed now.

The stationary electric current / is obtained from the
net flow of electrons with charge —e < 0 through ei-
ther of the tunnel barriers connecting the dot to the reser-
voirs, | = _er[l’o - pE]stat = _erl[pE]stat' Figure 2

sin(A/fwy)
A/ﬁwd

U

To0(8) ] ©)

< 107!
§103 2
S 103
" T2 — T, =050V —
02 4 6 810 1oy
) T.c[uevl ) N

-04 -03 -02 -0.1 0 01 02 03
Raman Detuning dg[ueV]

FIG. 2. Tunnel current antiresonance through double dot
system from Fig. 1 with ground state energy difference
e = 10 peV. The Rabi frequencies ), and (), are taken to
be equal, parameters are Qz = 02I'° and ' =" =19 =
10° s, where T'? is the relaxation rate due to acoustic phonon
emission from |0). Inset: Inelastic rate I'y; (in weV/h), Eq. (6),
with iwy; = 20 weV. The dashed line indicates the crossover
at Iy /2 = |Qg|?/2[T° + T]; cf. Eq. (7).
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shows the result for I as a function of the Raman detun-
ing &g for 1 = (), and ground state energy difference
e = 10 pweV. Our calculations have been done for zero
temperature 7 = 0. For finite 7', reabsorption of phonons
which would smear the ground state levels can be sup-
pressed by choosing a sufficiently large € = kgT.

Close to 6g = 0, the overall Lorentzian profile breaks
in and shows a sharp current antiresonance. For fixed
microwave intensity (fixed Rabi frequency Qg := (QF +
Q%)l/ %) and increasing tunnel coupling T, the inelastic
rate I';1, Eq. (6), increases (inset). As a result, the anti-
resonance becomes broader and finally disappears for
larger tunnel coupling 7.. The half-width &1/, of the
current antiresonance can be found via the stationary
solutions of Egs. (3) and (4) from the pole of a two-photon
denominator as a function of 6. We find for the sym-
metric case € = 0
Dy, 108

2 [T + 1"
Thus, &/, increases with the inelastic rate I';;. For fixed
microwave intensity, the vanishing of the antiresonance
sets in for I'y; = |Qg|?>/[T° + I']; cf. the inset of Fig. 2.
On the other hand, with increasing elastic tunneling I" out
of the dot we recognize the striking fact that 0/, decreases
down to its lower limit I'5; /2. This behavior is shown in
Fig. 3. For increasing tunnel rate I', the current increases
until an overall maximal value is reached at I' = I'°. The
curve I(8g) decreases again and becomes very broad if the
elastic tunneling becomes much faster than the inelastic
relaxation I'°. Simultaneously, the center antiresonance
then becomes sharper and sharper with increasing I', its
half-width 8, /, approaching the limit I';; /2, Eq. (7).

The appearance of the sharp current antiresonance is due
to a trapping of the additional electron in a coherent super-
position of the two ground states |1) and |2) that decouples
from the light. One can define linear combinations [5]
INC(1)) = (Q2/Qp) 1) = (Q1/Qr)e’“>~“V"|2) and the
orthogonal state |C(z)). At Raman resonance, only |C(z))

o012 = @)

02 5
I=0.1 FO
I=0.5 FO -
I=1.0 FO

0.15 |

<

&

=

O

005 |

2 15 -1 -0.5 0 0.5 1 1.5 2
Raman Detuning dy [ueV]

FIG. 3. Current for fixed coupling 7. and different tunnel rates
' =T’. Parameters are € = 10 ueV, I' = 10° s7!, Qf =
1.0T% and T, = 1 peV.
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couples to the light, and excitation of the electron from
|C(2)) to the excited state |0) with a subsequent decay into
|C(2)) and |NC(r)) gradually pumps all the population into
[NC(t)). This is because in the latter state the electron is
decoupled from the light and cannot be excited again.

We point out that the resonance effect described here
differs physically from other transport effects in ac-driven
systems, such as coherent destruction of tunneling [11],
tunneling through photosidebands [12], or coherent pump-
ing of electrons [13,14]. These phase-coherent effects are
due to an additional time-dependent phase that electrons
pick up while tunneling. Then, the time evolution within
the system is ideally completely coherent with dissipation
being a disturbance rather then necessary for the effect to
occur. In contrast, the trapping effect discussed here re-
quires incoherent relaxation (phonon emission) within the
system in order to create the trapped coherent superposi-
tion of the ground states.

To conclude, our results suggest that the population trap-
ping effect can be observed in the tunnel current through
double dots irradiated with two microwaves. It offers
the possibility to switch a current optically and to de-
termine the interdot inelastic rate I'5; from the antireso-
nance linewidth 81,2, Eq. (7). The microwave frequencies
v should be such that the first excited level in one of the
dots is coupled by one-photon processes to the ground
states. An estimate with a single particle excitation energy
of §& = 0.5 meV yields v = deg/h = 120 GHz which
should be attainable with present day technology. The
Raman shift 6 = 6, — 8, can be scanned through by
fixing one of the frequencies (e.g., w) at resonance such
that 6; = 0, and changing w; and therewith 6 = w; —
w> — A/h. Both the relaxation rate I'° and the dephasing
rate I';; then can be obtained from I(Sg) curves for dif-
ferent values of, e.g., the tunnel coupling 7, or the energy
difference ¢.

Finally, we comment on the dephasing channel due to
tunneling of electrons from the ground state coherent su-
perposition into holes created by absorption of photons in
the leads. The rate I', for such processes is proportional
to (Qg/27v)? [15] and turns out to be at least 1 order of
magnitude less than the intrinsic dephasing rate I',; unless
one tunes to very small tunnel couplings 7, < 0.5 ueV.
In this regime, I', starts to dominate over I';;, and the
half-width &/, then becomes independent of 7.
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We have analyzed the Hanle effect on the clobget 3—F.=4 D,-line transition of ®Rb. Exciting the
rubidium atoms by circularly polarized laser light, and scanning an applied transverse magnetic field, a bright
resonance Hanle signal is obtained at different values of an applied longitudinal magnetic field. We report
experimental and numerical evidence of this bright resonance.

DOI: 10.1103/PhysRevA.63.065401 PACS nuntber32.80.Bx, 32.80.Qk

In a multilevel atomic system the creation of low- and with the destruction of the population difference through
frequency coherences, and eventually their circulatiorthe magnetic-field-created Zeeman coherences.
through absorption and spontaneous emission processes, The Hanle effect investigations of Refgl1,12 were
leads to significant modifications of the atomic fluorescencédased on a linearly polarized laser field and a magnetic field
line shape. Well-known examples of these modifications argarallel to the light propagation direction. However, in this
the Hanle effecf{1] and coherent population trapping].  configuration the measured fluorescence increases, due to the
Low-frequency coherences also lead to drastic modificationlow-frequency coherence, are very modest, of the order of
of the absorptive and dispersive properties of atomic medid% of the broad fluorescence background. In the present
[2—4], and are responsible for the sub-Dop&s6] and sub- work we theoretically and experimentally demonstrate the
recoil [ 7] temperatures reached in the laser cooling processegffect of enhanced absorption in a different ground-state
with counterpropagating® ando~ laser fields. Recently an Hanle effect configuration. In this configuration, a circularly
investigation of a multilevel atomic system with two optical polarized laser field excites the closég=F—F.=F+1
fields revealed that the combined actions of the two cohereritansition, and a transverse magnetic field, applied orthogo-
optical fields produces a low-frequency Zeeman coherenceally to the light propagation direction, is scanned around
that increases the atomic absorptif$9]. The increased zero. It will be shown that for this configuration the bright
atomic absorption, denoted as electromagnetic induced alesonance fluorescence increase is more pronounced than for
sorption or bright resonance, was observed by scanning tHle previous configuration. The larger atomic coherences
frequency difference between the two optical fields creatingvill allow applications of bright resonances to quantum op-
the low-frequency coherence. tics and nonlinear wave mixing. We also examine, both ex-
The production and destruction of low-frequency coher-perimentally and theoretically, the influence of ground-state
ences can also be properly studied in the Hanle configuratiorelaxations and spurious magnetic fields on the bright reso-
with a single laser field applied to an atomic transition, andnance strength.
the Zeeman degeneracy in the lower and upper states broken In the experimen#®Rb vapor, contained in a vacuum cell,
by an applied magnetic field. It should be noted that similawas excited by circularly polarized light in resonance with
experimental configurations, and theoretical approaches, aghe transitionF;=3—F.=4 of the D, line. Owing to the
ply to Hanle effect dark-state and bright resonances. Whil@tomic Doppler distribution, the laser light excited several
the Hanle configuration for the dark-state coherences walyperfine transitions of th®, line. However, because the
studied in Ref[10], that for the bright resonances was re- closedF,=3—F,=4 transition is the strongest hyperfine
cently investigated experimentally in R¢l1], with a theo-  transition with efficient optical pumping, the largest contri-
retical analysis in Ref[12]. Bright resonances appear as anbution to the atomic fluorescence arises from this transition.
increased atomic fluorescence, following laser excitation ofMagnetic fieldsB, along theOz axis of the laser propagation
the F;—F.=F4+1 transition. The bright resonance Hanle direction andB, along theOx orthogonal direction were
effect is based on the laser creation of large Zeeman groundypplied, or scanned around the zero value. Additional coils
state coherences at zero magnetic field, and their destructi@mompensated for the external magnetic fields within a 50-mG
at nonzero values of the magnetic field. Equivalently, in arange. The atomic fluorescence was monitored while scan-
rotated atomic basis, the effect is associated with the opticaling theB, field.
pumping, at zero magnetic field, of the atomic population in Figure 1 shows experimental results for the emitted
the ground-state sublevels maximally excited by laser fieldsatomic fluorescence in the present bright resonance configu-
ration, with circularly polarized laser light and tigg mag-
netic field scanned around zero for different values of the
*Present address: Laboratoire Kastler-Brossel, Departement dipplied static magnetic fielB, along theOz axis. Only the
Physique de 'Ecole Normale Sujeure, 24 rue Lhomond, 75231 narrow central part of the Hanle resonance, with a linewidth
Paris Cedex 05 France. around 30 mG, is shown in the figure. This narrow resonance
"Permanent address: Institute of Electronics, Bulgarian Academis superimposed on the broader structure associated with the
of Sciences, Boul. Tsarigradsko Shosse 72, 1784 Sofia, Bulgaria.inhomogeneous linewidth of the optical transition.
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A The experimental data have been analyzed through optical
Bloch equation§OBE’s) for ®Rb illuminated by ar* laser
field propagating along th®z axis and resonant with the
Fy=3—F¢=4 D,-line transition, in the presence of mag-
netic fields along different axes. The analysis follows the
previous OBE solution applied for the dark resonances, ex-
cept for additional terms produced by the presence of trans-
verse magnetic fieldslQ].

