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Chapitre 1

Présentation générale

Depuis 'obtention de mon DEA en 1993, mon activité de recherche s’est toujours
déroulée au Laboratoire Kastler Brossel.
De 93 a 97, j’ai effectué mon travail de these dans ’équipe d’Optique Quantique dirigée
par Claude Fabre et Elisabeth Giacobino. L’objectif était d’utiliser les propriétés non
classiques de la lumiere pour améliorer la sensibilité sur une mesure de faible absorption
par une transition atomique. La source de lumiere non classique était un oscillateur
paramétrique optique (OPO) en régime continu. Les faisceaux générés par conversion
paramétrique dans un tel systeme (appelés faisceaux jumeaux, signal et complémen-
taire) présentent des corrélations quantiques et, en particulier, les fluctuations de la
différence de leurs intensités sont inférieures a la limite quantique standard associée
(ou "shot noise”).
J’ai développé une expérience de détection d’une faible absorption basée sur un tel
systeme. Plus précisement, j’ai détecté avec une sensibilité sub-shot noise le signal
d’absorption de la transition a deux photons de I'atome de potassium 4S-5S, 'un des
photons étant fourni par I'un des faisceaux jumeaux, ’autre par une diode laser auxi-
liaire. Le signal était mesuré sur la différence des intensités des faisceaux de I’'OPO.
Les résultats de cette expérience se sont révélés concluants, puisque le signal, corres-
pondant & une absorption relative de 2,5 x 1077, a été détecté sur un signal de fond
réduit de 35% par rapport a la limite quantique standard, avec un temps de mesure
de 3 s. Ces résultats auraient néanmoins pu étre meilleurs si nous avions disposé a
I’époque d’un cristal présentant moins de pertes, et donc conservant une corrélation
plus forte entre les faisceaux jumeaux.

A Tissue de ma these, j’ai rejoint I’équipe de Métrologie des Systemes Simples, di-
rigée par Frangois Biraben et Lucile Julien. Ce changement d’équipe de recherche a



constitué une reconversion thématique puisque je suis passée de 'optique quantique a
la physique atomique orientée vers la métrologie. En dehors des aspects expérimentaux
dans les deux cas basés sur l'optique et les lasers, le dénominateur commun de ces deux
activités de recherche est la spectroscopie (de haute sensibilité pendant ma these, de
haute résolution par la suite).

A T’époque de mon arrivée, en 1997, tous les efforts étaient concentrés sur la métrologie
de I'atome d’hydrogene et la mesure de la constante de Rydberg, themes sur lesquels
I’équipe possedait une longue expérience. Les transitions a partir du niveau métastable
25-8D et 25-10D avaient été mesurées par interférométrie des 1986. La premiere mesure
tout en fréquence de la transition 2S5-8S/D avait été réalisée en 1993 pendant la these de
Francois Nez. La précision sur la constante de Rydberg qui avait déja atteint la valeur
de 2,2 x 107! g’était encore améliorée en 1996 grace notamment au développement
d’un standard de fréquence secondaire a 778 nm stabilisé sur une transition a deux
photons du rubidium (incertitude de 8 x 10712).

J’ai tout d’abord travaillé sur la réalisation expérimentale de la chaine de fréquence
destinée a la mesure de la transition 25-12D et participé aux séries d’enregistrements
correspondantes. Le but de ’étude de cette transition était moins d’améliorer la pré-
cision sur la constante de Rydberg que de tester les corrections Stark qui avaient été
rajoutées dans les profils de raie théoriques par Béatrice de Beauvoir et appliquées a
la mesure de la fréquence des transitions 2S-8S/D .

La transition 2S-12D a marqué la fin de I’étude des transitions a partir du niveau mé-
tastable dans I’équipe. Afin d’améliorer les données spectroscopiques sur ’hydrogene,
nous nous sommes concentrés sur la transition a partir du niveau fondamental 1S-3S. La
connaissance de la fréquence de cette transition, associée a celle de la transition 1S-2S
mesurée par I’équipe de T. Hénsch permet en particulier de déterminer le déplacement
de Lamb du niveau 1S. L’expérience sur 1S5-3S a débuté en 1991 avec la these de Sophie
Bourzeix. Elle s’est poursuivie avec le travail de Gaétan Hagel axé sur le développement
d’une méthode de compensation de 'effet Doppler du second ordre, puis avec la these
d’Olivier Arnoult qui a, en particulier, mis en oeuvre un peigne de fréquences référencé
sur ’horloge a césium. L’objectif visé est la mesure absolue au kHz de la transition. Un
tel résultat, associé aux travaux réalisés sur la transition 1S-2S permettrait de déduire
une valeur de la constante de Rydberg & 5 x 1072, ainsi qu'une valeur du déplacement
de Lamb de I'état 1S a 10 kHz.

A T'heure actuelle, la précision des mesures de la constante de Rydberg a rejoint celle
des calculs. Mais la comparaison théorie-expérience comme test de I’électrodynamique

ILes effets Stark linéaire et quadratique varient respectivement en n? et n’, n étant le nombre
quantique principal.



quantique est limitée par la mauvaise connaissance de la taille de la distribution de
charge du proton. Ceci motive ’expérience de spectroscopie de ’hydrogene muonique
qui s’est développée a l'Institut Paul Scherrer dans le cadre d'une collaboration in-
ternationale. L’hydrogene muonique est composé d'un proton et d’un muon. Celui-ci
étant plus lourd que ’électron, est plus sensible a la distribution de charge du proton.
L’objectif de I'expérience est de mesurer la fréquence de la transition 25-2P avec une
incertitude relative de 3 x 107, ce qui conduirait & une détermination du rayon de la
distribution de charge du proton & 1073.

Le role de notre équipe a initialement consisté a développer un systeme laser titane
saphir a 708 nm. Il s’est étendu a la mesure de fréquence du systeme laser complet et
a la production de la radiation excitatrice a 6 pm.

Cette expérience est rendue tres délicate par la faible probabilité de transition (107 fois
plus faible que dans le cas de I'atome d’hydrogene). Deux périodes de prises de don-
nées se sont déroulées a I'Institut Paul Scherrer entre juillet et octobre 2002 et entre
juin et novembre 2003. La transition recherchée n’a pas été observée jusqu’a présent,
probablement a cause d’une statistique de signal trop faible.

Depuis 1999, mis a part une petite contribution a I’expérience de mesure du "rayon du
proton” et aux débuts du travail de these d’Olivier Arnoult sur le laser femtoseconde,
mon activité de recherche est axée sur une nouvelle expérience visant a mesurer la vi-
tesse de recul d’un atome de rubidium. La connaissance de la vitesse de recul constitue
un moyen de déterminer le rapport h/mpg, (h étant la constante de Planck et mpg, la
masse de I'atome) ainsi que la constante de structure fine a.

Le principe de notre méthode consiste a accélérer les atomes en leur transférant un
grand nombre de fois la vitesse de recul au moyen d’oscillations de Bloch. Leur varia-
tion de vitesse entre le début et la fin du processus d’accélération est mesurée a ’aide
d’un senseur inertiel composé de deux transitions Raman sélectives en vitesse. Nous
avons tout d’abord accéléré les atomes suivant la direction horizontale, montrant ainsi
I’excellente efficacité du processus utilisé. Nous sommes par la suite passés a une accé-
lération suivant la verticale et avons pu transférer aux atomes pres de 1800 vitesses de
recul. Ce travail a abouti en 2005 a une détermination de « avec une incertitude relative
de 6,7 x 107 ce qui la rend compétitive avec les valeurs les plus précises obtenues en
interférométrie atomique. Cette expérience a débuté avec la these de Rémy Battesti et
s’est poursuivie avec celles de Pierre Cladé, Estéfania de Mirandes et Malo Cadoret.

Ce manuscrit suit l'ordre chronologique de mon activité de recherche. A la suite de
ce chapitre introductif,
- le chapitre deux est un rappel de mes travaux de these sur 'optique quantique appli-



quée a la spectroscopie de grande sensibilité,

- le chapitre trois traite de la spectroscopie de 'atome d’hydrogene. Apres avoir re-
tracé le contexte et ’historique de la mesure de la constante de Rydberg, j’y décris les
grandes lignes de 1’étude de la transition 25-12D.

- le chapitre quatre est dédié a l’expérience basée sur les oscillations de Bloch et visant
a déterminer la constante de structure fine.

- le chapitre cing conclut sur les perspectives de cette derniere expérience.

A la fin de chaque chapitre sont joints les articles les plus significatifs correspondant
au theme développé.



Chapitre 2

Spectroscopie de grande sensibilité
et optique quantique

2.1 Introduction

L’équipe de recherche dirigée par Claude Fabre et Elisabeth Giacobino est une
équipe pionniere dans le domaine de 'optique quantique. Elle travaille depuis de nom-
breuses années sur la réduction des fluctuations quantiques de la lumiere sur des sys-
temes tres variés. Ce theme de recherche a débuté avec 'oscillateur paramétrique op-
tique (OPO) (cristal non linéaire en cavité), puis il s’est étendu aux atomes froids ([1],
2], [3]), aux diodes lasers et aux VCSELs en mettant a profit le principe de la pompe
réguliere ([4], [5], [6], [7], [8], [9], [10], [11]), et, plus récemment aux micro-cavités ([12]
[13], [14], [15]).

L’OPO s’est révélé étre un systeme tres riche pour produire des états comprimés,
c’est-a-dire des états de la lumiere présentant des fluctuations inférieures a la limite
quantique standard (ou shot noise). En particulier, il permet de générer des faisceaux,
que 'on qualifie par le terme "faisceaux jumeaux”, dont les fluctuations de la différence
des intensités sont corrélées au niveau quantique. D’autre part, utilisé en dessous du
seuil d’oscillation, I’OPO produit du vide comprimé, c’est-a-dire un champ de valeur
moyenne nulle dont les fluctuations sont en dessous de la limite quantique standard.
Des 1992, un tel état a été mis a profit dans une expérience de spectroscopie sub-shot
noise [16]. Le faisceau pompe réfléchi par la cavité, ainsi que chacun des faisceaux
produits par I’'OPO présentent également un bruit d’intensité réduit.

La majeure partie de mon travail de these a consisté a mettre a profit les propriétés
de réduction de bruit des faisceaux jumeaux produits par un OPO en régime continu



pour augmenter la sensibilité de mesures spectroscopiques au dela de la limite quan-
tique standard. L’un des intéréts de cette approche est d’augmenter la sensibilité d’une
mesure sans avoir recours aux techniques habituelles consistant a augmenter I'intensité
lumineuse ou le temps de mesure. En effet, dans certains cas, une intensité lumineuse
trop importante (générée par exemple par un OPO en impulsions) peut engendrer
des phénomenes de saturation. Un temps de mesure tres long exclut I’observation de
phénomenes transitoires.

Ce chapitre, dédié¢ a mon travail de these, et plus précisement a l'expérience de
spectroscopie de grande sensibilité que j’ai développée, se décompose en quatre parties.
J’y décris successivement l'intérét d’utiliser les propriétés non classiques de la lumiere
en spectroscopie, le principe de la mesure, les points clés du montage expérimental et
les résultats obtenus. L’article [17] dans lequel a été publiée cette expérience est joint
a la fin du chapitre.

2.2 Les limites a la sensibilité d’une mesure

La sensibilité d’une expérience de spectroscopie est limitée par le bruit, ou plus
précisement par les fluctuations d’intensité, du faisceau lumineux utilisé. Pour s’affran-
chir du bruit propre du faisceau, il est possible de réaliser une mesure différentielle au
moyen d’une lame semi-réfléchissante (voir figure 2.1). La sensibilité est alors donnée
par le bruit de photons (ou shot noise ou limite quantique standard), ¢’est-a-dire par
la statistique poissonnienne des instants d’arrivée des photons sur les détecteurs. Ceci
constitue la limite ultime d’une mesure en lumiere classique. Pour aller au dela de la

Milieu absorbant

faisceau incident

~
)

~
b

Fi1G. 2.1 — Principe de la mesure différentielle

limite quantique standard, il faut travailler sur le caractere quantique des fluctuations
de la lumiere. Avant de parler des faisceaux jumeaux produits par un OPO, je vais
brievement faire quelques rappels sur le bruit quantique en général.

Considérons l'opérateur champ électrique, caractérisé par une amplitude Ej et une
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pulsation w. Il peut s’écrire sous la forme
E = Ey(aexp(—iwt) + a* exp(iwt)) (2.1)

a et at étant respectivement les opérateurs d’annihilation et de création d’un photon,
ou bien en termes de quadratures de champ,

E = Fy coswt + Eysinwt (2.2)

ot B, et E, sont deux quadratures orthogonales avec [El, Eg] £ 0.
L’inégalité de Heisenberg s’écrit :

AE, - AE, > E? (2.3)

en notant AF; et AF, les amplitudes des fluctuations associées respectivement aux
quadratures El et E2.
Dans le cas d'un faisceau présentant du bruit classique, les amplitudes AE; et AFE,
sont toutes deux supérieures a Ej.
Un état cohérent est un état dont les fluctuations sont minimales suivant toutes les
quadratures :
AE, = AE, = Ey (2.4)

Les fluctuations du champ sont alors représentées par un disque dans ’espace des phases
et donnent la limite quantique standard associée a cet état (voir figure (2.2(A)).

Cependant, I'inégalité de Heiserberg n’interdit pas de comprimer les fluctuations sur
I'une des quadratures du champ en dessous de la limite quantique standard, a condition
que les fluctuations sur la quadrature orthogonale soient amplifiées en conséquence. On
parle alors d’état comprimé. Dans 1’espace des phases, les fluctuations d’un tel état sont
représentées par la surface d’une ellipse, dont le petit axe correspond a la quadrature
comprimée (E; sur la figure (2.2(B)).

L’OPO est composé d’un milieu non linéaire d’ordre deux, placé dans une cavité
optique. On réalise ainsi de la génération paramétrique, c’est-a-dire, la production a
partir d'un faisceau pompe de pulsation wy de deux faisceaux de pulsations w; et wo,
appelés faisceaux signal et complémentaire tels que :

Wy = Wwq + wo (25)

La cavité optique permet de recycler la lumiere ainsi produite et donc d’amplifier
cet effet non linéaire. Les faisceaux de pulsation w; et w, étant créés au cours du
méme processus quantique, ils sont parfaitement corrélés a la sortie du cristal. Cet effet

11
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Fic. 2.2 — Représentation du champ électrique dans l’espace des phases. La valeur

moyenne du champ est représentée par le trait de longueur Fy et les fluctuations par

une surface située a 'extrémité de ce trait. (A) état cohérent, (B) état comprimé suivant

la, quadrature E;.

apparait sur différentes observables des champs en fonction de la facon dont ’OPO est

utilisé. En particulier, il se manifeste sur la différence des intensités des faisceaux signal

et complémentaire produits au dessus du seuil d’oscillation, dont les fluctuations sont,

dans le cas idéal, parfaitement identiques. Si ’on détecte la différence des intensités des

deux faisceaux moyennée sur des temps tres longs (c’est-a-dire longs devant la durée

de vie de la cavité), on mesurera une quantité strictement nulle, sans fluctuations. Des

taux de corrélation de 86 % ont été observés dans notre laboratoire [18]. Afin de pouvoir

séparer les faisceaux jumeaux en polarisation, on utilise des cristaux non linéaires de

type II (voir figure (2.3)).

Mg

—— > X(QJ

o

@,

\ .
) o

FiGc. 2.3 — Détection des faisceaux jumeaux pour un cristal de type II. Les deux photo-

diodes doivent étre parfaitement équilibrées.

Comparons maintenant les expressions des rapports signal a bruit correspondants a

une mesure directe, a une mesure différentielle et finalement, a une mesure sur la diffé-

rence des intensités des faisceaux jumeaux produits par ’'OPO. On considére (comme
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ce sera le cas expérimentalement) un milieu faiblement absorbant dont le coefficient de
transmission « est proche de I'unité (o = 1 — § avec a < 1). Le rapport signal a bruit
en puissance est égal au signal a résonance, divisé par le bruit hors résonance, soit

—res2
S ].res
- = 2071” (2.6)
B A [out

ou le signal est caractérisé par le carré du photocourant détecté par la photodiode a

, —res2 . . . ol 2 .
résonance (I, ) et le bruit par la variance de I'intensité lumineuse sortante (A%1,,; =

257, X Av avec S, la densité spectrale de bruit en A*/Hz et Av, la bande passante
d’analyse). On peut montrer que dans le cas de tres faibles absorptions, le bruit rajouté
par I'absorption est négligeable et que par conséquent ’équation (2.6) s’écrit (voir [19]) :

S (Re(a))’Iin
B 201+ Ex)Av 27)

ol I;, est la valeur moyenne du photocourant incident sur le milieu faiblement absor-
bant et Ez, 'exces de bruit de ce méme faisceau par rapport a la limite quantique
standard.

Considérons a présent le cas d’'une mesure différentielle comme représentée sur la
figure (2.1). On peut montrer que le rapport signal a bruit s’écrit :

S _ (Re(a))? I,

B 4 2Av
A un facteur 4 pres, cette expression est égale a la relation (2.7) en posant Fx = 0. Le

(2.8)

rapport signal a bruit ainsi obtenu ne dépend donc pas de 'exces de bruit du faisceau
incident. La sensibilité de la mesure est limitée par le bruit de photons. Le facteur 4
provient du fait que ’on perd la moitié de I'intensité lumineuse au passage de la lame
semi-réfléchissante.

Dans le cas des faisceaux jumeaux produits par un OPO, on introduit (2 = 0), le
taux de corrélation des faisceaux jumeaux a fréquence nulle et le rapport signal a bruit
devient :

S (Re(a))? Iin
B~ 4 2A8(Q=0) (29)

La sensibilité de la mesure n’est plus limitée par le bruit de photons du faisceau. Elle

dépend a présent du taux de corrélation.

2.3 Le principe de ’expérience

Le principe général de I'expérience consiste a envoyer I'un des faisceaux jumeaux
produits par ’'OPO sur un milieu atomique faiblement absorbant et de détecter cette

13



absorption sur la différence des intensités. Afin de profiter d’'un taux de corrélation
maximum, nous travaillons a des fréquences de I'ordre du MHz, ce qui implique de
détecter un signal modulé. Pour ne pas rajouter de bruit sur I'un des faisceaux de
I’OPO, et donc ne pas dégrader le taux de corrélation, il est préférable d’utiliser un
faisceau laser auxiliaire porteur de la modulation. Cette méthode, schématisée par la
figure (2.4), implique de détecter une transition a deux photons (I'un étant produit par
I'un des faisceaux jumeaux, 'autre par le laser auxiliaire). De plus, le fait d’appliquer
la modulation sur un faisceau autre que le faisceau détecté permet de mesurer un signal
sur fond noir (au lieu de détecter une variation de 'amplitude de modulation).

Faisceau laser ouxilioire/ \,/\
modulé en amplitude \ \
OPO \ l
/N
( ] > L
), ~

Milieu absorbant

Fi1G. 2.4 — Schéma de principe de I'expérience de spectroscopie utilisant des faisceaux
jumeaux. Les faisceaux traversant le milieu absorbant se propagent dans le méme sens.
Le signal détecté correspond donc a la raie élargie par effet Doppler, plus facile a pointer.

En résumé, 'expérience consiste a détecter un transfert de modulation du laser
auxilaire au faisceau jumeau par 'intermédiaire du milieu atomique, a résonance, ce
qui revient a moduler la transmission du milieu atomique.

2.4 Les éléments du dispositif expérimental

Ce paragraphe récapitule brievement les éléments clé de ’expérience et les contraintes
associées (pour plus de détails, voir la référence [17] ci-jointe). Le signal atomique a
détecter est la transition a deux photons 4S-5S de I'atome de potassium. Comme la
longueur d’onde de 1'un des photons est fixée a 1064 nm par ’OPO, 'autre doit étre
de l'ordre de 859 nm.

24.1 L’OPO

La chaine laser dédiée a la production des faisceaux jumeaux est représentée par
la figure (2.5). On utilise un OPO continu fonctionnant vers 1064 nm. Le cristal non

14



linéaire est un cristal de KTP dont I'accord de phase est réalisé a température ambiante.
La cavité optique est triplement résonnante, c’est-a-dire résonnante pour les champs
pompe, signal et complémentaire. La configuration semi-monolitique (le miroir d’entrée
est constitué par la face d’entrée traitée du cristal) a été choisie car elle permet de
balayer aisément la longueur de la cavité (grace a une cale piézoélectrique solidaire
du miroir de sortie) tout en gardant un caratére compact permettant de réduire les
instabilités dues aux mouvements d’air et aux vibrations.

Laser maiitre Laser esclave Cavité de doublage

—>

Injection & 1064 nm

532 nm

e

|
Faisceaux jumeaux
a 1064 nm A2 OPO

Fi1G. 2.5 — Les différents éléments constituant la source de faisceaux jumeaux.

Le faisceau de pompe est fourni par un laser Nd :YAG pompé par flash et doublé en
cavité externe. Il est stabilisé en fréquence par injection d'un laser Nd :YAG commercial,
pompé par diode et délivrant un faisceau de 350 mW. Le doublage est réalisé par un
cristal de LBO placé dans une cavité en anneau de finesse de 1'ordre de 50.

Finalement, pour un faisceau pompe de I'ordre de 5 W, on obtient environ 400 mW
a 532 nm et typiquement 6 mW a 1064 nm par faisceau jumeau.

Le taux de corrélation entre les faisceaux jumeaux est de 1,88 dB a 3 MHz, ce
qui correspond a une compression des fluctuations sur la différence des intensités de
faisceaux jumeaux de 35 % par rapport a la limite quantique standard (figure (2.6))
1 Ce résultat, assez décevant par rapport a ce que l'on peut attendre d'un OPO,
s’explique par un coefficient d’absorption du cristal de KTP important.

2.4.2 Le faisceau laser auxiliaire

Il est fourni par une diode laser a 859 nm. Sa fréquence peut étre balayée sans saut
de modes sur 7 GHz, ce qui est amplement suffisant puisque la largeur Doppler du

' s’agit du taux de corrélation "utile” au niveau de la cellule de potassium, apres les pertes subies
au passage des différents éléments optiques. A la sortie de ’'OPQO, le taux de corrélation est de 3 dB.
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Fic. 2.6 — Taux de corrélation des faisceaux jumeaux comparé a la limite quantique
standard. Courbe du haut : le shot noise de la somme des intensités des faisceaux jumeaux
est obtenu en orientant la lame A/2 représentée sur la figure 2.5 de fagon a ce que les
directions de polarisation des faisceaux soient a 45° des axes du cube. Courbe du bas : le
taux de corrélation entre les faisceaux est obtenu en orientant la lame de facon a ce que
les directions de polarisation des faisceaux soient paralleles aux axes du cube.

signal attendu est de l'ordre de 1 GHz.
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2.4.3 La détection du signal

Le signal a détecter est une modulation d’amplitude. Cette modulation doit étre
appliquée sur le faisceau du laser auxiliaire. En effet, si on modulait I'un des faisceaux
jumeaux, on détériorerait le taux de corrélation en sortie de ’OPO. L’avantage du choix
de la modulation d’amplitude est qu’il permet de détecter le signal directement sur la
quadrature sensible a la réduction de bruit, ¢’est-a-dire sur 'intensité des faisceaux.

Pour s’affranchir d’éventuels signaux parasites, on procede a une double modula-
tion : I'une a 3 MHz réalisée au moyen d’un modulateur électro-optique, 'autre vers
660 Hz au moyen d’une roue dentée.

Le systeme de détection des faisceaux jumeaux est composé de deux photodiodes
en InGaAS, équilibrées, de rendement quantique supérieur a 92 %. La double démodu-
lation du signal est réalisée par deux détections synchrones.

2.5 Les résultats

Le signal expérimental est représenté par la figure (2.7). Il correspond & une absorp-
tion relative de 2,5x107". La largeur Doppler de la transition & deux photons mesurée
est de 1,6 GHz. Ce signal a été enregistré avec une bande passante de 3 Hz. Le bruit
de fond est réduit de 1,88 dB, soit 35 % par rapport a la limite quantique standard.
Cette expérience constitue, a ma connaissance, la premiere expérience de spectroscopie
en lumiere non classique, utilisant un OPO continu [17].

2.6 Conclusion

Au cours de mon travail de these, nous avons démontré expérimentalement la pos-
sibilité de réaliser des mesures spectroscopiques de grande sensibilité avec les faisceaux
jumeaux produits par un OPO continu, fonctionnant au dessus du seuil d’oscillation.
Le signal spectroscopique a été observé sur un bruit de fond réduit en mettant a profit
les propriétés de corrélations quantiques des faisceaux. L’objectif de ce travail était
de montrer qu’il était possible d’augmenter la sensibilité d’'une mesure en utilisant un
OPO. Par la suite, I'équipe d’optique quantique n’a pas poursuivi cet axe de recherche,
mais d’autres groupes ont obtenu des résultats tout a fait remarquables sur des expé-
riences analogues. En particulier, des signaux tres peu intenses ont été mesurés dans
des solvants contenant une tres faible concentration d’absorbant, avec des faisceaux
jumeaux corrélés a 9 dB sous la limite quantique standard. L’équipe de Shanxi a pu
ainsi augmenter la sensibilité de la mesure de 7 dB par rapport au shot noise [20].
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Fi1G. 2.7 — Spectroscopie en lumiere non classique de la transition 4S-5S du potassium.

Par la suite, le groupe "OPQO” de I'équipe d’optique quantique du LKB a orienté ses
activités de recherche suivant deux axes. D’une part, il étudie en détail les propriétés
aussi bien classiques que quantiques des milieux paramétriques dans le but de pro-
duire des états non-classiques de la lumiere et de réaliser des protocoles d’information
quantique ([21]).

D’autre part, le second theme, qui se positionne dans la continuité de mon travail
de these, consiste a décrire les corrélations spatiales des faisceaux émis par un OPO.
Ces études sont motivées par I’amélioration de la sensibilité dans les mesures de grande
précision, en particulier en ce qui concerne I'imagerie quantique ([22], [23], [24]).
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P.H. Souto Ribeiro, C. Schwob, A. Maitre and C. Fabre, Optics Lett., 22 (1997) 1893 :
"Sub-shot noise high-sensitivity spectroscopy with optical parametric oscillator twin
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Nondegenerate optical parametric oscillators generate above-threshold signal and idler beams that have

intensity fluctuations correlated at the quantum level (twin beams).

We describe what is to our knowledge

the first high-sensitivity spectroscopy experiment using twin beams emitted by a cw optical parametric

oscillator:

a very weak two-photon absorption signal, in the 1077 range, is recorded on the 4S;,—5Sy,

transition of atomic potassium with a noise background that is reduced by 1.9 dB with respect to the shot-

noise limit of the light used in the experiment.

During recent years the interest in optical paramet-
ric oscillators (OPQO’s) has been steadily growing. On
the one hand, these devices are able to produce laser-
like beams in a vast range of wavelengths, which
opens the way to numerous applications.! In par-
ticular, OPO’s turn out to be promising sources for
spectroscopic measurements because of their intrinsic
narrow linewidth and their broad range of gener-
ated wavelengths, mainly in the pulsed regime. On
the other hand, these devices are known to produce
nonclassical states of light that have fluctuations
below the standard quantum limit in various observ-
ables.??® In particular, when they are operated above
threshold they produce twin beams that have highly
correlated intensity fluctuations in the signal and idler
modes,*® so the quantum noise in the difference be-
tween the two beam intensities is significantly reduced
below the standard quantum limit. We show in this
Letter that it is possible to take advantage of these
two interesting features in a single experiment, and we
demonstrate that one can use OPO’s to perform a high-
sensitivity spectroscopy experiment beyond the shot-
noise limit.

Several experiments have shown that one can im-
prove the sensitivity of a spectroscopic measurement
by using either a squeezed vacuum® or sub-Poissonian
diode lasers.” The experiments consisted of satu-
ration absorption spectroscopy of the resonance lines
of Cs and Rb and required either strongly absorbing
species or intense light beams. Our purpose, on the
contrary, is to show the potentialities of nonclassical
light for the measurement of weakly absorbing species
by use of moderate light powers. Let us also mention
other experiments in which nonclassical light was used
to detect weak signals beyond the shot-noise limit.>~!

Let us consider here a simple absorption spec-
troscopy experiment in which the intensity of a light
beam transmitted through an absorbing medium is di-
rectly recorded while the light frequency is scanned
through resonance. The sensitivity of this experiment
is limited by the intensity noise of the light source,
which is usually above the shot-noise level. To im-
prove the signal-to-noise ratio, spectroscopists use a
differential measurement: A beam splitter placed be-
fore the absorbing region creates a reference beam,
which is directly measured, and a transmitted beam,

0146-9592/97/241893-03$10.00/0
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which interacts with the absorbing medium. The ab-
sorption signal is then measured on the difference be-
tween the intensities of the transmitted beam and the
reference beam. In this case the sensitivity of the
measurement is limited by the shot noise of the in-
coming beam (before the beam splitter) because the dif-
ferential technique suppresses the excess noise of the
input beam but not the quantum-noise part. It is pos-
sible to go below this shot-noise limit if one uses the
twin beams generated by an OPO: The absorption sig-
nal is measured on the difference between the intensi-
ties of the signal beam that is transmitted through the
absorbing medium and the idler beam, which is used
as a reference beam. The noise in this intensity differ-
ence can be zero in principle and is well below the shot-
noise limit of the classical differential measurement in
actual experiments.

Doubly or triply resonant OPO’s are difficult to
frequency tune continuously without mode hopping
because of the need to fulfill simultaneous cavity reso-
nance conditions.!? Furthermore, as the noise reduc-
tion on the intensity difference is effective only at
nonzero noise frequencies, transferring the signal in
this frequency range requires a modulation technique.
The modulation of one of the correlated beams usually
degrades the quantum-noise reduction.’> We demon-
strate here that the use of a two-photon transition,
with the help of an auxiliary laser source, can circum-
vent these limitations: The two-photon resonance is
induced by the signal beam from the OPO and by an
auxiliary laser beam, which is frequency scanned and
modulated; at resonance, the upper-state population,
and therefore the absorption of the signal beam, is also
modulated. It is then possible to record the modulated
absorption of the signal beam transmitted through the
medium on the difference between the signal and idler
beam intensities without perturbing the quantum cor-
relation between these two beams.

The experiment is performed on the 4Sye — 5S12
two-photon transition in atomic potassium!* that is
induced by the OPO signal beam at Agpp = 1.064 um
(9394 cm™!) and by an auxiliary diode laser at
Aaux = 0.859 um (11632 cm™!). The energy mis-
match between the 4P intermediate levels and the
intermediate energy that is brought by one laser
photon is roughly equal to 1400 cm~!. Figure 1 shows

© 1997 Optical Society of America



in the background noise of our signal detected on
the twin-beam intensity difference. The signal and
diode laser beams can also be sent to a homemade
lambdameter to measure their wavelengths with an
absolute accuracy of 1076 um.

After photodetection, the spectroscopic signal is ob-
tained by a two-step demodulation procedure: The
first one (DS1) uses a local oscillator at frequency vpr
of the electro-optic modulator, and the second (DS2)
uses a reference signal synchronous with the low-
frequency rpr modulation produced by the mechani-
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Fig. 1. Experimental setup.

the experimental setup. A flash-lamp-pumped, cw
single-mode slave YAG laser with a power of 4 W, in-
jected by a frequency-stable, low-power diode-pumped
master YAG laser, is frequency doubled in a ring
external doubling cavity containing a lithium triborate
crystal. The power generated at 532 nm by this
device is 900 mW at best and is typically of the order
of 400 mW. It is used to pump a triply resonant
semimonolithic OPO. The input mirror of the OPO
cavity is highly reflective for the infrared and has a
transmission of 10% for the green, and the output
mirror has a transmission of 5% for the green and 4%
for the infrared. The potassium titanyl phosphate
(KTP) crystal used in the OPO is stabilized at room
temperature, and the OPO cavity length is stabilized
close to resonance by an electronic servo loop. We
obtain the error signal by detecting the intensity of
the idler beam and comparing its time-averaged value
with a reference voltage. The signal and idler beams
are separated at the output by a polarizing beam
splitter (PBS). The idler beam is directly detected
by a photodetector (DET1), whereas the signal beam
is sent through the cell containing atomic potassium,
heated to 230 °C, and then detected by a photodetector
(DET2) identical to DET1. The total transmission of
the different elements inserted into the signal beam
is 85%. We use InGaAs Epitaxx ETX-300 p—i—n
photodiodes with measured quantum efficiencies
of 90%.

The auxiliary beam used to induce the two-photon
transition, provided by a single-mode diode laser (LD)
with an available power of 80 mW after the optical
isolator, is amplitude modulated at vgr = 3 MHz by
an electro-optic modulator (AM) and chopped by a
mechanical chopper (CP) at a frequency vpr of 650 Hz.
It is then superimposed upon the signal beam by a
dichroic mirror (DM1). The two beams are focused at
the center of the potassium cell, with a common beam
waist of 100 um, corresponding to a Rayleigh length of
3 cm. This geometry allows us to maximize the two-
photon transition probability in the 14-cm-long cell.
After the cell, the auxiliary beam is rejected before
DET2 by two dichroic mirrors (DM2), which ensures
that no residual background modulation is detected
by DET2 (at the 1078 level). In these conditions the
optical noise of the auxiliary laser beam plays no role

cal chopper. The amplitude and the phase of the
demodulated signal are registered in a digital oscil-
loscope while the semiconductor laser wavelength is
slowly scanned by a digital current ramp. The time
constant for the filter of the lock-in amplifieris 300 ms,
giving a final resolution bandwidth for the total detec-
tion system of ~3 Hz. This double modulation scheme
has been adopted to record a signal at Fourier fre-
quencies that are not generated in any electronic de-
vice in our experimental setup, which ensures that
there is no interfering background signal at these fre-
quencies. To compare the signal-to-noise ratio of our
experimental setup with that of a shot-noise-limited
experiment, we can replace the twin beams produced
by the OPO by a laser beam generated by a single-mode
YAG laser that has the same total intensity and is di-
vided into two equal parts by the PBS, so that the noise
recorded in the intensity difference is equal to the stan-
dard quantum-noise level. The quantum-noise reduc-
tion directly at the output of the OPO is estimated to be
roughly 3 dB near 3 MHz. This value, smaller than
in previous experiments,’ is limited by the nonnegli-
gible losses in the KTP crystal that we used and by the
stability of the setup. When it is measured in the spec-
troscopy setup with all its components, the quantum-
noise reduction is further reduced by the losses in the
different optical elements to a value of 1.9 dB at a noise
frequency of 3 MHz.

Figure 2(a) displays the amplitude signal output
of the lock-in amplifier, recorded with a 20-mW
diode laser beam of 0.859287-um wavelength and a
5.8-mW signal OPO beam of 1.064438-um wavelength.
The resonant two-photon modulation transfer signal
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Fig. 2. Two-photon absorption signal as a function of the
diode laser frequency, recorded on a 1.06-um beam (a)
produced by the OPO and (b) produced by a YAG laser of
identical power.
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Fig. 3. Two-photon absorption signal as a function of
the diode laser frequency, with the OPO signal beam in
logarithmic power units. The flat trace shows the shot-
noise level recorded with a YAG laser of identical power.

corresponds to a relative absorption of 2.5 X 1077 of
the signal beam. It is observed on a noise background
that permits a minimum measured signal of 5 X 1078
(signal-to-noise ratio of 1). Figure 2(b) shows the
corresponding shot-noise-limited curve obtained with
a YAG laser beam of 1.064198-um wavelength and
same power and a semiconductor laser operating at
a 0.859448-um wavelength. The noise background
coincides in this case with the shot-noise level. By
comparing the two figures one observes that the signal
is the same in the two cases and that the noise is less
when one uses the OPO twin beams instead of classic
laser light. Note that the mean value, not only the
variance, of the noise increases when the YAG laser
is used. This result is due to our detection scheme
on the amplitude signal given by the lock-in amplifier
(i.e., the square root of the sum of the two quadrature
signals of the lock-in). We chose this scheme because
it permits a more convenient evaluation of the noise
level in both cases.

Figure 3 shows the spectroscopic signal and the
shot-noise level (which has been also averaged on
longer time scales) in logarithmic power units, which
allows us to evaluate directly the signal-to-noise ratio
improvement obtained by use of the squeezed back-
ground instead of the classic differential detection
scheme. The signal-to-noise ratio is 13.9 dB when one
uses the twin beams, and this represents a 1.9-dB
(835%) improvement on that in the shot-noise-limited
experiment.

The resonance curves presented in Figs. 2 and 3,
recorded with different beams propagating in the
same direction, are Doppler broadened. The intrinsic
linewidth of the signal beam generated by the OPO is
much smaller. Using a Fabry—Perot mode analyzer,
we measured it to ~30 MHz. This value is essentially
limited by the thermal stability of the KTP crystal.

In summary, we have demonstrated, for the first
time to our knowledge, that a two-photon absorption
spectroscopy experiment using twin beams generated
by an OPO has a sensitivity that is not limited by
the shot-noise level of the beams used in the experi-
ment. The ultimate sensitivity of our experiment,
limited by the degree of quantum correlation between
the signal and idler beams, is 5 X 10~8 when powers as
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weak as 20 mW in the auxiliary beam and 6 mW in the
OPO beam are used. These results illustrate the util-
ity of cw OPO’s as light sources for spectroscopy in the
visible and near-infrared regions. The recent availa-
bility of quasi-phase-matched crystals as nonlinear me-
dia will significantly broaden the frequency range of
these sources. This experiment shows, here in a real
spectroscopy experiment, that the quantum correla-
tions between twin beams can be used to improve the
sensitivity beyond the shot-noise limit. The present
performances represent only a moderate improvement
of the signal-to-noise ratio. They are limited by the
losses in production of the twin beams and in their
propagation in the spectroscopy experimental setup
and also by the poor stability of the total setup. Much
better results are anticipated if better optical compo-
nents (linear and nonlinear) and stabler pump sources
for the OPO are used.

We thank J. P. Taran and H. Berger for helpful
advice during this experiment. P. H. Souto Ribeiro
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Conselho National de Desenvolvimento Cientifico
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IV ACQUIRE 20029). Laboratoire Kastler Brossel,
from I'Ecole Normale Supérieure and 1'Université
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Chapitre 3

Spectroscopie de ’atome
d’hydrogene

3.1 Introduction

C’est pendant mon année d’ATER a I’Université Pierre et Marie Curie en 1997-
98, dans I’équipe de Francois Biraben, Lucile Julien et Francois Nez, que j’ai abordé
les domaines de recherche que sont la spectroscopie de grande résolution et la mesure
de fréquences optiques. Jusqu’alors, mes efforts avaient pour but de faire sortir un
signal d’absorption du bruit, en abaissant le niveau de bruit a l'aide des propriétés
non classiques de la lumiere. Dans I'équipe de Métrologie des Systemes Simples, la
spectroscopie est abordée sous un autre angle et 'objectif consiste a pointer le plus
précisement possible le centre de la raie atomique pour réaliser une mesure d’intérét
métrologique.

Les atomes étudiés sont ’hydrogene et le deutérium et le but, la détermination de
la constante de Rydberg. J’ai plus particulierement travaillé sur la transition a partir
du niveau métastable 25-12D en mettant a profit I’étalon de fréquence développé par
Béatrice de Beauvoir au cours de sa these [25].

Ce chapitre est divisé comme suit. Dans une premiere partie générale, je rappelle le
contexte de la détermination de la constante de Rydberg et des déplacements de Lamb.
Dans une deuxieme partie, j'introduis la mesure de la transition 2S-12D. J’y décris
brievement le dispositif expérimental, le traitement des données et les résultats obtenus.
Je conclus ce chapitre sur un bilan des expériences réalisées jusqu’ici et sur I'avenir de
la spectroscopie de I’atome d’hydrogene.
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3.2 Le contexte

3.2.1 La constante de Rydberg

La constante de Rydberg dans ’atome d’hydrogene est introduite de fagon empi-
rique par J.R. Rydberg en 1889 pour décrire la régularité observée dans le spectre de

I’atome d’hydrogene :
1 1 1
— = Ry(— — — 3.1
5 = Rl =) (3.1)
ol A\, est la longueur d’onde mesurée et n et p deux entiers.
En 1913, N. Bohr décrit le mouvement d’un électron unique autour d’un centre attractif
fixe, c’est-a-dire de masse infinie et donne ’expression de la fréquence de la transition

n < p.
1 E,—E, 11 1
_ L _me = -1 (3.2)

Anp he  8eghdc'n2 p?

ou L, et I, sont respectivement les énergies des niveaux n et p, m la masse de I'électron,

e sa charge, ¢y la permittivité du vide, h la constante de Planck et ¢ la vitesse de la
lumiere dans le vide.
D’ou, 'expression de la constante de Rydberg :

4
me
Ry = —+ 3.3
8€0h3C ( )
A partir de Ry, on remonte a R, par I'intermédiaire du rapport §; ou M est la masse
du proton.
Ry = Hoo (3.4)
"= m .

Dans le but d’'unifier les lois de la physique, on s’est depuis toujours attaché a les écrire
en séparant les variables d'une part, les grandeurs dépendant du systeme considéré et
celles n’en dépendant pas, d’autre part. Ces dernieres sont les constantes fondamentales,
parmi lesquelles on peut citer la masse de 1’électron, sa charge, la constante gravitation-
nelle, la constante de Planck.... D’autres constantes, appelées constantes secondaires,
s’écrivent comme des combinaisons de constantes fondamentales et apparaissent suf-
fisamment souvent dans les lois de la physique pour qu’on leur donne un nom. C’est
le cas de la constante de Rydberg et de la constante de structure fine sur laquelle je
reviendrai dans le chapitre suivant. L’expression (3.3) montre que la constante de Ryd-
berg relie entre elles cing constantes fondamentales : la masse de I’électron, sa charge,
la permittivité du vide, la constante de Planck et la vitesse de la lumiere dans le vide.
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En 1983, la définition du metre a changé. Il est désormais défini a partir de la transition
d’horloge de I'atome de césium et est égal a la longueur parcourue par la lumiere dans
le vide en 1/299792458™¢ de seconde. La vitesse de la lumiére prend alors une valeur
exacte, de méme que la permittivité du vide (ppeoc® = 1) et la constante de Rydberg
ne relie plus que trois constantes : m, e et h.

Périodiquement, le CODATA actuellement piloté par P. Mohr et B. Taylor collecte les
mesures de constantes fondamentales et secondaires réalisées a travers le monde et pro-
cede a un ajustement du type moindres carrés afin d’établir une valeur "recommandée”
pour chaque constante. La constante de Rydberg fait partie des constantes fondamen-
tales les mieux connues.

3.2.2 Les niveaux d’énergie de ’atome d’hydrogene

Jusqu’ici, je n’ai évoqué, pour décrire la théorie de 'atome d’hydrogene, que le
modele de Bohr qui introduit la quantification de maniere empirique. La premiere des-
cription quantique est donnée par 1’équation de Schrodinger qui traite le probleme a
deux corps dans un cadre non relativiste. A ce niveau de la théorie, les niveaux d’énergie
ne dépendent que du nombre quantique principal n et I'incertitude relative obtenue sur
I'énergie des niveaux est de I'ordre de 10~°. Pour augmenter le degré de précision, il est
nécessaire de prendre en compte d’autres effets : les effets relativistes, les corrections
radiatives, les effets de taille du noyau et la structure hyperfine.

Les effets relativistes

A la fin des années 20, Dirac prend en compte la vitesse de I’électron en donnant
une description a la fois quantique et relativiste de la dynamique de 1’électron dans le
champ du proton. Il calcule les niveaux d’énergie de ’atome d’hydrogene en considérant
un proton de masse infinie et fait apparaitre une correction du premier ordre en a? (ot
« est la constante de structure fine) de I'ordre de 107 en valeur relative. Il introduit la
dépendance de I’énergie des niveaux vis a vis du moment angulaire total J. L’équation
de Dirac n’étant pas soluble pour un systeme a deux corps, on réalise un traitement
perturbatif en . (pour tenir compte de la masse finie du proton) et en a. L’ordre
zéro de ce développement, noté E" (Dirac) (ou u est la masse réduite p = ﬁ) est
le résultat de I’équation de Dirac pour une particule de masse réduite p. La premiere

m

M
rapport a I’énergie du niveau fondamental. Elle ne dépend que du nombre quantique

correction relativiste est due a 'effet de recul du noyau et est de 'ordre de %a? par
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principal n et a pour expression :

p2c (Za)t
M +m 8nt
Finalement, on écrit 1’énergie d'un niveau décrit par les trois nombres quantiques n, L
et J sous la forme :

En1, = EN,(Dirac) + E,(recul) + E(Lamb) (3.6)

E,(recul) = (3.5)

ou E(Lamb) regroupe les corrections relativistes d’ordre supérieur, les corrections ra-
diatives, les effets de taille de proton.

L’électrodynamique quantique (QED)

L’interaction entre 1’électron et le champ électromagnétique est quantifiée et décrite
par I’électrodynamique quantique. Les termes les plus importants sont :
- la 7self energy” a une boucle, qui correspond a I’émission et a I’absorption virtuelle
d'un photon par 1’électron et est en o® . Son incertitude est de 1,3 x 107 pour les
états 1S et 2S.
- la polarisation du vide, qui correspond a la création virtuelle d’une paire électron-
positron et est en o également. Elle est connue a 2 x 1078,
- le recul relativiste "pur” du proton du aux photons échangés entre 1’électron et le
proton, en f+a?. Il est connu & 3 x 107,
- la "self energy” a deux boucles, qui correspond a I’émission et a ’absorption virtuelle
de deux photons par ’dlectron, et est en a?*. Son incertitude est de 5,3 x 1073,
Les corrections les plus importantes sont donc en a. Elles sont dix fois plus faibles
que les corrections de structure hyperfine ou d’effet de recul du proton. Elles sont im-
portantes pour les niveaux S et varient en premiere approximation en # Le terme
de 7self energy” a deux boucles constitue la contribution dominante a I'incertitude due
a la QED dans la connaissance du déplacement de Lamb. Ce terme a d’ailleurs été
récemment ré-évalué [26]. Il faut étre conscient du fait que ces calculs sont extréme-
ment longs et complexes. Chaque correction s’écrit comme un développement en série
logarithmique dont la convergence peut étre tres lente. Ainsi, un coefficient important
placé devant un terme d’ordre supérieur, peut le rendre comparable au terme de ’ordre
précédent.
A T'heure actuelle, la précision sur le déplacement de Lamb est limitée par la connais-
sance du "rayon” du proton, et non par la QED.

Pour 'ordre de grandeur des corrections, je n’ai considéré que le cas de 'hydrogene, c’est-a-dire
Z=1.
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La distribution de charge de proton

Cet effet n’est important que pour les états S, pour lesquels I’équation de Schrodin-
ger prévoit une probabilité de présence non nulle de 1’électron a la position du proton.
Ceci se traduit par une pénétration de ’électron a l'intérieur du volume fini du proton
que 1'on ne doit donc plus considérer comme une charge ponctuelle, mais comme une
distribution de charge de rayon fini. La correction sur I’énergie des niveaux de ’atome
d’hydrogeéne varie comme la valeur quadratique du "rayon” du proton < r? > 2. L’in-
certitude sur cette correction est donc liée a I'incertitude sur < 7% >. La valeur la plus
juste, obtenue & partir des expériences de diffusion d’électrons, est 0,895(18) fm [27].
La fréquence de la transition 1S-2S peut étre calculée a partir de 'équation (3.6) et
des corrections QED énumérées précédemment, en prenant comme valeur du rayon du
proton 0,875 fm 2. On obtient : 115 o5 = 2466 061413 191,75 kHz [28]. Cette transition
a également été déterminée expérimentalement par I’équipe de T. Hénsch a Garching
(r15-25 = 2466 061 413 187,103 (46) kHz) [29]. Initialement, ces deux fréquences coin-
cidaient parfaitement. L’écart actuel, au niveau du kHz, s’explique par la modification
récente du déplacement de Lamb L;g [26]. Pour faire coincider ces deux valeurs a nou-
veau, le rayon du proton a été ré-évalué et vaut a présent 0,8769 (68) fm. Il est donc
conditionné par l'exactitude des calculs QED. Ceci montre bien l'importance d’une
mesure indépendante du rayon du proton.

C’est dans ce contexte qu’une collaboration internationale s’est formée autour de la
spectroscopie de I’hydrogene muonique, dans le but de déterminer le rayon de la distri-
bution de charge de proton a 1073 & partir de la mesure du déplacement de Lamb Log
a 18 ppm, la QED dans I'hydrogene muonique ayant récement atteint une précision de
20 ppm.
L’électron de I'atome d’hydrogene est remplacé par un muon, qui étant 207 fois plus
lourd, orbite plus pres du proton et est donc plus sensible a sa distribution de charge.
Comme le montre le tableau (3.1), les effets QED sont donc amplifiés et Log passe du
domaine RF au domaine optique (49 THz~ 6 um). La contribution du rayon du proton
a Log passe de 1,4 x 10~* pour I'hydrogene & presque 2% pour I’hydrogéne muonique.
La longueur d’onde d’excitation de la transition 2S-2P est donc égale a 6 um. Sa
largeur naturelle, proportionnelle a la masse du muon, est de l'ordre de 20 GHz. Ce-
pendant, la force d’oscillateur variant en # ou m est la masse de la particule (électron
ou muon), la probabilité de transition est environ 107 fois plus faible que dans le cas

2Plus précisement, cet effet est en (%)2042 ou A, est la longueur d’onde de Compton.

3Cette valeur est déduite de la mesure publiée dans la référence [27] et de toutes les données
disponibles tirées des mesures de fréquence dans I’hydrogene et le deutérium.
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25-2P | fluctuations du vide | polarisation du vide | "rayon” du proton | total

ep 1085,8 MHz ~26,9 MHz 0,146 MHz 1057,8 MHz
Lp 0,1 THz -49,94 THz 0,93 THz -49,05 THz

TaB. 3.1 — Différentes contributions au déplacement de Lamb 2S dans le cas de I’hydro-
gene et de I’hydrogene muonique.

de 'atome d’hydrogene, ce qui rend l'expérience tres délicate. Pour atteindre la préci-
sion escomptée sur la distribution de charge du proton, il est nécessaire de mesurer la
fréquence de la transition 2S-2P avec une incertitude relative de 3 x 107°, soit environ
2 GHz, ce qui correspond a un dizieme de la largeur naturelle.

L’expérience a lieu a 'Institut Paul Scherrer & Villigen en Suisse, dont 'accélérateur

2P
6 um
28
1,9 keV
1S

FiG. 3.1 — Niveaux d’énergie de I’hydrogene muonique.

permet de produire des muons a partir d’un faisceau de protons énergétiques. Depuis
1999, notre équipe, et en particulier Frangois Nez et Lucile Julien, a rejoint cette colla-
boration avec comme objectif de mettre en oeuvre la chaine laser permettant d’exciter
la transition 2S-2P dans I’hydrogene muonique.

Le principe de l'expérience est le suivant : des muons de basse énergie sont produits
dans un piege cyclotron, transportés dans un solénoide courbe, détectés par deux dé-
tecteurs rapides et enfin, arrétés dans une cible de dihydrogene. Le signal des deux
détecteurs rapides, correspondant au passage d’'un muon, permet de déclencher le tir
laser. Les muons sont capturés dans un niveau d’énergie élevé de I’hydrogene muonique
(n ~ 14) et se déexcitent a 99% vers le niveau fondamental en émettant un rayon X a
2 keV et a 1% vers le niveau métastable 2S. Les atomes métastables subissent alors un
tir laser a 6 pum qui les fait passer sur le niveau 2P d’ou ils se déexcitent en émettant
un rayon X (K,) a 1,9 keV. La source a 6 ym doit allier puissance et rapidité afin que
le tir laser soit déclenché sur le passage d’'un muon dont la durée de vie est de 2,2 us.
Cette expérience est décrite en détail dans le mémoire d’habilitation de Frangois Nez
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ainsi que dans la référence [30], le systeme laser dans la référence [31].

Il faut noter qu’il ne s’agit pas la d’'une mesure indépendante de la QED, mais cette
théorie a été testée avec succes au niveau de 10 ppm, de sorte qu’elle ne constitue pas
une limitation au résultat de cette expérience.

3.2.3 Les déterminations de R, et du déplacement de Lamb

Les mesures de fréquence dans I'hydrogene (et le deutérium) ont pour objectif de
déterminer la constante de Rydberg et les déplacements de Lamb. Différentes approches
ont été adoptées au fil des ans.

Pour simplifier les expressions, jécrirai dans la suite de ce paragraphe les fréquences
des transitions comme la somme de deux termes : un premier terme proportionnel a
R..%, le second terme étant le déplacement de Lamb, soit

Uns—ms = Rooc[n(mS) —n(nS)| + (Lins — Lns) (3.7)

ou 7n est un facteur numérique de proportionnalité.

Les transitions 2S-nS et 2S-nD a partir du niveau métastable

Les fréquences de ces transitions s’écrivent donc :
Vos—ns/p = Rocc(n(nS/D) —1(25)) + (Lyns — Las) (3.8)

Le déplacement de Lamb du niveau 2S a été mesuré & 9 kHz (9x 107%) par spectroscopie
micro-onde. Ceux des niveaux n (n = 6,8,10,12..) sont connus théoriquement & mieux
que le kHz et ne constituent donc pas une limitation. Jusqu’au début des années 90,
les mesures de fréquences dans I’hydrogene et le deutérium étaient moins précises que
celle de Log et une seule équation était suffisante pour déterminer R, °.

Les transitions a partir du niveau fondamental

Ces transitions présentent des avantages notables. Partant du niveau fondamental,
elles impliquent un nombre d’atomes beaucoup plus important que le niveau méta-
stable et permettent donc d’obtenir un bon rapport signal a bruit avec des puissances
lumineuses et donc des déplacements lumineux plus faibles. Leur principal inconvénient

4 est proportionnel & Ro.a? en écrivant o? =

iLe terme E,(recul) de I'équation (3.6) en «
2hRs/(mc).
5A titre d’exemple, I'incertitude sur les mesures des fréquences des transitions 2S-8Dj /2 dans I'hy-

drogene et le deutérium, réalisées pendant la theése de Béatrice de Beauvoir, était inférieure a 5 kHz.

31



réside dans le fait que les longueurs d’onde d’excitation se trouvent dans l'ultraviolet
et sont donc difficiles a produire.

La transition 15-25

L’équipe de T. Héansch travaille depuis de nombreuses années sur la transition 1S-2S
qui présente 'avantage d’avoir une tres faible largeur naturelle (1.3 Hz a comparer
aux largeurs de 100 a 500 kHz des transitions 25-nS/D). La longueur d’onde du laser
excitateur est de 243 nm. Afin de déterminer L;g, cette fréquence a été initialement
comparée a celle de la transition 25-4S/D, ces deux fréquences étant dans un rapport
de 4 au premier ordre de I’équation de Dirac [32]. Depuis 1997, cette transition est me-
surée tout en fréquence. Les dernieres mesures publiées, obtenues au moyen d’un peigne
de fréquences optiques référencé sur I'horloge transportable a atomes froids du BNM-
SYRTE, font état d’une incertitude sur le pointé du centre de la raie égale a 23 Hz, ce
qui correspond A une incertitude relative sur la fréquence mesurée de 1,8 x 10714 [33].
La fréquence de la transition 15-2S peut s’écrire :

Vis—2s = Rooc(n(28) — n(18)) + (Las — Lis) (3.9)

Les inconnues de cette équation sont R.., Lis et Log. Or les différentes contributions
des déplacements de Lamb étant en 1/n%, on peut calculer la grandeur L = L;§—8Lyg
plus précisement que Lig ou Log (de méme pour L®) = L;4—27Lsg) [34]. En remplacant
Loyg par son expression en fonction de L®) et L;g dans la relation (3.9), il reste deux
inconnues R, et Lig. La seconde équation est fournie par la fréquence d’une transition
2S-nS/D. On a pu ainsi déterminer Ry, & 6,6 x 1072 et L;g & 2,7x 107° 6. La limitation
de cette méthode provient de la connaissance des fréquences des transitions 25-nS/D.
La transition 15-3S

Toujours dans le but de déterminer R, et Lig, on peut utiliser une seconde transition
a partir du fondamental : 1S-3S. On a alors un systéeme de deux équations :

V1§—928 — ROOC(U(QS) - 77(15)) + (LQS — LlS) (310)

V1§-38 — ROOC(U(?)S) - 77(15)) + (L35 - LlS) (311)

De méme que précédemment, en introduisant L) et L) on peut éliminer Log (et Lsg)
et on se retrouve donc avec un systeme de deux équations a deux inconnues R, et Lig.
Une mesure de la fréquence de la transition 1S-3S au niveau du kHz, associée a celle
de la transition 1S-2S permettrait de déduire une valeur de la constante de Rydberg a
5x 1072 et de L;g & environ 10 kHz.

6En réalité, I'ensemble des données disponibles sur ’hydrogene et le deutérium est pris en compte
et un ajustement par la méthode des moindres carrés est réalisé.
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Notre équipe s’est lancée en 1991 dans la mesure de la transition 1S-3S, pour laquelle la
fréquence d’excitation correspond a une longueur d’onde de 205 nm. L’idée de départ
était de déduire Lig par comparaison de 1S-3S et 25-6S/D, ces deux transitions étant
dans un rapport 4. La difficulté majeure consiste a produire la radiation a 205 nm, a
partir d’un laser titane-saphir quadruplé en fréquence. La mise en oeuvre du dispositif
expérimental et une premiere détermination de L;g & 47 kHz (& 6 x 107% en valeur
relative) ont fait I'objet du travail de these de Sophie Bourzeix [35] [36]. L’expérience
s’est poursuivie vers une mesure absolue de la transition 15-3S, pendant les theses de
Gaétan Hagel et Olivier Arnoult.
L’une des contributions majeures du travail de these de Gaétan Hagel a consisté a
mettre en oeuvre un schéma expérimental original pour compenser 1'effet Doppler du
second ordre (I'effet Doppler du premier ordre étant supprimé grace a l'utilisation de
'excitation a deux photons) [37]. Cette méthode a été initialement proposée en 1991
par Frangois Biraben [38]. Elle consiste a opposer au déplacement de fréquence d popprer
induit par cet effet (dpopprer = —1/0%, ou vy est la fréquence atomique, v la vitesse
des atomes et ¢ la vitesse de la lumiere) le déplacement Stark, gk, induit par le
champ électrique motionnel, dii a 'application d’'un champ magnétique transverse par
E? v2 B2

rapport au jet atomique (dggark X Resn = Ruon

tude des champs électrique et magnétique et Avgp 'écart d’énergie entre les niveaux

ou FE et B sont respectivement ’ampli-

S et P). dpoppler €t Ostarr €tant tous deux proportionnels a v? et de signes opposés,
ils peuvent théoriquement se compenser. Concretement, les calculs réalisés par Gaétan
Hagel montrent que le décalage Doppler ne peut étre totalement compensé. Néanmoins,
il a précisement calculé la courbe de dispersion de la transition 1S-3S(F=1, mp = +1)
en fonction du champ B appliqué et I'a utilisée pour mesurer le décalage Doppler du
second ordre [39)].

Cette expérience de longue haleine se poursuit avec le travail de these d’Olivier Arnoult.
La principale amélioration du montage expérimental réside dans la mise en oeuvre d'un
laser titane-saphir a modes bloqués permettant de générer un peigne de fréquences op-
tiques, directement référencé par rapport a I’horloge a césium du BNM-SYRTE. La
mesure absolue de la transition 1S-3S est imminente...

3.2.4 Les mesures tout en fréquence des transitions 2S5-nS/D

Les transitions 25-nS/D sont excitées par un laser accordable dans un jet d’atomes
d’hydrogene dans le niveau métastable 25. Ce jet est placé dans une cavité Fabry
Perot afin de permettre I’excitation a deux photons et d’assurer la puissance lumineuse
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nécessaire. A 'extrémité du jet, les atomes du niveau 2S sont couplés par un champ
électrique vers le niveau 2P et peuvent ainsi se déexciter par fluorescence Lyman «
a 121 nm, détectée par deux photomultiplicateurs sensibles a l'ultraviolet. Lorsque
le laser est a résonance avec la transition a deux photons, le niveau métastable se
dépeuple entrainant ainsi une diminution du signal de fluorescence. La détermination
de la fréquence de la transition est déduite de la mesure de la fréquence du laser a
résonance.

énergie
A g

nS/D 4

95%
2S 2P
r_
Lyman a
121 nm
1S

Fia. 3.2 — Niveaux d’énergie de 'atome d’hydrogene

La premiére mesure tout en fréquence est réalisée en 1993 sur la transition 25-8S/D

pendant la these de Frangois Nez [40]. La précision atteinte est de 2,2 x 107! [41].
Elle est limitée par la stablilité en fréquence des deux lasers étalons He-Ne/Iy et He-
Ne/CHy.
Au cours de sa these, Béatrice de Beauvoir a développé un nouvel étalon de fréquence
dans le but de mesurer la transition 2S-8S/D. Il s’agit d'une diode laser a 778 nm,
stabilisée sur la transition a deux photons 5S-5D de l'atome de rubidium. Ce laser
étalon présente des qualités métrologiques dix fois supérieures a celles du laser He-Ne
stabilisé sur I'iode : sa stabilité relative est de 4 x 10713 sur 1 s et sa reproductibilité de
3 x 10712, De plus, il permet une mesure relativement aisée de la transition 2S-8S/D
de I'hydrogene grace a la quasi-coincidence des fréquences des deux transitions :

V(28 — 85/ D) = vy (58 — 5D) + 40 GH (3.12)
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les 40 GHz étant mesurés par battement avec une source hyperfréquence sur une diode
Schottky. Ce nouvel étalon de fréquence sera par la suite, utilisé pour d’autres transi-
tions, en particulier 25-12D.

Un chaine de multiplication de fréquence, développée au BNM-SYRTE par 1'équipe
d’André Clairon relie la fréquence d’'une diode laser étalon du méme type a celle du
laser a C'O4 stabilisé sur une raie hyperfine de la molécule OsQy. La fréquence de ce
dernier est mesurée par rapport a ’horloge a césium.

Une autre avancée déterminante de cette période est le lien par fibre optique entre
le LKB et le BNM-SYRTE qui permet de mesurer le laser excitateur de la transition
directement par rapport a 'horloge a césium (en comparant les fréquences des diodes
étalons du LKB et du BNM-SYRTE) [42]. La précision obtenue sur la constante de
Rydberg est alors de 8 x 10712,

Cette transition a également été mesurée dans I’atome de deutérium pour lequel on a :

V(25 —8S/D) = vpy(5S — SD) + 144 GH = (3.13)

3.3 La mesure de la transition 2S-12D dans I’hy-
drogene et le deutérium

En 1996, mettant a profit ce nouvel étalon de fréquence, I’équipe se lance dans la
mesure de la transition 2S-12D. Elle est a priori intrinsequement plus précise que celle
de la transition 2S-8D car la largeur de raie est plus faible (572 kHz pour 2S-8D, 172 kHz
pour 25-12D). Un autre avantage d’une telle transition est qu’elle est plus sensible aux
champs électriques parasites, les effets Stark quadratique et linéaire variant en n” et en
n? respectivement. Son étude permet donc de tester les corrections Stark qui avaient été
rajoutées dans les profils de raie théoriques dans le cadre des mesures des fréquences des
transitions 2S-8S/D. De plus, du point de vue de la difficulté expérimentale, la mesure
de ces transitions n’implique que peu de modifications sur la chaine de fréquence utilisée
pour les transitions 25-8S/D. Un autre intérét de la mise en oeuvre de la chaine de
fréquence nécessaire a la mesure des transitions 25-12D est le transfert en phase de la
fréquence du laser de référence a COy du BNM-SYRTE (voir équation 3.15).

Le résultat de cette mesure, détaillée dans la suite de ce chapitre ainsi que dans la
référence [43] jointe, s’est finalement révélé moins précis (1,2 x 10711 que celui obtenu
sur la transition 2S-8S/D a cause d’un rapport signal a bruit plus faible et d’'un effet
Stark quadratique plus grand. Néanmoins, en prenant en compte cette mesure, effectuée
sur ’hydrogene et le deutérium, et toutes les mesures de grande précision réalisées dans
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I’équipe et dans d’autres groupes, la constante de Rydberg a pu étre déterminée avec
une incertitude relative de 7,7 x 107'2 [43].

3.3.1 Le schéma de fréquence

Le schéma de fréquence qui nous a permis de mesurer la transition 2S-12D dans les
atomes d’hydrogene et de deutérium comporte deux équations :

V(QS - 12D)750nm + V(DLmt)809nm = 2V(DL/Rb)778nm (314)

I/(2S — 12D)750nm — V(DLint)SOQTLm = I/(OOQP(8))10Mm (315)

ot V(D Lint)soonm représente la fréquence d'une diode laser intermédiaire a 809 nm,
v(DL/Rb)7rsnm est la fréquence de notre diode laser étalon, stabilisée sur la transi-
tion & deux photons du rubidium et v(CO2P(8))10um la fréquence du laser a CO4 du
SYRTE, stabilisé sur la raie P(8) de la molécule de OsOy et référencé par rapport a
I’horloge a césium. Dans le cas du deutérium, la fréquence du laser a CO, doit étre
stabilisée sur la raie R(4).

L’équation (3.14) est réalisée au LKB, ’équation (3.15) au SYRTE, les deux labora-
toires étant reliés par deux fibres optiques de 3 km de long installées durant la these
de Béatrice de Beauvoir [42].

On constate que la réalisation de ce schéma de fréquence nécessite I'introduction d’'un
laser auxiliaire a 809 nm. Plus précisement, la chaine de fréquence développée pour
cette mesure est représentée par la figure (3.3). Elle nécessite la mise en oeuvre d’un
doublage et d'une somme de fréquence pour la partie développée au LKB.

3.3.2 Le dispositif expérimental

Le dispositif expérimental est détaillé dans I’article [43] joint au manuscrit.
L’objectif de la chaine de fréquence est donc de mesurer tres précisement la fréquence du
laser TiSay,q qui excite la transition a deux photons dans I’hydrogene ou le deutérium.
Ce laser est asservi sur le pic d’une cavité Fabry Perot ultra-stable, elle-méme référencée
sur le laser hélium-néon stabilisé sur l'iode.

Il faut, d’une part, réaliser le premier terme de 1’égalité (3.14). Pour cela, la source a
809 nm est fournie par une diode laser en cavité étendue (DL;,;) de puissance de sortie
de l'ordre de 30 mW. La fréquence d'un second laser TiSa (TiSag,,) délivrant environ
300 mW a 750 nm est sommée avec celle de la diode a 809 nm dans un cristal de LBO,
fournissant ainsi un faisceau a 389 nm. Les faisceaux TiSag,, et DL;,; sont modulés en
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FiG. 3.3 — Chaine de multiplication de fréquence pour la mesure de la transition 25-12D

fréquence et asservis sur deux pics d’'une seconde cavité Fabry Perot ultra-stable.
Pour réaliser le second membre de I’égalité (3.14), une diode laser d'une puissance de
sortie de 50 mW est injectée par la diode étalon stabilisée sur la transition a deux
photons du rubidium et doublée en fréquence au moyen dun cristal de LBO, placé
dans une cavité en anneau. On obtient ainsi environ 10 W dans l'ultraviolet. Un filtre
suiveur est asservi en phase sur le battement a la fréquence d; entre les deux faisceaux
ultraviolets.

L’équation (3.15) est réalisée au SYRTE. Une partie du faisceau de la diode laser a
809 nm est envoyée au SYRTE par fibre optique et asservie en phase sur une source a
809 nm locale. La fréquence de cette derniere est sommée a la fréquence d’un laser a
COy intermédiaire dans un cristal de Ag(GaSs pour produire un faisceau a 750 nm. Ce
faisceau rouge permet d’asservir en phase, avec un décalage de fréquence 9, une diode
laser a 750 nm qui est renvoyée au LKB via la seconde fibre optique. Cette diode laser a
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750 nm est décalée de v(C'O,) + ¢ par rapport a celle a 809 nm. Nous utilisons alors un
second filtre suiveur pour compter le battement de fréquence d5 entre la diode a 750 nm
et la fréquence du laser TiSa,,,. Finalement, on mesure la fréquence d3 du battement
entre les lasers TiSag,, et TiSapy. Dans le cas de I'hydrogene, d3 vaut 2,4 GHz et
est mesuré sur une photodiode rapide. Dans le cas du deutérium, cette fréquence étant
plus élevée (63=41,3 GHz), la détection du battement nécessite 1'utilisation d’'une diode
Schottky.

Finalement la fréquence du laser TiSay,q est déduite de la mesure des fréquences 41, 0,
et 0s.

1
I/(TiSahyd) = V(DL/Rb)778nm + 5<V(CO2) + (5 + 51 + (52) -+ 53 (316)

L’avantage de ce schéma expérimental est qu’il permet de compter toutes les fréquences
localement, en I'occurence au LKB. Il fournit, a mon avis, une bonne illustration de la
complexité des chaines de fréquence antérieures a I’apparition des peignes de fréquences
optiques.

3.3.3 Le traitement de données et les résultats

Le traitement des données consiste a ajuster les signaux expérimentaux sur des
formes de raie calculées, prenant en compte le plus d’effets possibles, susceptibles d’élar-
gir les spectres ou de déplacer leur fréquence centrale. Le calcul des formes de raie s’est
affiné au cours de temps et est tres bien détaillé dans la these de Béatrice de Beauvoir
[25]. J’en décris ici uniquement le principe en insistant sur la prise en compte de U'effet
Stark, partie a laquelle j’ai largement contribué, notamment par le calcul des coeffi-
cients de couplage (voir 'article joint [44]). Ce travail nous a permis de disposer pour
I’ajustement des signaux expérimentaux, de nouveaux profils de raie, plus précis que
les précédents.

La procédure d’ajustement

Le principe de calcul de la forme de raie est de déterminer la probabilité de destruc-
tion des métastables pour une trajectoire atomique donnée dans la zone d’interaction
avec 'onde laser, puis de moyenner sur toutes les trajectoires possibles ainsi que sur
toutes les vitesses atomiques.

La procédure d’ajustement des courbes expérimentales sur les formes de raie théoriques
est la suivante :
- a partir de la forme de raie théorique, on calcule les formes de raies pour différentes
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puissances intracavité.

- on réalise alors une premiere convolution avec une gaussienne dont la largeur A,
prend en compte différentes causes d’élargissement (largeur en fréquence du laser, élar-
gissement di au temps de transit transversal les trajectoires atomiques n’étant pas
strictement paralleles au faisceau laser, élargissement Zeeman, élargissement par colli-
sions).

- une seconde convolution avec une gaussienne de largeur Ap traduit les fluctuations
de la puissance lumineuse vue par les atomes.

On a quatre parametres ajustables : le nombre de métastables hors résonance, la puis-
sance lumineuse, la fréquence centrale de la transition atomique non corrigée des dé-
placements lumineux, de ’effet Doppler du second ordre, de la structure hyperfine du
niveau D, et finalement la largeur de la gaussienne A,. Au cours de ’ajustement, on
effectue une interpolation quadratique pour la puissance et linéaire pour la fréquence.

L’effet Stark

Dans notre dispositif expérimental, les champs électriques parasites sont réduits a

quelques mV /cm grace a une couche d’Aquadag recouvrant U'intérieur de I'enceinte a
vide (I’Aquadag est constitué de graphite colloidal conducteur en suspension dans une
solution d’amoniaque). Néanmoins, comme 1’élément de matrice de ’hamiltonien Stark
Vs = —d.E (ou E est le champ électrique et d le moment dipolaire) varie en n?, un tel
champ électrique peut déplacer et élargir les raies surtout pour les transitions 25-12D.
Le couplage entre états |[nLJFmpg) et [nL'J F'mp/) induit un effet Stark quadratique
variant en n’ pour J # J' et un effet Stark linéaire variant en n? pour J = J'. Un calcul
au second ordre donne la contribution quadratique. Comme la partie anisotrope de cette
contribution est tres petite (1,8% pour les niveaux 12Dj ), seule la partie scalaire, c’est-
a-dire la valeur moyenne sur les sous-niveaux mp, indépendante du nombre quantique
F', doit étre prise en compte.
L’effet Stark linéaire couple, par exemple dans le cas des transitions 25-12D, les 12
sous-niveaux 12Dj 5 (F,mp) avec les 12 sous-niveaux 12F55(F,mp). Sa contribution est
plus complexe a déterminer et est susceptible de décaler le barycentre de la raie. Le
champ électrique parasite est évalué a partir de la largeur des transitions 2S-15D et
25-20D, enregistrées a la fin des périodes de prises de données des transitions 25-8S/D
par exemple. Jusqu'en 1993, les fréquences mesurées étaient directement corrigées du
champ électrique. Puis, la précision des mesures augmentant, il s’est avéré nécessaire
de prendre en compte les corrections dues a l'effet Stark dans les calculs de forme de
raie.
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Le principe du calcul, détaillé dans I’article joint [44], consiste a prendre en compte
simultanément la largeur naturelle et le couplage par effet Stark. On considere un état
initial |g) couplé a p états |e) par la lumiere, ces états |e) étant mélangés a p états | f)
par 'hamiltonien Stark V. L’évolution de I'opérateur matrice densité p s’écrit :

dp 1
dt Zh [( 0 L S) 7p] ( )
ou Hj représente I'’hamiltonien non perturbé, Vi, I'excitation a deux photons.
On fait I'approximation des champs tournants et si la fréquence de Rabi de la transition
a deux photons est tres petite par rapport a la largeur naturelle des états |e), on peut
négliger les populations et les cohérences des états excités. Dans le référentiel tournant,
on remplace 'opérateur matrice densité par 'opérateur o :
T99 = Pgg
Teg = Peg €XP(2iwt)
Tge = Pge €Xp(—2iwt)
et on introduit les différences de fréquence :
A, = 2w — w,e
A f= 2w —w f
ou w est la fréquence d’excitation.
On peut ainsi écrire ’équation d’évolution de oy, les p équations d’évolution de o,
ainsi que celles de o,. On suppose ensuite que les cohérences o, et o, suivent adia-
batiquement la population o, c’est-a-dire que
doeg  dogg
—=—"=0 3.18
dt dt ( )
Finalement, on obtient p équations pour o4, en fonction des p inconnues o.,4, ce qui
peut s’écrire sous la forme :
0
Aloeg] = 7/[76]099 (3.19)
ou les éléments de matrice de 'opérateur A se calculent en fonction des coefficients de
couplage entre les différents états e et f. (), est la fréquence de Rabi a deux photons.
L’équation d’évolution de la population de I'état fondamental s’écrit finalement :
Qe Qe

= —Lgg049 = 2%6[7]TA_1[7]099 (3.20)

dogg

dt

ou I'y, est la probabilité de transition a deux photons. Soit,

e

=] (3.21)

Qerp
Ly = —23%[7]34 |
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Comme on ne connait pas la direction du champ électrique, il est nécessaire de calculer
les formes de raies pour les deux composantes, c’est-a-dire parallele et perpendiculaire
a la direction de polarisation du laser.