Choosing thez propagation axis as the quantization axis,

the OBE's for a closed transition have the following forms
(lep)=13e.1.F j).19))=13g.1,Fq.})):

Fluorescence Intensity (arb. units)

. ) i
:x(G) Peje,= —[i weiej+F]Peiej+ % gz (Peigkvgkej_veigkpgkej)n
[ ] I [ K 1
-0.1 0 0.1 (1a)
FIG. 1. Experimental results for the fluorescence emitted from a . . r
%Rb vapor excited with a circularly polarized laser field on the Peg; =~ |weigj+ 2 |Peig;
F4=3—F<=4 D,-line transition while scanning the magnetic field
B, , at different values oB,: 0, 0.37, 0.73, and 1.09 G, respec- i
tively, starting from the bottom curve. The laser intensity was +g ; Peiekvekgj_gz Veigkpgkgj ) (1b)
k k

3.2 mW/cnf. The zero level of the atomic fluorescence, far below
the bottom horizontal line, was shifted up on the vertical scale i
increasings, pgigj: _Iwgigjpgigj+ 7 ;k (pgiekvekgj_vgiekpekgj)

The amplitude of the bright resonance depends on the
value of the magnetic field applied along t®z axis, with +(Ep _ ) ) (10
the maximum value detected at an applidvalue around dt 799 SE
0.25 G. The amplitude of the bright resonance was charac-
terized through the contra®, defined as the ratio between Here I' is the spontaneous emission rate for any excited
the intensity of the narrow fluorescence structure and théevel, andVek,g,j the matrix element of the atom-laser inter-
intensity of the the broad background fluorescence. Experiaction Hamiltonian in the dipole and rotating-wave approxi-
mental results foR versus the applieB, magnetic field are mations. The quantities, 8 represent the frequency sepa-

shown in Fig. 2 at different laser m_tensmes. The good |5tion between the energies of levets and 8;, including
(+B,,—B,) symmetry of the data of Fig. 2 demonstrate thee zeeman splitting,,4sm; B, due to theB, magnetic field.
good alignment of8, with the light propagation direction. gre ug is the Bohr magneton, angl,, with «,3=(e,g),
Values ofR up to 30% have been measured, to be compareghe gyromagnetic factor of the ground or excited state. In Eq.
with measurements fd® of the order of 1% for the (lirk|B)  (1c) SE indicates the spontaneous emission repopulation

configuration, as reported in R¢fl1]. terms for the density matrix evolutioisee Ref[6] for their
explicit form). A transverse magnetic field, for instanBg
0.4 along theOx axis, results in additional terms in the density-
matrix equations
03] I. ‘ .. : _ . Iu’B X + — +
a” .- [ ] . peiej|BX_ I 796‘{Ceipei+l,ej +Ceipei,l,ej_cejpei i1
& o024 © " i . _
- ~CejPe, ,ej_l}a (29)
0.1 — . _ . IU’BBX + —
0 00000, 0000 o Peigj|Bx_ I 2% {ge[ceiPeHl,gj+Ceipei,1,gj]
o)
n _
0.0 T T T T T T —0glCyjpe, 91T ngpei,gj_l]}a (2b)
2 1 0 1 2 3
B, (gauss) - _omeBx _ N
z pgigj|Bx_ —I 2% gg{cgingl,gj+Cgipgi71,gj_cgjpgi 9j4+1
FIG. 2. Experimental data for the bright line rat® in the 3
experimental conditions of Fig. 1, vs the static appl@g field, — CgjPy ,gj_l}% (20)
with laser light intensities of 3.2 mWecn? (squares and
0.32 mWcm? (circles. where
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en=V(FETM)(FEM+1), 3 4
CFm \/( - )( ) ( ) 0.01 mW/cm?
3 -
and we abbreviated the subscript by « (a=e,q). ¥ A
For the OBE solution we assumed the laser light to be o 2r ., o 2

near resonant with th&Rb F,=3—F,=4 atomic hyper-
fine transition, and supposed only a natural broadening of the
optical transition, as for a cold atomic sample. Moreover, for
a cold sample the interaction time between the laser and
atoms may be assumed to be long enough for us to consider
only a steady-state solution of the density-matrix equations.
In the experimental results of the present work, the bright
line was detected as an increase of the fluorescence intensity.
For a laser-excited closed transition, the atoms reach a steady
state, and the fluorescence intensity emitted from the cold
atomic sample interacting with the laser beam is proportional
to the total steady-state population of the excited stdfg,
Thus the dependence of this quantity on the amplitude of the
applied magnetic field produces the Hanle effect line shapes
observed on the fluorescence emission. FIG. 3. Numerical results for thEy=3—F.=4 %Rb D,-line
Referencg13], examining the role of Doppler broadening pright resonance in thes(",kLB) configuration. The steady-state
on coherent population trapping, showed that the Doppletotal population of the excited state, as a function ofBhdield for
broadening associated with the optical transition has a negtifferent laser intensities, is &,=0. The insets show the regions
ligible influence on the measured contrast and width of thearound zero magnetic field.
dark resonance. We have verified through numerical calcu-
lations that this is also true for the bright resonance, and The predicted ratidR between the amplitude of the nar-
therefore we have not included Doppler broadening in mostow resonance and the broad profile of Fig. 3 is nearly con-
analyses. Finally, due to Doppler broadening and the finitestant over the examined range of laser intensities. By con-
interaction time, the laser intensities needed to saturate anast, in the experimental resulisincreases with the laser
atomic vapor are much larger than for a cold sanjiM]. intensity. This different behavior can be explained by the
Therefore, we expect that the effects observed in an atomipresence of relaxation processes in the ground state. In this
vapor at a given laser intensity will be reproduced by ourcase an efficient optical pumping is obtained for a pumping
numerical calculations on cold atoms at a much lower intenfate Q?/T" larger than the ground-state relaxation rateand
sity of the laser fields. the ratio R becomes, for weak laser fields, an increasing
We solved the OBE for thea* ,KL B) configuration ex- function of the laser intensity viR?/T y. A finite interaction
perimentally investigated in the present work, with a transtime 6, corresponding to a relaxation raje=1/¢, and the
verse magnetic fiel@, scanned around zero. Results for theadditional transverse stray fields, to be included in the fol-
total population of the excited staféS, as a function of the 0wing analysis, are equivalent to ground-state relaxation
applied magnetic field, are shown in Fig. 3 for different Processes. We have verified numerically that the ground-
laser intensities. A subnatural bright resonance appears sgtate relaxation processes modify the dependen&eonf the
perimposed on a broad profile. In fact, in the absence of laser intensity, but a fit of the e_xpe_rlmental results cannot be
transverse magnetic field, tie" -polarized laser light pumps performed without a characterization of the relaxation pro-
all the atomic population on théF,=3Mg=3)«|F,  CESSES: _ _
—4M=4) Zeeman transition, which is the strongest one. In order to analyze the experlmental_ res_,ults of F_lg. 1 for
The application of a transverse magnetic field, producing® dependence of the rativon the longitudinal applieé,
low-frequency coherences between the ground Zeeman suBl2dnetic field, we have theoretically examined the effect of
levels, redistributes the population among the Zeeman sutf longitudinal magnetic fielé, on the bright resonance. Nu-
levels, with a decrease of the fluorescence intensity. merical results for the bright resonance, scanning Bge
Our numerical calculations confirm that the effect of field, supposing3,=0, and at different values of the longi-
bright resonances is much more pronounced for the configdudinal B, magnetic field, showed a contrast of the bright
. - -3 resonance slightly decreasing with increasing strength of the
ration of crossed laser beam and magnetic fietd kL B) e . . :

. . i ) ) Lo B, magnetic field, in contrast with the experimental observa-
examined in this work than for the configuration (KHB)  tions of Fig. 2. The presence of laser detunings did not
considered in Refs[;l{,lﬂ. The numerically calculated am- modify this result. However, in the presence of stray mag-
plitude of the (link||B) bright resonance is in fact about netic fields, the application of B, field different from zero
one-tenth of the broad fluorescence sigfidl], to be com-  should help the optical pumping by the"-polarized light.
pared with the ¢*,KL B) configuration investigated in Fig. Thus, we included in our numerical analysis a weak mag-
3, for which the amplitude of the bright resonance has abounetic field B, along they axis. Results for the excited-state
the same amplitude as the broad structure. population as a function of the scanning magnetic fig|cht
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As an additional test of the role of the stray magnetic
fields, we calculated, at different laser intensities, the fatio

for a bright resonance in ther(",kLB) configuration as a
function of the longitudinal magnetic fieB, in the presence
of a stray magnetic fiel8,=10 mG. The numerical results
demonstrate that the residual magnetic field alongQye
axis indeed introduces an increasing dependenéeaf the
laser intensity, for a smaB, field. However, we could not

205 _0.25 0 0.5 05 reproduce the decrease of Fig. 2 at a larger magnetic field
B, (G) B,, proving that a better control of the experimental condi-
tions is required for a precise control of the bright resonance.
FIG. 4. Numerical results for thEy=3—F.=4 %Rb D,-line In conclusion, we experimentally and theoretically stud-

bright resonance in thes(",KL B) configuration, at a laser intensity 1€d the bright resonance Hanle effect on a closgg=3

of 0.1 mW/cn?. The steady-state total population of the excited —Fe=4 transition for circularly polarized light and a trans-
state as a function of the appliddl, magnetic field for different Vverse magnetic field. The z_ero—fi_eld—enhanced absorption
values ofB, and B,. Continuous line:8,=B,=0. Dashed line: ~corresponds to the accumulation, via optical pumping, of the
B,=0 and B,=50 mG. Dot-dashed lineB,=20 mG and B, atomic population in gro_unq states maX|maI!y c_oupled to t_he
=50 mG. Only the region around zero magnetic field is shown. €Xxcited state. The application of a magnetic field redistrib-
utes the population among the ground-state sublevels, and
. . " . results in a decrease of the fluorescence intensity. The effi-
different values of the “stray” magnetic fielBy areé shown o hroduction of low-frequency coherences realized in the
In Fig. 4 It_ appears that, &,=0, Fhe presence of the S“aY present Hanle effect configuration produces a strong depen-
magnetic fieldBy leads to a drastic reduction of the ampli- yence on the ground-state relaxation processes and on the
tude of the.brlght resonance with respect to the |Qeal Cas?purious magnetic fields, to be explored under highly con-
By_=_0 previously analyzed. The stray magnetic fiddg, trolled experimental conditions.

mixing the Zeeman sublevels, produces a disturbance of the
o optical pumping. The application of a longitudinal mag- The experimental investigations reported here were per-
netic fieldB, restores ther™ optical pumping, and therefore formed by S.C. while visiting the Dipartimento di Fisica,
leads to an increase in the amplitude of the bright resonancélniversitadi Pisa, 1-56126 Pisa, with the financial support of
Thus the experimental results of Fig. 2 are associated witthe NATO-CNR Senior Guest Fellowship Program. F.R.
the presence of an additional transverse magnetic field in thie grateful to G. Grynberg and P. Verkerk for useful

50-mG range. discussions.
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Brillouin Propagation Modes in Optical Lattices: Interpretation
in Terms of Nonconventional Stochastic Resonance
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We report the first direct observation of Brillouin-like propagation modes in a dissipative periodic
optical lattice. This has been done by observing a resonant behavior of the spatial diffusion coefficient
in the direction corresponding to the propagation mode with the phase velocity of the moving intensity
modulation used to excite these propagation modes. Furthermore, we show theoretically that the ampli-
tude of the Brillouin mode is a nonmonotonic function of the strength of the noise corresponding to the
optical pumping, and discuss this behavior in terms of nonconventional stochastic resonance.

DOI: 10.1103/PhysRevLett.88.133903

The last decade has witnessed dramatic progress in laser
cooling techniques and nowadays in several laboratories
around the world atoms are routinely trapped and cooled
at very low temperatures and high densities [1]. Most of
the current efforts within the cold atoms community are
directed to reaching the regime of quantum degeneracy in
both bosonic and fermionic samples, in order to investigate
the properties of the guantum gases thus obtained, and
realizing an atom laser, the matter wave analog of the laser.
Cold atomic samples also constitute an ideal system for the
study of complex nonlinear phenomena. This turns out to
be especially true if the cold atoms are ordered by the light
fields in periodic structures, so-called optical lattices [2,3].
These are obtained by the interference of two or more laser
fields: the light imposes its order on the matter via the
dipole force [4], creating a periodic structure of atoms.

Among the most significant studies of nonlinear dy-
namics in optical lattices, we recall here the observation
of mechanical bistability in a strongly driven dissipative
optical lattice [5] and the realization of the kicked rotor
and corresponding detection of chaotic motion in a far
detuned lattice [6]. Furthermore the macroscopic transport
of atoms in an asymmetric optical lattice without the
application of external forces has been observed [7].
This corresponds to the realization of an optical motor,
i.e., a ratchet for cold atoms, a well-controllable model
system for the molecular combustion motor [8]. Brillouin-
like propagation modes of atoms in a dissipative optical
lattice have also been theoretically studied to explain the
nonlinear optical properties of optical lattices [9,10]. In
this Letter, we report on the first direct observation of
these modes. Furthermore, we discuss the propagation
mechanism associated with these modes, completely
different from the one encountered in dense fluids or solid
media. Indeed in dilute optical lattices the interaction
between the different atoms is completely negligible;
therefore, the mechanism for the propagation of atoms
cannot be ascribed to any sound-wave-like mechanism.
While a sound wave corresponds to a propagating density

133903-1 0031-9007/02/88(13)/133903(4)$20.00

PACS numbers: 42.65.Es, 05.45.—a, 32.80.Pj

wave without a net transport of atoms, the Brillouin-
like resonances analyzed in this work consist of a net
motion of the atoms. In fact, the propagation of atoms
through the lattice are determined here by the interaction
with the light. The light fields determine both the potential
wells where the atoms can oscillate, whose vibrational fre-
quency determines the velocity of the propagation modes,
and the escape from the potential wells, which allows the
propagation of atoms. We also show theoretically that
the amplitude of the Brillouin mode is a nonmonotonic
function of the strength of the noise corresponding to the
optical pumping, and we discuss this behavior in terms of
nonconventional stochastic resonance [11,12].

We consider a three dimensional (3D) lin L lin near
resonant optical lattice, as in previous work [13]. The
periodic structure is determined by the interference of four
linearly polarized laser beams, arranged as in Fig. 1. This
arrangement results in a periodic modulation of the light
polarization and light intensity, which produces a periodic

FIG. 1.

Sketch of the experimental setup.