On ajuste ensuite le profil calculé pour différentes valeurs du champ électrique sur les
courbes expérimentales sans convolution par la gaussienne de largeur A,,. Ceci nous a
permis d’évaluer le champ parasite a 2,0(1,0) mV /cm pour la série d’enregistrements de
la transition 25-12D. En faisant la différence entre les centres des profils correspondants
a F=0 mV/cm et F=2 mV/cm, nous en avons déduit un déplacement Stark de -
2,1(1,2) kHz pour le niveau 12D5/5 et de -6,0(4,9) kHz pour le niveau 12D/, dans
I’hydrogene et le deutérium.

Les résultats sur la mesure de la transition 2S-12D et sur la constante de
Rydberg

En 1998, nous avons procédé a la mesure des transitions 2S; jo(F)-12D5 2 et 2S; j2(F)-
12D3/5 dans I'hydrogene (F=1) et dans le deutérium (F=3/2). Pour chaque transition,
le signal atomique est enregistré pour au moins 50 valeurs de la puissance lumineuse.
237 enregistrements, d'une durée de 20 minutes chacun, ont été réalisés. Un spectre
typique est représenté sur la figure (3.4). L'incertitude statistique sur la fréquence me-
surée pour chaque transition est de I'ordre de 6 x 10712 A cette incertitude statistique,
il faut rajouter les effets systématiques estimés, dans le cas de la transition 2, (F=1
ou 3/2)-12D55, a 2,1 kHz pour leffet Stark, 1 kHz pour I'effet Doppler du second ordre,
2 kHz pour la mesure de la diode laser étalon stabilisée sur le rubidium, et finalement
4,5 kHz pour les imperfections du modele théorique.

En utilisant la valeur du déplacement de Lamb Log_op obtenue par spectroscopie micro-
onde, on peut déduire de notre mesure de la transition 25;/5-12D5/, une détermination
de la constante de Rydberg avec une incertitude relative de 1,2 x 107'%. Ce résultat,
en bon accord avec les précédents, est cependant légerement moins précis que celui
obtenu a partir des transitions 25-8D. Ceci est principalement dii a un rapport signal
a bruit plus faible ainsi qu’a un effet Stark plus important. Ce dernier est néammoins
plus précisement évalué grace au travail réalisé sur le calcul des formes de raie.
L’article joint [43] reprend cette mesure ainsi que toutes les mesures de précision réali-
sées sur I’hydrogene et le deutérium afin de déterminer la constante de Rydberg et les
déplacements de Lamb des niveaux 1S et 2S. L’incertitude relative de la constante de
Rydberg ainsi obtenue est égale & 7,7 x 10712
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FiG. 3.4 — Spectre de la transition 25} o(F = 1) — 12D5 9

3.4 Conclusion et perspectives

Les expériences de spectroscopie a deux photons dans les atomes d’hydrogene et
de deutérium, qui ont débuté dans notre équipe en 1986, ont permis d’améliorer la
connaissance de la constante de Rybgerg d’un facteur 25.

Expérimentalement, la précision des mesures a partir du niveau 2S est actuellement
limitée par le nombre de métastables participant a la transition. En effet, 'utilisation
d’une importante puissance lumineuse, nécessaire a assurer un rapport signal a bruit
correct pour pallier la faiblesse du nombre d’atomes, engendre des effets systématiques
et élargit la raie a cause de I'inhomogénéité des déplacements lumineux. Une autre
limitation est donnée par la connaissance expérimentale du déplacement de Lamb du
niveau 2S.

En ce qui concerne les transitions a partir du niveau fondamental, la mesure de la
transition 15-3S est en cours dans notre équipe. Une mesure au kHz permettrait de
déterminer la constante de Rydberg & 5 x 107'2, mais surtout le déplacement de Lamb
du niveau 1S au niveau de la dizaine de kHz.

La compétition qui existe entre notre groupe et celui de T.W. Hénsch a initié le dévelop-
pement de nouveaux outils expérimentaux, dédiés a la mesure de fréquences optiques :
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I’étalon de fréquence qu’est la diode laser stabilisée sur la transition a deux photons
5S5-5D du rubidium, les peignes de fréquences générés par laser titane-saphir femto-
seconde. Les résultats obtenus dans les deux équipes se sont révélés complémentaires
pour 'amélioration de la connaissance de la constante de Rydberg. Ils le seront égale-
ment pour la détermination du déplacement de Lamb du niveau 1S en combinant les
mesures des transitions 1S-2S et 1S-3S.

En ce qui concerne la théorie, les techniques actuelles de calcul des corrections QED
semblent avoir atteint leurs limites. De nouveaux développements passent par une
meilleure connaissance de la distribution de charge du proton. Cet état de fait sti-
mule le projet de grande envergure qu’est la spectroscopie de la transition 2S-2P de
I’hydrogene muonique développée autour de 'accélérateur du PSI. En effet, une mesure
précise du "rayon du proton” permettrait de tester les prédictions de 1’électrodynamique
quantique et d’améliorer la précision sur la constante de Rydberg.
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We have performed a pure optical frequency measurement of the 25-12D two-photon transitions
in atomic hydrogen and deuterium. From a complete analysis taking into account this result and all
other precise measurements (by ourselves and other authors), we deduce optimized values for the
Rydberg constant, R.. = 109737.31568516(84) cm™! (relative uncertainty of 7.7 X 10~'2) and for
the 1S and 2S Lamb shifts L5 = 8172.837(22) MHz and Lys,r = 1057.8446(29) MHz [respectively,
Lis = 8183.966(22) MHz, and Lys,p = 1059.2337(29) MHz for deuterium]. These are now the most

accurate values available.

PACS numbers: 06.20.Jr, 21.10.Ft, 31.30.Jv

For many years, Doppler free two-photon spectroscopy
has been applied to the hydrogen atom in order to test
quantum electrodynamics calculations and to improve the
precision of the Rydberg constant R.. [1]. Recently,
the uncertainty of the measurements has been reduced
to a level below 10~'' thanks to optical frequency-
multiplication chains, which link the measured frequency
via intermediate standard lasers to the caesium clock.
With such a chain, Hansch and co-workers have taken
advantage of the small natural width of the 15-2S two-
photon transition (1.3 Hz) to measure this frequency with
an uncertainty of 3.4 x 107'3 [2]. In our group, we have
made absolute frequency measurements of the 25-85/D
transitions with an accuracy better than 8 X 10712 [3].
In this last case, the precision was limited by the line
shape analysis which becomes complicated by a large
broadening (up to 1 MHz) due to the inhomogeneous
light shift. The comparison of the 1S-2S and 2S-8S/D
measurements has provided very precise determinations
of R. and of the Lamb shift [2,3]. Nevertheless, in
order to confirm our 25-8S/D frequency measurements,
we have built a new chain to measure the frequencies
of another transition, that is the 25-12D transition. This
transition yields complementary information to our study
of the 2S5-nS/nD transitions, because it is very sensitive
to stray electric fields (the shift due to the quadratic Stark
effect varies as »n’), and so such a measurement is a
stringent test of Stark corrections to the Rydberg levels.
In this Letter, we present these new results and make a
complete analysis of the optical frequency measurements
to determine the best values for R.. and the Lamb shifts.

Our new frequency chain uses two standard lasers, a
laser diode stabilized on the 5S-5D two-photon transition
of rubidium (LD/Rb laser, A = 778 nm, v = 385 THz)
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and a CO, laser stabilized to an osmium tetraoxyde
line (labeled CO,/0s0y4, A = 10 um, v = 29 THz). In
1996, the frequencies of three LD/Rb lasers, one in the
Laboratoire Kastler Brossel (LKB) and two in the Labo-
ratoire Primaire du Temps et des Fréquences (LPTF),
were measured with a frequency chain which connected
the LD/RDb laser to the CO,/0sO, standard [4]. More
recently, the frequency measurement of this CO,/0sO4
standard has been remade with respect to the Cs clock
with an uncertainty of 20 Hz (i.e., a relative uncertainty
of 7 X 10713) [5]. This last measurement corrects the
previous one of the CO,/0sO, standard by —87 Hz.
With this correction, the frequency of the LD/Rb standard
laser working at the LKB is 385285 142 369.4(1.0) kHz.
We have kept a conservative uncertainty of 1 kHz which
takes into account the day-to-day repeatability and the
long term stability of the LD/Rb standard and the
accuracy of the CO,/0s0, standard (13 X 20 Hz).

The frequency gap between the 2S-12D lines (A =
750 nm, v =~ 399.5 THz) and the LD/Rb standard is
almost equal to half of the CO,/0s0Q, standard frequency.
We have built an optical frequency divider to reduce this
frequency by a factor of 2 [2,6]. The different parts
of the experiment are carried out simultaneously at the
LKB and LBTF (see Fig. 1). The two laboratories are
linked by two, 3 km long, optical fibers which are used,
via a phase coherent chain, to transfer the CO,/0sO,
frequency reference from LPTF to LKB. The frequency
shift introduced by these optical fibers is at most 3 Hz [7].
We use an auxiliary laser at 809 nm (v = 370.5 THz)
and the laser frequencies satisfy the equations,

v(25-12D) + v(809) = 2vRp ,
v(25-12D) — v(809) = v(CO,).

© 1999 The American Physical Society
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FIG. 1. Outline of the frequency chain between the 25-12D
hydrogen frequencies and the LD/Rb and CO,/0s0, standards.
The details are explained in the text.

A laser diode (power of 50 mW) is injected by the LD/Rb
standard at 778 nm and frequency doubled in a LiB;05
(LBO) crystal placed in a ring cavity. The generated
UV beam is frequency compared to the frequency sum
(made also in an LBO crystal) of the 750 and 809 nm
radiations produced by a first titanium-sapphire laser
(about 300 mW) and a laser diode (about 30 mW). One
part of the 809 nm radiation is sent via one fiber to the
LPTF. There, a 809 nm local laser diode is phase locked
on the LKB one. A frequency sum of this 809 nm laser
diode and of an intermediate CO, laser in an AgGaS,
crystal generates a wave at 750 nm. This wave is used
to phase lock a laser diode at 750 nm which is sent
back to the LKB by the second fiber. In such a way,
the two equations are simultaneously satisfied and all
the frequency counting is performed in the LKB. A
second titanium-sapphire laser induces the two-photon
transitions. For the hydrogen measurements, the CO,
intermediate laser uses the P(8) line [respectively, CO,
R(4) line for deuterium], and the residual frequency
difference between the two titanium-sapphire lasers is
about 2.5 GHz (respectively, 41.3 GHz for deuterium).
These frequency beat notes are detected with a photodiode
or a Schottky diode.

The hydrogen experiment has been described elsewhere
[3,8]. To reduce the collisional and transit time broaden-
ing, the two-photon transitions are induced in a metastable
atomic beam collinear with the laser beams. We use a
highly stable titanium-sapphire laser with a frequency jit-
ter and a long term stability of a few kHz [9]. Thanks
to an enhancement cavity surrounding the atomic beam,
the optical power can be as much as 50 W in each direc-

tion with a beam waist of 646 um. At the end of the
atomic beam, an electric field quenches the metastable
atoms and we detect the Lyman-« fluorescence to mea-
sure the metastable yield. As the excited 12D states de-
cay preferentially to the 1S ground state in a proportion of
95%, the optical excitation can be detected via the corre-
sponding decrease of the 25 beam intensity. The acquisi-
tion and analysis of the experimental data follow the same
procedure as in Ref. [8]. To evaluate the light shift, which
is the major source of shift and broadening, we record the
atomic signal for different laser intensities, and we ex-
trapolate the line position to zero light power. For each
recording, a theoretical profile is fitted to the experimental
curve. This theoretical line shape takes into account the
light shift, the saturation of the transition, the small hyper-
fine structure of the 12D levels, the photoionization, the
small deviation of the atomic trajectories due to the light
forces, as well as the second-order Doppler shift. The ve-
locity distribution is measured by monitoring the Doppler
shifted 2S-6P transition. Each fit gives both the experi-
mental line center and the line position corrected for light
shift and hyperfine structure of the 12D level. As we
measure continuously the various beat frequencies of our
frequency chain, we can deduce the absolute frequency of
the line. Finally, the result is corrected for the shift due to
black-body radiation (2.1 kHz for the 12D levels at 330 K
[10]) and for the Stark shift due to stray electric fields. To
evaluate these fields, we have studied the 25-20D transi-
tions. In this case, the broadening due to the linear Stark
effect is large (it varies as n2) and, from the line shape
of the 25-20D transitions, we deduce a mean value of
the stray electric fields of 2.0 (1.0) mV/cm. A careful
analysis of the Stark effect, including the mixing of the
quasidegenerate levels (Ds/»-Fs;, and D3/2-P3/2), gives a
Stark shift of —2.1 (1.2) kHz and —6.0 (4.9) kHz for the
12Ds/, and 12D3; levels.

We have studied the 2S;,(F =1 or3/2)-12Ds),
and 2S;,2(F = 1 or 3/2)-12Dj3, transitions in hydrogen
and deuterium. For each transition, the atomic signal is
recorded for at least 50 light powers, and, in total, we
have used 237 runs (20 min long) for data collection.
The measured frequencies (after correction of the hy-
perfine structures) are reported in Table I. The quoted
uncertainties are due only to the statistics. The two
experimental results for the 12Ds,, and 12D3, levels can
be compared by taking into account the theoretical value
of the fine structure and the Lamb shift of the 12D levels.
Following recent calculations of the Bethe logarithm
[11], these Lamb shifts are Lisp,, = —17.6(2) kHz
and Liop,, = 21.5(2) kHz in hydrogen and deuterium.
Finally, we obtain two independent values of the
281/2-12Ds, interval (see Table I) which are in fair
agreement for hydrogen and deuterium. The average
values are, respectively, 799191727402.8(6.7) kHz
and 799409184 967.6(6.5) kHz.  These uncertainties
(1 standard deviation) are due to the statistical error, the
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TABLE I. Frequencies of the 25-12D two-photon transitions.
Measured frequency 281/,-12Ds, Deduced
Transition (MHz) frequency (MHz)

Hydrogen
2/81/2-12Ds5 799191 727.4037 (47) 799191 727.4037
281/,-12D3), 799191710.4727 (62) 799191 727.3999
Mean value of the
281/2-12Ds/, measurements: 799191 727.4028 (67)
Deuterium
2/81/2-12Ds, 799409 184.9668 (45) 799409 184.9668
281/-12D3), 799409 168.0380 (44) 799409 184.9698
Mean value of the
281/,-12Ds;, measurements: 799409 184.9676 (65)

Stark effect (2.1 kHz), the second-order Doppler effect
(1 kHz), the stability and the measurement of the LD/Rb
standard laser (2 kHz), and the imperfections of the theo-
retical model (4.5 kHz). These measurements are slightly
less precise than our previous ones of the 25-85/D tran-
sitions [3,12], because of the smaller signal-to-noise ratio
and the larger quadratic Stark effect.

Table Il gives the values of the Rydberg constant de-
duced from different transitions by several methods. It
is convenient to express an energy level in hydrogen as
the sum of two terms: the first, given by the Dirac equa-
tion and by the first relativistic correction due to the
recoil of the proton, is known exactly, apart from the
uncertainties in the physical constants involved (mainly
R.). The second term is the Lamb shift, which con-
tains all the other corrections, i.e., the QED corrections,
the other relativistic corrections, and the effect of the
proton charge distribution. Consequently, to extract R..
from the accurate measurements one needs to know the
Lamb shifts. For this analysis, the theoretical values of
the Lamb shifts are sufficiently precise, except for those
of the 1S and 2S levels. In hydrogen, there have been
several precise determinations of the 25 ,,-2P;, splitting

TABLE II.

by microwave spectroscopy [13] and by the anisotropy
method [14]. Using the mean value of these results
[Lysop = 1057.8454(65) MHz], we can deduce from our
281,2-12Ds, determination a value of the Rydberg con-
stant R, = 109737.315684 5(13) cm™'. The uncertainty
(1.2 X 10711) comes from the frequency measurement
(8.4 X 107'2), the 2§ Lamb shift (8.1 x 107'2), and
the proton-to-electron mass ratio (1.3 X 107'2) [15]. To
compare our present result with our earlier one [3],
Table Il gives the Rydberg constant value deduced from
the 25-8D measurement with the same procedure. These
two values are in acceptable agreement (they differ by
about 1 standard deviation). Although slightly less pre-
cise, our new result confirms our previous one and shows
that the correction due to the quadratic Stark effect is well
analyzed (this correction is 17 times larger for the 12D
than for the 8D levels). Table Il gives the average of
these two results with an uncertainty of 10~!!. This result
is the most precise if we do not make theoretical assump-
tions concerning the 1S and 25 Lamb shifts.

The other methods to determine R.. use the 1/n3
scaling law of the Lamb shift which gives the theoretical
value of the linear combination of the Lamb shifts

Determination of the Rydberg constant R...

Method and transitions involved

(R.. — 109737) cm™!

Determination of R.. from the 2S-nD and 25-2P measurements

25-12D and 2S-2P in hydrogen
25-8D and 2S-2P in hydrogen
2S-12D, 25-8D, and 2S-2P in hydrogen

Determination of R.. without the 2S-nS/D measurements
15-28, 25-2P, and 1/#3 law in hydrogen

0.315 6845 (13)
0.3156858 (13)
0.3156852 (11)

0.315 6854 (20)

Determination of R.. from linear combination of optical frequencies measurements

28-12D, 15-2S, and 1/n* law in hydrogen

25-12D, 15-2S, and 1/n* law in deuterium

25-12D, 15-2S, and 1/n* law in hydrogen and deuterium
25-8D, 1S-2S, and 1/n3 law in hydrogen and deuterium

25-8D, 25-12D, 15-28, and 1/n* law in hydrogen and deuterium

General least squares adjustment in hydrogen and deuterium

0.315 6838 (17)
0.3156838 (16)
0.315 6838 (13)
0.315 6861 (12)
0.3156850(10)

0.315685 16 (84)
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L1s-8L,s [16]. Using this relation and the measurements
of the 2S5 Lamb shift, it is possible to extract a value of R..
from the very precise measurement of the 15-2S transition
[2]. The result, independent of our 2S-nD measurements,
is given in the second part of Table Il and agrees perfectly
with the value deduced from the 25-nD frequencies.

Finally, in the third part of Table Il, we give the
values of R.. obtained from the linear combination of
several optical frequencies. For example, if we consider
the frequencies vy5s and wig.q2p Of the 1S5-2S5 and
28-12D intervals, we can form the linear combination
Tvas.12p-V1s-25, Where the theoretically well-known quan-
tity Li5-8L,s appears. This method is independent of
the microwave measurements of the 25 Lamb shift and is
relevant for both hydrogen and deuterium. If we consider
the 15-28 and 2S-12D transitions, the values obtained for
hydrogen and deuterium are in excellent agreement (see
Table I1). With a least squares procedure, it is possible to
apply this method to several transitions. If we use all the
precise optical frequency measurements in hydrogen and
deuterium (transitions 1S5-2S, 25-8D, and 2S5-12D), we
obtain a value of R.. more precise than the previous ones.
This method also provides very accurate determination of
the 1S and 2S Lamb shifts, Lis = 8172.834(26) MHz
and Lysop = 1057.8442(34) MHz [respectively,
8183.963(26) MHz and 1059.2333(34) MHz for deu-
terium]. This result for the 25 Lamb shift is independent
and more precise than the direct determinations made by
microwave spectroscopy.

To make an average of these various determinations
of R., we have performed a least squares adjustment
which takes into account the measurements of the 2§
Lamb shift [13,14], the optical frequency measurements
of the 15-25 [2], 25-8D [3], and 2S-12D transitions
in hydrogen and deuterium, and also the measurements
of the 1S Lamb shift made by frequency compari-
son of the 15-2§ and 2S-4S/P/D transitions [17,18]
or of the 15-3S and 25-6S/D ones [19]. We obtain
the values R. = 109737.31568516(84) cm™!, Lig =
8172.837(22) MHz,and L,s.,p = 1057.8446(29) MHz [re-
spectively, 8183.966(22) MHz and 1059.2337(29) MHz
for deuterium]. These values, which take into account all
the most recent results, are the most precise to date. The
1S Lamb shift value is in poor agreement with the more
recent calculation in hydrogen [L;s = 8172.731(40) MHz
with the proton radius r, = 0.862(12) fm [20]]. Assum-
ing the validity of these QED calculations, we deduce
rp, = 0.900(16) fm.

To conclude, we have made an optical frequency
measurement of the 2S-12D transition in hydrogen and
deuterium. This result confirms our previous work on the
25-8S/D transitions and, furthermore, we have reduced
the uncertainty in the Rydberg constant to less than 7.7 X

102, We present also an exhaustive analysis of the most
accurate measurements in hydrogen and deuterium which
shows that the optical frequency measurements have
superseded the microwave determination of the 25 Lamb
shift. The precision is now limited by the uncertainties of
the 25-nD frequencies.
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Abstract. We present a detailed description of several experiments which have been previously reported
in several letters: the determination of the 1S Lamb shift in hydrogen by a comparison of the frequencies
of the 1S-3S and 2S-6S or 2S-6D two-photon transitions, and the measurement of the 2S-8S/D and
25-12D optical frequencies. Following a complete study of the lineshape of the two-photon transitions,
we provide the updated values of these frequencies which have been used in the 1998 adjustment of
the fundamental constants. From an analysis taking into account these results and several other precise
measurements by other authors, we show that the optical frequency measurements have superseded the
microwave determination of the 2S Lamb shift and we deduce optimized values for the Rydberg constant,
Roo = 109737.315 685 50(84) cm™! (relative uncertainty of 7.7 x 107'2) and for the 1S and 2S Lamb shifts
L(1S) = 8172.840(22) MHz and L(25-2P) = 1057.8450(29) MHz (respectively, 8183.970(22) MHz and
1059.2341(29) MHz for deuterium). These are now the most accurate values available.

PACS. 06.20.Jr Determination of fundamental constants — 21.10.Ft Charge distribution —
31.30.Jv Relativistic and quantum electrodynamic effects in atoms and molecules

1 Introduction

Over the past two decades the absolute measurement of
wavelengths or frequencies of hydrogen has been continu-
ously improved with the aim of determining the Rydberg
constant and testing quantum electrodynamics calcula-
tions. With the interferometric measurements, the rela-
tive accuracy was in the range of one part in 100, A re-
view of these results is provided in reference [1]. Recently,
the interferometric measurements have been superseded
by accurate optical frequency ones. The latter make use of
frequency-multiplication chains which link the measured
frequency, via intermediate standard lasers, to the caesium
clock. With this method, Hénsch and collaborators have
measured the optical frequency of the 1S-2S two-photon
transition with an accuracy better than 3.4 x 10713 [2,3].
In our group, we have studied the 25—nS and 2S—nD two-
photon transitions. In 1993, we measured the optical fre-
quencies of the 281/2*881/2, 281/2*8])3/2 and 281/2*8D5/2
transitions in hydrogen with a frequency chain using two
standard lasers (the iodine stabilized and the methane sta-

> Affiliated with Université d’Evry Val d’Essonne, France.
> e-mail: biraben@spectro. jussieu.fr
¢ Laboratoire associé au CNRS, UMR 8552.

bilized helium-neon lasers) and obtained a precision in the
range of 10711 [4,5]. In 1996, we remade these measure-
ments in hydrogen and deuterium with an accuracy better
than one part in 101! [6]. We used a new frequency chain
with a new standard laser, namely a diode laser at 778 nm
stabilized on the 5S-5D two-photon transition of rubidium
(LD/RD laser). The frequency of this standard was mea-
sured with a frequency chain at the Laboratoire Primaire
du Temps et des Fréquences (LPTF) [7]. More recently, in
order to check these 25-8S/D frequency measurements,
we have built a new chain to measure the frequencies of
the 2S-12D transitions in hydrogen and deuterium [8]. In
parallel, we have taken advantage of our experimental set-
up on the 25-nS/D transitions to deduce the Lamb shift
of the 1S level via a comparison of the frequencies of the
1S-3S and 2S-6S/D transitions [9].

The aim of this paper is to relate in detail these exper-
iments. Section 2 describes our apparatus for the obser-
vation of the 25-nS and 2S—nD transitions, which is the
corner stone of our hydrogen experiments. The Doppler
free two-photon transitions, in the range 750-820 nm, are
induced by a highly stable titanium-sapphire laser. To re-
duce the transit time broadening, we use an atomic beam
colinear with the laser beam. Section 3 is devoted to the
line shape analysis of the 25-nS/D transitions. We follow
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Fig. 1. Experimental geometry of laser and atom beams to
observe the 2S—nS and 2S5—nD two-photon transitions. When
the laser frequency is scanned over the resonance, we observe
a decrease of the metastable yield (see the inset).

the same procedure as in our previous work [10-12]. We
calculate the two-photon transition probability for a single
atom and average over all the possible trajectories. In our
recent calculations, we have taken into account the small
hyperfine structure of the D levels, photoionisation effects,
the small deviation of the atomic trajectories due to the
light forces, as well as the second-order Doppler effect. We
present the data analysis procedure and calculate the cor-
rections due to stray electric fields. The optical frequency
measurements are presented in Section 4. We describe the
rubidium optical frequency standard and the various fre-
quency chains used to measure the 25-8S/D and 2S-12D
transitions. Finally, we give the up-to-date results, which
take into account the best line shape analysis and the most
recent measurements of the optical frequency standards.
The comparison of the 1S-3S and 2S-6S/D frequencies
is described in Section 5. Finally, in Section 6, we anal-
yse all these results to deduce the Rydberg constant and
the Lamb shifts of the 1S and 2S levels. We show that
the optical frequency measurements have superseded the
radiofrequency measurements of the 2S Lamb shift and,
using a least squares procedure which takes into account
all the precise measurements in hydrogen and deuterium,
we deduce a value of the Rydberg constant with a relative
uncertainty of 7.7 x 1072,

2 Spectroscopy of the 25—-nS and 25-nD
transitions

2.1 Method

The principle of the experiment has been described pre-
viously [10]. The experimental geometry is illustrated in
Figure 1. A metastable atomic beam is formed by elec-
tronic excitation of a 1S hydrogen atomic beam. Due to
the inelastic collision with the electron, the atomic trajec-
tory is deviated by an angle of about 20°. We use this de-
viation to make colinear, after the collision, the 2S atomic
beam with the laser beams. At the end of the atomic beam
we monitor the metastable yield: an electric field quenches
the metastable state and we detect the Lyman-« fluores-
cence. When the laser frequency is in resonance with the

«—» Hydrogen experiment

TiSa 1 «

A4

counter«Q

Fig. 2. Experimental setup for the frequency stabilisation of
the titanium-sapphire laser. The explanations are given in the
text (TiSal: titanium-sapphire laser, HeNe/Is: iodine stabi-
lized helium-neon laser, He—Ne: auxiliary helium-neon laser,
AOM1 and AOM2: acousto-optic modulators, EOM: electro-
optic modulator, FP, FPR and FPE: Fabry-Perot cavities).

2S-nS/D transition, the atoms in the nS or nD states
undergo a radiative cascade towards the 1S state in a pro-
portion of about 95%. It occurs an optical quenching of
the metastable level before the detection region and the
optical excitation can be detected via the corresponding
decrease of the 2S beam intensity (see Fig. 1).

2.2 Laser source

To induce the optical excitation, we use a home-made
titanium-sapphire laser which has been described previ-
ously [13]. With a pump power of 13 W (from a Spectra-
Physics 2030 argon ion laser), the single frequency output
power is about 2 W at 800 nm. For some experiments [4,5,
8], we use a second titanium-sapphire laser with the same
pump laser and the available power is reduced to about
1 W. For the high-resolution hydrogen spectroscopy, we
require a narrow laser bandwidth and a good long term
frequency stability. The frequency stabilisation set-up is
shown in Figure 2. The short term and long term sta-
bility are assured with two Fabry-Perot cavities, labelled
FP and FPR respectively. The principle of this stabili-
sation arrangement is to lock the titanium-sapphire laser
on the FP cavity, the FP cavity to the FPR cavity and,
finally, the FPR cavity to an iodine stabilized helium-
neon laser. A secondary laser beam from the titanium-
sapphire laser is splitted after a double pass through an
acousto-optic modulator (model 3200 from Crystal Tech-
nology at 200 MHz, labelled AOM1 in Fig. 2) and sent
on the FP and FPR cavities. The FP cavity (free spectral
range 600 MHz and finesse of about 400) is placed in a
robust vacuum box (wall thickness of 2 cm) and carefully
isolated from the external vibrations[13]. To reduce the
frequency jitter, the laser is locked, in a first step, on the
FP cavity. We use an FM sideband method [14]: the laser
beam sent in the FP cavity is phase modulated at about
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15 MHz with an electro-optic modulator (Gsénger PM25,
labelled EOM in Fig. 2). From the modulation detected
on the beam reflected by the FP cavity, we extract an
error signal which controls the piezoelectric and electro-
optic transducers monitoring the length of the laser cavity.
Thanks to this servo-loop, the frequency jitter is reduced
from 500 kHz (free running laser) to about 2 kHz [13].

The long term stability is guaranteed by the reference
Fabry-Perot cavity FPR. This cavity is very stable. It con-
sists of a 50 cm long zerodur spacer and two silver coated
mirrors, one flat and one spherical (60 cm curvature ra-
dius). Its finesse is about 75 at 633 nm and 120 at 800 nm.
A piezoelectric transducer (PZT) moves the flat mirror
thanks to a mechanical construction (made in fused silica)
which avoid the rotation of the mirror (the principle is to
deform a parallelogram) [15]. This cavity is also placed in
a vacuum box with the same design that for the FP cavity.
To obtain the long term stability, the FPR cavity is irra-
diated simultaneously by an iodine stabilized helium-neon
laser and a part of the titanium-sapphire laser (after the
double pass in the acousto-optic modulator). A first servo-
loop locks the FPR length to the helium-neon wavelength
(we use the 10 kHz frequency modulation of the helium-
neon laser). As the zerodur spacer is very stable, we have
always used, since ten years, the same fringes of the FPR
cavity (1580868 or 1580869 following the PZT voltage).
The length of the FPR cavity is also modulated (frequency
of about 4.2 kHz). This modulation is detected on the
transmission of the titanium-sapphire laser and a second
servo-loop locks the length of the FP cavity to the FPR
cavity. To scan the laser frequency, we sweep the frequency
of the radiofrequency wave which drives the acousto-optic
modulator. With this arrangement, the lengths of the two
FP and FPR cavities are fixed and the commutation time
of the laser frequency is only limited by the bandwidth
of the first servo-loop on the FP cavity (about 50 kHz).
An other advantage of this system with two cavities is
that the accuracy is given by the servo-loop on the FPR
cavity. This accuracy is better than the accuracy of the
first servo-loop on the FP cavity for two reasons: (i) the
modulation of the FPR cavity is small (about 10% of
the cavity bandwidth) and the error signal is less pertur-
bated by the transverse modes of the FPR cavity which
appear when the laser beam is not perfectly mode matched
on the cavity, (ii) the transmission signal of the cavity is
an Airy function which has approximatively a symmet-
ric Lorentzian profile. It is not the case for the servo-loop
on the FP cavity which is made with the reflected beam
by the cavity. In this case, the profile of the resonance of
the cavity can be dissymetric because of the losses of the
mirrors (it is the sum of an absorption and a dispersion
shapes due to the phase shift between the first reflection
on the input mirror and the beam which comes out of the
cavity) [15].

Thanks to our optical frequency measurements (see
Sect. 4), we have tested the metrological features of this
laser system. For instance, we have very often measured
the optical frequency of the fringe 1286174 of the FPR
cavity which is close to the 25-8S /D two-photon transition
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Fig. 3. Absolute frequency of the fringe 1286 174 of the FPR
cavity when the fringe 1580868 is locked to the d line of the
iodine stabilized He—Ne laser. The values are in kHz and we
have subtracted 385 325 GHz. (a) Measurements made in 1993:
each point is the value obtained during a 20 minutes record-
ing of the 2S-8S/D transitions in hydrogen. The measure-
ments were made during about two weeks. The mean value
is 385325000 747.7(2.5) kHz. (b) Drift of the fringe frequency
on the period 1993-1998.

in hydrogen. The results are reported in Figures 3a and 3b.
Figure 3a shows a series of measurements made in 1993 [5].
Each point is the mean of a 20 minutes recording (see
Sect. 2.3). The standard deviation of these data is about
2.5 kHz, i.e. a day-to-day stability of 7 x 1072, Figure 3b
shows the results since several years. During five years, we
have observed a frequency drift of about 100 kHz which is
perhaps due to an aging of the silver coating.

We use also several other interferometers to control
the wavelength of the laser: a lambdameter (typical ac-
curacy 1072 nm), a 3 cm Fabry-Perot cavity (placed in
a vacuum box and scanned by pressure variation) and an
other, 50 cm long, Fabry-Perot cavity (labelled FPE in
Fig. 2). This cavity has the same design that the FPR
cavity, except that there is no PZT. To know the length
of the FPE cavity, an auxiliary He—Ne laser is locked on a
fringe of this cavity and we measure the beat frequency be-
tween the two He—Ne lasers. Simultaneously, a secondary
beam of the titanium-sapphire laser is sent on the FPE
cavity after a double pass in an acousto-optic modulator
(labelled AOM2 in Fig. 2). The frequency of this AOM
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Fig. 4. The metastable hydrogen atomic beam. The three vacuum chambers are not sketched with the same scale: following
the laser beams axis, the sizes of the electronic excitation chamber, interaction chamber and detection chamber are respectively
10 cm, 56 cm and 7 cm. M1 and M2: mirrors of the enhancement cavity, PM: photomultiplier.

is locked in order that the transmitted beam is in reso-
nance with the FPE cavity. By this way, we can know the
frequencies of the fringes of the FPE cavity with respect
to the ones of the FPR cavity. As the free spectral range
of the two cavities are slightly different (299.590 MHz and
299.700 MHz for the FPR and FPE cavity respectively),
there is a Vernier effect between the two cavities: the rela-
tive positions of the fringes of the two cavities are similar
every about 2700 fringes (i.e. 1.6 nm in terms of wave-
length) and, from these measurements, we can deduce the
numbers of the fringes of the FPR and FPE cavities with
a typical uncertainty of one fringe.

2.3 The metastable hydrogen atomic beam
2.3.1 The atomic beam apparatus

Our metastable atomic beam is sketched in Figure 4. It is
very similar to a first apparatus described in reference [16].
The metastable atomic beam is produced in two steps:
molecular hydrogen is dissociated in a water cooled Pyrex
tube by a radiofrequency discharge (about 26 MHz). An
atomic beam flows through a Teflon nozzle and effuses
into a first vacuum chamber, which is evacuated by an oil
diffusion pump (Alcatel 6250, pumping speed of 2500 1/s)
to a pressure of about 10~* mbar. Thereafter ground state
atoms are excited to the 2S metastable state by elec-
tronic bombardment (in an equipotential region to pre-
vent the quenching of the metastable atoms, see details in
Ref. [16]). The optical excitation takes place in the sec-
ond vacuum chamber, where the metastable atomic beam

is delimited by two holes, 7 mm in diameter, 56 cm apart
(this metastable atomic beam makes an angle of 20° with
the 1S atomic beam). To evacuate this chamber, we use a
cryogenic pump (CTI-Cryogenics CT8, pumping speed of
2000 1/s for hydrogen) and the running pressure is typi-
cally 10~ mbar. In our first experiments [4,5,9], the ambi-
ent magnetic field was reduced to less than 20 mG by three
pairs of coils. More recently [6,8], we have placed a mag-
netic shield in the second vacuum chamber (see Fig. 4).
To reduce the stray electric fields, the walls of the cham-
ber and the magnetic shield are painted with Aquadag,
a conductive colloidal graphite suspension in an ammo-
nia solution. This chamber is also permanently heated to
330 K to prevent the formation of any insulating deposits
on the walls and the magnetic shield. From the line shape
analysis of the 25-nD transitions (n in the range 15-20),
which are very sensitive to the stray electric fields, we
have deduced that this painting reduces the stray elec-
tric fields from several tens of millivolts per centimetre to
about 3 mV/cm (see Sect. 3). To preserve this property,
the Aquadag paint is renewed approximatively about once
a year. The metastable atoms are detected in the third
vacuum chamber, which is simply evacuated through the
7 mm hole between the two vacuum chambers. An applied
electric field quenches the 2S state and two photomulti-
pliers (Hamamatsu R1459) detect the Lyman-c fluores-
cence. The two photomultiplier windows are 1 ¢m apart
around the quenching region, and the detection solid an-
gle is: £2/4n ~ 60%. To detect the photomultiplier sig-
nal, the quenching voltage is square-wave modulated at
about 1.45 kHz and we use a lock-in amplifier (ATNE
ADS2). From the photomultiplier current, we estimate the
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metastable beam intensity to be at best 2 x 107 atoms/s
(4 x 107 for deuterium). Nevertheless, we work usually
with a metastable yield of about 8 x 10 atoms/s, regime
where the signal-to-noise ratio is better.

To maximise the excitation rate for the 25-nS/D two-
photon transitions, the whole metastable atomic beam is
placed inside an enhancement cavity whose optical axis is
in coincidence with the atomic beam. This cavity is formed
by two mirrors, 101 cm apart, one flat (high reflector) and
the other concave (4 m curvature radius, transmission of
about 1.1%). With this geometry, the beam waist is about
660 pm. To reduce the perturbations due to the vibrations
of the cryogenic pump, this cavity is mounted on a small
granite bench (220x20x 13 cm?) which is carefully isolated
from the vacuum apparatus. The two mirrors are mounted
on piezoelectric transducers and the length of the cavity is
locked to the laser wavelength by monitoring the reflected
beam polarisation [17]. In this servo-loop, the rapid length
fluctuations are corrected by a small PZT acting on the
flat mirror, which is of a small size (8 mm in diameter,
4 mm thick). Inside the cavity, the optical power can be
as much as 100 W in each direction. This light intensity
is controlled with a photodiode which measures the small
intensity transmitted by the high reflector.

2.3.2 Velocity distribution of the metastable atoms

A precise knowledge of the velocity distribution of the
atoms is necessary to calculate the line shapes of the two-
photon lines and to deduce the corrections due to the sec-
ond order Doppler effect. We have measured this velocity
distribution by observing the Doppler broadened 25-6P
transition at 410 nm with a collinear laser beam. This
laser source is obtained from the titanium-sapphire laser
by a frequency doubling in an LBO crystal (see Ref. [13]
and Sect. 5). For this measurement, we remove the concave
mirror of the enhancement cavity. The beam at 410 nm
(typical power of 100 mW) is sent along the metastable
beam and a fraction of the laser beam (about 30%) is re-
flected by the flat mirror of the enhancement cavity, so
that the atoms see two counterpropagating waves. Usu-
ally, the measurements are made with two different beam
waists, one matched to the diameter of the metastable
beam (7 mm), the other more focused (about 2 mm) and
we have observed that the results are not sensitive to the
beam waist. For the detection, the quenching voltage in
the third vacuum chamber is applied continuously and the
laser beam is chopped at about 120 Hz. At this frequency,
the duration of the square-modulation of the light (4 ms)
is long with respect to the atomic transit time through the
second vacuum chamber (190 us for an atom at 3 km/s), so
that only the very slow atoms (velocity of about 70 m/s)
are not detected with this method. The laser frequency
is scanned by locking the titanium-sapphire on the suc-
cessive fringes of the FPR cavity. A typical recording is
shown in Figure 5. The signal is split into two peaks, sep-
arated by 19 GHz, which are due to the two counterprop-
agating waves at 410 nm. In a first rough analysis, this
separation Av corresponds to a beam velocity cAv /2y of

Signal (arbitrary unit)

¥
| | | il
0 20

v (GH)

Fig. 5. Doppler broadened profile of the 2S-6P transition
at 410 nm (the frequency is two times the frequency of the
titanium-sapphire laser at 820 nm).

3.9 km/s (c is the velocity of light and vy the frequency of
the 25-6P transition). The maximum signal is about 10%
of the total metastable yield. Because of the long interac-
tion time between the atom and the laser beam, there is a
large saturation and the velocity classes are broadened to
about 360 MHz, when the natural width of the 6P level is
3.9 MHz.

Due to the electronic excitation of the metastable
atoms, the velocity distribution f(v) in the beam should
vary as vt exp(—v?/20?%), where o is related to the mass
M of the atom and the temperature as o = \/kT/M[16].
In our case, we have observed that the velocity distribu-
tion can be more narrow and we have fitted the data with
a velocity distribution of the form:

f(v) ~ " exp(—v?/207) (1)

where n is an integer which can be different from 4. With
this distribution, the second order Doppler shift dp of a
transition of frequency Vians is, in a simple model (see
Ref. [11]):

D (. (2)

In our first papers [4,5,9], we used simply the equation (2)
to determine the second order Doppler shift. In our more
recent work [6,8], the velocity distribution is directly
included in the line shape calculation of the 2S5-nS/D
transitions (see Sect. 3).

If we suppose that the light intensity is uniform along
an atomic trajectory, the shape F(v) of the Doppler
broadened 2S—6P line is:

F(v) ~ /0  F ) H (v, v)dv 3)

H(v,v)=1—exp {—% [[+L(v—vo(1+v/c))

+ L Lv—v(l-v/e)]} (4)
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Table 1. Velocity distribution of the hydrogen and deuterium
atomic beam.

date n o (m/s) vmax (m/s) d2s—sp (kHz)
hydrogen

1988 [11,16] 4 1525 (10) 3050 (20) —39.9 (1.0)
1992 [4] 5 1385 (30) 3100 (70)  —41.0 (2.0)
1993 [5] 5 1406 (33) 3144 (75) —42.4 (2.0)
1996 [6] 5 1814 (13) 4056 (29)  —70.6 (1.0)
1997 [8] 6 1614 (11) 3953 (27) —67.0 (1.0)
deuterium

1988 [11,16] 4 983 (10) 1966 (20) —16.6 (1.0)
1997 [6] 7 995 (10) 2633 (26) —29.7 (1.0)
1998 [8] 6 1044 (10) 2557 (24) —26.3 (1.0)

where I, and I_ are proportional to the intensity of the
two travelling waves and L (v) is the Lorentzian profile
of the 25-6P transition. In this equation, we have ne-
glected the fine and the hyperfine structures of the 2S
and 6P levels (the largest is the 6P fine structure Ayy ~
400 MHz). A simple model shows that this approximation
leads to, for the second order Doppler shift, a relative er-
ror of (Avg/Av)? ~ 5 x 1074 (i.e. an error of about 40 Hz
for the frequencies of the 25-nS/D transitions). The func-
tion H(v,v) describes the two velocity classes which are
excited by the two travelling waves. Because of the sat-
uration of 25-6P transition, the width of these velocity
classes varies as 1/4/v. Consequently the function H (v, v)
can be approximated by two square functions of v at the
velocities vg = +c¢ (v — 1) /vy, with a height of unity and
a width proportional to 1/4/|vg|. With these approxima-
tions, the shape F(v) becomes:

F)=A(—10)" 2 exp [— (v —1p)? /2012,}

it v>vy (5)

F(v) =B (v — V)”fl/Q exp [f (v —1p)° /203}
if v<u (6)

where A and B are two adjustable constants and o, =
vyo /c. From the fit of the profile F'(v) to the experimental
data, we deduce the integer n and the parameter o which
describe the velocity distribution.

The results for the measurements made since 1988 are
given in Table 1 where we also show the most probable
velocity vmax = /no and the second order Doppler shift
02s—gp of the 25-8D transition (Eq. (2)). We can make two
comments: (i) during the period 1988-1993, the typical ve-
locity of the hydrogen beam was very stable, vyax being
around 3.1 km/s. By contrast, in the experiments made
since 1996, the atoms have been distinctly more rapid,
with a velocity of about 4 km/s. This velocity increase
appeared after an accidental contamination of the vac-
uum apparatus by the oil of the diffusion pump. After this

pollution, the beam velocity was less reproducible and, in
spite of our careful cleaning of the vacuum system, we have
never been able to obtain the original characteristics of the
atomic beam. This effect is probably due to the destruc-
tion of the slow atoms by the stray electric fields which
are more important in the first vacuum chamber since this
contamination. (ii) On the other hand, the ratio between
the hydrogen and deuterium velocities is very stable with
a value of 1.55. This value is slightly different from the /2
factor to be expected for a thermal beam. This fact can
be explained by the deviation due to the electronic excita-
tion of the 2S level. For deuterium, the mean deviation is
only 14° and the 20° angle of our atomic beam apparatus
selects the slow deuterium atoms.

2.4 Data acquisition

The experiment is driven by a microcomputer which
commands the frequency of the titanium-sapphire laser
(through the synthesizer which drives the AOM1), per-
forms the acquisition of the atomic signal and records
several other parameters of the experiment: the signal of
the photodiode which monitors the light intensity inside
the enhancement cavity, the frequency of the beat note
between the two He—Ne lasers, the modulation frequency
of the AOM2 and several other frequency measurements
used to determine the optical frequency of the laser (see
Sect. 4). The atomic spectrum is divided in 101 frequency
points. For each point, the duration of the measurement
is 1 s (the signal of the lock-in amplifier which detects
the atomic signal is acquired 10 times every 100 ms with
a time constant of 100 ms) and there is a dead time of
about 300 ms for the acquisition procedure by the com-
puter and the shift of the laser frequency. To reduce the
effect of the low drift of the metastable yield, the sweep
of the line is not regular: the 101 points are obtained by
10 scans of the line in the following order:

0 10 20 30..80 90
99 89 79 69..19 9
8§ 18 28 38..88 98

100

91 81 71 61..11 1

Finally, the laser frequency is scanned ten times across the
atomic resonance during a 22 minutes run. After an aver-
age of these 10 scans, the relative noise of the metastable
yield is about 0.3%.

Figure 6 shows a typical signal obtained in the case
of the 2S;,5(F = 1)-8D5/, transition of hydrogen. In
this recording, the decrease of the metastable intensity
is 13% and the linewidth 1.13 MHz (in terms of atomic
frequency). By comparison with the natural width of the
8D level (572 kHz), there is a large broadening which is
mainly due to the inhomogeneous light shift experienced
by the atoms through the Gaussian profile of the laser
beams. To evaluate this effect, we record the signal for
several laser intensities and we made an extrapolation
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Table 2. Some features of the observed transitions.
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transition number of runs amplitude of a scan width variation maximum amplitude
hydrogen
2S1/2(F = 1)-6D5/5 [9] 49 10 MHz 1.8 MHz to 3.4 MHz 19.7%
251 /2(F =1)-681,2 [9] 91 4 MHz 400 kHz to 1.2 MHz 5.7%
251 /2(F =1)-8D5/2 [5] 20 8 MHz 900 kHz to 2.1 MHz 18.6%
2S1/2(F = 1)-8Dg/5 [5] 24 8 MHz 900 kHz to 1.9 MHz 16.0%
2S1/2(F =1)-881,2 [5] 47 4 MHz 330 kHz to 800 kHz 5.1%
2S1/2(F =1)-8D5/5 [6] 90 8 or 12 MHz 750 kHz to 2.0 MHz 21.7%
2S1/2(F =1)-8D3/5 [6] 53 8 or 12 MHz 800 kHz to 1.6 MHz 18.5%
251 /2(F =1)-884 2 [6] 77 2.8 or 4 MHz 300 kHz to 950 kHz 6.7%
2S1/2(F = 1)-12D5 5 [8] 78 3.6 MHz 300 kHz to 600 kHz 8.7%
2S1/2(F = 1)-12D3,5 [8] 62 3.6 MHz 300 kHz to 600 kHz 6.7%
deuterium
251 /2(F = 3/2)-8Ds [6] 41 8 or 12 MHz 750 kHz to 2.2 MHz 19.8%
2S1/2(F = 3/2)-8Dg3,» [6] 49 8 or 12 MHz 700 kHz to 2.0 MHz 19.5%
2S1/2(F = 3/2)-8S1 /2 [6] 47 2.8 or 4 MHz 250 kHz to 1.0 MHz 7.3%
2S1/2(F = 3/2)-12Ds 5 [8] 44 3.6 MHz 300 kHz to 650 kHz 9.1%
2S1/2(F = 3/2)-12D3,5 [8] 54 3.2 MHz 350 kHz to 650 kHz 8.3%

= atomic frajectory

g fist claphragm ’ laser beam second diophragm

:g

L L L L L
1 MHz atomic frequency

Fig. 6. Typical two-photon transition signal, recorded as a
decrease of the metastable beam intensity. Example of the
251/2(F = 1)-8Ds/, transition of hydrogen: the decrease of
the metastable yield is 13%.

to zero light power. Consequently, the data acquisition
takes 3 or 4 days for each atomic transition. Table 2 gives
some details for the measurements which have been made
during the period 1993-1998 [5,6,8,9]. For each transition,
we indicate the number of the runs used for the extrap-
olation, the amplitude of the frequency scan (in terms of
atomic frequency), the range of variation of the line width
with the light power and the maximum amplitude of the
observed signal.

3 Line shape analysis
3.1 Expression for the line shape

Figure 7 shows an atomic trajectory in the laser-atom in-
teraction region (the second vacuum chamber). In this

Fig. 7. Schematic view of an atom trajectory in the laser-atom
interaction region.

region, the collisions are negligible and the atomic tra-
jectories are straight lines passing through the two di-
aphragms (the small deviation of the atomic trajectory
due to the forces induced by the light shifts will be stud-
ied below). The calculation procedure is the following. In
a first step, we calculate for each trajectory the destruc-
tion probability of the metastable atom when it crosses
the laser beam. Then we make an average over all the
possible trajectories.

3.1.1 Two-photon excitation rate

The two-photon transition probability Iy between two
states |g) and |e) (energies E, and E.) is given by
[11,18]:

2

Z<6\d'ijlr_)grlgd'€\g>
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(10)

Table 3. 2S—nS/D two-photon transition amplitude (e |Qip| g)
and natural width of the excited level.

transitions (e |Qp| g) (a.u.) I./2n
25-6S —14.711 297 kHz
25-8S —14.921 144 kHz
25-6D —133.16 1.337 MHz
25-8D —92.937 572 kHz
25-12D —55.033 172 kHz
25-15D —40.677 88.7 kHz
25-20D —27.187 19.0 kHz

where n is the number of photons per unit volume for
each counterpropagating wave, w the laser frequency, ¢
the polarisation, w;; = (E; — Ej) /A, d the electric dipole
moment operator and I, the natural width of the excited
state (we suppose that the natural width of the state |g)
is negligible). The summation is made over all the possi-
ble states |r) (including the continuum). We introduce the
two-photon operator Q. In our experiment, the polari-
sation of the laser beam is linear (because of the Brewster
windows of the vacuum apparatus placed in the enhance-
ment cavity). For a polarisation along the z-axis, Qyp is
given in atomic units (A = ac=m = 1) by:

Qu =Y 2z (8)

W — Wrg
With this notation, equation (7) becomes:

- Mﬁy (€ |Qupl )| IeI?
Iy = (mcza (2w — weg)Q + (Fe/2)2 ©)

where I is the power density of the light (I = nkw/c), ag
the Bohr radius, « the fine structure constant and m the
electron mass. For the transitions studied in this paper,
Table 3 gives the values of the matrix element (e |Qip|g)
(calculated in Ref. [11]) for an atom without electronic
and nuclear spin, and the natural width of the excited
level.

In the calculation of the line shape of the 2S-nS/D
transitions, we have taken into account the fine and hy-
perfine structures of the S and D levels, the light shift, the
second order Doppler effect, the photoionisation of the up-
per level and the saturation of the two-photon transition.
The states |g) and |e) are the magnetic hyperfine sublevels
|Fymp) and |Femp) (F; is the total angular momentum
of the state |}, |i) = |g) or |e)). We have the selection rule
Amp = 0. Then the two-photon transition probability

becomes:
see equation (10) above.

The coefficients cis, ¢, and cgat describe the light shift,
the photoionisation, and the saturation of the two-photon
transition.

Following the notations of reference [11], the light shift
coefficient is given by:

71_2
%:(4%)m7@)

mc2a

where [3; are the matrix elements of the light shift operator
Q1s- We have:

N ) FLEN

(atomic units).

(11)

The light shift operator is the sum of a scalar operator
QY. and of an operator of rank 2 Q%Z. For the state
li) = |[nLJFmpg) (n principal quantum number, L and J
orbital and electronic momenta), straightforward algebra
gives:

zvmmz}

Wir — W

o (L ]l@R] nL)
(i]Qus| i) = V2L +1

L (Cp)Fm F 2F
—mpg 0 mpg

) VR ) (12

where:

(JF Q|| TF) =
(“1)FHHILES (9 4 1) (2] 4 1)

J2J | |L2L ,
S

The calculation of the matrix elements (nL HQ{?S ” nL) and
ionisation coefficient ¢;, has been made with a method us-
ing Sturmian functions [19] (the coefficient ¢, can be also
obtained with the Fermi’s golden rule, see Refs. [11,20,
21]). Table 4 gives the values of these parameters. The
effect of the ionisation is not entirely negligible. For ex-
ample, for a laser beam of 100 W with a waist of 660 um,
the ionisation rate of the 8S level is, at the center of the
beam, 1.5 x 10° s™1, i.e., because of this ionisation prob-
ability, the width of the 8S level increases by 24 kHz. The
saturation coefficient cgay can be obtained by using an ef-
fective Hamiltonian [22]. Its expression is:

2 2
o= (128 eIl

mcla 12

(13)
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Table 4. Light shift and ionisation coefficients for the 25-nS or 25-nD transitions studied in this paper (expressed in atomic

units).
transitions  (nLg ||Q?S|| nLg) (a.n.) (nL. ||Q?S|| nLe) (au.) (nLe ||Q125|| nL.) (a.u.) ionisation coefficient ¢, (m*W™1)
25-6S —290.96 324.42 1.536 x 107°
25-89 —355.31 291.35 1.144 x 107°
25-6D —290.96 727.20 34.99 2.315 x 10710
25-8D —355.31 648.51 19.19 1.805 x 1071°
25-12D —428.53 603.94 6.78 1.517 x 1071°

Table 5. Data for the calculation of the 2S(F = 1)-8D5/, two-photon line shape.

transition F. hyperfine shift  angs weight of the Fe level  [as (a.u.) Br, (a.u.)

hydrogen

2S1/2(F = 1)-8D5 2 2 —82.3 kHz 2/9 —355.31 288.19

59.4 kHz 7/9 —355.31 286.88

deuterium

2S1/2(F =3/2)-8D5/2  3/2 —25.6 kHz 1/15 —355.31 290.02
5/2 —7.3 kHz 4/15 —355.31 289.16
7/2 18.3 kHz 2/3 —355.31 287.22

This effect is also not negligible: with the same laser beam
parameters as above, the value of cgI? is about 0.1 for
the 25, ,9-8D5 /5 transition.

In the case of the 25-nS transition, the two-photon
operator is scalar and we have the selection rules AF = 0,
Amp = 0. In equation (10) the summation over the states
le) is reduced to a single term and, for the two-photon
matrix element, we have (nL.J. Fmp|Qyp |2LgJFmp) =
(nLemp| Qup |2Lgmy). For the 28-nD transition, the two-
photon operator is quadrupolar and, in equation (10), we
have to make the sum, for each mg value, on all the states
|Fem ). Nevertheless, as the quadrupolar term of the light
shift is very small (see Tab. 4), we have used the mean val-
ues (with respect to the magnetic quantum number mp)
of the light shift coefficient c¢js (given by Eq. (12)) and of
the intensities of the hyperfine components. With these
approximations, the two-photon transition probability I,
does not depend on mp. The summation in equation (10)
is made over the F, quantum number and the two-photon
fine and hyperfine intensities are given by:

|(nLeJeF'mp| Qup |2Lg<]gFmF>|2 =

agsangs | (nLemp| Qup |2Lgmp)|* . (14)

The matrix elements (nL.mp|Qsp |2Lgmy) have been
given in Table 3. The coefficient ag takes into account
the fine structure of the D level. It is proportional to the
degeneracy 2J. + 1 (0.4 and 0.6 for the D3/, and Ds/s
levels). The coefficient aygs describes the intensity of the

hyperfine components and is proportional to [12]:

2

e Jy 2
(2F, +1) Je Jg :
F,F. 1

As an example, Table 5 gives the numerical values used
in equation (10) for the 25(F = 1)-8D5/, transition. The
hyperfine splittings are calculated with the Fermi’s for-
mula [20].

3.1.2 Destruction probability of the metastable atoms

We consider an atomic trajectory between two points
(r1,61) and (re,63) on the diaphragms which delimit the
metastable beam (see Fig. 7). If the laser beam is aligned
with the z-axis, the laser intensity varies along the atomic
trajectory as:

I(z,p) =1Io <%>Qexp [—2 (ﬁ)j (15)

where z is the coordinate along the laser beam, p the ra-
dial distance to the laser beam axis, w(z) the radius of the
laser beam. Along the atomic trajectory, p is a function
p(x) and, if we assume that the transit time of the atom
through the laser beam is long with respect to the life time
1/T% of the excited level, the two-photon transition prob-
ability Iy becomes a function of x. The probability that
the atom undergoes a transition during this trajectory is:
Iy(z)dx

Vg

L
P(T1791,7‘2,92)=1—6Xp—/ (].6)
0
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Table 6. Two-photon cascade probability R, from the nS or nD levels to the 2S metastable state.

level 6S 6D 8S

8D 12D 15D 20D

R, 0.0740 0.0463 0.0815

0.0513

0.0548 0.0558  0.0567

Table 7. Partition of the probability R, between the two
hyperfine levels of the metastable state when the two-photon
excitation is made from the 2S;,5(F = 1) hyperfine sublevel
(F = 3/2 for deuterium).

upper level nSi/2 nDz/» nDs /2
hydrogen

Do (4/27)R,, (32/135)R,, (2/15)Rn
D1 (23/27)R,,  (103/135)R, (13/15)R,
deuterium

P12 (16/81)R,,  (128/405)R,  (8/45)Rn
P3/2 (65/81)R,, (277/405)R,,  (37/45)R,

where v, is the component of the atom velocity along the
x axis and L the distance between the two diaphragms.
We have to correct this expression to take into account the
hyperfine structure and the repopulation of the 2S level.

(i) Hyperfine structure of the metastable state. In our
experiment, we resolve the hyperfine structure of the
metastable state and we have studied the most intense
transitions starting from the 2S; /5(F = 1) hyperfine level
(281/2(F = 3/2) for deuterium). As we detect all the
metastable atoms we have to multiply the equation (16)
by a coefficient Clg which describes the population of the
two hyperfine levels. By observing some transitions start-
ing from the 2S; /5(F = 0) hyperfine level (2S; /o(F = 1/2)
for deuterium), we have measured these populations:

Chfs(F = 1) = 80%
Chts(F = 3/2) = 67.6%

in hydrogen,

in deuterium.

These values are slightly different from the statistical
weights (3/4 and 2/3 respectively). This effect is prob-
ably due to a larger quenching of the 2S;,,(F' = 0)
(281 /2(F = 1/2) in deuterium) which is closer to the 2P /o
level and more sensitive to the stray electric fields.

(ii) Repopulation of the metastable state. When an
atom is excited to the nS or nD level, it can undergo a
radiative cascade towards the 25,5 level with the prob-
ability R, = po + p1 (p1/2 + p3/2 for deuterium), where
the probabilities py and p1 (py /2 and ps3/ for deuterium)
are correlated to the two 2S; o(F = 0) and 2S;9(F = 1)
levels (respectively F' =1/2 and F' = 3/2 for deuterium).
These probabilities have been calculated taking into ac-
count only the two photon cascades [11]. The values rele-
vant to this paper are given in Tables 6 and 7.

Finally, after solving the rate equations which de-
scribe the evolution of the populations of the two hyper-
fine sublevels, we obtain the destruction probability of a

metastable atom at the end of its trajectory:

P'(r1,01,72,02) = Chss <1— Po >
1—m

L
X [1—exp—vi/0 (1—p1)Fg(x)dx}. (17)

For deuterium, we have to replace in equation (17) the
probabilities po and p1 by pi /2 and p3/o. The first factor
describes the optical pumping from the F' = 1 hyperfine
sublevel to the F' = 0 one. The factor 1 — p; in the inte-
gral describes the inefficiency of the two-photon excitation
when the atom comes back to the initial F' = 1 hyperfine
sublevel.

Up to now, we have supposed that the atomic trajec-
tories were straight lines. Let us consider the effect of the
force due to the light shift of the metastable state. As the
2S state is down shifted (see Tab. 4), the atom is attracted
towards the axis of the laser beam by a force Fj,(z, p) (we
neglect the component of this force along the z-axis):

dmaZ\ 0
The acceleration due to this force is considerable. For ex-
ample, for a laser beam of 100 W with a waist of 660 pm,
the maximum radial acceleration is about 350 m/s2. Nev-
ertheless, because of the small transit time of the atom
through the second vacuum chamber (typically 190 us),
the deviation from a straight trajectory is small, about
a few micrometres. Even so, in the case of the 2S-nD
transitions, which give the most accurate results, we have
included this effect for the line shape calculation. The
atomic trajectory is calculated step by step to determine
the function p(z) which is used to obtain the intensity
I(z, p) (Eq. (15)) and the two-photon transition probabil-

ity I, () (Eq. (10)).

3.1.3 Summation on the atomic trajectories and velocities

The last step of this calculation is to make a summation
of equation (17) over all velocities and all possible trajec-
tories. We have studied the velocity distribution f(v) in
Section 2 and these functions are given in Table 1. On the
other hand, we do not know the exact distribution of the
atomic trajectories. Because of the recoil of the atom in-
volved by the electronic excitation of the 2S state, there is
a large dispersion in the direction of the metastable atoms.
For this reason, we can suppose a uniform distribution for
the points (r2,62) at the end of the atomic beam. This is
not the case however at the beginning of the beam. The
distribution of the metastable atoms can depend on the
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spatial distribution of the 1S hydrogen atoms, the elec-
tron density or the quenching stray electric fields. Our ap-
proach has been to simulate the spatial distribution of the
points (r1,61) by a uniform one on a virtual diaphragm
centered on the real diaphragm at the beginning of the
beam but with a smaller radius R;. In this case the line
shape L(w) is given by:

4 oo R,y Ra
Lw) = —— d d d
(w) WR%R%/O f) v/o r1 r1/0 rodra

></ dfyP'(r1,61,72,02). (18)
0

We have supposed that we have a cylindrical symmetry
and that the laser beam is well aligned with respect to the
atomic beam. Ry is the radius of the real diaphragm at
the end of the atomic beam (R2 = 3.5 mm). As explained
below, the radius R; is determined during the analysis of
the experimental curves to obtain a correct evaluation of
the light shift. A typical value is Ry = 2 mm.

3.1.4 Other broadening and shifting effects

In the above analysis, we have neglected several other ef-
fects which can broaden or shift the line. The Stark effect
produced by the stray electric fields, which can induce a
significant shift, will be studied subsequently. The other
effects are the following.

(i) Laser line width. The jitter of our laser is about 2 kHz
(see Sect. 2) corresponding to a line broadening of
4 kHz in terms of atomic frequency.

Finite transit time. Though the metastable atomic
beam and the laser beam are colinear, the broadening
due to the finite transit time of the atoms through the
laser beam is not entirely negligible. For an atomic
trajectory making an angle 6 with the laser beam,
the line broadening is 2vsin #v/In2/mw [23]. In the
case of the largest possible angle 6 (about 0.6°), this
broadening is 32 kHz for a velocity of 4 km/s and a
waist of 660 pm.

Residual magnetic field. As the atomic beam is placed
in a magnetic shield, the residual magnetic field is
about 1 mG. For the 25-nS transitions, the Zeeman
splittings of the 2S and nS levels are similar. Because
of the selection rules AF = 0, Ampg = 0, there is no
broadening. In the case of the 2S-nD transition, the
broadening due to the Zeeman effect can be about
10 kHz, but there is no shift if the laser polarisation
is linear.

Black body radiation. The black body radiation in-
duces transitions between the different hydrogen en-
ergy levels. Consequently, there is a depopulation of
each level of the two-photon transition, i.e. a broad-
ening of the line, and a shift. These effects are studied
in detail in reference [24] for a temperature of 300 K.
In our experiment, the magnetic shield which sur-
rounds the atomic beam is heated at about 330 K.

(i)

(iv)

Table 8. Broadening and shift due to the black body radiation.

transition = broadening shift

25-6S 1.2(0.1) kHz  —360(90) Hz
2S-6D 1.7(0.2) kHz ~ —430(105) Hz
25-8S 4.4(0.4) kHz  520(130) Hz
25-8D 5.5(0.5) kHz  650(160) Hz
25-12D  7.1(0.7) kHz  2.1(0.5) kHz

If we assume an uncertainty of 30 K to take into ac-
count the inhomogeneity of the heating, we obtain
the broadenings and shifts given in Table 8. Using
the data of reference [24], we have supposed that the
broadening varies as the temperature T" and the shift
as T27.

3.2 Analysis of the data
3.2.1 Fit procedure

The aim of this analysis is to determine very precisely,
with respect to our very stable FPR cavity, the transi-
tion frequency, corrected for the light shift, the second
order Doppler effect and the nD hyperfine structure. As
the two-photon transitions are observed by measuring the
decrease of the metastable yield, we can calibrate this de-
crease with respect to the intensity of the metastable beam
when the laser is off resonance. The principle of the ad-
justement procedure is hence the following: from the am-
plitude of this decrease we deduce the optical power and,
consequently, the light shift.

In practice the theoretical curves given by equa-
tion (18) are adjusted to fit the experimental data. As
the numerical calculations of the theoretical line shape
are long (there is a quintuple integration), we calculate
a set of theoretical curves for several laser powers P
(P = mwily/2) from 5 W to 150 W with a step of 5 W,
and as a function of 301 atomic frequency points. The
frequency steps are adjusted to the line width (50 kHz
for the 25-6D and 2S-8D transitions, 25 kHz for the 25—
12D and 20 kHz for the 25-6S and 2S-8S). We obtain
the curves L(w, P). Then we make two convolutions: a
first convolution following w by a Gaussian curve of width
A, which takes into account the broadening effects which
are not included in the line shape, and a second convolu-
tion following P by an other Gaussian curve of width Ap
which describes the fluctuations of the light power seen by
the atoms. The width Ap is deduced, for each recording,
from the light intensity measurements obtained using the
enhancement cavity by a photodiode. Finally, the four pa-
rameters of the adjustment are the metastable yield when
the laser is off resonance, the light power P, the frequency
of the atomic transition CLP (without the light shift, the
second order Doppler effect and the hyperfine structure of
the D level) and the Gaussian broadening A,,. During the
adjustement, we make an interpolation, quadratically for
the power and linearly for the frequencies.
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Fig. 8. Fit of the experimental line profile with the theoretical
one. (a) 2S1/2(F = 3/2)-8Ds/, transition in deuterium. (b)
251/2(F = 3/2)-8S1/2(F = 3/2) transition in deuterium. The
light powers deduced from the fits are respectively 90.6(2.2) W
and 96.2(2.6) W and the decreases of the metastable yield 18%
and 6%.

Figures 8a and 8b show two examples of adjustements
in the case of the 25, /,—8D5 /5 and 2S; /-85, /5 transitions
of deuterium. The asymmetry of the experimental record-
ings, which appears for both transitions, but with different
signs, is well reproduced by the theoretical profiles. For
the 25;/,-85;/5 transition, this asymmetry is related to
the quadratic dependence with I(x, p) of the atomic exci-
tation rate at any point in the beam, since the light shift
is linear with I(z, p). Thus, the more shifted contributions
to the signal are also the more intense. In the case of the
251/9-8D5/o transition, there is a very large saturation
of the two-photon excitation probability. This saturation
reduces the weight of the more shifted contributions to
the signal, so that the sign of the asymmetry is reversed.
In both cases, experimental and theoretical profiles are in
excellent agreement.

3.2.2 Extrapolation versus the light power

The most crucial point of our analysis is the determina-
tion of the optical power seen by the atoms. A first test
is to compare the fitted power P with the signal I'T given
by the photodiode placed after the enhancement cavity
(see Fig. 9). There is a good agreement between these
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Fig. 9. Fitted power P versus the photodiode signal IT for the
2S1/2(F = 3/2)-8Ds 5 transition in deuterium (40 recordings).

laser frequency

100 kHz

Fig. 10. Extrapolation of the half maximum center (o) and
of the line position corrected for the light-shift, second-order
Doppler effect and 8D hyperfine structure (o) versus the light
power P in the case of the 2S; /5(F = 3/2)-8Ds/ transition of
deuterium.

data which lie in a linear ratio. We use the slope of this
straight line P/IT as a parameter to control the optical
alignment of the experiment: the slope P/IT is maximised
to obtain the best matching between the laser beams and
the atomic beam. The slope P/IT is also determined
by the distribution of the atomic trajectories. For exam-
ple, if we increase the radius R; of the first diaphragm,
the theoretical curves exhibit a smaller decrease of the
metastable yield, and, consequently, the fitting procedure
gives a larger light power P. To determine the correct
value for Ry, we study the shift of the line position versus
the laser power. For each record, the adjustment proce-
dure gives us the corrected line position CLP and the
half-maximum center of the line HMC'. Figure 10 shows
a typical extrapolation of the HMC and C'LP data ver-
sus the light power. Because of the saturation of the two-
photon transition probability, the variation of HMC is
not exactly linear with P. The shift of the line is about
400 kHz for a power of 100 W. On the other hand, there
is no variation of the corrected line position. This result
has been obtained by varying the radius R; to eliminate
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Table 9. Calculation of the position of the line in the case of the 2S;,5,-8D3/o transition in hydrogen. The extrapolated values
are the absolute frequencies given in terms of laser frequency (i.e. CLP/2). Here we have indicated only the last digits and the

real value is obtained by adding 385324 GHz.

distribution of the trajectories

Ry =18mm R;=2mm

slope of the straight line P/IT (arb. units)

extrapolation of CLP versus P (MHz)
uncertainty (kHz)

extrapolation of CLP versus IT (MHz)
uncertainty (kHz)

mean of the extrapolation versus P and IT (MHz)

uncertainty (kHz)

slope of the straight line CLP versus P (MHz/W)

0.224 0.246
730.029 80 730.030 72
3.27 3.23
730.030 35 730.031 05
3.21 3.20
730.030 07 730.030 88
3.24 3.20
9x107° —8x107°

final position of the line (MHz)
(interpolated position for a slope null)
interpolated value for P/IT (arb. units)

interpolated value for R

730.030 5(33)

0.236

1.9 mm

the variations of CLP with P. In practice, to obtain the
position of the line, we use the following procedure: we
make the mean of the linear extrapolations of CLP ver-
sus P and IT for two values of Ry (for example 1.8 and
2 mm) and we interpolate these data to null the slope of
the straight line CLP(P). The details of this method are
illustrated in Table 9 in the case of the 25, /,-8D3 /5 transi-
tion in hydrogen. For this extrapolation, we have used the
absolute frequency measurement described in Section 4
and the corrected line position C'LP is not related to the
FPR cavity but is an absolute frequency.

The uncertainties given in this table are only statisti-
cal. For each recording, the adjustement procedure gives
an uncertainty for CLP which is deduced from the dis-
agreement between the experimental and the theoretical
curves. The linear extrapolation is made with a weighted
least squares method. We calculate an a prior: uncertainty
o1 given by the propagation of the uncertainties of each
record through the least squares calculations. This un-
certainty does not depend on the dispersion of the points
(CLP, P) with respect to a straight line. Next we calculate
an a posteriori uncertainty oo which takes into account
this dispersion and is given by:

2
n—2

where n is the number of recordings involved in the extrap-
olation and x? the weighted least squares sum. The coeffi-
cient t1, is estimated from the Student’s ¢t-distribution to
obtain one standard deviation (i.e. A (t1,|n—2) = 0.683).
Finally, we choose whichever value o; and o2 which is
largest.

We can test the consistency of our analysis by compar-
ing, for several transitions, the interpolated values of P/IT
and R; which correspond to the elimination of the varia-
tion of CLP with P. For example, the data obtained dur-
ing the measurements of the 25-8S/D transitions [6] are
given in Table 10. The dispersion of the values of P/IT,

02 = 01t1s

Table 10. Values of the slope of the straight line P versus IT
and of the radius R: of the first diaphragm which correspond
to the best determination of the light shift.

transition R: (mm) P/IT (arb. units)
hydrogen

2S1/2-8D5/2 1.80 0.230
2S1/2-8D3/o 1.91 0.236
251/2-851,2 1.89 0.259

25, /5-8D5 2 2.00 0.262
deuterium

2S) /8Dy 1.73 0.225
2S)/,-8Dyy 175 0.225
2S1/2-851 2 1.82 0.257

which is not negligible, is probably due to the variation of
the optical alignment of the experiment. We have also esti-
mated directly this ratio from the light power transmitted
by the enhancement cavity and the transmission of the end
mirror of this cavity. We obtain the value P = 0.259 x IT
with a typical uncertainty of 5%. This result is in ac-
ceptable agreement with the values given in Table 10.
The same table also shows that the spatial distribution
of the trajectories is more concentrated for deuterium (R
is smaller than for hydrogen). This is probably due to the
larger quenching probability of the metastable deuterium
atoms which are slower: the equipotential region where
the metastable atoms are produced is reduced.