© 2002 The American Physical Society 133903-1
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modulation of the light shifts of the different ground states
of the atoms (optical potentials) [3]. The optical pumping
between the different atomic ground states combined with
the spatial modulation of the light shifts leads then to the
cooling of the atoms [14] and to their localization [15]
at the minima of the optical potentials, thus producing a
periodic array of atoms.

After the cooling phase, characterized by a significant
reduction of the atomic kinetic temperature and by the
creation of a periodic spatial order, the atoms keep inter-
acting with the light undergoing optical pumping cycles.
The optical pumping may transfer an atom from a po-
tential well to a neighboring one, giving rise to a variety
of transport phenomena [13,16]. Among these, there are
modes which correspond to the propagation of atoms
through the optical lattice in a given direction. They con-
sist of a sequence in which a one-half oscillation in a
potential well is followed by an optical pumping process
to the neighboring well, and so on. One can estimate
their velocity by v; = A;Q;/(27), where A; is the lattice
constant and );/(27) is the vibrational frequency in
the i direction [10]. These modes were first identified
through Monte Carlo simulations in Ref. [10] and shown
to produce resonance lines in the nonlinear optical re-
sponse of optical lattices. However, up to now no direct
observation of these modes has been reported. This is
achieved in the present work by observing a resonant
behavior of the spatial diffusion coefficient in the direction
corresponding to the propagation mode with the phase
velocity of the moving intensity modulation used to excite
these propagation modes.

The modulation scheme for the excitation of the propa-
gation modes is completely analogous to the one used in
previous investigations of the nonlinear optical response of
optical lattices [9]. An additional laser field linearly polar-
ized along the y axis is introduced with the z axis as the
propagation direction. This probe field interferes with the
copropagating lattice beams, creating an intensity modula-
tion. The interference pattern consists of two propagating
intensity waves moving with phase velocities v; = 7n;8/
|Ak;1 (j = 1,2y withit; = Ak;/IAK;l and AR, = k; —
is the difference between the jth lattice beam and the
probe (p) wave vectors [17]. Here 6 = w, — oy is
the detuning between the probe (w,) and the lattice (wy)
frequencies. According to the numerical simulations for
the atomic trajectories presented in Ref. [10], for 6 =
+Q),, the propagation modes along x are excited by the
driving field, with the atoms effectively dragged by the
moving intensity modulation [18]. Intuitively, the drag-
ging of atoms by the two propagating intensity modula-
tions should result in an increase of the spatial diffusion
coefficient D, in the x direction. Therefore, it should be
possible to detect these Brillouin propagation modes by
monitoring D, as a function of the detuning 6. The propa-
gation modes are then revealed by a resonance in D
around 6 = *(),. We tested the validity of this reason-

133903-2

ing with the help of semiclassical Monte Carlo simula-
tions [19]. Taking advantage of the symmetry between the
x and y directions (see Fig. 1), we restricted the atomic
dynamics in the xOz plane. Our calculations are for a
Jg = 1/2 — J, = 3/2 transition, as is customary in the
numerical analysis of Sisyphus cooling, of an atom of mass
M. We expect our 2D calculations to reproduce the de-
pendencies of the different quantities associated with the
real 3D atomic dynamics to within a scaling factor corre-
sponding to the difference in dimensionality [16]. In the
numerical simulations, we monitored the variance of the
atomic position distribution at a given value of the probe
field detuning. We verified that the spatial diffusion is nor-
mal; i.e., the atomic square displacements (Ax?) and (Az?)
increase linearly with time. Accordingly, we derived the
spatial diffusion coefficients D, and D, by fitting the nu-
merical data with (Axf} = 2D,.t (x; = x,z). Results for
the spatial diffusion coefficients as functions of the probe
detuning & are shown in Fig. 2. Two narrow resonances,
centered approximately at 6 = *=(),, appear clearly in the
spectrum of the diffusion coefficient along the x axis. In
contrast, D, does not show any resonant behavior with
the driving field detuning. This demonstrates the validity
of the detection scheme based on the measurement of the
diffusion coefficients.

In the experiment 8°Rb atoms are cooled and trapped in a
magneto-optical trap (MOT). The MOT laser beams and
magnetic field are then suddenly turned off. Simultane-
ously the four lattice beams are turned on and after 10 ms
of thermalization of the atoms in the lattice the probe laser
field is introduced along the z axis. We studied the trans-
port of atoms in the optical lattice by observing the atomic
cloud expansion with a charge coupled device camera. The
procedure to derive the diffusion coefficients has been de-
scribed in detail in previous work [13], and we recall here
only the basic idea. For a given detuning of the probe
field we took images of the expanding cloud at different

750 T, 2nMDyh . .
. 2nMD/h . .
4 500 F L
) .
[a] .o . * ° ®0ee®, 00
D50 feeseveter L etertane
0 .|...r...F...I...F..|..—...I...‘....|...|.

5 4 -3-2-10 1
3/Q

2 3 4 5
X

FIG. 2. Numerical results for the spatial diffusion coefficients
in the x and z directions as functions of the probe field detuning.
The lattice beam angle is 6§ = 30°, the lattice detuning A =
—10T, and the light shift per beam Aj = —200w,. Here T’
and w, are the width of the excited state and the atomic recoil
frequency, respectively. The amplitude of the probe beam is
0.4 times that of each lattice beam.
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instants after the atoms have been loaded into the optical
lattice. From the images of the atomic cloud we derived the
atomic mean square displacement along the x and z axes.

We verified that the cloud expansion corresponds to nor-
mal diffusion and derived the diffusion coefficients D, and
D,. The procedure has been repeated for several different
values of the detuning 6 of the probe field. Results for D,
and D, as functions of & are shown in Fig. 3. The probe
transmission spectrum is also reported to allow the com-
parison of the position of the resonances in the spectrum of
the diffusion coefficients and in that of the probe transmis-
sion. We observe two narrow resonances in the diffusion
coefficient along the x axis centered at 6 = *=(),. In con-
trast, no resonant behavior of D, with & is observed. This
is in agreement with the numerical simulations and consti-
tutes the first direct observation of Brillouin-like propaga-
tion modes in an optical lattice.

We turn now to the analysis of the mechanism be-
hind these propagation modes. Brillouin-like propagation

1500 F .
N ...”o.o” " ..«.’-om..‘. -

, 1000 F - . 27MD,/h
a .. L - 2nMD,/h
500 Lk A

" ey,

8/,
5
o
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o
7
= 0r
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o
S
-5 1 1 1 1 1
-3 -2 -1 0 1 2 3
8/Q,
FIG. 3. Experimental results for the spatial diffusion coef-

ficients in the x and z directions as functions of the probe
field detuning. The experimental parameters are lattice de-
tuning A/(27) = —42 MHz, intensity per lattice beam I} =
3.5 mW/cm?, and lattice angle # = 30°. These parameters cor-
respond to a vibrational frequency in the x direction (), /(27) =
55 kHz. A probe transmission spectrum is reported for com-
parison, T and Ty being the intensity of the transmitted probe
beam with and without the atomic cloud. The two resonances
at 6 = *£(), correspond to stimulated light scattering by the
Brillouin propagation modes. The two resonances at larger de-
tuning are Raman lines [3] in the z direction (6 = *(),), which
do not correspond to propagation modes. For the measurements
of the diffusion coefficients, the probe beam intensity is I, =
0.3 mW/cm?; in the transmission spectrum I, = 0.1 mW/cm?.
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modes have been widely studied in condensed matter and
dense fluids [20]. However, in the present case the mecha-
nism associated with these modes is clearly of a different
nature, as in dilute optical lattices the interaction between
atoms is negligible and therefore sound-wave-like propa-
gation modes cannot be supported. On the contrary, in a
dilute optical lattice the propagation of the atoms is deter-
mined by the synchronization of the oscillation within a
potential well with the optical pumping from a well to a
neighboring one, as first identified in the numerical analy-
sis of Ref. [10]. This dynamics can be interpreted in terms
of noise-induced resonances: the probe field induces a
large scale moving modulation of the periodic potential
of the four-beam optical lattice, with the optical pumping
constituting the noise source which allows transfer from a
well to a neighboring one. It is then natural to investigate
the dependence of the amplitude of the Brillouin mode on
the strength of the noise, i.e., on the optical pumping rate.
We studied, via semiclassical Monte Carlo simulations, the
atomic cloud expansion for a given depth of the potential
well at different values of the optical pumping rate I'{,
proportional to the rate T', . of escape from the well [21].
This has been done by varying the lattice intensity / and
detuning A so as to keep the depth of the potential wells
Uy o I/A constant while varying Ty o 1/A2. The diffu-
sion coefficient in the x direction has been calculated both
for a probe field at resonance (|8 = €),) and for a probe
field far off-resonance (|8| > (). The two diffusion co-
efficients will be indicated by D, and DY, respectively.
To characterize quantitatively the response of the atomic
system to a noise strength variation, we introduce the
enhancement factor ¢ defined as

D, — D°
DY

X

&= (1

Numerical results for the enhancement factor ¢ as a func-
tion of the optical pumping rate at a given value of the
potential well depth (i.e., for fixed light shift per beam
Af]) are shown in Fig. 4. At small pumping rates, &
increases abruptly with F(’); then a maximum is reached,
corresponding to the synchronization of the oscillation of
the atoms within a well with the escape from a well to
the neighboring one; finally at larger pumping rates this
synchronization is lost and ¢ decreases. This depen-
dence recalls the typical behavior of stochastic resonance
[11], with the noise enhancing the response of the at-
omic system to the weak moving modulation. It should
be noted that the system analyzed here has one impor-
tant peculiarity with respect to the model usually con-
sidered in the analysis of stochastic resonance. Stochastic
resonance is in general understood as the noise-induced
enhancement of a weak periodic signal with a frequency
much smaller than the intrawell relaxation frequency
within a single metastable state. In contrast, in the present
case, the noise synchronizes precisely with the intrawell
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FIG. 4. Numerical results for the enhancement factor ¢ as a
function of the optical pumping rate, for a given depth of the
optical potential wells. Parameters for the calculations are Ay =
—50w, and @ = 30°. The two data sets correspond to different
intensities of the probe beam. For comparison, we recall that in
the experiment (Fig. 3) Ay = —60w, and T = 8.5w,.

motion of the atoms. This corresponds to a nonconven-
tional stochastic resonance scenario [12].

In summary, in this Letter we introduced a scheme
for the detection of Brillouin propagation modes in op-
tical lattices and we reported on their direct observation.
Furthermore, we studied via Monte Carlo simulations the
amplitude of the Brillouin mode, as characterized by an
increase of the diffusion coefficients due to the presence
of the probe field, as a function of the rate of escape from
the potential wells. The Brillouin modes examined in this
work differ from their counterparts in solid state or dense
fluids as they are sustained by a medium of noninteract-
ing particles. From our analysis it turns out that in the
presence of noise the Brownian motion of a system of par-
ticles in a periodic potential can be turned in a motion at
a well-defined velocity by the application of a weak mov-
ing modulation. This represents a quite unusual situation
in statistical physics and may constitute a model for many
biological phenomena, like the transmission of weak sig-
nals in neuronal systems [22].
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PACS. 32.80.Pj — Optical cooling of atoms; trapping.

Abstract. — We have observed the phenomenon of stochastic resonance on the Brillouin
propagation modes of a dissipative optical lattice. Such a mode has been excited by applying
a moving potential modulation with phase velocity equal to the velocity of the mode. Its
amplitude has been characterized by the center-of-mass (CM) velocity of the atomic cloud.
At Brillouin resonance, we studied the CM velocity as a function of the optical pumping rate
at a given depth of the potential wells. We have observed a resonant dependence of the CM
velocity on the optical pumping rate, corresponding to the noise strength. This corresponds to
the experimental observation of stochastic resonance in a periodic potential in the low-damping
regime.

A particle trapped in a potential well constitutes a model useful for the understanding
of a variety of phenomena. The extension to a periodically modulated double-well potential
including a stochastic force leads to a complex nonlinear dynamics, and allows to modelize a
variety of phenomena ranging from geophysics [1,2] to bistable ring lasers [3], from neuronal
systems [4] to the dithering effect in electronics [5] and so on. Indeed such a system exhibits
the phenomenon of stochastic resonance (SR [6,7]): the response of the system to the input
signal (the modulation) shows a resonant dependence on the noise level (the amplitude of the
stochastic force), so that an increase of the noise strength may lead to a better synchronization
between the particle motion and the potential modulation.

The phenomenon of stochastic resonance is not restricted to static double-well potentials
driven by a periodic and a stochastic force, and new types of stochastic resonance have been
demonstrated in various systems, as systems with a single potential well, bistable systems
with periodically modulated noise, and many others [8-14]. In particular much attention
has been devoted to the analysis of SR in periodic potentials [9-14]. Indeed, many different
physical systems are described in terms of periodic structures, and it is by now well established
that the noise plays a major role in the mechanisms of transport in periodic structures. For
example, the study of the underdamped motion of a particle in a periodic potential showed
that it is the interplay between inertial and thermal effects which determines the peculiar
mechanical properties of certain metals [15,16]. This is precisely the regime examined in this

© EDP Sciences
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Fig. 1 — Laser fields configuration for the 3D linllin optical lattice. The beams 1-4 generate the
static 3D periodic potential. Two additional laser beams (M; and Ms), are introduced to create a
moving potential modulation.

work: we study the SR phenomenon by taking as spatially periodic system a dissipative optical
lattice [17]. The laser fields create the periodic potential and produce the stochastic process of
optical pumping. The friction for atoms well localized in a potential well is very small, so that
inertial effects are important (low-damping regime). We report the experimental observation
of stochastic resonance on the propagation modes of a dissipative optical lattice and give a
complete theoretical account of the experimental findings.

The three-dimensional periodic structure is generated by the interference of four linearly
polarized laser beams, arranged in the so-called lin_Llin configuration (fig. 1) [17]. The resulting
optical potential has minima located on an orthorombic lattice and associated with pure
circular (alternatively ot and o~) polarization. The lattice constants, i.e. the distance
(along a major axis) between two sites of equal circular polarization, are A\, , = A\/siné and
Az = A/(2cos0), with A the laser field wavelength, and 26 the angle between two copropagating
lattice beams.

The Brillouin-like propagation modes in such optical lattices have been first identified

energy

Fig. 2 — Atomic trajectory corresponding to a Brillouin mode in the z-direction. The shown potential
curves (g+ and g_) are the section along y = z = 0 of the optical potential for a J, =1/2 — J. = 3/2
atomic transition and a 3D linllin beam configuration.
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in ref. [18] via semiclassical Monte Carlo simulations [19]. They consist of a sequence in
which one half oscillation in a potential well is followed by an optical pumping process to a
neighbouring well, and so on (fig. 2). The velocity of the Brillouin mode is easily calculated
by neglecting the corrections due to the anharmonicity of the optical potential. The time for
an atom to do half an oscillation is then 7 = 7 /€),, where ), is the z-vibrational frequency.
This corresponds to an average velocity

/2 A,

T 27sinf

U= (1)

The direct observation of the Brillouin modes in optical lattices has been recently re-
ported [20]. We note, however, that the detection scheme used in that work was based on the
measurement of diffusion coefficients. These measurements require averaging of a large data
set, and this makes difficult the exploration of a large interval of interaction parameters, as nec-
essary to evidence the phenomenon of stochastic resonance. The excitation scheme introduced
in this work will results instead in significant variations of the atomic-cloud center-of-mass
motion, and leads to the observation of stochastic resonance, as described now.

The transport of atoms in optical lattices has been extensively studied [21-24]. In a
dissipative optical lattice the dominant transport process is spatial diffusion [23,24], and the
Brillouin modes are greatly suppressed. To excite these modes it is necessary to create a
potential modulation moving with phase velocity equal to the velocity of the Brillouin mode.
This is done by introducing two additional y-polarized laser fields (M; and Ms, see fig. 1).
They propagate in the Oz plane, symmetrically displaced with respect to the z-axis, and
form an angle equal to 2¢. These two modulation beams are taken to be sufficiently detuned
from the lattice fields to neglect the interference between them and the lattice beams on the
time scale of the atomic motion. In this way the modulation interference pattern is due only
to the two fields M; and M>, and consists of an intensity modulation moving along the x-axis
with phase velocity
_ Om _ Om

IAk|  2kmsing’

where §,, is the detuning between the fields M; and M>, and Ak =k M, — EMZ the difference
between their wave vectors (|kas, | ~ k = 27/, j = 1,2). This results in a moving modulation

of the optical potential. For a 1/2 — 3/2 atomic transition(!), the modulated potential for
the two ground states | = 1/2) reads

Us(7) = UL(F) + 6U - cos [(Akyx — Oy - )] (3)

(2)

Vg

with U{ the optical potential of the unperturbed lattice,

A/
UL (7) = 8h3 0 [cos?(kyx) + cos? (kyy) F cos(kyx) cos(kyy) cos(k.2)] (4)
and 6U = 4hAy ,, /3 the amplitude of the potential modulation. Aj (A ,,) denotes the light
shift per lattice (modulation) field. We expect that for vy = v, i.e. for 6,, = £Qp, with

Op = 2sin @

()

the Brillouin mode is excited, with the atoms following the potential modulation. This has
been confirmed by Monte Carlo simulations. For a given modulated optical potential Uy and

. xT
sin @ ’

(It is customary in the analysis of Sisyphus cooling to consider a 1/2 — 3/2 atomic transition [17].



496 EUROPHYSICS LETTERS

3 4 -
VeV o he A e LTV
oL v . 3l an PCYCIN 4 M“m‘w“ ™~
= cz'r Q N
>
\'{ 1+ E 2+
3] ~ Vex
> N !
o 0 Hasaday Il v H ILH LT Ry 1k VC,Z - ”..-.
2 > .
% 1k ;<» O I > ..".‘.'..'-"-.- . o
>u .o ><_, R . o DA
2F . 1t o
_3 1 1 1 1 1 1 1 1 1 -2 1 1 1 1 1
4 -3 -2 - 0 1 2 3 4 300 200 100 0 100 200 300
3/Qg 8(kHz)
Fig. 3 Fig. 4

Fig. 3 — Numerical results for the velocity of the CM of the atomic cloud as a function of the detuning
Om between the two driving fields. The velocity is in units of recoil atomic velocity v,. The lattice
beam angle is § = 30°, the lattice detuning from atomic resonance A = —10I" and the light shift
per beam Aé) = —200w,. Here I' and w, are the width of the excited state and the atomic recoil
frequency, respectively. The driving field angle is ¢ = 10°, the detuning A,, = —30T" and light shift
per beam A ,,, = —20w,.

Fig. 4 — Experimental results for the velocity of the CM of the atomic cloud as a function of the
detuning &,, between driving fields. The lattice parameters are: lattice detuning A/(27) = —45.6
MHz, intensity per lattice beam I = 2.3 mW /cm?, lattice angle @ = 30°. These parameters correspond
to a vibrational frequency in the z-direction Q/(27) ~ 45 kHz. The parameters for the moving
modulation are: Insi =~ Inre =~ 0.5 mW/cm?, A,,/(27) = —44 MHz, 2 = 37°. From these data we
derive through eq. (5) 2p ~ 27 - 55 KHz, in excellent agreement with the experimental findings.

a given optical pumping rate I',, we calculated the position of the center of mass (CM) of
the atomic cloud as a function of the interaction time, for different values of the detuning
0., between the two driving fields. The application of the moving modulation produces a
motion of the CM of the atomic cloud. Its velocity v. strongly depends on the velocity of
the moving modulation, 7.e. on the detuning d,, between the driving fields, and shows two
resonances centered at 0, = £Qp (fig. 3). These resonances correspond to the excitation
of the propagation mode in the +x direction: at §,, = £Qp the velocity of the moving
modulation is equal to the velocity of the Brillouin mode, and the atoms follow the potential
modulation. On the contrary, for a velocity of the moving modulation very different from
the velocity of the Brillouin mode (|d,,] > Qp or |0,,| < Q2p) the atomic dynamics is left
unperturbed, and the CM of the atomic cloud does not move. This analysis shows that
the effective excitation of the Brillouin propagation modes can be detected by observing
a displacement of the CM of the atomic cloud. This will be the strategy followed in our
experiment. We verified that the excitation of the Brillouin modes also leads to a resonant
increase of the diffusion coefficient in the z-direction, in agreement with previous results for
a different modulation scheme [20].

In our experiment, 8’Rb atoms are cooled and trapped in a magneto-optical trap. The
trapping beams and the magnetic field are then suddenly turned off. Simultaneously the four
lattice beams are turned on. After 10 ms of thermalization of the atoms in the lattice the
two laser fields for the moving modulation are introduced according to the geometry of fig. 1.
The lattice angle is § = 30°, while the two driving fields form an angle 2o = 37°. The two
driving fields are derived from an additional laser, with their relative detuning controlled by
acousto-optical modulators.

The transport of the atoms in the optical lattice is studied by direct imaging of the atomic
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Fig. 5 — Numerical results for the z-component of the velocity of the center of mass of the atomic cloud
as a function of the optical pumping rate, for a given depth of the optical potential wells. Parameters
of the calculations are: § = 30° and Ay = —100w,, ¢ = 10°, A,,, = —30T and Aj ,, = —10w,.

Fig. 6 — Experimental results for the peak-to-peak amplitude £ of the CM velocity curve, as a function
of the optical pumping rate I'y, at a given depth of the potential wells and given amplitude modulation.
The light shift per lattice beam is Aj = —37.5w,. The parameters of the laser fields creating the
moving intensity modulation are the same as for fig. 4.

cloud with a CCD camera. We verified that for a given detuning ¢,,, i.e. for a given velocity
of the moving potential modulation, the motion of the center of mass of the atomic cloud is
uniform and correspondingly determined the CM velocity v.. By repeating the measurements
for different detunings between driving fields, we obtained the z- and z-component of the
CM velocity v, as a function of d,,, as reported in fig. 4. The z-component shows a resonant
behaviour with the detuning J,,,, with two resonances of opposite sign symmetrically displaced
with respect to d,, = 0. The position of these resonances is in agreement with the value
Qp ~ 27 - 55 kHz derived from the lattice parameters via eq. (5). In contrast, the data
for the z-component v. ., whose offset value corresponds to the radiation pressure of the
modulation fields, do not show any resonance. These results are in agreement with our
numerical simulations and constitute the direct experimental observation of the Brillouin
propagation modes via the detection of the displacement of the CM of the atomic cloud.
The Brillouin propagation modes are determined by the synchronization of the oscillations
within a potential well with the hopping from a well to a neighbouring one produced by the
optical pumping (?)(3). We studied the amplitude of the Brillouin mode, here characterized
by the velocity of the CM of the atomic cloud v.(d,, = +Qp) (analogous results are obtained
for ve(8,, = —p)), as a function of the optical pumping rate Ty for a given modulated
optical potential. The numerical results display the SR-like nonmonotonic dependence of
the amplitude of the Brillouin mode on the noise strength (fig. 5), in agreement with our
previous results for a different modulation scheme [20]. This SR scenario has one important
peculiarity with respect to the model usually considered in the analysis of stochastic resonance.
Stochastic resonance is in general understood as the noise-induced enhancement of a weak
periodic signal with a frequency much smaller than the intrawell relaxation frequency within

(?>)The propagation mechanism associated with these modes differs from that encountered in dense fluids
or solid media. The atomic density is so low that the interaction between the different atoms is completely
negligible, therefore the mechanism for the propagation of atoms cannot be ascribed to any sound-wave—like
mechanism.

(3)A nonzero current in a symmetric periodic potential can also be obtained by modifying, through an external
driving field, the activation energies of escape from a well, as described in [25,26]. However that mechanism
of directed diffusion does not correspond to the propagation of atoms at a well-defined velocity, as in our case.
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a single metastable state. In contrast, in the present case, the noise synchronizes precisely
with the intrawell motion of the atoms.

Although v¢ (0., = +Qp) and v (6, = —§2p) are expected to have the same dependence
on the optical pumping rate, experimentally it is more convenient to characterize the amplitude
of the propagation mode by the peak-to-peak amplitude &

§ = Uc,m(ém = +QB) - vc,z(ém = _QB) (6)

of the CM velocity curve (as the one of fig. 4). By doing so, the eventual uniform drift of
the atomic cloud along the z-direction as a result of the radiation pressure deriving from a
small difference in the driving fields intensities does not affect our measurements. We studied
the ¢ parameter at Brillouin resonance as a function of the optical pumping rate I'; at a
given depth of the potential wells. This has been done by varying the lattice intensity I and
detuning A so as to keep the depth of the potential wells Uy < I/A constant while varying
the optical pumping rate I'jy oc I/A2. The intensity and the detuning A, of the modulation
fields are instead kept constant. Results of our measurements of £ as a function of the optical
pumping rate at a given depth of the potential wells and given modulation are shown in fig. 6.
The typical behaviour of SR is observed: the parameter ¢ increases with I'| at low pumping
rates; then a maximum is reached corresponding to the synchronization between the optical
pumping from one well to the next one with the oscillation in the potential wells; finally at
larger pumping rates this synchronization is lost and & decreases.