Some examples of the line width variations with the
light power are shown in Figures 11a—11c in the case of
the 281/2*881/2, 281/2*8D5/2 and 281/2*12]35/2 transi-
tions. The widths (full width at half maximum in terms
of atomic frequency) deduced from the theoretical curves
L(w, P) correspond to the solid curves. We observe that
the experimental widths are larger than the theoretical
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Fig. 11. Variation of the line width (full width at the half
maximum in terms of atomic frequency) versus the light power
P. (a) 281 /2(F = 1)-8S1,2(F = 1) transition of hydrogen. (b)
2S1/2(F = 1)-8D5/5 transition of hydrogen. (c) 2S5 /2(F = 1)
12D5, transition of hydrogen.

ones, especially for the 25-nD transitions. These differ-
ences can be explained by the various effects which are
not taken into account in the theoretical line shapes: the
frequency jitter of the laser, the finite transit time, the
residual Zeeman effect (for the 25-nD transitions), black
body radiation, the fluctuations of the light intensity seen
by the atoms or the Stark effect due to stray electric fields.

Finally, to take into account the imperfections of our
theoretical analysis, we introduce another uncertainty di-
vided in two parts. (i) An uncertainty related to the op-
tical alignment of the experiment. We have made a simu-
lation of a bad alignment between the atomic beam and

the laser beam [25] and we estimate this uncertainty to
4 kHz (in terms of atomic frequency). We consider that
these uncertainties are correlated for a given series of ex-
trapolations (for example the transitions 2S-8S/D in hy-
drogen, which are made in a relatively short time), but un-
correlated for the hydrogen and deuterium measurements
and for the transitions with different principal quantum
numbers. (ii) A theoretical uncertainty, common to all the
measurements, which takes into account the possible in-
completeness of our theoretical calculation. We have es-
timated this uncertainty from our results with different
theoretical line shapes. For example, when we modified
the theoretical calculations to include the ionisation of the
upper level, the deviation of the atomic trajectories, or to
reduce the step of the set of theoretical curves L(w, P)
from 10 W to 5 W, the shifts of the 2S; ,—8D5/5 extrap-
olation in hydrogen were successively —640 Hz, 280 Hz
and 1.4 kHz (in terms of atomic frequency). Finally, we
have assumed that the effects neglected have the same or-
der of magnitude and adopted a value of 2 kHz for this
theoretical uncertainty.

3.3 Stark effect
3.3.1 Theoretical background

In our experiment, the stray electric fields are reduced
to a few mV/cm thanks to the Aquadag coating. Nev-
ertheless, as the matrix element of the Stark Hamilto-
nian V5 = —d - E (E is the electric field) varies with
the principal quantum number as n?, this small electric
field can shift and broaden the lines, mainly for the 25—
12D transitions. The Stark coupling between the states
InLJFmp) and |nL'J F'm/;) induces a quadratic Stark
effect if J # J' and a linear Stark effect if J = J’ which
vary as n’ and n? respectively. For instance, if we con-
sider the energy levels for n = 8 (see Figs. 12a—12b), the
quadratic Stark shift of the 8Dj/5 level is due to the in-
teraction with the 8P3,5 and 8F7/5 levels when the linear
Stark effect is due to the mixing between the 8Ds,, and
8F5/o levels. A straightforward second order calculation
gives the quadratic Stark shift. As the anisotropic part
of the quadratic Stark shift is small (7.6% and 1.8% for
the 8D5,5 and 12D5 /; levels), we have considered only the
scalar part of this shift (i.e. the mean shift for the mg sub-
levels) which does not depend on the quantum number F'.
Table 11 gives the results for n = 8 and n = 12.

The linear Stark shift is more difficult to analyse. For
example, the 8D5/, and 8F5/, hyperfine levels are mixed
(see Fig. 12b) and these structures are smaller than the
natural widths of the 8D and 8F levels (572 kHz and
285 kHz respectively). Consequently, in the experiment,
we are not able to resolve these structures and we ob-
serve together the 8Dj5/5 and 8F5/, levels. Nevertheless,
to a first approximation, the shift of the line is null. If
we assume that the effect of the electric field on the ini-
tial state g of the transition is negligible, the position w,
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Fig. 12. (a) Fine structure and Lamb shifts of the 8S, 8P, 8D
and 8F levels. The solid line corresponds to the levels which
are excited with a two-photon transition from the metastable
state. (b) Hyperfine structure of the 8D5,, and 8F5,; levels in
hydrogen.

of the transition is:

S gl Qep |%3) * wi

> gl Qup 13)]*

i

Wy =

(19)

where Qp is the two-photon operator (Eq. (8)), ¥; the
eigenvectors with the energies hw; of the Hamiltonian Hy+
Vs (Ho being the Hamiltonian without electric field, fiwg

Table 11. Coefficients of the quadratic Stark shift for some
n =8 and n = 12 levels.

level quadratic Stark shift (MHz V~2cm?)
8512 77.69

8P3)» —39.11

8Ds 2 ~36.29

8Ds)» —53.59

8F5 o —45.28

12P; —698.10

12D, —684.87

12D5 5 —1029.44

12F; —965.73

the zero energy). Then we can write:

(9] Qep(Ho + V5) P.Qi, |g)
h <g| QtpPeQE; |g>

We have introduced the projector on the subspace of the
excited states P, = ), |¥;) (¥;|. Then, because of parity
conservation (Qy, and Vs are respectively even and odd),
we have (g| QtpVSPeQ?I3 |g) = 0 and the barycentre of the
line does not depend on the electric field.

In our case, which is far more complicated, there are
several limitations to the validity of this argument.

tr =

: (20)

(i) Equation (19) does not take into account the strong
saturation of the two-photon transition which modi-
fies the weights of each component 1.

(ii) We ignore the different natural widths of the upper
states.

(iii) The adjustement procedure gives a line position

which is not necessarily the barycentre of the line.

For these reasons, we present now a line shape calcu-

lation taking into account the linear Stark effect.

3.3.2 Line shape in presence of an electric field

The aim of this calculation is to consider simultaneously
the natural width and the Stark coupling. The initial state
g is coupled to a set of p states e (for instance the 12 sub-
levels 8Dj5/5(F,mp)) by the optical excitation. The states
e are mixed with the p states f (for instance the 12 sub-
levels 8F5/5(F,mp)) by the Stark Hamiltonian Vs. The
evolution of the density operator p is:
dp

1

where the operators Vi, and I' describe the two-photon
excitation and the spontaneous emission. We make the
rotating wave approximation and we introduce the two-
photon Rabi frequencies (2:

(21)

02 .
(el VL 1g) = 7exp(—2lwt),
_ 8mag [{e|Quwpl 9)| I

, =
mc2o
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If we assume that {2, < I'., we can neglect the populations
and coherences peer, prsr or per of the upper levels. In
the rotating frame, we replace the density operator by an
operator o with ogg = pgg, Teg = Peg €xp(2iwt) and oge =
Pge exp(—2iwt) and we introduce the frequency detunings
A, =2w —we and Ay = 2w — wy. In this way, we obtain
from equation (21) a set of equations:

dch% = 7; Z: e (0eg — ge) s (23)
dg:g _ <1Ae - %) Oeg — i%ggg

_ % zf: VesOrg (p equations), (24)
dg]];g _ <iAf _ > Org — Z Vieoey (p equations).

(25)

We have introduced the matrix elements Vi, = (f| Vs |e).
Then we assume that the optical coherences 0., and oy,
follow adiabatically the population g4, i.e. that:

doeg doyg
& =0 and a

With these hypotheses, the equations (24, 25) become:

(o B Bt

i
We obtain a set of p equations with p unknowns ocg. If we
introduce the column vectors [o¢,] and [£2./2], the set of
equations (26) becomes:

=0.

vafe T/ =
(iA; —1Iy/2)""*

(&

— 999 (p equations). (26)

Ao =1[%]

where the matrix elements of the p x p operator A are
the coefficients of the set of equations (26). With these
notations, the equation (23) becomes:

do 21" [0
T =ame || At | o,
This equation describes the evolution of the population

049 and, finally, the two-photon transition probability
Iy is:

(27)

Iy=—2Re [&}TA—I {Q} . (28)

2 2

This equation is the equivalent, in the case of the Stark
mixing, of equation (9). The two-photon probability is
proportional to I? and we can separate the frequency and
intensity variations:

Ty = IPy4(w)

where v4(w) describes the line profile. Afterwards we in-
clude the light shifts, but we neglect the photoionisation
and the saturation of the two-photon transition proba-
bility. Strictly speaking, we should replace each atomic
frequency w; (i = g, e or f) by w; — c5(¢)I, where the
light shift coefficient depends on the state i. In actual
fact, to reduce the calculation time, we assume that all
the states e and f have the same light shift coefficient cjs.
This is justified for two reasons: (i) the anisotropy of the
light shift is small (see Tab. 4); (ii) the light shift coef-
ficients of the levels nP, nD and nF are all very similar.
For instance, the light shift coefficients 8. of the states
8P(my = 0), 8D(my = 0) and 8F(m; = 0) are respec-
tively 287.78, 285.43 and 281.1 (in atomic units). With
this approximation, when we include the light shift, the
transition probability becomes:
9 1

Iy =I"vyg(w — §Cls1)- (29)
This equation replaces equation (10). Then we follow the
procedure described in Section 3.1 (Egs. (16-18)). How-
ever,we have not summed over the velocity distribution in
equation (18) but used instead the mean velocity vy, [11]:

/f
[

where f(v) is the velocity distribution (Eq. (1)).

In reality, we do not know the orientation of the stray
electric fields. Consequently, we have made the line shape
calculation for an electric field either parallel or perpen-
dicular to the laser polarisation to obtain the line shapes
Lj(w,P,E) and L, (w, P, E) (E = |E|). Moreover we have
to consider the case of each hyperfine sublevel mpg of the
2S1/2(F = 1) level (2S;/5(F = 3/2) for deuterium). Fi-
nally, we evaluate the mean of these different profiles:

1 vy = (1/v) =

1 1
L, P, ) = QFHZ{gLH,mF(w,P,E)

2
+ gLJ_JnF ((.4), P» E)

Figure 13 shows an example of this line shape in the case
of the 2S;/5(F'=3/2)-20D, transition in deuterium for a
light power of 20 W and several electric fields (in this
calculation we have neglected the quadratic Stark effect
between the J = 3/2 and J = 5/2 levels). For an elec-
tric field of 5 mV/cm, the linear Stark structure appears
clearly and we see that the nDj3/, level is more sensitive
to an electric field than the nDs 5.

3.3.3 Corrections due to the Stark effect

As the linear Stark effect varies as n?, we can estimate
the residual electric fields from the widths of the tran-

sitions to higher nD levels. During the measurements
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of the 2S-8S/D frequencies [5,6], we have made several
recordings of the 25;,,-15D transition. For the 25-12D
measurements [8], we have also observed the 25, /,-20D
lines. To determine the electric field, we adjust the profile
L(w, P, E) to the experimental data for several values of
the electric field E. We use the procedure described in Sec-
tion 3.2, but without the Gaussian broadening (4, = 0).
Two examples are given in Figures 14 and 15. For the
2S1/2-15D3) transition (Fig. 14), the best fit is obtained
for an electric field of about 2 mV /cm. Figure 15 shows the
fit of the 25, /520Dy with an electric field of 3 mV/cm. In
this case we see the structure of the theoretical curve (in
the experiment, we have in fact a distribution of the am-
plitude FE), but the experimental lines are narrower than
the theoretical ones. Finally, we can estimate the resid-
ual electric field Er to be 2.5(1.0) mV/cm during the
25-8S/D measurements [6] and 2.0(1.0) mV/cm for the
25-12D ones [8].

The calculation of the quadratic Stark effect is
straightforward (see Tab. 11). To evaluate the corrections
due to the linear Stark effect, we have fitted all the ex-
perimental curves 2S;,,-8D; and 28;,,-12D; with the
theoretical profiles L(w, P, E) for the electric field £ = 0
and E = Eg (for the calculation of L(w, P, E) we have
used R; = 2 mm). Then, we make the difference between
the two extrapolated values of CLP (obtained for E = 0
and E = Eg) to obtain the shift due to the linear Stark
effect. These corrections are given in Table 12. We can
make two comments.

(i) Contrary to the result of equation (20), the shift due
to the linear Stark effect is not zero: the nDj /5 level
is shifted up, and the nDgs/, shifted down. We have
the following explanation. Schematically, as the nDs /o
level is above the nF5/5, the mixing of the two levels
divides the two-photon line in two components, a large
component above the nDj5/, level and a small compo-
nent below the nFs/, level. Following equation (20),
the barycentre of these two components is not shifted.
If we take into account the saturation of the two-

E=2mV/icm

Metastable yield (arbitrary unit)

400 kHz

Atomic frequency

Fig. 14. Fit of the 2S;/,(F = 3/2)-15D3,5 two-photon tran-
sition in deuterium. The theoretical curve (solid) is calculated
with an electric field of 2 mV /cm.

231J2'20D3/2

Metastable yield (arbitrary unit)

2 MHz

Atomic frequency

Fig. 15. Fit of the experimental 25,2 (F = 3/2)-20D3,, and
—20D5 5 profiles in deuterium. The theoretical curve (solid) is
calculated with an electric field of 3 mV /cm. For the 25, /o (F =
3/2)-20D3/, transition, the experimental curve is narrower
than the theoretical one.

photon transition, the large component is reduced
more than the small component and the barycentre
should be down shifted. In fact we observe a shift of
opposite sign: the adjustment procedure does not give
the barycentre of the line, but rather makes the fit to
the main component, which is up shifted. The expla-
nation is similar for the nD3 /5 level but with the signs
reversed.
(i) The total shift is larger for the nDg/y level than for
the nDs /2, because the quadratic and the linear Stark
shift have the same signs in the former case and op-
posite signs in the latter. This result is important for
the 2S5-12D transitions: the correction and the uncer-
tainty due to the Stark effect are significant for the
281/5-12D3/5 transition and smaller for the 2S; /-
12D5/5 one (see Tab. 12).
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Table 12. Corrections due to the Stark effect for the 25-8S/D and 2S-12D transitions (the quadratic Stark corrections are

similar for hydrogen and deuterium).

transition Er (mV/cm) quadratic Stark effect (kHz) linear Stark effect (kHz) total shift (kHz)
251/2-851/2 2.5(1.0) 0.56(40) 0.56(40)
hydrogen

25, /2-8Ds /5 2.5(1.0) —0.27(19) —0.24(14) ~0.51(33)
251,2-8D52 2.5(1.0) —0.36(25) 0.54(38) 0.18(13)
deuterium

28, /5-8D3)s 2.5(1.0) —0.27(19) —0.59(43) —0.86(62)
251/2-8D5,2 2.5(1.0) —0.36(25) 0.38(26) 0.02(1)
hydrogen

28, /5-12Dy)5 2.0(1.0) —3.4(2.8) —2.6(2.1) —6.0(4.9)
251 /5-12D5 /5 2.0(1.0) —5.0(4.0) 2.9(2.8) ~2.1(1.2)
deuterium

25, 5-12Ds 5 2.0(1.0) —3.4(2.8) —2.7(2.6) —6.1(5.4)
251 /5-12D5 5 2.0(1.0) —5.0(4.5) 3.9(3.6) 1.1(1.0)

4 Optical frequency measurements
4.1 The rubidium frequency standard

4.1.1 Experimental arrangement and metrological properties

The cornerstone of our optical frequency measurements
is a new standard, namely a laser diode at 778 nm (i.e. a
frequency v of 385 THz) stabilized to the 551 /2-5D5 /2 two-
photon transition of rubidium (LD/Rb laser). This stan-
dard has been described previously elsewhere [7,26,27].
The AlGaAs laser diode is used in an extended cavity con-
figuration to obtain a typical spectral width of 100 kHz.
The rubidium cell (temperature of 90 °C and pressure of
about 8x107° torr) is placed in an enhancement cavity
(30 cm long with a beam waist of 420 pm) in order to
define well the two counterpropagating Gaussian beams
and eliminate completely the first order Doppler effect.
The optical isolation between the laser and the cavity is
provided by a Faraday isolator (isolation of 60 dB) and
an acousto-optic modulator (AOM) in a double-pass con-
figuration. To control the light shift, we stabilize with the
AOM the intensity of the beam transmitted by the cav-
ity to a reference value Ir. The two-photon transition is
monitored via the fluorescence at 420 nm due to the cas-
cade 5D-6P-5S. The frequency lock of this system is made
with two servo-loops. The laser frequency is modulated at
100 kHz with a peak-to-peak amplitude of 300 kHz. A first
error signal is extracted from the intensity of the trans-
mitted beam by the cavity to lock the cavity length to
the laser wavelength. We then detect the modulation of
the fluorescence signal to lock the laser frequency to the
two-photon transition of rubidium.

Three identical systems have been built, two at the
LPTF (labelled L; and Ly) and a third in Laboratoire
Kastler Brossel (labelled KB). As the two laboratories are
linked by two, 3 km long, optical fibers, we can compare
the frequencies of the three systems. To check the fre-
quency shift due to the fiber, we have used our highly

stabilized titanium-sapphire laser. After a round trip of
6 km through the fibers, we have observed a maximum fre-
quency shift of 3 Hz [28]. This shift is completely negligi-
ble for our frequency measurements. From these frequency
comparisons, we have determined precisely the light shift
of each system (—7.32 kHz for the KB system with the
intensity reference value Ig). The main metrological fea-
tures of the LD/Rb laser are a frequency stability (Allan
variance) of about 4x10~'37~1/2 per laser over 1000 s and
a day-to-day repeatability of 400 Hz.

4.1.2 Optical frequency measurement

The frequencies of the three LD/Rb lasers stabilized
on the 5S; /5(F=3)-5D5/2(F=5) two-photon transition of
85Rb were measured in 1996 at the LPTF with a frequency
chain. This frequency chain connects the LD/Rb laser at
385 THz to a standard at 29 THz, namely a COg2 laser
stabilized to an osmium tetraoxyde line (CO3/0s0y4) [7].
This standard had been previously measured in 1985 with
respect to the Cs clock with an uncertainty of 70 Hz
(v = 29 096 274 952 340 (70) Hz) [29,30]. The optical
frequencies of the three LD/Rb systems have been found
to lie very close to each other (the maximum difference
was 1.1 kHz) and the measured frequency of the system
working at LKB was, after correction for the light shift:

vkp = 385 285 142 377.82 kHz (30)
with an uncertainty of 1 kHz. This uncertainty was due
to the COq laser (13x70 Hz) and the day-to-day repeata-
bility of the LD/Rb standard (400 Hz).

To keep this precision, we have made several frequency
comparisons between the Ly, Lo and KB systems. In 1998,
for instance, we have measured the frequency difference
vkB — v, and vkp — ViL,. If we suppose that there was
no drift of the frequencies vy, or v, between 1996 and
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1998, we can deduce two values for the frequency of the
KB system:

vp(L,) = 385 285 142 377.53 kHz,

vkB(L,) = 385 285 142 378.32 kHz.

These values are very close to that of the 1996 measure-
ment (Eq. (30)) so we estimate the frequency shift of the
KB system to be smaller than 500 Hz.

In 1998, the measurement of the CO2/0sO4 stan-
dard with respect to the Cs clock was remade with
an uncertainty of 20 Hz (i.e. a relative uncertainty of
7x10713) [31]. This measurement corrects the previous
one by —88 Hz. With this correction, the frequency of the
LD/Rb standard of LKB becomes:

vk = 385 285 142 376.68 kHz.

Finally, if we take into account the light shift, the fre-
quency vgg(Ir) of the LD/Rb standard of LKB working
with the reference intensity Iy is:

vie(Ir) = 385 285 142 369.4 (1.0) kHz.  (31)
It is this value which has been used for the analysis of
the 25-8S/D and 25-12D measurements. We have kept a
conservative uncertainty of 1 kHz which takes into account
the day-to-day repeatability (400 Hz), the long term sta-
bility of the LD/Rb standard (500 Hz) and the accuracy
of the CO3/0s04 standard (13x20 Hz).

4.2 Optical frequency measurements of the 25—-8S
and 25-8D transitions

4.2.1 The first measurement of the 25-8S and 25-8D
transitions

In 1993 we carried out a first optical frequency mea-
surement of the 25-8S and 25-8D two-photon transi-
tions [5,32]. The principle of this measurement was the
near coincidence between the 25-8S/D frequencies and
the frequency difference of two standard lasers, the iodine
stabilized (He-Ne/Iy) and the methane stabilized (He—
Ne/CH,4) helium-neon lasers (frequencies vy and vcn, re-
spectively):

v(28—-8S/D) = vy —vcn, + A1

where the residual frequency difference A; is about
89 GHz. After a short description of our experimental
scheme, we present an up-to-date analysis of the data
which takes into account the recent improvements of the
line shape calculations and some optical frequency mea-
surements made subsequently with the LD/Rb standard.

Figure 16 shows the experimental set-up. We use two
titanium-sapphire lasers labelled TiS1 and TiS2 which are
frequency shifted by about A;. We observe the two-photon
transition in hydrogen with the first titanium-sapphire

7@\ Photodiode

He-Ne/CH,
3.39 um

Lo,
crystal
He-Ne 88 376 GHz sum
3.39 um 633 nm
473 612 GHz

He-Ne/l,
633 nm

385 325 GHz
\\ Schottky diode
8

9 GHz

Phofodigde
D)

titanium-sapphire
laser
778 nm

385 236 GHz

titanium-sapphire
laser
778 nm

frequency
reference

microwave
source

hydrogen

atomic beam

258-85/D
Fig. 16. Experimental set-up for the frequency comparison
between the 25-8S/D transitions in hydrogen and the methane
stabilized and iodine stabilized standard lasers.

laser. As the power of the He-Ne/CHy laser is only
100 W, we use a more powerful (about 15 mW) auxiliary
He—Ne laser at 3.39 pm, which is frequency locked to the
He-Ne/CH, standard laser. Then the second titanium-
sapphire laser and the auxiliary He—Ne laser are mixed in
a LilO3 crystal to generate a radiation at 633 nm. This
light is heterodyned with that of the He—Ne/Iy standard
laser. Finally, the frequency difference A; between the
two titanium-sapphire lasers is measured with a Schottky
diode which is simultaneously illuminated by the two
titanium-sapphire lasers and a Gunn diode at 89 GHz.
From the frequency A; and that of the beat notes at
3.39 pm and 633 nm, we deduce the optical frequency
of the TiS1 laser. The details of these frequency measure-
ments are given in references [5,15].

The He—Ne/CH4 standard laser was the laser VB-
BIPM from the Bureau International des Poids et
Mesures. Its frequency is known from previous measure-
ments with an uncertainty of 1 kHz:

ven, = 88376181 602.6 (1.0) kHz.

The He-Ne/I; standard laser was the laser INM12 from
the Institut National de Métrologie. In 1992, the frequency
vy of INM12 laser (locked on the f hyperfine component
of the 1271, R11-5 iodine line) was measured in the LPTF
with respect to the CO2/0sO4 standard [33]. The mea-
sured frequency was:

vy =473 612 353 586.9(3.4) kHz. (32)
In 1993 we used these frequency values to determine the
hydrogen frequencies. Today, we can use a more reliable
value of the frequency vy of the INMI12 laser. First, in
1993, promptly after the hydrogen measurements, we mea-
sured the frequency VRb(5Sl/275D3/2) of the 587 /5-5D3/2
two-photon transition of rubidium with the same fre-
quency chain [34]. Indeed, we have a similar coincidence:

VRb(581/2—5D3/2) =vy —vcH, + A2 (33)
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Table 13. Experimental determination of the 25-8S/D transition frequencies from our 1993 measurements (all values in MHz).

transition

251/2-851/2

2Sl/2*8D3/2 281/2*8]:)5/2

1993 analysis [5] 770 649 306.3195 770649 460.0438 770649 517.1844
updated analysis 770649 306.3187 770649 460.0467 770649 517.1887
correction of vy 0.0070 0.0070 0.0070
2512 hyperfine shift 44.3892 44.3892 44.3892
8S1/2 hyperfine shift —0.6936

v(2S1/2-8S1,2/8D) 770649 350.0213 770649 504.4429 770649 561.5849
851/2/8D3/2-8D5,2 splitting 211.5621 57.1291

v(2S1/5-8Ds ) — T70 649 000

561.5834 (143)

561.572 (131) 561.5849 (123)

mean value

770649 561.580 (11)

but in this case the residual frequency As is only 4 to
7 GHz. For instance, for the 5S;/5(F = 1)-5Dg/o(F =
3) hyperfine component in 8Rb, we have measured
Ay =7383160.2 (2.0) kHz. Afterwards, the fine structure
5D3/5-5D5/5 in rubidium was measured at the LPTF [35].
The frequency difference between the **Rb 58 /5(F = 3)-
5D5/2(F = 5) (i.e. the frequency of the LD/Rb standard)
and 3Rb 5S1/2(F" = 1)-5D3,5(F = 3) hyperfine compo-
nents was measured to be 41 587 229.1 (2.0) kHz. Finally,
if we take into account the frequency measurement of the
LD/Rb standard, we can deduce the frequency vrp(5S; /2
5D3/2) and use equation (33) to obtain the frequency vy
of the He-Ne/Iy INM12 standard. The result is:

vy =473 612 353 590.4(3.5) kHz. (34)
We have used the mean value of the three LD /Rb standard
lasers L1, Ly and KB corrected for the recent measure-
ment of the CO2/0s04 standard [7,31] (i.e. v(LD/Rb) =
385 285 142 377.1 (2.0) kHz). The obtained v¢ value is up
shifted (3.5 kHz) with respect to the 1992 measurement
(Eq. (32)). Though the uncertainties are similar, the value
given by equation (34) seems the most reliable because of
the very good reproducibility of the two-photon rubidium
lines.

In 1993, we measured the three 2S;,5-8S;/2, 251 /2~
8D3/9 and 2S;/5-8D5/9 two-photon transitions in hydro-
gen (see Tab. 2). We have remade the analysis of the data
with the line shape calculations presented in Section 3.
The hyperfine structure of the 8D levels, the photoionisa-
tion of the excited level, the saturation of the two-photon
transition as well as the second order Doppler effect are
included in the theoretical profile. The details of this anal-
ysis are given in Table 13. We recall the results of our first
analysis made in 1993 (first row of the table). The results,
given in terms of atomic frequency, are corrected for the
second order Doppler effect and the hyperfine structure
of the D levels (we have detected an error in the refer-
ence [5]: the correction due to the second order Doppler
effect is not 40.2 kHz, but rather 42.4 kHz, as indicated in
Tab. 1). These values can be directly compared with those
of our up-to-date analysis (second row of the table). The
result is similar for the 25, /5-8S; /5 transition, but is up-
shifted by about 3 kHz for the 2S;/,-8D; ones. After the

Table 14. Theoretical Lamb shifts in hydrogen and deuterium.

level hydrogen (MHz) deuterium (MHz)
3512 311.4040 (20) 311.8106 (20)
6512 39.0860 (3) 39.1368 (3)
6Ds o 0.1660 (2) 0.1662 (2)
8,2 16.5008 (3) 16.5222 (3)
8D/ —0.0607 (2) ~0.0607 (2)
8Ds 2 0.0714 (2) 0.0715 (2)
12D, —0.0176 (2) —0.0176 (2)
12D5 5 0.0215 (2) 0.0215 (2)

correction of the He-Ne/Iy frequency (see Eqgs. (32, 34))
and of the hyperfine structure of the S levels, we obtain
the 25;/,5-8S1/o and 2S;/,-8D splittings (for this anal-
ysis we neglect the Stark effect and the shift due to the
black body radiation). For the 2S; /o hyperfine structure,
we use the value of reference [36]. We deduce the 8S; /5
hyperfine structure with a simple 1/n?® scaling law, be-
cause at this level of precision the relativistic corrections
in (Z a)2 are negligible. The three experimental values of
the 2S;/5-8S1/2 and 2S;,,-8D splittings can be inter-
compared using the theoretical values of the fine struc-
ture and of the Lamb shifts in the n = 8 levels. Table 14
gives the theoretical Lamb shifts useful in this paper. We
have taken into account the more precise values of the
Bethe logarithms [37] and all the recent calculations of the
high-order terms following the references [38-40]. For
the nuclear charge radii in hydrogen and deuterium, we
have used r, = 0.862 fm and rq4 = 2.115 fm [41,42].
This enables us to deduce three independent values for
the 25, o-8D5 /5 splitting which are in good mutual agree-
ment (see Tab. 13). The quoted uncertainties come from
the statistics, the second-order Doppler effect (2 kHz), the
optical alignment and the theoretical line shape (4 kHz
and 2 kHz respectively, see Sect. 3.2) and the He—Ne/I,
standard laser (2x3.5 kHz, see Eq. (34)). Finally, the mean
value is:

V(2S1/2—8D5)5) = 770649 561.580 (11) MHz.
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Table 15. Experimental determination of the 25-8S/D transition frequencies from the measurements made in hydrogen with
the rubidium standard. All the values are in MHz and we have subtracted a frequency vy of 770649 GHz. The values in
bold-faced type are the ones used in the 1998 CODATA adjustment of the fundamental constants [44].

transition in hydrogen

281/2*881/2

251/2-8D3y2 281/2-8Ds 2

result of the extrapolation —vg

306.3175 (70)

460.0609 (66)  517.1958 (40)

stark effect —0.0006 (4) 0.0005 (3) —0.0002 (1)
black body radiation —0.0005 (1) —0.0006 (2) —0.0006 (2)
28, /2 hyperfine shift 44.3892 44.3892 44.3892
83,2 hyperfine shift —0.6936

V(2512851 /2/8D )~ 350.0120 (86) 504.4500 (83) 561.5842 (64)
851 2/8D3/2-8D5 2 splitting 211.5621 57.1291

V(281/2*8D5/2)—l/0

561.5741 (86)

561.5791 (83) 561.5842 (64)

mean value and x?2

770649 561.5811 (59)

x? =1.69

By comparison with the published value in 1993 (v/(2S; /5~
8D5/2) = 770649 561.567 (10) MHz [5]), there is a differ-
ence of 13 kHz due to the error in the calculation of the
second-order Doppler effect (2.2 kHz), the frequency of
the He-Ne/I, standard laser (7 kHz), the improvements
of the theoretical line shape (2.6 kHz) and the more pre-
cise Bethe logarithms (1.2 kHz).

4.2.2 The 1996 measurement using the rubidium standard

To take advantage of the very good long term stability
of the LD/Rb standard laser, we have remade the optical
frequency measurements of the 25-8S and 25-8D transi-
tions in hydrogen and deuterium [6,25]. In this case, the
link between the hydrogen frequencies and the standard
laser is straightforward. We have:

v(25—8S/D) = v(LD/Rb) + A

where the residual difference Ag is about 40 GHz in hydro-
gen and 144 GHz in deuterium. To measure this frequency
difference, we focus on a Schottky diode the titanium-
sapphire laser (used for the observation of the hydro-
gen lines) and the LD/Rb standard laser. The Schottky
diode is simultaneously irradiated by a microwave source
at 13 GHz for hydrogen and 48.4 GHz for deuterium. We
detect the low frequency beat note between the two opti-
cal radiations and the third harmonic of the microwave.
Typically, the signal-to-noise ratio is 35 dB with a resolu-
tion bandwidth of 300 kHz. A tracking oscillator is phase
locked to this beat note, and we count continuously this
frequency. The 13 GHz source is the 130th harmonic of a
very stable quartz oscillator at 100 MHz (we use a step
recovery diode, a YIG filter and a 35 dB amplifier). For
deuterium, this microwave source is shifted to 12.1 GHz
(on the 121th harmonic of the 100 MHz quartz). Then,
a Gunn diode at 48.4 GHz is phase locked on the fourth
harmonic of the 12.1 GHz source. The frequency of the
100 MHz quartz oscillator is continuously compared to
a high stability quartz oscillator at 10 MHz (stability of
4x1079 during four months), which has been measured
with a hydrogen maser several times. Finally, the uncer-
tainty on the Schottky diode measurement is about 15 Hz
in hydrogen and 50 Hz in deuterium.

We have measured the three 2S; /5-8S1 /2, 251 /5-8D3/5
and 28, /2-8Dj5 /5 two-photon transitions in hydrogen and
deuterium (see Tab. 2). In hydrogen, the 25; /5-8D5 /5 fre-
quency was measured twice, at the beginning and at the
end of the experiment. The analysis of the results is made
in Tables 15 and 16. We use the same procedure than for
the 1993 results, but we include the corrections due to the
Stark effect and the black body radiation (see Tabs. 12
and 8). In deuterium, we have used the 2S; /2 hyperfine
structure given in reference [43]. In addition to the uncer-
tainties quoted in the Tables, the final uncertainties take
into account the second-order Doppler effect (1 kHz), the
measurement and the long term stability of the LD/Rb
standard laser (2 kHz), the optical alignment and the the-
oretical line shape (4 kHz and 2 kHz respectively, see
Sect. 3.2). The three transition frequencies in hydrogen
and deuterium, in bold-faced type in the tables, were used
in the 1998 CODATA adjustment of the fundamental con-
stants [44]. As in Table 13, we use the theoretical values of
the fine structure between the 8Ds /9 level and the 8S; /o
or 8D3/5 ones to obtain three independent values of the
251 /5-8D5 o interval. These values are in good agreement
with each other, especially these for deuterium. The com-
parison with the results of 1993 in hydrogen (see Tab. 13)
shows an improvement of the accuracy by about a fac-
tor 2 and a perfect agreement between the mean values
of the 25,,5-8D5/o frequencies. The results given in the
Tables 15 and 16 are slightly different from the ones pub-
lished previously [6] (for the mean values, —3.9 kHz and
—3.2 kHz in hydrogen and deuterium). These differences
are due to the new measurement of the CO2/0sO4 laser
(—2.3 kHz), the corrections due to the Stark effect and
the black body radiation (about —0.6 kHz) and some im-
provements of the theoretical line shape. With respect to
reference [6], the uncertainties are also more conservative.

4.3 Optical frequencies measurements of the 25-12D
transitions

In order to test the measurements of the 25-8S and 25-8D
transitions, we have built a new frequency chain to
measure the frequencies of the 25-12D intervals [8,45].



82 The European Physical Journal D

Table 16. Experimental determination of the 25-8S/D transition frequencies from the measurements made in deuterium with
the rubidium standard. All the values are in MHz and we have subtracted a frequency vy of 770859 GHz. The values in
bold-faced type are the ones used in the 1998 CODATA adjustment of the fundamental constants [44].

transition in deuterium

281/2*881/2

251/2-8Dsy2 251/2-8Ds 2

result of the extrapolation —vg

27.8184 (47)

182.0600 (38)  239.2086 (32)

stark effect —0.0006 (4) 0.0009 (6) ~0

black body radiation —0.0005 (1) —0.0006 (2) —0.0006 (2)

251 /5 hyperfine shift 13.6415 13.6415 13.6415

8512 hyperfine shift —0.2131

(281 /5851 /2/8D.s) 1o 41.2457 (69) 195.7018 (63) 252.8495 (59)

V(281 /2-8D55)— 10 252.8484 (69)  252.8466 (63)  252.8495 (59)

mean value and > 770 859 252.8483 (55) X% =0.34
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Fig. 17. Outline of the frequency chain between the 2S-
12D hydrogen frequencies and the LD/Rb and CO2/0sO4
standards. The details are explained in the text (Ti-Sa:
titanium sapphire laser, LD/Rb: rubidium stabilized laser
diode, LD(int): intermediate laser diode, CO2/0sO4: osmium
tetraoxyde stabilized CO2 laser, SHG: second harmonic gener-
ation, SFG: sum frequency generation).

This transition yields complementary information, be-
cause the 12D levels are very sensitive to the stray electric
fields (the quadratic Stark shift varies as n7, see Sect. 3.3),
and so such a measurement provides a stringent test of
Stark corrections to the Rydberg levels.