In conclusion, we reported the observation of stochastic resonance on the Brillouin modes
of a dissipative optical lattice. These modes have been excited by applying a moving potential
modulation with phase velocity vg4 equal to the velocity v of the Brillouin mode. This results
in a motion of the center of mass of the atomic cloud. The effective excitation of the Brillouin
propagation mode has been detected by observing a resonant dependence of the velocity of the
atomic cloud CM on the velocity of the moving modulation, with a maximum CM velocity at
vy = U. To observe the phenomenon of stochastic resonance in the optical lattice, we studied
the CM velocity at Brillouin resonance as a function of the optical pumping rate at a given
depth of the potential wells and a given modulation amplitude. The SR-like nonmonotonic
dependence of the CM velocity on the optical pumping rate has been observed.
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We examine the stimulated light scattering onto the propagation modes of a dissipative optical lattice. We
show that two different pump-probe configurations may lead to the excitation, via different mechanisms, of the
same mode. We found that in one configuration the scattering on the propagation mode results in a resonance
in the probe transmission spectrum while in the other configuration no modification of the scattering spectrum
occurs, i.e., the mode ark. A theoretical explanation of this behavior is provided.

DOI: 10.1103/PhysRevA.66.053821 PACS nuntber42.65.Es, 32.80.Pj

I. INTRODUCTION Zeeman sublevels of the ground state of the atom. As a result
of the optical pumping between different optical potentials,
Brillouin scattering[1,2] is the scattering of light onto a atoms are cooled and finally trapped at the potential minima.
propagating acoustic wave. In spontaneous Brillouin scatter- In this work we use a 3D lihlin dissipative optical lattice
ing the propagating wave corresponds to thermal, of6]. The arrangement of the laser fields is shown in Fig. 1:
guantum-noise, fluctuations in the material medium. On théwo x-polarized beams propagate in §@z plane and make
contrary, in stimulated Brillouin scatterin@BS the density an angle 2, and twoy-polarized beams propagate in the
propagating wave originates from the interference pattern be<Oz plane and make the same anglé. ZThe interference
tween a probe and an additional pump beam. The stronpattern of the four beams create an orthorhombic potential
pump beam can then be diffracted onto the density wave iwith minima associated with pure circul@alternativelyo™
the direction of the probe, modifying in this way the probeand o~) light polarization. The lattice constants, i.e., the
transmission. The SBS-scheme permits both the excitation afistance between two sites of equal polarization &gg
the propagation modes of a medium, as well as their detec=)\/sin# and \,=\/(2 cosé), with \ the laser field wave-
tion via modification of the probe transmission. It is in this length. For all the measurements presented in this work the
way possible to determine the phonon modes of the mediumangle 29 between the lattice beams is kept fixed to 60°.
and their respective velocify3—5]. The procedure to load the atoms in the optical lattice is
In this work we examine the key features of the SBSthe standard one used in previous experim¢8isThe Rb
process for a nonlinear medium consisting of atoms cooledtoms are first cooled and trapped in a magneto-optical trap
in a dissipative optical latticg5]. This system offers signifi- (MOT). Then the MOT magnetic field and laser beams are
cant advantages for the study of basic nonlinear optical pheurned off and the lattice beams are turned on. After 10 ms of
nomena over condensed matter samples. First, the atomifermalization of the atoms in the lattice, two additional laser
dynamics in an optical lattice is quite well understood, andfields (beamsc andp of Fig. 1) are introduced for the exci-
can be precisely studied through Monte Carlo simulationstation of the propagation modes. They are derived from an
Second, the excitation of propagation modes in the systeradditional laser, with their relative detunirdy= wp— @ CON-
can be directly detected by imaging techniques. Both pointgolled by acousto-optical modulators. These two additional
are essential for the present study. We show thatstine  |aser fields are detuned with respect to the lattice beams of
propagation mode can be excited by two different pumpsome tens of MHz, so that there is no atomic observable
probe configurations. In one case the scattering on the prop&hich can be excited at the beat frequency. Furthermore, as
gation mode results in a resonance in the probe transmissiahey are derived from a laser different from the one produc-
spectrum, while in the other case no modification of theing the lattice beams, the effect of the unwanted beat is sig-
spectrum occurs, i.e., the mode is in this cdaek. We de- nificantly reduced. The beams and p cross the atomic
scribe the different excitation processes of the propagatiogample in thexOz plane, and they are symmetrically dis-
mode for the two different configurations examined, andplaced with respect to theaxis forming an angle @.
identify the mechanism of generation of the phase mismatch
between laser fields and the material grating which inhibits

the light scattering on the propagation mode. I11. PROPAGATION MODES

A. Generalities

II. THE 3D LINLLIN OPTICAL LATTICE . e . .
The propagation modes in dissipative optical lattices have

The nonlinear medium consists 8Rb atoms cooled and been identified in Ref{9] and shown to exhibit interesting
trapped in a dissipative optical lattice. These lattices areonlinear effects such as stochastic resondi€glll. We
based on the Sisyphus cooling mechanf3t The periodic  briefly summarize their main properties. They consist of a
modulation of the light polarization, produced by the inter-sequence in which one half oscillation in a potential well is
ference of several laser beams, leads to a periodic moduldellowed by an optical pumping process to a neighboring
tion of the light shifts(optical potentials of the different  well, and so on(Fig. 2). In this way, the atom travels over
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energy

FIG. 2. An atomic trajectory corresponding to a propagation
mode in thex direction. The shown potential curveg ( andg_)
FIG. 1. Sketch of the experimental setup. The laser fields 1—4re the section along=z=0 of the optical potential for &,
generate the static 3D optical potential. Two additional laser beams 1/2— Jo=3/2 atomic transition and a 3D lirlin beam configu-
(c andp) are introduced to create a moving potential modulation. ration.

several potential wells by regularly changing its internal state 10 determine the effective excitation of the propagation
(from |g,+1/2) to |g,—1/2) in the case of alg="1/2—J, modes we monitor the velocity of the center-of-méssn)
—3/2 transition, as considered in Fig. 2 of the atomic cloud as a function of the velocity of the ap-

plied potential modulation. This is done by direct imaging of
the atomic cloud with a CCD camera. We verify that for a
given detuningd, i.e., for a given velocity ,,q Of the mov-
ing modulation, the motion of the center of mass of the
atomic cloud is uniform, and correspondingly determine the
— N, c.m. velocityv .. Experimental results for thecomponent
(2) vemx Of the c.m.-velocity as a function aef,,,q are reported
in Fig. 3 for both the| and thel configurations. The ob-
served resonant behavior ofy, x with v, iS the signature
of the excitation of propagation modes in thdirection. We
therefore conclude that both pump-probe configurations lead
to the excitation of a propagation mode in théirection.
B. Excitation mechanisms To determine the nature of the observed propagation

The propagation modes can be excited by adding a movnodes, we examine the atomic dynamics in the optical lat-
|ng potent|a| modulation. We consider two different Conf|gu tice with the hE|p of semiclassical Monte Carlo simulations
rations for the modulation beanfseamsc andp in Fig. ). [12]. The analysis of the numerically calculated atomic tra-
In both configurations the modulation beams have the samigctories shows that the excited mode is the same for both
amplitude. In the first configuration, hereafter called fhe configurations, and consists of a sequence of a half oscilla-
configuration, both beams hawelinear polarization. The tion in a potential well followed by an optical pumping into
light interference pattern consists of an intensity modulatiorfhe neighboring well, as in Fig. 2.

The velocityv of the propagation mode is essentially de-
termined by the intrawell dynamics. A straighforward calcu-
lation [9] shows that for a mode in the direction this ve-
locity is

~ 27sing’

where (), is the x vibrational frequency at the bottom of a
potential well.

moving along thex axis with phase velocity We turn now to the analysis of the excitation mechanism
of the propagation modes for the two pump-probe configu-

S S ration. To this end, it is useful to examine the dependence of

Umod_ﬁ ~ 2ksing’ (2)  the position of the resonance in the velocity of the c.m. of the

atomic cloud as those in Fig. @] on the angle 2 between
pump and probe beams. By taking several measurements for
where Ak=Kk,— k. is the difference between the wave vec- gifferent values of the angle @ between the modulation
tors of the modulatlon beamsk(|=|Kk,/=k=2m/)\). This beams we determine the position of the resonances as a func-
configuration has already been considered in previous workon of the anglep, as reported in Fig.(®). On the same plot
[11] and it is reexamined here for comparison with the exci-we also reported results of semiclassical Monte Carlo simu-
tation scheme introduced in the present work. This latterlations, which are found to be in very good agreement with
denoted as. configuration, consists of gpolarized beam the experimental findings. The results of Fig. 3 show that the
(beamc of Fig. 1) and of a beam with linear polarization in velocity v,oq Of the light intensity interference patteri| (

the xOz plane(beamp). The light interference pattern con- configuration required to excite a propagation mode differs
sists in this case of a polarization modulation moving alongrom the velocity of the polarization gratingL ( configura-
the x axis with the same phase velocity,,q [EQ. (2)] as in  tion) leading to the excitation of the same mode. The condi-
the case of thé configuration. tion for the velocity of the light interference pattern to excite
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o[ moving at the mode velocity does not lead to the mode ex-
|l A citation. On the contrary, to excite the propagation mode it is
= 1F + .;?“A '._ ““A%A:WA necessary that the modulation moves with respect to the at-
E - N s oms in such a way that following the transfer of an atom
~E; S PO "y ﬁ-"’ - from a lattice well of given circular polarizatiors(, or o_)
§ L o to one of opposite polarization, the modulation changes sign.
> 2, o
-r S e Quantitatively, consider the time intervalt in which the
Ll ¥ (a) atom in the propagation mode makes half an oscillation in a
" 12 L é " potential well and then is optically pumped into the neigh-
— - 0 . . —
-y boring well. Then we simply haveAt=2\,/2. In the same
m time interval the modulation polarization should be reversed,
i.e., should change fromx, to o_ (or vice versa, depending
5 * ||, expt. on which potential well is initially occupied by the atom
4 : ﬁ ;’gt ﬂ o Considering that in the time intervalt the atom moved of
. s a 1 MC P . \,/2, and that in the moving modulation a maximum of po-
g sw S larizationo_ is spaced oh /2= /| Ak| from the following
2 b s maximum of polarizatiorr_. , we find that the light interfer-
L " . ence pattern should move at the veloadity,At= = (A /2
(b) +\,/2). Together withv At=N\,/2, we find then that in the
O 1 1 1 1 9 . oy . .
0.0 0.2 o4 0.6 08 10 1 c_onflgurathn the condition for the excitation of the propa-
sing gation mode is
FIG. 3. Top: experimental results for thecomponent of the Y sing |\ — 4)
velocity of the center-of-mass of the atomic cloud as a function of Umod™ = 2 sing v
the velocityv ,,oq Of the moving light interference pattern. The angle - _ _
between pump and probe beams i5=248. Bottom: position of the The conditions Egs(3) and (4) are rewritten in terms of
resonances as a function of the sine of the half-apdbetween the  the detunings as
pump and the probe beams. The points refer to experimental find- )
ings (expt) and to semiclassical Monte Carlo simulatidMC), the _ 2 sing . .
lines to Egs(5a and(5b). o==* sing Qy (” configuration, (53

a propagation mode can be obtained by imposing that the sing
atoms following the mode are at all times dragged by the 5:t(l+ sno
moving potential modulation corresponding to the light in- '

terference pattern of the beamandp. This requires thatthe |, hare we used Eqgl) and (2). The very good agreement
light polarization pattern moves at a velocity,,q such that (see Fig. 3 of Egs.[(58 and (5b)] with the experimental

the lattice potential-well actually occupied by the atom getsingings and with the results of semiclassical Monte Carlo
deeper as a result of the modulation of the optical potentialgimjations demonstrate the validity of our physical picture.
The resulting conditions on the velocity of the moving

modulation, and equivalently on the pump-probe deturding

can therefore be derived by examining the effect of the
modulation on the optical potentials. Consider first tr@n- So far we considered the effect of the light interference
figuration. The light interference pattern is a moviimgen- pattern on the atomic sample, with the excitation of propa-
sity modulation, therefore all optical potentials are modu-gation modes and their detection by direct imaging of the
lated in phase: at a given instant and position all potential atomic cloud. The properties of the material medium can also
wells corresponding to the different atomic ground-state Zeebe studied by stimulated light scattering measurements. In
man sublevels get both deeper or shallower as a result of tifact the pump-probe interference pattern may excite a mate-
modulation. Thus to excite the propagation mode the atomgal grating onto which the pump can be diffracted in the

should follow the moving intensity modulation, i.e., the direction of the probe beam, modifying the probe transmis-
phase velocity .4 Of the light interference pattern should sion. That is the approach followed now, with a view to

Q, (L configuration, (5b)

C. Light scattering

be equal to the velocity of the mode: compare light scattering measurements with the previous re-
sults obtained via direct imaging of the atomic cloud.
U mod= F 0. (3) We decreased the amplitude of one of the modulation

beams(beam p) which plays now the role of the probe
Consider now theL configuration. The light interference beam, while the other beafbeamc) plays the role of the
pattern is in this case a movingplarization modulation, pump (or coupling beam. We measure the probe transmis-
with the optical potentials associated with opposite Zeemagion as a function of the detuningfor different angles be-
sublevels(opposite quantum numben) modulated in phase tween the pump and the probe beams, with results as those in
opposition. It follows that in this configuration a modulation Fig. 4. In the case of thé pump-probe configuration, we
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easily identify in the probe transmission spectrum the Bril-
louin resonancefthe resonances in Fig(& marked by ar-
rows| corresponding to stimulated light scattering on the
propagation modes. We verified that the dependence of the

position of these resonances on the anglés in complete 106 - . & :
agreement with Eq(5a), which confirms that these reso- . ] it >
nances originate from light scattering on propagation modes. £ 104 - SR i Fa
On the contrary, in the case of the pump-probe configura- : 102 | PR R :
tion no resonance is observed around the position corre- & ‘ M : . S
sponding to Eq(5b) [these positions are marked by filled 2 1.00 : . ' : :
circles in Fig. 4b)]. In other words, the propagation mode is 8 : N i . i :
; ' . 098 | 2 ; . ; <
dark in thel configuration. ° : PR N
The absence of resonances in the scattering spectrum for g o9y ! “ M L
the propagation mode in thé configuration can be ex- *, .;' fond s
plained by examining the phase mismatch between the laser 0.94 % , L , < ,
and the material waves. The frequenenergy and phase- 00 05 10 15 20 25 30
matching(momentum conditions for the stimulated scatter- qp/2n
ing process read
1.04 -
wc=wp*+Q, (6a) _ ‘_:. _‘:. ‘
T o102 1, e =t F
ke=Ko* Q. (6b) g * L v v
= . -~ » . H &
Z 100 [ * v : : N
Hereﬁ and() are respectively, the wave vector and the fre- é ! B s : :
quency of the light-induced material density grating and are £ 0.98 T 3 ; oot
- . - I I- . .}. A
related by the phonon-dispersion relatid®= v y4ing|q|, 7 e oy o+
. . . . L L5
with vgaing the phase velocity of the moving grating. The : :

frequency() has been determined previously for bdtand 0.96 . . . . .
L configuration§Egs.(5a and(5b)]. As the excited mode is 60 o5 10 15 20 25 30

the same for both pump-probe configurations, the phase ve- qxf2

locity of the material grating does not depend on the chosen g, 5. Numerical results for the atomic density as a function of
configuration and is equal to the velocity[Eq. (1)]. From  x for the || (top) and L (bottom) pump-probe configurations. The
these values fof) andv g4ing We derive, through the disper- shown density distribution is stationary in a frame moving alang
sion relation, the momentum of the material grating: at a velocityv.
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|a”| — |A_T<|, (73 optical lattice. Two different pump-probe configurations have
been analyzed: in one the interference pattern is a modula-
R N sing tion of the light intensity, while in the other one the pump
lg,|=]AK|| 1+5—= ) (7b) and probe fields give rise to a modulation of the light polar-
2sing ization. First, we have shown that treame propagation

] ] ) - mode is excited in the two cases, and described the two

It turns out that in the| configuration the momentumy  gifferent mechanisms of excitation. Then we analyzed the

= *+|Ak|e, of the material grating fulfills the phase matching light scattering on the propagation mode. Although the mode
condition Eq.[(6b)], and therefore the scattering on the excited in the two pump-probe configurations is the same,

propagation mode results in a resonance line in the probwe found that the probe transmission spectrum is completely
transmission spectrum. In contrast, in theonfiguration the  different for the two cases. In fact, only in one configuration

momentumq, = =+|q, |, results in a phase mismatch be- the mode results in a resonance in the probe transmission

tween the laser and the material waves. Thus, no resonanceSBeCtrum. For the other configuration, no trace of the mode

expected in the probe transmission spectrum, in agreemefg¥citation is found in the_ probe transmission spectrum. This

with our experimental findings. behavior was explained in terms of phase mismatch between
The effective creation of a moving material grating hasthe laser fields and the propagating wave.

been confirmed by semiclassical Monte Carlo simulations, Light scattering is a powerful technique for the study of a

The numerical results, as those shown in Fig. 5, corresponi@'d€ variety of material media. Particularly, in optical lat-

to an atomic density grating moving in thedirection with a  tices it has allowed the study of locé@htrawell) as well as

velocity v for both parallel and perpendicular com‘igurations.cj(aloc"’ll'zw(Inter wellg dynamics. Howevgr there is not a
— one-to-one correspondence between the light scattering spec-

In the frame moving at the velocity of the propagation ym and the atomic dynamics as shown in this work where

mode we find a stationary modulation of the atomic density,e gpserved and described dark propagation modes.
with different wave vectors for the two pump-probe configu-

rations and in very good agreement with EG&) and(7h). ACKNOWLEDGMENTS
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We investigate Rayleigh scattering in dissipative optical lattices. In particular, following recent
proposals [S. Guibal et al., Phys. Rev. Lett. 78, 4709 (1997); C. Jurczak et al., Phys. Rev. Lett. 77, 1727
(1996)], we study whether the Rayleigh resonance originates from the diffraction on a density grating
and is therefore a probe of transport of atoms in optical lattices. It turns out that this is not the case: the
Rayleigh line is instead a measure of the cooling rate, while spatial diffusion contributes to the
scattering spectrum with a much broader resonance.

DOI: 10.1103/PhysRevLett.90.043901

Light scattering [1], i.e., the scattering of photons
resulting from the interaction with a material medium,
is a technique widely used to determine the properties of
many different types of media. From the position and the
width of the scattering resonances it is in fact possible to
identify the dynamical modes of the system and derive
the rates of relaxation toward equilibrium. This is well
exemplified by the Landau-Placzek relation, valid for
light scattering originating from the density fluctuations
of a medium at thermal equilibrium, which connects the
strength of the different components of the scattering
spectrum to the specific heats of the medium at constant
volume and constant pressure.

Recently light scattering has been extensively used to
study the properties of cold atomic samples, and, in
particular, it turned out to be an essential tool for the
understanding of the basic properties of dissipative opti-
cal lattices [2]. The same technique may also apply to
far-off-resonance nondissipative optical lattices which
are currently investigated by many groups in connection
with Bose-Einstein condensation experiments [3]. How-
ever to derive the damping rates of the system from light
scattering measurements is in general a highly nontrivial
task. This is especially true for quasielastic (Rayleigh)
scattering [4—6], which gives access to the relaxation
rates of nonpropagating material observables. In this
work we investigate the mechanism behind the Rayleigh
scattering in dissipative optical lattices and identify the
relaxation process which determines the width of the
Rayleigh resonance in the scattering spectrum.

The starting point of the present study is the previous
claim that Rayleigh resonances may originate from the
excitation of the atomic density, and consequently the
width of the Rayleigh line would provide a measure
of the diffusion coefficients of the atoms in an optical
lattice [5]. Following a similar approach, Jurczak et al. [6]
derived values for the diffusion coefficients from
polarization-selective intensity correlations.

In our analysis we first assume, along the lines of these
previous works, that the material observable excited in
the pump-probe spectroscopy is the atomic density and

043901-1 0031-9007/03/90(4)/043901(4)$20.00
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derive the expected relation between the width of the
Rayleigh resonance and the spatial diffusion coefficients.
Through experimental and theoretical work we show that
this relation is actually not satisfied by independent mea-
surements/calculations of the width of the resonance and
the diffusion coefficients. Instead, we show that the nar-
row Rayleigh resonance originates from the atomic ve-
locity damping, i.e., the width of the resonance is a
measure of the cooling rate, while spatial diffusion con-
tributes to the scattering spectrum with a much broader
resonance.

Consider first the general relation between the width of
the Rayleigh line and the relaxation rate of the material
observable excited in the optical process. In the basic
setup of pump-probe spectroscopy, an atomic sample
interacts with two laser fields: a strong pump beam,
with frequency w, and a weak probe beam with frequency
o + 8. The superimposition of the pump and probe fields
results in an interference pattern moving with phase
velocity v = 8/|Ak|, with Ak the difference between
pump and probe wave vectors. The atomic sample tends
to follow the interference pattern and a grating of an
atomic observable (typically density, magnetization, or
temperature) is created. However due to the finite re-
sponse time of the atomic medium the material grating
is phase shifted with respect to the light interference
pattern. Therefore the pump beam can be diffracted on
the material grating in the direction of the probe, mod-
ifying the probe transmission. It is then clear that it
should be possible to derive information about the atomic
response time from the transmission spectrum. More
precisely if we assume that only one atomic observable
is excited in the optical process, and that the time evolu-
tion of this observable is characterized by a single relaxa-
tion rate 7y, the probe gain spectrum g(&) has then a
dispersive line shape

é
— 1
g« V15 (D
with peak-to-peak distance 2y, as derived in [7].
© 2003 The American Physical Society 043901-1
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Consider now the specific configuration with linearly
polarized pump and probe beams, the two polarization
vectors being parallel. The resulting intensity interference
pattern gives rise, via the dipole force, to a grating of the
atomic density n of the form

n=ny+nfexp[—i(6-1—Ak-F]+ccl (2

We assume now, following previous work [5], that the
Rayleigh resonance originates from the scattering on this
atomic density grating. It follows that the width of the
Rayleigh line is related to the spatial diffusion coeffi-
cients. Indeed the relaxation mechanism of a grating of
atomic density is spatial diffusion: atoms have to move to
destroy the density grating. More quantitatively, if we
assume that the dynamics of the atoms in the optical
lattice is well described by Fick’s law

on a’n 0%n a’n

o Dvga T D a7 Doz ®
where D; (i = x, y, z) is the spatial diffusion coefficient in
the i direction, we find substituting the expression (2) for
n in (3) that the relaxation rate yp of the atomic density,
defined by

énl
il R , 4
o1 Yphi €Y
is given by
yp = D,AK2 + DAk} + D AK2. 5)

Under the assumption that the Rayleigh resonance origi-
nates from the scattering on the atomic density grating,
the half-distance peak to peak of the Rayleigh line vy is
simply equal to the relaxation rate 7yp, and therefore
measurement of vy, allows the determination of the dif-
fusion coefficients, as in Refs. [5,6]. The validity of this
approach will be tested by comparing results for the
relaxation rate yp with measurements of the width of
the Rayleigh resonance, as presented below.

In our experiment rubidium atoms are cooled and
trapped in a three-dimensional (3D) lin L lin near reso-
nant optical lattice [2]. The periodic structure is deter-
mined by the interference of four linearly polarized laser
beams, arranged as in Fig. 1. The angle 26 between
copropagating lattice beams is equal to 60°. This four-
beam configuration is the same, except for the value of
the angle 6, as the one considered in the works of Guibal
et al. [5] and Jurczak et al. [6].

To determine in a direct way the spatial diffusion
coefficients of the atoms in the optical lattice, we observe
the atomic cloud expansion by using a charge coupled
device camera [8—10]. Since the x and y directions are
equivalent in our lattice (see Fig. 1), we chose to take
images in the £Oz plane, where ¢ is the axis in the xOy
plane forming an angle of 45° with the x and y axes.
Correspondingly, we determined the diffusion coeffi-
cients D; and D, in the £ and z directions, with results
as in Fig. 2.

These values for the diffusion coefficients are not con-
sistent with the value of about 10 /i/M determined for the
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FIG. 1.

Sketch of the experimental setup.

same configuration by Jurczak et al. [6] by polarization-
selective intensity correlations. As we will show in the
following, this inconsistency derives from the unreliabil-
ity of the determination of the diffusion coefficients by
light scattering measurements, as this derivation of the
diffusion coefficients is based on the assumption that the
narrow Rayleigh resonance originates from the diffrac-
tion on an atomic density grating.
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FIG. 2. Experimental results for the spatial diffusion coeffi-
cients in the ¢ and z directions as functions of the intensity
per lattice beam /; and for different values of the lattice
detuning A.
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We turn now to the measurements of the width of the
Rayleigh resonance. The y polarized probe beam is de-
rived from the lattice beams, with the relative detuning
controlled with acousto-optical modulators. This probe
beam is sent along the z axis through the cold atomic
sample (Fig. 1) with its frequency scanned around the
lattice-beams’ frequency. The probe can interfere with the
different lattice beams, which play the role of the pump.