4.3.1 The experimental scheme

The frequency difference between the 25-12D transitions
(A = 750 nm, v ~ 399.5 THz) and the LD/Rb standard
laser is about 14.2 THz, i.e. the half of the frequency of the
CO43/0s04 standard. To bisect this frequency we use an
optical divider [2,46]. The frequency chain (see Fig. 17)
is split between the LPTF and the LKB: the two opti-
cal fibers are used to transfer the CO2/0sO,4 standard

72 MHz

Fig. 18. Example of the position of the laser frequencies with
respect to the FPR and FPE cavities during the measurements
of the 25-12D transitions. The fringe 1 580 868 of the FPR cav-
ity is locked on the d line of the He—Ne/I, standard laser. The
first titanium sapphire laser (Ti-Sal) is locked on the fringe
1333810 of the FPR cavity with an offset of 2x214.5 MHz.
The 809 nm laser diode, the second titanium sapphire laser (Ti-
Sa2) and the auxiliary He—Ne laser are respectively locked on
the fringes 1237821, 1333305 and 1580281. The laser diode
at 750 nm is frequency shifted by v(CO2) + § with respect to
the one at 809 nm.

from the LPTF to the LKB, where we observe the hydro-
gen transitions. This chain includes an auxiliary source at
809 nm (v = 370.5 THz) such that the laser frequencies
satisfy the equations:

¥(25—12D) + v(809) = 2v(LD/Rb),
v(25—12D) — v(809) = v(CO3).

The first equation is realized at the LKB while the second
one is carried out at the LPTF. For this experiment we
use two-titanium-sapphire lasers. Figure 18 shows an ex-
ample of the positions of the laser frequencies with respect
to the FPR and FPE cavities in the case of the 25;/,—
12D5/; transition in hydrogen. We observe the hydrogen
transitions with a first titanium-sapphire laser (TiS1). It
is locked on the fringe 1333810 of the FPR cavity with a
frequency shift due to the AOM1 (see Fig. 2). The source
at 809 nm (a laser diode in an extended cavity config-
uration with a power of about 30 mW) and the second
titanium-sapphire laser (TiS2) are frequency modulated
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Table 17. Experimental determination of the 25-12D transition frequencies in hydrogen. All the values are in MHz and we have
subtracted a frequency v of 799 191 GHz. The values in bold-faced type are the ones used in the 1998 CODATA adjustment of

the fundamental constants [44].

transition in hydrogen

281/2*12[)3/2 281/2*12D5/2

result of the extrapolation —vg

666.0796 (62)  683.0145 (47)

stark effect 0.0060 (49) 0.0021 (12)
black body radiation —0.0021 (5) —0.0021 (5)
251,72 hyperfine shift 44.3892 44.3892
V(282-12D ) 1o 710.4727 (93) 727.4037 (70)
12D3 5 12Ds 5 splitting 16.9272

V(281/2*12D5/2)—Z/0

727.3999 (93)  727.4037 (70)

mean value (x? = 0.26)

799191 727.4028 (67)

and locked on the fringes 1237821 and 1333305 of the
FPE cavity. A laser diode (power of 50 mW) is injected by
the LD/Rb standard and frequency doubled in a LiB3Os5
crystal (LBO) placed in a ring cavity. This cavity is simi-
lar to the one described in reference [13]. We obtain about
10 W in the UV. At the same time, the TiS2 laser (about
300 mW) and the source at 809 nm are summed in an
other LBO crystal to obtain a second UV beam. A track-
ing oscillator is phase locked on the beat note between the
two UV beams (frequency d1). A part of the 809 nm source
is sent via one fiber to the LPTF. There, a 809 nm local
laser diode is phase locked to the one at LKB. A frequency
sum of this 809 nm laser diode and of an intermediate CO»
laser in an AgGaSy crystal produces a wave at 750 nm.
This wave is used to phase lock, with a frequency shift 4,
a laser diode at 750 nm which is sent back to the LKB
by the second optical fiber. This 750 nm laser diode is
frequency shifted by v(COz) + ¢ with respect to the one
at 809 nm. Then we use a second tracking oscillator to
count the beat note (frequency d2) between the 750 nm
laser diode and the TiS2 laser. Finally, we measure the fre-
quency d3 between the two titanium-sapphire lasers. For
the hydrogen measurements, the CO4 auxiliary laser uses
the P(8) line (CO2 R(4) line for deuterium) and the fre-
quency 03 is about 2.4 GHz (41.3 GHz in deuterium). The
frequency d3 is mixed with two times the frequency which
drives the AOM]1, in order to eliminate the variation of the
measured frequency when we scan the TiS1 frequency to
observe the hydrogen lines. The 2.4 GHz frequency beat
notes is detected with a fast photodiode. For deuterium,
we measure the 41.3 GHz frequency with a Schottky diode.
As for the hydrogen measurements of the 25-8S/D tran-
sitions (see Sect. 4.2.2), the Schottky diode is irradiated
with the two titanium-sapphire lasers and a microwave
source at 13.9 GHz and we detect the beat note between
the TiS1 and TiS2 lasers and the third harmonic of this
microwave radiation (for this measurement we use also a
tracking oscillator). Then, from the frequencies 41, d2 and
d3, we can deduce the frequency v(TiS1) of the TiS1 laser.
Specifically, we have:

1
v(TiS1) = v(LD/Rb) + 5 ((CO2) + 5 + 81 +8) + bs.

The advantage of this scheme is that all the frequency
counting is performed at the LKB.

4.3.2 Results and uncertainties

We have measured the two 2S; /5(F=1 or 3/2)-12D3,5 and
281 /2(F=1 or 3/2)-12D5/, two-photon transitions in hy-
drogen and deuterium. We have not studied the 25; /5
125, /5 transition because of the low signal-to-noise ratio.
For each transition, the signal is recorded for about 50
light powers (see Table 2). The extrapolated frequencies
and the analysis of the data are shown in Tables 17 and 18.

For these transitions, the corrections due to the black
body radiation and to the Stark effect are not negligi-
ble (several kHz), especially the Stark correction of the
2S1/2-12D3/5 (6 kHz). In Tables 17 and 18, these transi-
tion frequencies are corrected for the hyperfine structure
and compared by taking into account the theoretical value
of the fine structure 12D3,9-12D5/5. We obtain two inde-
pendent values of the 2S; ,—12D5 /5 interval which are in
good agreement for hydrogen and deuterium. As for the
25-8S/D results, the final uncertainty takes into account
the second order Doppler effect (1 kHz), the accuracy of
the LD/Rb standard (2 kHz) and the uncertainties due
to the alignment and the theoretical line shape (4 kHz
and 2 kHz). Ultimately, these measurements are slightly
less precise than those for the 25-8S/D transitions, owing
to the smaller signal-to-noise ratio and the larger Stark
shifts.

5 Comparison of the 1S-3S and 25-6S/D
transitions

In this experiment our purpose is the determination of
the 1S Lamb shift. This Lamb shift is difficult to measure,
because the 1S level is isolated. Up to this experiment,
all the measurements of the 1S Lamb shift have been ob-
tained from the study of the 1S-2S two-photon transition
by subtracting the 1S5-2S Dirac and recoil energies from
the experimental value of the 1S-2S interval [47,48]. In the
most recent experiments [49,50], this subtraction is made
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Table 18. Experimental determination of the 25-12D transition frequencies in deuterium. All the values are in MHz and we
have subtracted a frequency vy of 799 409 GHz. The values in bold-faced type are the ones used in the 1998 CODATA adjustment

of the fundamental constants [44].

transition in deuterium

281/2*12D3/2 281/2*12D5/2

result of the extrapolation —vyg

154.3925 (44)  171.3263 (45)

stark effect 0.0061 (54) 0.0011 (10)
black body radiation —0.0021 (5) —0.0021 (5)
2512 hyperfine shift 13.6415 13.6415
(281/5-12D)— 1o 168.0380 (86) 184.9668 (68)
12D3,5-12D5 5 splitting 16.9318

V(281/2*12D5/2)—l/0

184.9698 (86)  184.9668 (68)

mean value (x* = 0.28)

799 409 184.9676 (65)
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Fig. 19. Experimental setup for the frequency comparison be-
tween the 1S-3S and 25-6S/D transitions (TiSa: titanium sap-
phire laser, LBO: lithium tri-borate crystal, BBO: g-barium
borate crystal).

in a simple way by comparison of the 15-2S frequency
with four times the 25-4S, 25—4P or 25-4D frequencies.
Indeed, in the Bohr model, these frequencies lie exactly in
a ratio 4:1, and the deviation from this factor is mainly
due to the Lamb shifts which vary as 1/n3. The principle
of our measurement is similar, except that we compare
the 1S-3S and 25-6S/D frequencies, which, for the same
reason, are also in a ratio 4:1. This experiment has been
described briefly elsewhere [9]. Here we provide some ad-
ditional details and an updated analysis of the results.

5.1 The 1S-3S transition

Figure 19 shows the general scheme of the experiment.
The same titanium-sapphire laser is used to observe, al-
ternately, the 25-6S or 2S-6D transitions at 820 nm and
the 1S-3S transition at 205 nm. The 2S-6S/D appara-
tus is the one described in Section 2. The UV radiation
at 205 nm is obtained from two successive doubling stages
with a LBO crystal and a S-barium borate crystal (BBO).
Both steps have been described elsewhere [13,51]. Each

crystal is placed in an enhancement ring cavity. The first
frequency doubling produces up to 500 mW at 410 nm
for a pump power of 2.3 W at 820 nm. The second har-
monic generation at 205 nm is far more challenging. To
avoid rapid degradation of the faces of the BBO crystal,
the second enhancement cavity is placed inside a clean
chamber filled with oxygen. Moreover, the length of this
enhancement cavity is modulated (modulation frequency
of 15 kHz) so as to be resonant only some of the time. We
work in an intermediate regime in which the UV intensity
consists of 3 us pulses at a frequency of 30 kHz. This
method prevents the generation, in the ring cavity, of a
counterpropagating wave at 410 nm, probably due to a
photorefractive effect in the BBO crystal. This modula-
tion produces a frequency shift, the UV frequency being
upshifted (downshifted) by about 120 kHz when the length
of the BBO cavity decreases (increases). In this regime, a
UV power of about 1 mW (peak power) can be obtained
for several hours using the same point of the crystal.

To observe the 1S—-3S transition, we use a second
atomic beam. Atomic hydrogen is produced by a radiofre-
quency discharge similar to the one described in Sec-
tion 2.3.1. The discharge is off-axis with respect to the
atomic beam, and linked to the vacuum chamber by a 9 cm
length of Teflon tube. The atomic hydrogen flows through
a Teflon nozzle (3 cm long, 3 mm in diameter) into the
vacuum chamber which is evacuated by an oil diffusion
pump (Alcatel 6250). Under running conditions, the pres-
sures in the discharge tube and the vacuum chamber are
0.4 mbar and 9x 10~% mbar respectively. With the method
described in reference [52], we have measured the angular
width of the profile of the effusive atomic beam to be about
8° (full width at the half maximum). By comparison with
a previous version of the experiment where the discharge
was on the axis of the atomic beam (there was only the
Teflon nozzle), we have also found that the atomic flux
is reduced by about a factor 4. This effect shows that the
recombination of the hydrogen atoms in the Teflon tube is
significant. The atomic beam is carefully delimited by two
diaphragms (diameter of 2 mm and 3 mm successively) to
eliminate the stray light coming from the hydrogen dis-
charge. The atomic beam is also placed inside a linear
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Fig. 20. Spectrum of the 18, /5(F = 1)-3S;,2(F = 1) transi-
tion detected by Balmer-a fluorescence. The total acquisition
time is about 14 hours. The signal is fitted with a Lorentzian
curve (solid).

buildup cavity formed by two spherical mirrors (radius of
curvature 25 cm). The UV beam emerging from the BBO
crystal is corrected for astigmatism with a spherical lens
(focal length 87 mm) and a cylindrical lens (focal length
290 mm) and mode matched into the cavity with two more
lenses. Inside the cavity, the UV power is typically 10 mW
and the UV beam is focused at a distance of 12 cm from
the Teflon nozzle with a waist of about 48 pum. At this
distance, we estimate the density of hydrogen atoms to
be about 3x 1010 atoms/cm3. The two cavity mirrors are
mounted on PZT stacks and the length of the cavity is
locked to the UV frequency so that successive UV pulses
have the same intensity inside the cavity. In these con-
ditions, the frequency shifts of two successive UV pulses
cancel each other and the residual frequency shift is esti-
mated to be less than 3 kHz. The two-photon transition is
detected by monitoring the Balmer-a fluorescence due to
the radiative decay 3S—2P. This fluorescence is collected
with a spherical mirror and a f/0.5 aspheric lens system,
selected with an interference filter and detected with a
cooled photomultiplier (EMI 9658R).

The data acquisition is similar to the one described in
Section 2.4. Each scan is divided in 31 frequency points.
For each point, the photomultiplier signal is counted dur-
ing 1 s and we make 10 scans of the line to achieve a
7 minute run. As the signal-to-noise ratio is small, we
take the mean of several runs to obtain an observable
signal. Figure 20 shows the mean of 102 runs. The to-
tal background is about 160 counts/s and the 1S-3S sig-
nal 10 counts/s. In Figure 20, the signal is fitted with a
Lorentzian curve. The observed line width (1.7 MHz in
terms of atomic frequency) is mainly due to the natural
width of the 3S level (1 MHz), transit time broadening
(200 kHz) and broadening due to the modulation of the
UV light (about 500 kHz). We can compare the signal am-
plitude with a theoretical estimate. The two-photon tran-
sition probability I'; is given by equation (9). As the value
of the matrix element (3S |Qsp| 1S) of the two-photon oper-
ator is 2.14 in atomic units [53], we obtain for a UV power
of 10 mW: Iy =2 x 1072 s~ 1. If we take into account the

2.37 GHz

(@ (b)

X

1 MHz

laser frequency

Fig. 21. Hydrogen two-photon spectra. (a) 1Si,2(F = 1)-
3S1/2(F = 1) transition. (b) 2S1,2(F = 1)-6Ds/, transition.
The two signals are shifted by about 2.37 GHz in terms of
laser frequency at 820 nm.

effective linewidth (1.7 MHz), the atomic density in front
of the photomultiplier (3x10'° atoms/cm?), the observa-
tion length (12 mm because of the transmission of the in-
terference filter), the detection solid angle (§2/4w = 0.24),
the transmission of the detection optics (about 66%), the
photomultiplier quantum efficiency (8%), the population
of the F' = 1 hyperfine level (3/4) and the modulation of
the UV light (reduction of the excitation time by a factor
0.066), we estimate the signal to be about 20 counts/s.
This value is in fair agreement with the experiment if we
consider the uncertainties in the UV power and the atomic
density.

5.2 Comparison of the 1S—-3S and 25-6S/D
frequencies

We have compared the 1S;/5-3S; /2 frequencies with those
of the 2S;/,5-6D5/, and 2S;/,-6S,/5 transitions. To do
this, we have measured alternately the 15-3S and 25—
6S/D line positions with respect to the fringes 1219477
(transition 18;/5-3S/2) and 1219485 (transition 2S; /5
6D5/2) or 1219484 (transition 2S;,5-6S;/3) of our very
stable FPR cavity. For the first comparison, we collected
the data for the 2S; /5-6D5, transition (1 day), the 1S; /5
3S1/2 (3 days), then 28, ,-6D5 /5 once again (2 days). The
procedure was similar for the 25, ,,-65, /5 transition, but,
because of its lower intensity, longer acquisition times were
required (4, 3 and 4 days respectively). Figure 21 shows,
on the same frequency scale, the recordings of the 1S; /o
3S1/2 and 2S; /5-6D5 5 lines. As the 25-6S/D linewidth is
larger than the 15-3S one, the accuracy is mainly limited
by the uncertainty in the 25-6S/D line positions.

The results are given in Table 19. For the 2S5-6S/D
transitions, we have used our updated analysis of the
data: the second-order Doppler effect and the 6D hyper-
fine structure are included in the theoretical line shape.
The quoted uncertainties of the second row of the table
(8.8 kHz and 20 kHz for each measurement) are mainly
due to the uncertainties in the positions of the 1S-3S line
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Table 19. Comparison between the 1S;/5-3S1,, and 2S;,,-6D5,2/6S; /2 frequencies. All the values are in MHz. The values in
bold-faced type are the ones used in the 1998 CODATA adjustment of the fundamental constants [44].

comparison with

281,2-6D5 2 251/2-6S1/2

laser frequency splitting

laser frequency splitting x2

2370.1140 (44)
4740.2280 (88)

2120.188 (10)
4240.377 (20)

1S-3S second-order Doppler effect —0.0310 (25) —0.0310 (25)
hyperfine structure corrections —41.0981 —42.7421
v(25-6S/D) — v(18-38)/4 4699.099 (11) 4197.604 (21)
6S1/2—6D5,2 splitting 501.5051

V(2Sl/2*6D5/2) - V(lS*3S)/4

4699.099 (11) 4699.109 (21)

mean value

4699.1006 (98)

(4.7 kHz and 6 kHz for each measurement) and of the
25-6D or 25-6S lines (7.1 kHz and 19 kHz). For the 1S
atomic beam, the velocity distribution is that of a thermal
beam, i.e. f(v) ~v¥exp (—v?/20?) and the second-order
Doppler shift of the 1S-3S line is —3/2(c/c)?115_35 (see
Eq. (2)). The analysis of the features of the metastable
atomic beam shows that the heating due to the discharge
is typically 30 K. As the two discharges of the two atomic
beams are of identical design, we can assume that the
temperature of the beam is in the range 280-330 K and
we obtain a second-order Doppler shift of —124(10) kHz
for the 1S—-3S transition in terms of atomic frequency, i.e.
—31.0(2.5) kHz for the comparison with the 25-6S/D fre-
quencies. Because of the 1S and 3S hyperfine structures,
there is a quadratic Zeeman effect of the F' = 1,mp = 0
sublevels. For the 1S-3S line this effect introduces a mean
shift of 11.9 kHz/G? (in terms of atomic frequency). In our
experiment, the Earth’s magnetic field is about 260 mG
and the Zeeman shift of the 1S-3S transition 800 Hz. We
have neglected this effect and several other small effects:
the shifts due to the black body radiation (see Tab. 8), the
residual Stark shifts (smaller than 300 Hz for the 25-6S/D
transition) and the light shift of the 1S-3S transition. For
this transition, the light shift coefficients 3; (see Eq. (11))
are —6.445 and 20.926 (atomic units) for the 1S and 3S
level respectively [19]. With a UV power of 10 mW, the
light shift is about 740 Hz for an atom at the center of the
laser beam. As previously, the final uncertainties (11 kHz
and 21 kHz for the two measurements, see Tab. 19) take
into account the uncertainty of the second-order Doppler
effect of the 25-6S/D lines (2 kHz), and the uncertainties
due to the alignment and the theoretical line shape (4 kHz
and 2 kHz).

Finally, if we use the theoretical value of the 6S;/5—
6D5/o splitting, we can compare the two measurements.
We obtain two independent values of the frequency dif-
ference v(2S;/2—6D5/2) — v(1S—3S)/4 which are in fair
agreement. By comparison with the results published
previously [9], these values are shifted by 6 kHz and
—3.7 kHz for the 2S;/5-6D5/2 and 2S;/,—6S; /o measure-
ments because of the new theoretical line shape. Finally
we obtain an uncertainty of 9.8 kHz for the difference
V(281/2*6D5/2) — V(lS*SS)/Zl

6 Determination of the Rydberg constant
and Lamb shifts

6.1 Method and analysis of the data
6.1.1 Theoretical background

The aim of this section is to extract from our measure-
ments the values of Rydberg constant and Lamb shifts.
More details of the theory of atomic hydrogen can be
found in the review articles [38-40]. The hydrogen level
energy is conventionally expressed as the sum of three
terms: the energy given by the Dirac equation for a parti-
cle with the reduced mass, the first relativistic correction
due to the recoil of the proton, and the Lamb shift. The
energy Ey(nLJ) of the level [nLJ) of hydrogen is:

Eu(nLJ) = du(nLJ)hcRs + ru(n)hcRoo + hLu(nLJ)
(35)

where dp(nLJ)hcRs and rg(nLJ)hcRs describe the
Dirac and recoil energies. The coefficients dy(nLJ) and
ri(n) can be expressed exactly as a function of the fine
structure constant « and the electron to proton mass ratio
me/mp. Moreover, the coefficient 71 (n) does not depend
on the quantum numbers L and J [20]. The Lamb shift
Ly(nLJ) is expressed in terms of frequency. It contains
all the theoretical corrections, i.e. the QED corrections,
the other relativistic corrections due to the proton recoil
and the effect of the proton charge distribution. For deu-
terium, the energy Ep(nLJ) is given by a similar equation
with the subscripts D. Equation (35) shows that, to ex-
tract the Rydberg constant from our measurements, we
need to know the Lamb shifts. For the upper levels of the
transitions, we can use the theoretical values of the Lamb
shift (see Tab. 14), because the theoretical uncertainties
(only a few hundred hertz) are far smaller than those of
our measurements (typically 6 kHz). On the other hand,
for the 1S and 2S levels, this is not the case. The one-
loop QED corrections are now calculated with an accu-
racy of 1 Hz [54]. By contrast, for the calculations of the
higher order terms, the QED uncertainties are typically
5 kHz and 40 kHz for the 2S and 1S levels [55-57]. More-
over, the disagreement between the two determinations
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of the charge radius of the proton (r, = 0.805(11) fm [58]
and r, = 0.862(12) fm [41]) corresponds to a difference of
18 kHz and 149 kHz respectively for the 2S and 1S Lamb
shifts. Consequently, in our data analysis, we shall con-
sider that the 1S and 2S Lamb shifts are unknowns to be
determined by the experiment. Nevertheless, since several
terms of the Lamb shift calculations vary with the prin-
cipal quantum number exactly as 1/n3 (for instance the
effect of the charge distribution of the nucleus), the devi-
ation from this scaling law as been calculated precisely by
Karshenboim [59]. For the 1S and 2S levels of hydrogen
and deuterium the results are:

as one might expect, there are similar equations for the
other nS; /; levels.

6.1.2 Experimental data

To determine the Rydberg constant and the Lamb shifts,
we use the mean values of the frequencies v4(2S; /2—nDs /2)
(A=HorDand n = 8 or 12) and of the frequency
difference VH(281/2—6D5/2) — VH(181/2_381/2)/4 which
are given at the end of the Tables 15-19. We have in-
troduced the subscripts H and D to distinguish the hy-
drogen and deuterium cases. If we define the coefficient
QA(Qsl/Q*nD5/2) = dA(?’LD5/2)+7"A(nD5/2)*dA(QS]_/z)*
r4(2S; /2) we deduce from our experimental results five
equations:

VA(231/2—TZD5/2) = aA(2sl/2_nD5/2)CRoo

+ La(nDs/2) — La(2S1)2) (38)

(4 equations).

And we obtain from the 1S-3S and 25-6S/D comparison:
1

Z/H(281/2—6D5/2) — ZZ/H(lsl/Q—gsl/g) =

1
an(2S1/2—6Ds5,2) — ZGH(151/2*3S1/2) cR

(Lu(3S1/2) — Lu(1S1)2)) -
(39)

+ Li(6Dsya) — Ln(2512) — 1
We will use also several other precise measurements in hy-
drogen and deuterium, at first the measurements of the 2S
Lamb shift in hydrogen. This Lamb shift (in fact the differ-
ence between the 28; /o and 2P/, Lamb shifts) is deduced
from radiofrequency measurements of the 2P;,,—2S;,,
splitting, the first by Lamb and Retherford [60]. The most
precise direct determination of this splitting is the one
by Lundeen and Pipkin (1057.845(9) MHz [61]). We have
also used two other indirect determinations deduced from
the 2, /- 2P3 5 splitting (1057.842(12) MHz [62,63]) and
obtained by the anisotropy method (1057.852(15) MHz

[64]). From the weighted mean value of these three re-
sults (1057.8454(65) MHz) and the theoretical value of
the 2P; /o Lamb shift (—12.83599(8) MHz [63]) we deduce
the 25, /5 Lamb shift:

Lu(2S1/2) = 1045.009 4(65) MHz. (40)

We have not taken into account the determination of
Pal’chikov et al. (1057.8514(19) MHz [65]) who measured
in fact the ratio between the 25,/ Lamb shift and the
natural width of the 2P; /5 level. Since there is an ongo-
ing discussion about the theoretical value of this natural
width [66,67], we have not used this result.

The frequency and the isotope shift of the 1S-2S tran-
sition have been measured very accurately by Hansch and
coworkers [2,3]. Their results provide us with equations:

vu(1S1/2—2S1/2) = an(1S1/2—28;1/2)cR
+ Lu(2S1/2) — Lu(1S1/2), (41)

vp(181/2—2S1/2) — vu(1S1/2—2Sy/2) =
[(LD(lsl/g—QSl/g) — aH(lsl/z—Qsl/Q)] CROO

+ Lp(2S1/2) — Lu(2S1/2) — Lp(1S1/2) + Lu(1Sy/2).
(42)

Lastly, we will use also the measurements of the 1S; /o
Lamb shift made by comparison of the 1S-2S frequency
with the 2S-4S/D frequencies [42,49] or with the 2S—4P
frequencies [50]. If we use the theoretical values of the
Lamb shifts for the n = 4 levels, the analysis of these data
gives two experimental values of the linear combination of
the Lamb shifts:

L(181/2) — 5Lu(2S,/2) = 2947.831(37) MHz,

(1S—2S and 2S—4S/D comparison), (43)
(1S—2S and 2S—4P comparison). (44)

These two measurements are in fair agreement with each
other.

To conclude, we obtain a set of 12 equations where the
5 unknowns are the Rydberg constant and the Lamb shifts
of the 1S and 28 levels in hydrogen and deuterium: 2 theo-
retical equations (36, 37), 5 equations given by our exper-
imental results (38, 39) and 5 equations which resume the
accurate measurements made in hydrogen or deuterium by
several other groups (40-44). This set of equations give us
the possibility, with least squares procedures, to extract
the Rydberg constant and the Lamb shifts by different
ways. We present several approaches below. For these cal-
culations, we use the value of the fine structure constant
given by the last adjustment of the fundamental constants
a~! = 137.035999 76(50) [44]. This choice is justified be-
cause, in this adjustment, the hydrogen measurements
have no significant influence on the determination of the
fine structure constant. For the proton-to-electron and
deuteron-to-proton mass ratios, we use the values taken
from references [68,69]: mp/m. = 1836.152666 5(40) and
mqa/myp = 1.999 007 501 3(14).
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Table 20. Determination of the Rydberg constant.

method and transitions involved equations (Roo — 109737) cm ™!
determination of Rs from the 25—nD and 2S—2P measurements

25-2P and 2S-8S/D in hydrogen (38, 40) 0.315 6861(13)
25-2P and 2S-12D in hydrogen (38, 40) 0.315 6848(13)
25-2P, 2S-8S/D and 2S-12D in hydrogen (38, 40) 0.315 6855(11)

determination of Ro from linear combination of optical frequencies measurements

25-8S/D, 1S-2S and 1/n® law in hydrogen

25-12D, 1S-2S and 1/n® law in hydrogen

25-83/D, 25-12D, 1S-2S and 1/n® law in hydrogen
258-8S/D, 25-12D, 1S-2S and 1/n® law in deuterium

25-8S/D, 25-12D, 1S-2S and 1/n® law in hydrogen and deuterium

(36, 38, 41) 0.315 6865(16)
(36, 38, 41) 0.315 6842(17)
(36, 38, 41) 0.315 6854(13)

)

(37, 38, 41, 42)
(36-38, 41, 42)

0.315 6854(12
0.315 6854(10)

general least squares adjustment in hydrogen and deuterium

2S-2P, 25-8S/D, 25-12D, 1S-2S and 1/n® law

(36-44) 0.315 685 50(84)

6.2 Rydberg constant

We can extract the Rydberg constant from only our results
by considering the 8D5/,~12D5,5 splitting, which is ob-
tained by difference between our 25;,5—8D5 /5 and 25 o—
12D5,/2 measurements. Nevertheless, since this splitting
is small (about 30 THz), the relative accuracy of this
method is only 2 x 107!0. A first precise method is to
use the experimental determination of the 2S;,, Lamb
shift in hydrogen (Eq. (40)). The first part of Table 20
gives the values of the Rydberg constant deduced from
our 2S;/5-8D5/9 and 25;,5-12D5/5 measurements in hy-
drogen. These two values have a similar precision and are
in an acceptable agreement (they differ by about 1 stan-
dard deviation). This agreement shows that the correc-
tions due to the Stark effect are well analyzed (these cor-
rections are about 10 times larger for the 12D than for
the 8D levels, see Tab. 12). Table 20 gives the average
of these results (Roo = 109737.3156855(11) cm™!). The
relative uncertainty (about 10711) comes from the optical
frequency measurements (6.1 x 107'2), the 2S;,, Lamb
shift (8.3 x 107!2) and the proton-to-electron mass ratio
(1.2 x 107'2). The uncertainty due to the fine structure
constant is negligible (1.3 x 10~13). This result is the most
precise if we make no theoretical assumptions concern-
ing the 1S;/5 and the 2S;/, Lamb shifts. Unfortunately,
this method is not appropriate for deuterium, because, for
this isotope, no comparably accurate determination of the
251 /o Lamb shift has been performed.

If we use the 1/n3 scaling law for the Lamb shifts
(Egs. (36, 37)), we can form the linear combination of
the 181/2*281/2 and 281/2*’RD5/2 frequencies:

7VH(281/2—TLD5/2) — Z/H(lsl/g—Zsl/Z).

In this way, we can eliminate from the equations (38,
41) the Lamb shift combination Ly (1S;/2) — 8Ln(2S;/2)
(Eq. (36)) and we deduce the Rydberg constant with-
out the microwave measurements of the 2S; 5 Lamb shift.
Moreover, this method is applicable to both hydrogen and

deuterium. The results are given in the second part of Ta-
ble 20. The values obtained for hydrogen and deuterium
are in perfect agreement. If we use all the precise opti-
cal frequency measurements in hydrogen and deuterium
(transitions 181/2*281/2, 281/2*8D5/2 and 281/2*12D5/2),
we obtain a value of R, more precise than the previous
ones (Ro = 109737.3156854(10) cm~!). This value is
also in perfect agreement with the one deduced via the
measurements of the 25, Lamb shift.

To make an average of these different determinations
of R, we have performed a least squares adjustement
which takes into account all the precise measurements de-
scribed by the equations (36—44): the measurements of the
251 /2 Lamb shift, the optical frequency measurements of
the 1S-2S and 2S—nD transitions in hydrogen and deu-
terium, and also the measurements of the 1S Lamb shift
which will be described in Section 6.3. This result (R =
109737.31568550(84) cm™!) is similar to the one of the
1998 adjustment of the fundamental constant [44], with a
relative uncertainty of 7.7 x 1072, By comparison with
the 1986 adjustment [70], the uncertainty is reduced by a
factor of about 150. Figure 22 compares the recent deter-
minations of the Rydberg constant and shows the different
steps of this improvement since 1986.

The values of Table 20 are slightly different from the
ones published previously [8], because for the fine struc-
ture constant o we had used the value of the 1986 CO-
DATA adjustment, which differs from the new value by
about 7.5 x 1078 [70]. To obtain these results, we have
chosen to leave out our first determination of the 28; /5
8Ds5,5 frequency (see Tab. 13), because this measurement
has no significant bearing upon the final result: if we in-
cluded this value, the uncertainty in R., would be reduced
to only 83 x 1078 cm~!.

6.3 Lamb shifts

We can deduce the 15,/ Lamb shift from the com-
parison of the 1S;/5-3S;/, and 2S;/5-6D5/2 frequencies
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Table 21. Determination of the 1S;,, Lamb shift in hydrogen.

method and transitions involved equations Lu(1S;/2) (MHz)
comparison of transition frequencies lying in a ratio 4:1

25-2P, 1S-3S and 25-6S/D (39, 40) 8172.825(47)
25-2P, 1525 and 28-4S/D (43, 40) 8172.878(51)
25-2P, 1S-2S and 25-4P (44, 40) 8172.834(48)

comparison of the 1S-2S and 25-nD frequencies using the 2S;/, Lamb shift

2S-2P, 1S-2S and 28-8S/D
2S-2P, 1S-2S and 25-12D
2S-2P, 1S-28, 25-8S/D and 25-12D

(38, 40, 41) 8172.854(33)
(38, 40, 41) 8172.825(34)
(38, 40, 41) 8172.840(31)

comparison of the 1S-2S and 2S-nD frequencies using the 1/n? scaling law

25-8S/D, 25-12D, 1S-2S and 1/n? law in hydrogen
25-8S/D, 25-12D, 1S-2S and 1/n® law in hydrogen and deuterium

(36, 38, 41)
(36-38, 41, 42)

8172.837(32)
8172.837(26)

general least squares adjustment in hydrogen and deuterium

25-2P, 25-8S/D, 25-12D, 1S-2S and 1/n® law

(36-44) 8172.840(22)

theory rp, = 0.862(12) fm [56]
theory rp, = 0.805(11) fm [56]

8172.731(40)
8172.582(40)
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Fig. 22. Comparison of various determinations of the Rydberg
constant since the 1986 adjustment of the fundamental con-
stants; Codata 1986 [70], a [71], b [72], ¢ [73], d [74], e [48],
f [75], g [76], h: reference [75] corrected for the new measure-
ment of the He-Ne/Is standard laser [33], i [4], j [5], k [42],
1 [6], Codata 1998 [44].

(see Eq. (39)). The value of the term [ag(2S;/2—6D5/2) —
ap (18172381 /2)/4]cRo is 3778.5887 MHz. If we use the
theoretical values of the 2S; /5 and 6D5/5 Lamb shift, we
obtain the linear combination of the 1S, / and 2S; /» Lamb

shifts:

Lu(1Sy/2) — 4Lu(2S;/2) = 3992.787(39) MHz.  (45)
Finally, thanks to the experimental value of the 2S;/,
Lamb shift (Eq. (40)) we deduce the value Ly(1S;/9) =
8172.825(47) MHz. This value differs from the one pub-
lished previously by 27 kHz. This is due to a different
value of the 2S;/, Lamb shift (10 kHz) and to our new
theoretical line shape (17 kHz). This result is compared
in the first part of Table 21 with the determinations ob-
tained by comparison of the 1S-2S and 25-4S/D or 2S-4P
frequencies (Eqs. (43, 44); with respect to references [42,
50], these two values are updated by taking into account
the different values of the 2S;,, Lamb shift and of the
fine structure constant). The three results have a similar
precision and are in good agreement.

Another way to obtain the 1S;,, Lamb shift is to use
the precise optical frequency measurements of the 1S; /5
2S1/2 and 2S;/5-nDs5/, transitions. A first method uses
the experimental value of the 2S;/, Lamb shift (Eq. (40))
to extract Ro. from the 2S;,5-nDs/y splitting (see the
first part of Tab. 20). Then the 1S;/, Lamb shift is de-
duced from the 1S;,5-2S;,5 frequency. The results are
given in the second part of Table 21. The final result
(Lu(1Sq/2) = 8172.840(31) MHz) is more precise than the
precedent ones because of the very high accuracy of the
optical frequency measurements. The 31 kHz uncertainty
is due to the optical frequency measurements (15 kHz)
and, mainly, to the measurement of the 25,5 Lamb shift
(27 kHz). In a second method, we can avoid this limi-
tation by using the 1/n® scaling law of the Lamb shift.
The values obtained by this way are slightly more precise
(see the third part of Tab. 21). Moreover, this method
provides the 25/, Lamb shift and is reliable in the case
of deuterium. Finally, we give the result of the general
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Table 22. Determination of the 1S;,, Lamb shift in deuterium.

method and transitions involved

equations

Lp(18, ) (MHz)

comparison of transition frequencies lying in a ratio 4:1

18-28, 25-4S/D and theoretical value of Lp(2S;,2) [42]

8183.807(78)

comparison of the 15-2S and 2S-nD frequencies using the 1/n> scaling law

25-83/D, 25-12D, 1S-2S and 1/n® law in deuterium
25-8S/D, 25-12D, 1S-2S and 1/n® law in hydrogen and deuterium

(37, 38, 41, 42)
(36-38, 41, 42)

8183.968(31)
8183.967(26)

general least squares adjustment in hydrogen and deuterium

258-2P, 28-8S/D, 25-12D, 1S-2S and 1/n® law

(36-44) 8183.970(22)

Table 23. Determination of the 2S; /5 Lamb shift in hydrogen.

method and transitions involved equations vu(2S1/2—2P1/2) (MHz)
direct measurement of the 2S;5—2P; /5 splitting

2S1/2-2P1 2, Newton et al. [77] 1057.862(20)
2S1/2-2P1 /2, Lundeen et al. [61] 1057.845(9)
28, /2-2P3)2, Hagley et al. [62,63] 1057.842(12)
25-2P, Wijngaarden et al. [64] 1057.852(15)
comparison of transition frequencies lying in a ratio 4:1

1S-3S, 25-6S/D and 1/n® scaling law (36, 39) 1057.841(10)
1S-2S, 25-4S/D and 1/n? scaling law (36, 43) 1057.857(12)
1S-2S, 2S-4P and 1/n® scaling law (36, 44) 1057.842(11)
comparison of the 18-2S and 28-nD frequencies using the 1/n® scaling law

25-83/D, 25-12D, 1S-2S and 1/n® law in hydrogen (36, 38, 41) 1057.8446(42)
258-8S/D, 28-12D, 1S-2S and 1/n® law in hydrogen and deuterium  (36-38, 41, 42) 1057.8447(34)
general least squares adjustment in hydrogen and deuterium

25-2P, 25-8S/D, 25-12D, 1S-2S and 1/n® law (36-44) 1057.8450(29)
theory rp = 0.862(12) fm [56] 1057.836(6)
theory rp = 0.805(11) fm [56] 1057.812(6)

adjustment (Lu(1S;/2) = 8172.840(22) MHz) with a rel-
ative uncertainty of 2.7 x 1076.