A typical probe transmission spectrum is shown in
Fig. 3. The lateral resonances have been characterized in
great detail in past investigations [11], and we focus here
on the resonance at the center of the spectrum (inset of
Fig. 3). To determine whether this Rayleigh resonance can
be associated with the relaxation mechanism of spatial
diffusion, we made a systematic study of the width of the
resonance as a function of the interaction parameters
(lattice-field intensity and detuning).

The peak-to-peak distance 2y of the Rayleigh reso-
nance has been determined by fitting the central part of
the probe transmission spectrum with the function

as a45

8) =a, + a8 + + .
f() ap a 624_‘)/% 524_‘)/%

(©6)

Here the linear term in detuning describes the wings of
the sideband resonances [11]. The Lorentzian resonance
arises from the radiation pressure, and has the same
width of the dispersive line, as discussed in Ref. [5].
Experimental results for y; are reported in Fig. 4 as a
function of the lattice beam intensity, for different values
of the lattice detuning.

We now describe the determination of . In the exam-
ined configuration the probe beam can interfere simulta-
neously with all lattice beams. Therefore the situation is
slightly more complicated than the one analyzed previ-
ously leading to Eq. (5), and to derive the link between
the width of the Rayleigh resonance and the diffusion
coefficients we have to calculate the interference pattern
between the probe and the lattice beams. By using the
expression for the lattice-beams electric fields for a 3D

10

[-20:20] (kHz)

-1 -0.5 0 0.5 1

&/(2m) (MHz)
FIG. 3. Probe transmission as a function of the detuning
between probe and lattice beams, 7 and T, being the intensity
of the transmitted probe beam with and without the atomic

cloud. The inset shows a slow scan of the region around zero
detuning, together with the fit with the function (6) (solid line).
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lin L lin optical lattice [2], we easily find that the inten-
sity modulation produced by the probe beam is

S|E> = EEqcos(Kx)exp{i[ (K. — k)z+ & - 1]} + c.c,,
@)

with Ey (E,) the amplitude of the lattice (probe) field,
K = ksinf and K. = kcos6. Substituting in Fick’s law,
Eqg. (3), the resulting modulation for the atomic density
we find that the relaxation rate 7y, defined via Eq. (4), is
in the present case

¥p = D (ksin)?> + D_k*(1 — cos)>. (8)

This equation is consistent with the relation derived
in Ref. [5] in the limit of small 6. To determine whether
the rate yp of relaxation of the atomic density is equal
to the width of the Rayleigh resonance, we calculate from
the values D¢, D, of Fig. 2 the relaxation rate yj, of the
atomic density, using Eq. (8), with results as in Fig. 4. For
the same range of interaction parameters the relaxation
rate yp is 4 orders of magnitude larger than the half-
distance peak to peak yp of the Rayleigh resonance. We
therefore conclude that the Rayleigh resonance does not
originate from the diffraction on an atomic density gra-
ting, and therefore measurements of the width of the
Rayleigh line do not allow the determination of the
spatial diffusion coefficients.

Our conclusions, based on the presented experimental
findings, are supported by numerical calculations. We
consider a J, =1/2— J, =3/2 atomic transition, as
customary in numerical analysis of Sisyphus cooling.
Taking advantage of the symmetry between the x and y
directions (see Fig. 1), we restricted the atomic dynamics
to the xOz plane. Through semiclassical Monte Carlo
calculations [12,13], we simulate the dynamics of the
atoms in the optical lattice. From the atomic trajectories
we determine then the probe transmission spectra and the
evolution of the atomic mean square displacements. We
calculate the width of the Rayleigh line and the spatial
diffusion coefficients. From these diffusion coefficients
we then derive through Eq. (8) the relaxation rate of the
atomic density. The comparison between the numerically
calculated yy and yp, as shown in Fig. 5, confirms that

4 A=24MHz * A=44 MHz . 40
° A<B0MHz * A<S0MHz " ° —
~N 3 |, A3 MHz el N 30}
T 8 A=40 MHz . thiog I
< g ERE? = R
~ 2 . i!i: = 20 i
o F B o F oo oo @ * X
> HE B £ T gt F
o
1 10 L—

0 1 2 3 4 5 6
IL(mW/cmz)

01 2 3 4 5 6
I (mW/cm2)

FIG. 4. Left panel: Experimental results for the half of the

peak-to-peak distance of the Rayleigh resonance. Right panel:

Relaxation rate vy, of the atomic density, as calculated from the

experimental data for D, and D, using Eq. (8). Both quantities

are plotted as functions of the intensity per lattice beam, for
different values of the lattice detuning.
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FIG. 5. Numerically calculated relaxation rate of the atomic

density yp, half-distance peak to peak yy of the Rayleigh line
and relaxation rates 'z, 'z of the atomic temperature in the x
and z directions. All these quantities are reported as functions
of the optical pumping rate I, for different values of the light
shift per beam A{. Here w, is the atomic recoil frequency.

the width of the Rayleigh line does not correspond to the
rate of relaxation of the atomic density.

The final step of our analysis consists in identifying the
damping process which leads to the phase shift producing
the Rayleigh scattering. Inspired by previous studies of
stimulated Rayleigh scattering in corkscrew optical mo-
lasses [14], we numerically examined the damping pro-
cess of the atomic velocity in the optical lattice and
calculated the relaxation rates I'z, I'y of the atomic
temperature in the x and z directions, with results as in
Fig. 5. It appears that the damping rates of the atomic
temperature not only are of the same order of magnitude
of the width of the Rayleigh line, but that they also
display the same linear dependence on the optical pump-
ing rate I}, at fixed light shift per beam A, i.e., at fixed
depth of the potential wells. More precisely, neglecting
Iy as 'y, < I'z, we find from the data of Fig. 5 that

Yk = 0.13(+0.04)wp + 0.25(=0.02 7. (9)

This shows that for an optical lattice the width of the
Rayleigh line is a measure of the cooling rate, a behavior
already encountered in corkscrew optical molasses. It is
then legitimate to investigate the eventual contribution of
the light scattering on the density grating to the probe
transmission spectrum. By fitting the broad wings of the
numerically calculated spectra with a dispersive function,
we found that the corresponding width is approximately
equal to the relaxation rate 7yp. This shows that the
scattering on the density grating contributes to the probe
transmission spectrum with a resonance much broader
than the narrow line observed at the center of the spectra.
In other words, the information on the spatial diffusion
coefficients is contained in the broad wings (w =
10 MHz) of the scattering spectrum, and not in the cen-
tral narrow resonance.

In summary, in this work we investigated the connec-
tion between Rayleigh scattering and the atomic dynam-

043901-4

ics in dissipative optical lattices. In particular, following
recent proposals [5,6], we studied whether the Rayleigh
resonance originates from the diffraction on a density
grating, and is therefore a probe of transport of atoms
in optical lattices. It turns out that this is not the case: the
Rayleigh line is instead a measure of the cooling rate,
while spatial diffusion contributes to the scattering spec-
trum with a much broader resonance.
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We demonstrate the phenomenon of directed diffusion in a symmetric periodic potential. This has
been realized with cold atoms in a one-dimensional dissipative optical lattice. The stochastic process of
optical pumping leads to a diffusive dynamics of the atoms through the periodic structure, while a zero-
mean force which breaks the temporal symmetry of the system is applied by phase modulating one of
the lattice beams. The atoms are set into directed motion as a result of the breaking of the temporal

symmetry of the system.

DOI: 10.1103/PhysRevLett.90.094101

It has now been about two centuries since scientists
have observed and modeled the motion of microscopic
particles in a fluctuating environment. The year 1828 can
probably be indicated as the birth date of this field
of research, with the observation by Brown [1] of the
random motion of particles in a fluid. And it took about
a century before that this phenomenon, now known as
Brownian motion, was modeled by Einstein [2]. More
recently, the problem of modeling molecular motors [3],
i.e., microscopic objects moving unidirectionally along
periodic structures, has renewed the interest in the field
and stimulated much theoretical work devoted to the
study of the directed motion in a fluctuating environment
in the absence of bias forces. Molecular motors have been
modeled by an asymmetric potential (ratchet) and non-
Gaussian noise [4]. Unidirectional motion in a ratchet
potential is also obtained with Gaussian noise and an
applied periodic force of zero average [4-7].

In this work we demonstrate the phenomenon of di-
rected diffusion (DD), i.e., directed motion in a fluctuat-
ing environment, in a symmetric optical lattice. Consider
the diffusive dynamics in a periodic potential U(x) of
period A, U(x + A) = U(x), in the presence of a driv-
ing force F(r) of period T, F(¢t + T) = F(z). If the sys-
tem is symmetric in the sense that U(—x) = U(x) and
F(t + T/2) = —F(r), there is no net average transport
through the periodic structure [5,8—10]. Therefore to ob-
serve directed motion the spatiotemporal symmetry of
the system has to be broken. For a spatially symmetric
potential, the symmetry of the system can be broken by
applying a nonmonochromatic driving force containing
both odd and even harmonics. In the present investigation
the driving force has two components of frequencies w
and 2w and phase difference ¢. We will demonstrate
experimentally the phenomenon of DD for such a con-
figuration, with the phase ¢ playing the role of control
parameter for the amplitude and sign of the current of
atoms through the lattice.

Our symmetric periodic potential corresponds to a
one-dimensional lin L lin optical lattice [11]. The peri-

094101-1 0031-9007/03/90(9)/094101(4)$20.00
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odic structure is determined by the interference of two
counterpropagating laser beams (L; and L,), with crossed
linear polarizations (Fig. 1). This arrangement results in a
periodic modulation of the light polarization, which pro-
duces a periodic modulation of the light shifts of the
different ground states of the atoms. In this way an
atom experiences a periodic potential (optical potential),
whose amplitude and phase depend on the internal
state of the atom. This dependence allows Sisyphus cool-
ing [11] to take place. Indeed, the optical pumping be-
tween the different atomic ground states combined with
the spatial modulation of the optical potential leads to the
cooling of the atoms and to their localization at the
minima of the optical potentials, thus producing a peri-
odic array of trapped atoms. The transport of atoms
through the lattice is determined by the optical pumping
between different ground state sublevels. In fact, atoms at
the bottom of a potential well strongly interact with the
light and therefore undergo fluorescence cycles. The sto-
chastic process of optical pumping may transfer an atom
from a potential well to a neighboring one corresponding

i clock in
Q
RF out

- | AOM2 <7
L, -

FIG. 1. Sketch of the experimental setup. The phase of the
laser field L, is —kz — wt + a(t), while the phase of the field
L, is kz — w;t. Here w; includes the frequency shift ()
produced by the acousto-optical modulators.

© 2003 The American Physical Society 094101-1
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to a different optical potential. This results in the trans-
port of atoms through the lattice. More precisely, in a
wide range of lattice parameters the atomic dynamics
corresponds to normal diffusion [12,13].

In order to generate a time-dependent homogeneous
force, we apply a phase modulation to one of the lattice
beams, so that to obtain the electric field configuration

E = EgRe{é, expli(kz — w,1)]
+ € expli( —kz — ot + a()]. (1)

Here E| is the (real) amplitude of the electric field, k and
w; the lattice-field wave vector and frequency, respec-
tively. The modulated phase is «(r). In the laboratory
reference frame this laser configuration generates a mov-
ing optical potential U[2kz — a(7)]. To be explicit, con-
sider the case of a J, =1/2—J, =3/2 transition,
which is the simplest atomic transition for which
Sisyphus cooling takes place. In this case the moving
bipotential for the |g,m = *1/2) ground states is
U.[2kz — a(r)] with U.(€) = Uy[—2 = cosé], U being
the depth of the potential wells. Consider now the dy-
namics in the moving reference frame defined by the
coordinate transformation 7/ = z — a(t)/2k. In this ac-
celerated reference frame the optical potential is station-
ary. In addition to this potential, the atom, of mass M,
experiences also an inertial force F in the z direction
proportional to the acceleration a of the moving frame
[14,15]:

M
F=—Ma=—_—a). 2
a=—-al) ()
By choosing a phase modulation of the form
B
a(t) = aO[A cos(wt) + Zcos(Zwt - ¢):| 3)

with ¢ constant, we obtain the inertial force

. Mo’ag
2k

which is the sum of two forces oscillating at the frequen-
cies w and 2w, with phase difference ¢. Hence, in the
accelerated frame the atoms cooled and trapped in the
optical lattice experience a force containing both even
and odd harmonics, so that our system is suitable for the
observation of DD. All the results presented in this work
are obtained in the regime of nonadiabatic driving, with
the frequency w of the driving force about equal to the
frequency (1, of oscillation of the atoms at the bottom of
the potential wells.