Table 22 gives the results for the 1S/, Lamb shift
in deuterium. First, we recall the value of reference [42]
which was obtained by comparison of the 1S-2S and 25—
4S/D frequencies, but which used the theoretical value of
the 25/, Lamb shift. Afterwards, we give the results of
the comparison of the 1S-2S and 25-nD frequencies and
we conclude with the general least square adjustment in
hydrogen and deuterium. This last value (Lp(1Si/2) =
8183.970(22) MHz) has the same uncertainty as that for
hydrogen.

Several values of the 2S;/,, Lamb shift in hydrogen
and deuterium are given in Tables 23 and 24. The first
part of these tables displays the determinations deduced
from the 2S5-2P splitting by microwave spectroscopy or
by level crossing or anisotropy methods [61,62,64,77,78].
For hydrogen, the combination of the equations (43, 44,
45) with the 1/n? scaling law of the Lamb shift (Eq. (36))
yields three determinations of the 2S;/, Lamb shift (sec-
ond part of Tab. 23) with a precision equivalent to that

of the direct measurements. For deuterium, a first value
of the 25, /5 Lamb shift is deduced from the isotope shift
of the 25, /5—8D5/> and 25;,5-12D5/5 transitions. These
isotope shifts are mainly a mass effect. Thanks to the pre-
cise determination of the mass ratios my,/me and mq/my,
the uncertainty in the mass effect is only 0.5 kHz. Then,
from these isotope shifts, we deduce the difference be-
tween the 2S; /o Lamb shift in deuterium and hydrogen.
By using the experimental value of the 25,/ Lamb shift
in hydrogen, we obtain finally the 2S;,, Lamb shift in
deuterium (second part of Tab. 24). To obtain the 2S; /5
2Py, splitting, we use the theoretical value of the 2P, /5
Lamb shift (Lp(2P;/2) = —12.8350(3) MHz). These re-
sults are in very good agreement with the first measure-
ment of Cosens [78].

Next we give the values deduced from the 1S-2S and
25-nD optical frequency measurements. These results for
the 2S;/, Lamb shift (Lu(2S;/2) = 1057.8447(34) MHz
and Lp(2S;/2) = 1059.2338(34) MHz) are independent
and more precise than the direct determinations
made by microwave spectroscopy. Lastly, we make
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Table 24. Determination of the 2S;,, Lamb shift in deuterium.

method and transitions involved equations vp(281/2—2P1 /) (MHz)
direct measurement of the 2S5, ,5—2P; /5 splitting

28, /2-2P1 /5, Cosens [78] 1059.240(33)
determination from the 25, ,,-nD5/, isotope shift

25-2P in H and 2S-8S/D in H and D (38, 40) 1059.234(10)

25—-2P in H and 25-12D in H and D (38, 40) 1059.235(11)

25-2P in H, 25-8S/D and 25-12D in H and D (38, 40) 1059.234(8)

comparison of the 15-2S and 2S-nD frequencies using the 1/n® scaling law

25-85/D, 25-12D, 1S-2S and 1/n? law in deuterium

25-8S/D, 2S-12D, 1S-2S and 1/n> law in hydrogen and deuterium

(37, 38, 41, 42)
(36-38, 41, 42)

1059.234(4)
1059.2338(34)

general least squares adjustment in hydrogen and deuterium

28-2P, 28-8S/D, 25-12D, 1S-2S and 1/n? law

(36-44) 1059.2341(29)

an average of all these determinations: the results
(Lu(2S1/2) = 1057.8450(29) MHz and Lp(2S;2) =
1059.2341(29) MHz), with an uncertainty of 2.9 kHz, are
the most precise to date.

For hydrogen, we compare the values of the 15,/ and
251 /o Lamb shift with theory [56] (see Tabs. 21 and 23).
There is a large discrepancy, which varies from 2.4 to 5.6
standard deviations according to which value of the proton
charge radius one adopts (r, = 0.862(12) fm [41] or r, =
0.805(11) fm [58]). This discrepancy is perhaps due to the
calculation of the two-loop corrections [57]. Conversely, if
we believe the calculations of the reference [56], we can
deduce the radius of the proton charge distribution r, =
0.901(16) fm.

6.4 Proton-to-electron mass ratio

In a first approximation, the isotope shift of an optical
transition is proportional to (me/mp)(1 — mp/mg)cRso.
Since the deuteron-to-proton mass ratio is known with a
high accuracy (relative uncertainty of 7x 1071°), we could
deduce the proton-to-electron mass ratio from the value
of the isotope shift. In actual fact, this method is not re-
liable, because the corrections due to the charge distribu-
tion of the proton and deuteron are not well known. To
avoid this difficulty, we consider the isotope shift Ag_p
on the linear frequency combination 7v(2S;/,—nD5/2) —
v(181/2—2S; 2), where the Lamb shifts are eliminated us-
ing equations (36, 37). From the measurements of the
181/2*281/2, 281/2*8D5/2 and 281/2*12D5/2 frequencies,
we deduce the values:

Ap_p(n = 8) = 796 844.536(50) MHz

Ag_p(n = 12) = 851 208.619(59) MHz

where the uncertainties are mainly due to the measure-
ments of the 25 5—nDs /5 frequencies.

To sum up, we can obtain two independent values
of the proton-to-electron mass ratio which are given

Table 25. Determination of the proton-to-electron mass ratio.

mp/me relative
uncertainty
van Dyck et al. [79] 1836.152701(37) 2 x 10°°
Garreau et al. [12] 1836.152 59(24) 1.3x1077
Gabrielse et al. [80] 1836.152 680(88) 4.8 x 1078
Farnham et al. [68] 1836.1526665(40) 2.2 x 107°
this work
Au_p(n =8) 1836.152668(115) 6.3 x 1078
An-p(n = 12) 1836.152666(128) 7 x 1078
weighted mean 1836.152667(85) 4.6 x 1078

in Table 25. The weighted mean value is mp/me =
1836.152667(85) with a relative uncertainty of 4.6 x 1078,
This value is in perfect agreement with the far more pre-
cise determination of Farnham et al. [68], and also with
other previous measurements [12,79,80] (see Tab. 25).

7 Conclusion

Thanks to a detailed analysis of the lineshapes of the 25—
nS/D transitions, we have obtained more reliable values
of the 15, /o Lamb shift and of the 25; /5-nS; /5, —nD fre-
quencies. These results have been analyzed with a least
squares procedure, by taking into account several precise
measurements from other groups. If we do not use the 1/n3
scaling law for the Lamb shift, the relative uncertainties in
the Rydberg constant and the 1S;/, Lamb shift are 1071
and 3.8 x 1076 respectively. In this case, the accuracy is
limited mainly by the uncertainty in the 25,/ Lamb shift.
To avoid this problem, we make theoretical assumptions
concerning the Lamb shift. By using the 1/n? scaling law
between the 18, /5 and 25, /, Lamb shifts, the very precise
optical frequency measurements reduce the uncertainties
t0 9.1 x 10712 and 3.2 x 1079 for R, and the Lamb shifts.
By this means, we obtain a value of the 2S; , Lamb shift
which is about 2.6 times more precise than the direct mi-
crowave measurement. Moreover, the same method can
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be applied to deuterium. Finally, we average these differ-
ent results to reduce the uncertainties in R, and in the
Lamb shifts to 7.7 x 10712 and 2.7 x 1075, The preci-
sion is now limited by the uncertainties in the 2S5-nS/D
frequencies, which, in our experiment, are mainly due to
the light shifts. To obtain more accurate values of these
frequencies, a first possibility is to use ultracold hydro-
gen to increase the interaction time and decrease the light
shifts [81]. In our group, we intend to measure the op-
tical frequency of the 1S-3S transition. In this case, as
the number of atoms in the 1S atomic beam is about 103
times larger than in the metastable atomic beam, we can
observe the transition with a very small light power and,
consequently, with negligible light shifts. For this exper-
iment, we plan to compensate the second-order Doppler
effect using a magnetic field perpendicular to the atomic
beam [82]. As a last word, we note that a new determina-
tion of the proton radius r, is highly desirable. The future
measurement of r,, being prepared at the Paul Scherrer
Institute by spectroscopy of muonic hydrogen, should pro-
vide the opportunity to test even further the theoretical
calculations of the Lamb shift [83].
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Chapitre 4

Oscillations de Bloch et
détermination de la constante de
structure fine

4.1 Introduction

En 1999, mettant a profit une expérience préliminaire réalisée dans le groupe de

Christophe Salomon au LKB [45], I"équipe de Métrologie des Systemes Simples se lance
dans la mesure de haute précision de la constante de structure fine.
La constante de structure fine «, qui caractérise 'amplitude du couplage électromagné-
tique, a initialement été introduite par Sommerfeld dans le cas de ’atome d’hydrogene
de la fagon suivante : 1’énergie d’ionisation de l’atome d’hydrogene, donnée par la
constante de Rydberg, est égale a I’énergie cinétique d’un électron se déplacant a la
vitesse ac. Soit,

1
heRo = im(ozc)2 (4.1)

ol h est la constante de Planck, ¢ la vitesse de la lumiere dans le vide, R, la constante
de Rydberg et m la masse de 1’électron.

En introduisant A,(e) la masse relative de Iélectron et A,.(X) celle de la particule X
de masse my dans Iexpression (4.1), on obtient :

s 2Rog A(X) h

@ c A(e) mx

(4.2)

La relation (4.2) est le point de départ de notre expérience : nous mesurons h/mx,
mx étant la masse de 'atome de rubidium. Actuellement, les grandeurs R, A,(e) et
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A, (X) étant connues avec de tres faibles incertitudes relatives, c’est la précision sur le

rapport - qui limite la précision sur a (7 x 107** pour Ry [46] [43], 4,4 x 107'% pour

A.(e) [47] et moins de 2,0 x 107! pour A,(C's) et A,.(Rb) [48]).

Notre objectif est de déterminer ce rapport a partir de la mesure de la vitesse de recul
hk

qu’acquiert un atome lorsqu’il absorbe un photon de vecteur d’onde k (v, = e ).

4.1.1 Le contexte

La constante de structure fine apparait dans de nombreux domaines de la physique
et a été, a ce titre, déterminée par différentes méthodes sur lesquelles je reviendrai
brievement dans le paragraphe suivant. En 1999, I’état des lieux des différentes déter-
minations de « avait été établi par le CODATA 98 (voir figure (4.1)). L'importante
dispersion des mesures, de I'ordre de 1077, a motivé le développement de notre expé-
rience. Entre les deux ajustements réalisés en 98 et en 2002 par le CODATA [49] [50],

Effet Hall guantique

/
| - Physique du solide
Structure hyperfine du muonium
QED
B g-2 de l'électron
L | | 1
r = 1
Neutron
h/m
B+ Césium
a‘l
137,035 990 137,036 000 137,036 010

107

F1G. 4.1 — Les différentes déterminations de o (CODATA 98).

la situation a bien évolué, réduisant la dispersion des valeurs comme le montre la figure
(4.2). Cependant, la valeur recommandée étant calculée a partir d'un ajustement du
type moindres carrés, seules les déterminations entachées d’une tres faible incertitude
relative contribuent. Actuellement, la valeur recommandée de a est déduite de deux
mesures : du rapport —— [51] et, principalement, de I"anomalie du moment gyroma-

h
mcs
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gnétique de I'électron [52]. Il est & noter que cette derniere valeur differe de celle du
CODATA 98 a cause d’une erreur décelée dans les calculs des termes QED.

L’équipe de S. Chu annonce une mesure encore plus précise de % dans un futur
proche [53]. D’autre part, le groupe de G. Gabrielse ayant tres récemment publié une
nouvelle détermination du g — 2 de l'électron a 0,7 ppb [54], cette derniere valeur
sera prépondérante lors du prochain ajustement. C’est pourquoi il parait indispensable
de disposer d’autres déterminations de «, peu dépendantes de la QED, avec des in-
certitudes suffisamment faibles pour étre prises en compte de fagon significative dans

I’ajustement.

Effet Hall quantique

) —=—
I ohoo Physique du solide
=i
= - -
Structure hyperfine du muonium 4
I =) i QED
o m g-2de I'electron

HEH
v —a—
h/m [ = 1 Neutron
[ = o | cesium

-1
o
137,035 990 137,036 000 137,036 010

107

F1Gc. 4.2 — Les différentes déterminations de « : évolution entre le CODATA 98 et le
CODATA 02.

4.1.2 Les différentes déterminations de «

L’anomalie du moment gyromagnétique de 1’électron

L’anomalie du moment gyromagnétique de 1'électron a, traduit la correction a la
théorie de Dirac due a I’électrodynamique quantique. Elle introduit une différence entre
la vitesse angulaire de précession du spin de 1’électron autour d’un champ magnétique

(Wspin = |7|B ou 7 est le facteur gyromagnétique et B le champ magnétique) et la
vitesse angulaire orbitale de I’électron soumis & ce champ (wyp = % ou e est la charge
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et m la masse de 1’électron) :

ap = 9= 2 _ Wwin (4.3)
2 Worb

ol g est le facteur de Landé de I’électron. La théorie de Dirac prévoit g = 2.
a. se développe en puissance de £ en sommant des diagrammes de Feynman. Le dernier
terme calculé numériquement est le terme d’ordre 4 qui fait intervenir 891 diagrammes.
La constante de structure fine est alors obtenue a partir de ce développement et de la
mesure de a,. C’est une erreur décelée dans un diagramme qui explique le décalage de
la valeur du g — 2 entre le CODATA de 98 et celui de 02 [55].
La mesure de a. est réalisée a partir d’électrons piégés dans un piege de Penning et
soumis a un champ magnétique de plusieurs teslas. Les mesures des vitesses angulaires
orbitale et de précession du spin sont des mesures de fréquences et, de ce fait, poten-
tiellement tres précises.
L’incertitude relative sur a est de 3,8 x 10~ pour 'expérience menée & I’Université de
Washington (COTADA 98 et 02) [52] et de 0,7 x 10~ pour celle de Harvard [54].

La structure hyperfine du muonium

L’autre méthode de détermination de la constante de structure fine dépendant de
la QED est basée sur la mesure de la structure hyperfine du muonium. Le muonium
est un atome d’hydrogene dans lequel le proton a été remplacé par un muon ™.
L’expression théorique de la structure hyperfine du muonium s’exprime de la fagon
suivante :

Avpr, = 16cRoooz —(1+ —) *fla, o —) (4.4)

3 my, my, ‘my,
ol m est la masse de I'électron, m,, celle du muon et f(« ﬂ#) une fonction qui repré-
sente les corrections QED et qui dépend faiblement de a et de -
La structure hyperfine du muonium est obtenue par la detectlon de résonances magné-
tiques en spectroscopie micro-onde a Los Alamos [56]. Pour en déduire une valeur de
«, il est nécessaire de déterminer le rapport —* en le mesurant sur une autre transition
du muonium. L’incertitude sur a obtenue par cette méthode est de 5,8 x 107%. On
remarque sur la figure (4.2) que la valeur publiée a bougé entre les CODATA 98 et 02.
Ceci s’explique par la révision des calculs des corrections QED.
Il est a noter qu'une mesure du méme type avec I’atome d’hydrogene serait beaucoup
moins précise. Ceci est du au fait que le proton, contrairement au muon, n’est pas une
particule élémentaire. Il faudrait prendre en compte sa distribution de charge et de
moment magnétique, quantités mal connues.
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L’effet Hall quantique

Les deux déterminations de o que je vais mentionner a présent, sont issues de la
physique du solide.
L’effet Hall quantique est caractérisé par la constante de von Klitzing Ry qui s’exprime

de la facon suivante :
Ry — % _ Ho® (4.5)
e 2ce
La mesure de Ry est issue de celle d’'une chaine d’impédances, avec comme source
primaire un condensateur calculable.
Une moyenne réalisée sur l’ensemble des mesures de Ry publiées dans différents labo-

ratoires conduit & une incertitude relative de 1,8 x 1078 sur « [57], [58], [59], [60].

Le moment gyromagnétique du proton et ’effet Josephson

Cette méthode est basée sur la mesure du rapport gyromagnétique du proton -, ou

K;”’RK (ou K est la constante de Josephson).

vp s’écrit en fonction du rapport gyromagnétique de 1’électron . :

plus précisement du rapport

Hp Hpg €
==Y, =——=— 4.6
Tp MQV e 2m (4.6)

ou p, et 1. sont respectivement les moments magnétiques du proton et de ’électron, g
le facteur de Landé de I’électron et m sa masse.
En utilisant les expressions de Rx et K; : Rxg = e% et K;= %, on obtient
Y Hpge
I 4.7
KJRK e dm ( )

A partir des expressions de a, o = 4;% et o? = 2};1;007 on peut relier la constante de
g
structure fine au rapport KJEK.
3
@
T _ Hpd (4.8)

K Rk pe 4 proRoo

La détermination du rapport gyromagnétique du proton est basée sur la mesure de
la fréquence de précession du spin. Il est donc nécessaire de connaitre précisement le
champ magnétique B. Dans la configuration expérimentale de la mesure la plus précise,
le champ magnétique est créé a partir d’'un solénoide parcouru par un courant /. Ce
courant est mesuré a partir d'un étalon de tension (effet Josephson) et d'un étalon de
résistance (effet Hall quantique).
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Dans cette expérience, l'incertitude obtenue sur le rapport Kj%K est de 1,1 x 1078 [61].
En reportant les incertitudes relatives des différentes grandeurs apparaissant dans ’ex-
pression (4.8) (107° sur 22, 4 x 107" sur g et 7 x 1072 sur Ro), on obtient finalement
une incertitude de 3,1 x 1078 sur la détermination de o par cette méthode.

La mesure du rapport h/m,

Les méthodes mentionnées ci-apres utilisent ’expression de a donnée par 1’équation
(4.2) et visent donc & mesurer le rapport % de la particule X.
Historiquement, la premiere mesure de ce type est basée sur la diffraction de Bragg
d’un faisceau de neutrons par un cristal de silicium.

i =\ (4.9)

my

ou A est la longueur d’onde de de Broglie du neutron et v sa vitesse. La vitesse est me-
surée par temps de vol et la longueur d’onde de de Broglie a partir de la connaissance
de la distance inter-réticulaire du cristal de silicium, donnée qui constitue la principale
limitation de cette méthode. L’incertitude obtenue sur a est de 3,4 x 107° [62].

Le décalage de la valeur de an entre le CODATA 98 et 02 ([62], [63]) s’explique prin-
cipalement par une réévaluation de la distance inter-réticulaire [64].

La mesure du rapport h/mc;

Cette expérience, développée a Stanford dans I’équipe de S. Chu, est proche de la
notre puisqu’elle consiste & mesurer le rapport h/m ot m est la masse de 'atome de

césium. Son principe, détaillé dans le paragraphe 4.4, est basé sur la mesure de 1’énergie
h2k2
2mes
ol mgs est la masse de I'atome de césium), ou, plus précisement, sur la mesure du

de recul qu’acquiert un atome qui absorbe un photon de vecteur d’onde k (E, =

déphasage de la fonction d’onde atomique induit par ce changement d’énergie. Ce
déphasage est obtenu en faisant interférer deux trajectoires différentes au sein d'un
interférometre atomique. En mesurant de plus le vecteur d’onde k& du photon, on peut
en déduire le rapport % L’incertitude ainsi obtenue sur « est de 7,7 x 107 [51].
4.1.3 Le principe de notre mesure

Dans notre expérience, le rapport mLRb, et donc « sont déduits de la mesure de la
vitesse de recul de ’atome de rubidium.

hk
Vp = ——

— 4.10
— (4.10)
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L’effet de recul a été observé pour la premiere fois sur le dédoublement des raies d’ab-
sorption saturée du méthane [65]. Il est de ordre de 6 mm- s~ dans le cas du rubidium.
Pour mesurer de facon précise la vitesse de recul, il faut transférer un grand nombre
de fois cette vitesse aux atomes de fagon cohérente, c’est-a-dire sans émission spon-
tanée. Nous utilisons pour cela des transitions Raman contra-propageantes appliquées
sans changement de niveau atomique interne '. A chaque transition, I’atome acquiert
exactement deux fois la vitesse de recul en absorbant un photon dans une onde et
en ré-émettant un photon stimulé dans I'autre onde. Afin qu’il reste a résonance avec
les faisceaux, on compense l'effet Doppler en balayant contintiment la différence de
fréquence entre les deux ondes. Cette méthode a été développée dans I'équipe de C. Sa-
lomon [45] et est bien connue en physique du solide sous le nom d’oscillations de Bloch.
Elle permet de transférer un grand nombre de reculs de fagon tres efficace, en un temps
tres court. Nous avons pu mesurer une efficacité de 99,95% par oscillation.

La valeur du recul est déduite de la mesure de la variation de vitesse induite par ’ac-
célération cohérente. Pour mener a bien l'expérience, il est nécessaire, d'une part de
réaliser les oscillations de Bloch sur une classe de vitesses atomiques subrecul préalable-
ment sélectionnée et d’autre part, de pouvoir mesurer la vitesse finale des atomes. Nous
réalisons les phases de sélection et de mesure a l'aide de transitions Raman sélectives
en vitesse entre les deux sous niveaux hyperfins /' =1 et F' = 2 du fondamental.

En résumé, partant d’atomes froids piégés dans un piege magnéto-optique, suivi d’une
phase de mélasse a l'issue de laquelle les atomes sont dans 1’état F=2, une séquence de
'expérience comporte trois parties (voir figure (4.3)) :

- sélection d’une classe de vitesse subrecul, centrée sur la vitesse nulle au moyen d’'une

N x2hk

accélération cohérente des atomes

sélection d’une classe de mesure de la classe de vitesse
vitesse subrecul apres 1’accélération

F1G. 4.3 — Principe de I'expérience de mesure de la vitesse de recul de ’atome de rubidium.

transition entre F=2 et F=1,

LCe type de processus a été étudié en détail par Ch.J. Bordé pour expliquer les formes de raie
d’absorption saturée [66].
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- accélération cohérente des atomes sélectionnés au moyen d’oscillations de Bloch dans
I'état F=1,
- mesure de la vitesse finale grace a une transition de F=1 vers F=2.

On mesure finalement par temps de vol le nombre d’atomes ayant effectué la derniere
transition normalisé au nombre d’atomes total. La technique de détection est similaire
a celle développée au BNM-SYRTE sur les horloges atomiques [67]. Elle permet de me-
surer le nombre d’atomes dans les états F=1 et F=2 et ainsi d’en déduire la fraction du
nombre total d’atomes ayant effectué la derniere transition 2. Son schéma de principe
est représenté sur la figure (4.4). Les atomes en chute libre sont éclairés par un faisceau
rétro-réfléchi, polarisé circulairement et résonant avec la transition F' = 2 — F' = 3.
Le signal de fluorescence détecté est proportionnel a la fraction d’atomes dans F=2. Un
cache placé sur la partie basse du faisceau permet de pousser les atomes détectés dans
F=2. Ceux de F=1 continuent de tomber et atteignent une seconde nappe lumineuse ou
le faisceau résonant avec la transition /' = 2 — F’ = 3 est superposé avec un faisceau
repompeur, résonant avec F' = 1 — F’ = 2. Les atomes de F=1 sont donc repompés
vers F=2, puis détectés comme précédemment.

Cette séquence est reproduite en changeant la fréquence de la transition Raman de

Atoms
. PDy
g
PDQ )\/4
e . |

)] <

-

! e~
: > I'\. |
A/2
PBS

Probe Repumper
F=2 F=3|| F=1, F =2

— > — T =
N .- i
I /// o
1 ]
v

F1G. 4.4 — Schéma de principe de la détection.

20n s’affranchit ainsi des fluctuations du nombre total d’atomes entre les séquences expérimentales
successives.
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mesure afin de réaliser un spectre correspondant a la distribution finale de vitesse.
La vitesse de recul se déduit de la variation de vitesse, soit

Osel = Omes

Av = 2Nv, = e (4.11)
ou Awv est la variation de vitesse, N le nombre d’oscillations de Bloch, d,. la fréquence
centrale de la distribution de vitesse initiale, d,,.s celle de la distribution de vitesse
finale, ky et ko les vecteurs d’onde des faisceaux de sélection et de mesure.
Le rapport mLRb est obtenu a partir de la conservation de I'impulsion (mpg,Av = 2Nhkpg
ou kg est le vecteur d’onde du faisceau utilisé pour accélérer les atomes). On a donc
finalement :

h o 5861 - 5mes
MRy a QNkB(kl + kg)

L’incertitude obtenue sur la vitesse de recul dépend de l'incertitude sur le pointé du

(4.12)

centre de la distribution de vitesse finale et du nombre d’oscillations de Bloch réalisées.

Oy
= 413
T TON (4.13)

4.2 Le dispositif expérimental

L’objectif de ce paragraphe est de décrire brievement les principaux ingrédients du
dispositif expérimental, en mettant ’accent sur ses particularités. Il s’agit d’'un montage
complexe et sophistiqué dont la mise en oeuvre a nécessité de gros moyens humains.
Ce travail a débuté en 1999 et les premiers signaux expérimentaux ont été obtenus
en 2003. L’essentiel du montage a été développé durant la these de Rémy Battesti
[68]. Des modifications et astuces expérimentales ont été apportées au cours de celle de
Pierre Cladé [69]. L’ensemble du dispositif est piloté par le logiciel Labview : une grande
partie de mon activité lors des débuts de cette expérience a consisté a programmer la
séquence temporelle et 'acquisition de données.

Les deux principaux éléments du dispositif sont le senseur inertiel (sélection et mesure
des distributions de vitesse) et le potentiel lumineux (oscillations de Bloch).

4.2.1 Le senseur inertiel

Le senseur inertiel est I’ensemble des deux impulsions 7 sélectives en vitesse qui
permettent de sélectionner et de mesurer une classe de vitesse atomique. Pour cela,
nous utilisons deux faisceaux contrapropageants de fréquence w; et wy, de vecteurs
d’onde E) et k_g), désaccordés par rapport a la raie Dy pour éviter I’émission spontanée
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(je les appellerai dans la suite "faisceaux Raman” pour les différentier des faisceaux
utilisés pour les oscillations de Bloch, pour lesquels j'utiliserai le terme de "faisceaux
Bloch”).

Le désaccord a résonance § (6 = wy —wy —wsyr OU wgpyp représente I'écart de structure
hyperfine entre les sous niveaux F' =1 et F = 2, wggr ~ 6,8 GHz) s’écrit :

- = h - —

5:A1—A2+(k1 —k’g)('l)l +—(k1 —k’g)) (414)
MRy

oll U; est la vitesse centrale de la distribution que 1’on sélectionne ou que 'on mesure

et A; (respectivement A,) un éventuel déplacement de niveau de F=1 (respectivement

F=2).

La largeur de la classe de vitesse sélectionnée ou mesurée est uniquement limitée par la

durée de I'impulsion. Nous sélectionnons typiquement des classes de vitesse de largeur

Ur

25, ce qui correspond a une impulsion de 3,4 ms.

Le dispositif expérimental

Les faisceaux Raman sont produits par deux diodes laser a 780 nm injectées par deux
diodes laser en cavité étendue dans la configuration maitre-esclave. Les diodes maitres
sont asservies en phase a environ 6,8 GHz I'une de 'autre au moyen d’une chaine
micro-onde accordable. Cette chaine comprend, entre autres, un quartz a 100 MHz,
tres stable, référencé sur ’horloge a césium du BNM-SYRTE grace a la fibre optique
qui relie nos deux laboratoires. La fréquence de 'une des diodes maitres est stabilisée
sur une cavité Fabry Perot ultrastable en zérodur et on compte le battement entre la
fréquence de cette diode et celle de notre standard de fréquence réalisé a partir d’une
diode laser stabilisée sur la transition a deux photons 5S-5D du rubidium.

L’inversion du sens des faisceaux Raman

On voit dans l'expression (4.14) qu’il est nécessaire de bien controler les déplace-
ments de niveaux différentiels pour réaliser une mesure de vitesse précise. Les dépla-
cements de niveaux sont principalement dus a deux effets : les déplacements lumineux
et l'effet Zeeman quadratique 3. Les effets de déplacements de niveaux induits par un

3L’effet Zeeman du premier ordre est éliminé par le fait que nous travaillons uniquement avec les
sous niveaux hyperfins mp = 0 grace a I’application d’'un champ magnétique directeur parallelement
a la direction de propagation des faisceaux.
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champ constant s’éliminent entre la sélection et la mesure. Néanmoins, on conserve un
effet résiduel du aux fluctuations de 'intensité lumineuse et aux inhomogénéités spa-
tiales du champ magnétique. Pour limiter cet effet, nous avons développé un protocole
expérimental basé sur le fait que 'erreur sur la mesure de vitesse due aux déplacements
de niveaux change de signe lorsque 1’on inverse les sens de propagation des faisceaux
Raman. L’effet est fortement diminué en réalisant deux séquences expérimentales, une
pour chaque sens de propagation, et en faisant la moyenne des deux spectres comme le
montre la figure (4.5). Il n’est pas completement annulé, principalement a cause de la
dépendance temporelle des fluctuations du champ magnétique.

8x 107 :
A ®. .. 0
. 6X1O_7 0007 16 D000 P OF
= 4x10 ’ TYTO @ @
~ -7 * v L 4
% 2x10_7 L 1 Ta ..g).. .
< 0x10 _-T.-.T.T._._—_.-.I_
§-2x10-7 SRR §' -
= o
S -4x107 o ® T% % :
6x107 §§§ ?§$?é$ §;§;,
-8x 107

F1G. 4.5 — Mesures de h/mp;, comparées a la valeur du CODATA 98, réalisées en inversant
le sens des faisceaux Raman. La moyenne des mesures dans les deux sens est de —0,63 £+
0,17 ppm. Le champ magnétique appliqué est de 150 mG.

Les performances du senseur inertiel

Durant sa these, Pierre Cladé a étudié dans le détail les sources de bruit limitant
la sensibilité du senseur inertiel [70]. Le bruit de phase di aux fibres optiques amenant
les faisceaux Raman jusqu’a l’enceinte a vide a été réduit en utilisant, a la place de
deux fibres indépendantes, une seule fibre et un miroir de rétroréflexion. Nous sommes
a présent limités par les vibrations. Une solution visant a mettre en place une pla-
teforme anti-vibrations pourvue d'un asservissement actif est en cours d’étude. Une
autre limitation a la sensibilité du senseur inertiel est due au bruit de détection. Nous
sommes néanmmoins actuellement capables de pointer le centre de la distribution de
vitesse au hertz, ce qui correspond & une incertitude meilleure que 10~%v, pour un
temps d’intégration de 5 minutes.
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4.2.2 L’accélération cohérente des atomes

Interprétation du phénomene

L’accélération cohérente des atomes est réalisée au moyen de transitions Raman
n’impliquant qu’'un seul sous niveau hyperfin. De cette facon, I'état d’énergie interne
de l'atome reste le méme tandis que sa quantité de mouvement augmente de 2hk a
chaque transition. Afin d’effectuer un grand nombre de transitions, ’effet Doppler est
compensé en faisant varier continument la différence de fréquence §" entre les deux
faisceaux (voir figure (4.6)).

8 =wy —wy = 2kpat (4.15)

ou kp est la norme du vecteur d’onde des faiceaux Bloch.
Dans le référentiel du laboratoire, I’atome est donc soumis a une accélération constante :

oo L0 1 dp kg dN
N 2]’6’3 dt N MRy dt N Mgy dt

(4.16)

Cette interprétation en termes de transition a deux photons est bien adaptée au cas des

E=p*/ (2myn)

ik, 4k, 6hk, P
F1a. 4.6 — Parabole énergie-impulsion.

liaisons faibles, c¢’est-a-dire au cas ou la profondeur U, du potentiel lumineux créé par
h2k?
2m )

I'interférence entre les deux faisceaux est faible devant 1’énergie de recul (E, =
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L’atome percoit alors 'onde comme une perturbation, sauf au moment ou il est a ré-
sonance et effectue une transition. Son impulsion évolue donc par sauts de 2hkg.

Le phénomene d’accélération cohérente peut également étre interprété en termes d’os-
cillations de Bloch [71]. La périodicité du potentiel lumineux auquel est soumis I’atome
induit une structure de bande. La différence de fréquence ¢’ (¢) se traduit par une accé-
lération uniforme du potentiel lumineux dans le référentiel du laboratoire. Si ¢’(¢) varie
de fagon adiabatique, les atomes suivent le gouvement de l'onde stationnaire et sont
donc soumis & une force d’inertie constante F =ma’.

Le mouvement des atomes est analogue a celui d’électrons placés dans un réseau cris-
tallin parfait et soumis a une force constante (produite par un champ électrique). Les
électrons oscillent sur place, sans changer de bande d’énergie : ce sont les oscillations
de Bloch [72].

Cette seconde interprétation est mieux adaptée a la limite des liaisons fortes (Uy > 4E,.)
dans laquelle les atomes sont piégés au fond d’un puit de potentiel. La vitesse moyenne
des atomes suivant celle du réseau lumineux, leur impulsion évolue de facon continue
et non par sauts comme dans le cas des liaisons faibles.

Expérimentalement, le potentiel lumineux est obtenu au moyen de deux faisceaux
contrapropageants, de polarisations linéaires paralleles, produits par un laser Ti :Sa
pompé par un laser Nd :YAG doublé (Millenia, Spectra Physics). La fréquence du laser
Ti :Sa est stabilisée sur la méme cavité Fabry Perot que les faisceaux Raman. A la
fin du processus d’accélération, 'intensité de I'onde stationnaire est diminuée de fagon
adiabatique afin de ramener les atomes dans un état d’impulsion bien défini.

Le schéma de double accélération

Dans la pratique, la séquence “sélection d’une classe de vitesse - accélération -
mesure” décrite précédemment, n’est pas appliquée telle quelle. Un schéma de double
accélération s’est avéré nécessaire lorsque nous avons débuté I'expérience en accélérant
les atomes suivant la direction horizontale. En effet, a partir de quatre oscillations de
Bloch, a cause de la vitesse acquise, les atomes "rataient” la zone de détection placée
a la verticale du piege. Le schéma de double accélération, décrit ci-dessous, permet de
les ramener a vitesse nulle afin qu’ils tombent selon la verticale. Nous I’avons conservé
lorsque nous sommes passés a la configuration verticale pour éviter que les atomes
n’atteignent la paroi supérieure de la cellule. Comme le montre la figure (4.7), on
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opére donc une pré-accélération avant de sélectionner une classe de vitesse. La phase
d’oscillations de Bloch consiste finalement a décélérer les atomes qui se retrouvent donc
a vitesse nulle au moment de la mesure finale. Le faisceau appelé "pousseur” sur la figure
(4.7), résonant avec la transition F' = 2 — F’ = 3, permet d’éliminer les atomes non

sélectionnés.
Pousseur
Raman Raman .
, . Faisceau sonde
sélection mesure
Fin phase
mélasse
{ / /[
//
Bloch Bloch Temps
Accélération Décélération

F1G. 4.7 — Schéma expérimental de double accélération.

La mesure différentielle

Une autre astuce expérimentale consiste a accélérer les atomes dans les deux sens
(droite et gauche avec des faisceaux horizontaux, haut et bas avec des faisceaux verti-
caux). En configuration horizontale, ce procédé permet d’éliminer un certain nombre
d’effets systématiques comme les défauts d’horizontalité des faisceaux et les déplace-
ments lumineux indépendants du temps. En configuration verticale, il nous autorise
de plus a annuler l'effet de la gravité au premier ordre. Une mesure de la vitesse de
recul est alors obtenue en faisant la moyenne entre les fréquences centrales des spectres
obtenus dans les deux sens. Le rapport min est alors donné par 1’expression suivante :

h o (5sel - 5mes)+ - (5sel - 5mes)_
MRy N 2(N++N_)]€B(k1+]€2)

(4.17)

ou N7 (respectivement N~) est le nombre d’oscillations de Bloch réalisé dans le sens
noté + (respectivement —).

4.3 Les résultats

4.3.1 La configuration horizontale

Chronologiquement, nous avons démarré ’expérience en accélérant les atomes sui-
vant la direction horizontale. Cette situation correspond a la configuration expérimen-
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tale la plus simple, puisque que la gravité ne contribue pas au mouvement des atomes
dans la direction des faisceaux. En revanche, elle réduit notablement le temps d’inter-
action des atomes avec la lumiere. Les premiers résultats ont été obtenus en 2003, a
la fin de la these de Rémy Battesti [68] et sont publiés dans la référence [73]. Dans
cette premiere configuration expérimentale, nous avons réalisé 50 oscillations de Bloch
dans chaque sens et ainsi déterminé la vitesse de recul avec une incertitude relative
de 1,5 x 107% (ce qui correspond & une résolution en vitesse de 2 x 10~%v, pour 10
minutes d’enregistrement par spectre). Une série de n = 43 mesures de v, (nx—_Q1 ~ 2.4)
nous a permis de réaliser une détermination préliminaire de mLRb avec une incertitude
relative de 4,2 x 107". Cependant, comme le montre la figure (4.8), la valeur obtenue
est décalée de 6,1 x 10~ au-dessus de la valeur déduite du CODATA 98. Nous avons
imputé cette différence principalement a la coupure brutale du potentiel lumineux a
la fin de la phase d’accélération (la coupure adiabatique du potentiel n’avait alors pas
encore été mise en place) ainsi qu’a leffet Zeeman quadratique (la méthode d’inversion
du sens des faisceaux Raman n’était pas encore mise en oeuvre non plus).