In our experiment >Rb atoms are cooled and trapped
in a magneto-optical trap (MOT). This is obtained by
applying an inhomogeneous magnetic field and three
orthogonal pairs of counterpropagating o~ laser fields.
We indicate by x, y, z the propagation directions of these
fields. At a given instant the MOT magnetic field is turned

F

[Acos(wt) + BecosQuwt — ¢)]  (4)
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off and the circularly polarized laser fields along the z
axis are replaced by the two crossed polarized lattice
beams. The o™ laser fields in the x and y directions are
left on, so to provide a friction force in the directions
orthogonal to the one of the periodic potential. In this
way the motion of the atoms in the x and y directions is
damped, and the atomic dynamics in the z direction can
be studied for longer times. The appropriate (modula-
ted) phase relation between the two lattice fields
[Eg. (3)] is obtained by using two acousto-optical modu-
lators (AOM), one for each lattice beam (Fig. 1). The
AOMs are driven by radio-frequency generators oscillat-
ing at () = 76 MHz and sharing the same reference clock.
One of this radio-frequency generator is phase modulated
by a signal obtained by mixing the output of two oscil-
lators at frequencies w and 2w (w =~ 100 kHz) and phase
difference ¢. These two oscillators share the same refer-
ence clock.

We studied the dynamics of the atoms in the optical
lattice by direct imaging with a charge coupled device
camera. For a given phase ¢ we took images of the atomic
cloud at different instants after the atoms had been loaded
into the optical lattice. From the images of the atomic
cloud we determined the position along the z axis of the
center of mass (c.m.) of the atomic cloud as a function of
the lattice duration. It should be noted that for the typical
time scales of our experiments the measured positions of
the c.m. of the atomic cloud in the laboratory and in the
accelerated reference frames are approximately equal. In
fact the accelerated frame oscillates with an amplitude of
about 1 um, while the typical displacement of the c.m.
associated with the directed diffusion is 100 um.
Furthermore, for a typical frequency w =~ 100 kHz the
position z in the laboratory frame and the corresponding
position in the accelerated frame 7/ = z — a(r)/(2k), with
a(r) given by (3), are equivalent when averaged over a
typical exposure time of 1 ms. Therefore for the measure-
ment of the position of the c.m. of the atomic cloud no
coordinate transformation is needed to go from the labo-
ratory frame to the accelerated frame where the descrip-
tion in terms of a static potential and an applied force is
valid. We made several measurements for different values
of the phase ¢. We observed that the c.m. of the atomic
cloud moves along the z axis with constant velocity, as
shown in the inset of Fig. 2. We determined the c.m.
velocity as a function of the phase ¢, with results as in
Fig. 2. The experimental results of Fig. 2 clearly demon-
strate the phenomenon of directed diffusion in a sym-
metric periodic potential: the atoms can be set into a
directed motion through a symmetric potential by break-
ing the temporal symmetry of the system.

The dependence of the c.m. velocity on the phase ¢,
shown in Fig. 2, can be explained by examining the
temporal symmetries of the system [9,10]. In fact
although the symmetry F(r+ T/2) = —F() is bro-
ken for any value of the phase ¢, there is an additional
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FIG. 2. Velocity of the center of mass of the atomic cloud as a
function of the phase ¢. Inset: Displacement along the z axis of
the c.m. of the atomic cloud as a function of the lattice duration
for the two values of the phase ¢ corresponding to the
maximum velocity in the two opposite directions ( = z), to-
gether with the linear fits. The detuning of the lattice fields
from atomic resonance is A = 36 MHz, the intensity per lattice
beam is I;, = 7 mW/cm?. For these parameters the oscillation
frequency of the atoms at the bottom of the potential well is
), =105 kHz. The parameters for the phase-modulation sig-
nal a(t) [see Eq. (3)] are @ = 113 kHz, A = 3/4, B = 1 with
ay = 10 rad.

temporal symmetry F(t) = F(—1), which implies zero net
current through the potential for particular values of ¢
[9,10]. This symmetry is realized for ¢ = nm, with n
being the integer, and maximally broken for ¢ = (n +
1/2). This explains the observed dependence of the c.m.
velocity on the phase ¢, and shows that in our system ¢ is
the control parameter of the directed diffusion.

To demonstrate experimentally that directed diffusion
is determined by the breaking of the symmetry F(z +
T/2) = —F(t), we fix the phase ¢ equal to 7/2, so to
maximally break the F(t) = F(—f) symmetry, and study
the c.m. velocity as a function of the amplitudes of the
harmonics of frequencies w and 2w of the driving
force. We choose a phase modulation of the form of
Eq. (3) with A=1—B: a(t) = ay[(1 — B) cos(wt) +
B/4cos(2Qwt — ¢)], so to obtain a force F = Mw?ay/
2k[(1 — B) cos(wt) + Bcos(Qwt — ¢)]. Thus, by varying
the parameter B we vary the ratio of the amplitudes of the
two components of the force at frequencies w and 2w,
while keeping constant their sum. The experimental
results are shown in Fig. 3. We observe that for B =0
and B =1, which correspond to a monochromatic
driving force, there is no net transport of atoms. By
increasing B from the zero value the atoms are set
into directed motion, and a maximum for the c.m. veloc-
ity is reached for B =~ 0.5, i.e., for about equal amplitudes
of the even and odd harmonics. This demonstrates
that DD is determined by the breaking of the symmetry
F(t+T/2)=—F(.

094101-3

12

ol HTHEL
I H

0.0 0.5 1.0
B

v (mm/s)

FIG. 3. Velocity of the center of mass of the atomic cloud as a
function of the amplitude B of the component at 2w of the
driving force, for a constant sum of the amplitudes of the two
harmonics at @ and 2w. The parameters for the optical lattice
are the same as for Fig. 2. The phase-modulation signal is given
by Eq. (3) with A=1—- B, w = 100 kHz, ay, = 12 rad, and
& = 7/2.

The microscopic mechanism producing a nonzero cur-
rent of atoms through the optical lattice can be related to
the general mechanism of current rectification following
harmonic mixing first evoked to explain the electronic
transport properties of crystals [16] and recently reex-
amined (Ref. [10] and references therein). For the specific
system considered in the present work, the harmonic
mixing results in a displacement Az of the center
of oscillation (z(¢)) of the atoms in a potential well
from the well center. Such a displacement originates
from the anharmonicity of the potential, and it is qua-
dratic in the amplitude of the field at frequency w and
linear in the amplitude at 2w: Az % A?B. Therefore a
nonzero Az is obtained only when both components of
the force are applied. As the optical pumping rate I"
(escape rate) toward neighboring wells increases with
the distance from the well center (I « sinkAz, see
Ref. [11]), such a displacement results in an asymmetry
between the escape rates toward the left and right wells,
and a nonzero current of atoms is produced.

Our experimental observations are supported by semi-
classical Monte Carlo simulations foraJ, = 1/2 — J, =
3/2 atomic transition. We examined the atomic dynamics
in the 1D-lin L lin optical lattice for a phase modulation
of one of the lattice beams of the form (3). For given
amplitudes of the even and odd harmonics, we calculate
the c.m. velocity as a function of the phase ¢, with results
as in Fig. 4(a). The data are in complete agreement with
the experimental findings and confirm that the cloud of
atoms is set into directed motion whenever the temporal
symmetry F(f) = F(—1t) is broken.

The amplitude of the velocity curves as the one of
Fig. 4(a) has been characterized by the quantity o, =
[Cimin vf/,l —(v))/N1"/? where vy ,withi =1,...,N =
20, are the numerical results for the c.m. velocity at
the phase ¢ = ¢; = 27i/N. By plotting [see Fig. 4(b)]
the quantity o, as a function of the amplitude B of the
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FIG. 4. Results of Monte Carlo simulations for the atomic
dynamics in the 1D-lin L lin optical lattice. The phase modu-
lation «(f) has the form of Eq. (3), with A=1—-B, w =
0.87Q),. The lattice parameters are light shift per beam A} =
—150w, and lattice detuning A = —5T". Here I" and w, are the
width of the excited state and the atomic recoil frequency,
respectively. In (a) the c.m. velocity in units of the atomic
recoil velocity (v,) is plotted as a function of the phase ¢,
for ¢y = 8 rad and B = 1/2. In (b) the amplitude o, of the
velocity curve is plotted as a function of the amplitude B of
the component at 2w of the driving force, for a constant sum
of the amplitudes of the two harmonics at @ and 2w. Here
ay = 3 rad.

component at 2w of the driving force, for constant sum of
the amplitudes of the two harmonics at w and 2w we
recover the behavior observed in the experiment: a non-
zero value of the amplitude B corresponds to the breaking
of the F(t + T/2) = —F(t) symmetry, and leads to the
directed motion of the atoms.

In conclusion, in this work we demonstrated experi-
mentally the phenomenon of directed diffusion in a sym-
metric periodic potential. This has been demonstrated
with cold atoms in a periodic optical lattice. The same
sort of behavior was previously obtained in an asymmet-
ric periodic potential (ratchet) [17]. The symmetric peri-
odic potential corresponds to a 1D-lin L lin optical
lattice. Two counterpropagating laser fields produce both
the periodic potential and a friction force for the atoms.
Furthermore the stochastic process of optical pumping
leads to a diffusive dynamics of the atoms through the
periodic structure. A force of zero average is applied by
phase modulating one of the lattice fields. Indeed, in an
accelerated frame the atoms see a static symmetric peri-
odic potential and an inertial force which breaks the
temporal symmetry of the system. The degree of tempo-
ral symmetry breaking of the system can be carefully
controlled by varying the parameters of the phase modu-
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lation determining the force in the noninertial reference
frame. We demonstrated that the atoms can be set into
directed motion by breaking the temporal symmetry of
the system.

The present realization of directed diffusion has been
obtained in the regime of nonadiabatic driving, i.e., for a
driving force of about the same frequency of the oscil-
lations of the atoms at the bottom of the potential wells.
This qualifies our system as a testing ground for the
recent theory of resonant activation based on logarithmic
susceptibilities [8,18].

Laboratoire Kastler Brossel is an “unité mixte de re-
cherche de I’Ecole Normale Supérieure et de I'Université
Pierre et Marie Curie associée au Centre National de la
Recherche Scientifique (CNRS).”
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Resumé

Ce mémoire d’habilitation présente mes travaux de recherche, du début de ma these

jusqu’a présent. Le manuscrit est divisé en deux parties. La premiere présente mes
travaux de theése et une partie des résultats obtenus pendant mon séjour post-doctoral
a I'Université de Hambourg. En particulier, cette partie contient les résultats de ma
recherche sur le role des cohérences a basse fréquence en spectroscopie laser. Les sujets
abordés ont été le piégeage cohérent de population, les résonances brillantes, la préparation
et la manipulation d’états quantiques en utilisant des états noirs dépendant du temps, et
I’étude des effets de cohérence a basse fréquence dans la spectroscopie de transport des
boites quantiques couplées par effet tunnel.
La deuxieme partie de ce mémoire présente mon travail de recherche sur les réseaux
d’atomes froids. Le sujet principal de cette recherche a été la dynamique des atomes
dans les réseaux optiques. Le mouvement diffusif des atomes, la relaxation de leur
énergie cinétique, et leurs modes de propagation ont été étudiés. Les progres faits dans
la compréhension de la dynamique atomique dans les réseaux optiques ont été ensuite
exploités pour expliquer 'origine de la résonance Rayleigh dans le spectre d’absorption
des atomes piégés dans le réseau. De plus, nous avons utilisé les réseaux optiques comme
systeme modele pour des phénomeénes de physique non-linéaire. Nous avons ainsi étudié la
résonance stochastique dans un réseau périodique, et la diffusion dirigée dans un potentiel
symétrique.

Summary

This thesis summarizes my research activities, from the beginning of my PhD thesis

until now. This manuscript is divided in two parts. The first one is related to my PhD-
thesis work, and to part of the work I have done during my post-doctoral stay at the
University of Hamburg. Results on the role of low-frequences coherences in laser spec-
troscopy are presented in this part. The topics [ have addressed are coherent population
trapping, bright resonances, the preparation and manipulation of quantum states by using
time-dependent dark states, and the study of the effect of low-frequency coherences in the
transport spectroscopy through tunnel-coupled quantum dots.
The second part of this thesis summarizes my work on cold atoms in optical lattices. The
main topic of this research is the atomic dynamics in optical lattices. The diffusive motion
of the atoms, the relaxation of their kinetic energy and their propagation modes have been
studied. The progress in the understanding of the atomic dynamics in optical lattices has
then been used to explain the origin of the Rayleigh resonance in the absorption spectrum
of the atoms trapped in the lattice. Moreover, we used optical lattices as a case-study
for some phenomena in non-linear physics. In particular, we studied the phenomenon
of stochastic resonance in a driven optical lattice, and we have demonstrated directed
motion for atoms in a symmetric potential.