Le principal résultat de cette mesure préliminaire a été de mettre en évidence 1’énorme
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Fia. 4.8 — Les 43 déterminations de h/mp;, dans l'ordre chronologique pour N = 50
oscillations dans chaque sens.

potentiel de cette méthode. En effet, nous avons démontré expérimentalement une ef-
ficacité de transfert de 99,5% par oscillation de Bloch, efficacité que nous avons pu
augmenter par la suite jusqu’a 99,95% au fur et & mesure des améliorations du dispo-
sitif expérimental.
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4.3.2 La configuration verticale stationnaire : mesure de la
période de Bloch

Avant de passer aux résultats expérimentaux les plus précis, obtenus en configura-

tion verticale accélérée, je voudrais mentionner la mesure préliminaire de la constante
de gravité g que nous avons réalisée. Cette mesure est détaillée dans article [74] joint
a la fin de ce chapitre.
Les oscillations de Bloch ont été introduites comme les oscillations d’un état atomique,
placé dans un potentiel périodique et soumis a une force constante. Cette force peut
étre créée par 'accélération du réseau lumineux, comme dans le cas précédent, ou bien
par la gravité. C’est ce qui se passe lorsque ’atome est placé dans une onde stationnaire
verticale. Il oscille alors a la période de Bloch, 75, donnée par :

o 1 _ Mrvyg
B B 2hk}B

(4.18)

h
déduire une valeur de g. Le principe de la mesure est illustré par la figure (4.9). Apres la

Notre dispositif expérimental nous permet de mesurer 7z, et connaissant P d’en

phase de sélection et I’élimination des atomes non sélectionnés par le faisceau pousseur,
on branche le potentiel lumineux pendant un temps 7', variable, puis on mesure la
distribution de vitesse finale a 1’aide d’'une deuxieme transition Raman. Il faut noter
qu’il s’écoule quelques millisecondes entre 'impulsion de sélection et I’allumage des
faisceaux Bloch : les atomes du centre de la distribution sélectionnée ont donc une
vitesse non nulle (correspondant a plusieurs vitesses de recul) au moment de la mise
en place du potentiel lumineux. Afin de réaliser les oscillations dans la premiere bande
d’énergie, on utilise en fait une onde quasi-stationnaire de vitesse correspondant a celle
qu’avaient les atomes lorsqu’elle a été mise en place.

La variation de la vitesse finale des atomes (en unité de 2v,.) en fonction de la durée

Raman

sélection Pousseur  Bloch Raman
_____ mesure
Détection
{ _______ I, t.o.f.
Fin phase / / Temps
meélasse >
TBloch

F1G. 4.9 — Séquence temporelle pour la mesure de vp.
Tioch st représentée par la figure (4.10). L’évolution en dent de scie est caractéristique
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des oscillations de Bloch. Afin de réduire les effets systématiques, on réalise une mesure
de 75 en deux points (¢1,v1) et (t2,v2) correspondants & la méme vitesse finale (c’est-a-
dire deux points séparés par un multiple de la période de Bloch). La période de Bloch
est alors donnée par :
i:N2_N1_|_ Vg — U1 (4.19)
R ty — 11 20, (ty — t1)

ou N; (respectivement Ny) est le nombre d’oscillations correspondant au temps t; (res-

pectivement t5).
La précision obtenue sur 75 pour 50 oscillations, est de 2 x 107°, ce qui conduit & 107°

vI2v,

1.0 1o:§ . . . . . . .
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Fi1G. 4.10 — Oscillations de Bloch dans ’onde stationnaire : les points expérimentaux sont
ajustés par un ajustement de type moindres carrés. En-dessous : les écarts résiduels entre
les valeurs expérimentales et I’ajustement.

sur g [74]. Cette expérience de démonstration n’est absolument pas compétitive avec les
gravimetres (2 x 107 pour les gravimetres a “coin de cube”). Cependant, ces résultats
préliminaires pourraient étre nettement améliorés en augmentant le nombre d’oscilla-
tions et ainsi la résolution sur la mesure de 75. En effet, nous avons constaté que le
rapport signal a bruit des spectres obtenus diminuait notablement avec I’augmentation
du nombre d’oscillations 4. Nous avons pu montrer que les pertes par oscillation ne

411 est & noter que, dans cette expérience, la durée d’une oscillation est fixée & environ 1,2 ms
par l’équation (4.18) alors que 'on peut faire beaucoup plus d’oscillations en moins de temps en
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s’expliquaient pas seulement par les transitions interbandes et I’émission spontanée. Il
est nécessaire de prendre en compte également les collisions avec la vapeur de rubi-
dium présente dans I’enceinte a vide. Cet effet devrait étre notablement réduit dans la
prochaine version de I'expérience, dans laquelle le piege magnéto-optique sera chargé a
partir d'un jet atomique ralenti produit par un piege a deux dimensions.

4.3.3 La configuration verticale accélérée : mesure de h/mp;,

La configuration la plus favorable pour réaliser un grand nombre d’oscillations en un
temps court consiste a placer les atomes dans un potentiel lumineux vertical accéléré.

C’est dans cette situation qu’en 2005, nous avons réalisé une mesure compétitive de
h

mRb‘ . . . .

Malo Cadoret et Estéfania de Mirandes. Ils sont publiés dans la référence [75] jointe

a la fin du chapitre (pour plus de détails, voir la référence [76], également jointe au

Les résultats correspondants s’inscrivent dans le travail de these de Pierre Cladé,

manuscrit).

La procédure expérimentale est celle décrite dans le paragraphe 4.2. J’en rappelle ici
les points importants :

- réalisation d’une double accélération (accélération puis décélération) pour éviter que
les atomes ne heurtent le haut de la cellule.

- réalisation d’une accélération dans les deux sens suivant la direction verticale et
mesure différentielle pour éliminer la contribution de g.

- inversion du sens des faisceaux Raman pour réduire les effets de déplacement de
niveaux.

Finalement, une mesure de mLRb se déduit de quatre spectres expérimentaux, comme
ceux représentés sur la figure (4.11).

De fagon générale, il est nécessaire de désaccorder les faisceaux Bloch (de quelques
dizaines de GHz) par rapport & la résonance a un photon, afin d’éviter 1'émission
spontanée. Une particularité de cette mesure, par rapport aux précédentes, a été de se
placer dans la limite des liaisons fortes (Uy ~ 7T0E,) et de désaccorder les faisceaux vers

le bleu de la transition. En effet, on peut montrer que dans ce cas, le taux d’émission

1 [/ Er
2'\/ |Uo|

De plus, dans nos conditions expérimentales, I'effet de la force dipolaire transverse qui

spontanée est réduit d’un facteur par rapport a un désaccord vers le rouge [69].
pousse les atomes vers I'extérieur des faisceaux dans le cas d'un désaccord vers le bleu,
est négligeable.

inalemen ndant un élération m mes réalisent environ
Finalement, pendant une phase d’accélération de 3 ms, les atomes réalisent enviro

configuration accélérée. Nous sommes donc ici beaucoup plus sensibles a tous les effets systématiques,
en particulier aux vibrations.
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Fi1G. 4.11 — Spectres expérimentaux. En abscisse figure la différence entre la fréquence
Raman a la sélection et a la mesure; en ordonnée se trouve la proportion d’atomes ayant
effectué la seconde transition Raman. L’incertitude sur le pointé de la fréquence centrale
de chaque spectre est d’environ 1,7 Hz. De ces quatre spectres on peut déduire une
détermination de o avec une incertitude de 3,3 x 1075.
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Fi1c. 4.12 — Ensemble des mesures prises en avril 2005. Chaque point correspond a 4
spectres. On a x2/(n — 1) ~ 1,3. L’incertitude statistique finale sur o vaut 4,4 x 107°.

450 oscillations de Bloch. Chaque spectre (voir figure (4.11)) comporte 160 points et
est obtenu en 5 minutes. Sa fréquence centrale est pointée avec une incertitude de
1,7 Hz, ce qui correspond & environ 10~%v,. A partir d’un ensemble de quatre courbes
expérimentales, nous obtenons une valeur de mLRb entachée d’une incertitude relative
de 6,6 x 1078,

Une série de 72 mesures (voir figure (4.12)) nous a permis de déterminer o avec une
incertitude statistique égale & 4,4 x 107, Les valeurs obtenues sont :

h
—— = 4,591359237(40) x 1077 [8,8 x 1077} m? - 57! (4.20)
MRy

pour l'isotope 87 du rubidium.
et
o~ = 137,03599959(60) [4,4 x 1077 (4.21)

Dans le cadre des résultats expérimentaux présentés ci-dessus, nous avons réalisé une
analyse la plus exhautive possible des effets systématiques susceptibles de décaler notre
mesure. Leurs contributions sont détaillées dans la référence [76] ci-jointe. Le tableau
4.1 résume les corrections et les incertitudes associées que nous avons appliquées a
notre mesure. Avec l'incertitude statistique, nous obtenons finalement une incertitude
relative de 6,7 x 1077 sur a!.

En définitive, les valeurs de h/mp;, et de o=t sont :

h
—— =4,59135929(6) x 107 [1,3 x 107%] m? - s~ (4.22)
MRy
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TAB. 4.1 — Bilan des effets systématiques et des incertitudes associées.

. correction (a™1) incertitude

effet sur la mesure de « B
(ppb) (a™') (ppb)

Fréquence des lasers 0,8
Parallélisme des faisceaux -2 2
Phase de Gouy et courbure du front -8.2 4
d’onde
Déplacement Zeeman quadratique 6,6 2
Force Zeeman quadratique -1,3 0,4
Gradient de gravité -0,18 0,02
Déplacement lumineux 1 photon 0,2
Déplacement lumineux 2 photons -0,5 0,2
Déplacement lumineux oscillation de 0,46 0,2
Bloch
Indice de réfraction (nuage d’atomes) <0,1 0,3
Indice de réfraction (vapeur résiduelle) -0,37 0,3
Total -5,49 5,0

pour l'isotope 87 du rubidium.
et

o~ = 137,03599884(91) [6,7 x 1077 (4.23)

Cette valeur est en bon accord avec celle recommandée par le CODATA 2002.

Le tableau 4.2 récapitule les différentes déterminations prises en compte dans le CO-
DATA 2002 auquelles j’ai ajouté la notre ainsi que la derniere valeur publiée de a,.
Notre mesure est compétitive avec les meilleures valeurs déduites de l'interférométrie
atomique. La tres grande efficacité des oscillations de Bloch, associée a des améliorations
du dispositif expérimental détaillées dans le chapitre suivant, pourrait nous permettre
d’atteindre une précision au niveau du ppb, et donc comparable a celle déduite de la
mesure de g — 2.

4.4 Comparaison avec ’expérience de Stanford

Ce paragraphe est dédié a la comparaison entre I’expérience d’interférométrie ato-
mique menée a Stanford dans I'équipe de S. Chu et la notre. Cette comparaison est
d’autant plus pertinente que les méthodes utilisées sont tres proches (il s’agit dans les
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TAB. 4.2 — Les différentes déterminations de o« (CODATA 2002 et dernieres publications).

a~! Incertitude

a.(2006) 137,035999710(96) 0,7 x 107
o 137,035 99830(52) 3,8 x 10~°
h/m(Rb)  137,03599878(91) 6,7 x 10~°
h/m(Cs)  137,0360001(11) 7,7 x 10-°
Rx 137,0360030(25) 1,7 x 10-8
Iy, 137,035 9875(43) 3,1 x 1078
h/m, — 137,0360015(47) 3.4 x 1078
Avye  137,0360017(80) 5.8 x 10-8

deux cas de mesurer la vitesse de recul d'un alcalin) et les incertitudes obtenues sur «
comparables.

Apres quelques rappels sur le principe de l'interférométrie atomique, je discuterai les
performances des deux expériences en termes d’incertitude statistique et d’effets systé-
matiques.

4.4.1 L’interférométrie atomique

L’interférometre de Ramsey a deux impulsions

Le point de départ de l'interférometre développé par I'équipe de S. Chu est I'inter-
férometre de Ramsey a deux impulsions dont le principe est illustré par la figure (4.13).
Partant d’atomes de vitesse vy, initialement dans 1’état |a), une premiere impulsion /2
les transferent dans D'état (|a) + |b))/v/2. Cette transition accélere 'atome dans 1'état
|b) d'une quantité bien définie et égale a 2v,. Une seconde impulsion 7/2 recombine
les états atomiques. Il existe quatre chemins possibles, les chemins correspondant au
méme état final interférant a I'infini. Pour calculer la probabilité qu’a un atome de se
trouver dans I'un ou 'autre des deux états, il faut calculer la différence de phase due
a Pénergie cinétique, accumulée entre les deux impulsions /2, soit

T amse a
Ag, = %(EP — B = 2kT pamsey (Vo + vr) (4.24)
ol Tramsey €st lintervalle de temps entre les deux impulsions 7/2 et k le vecteur
d’onde du photon. Il faut rajouter a ce déphasage, le déphasage du laser qui dépend du
désaccord entre la fréquence du laser et celle de la transition atomique. En mesurant
le déphasage total en fonction de ce désaccord, on a acces a la valeur de la quantité
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2k(vg + vy-)-

Le principal inconvénient de ce dispositif est que le déphasage final dépend de la vitesse
initiale des atomes. Ce probleme peut étre surmonté en couplant deux interférometres
a deux impulsions, c’est-a-dire en réalisant un interférometre de Ramsey Bordé.

X
L't
— |a>
...... |b>
Ni o e
N 5(? ‘‘‘‘‘‘‘‘‘
Vo \] R I
/2 /2
TRamsey

Fi1G. 4.13 — Interférometre de Ramsey a deux impulsions.

L’interférometre de Ramsey Bordé

Le schéma de principe de ce double interférometre est représenté par la figure (4.14)
[77]. Le sens des impulsions 7/2 est inversé entre les deux interférometres afin de
changer le sens du recul transféré aux atomes. Si on calcule par exemple le déphasage
du a I'énergie cinétique correspondant aux deux trajectoires du haut, on obtient :

1 2

[=m(vo+2v, )% —=mv3]+

TR
A L= amsey
¢ 2 2

TRamsey [ 1
h

—m(vg+20, )2 — 1m(vo +4v,)%] (4.25)
h 2 2

ou m est la masse de I'atome.

Le premier terme entre crochets de I'expression 4.25 correspond a la différence d’énergie
cinétique de chaque état pendant le premier interférometre, le second terme a la méme
quantité pendant le deuxieme interférometre.

Finalement, le déphasage A¢. vaut
A¢c = _4kTRamseyU7‘ (426)

et est indépendant de la vitesse initiale vy, ce qui autorise a réaliser 'expérience sur
des atomes ayant une distribution de vitesse de largeur supérieure a v,.. On peut, de
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plus, remarquer que le déphasage accumulé entre les deux impulsions 7/2 de I'un des
interférometres est proportionnel a la moyenne de la vitesse de I’atome entre les deux
chemins qui interferent. Finalement, la quantité mesurée est la différence entre la vitesse
moyenne des atomes au moment du premier interférometre et au moment du second,
c’est-a-dire 2v,.

Premier interférométre Deuxiéme interférométre

F1G. 4.14 — Interférometre de Ramsey Bordé (ne sont représentés que les chemins fermés
qui interferent).

L’interférometre développé a Stanford

L’interférometre de Ramsey Bordé mesure donc une variation de vitesse. L’interfé-
rometre développé par I’équipe de S. Chu est basé sur ce dispositif dont la sensibilité est
augmentée en accélérant les atomes entre les deux paires d’impulsions 7/2 au moyen
d’impulsions 7 (voir figure (4.15)). Contrairement au cas de notre expérience, ces im-
pulsions 7 couplent les deux états |a) et |b), le sens des faisceaux étant inversé entre
chaque impulsion afin d’accélérer les atomes toujours dans le méme sens. La vitesse
acquise par impulsion étant égale a 2v,, le déphasage accumulé apres N impulsions est
égal a :

Ad)c = _4k(N + 1)TRamseyU7‘ (427)
La contribution de g au premier ordre est éliminée en réalisant une mesure différentielle
entre les trajectoires du haut et du bas représentées sur la figure (4.15).

4.4.2 La comparaison des expériences de Stanford et Paris

Les résultats de I'expérience de Stanford sur la détermination de « sont issus de la
référence [51]. Il est intéressant de comparer pour les deux expériences, d'une part les

106



— | a>
...... |b>
Vo ::::::::::::: ........... /\ 12 il
TC/2 U 2 {} .{}\:::::: ..... \ TRamsey
T 3 -
TRamsey T T {}\ ."g.%\‘)
N impulsions 7 %

Fi1G. 4.15 — Interférometre de 'expérience de Stanford.

sources de limitation de la statistique, d’autre part les effets systématiques prépondé-
rants.

L’incertitude statistique

L’incertitude statistique entachant notre détermination de a est de 4,4 ppb. Elle
est de 2,5 ppb pour celle de S. Chu. Dans les deux cas, elle peut s’exprimer comme
I'incertitude liée au senseur inertiel divisée par le nombre N de transitions 7.

La valeur de N de I'expérience de Stanford est limitée a 30 (N=450 dans notre cas).
Ceci est du au fait que les impulsions 7 induisent des passages adiabatiques résonants.
L’efficacité de transfert résultante est limitée a 97% par 1’émission spontanée, alors
qu’elle atteint 99,95% dans notre cas.

L’incertitude statistique du senseur de Stanford est de 3 x 10~7v,, alors qu’elle est égale
a 8 x 107 %, sur notre dispositif expérimental. Ceci est dii & la meilleure résolution de
I'expérience américaine (la largeur de leurs franges est de 8 Hz a comparer a environ
30 Hz dans notre cas). Cependant le fait que notre séquence temporelle soit beaucoup
plus courte (10 ms & comparer & environ 300 ms) rend notre montage potentiellement
beaucoup moins sensible aux vibrations. Mais, il faut avoir a I'esprit la grande expé-
rience sur la réduction des vibrations qu’a acquise ’équipe de Stanford a travers la
gravimétrie.

Un autre aspect favorable a la méthode américaine est le fait qu’il ne leur est pas né-
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cessaire de sélectionner une classe de vitesses sub-recul : tous les atomes sont utilisés
dans l'interférometre. Le rapport signal a bruit est donc potentiellement bien meilleur
que dans notre expérience ou son augmentation se fait au détriment de la résolution.

Les effets systématiques

L’incertitude liée aux effets systématiques est évaluée a 5 ppb dans notre expérience
et a 7,7 ppb dans celle de S. Chu.
La principale contribution aux effets systématiques de cette derniere provient des effets
d’indice et est estimée a 7 ppb. Ceux-ci sont notablement plus importants que dans
notre expérience car le processus d’accélération est réalisé avec un laser résonant. Il
n’y a donc a priori pas d’effet de dispersion. Néanmoins, les atomes qui manquent
une transition peuvent peupler des sous niveaux Zeeman hors résonance. Dans ce cas,
I'indice devient important. Dans notre expérience, la valeur de I'indice reste toujours
tres faible et aux désaccords auxquels nous travaillons, 'effet est négligeable, en tout
cas en ce qui concerne 'indice du nuage atomique (voir tableau 4.1).
Les effets prépondérants dans notre expérience sont liés d’une part aux déplacements
Zeeman quadratiques, d’autre part a la phase de Gouy et a la courbure des fronts
d’onde. En ce qui concerne les déplacements Zeeman, ils devraient étre a priori plus
faibles dans notre cas, car 'effet doit étre divisé par le nombre de reculs transmis aux
atomes. Leur importance s’explique par un mauvais controle du champ magnétique
dans notre cellule qui n’est pas pourvue de blindage magnétique. Les effets de phase
de Gouy et de courbure du front d’onde ont été amplifiés lors de nos mesures a cause
d’'un faisceau mal collimaté. Cependant, ils sont a priori plus importants que dans
I'expérience de Stanford. En effet, 'utilisation d’un laser résonant avec la transition
atomique requiert une intensité lumineuse plus faible et permet donc de travailler avec
des faisceaux de plus grand diametre dont la courbure est plus facile & controler °.
Finalement, je voudrais insister sur le fait que nos mesures ont été réalisées sur un
dispositif expérimental préliminaire. Plusieurs améliorations, détaillées dans la premiere
partie du chapitre 5, seront apportées dans la prochaine version.
De plus, notre montage peut étre aisement adapté a des mesures interférométriques.
Cette possibilité a été testée pendant la these de Rémy Battesti et des mesures sont
actuellement en cours (voir également la chapitre 5).

®Nos faisceaux ont un col de I'ordre de 2 mm, ceux de Stanford un col de I'ordre de 1 cm.
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Abstract. — An obvious determination of the local acceleration of gravity g can be deduced
from the measurement of the velocity of falling atoms using a 7-7 pulses sequence of stimulated
Raman transitions. By using a vertical standing wave to hold atoms against gravity, we expect
to improve the relative accuracy by increasing the upholding time in the gravity field and to
minimize the systematic errors induced by inhomogeneous fields, owing to the very small spatial
amplitude of the atomic center-of-mass wavepacket periodic motion. We also propose to use
such an experimental setup nearby a Watt balance. By exploiting the g/h (h is the Planck
constant) dependence of the Bloch frequency, this should provide a way to link a macroscopic
mass to an atomic mass.

Introduction. — The dynamics of an atomic wave packet in a periodic potential under the
influence of a static force has been extensively analyzed using different physical approaches:
in terms of Wannier-Stark resonance states [1], Bloch oscillations [2] or macroscopic quantum
interferences induced by tunnelling due to the external acceleration [3] (for a review see [4]).
An interesting configuration occurs when the external force is induced by the acceleration
of gravity. In this case the Bloch frequency is equal to vg = ";%A and depends only on the
local acceleration of the gravity g, the wavelength of the light A and some fundamental con-
stants. This frequency is typically in the range 100 Hz—2000 Hz, and its measurement allows
the determination of g. Previous experiments have already been realized using the dynamics
of BEC [3,5] or degenerated Fermi gas [5] in vertical 1D optical lattice. Kasevich’s group has
observed the interference between macroscopic quantum states of BEC atoms confined in a
vertical array of optical traps. This interference arises from the tunneling induced by the ac-
celeration of gravity and appears as a train of falling atomic pulses. The acceleration of gravity

© EDP Sciences
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a) b) A

n- Pulse . . n- Pulse
Vertical standing wave

v

Fig. 1 — a) Experimental pulses sequence. b) A narrow velocity class is selected by the first Raman
pulse. When the vertical standing wave is switched on, atoms fall until they are resonant with the
A transition: they absorb a photon from the upward wave and emit a stimulated photon in the
downward wave. This induces a momentum exchange of 2hk.

g was determined by measuring the spatial period of the pulses train. In Inguscio’s group [5],
the Bloch period is straightforwardly deduced from the evolution of the momentum in the
trap by adiabatically releasing the cloud from the lattice. In both experiments the detection
is performed by imaging the falling atomic cloud using absorption imaging techniques and the
uncertainty on the g determination did not exceed 10~* dominated by the imaging system.
Our experimental approach is based on the precise determination of the velocity distribu-
tion of atoms along the vertical axis using Doppler-sensitive Raman transitions. An obvious
determination of the acceleration of gravity is possible by measuring the atomic velocity vari-
ation after a given falling time 7". This is performed by applying a m-7 pulses sequence with
a spacing time T: the first pulse defines an initial velocity by selecting a narrow velocity
class from an ultracold atomic sample. Atoms are then in a well-defined internal state. The
second pulse measures the final velocity distribution of the atoms after the fall by transferring
a resonant velocity slice to another internal state. This so-called velocity sensor allows us
to locate the center of the velocity distribution with high accuracy and is now limited by
the experimental setup platform’s vibrations [6]. We could substantially improve the relative
uncertainty on the measurement of g by increasing the falling time 7', but this parameter is
swiftly limited by the dimension of the vacuum chamber. In our experiment we suggest to hold
the atoms against gravity by applying between the two Raman pulses a far resonant standing
wave, during an interrogation time T'pjocp, (fig. 1a). In the non-dissipative case, atoms fall until
they absorb a photon from the upward wave and emit a stimulated photon in the downward
wave. The atoms make a succession of A transitions (fig. 1b) inducing a momentum exchange
of 2hk (k is a wave vector of the standing wave) with the cycling frequency vg = ";—%)‘. This
evolution is equivalent to the dynamics of the Bloch oscillations [7]. In a previous work [8],
we have measured a transfer efficiency of 99.5% per cycle. This result promises a large num-
ber of Bloch oscillations. Another particular interesting aspect of our method is the small
spatial amplitude of the atomic wavepacket motion, during the oscillations(!), therefore the
selection (first Raman pulse) and measurement (second Raman pulse) are done in a small vol-
ume allowing a better control of systematic effects arising from inhomogeneous fields. In this
letter we investigate the possibility to make a high precise measurement of the acceleration
of gravity g using Bloch oscillations of cold atoms in a vertical standing wave. Such accurate
measurements have important repercussions on geophysical applications including earthquake

(1)The amplitude of the oscillation of atomic wavepacket is given by Az = Ay, /2|F|, where A,, is the energy
width of the n-th band [2]. In our experiment only the fundamental band is considered Ag < Er, F' = mg.
Then Az < 1 pum which is very small compared to the size of the atomic cloud (1 mm).
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predictions, locating oil and studies of the global warming. We first describe our measurement
method, then we present a preliminary measurement of g, and finally we discuss the signal
losses observed when we increase the number of Bloch oscillations.

FExperimental set-up. — The main experimental apparatus has already been described in
ref. [8]. Briefly, 8"Rb atoms are captured, from a background vapor, in a o+-0~ configuration
magneto-optical trap (MOT). The trapping magnetic field is switched off and the atoms
are cooled to about 3 K in an optical molasses. After the cooling process, we apply a
bias field of ~ 100mG. The atoms are then optically pumped into the F' = 2, mp = 0
ground state. The determination of the velocity distribution is performed using a 77 pulses
sequence of two vertical counter-propagating laser beams (Raman beams): the first pulse with
a fixed frequency vse, transfers atoms from 559, |F' = 2, mp = 0) state to 5519, |F = 1,
mp = 0) state, into a velocity class of about v,./15 centered around (Avseject/2) — vr, where
A is the laser wavelength and v, is the recoil velocity. To push away the atoms remaining
in the ground state ' = 2, we apply after the first m-pulse, a laser beam resonant with the
5512 (F' = 2) to 5P/, (F = 3) cycling transition. Atoms in the state F' = 1 fall under the
acceleration of gravity during T'. We then perform the final velocity measurement using the
second Raman m-pulse, whose frequency is vimeqs. The population transfer from the hyperfine
state F' = 1 to the hyperfine state F' = 2 due to the second Raman pulse is maximal when
27 (Vsel — Vimeas) = 9 X T'x || (k1 — ko) ||, where kq, ko are the wave vectors of the Raman
beams. The populations (F' = 1 and F = 2) are measured separately by using the one-
dimensional time-of-flight technique developed for atomic clocks and depicted in [9]. To plot
the final velocity distribution we repeat this procedure by scanning the Raman beam frequency
Vmeas Of the second pulse.

The two Raman beams are generated using two diode lasers injected by two extended-
cavity diode lasers (ECLs). To drive the velocity-sensitive Raman transition, the frequency
difference of the master lasers must be precisely resonant with 8’Rb ground-state hyperfine
transition (~ 6.8 GHz). The frequency of one ECL is stabilized on a high stable Zerodur
Fabry-Perot (ZFP) cavity. The second ECL is then phase-locked to the other using the beat
note technique (see fig. 2b). The very stable RF source is performed by mixing the 62th
harmonic of a 100 MHZ quartz oscillator with different digital synthesizers (SRS DS345).
They are used to tune finely the frequency of the RF source. A YIG oscillator is phase-locked
onto the central line of the source in order to reject completely the residual sidebands of the
different mixings. A multiplexer switches between two synthesizers to generate the frequency
offset for the velocity selection or measurement. The frequency of a third synthesizer is
linearly swept during the selection and the measurement pulses to compensate the Doppler
shift during the fall of the atoms (fig. 2a). The time interval between the two Raman pulses
is precisely defined by the delay between the triggering signal of the two-frequency sweeps.
Each laser beam passes through an acousto-optic modulator (~ 80MHz) for timing (switch
on and off) and intensity control. The two beams have linear orthogonal polarizations and
are coupled into the same polarization maintaining optical fiber. The pair of Raman beams
is sent through the vacuum cell. The counter-propagating configuration is achieved using a
polarizing beam-splitter cube and an horizontal retroreflection mirror placed above the exit
window of the cell. The standing wave used to create the 1D optical lattice is generated by a
Ti:Sapphire laser, whose frequency is stabilized on the same highly stable ZFP cavity. This
laser beam is splitted into two parts. To perform the timing sequence, each one passes through
an acousto-optic modulator to control its intensity and frequency. The beams are detuned by
260 GHz from the 55 /5-5P3/5 resonance line to avoid spontaneous emission. With these laser

n2k? .

parameters, the optical potential depth Uy equals to 2.7 Er (Er = “5- is the recoil energy).
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Fig. 2 — a) Temporal variation of the frequency difference of the two Raman beams. b) The synthel
and the synthe2 allow us to switch between the selection and a measurement steps. To compensate
the Doppler shift during the falling of the atoms, the frequency of the synthe3 is swept linearly during
the Raman pulses.

Fig. 3 — The final distribution velocity of atoms after a free fall of 30 ms. The center of the velocity
distribution is located with an uncertainty of 3.2 Hz, corresponding to a relative uncertainty of 4x 106
on the measurement of the acceleration of the gravity.

For this value, when the external acceleration is due to gravity, the transfer of atoms to the
higher bands remains insignificant for several periods of Bloch oscillations.

Results. — 1In a first experiment, we determine g by measuring the atomic velocity varia-
tion after the free fall of atoms during 30 ms, using the 7-m Raman pulses sequence described
previously. The typical final velocity distribution is shown in fig. 3. The center of this dis-
tribution is located with an uncertainty of 3.2Hz (corresponding to v,/5000) in an average
time of 20 min, allowing a measurement of g with a relative uncertainty of 4 x 1076. This
uncertainty is limited by many systematic errors. These errors may occur due to the vibration
noise of the retroreflecting mirror [6], the fluctuation of the number of detected atoms and the
atomic motion between the two pulses (effect of inhomogeneous fields).

In a second experiment, we apply between the two w-pulses a standing wave during an
interrogation time Tgjocn- We then study the evolution of the final momentum distribution
by changing T’g;ocr. Before analyzing the experimental results, we briefly recall the relevant
results of Bloch’s theory. The energy spectrum of the particle presents a band structure
(indexed by n) arising from the periodicity of the potential (optical lattice with period d =
A/2). The corresponding eigenenergies E,(q) and the eigenstates |n,q) (Bloch states) are
periodic functions of the continuous quasi-momentum ¢, with a period 2k = 27/d. The quasi-
momentum ¢ is conventionally restricted to the first Brillouin zone | — 7/d, 7/d]. If we apply
a constant force F', sufficiently weak in order to avoid interband transitions, a given Bloch
state |n, q(0)) evolves (up to a phase factor) into the state |n, q(t)) according to

o(t) = q(0) + 2/9% (mod 27/d). (1)

When the atoms are only submitted to the gravity force, the Bloch period 75 is given
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by 73—5)\. This period corresponds to the time required for the quasi-momentum to scan a
full Brillouin zone. In our experiment, first we prepare Bloch states around ¢ = 0 (in lattice
frame) at the bottom of the fundamental energy band (n = 0) by turning on adiabatically
the standing wave (rise time of 300 us): this avoids a transfer of population into the higher
energy band. We point out that just before turning on the Bloch potential, selected atoms
reach a mean velocity of about 10 v,.. In order to compensate this velocity drift, the upward
beam’s frequency is shifted by ~ 150kHz (in the laboratory frame the standing wave is then
moving with a constant velocity of about 10 v,.). To use a pure standing wave, we should launch
atoms in ballistic atomic-fountain trajectories either from a moving molasses [10] or with Bloch
oscillations [8], and turn on the Bloch potential when they reach their summit. After time 7'z
we suddenly switch off the optical potential and we measure the final momentum distribution
in the first Brillouin zone. In fig. 4a we report the center of the measured peak as a function
of the holding time Ts. The observed sawtooth shape is the signature of Bloch oscillations
(eq. (1)). We observe more than 60 Bloch periods corresponding to the longest lived Bloch
oscillator observed in bosonic systems. To determine the Bloch period 7, we measure the
time interval between the centers of the two extreme slopes of sawtooth. We extract the value
of 7g by dividing this time interval by the number of periods. This measurement leads to
a determination of the local acceleration of gravity with a relative uncertainty of 1.1 x 10=°
as % ratio [11] and the wavelength A are known with a better accuracy. The linear fit of
the experimental data in (fig. 4a) is performed by fixing the value of the recoil velocity. In
fig. 4b we present the residuals of the fit; they increase when we move away from the center
of the Brillouin zone. That reveals that there is a difference between the quasi-momentum
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Fig. 4 — a The center of the final velocity distribution wvs. the duration of the standing wave. The
dot represents the experimental data and the line the least-square fit performed by fixing the recoil
velocity. b) The residuals of the fit.

Fig. 5 — The losses per oscillation vs. detuning A. These losses are obtained by comparing the
number of atoms measured after N oscillations to those measured after N = 10 oscillations. The
relevant advantage of this presentation is to take into account only the losses during the Bloch
oscillations process. Dot: the experimental data. Dotted line: theory. Solid line: theory including
the interparticle collisions.
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and the measured momentum of about 1073 x %ik. The momentum spectrum ¥q ,(p) can be
calculated by projecting the Bloch state |0, g) onto plane-wave components |p) (measurement
basis). Using analytic properties of the Bloch wave functions one obtains

Po,q(p) = \/%io(p) x Y 6(p—q—2nl/d), l€Z, (2)
l

where ®((p) is the Fourier transform of the Wannier function of the fundamental energy
band [12]: the momentum spectrum is composed of peaks separated by the reciprocal-lattice
vector, 2k = 27/d, with an amplitude given by the envelope function dy (p). This function is
not constant along the width of the selected velocity class. Thus the center of the measured
momentum distribution is shifted with respect to the quasi-momentum ¢(¢) (eq. (1)) by a
factor depending on the momentum spread. The data analysis allowing the determination of
the Bloch period is performed in order to reduce substantially the systematic error induced
by this effect.

When we increase the interrogation time of the standing wave up to 100 ms, the signal is
significantly degraded (the loss rate becomes larger than 50%). In order to understand the
origin of this losses, we have measured, for a given laser intensity, the losses per oscillation
vs. the detuning A, relative to F' = 2 — F = 3 transition (fig. 5). These losses are obtained
by comparing the number of atoms measured after NV oscillations to those measured after
N = 10 oscillations. The choice of the parameter A allows us to estimate the effects of the
spontaneous photon scattering and the interband transitions which depend both on A (for
interband transition see [7]). We observe that the losses exceed 3%); they are more important
than the 0.5% rate losses measured using an accelerated standing wave [8]. This results from
the slowness of the Bloch oscillations, since in a vertical standing wave the Bloch period is
~ 1.2ms, when in ref. [8] the period was only ~ 0.1 ms.

For the experimental values of the standing-wave parameters, the losses induced by the
spontaneous emission and the interband transitions in the weak binding limit do not match
with the experimental data (dotted line in (fig. 5)). Performing a least-square fit based on
this model and including collisions with the residual Rb vapor, we extract a characteristic
time constant of the damping due to the collisions of about 70 ms. This value corresponds to
the lifetime of the molasses for the residual vapor pressure in the cell. Therefore, we think
that the number of Bloch oscillations in our experiment could be increased by reducing the
pressure in the vacuum chamber.

Conclusion and prospects. — We have described an experimental method to measure the
vertical velocity distribution of atoms by using a w-m pulses sequence of Doppler-sensitive
Raman transitions. We have performed a preliminary determination of the local acceleration
of gravity with a relative accuracy of 10~ by measuring the Bloch period. We have also
demonstrated that the number of Bloch oscillations is not yet limited by either the interband
transitions or the spontaneous emission, but only by collisions with the background atomic
vapor. To overcome this limit, we are now building a new ultrahigh vacuum chamber where
the magneto-optical trap will be loaded by an atomic slow beam. In order to improve the
accuracy of the velocity measurement, a vibration-isolation system is also in implementation.
These improvements should allow us to take a better benefit of the Bloch oscillations.

An attractive possibility consists in replacing the m-m velocity measurement by a two
/2 Ramsey-Bordé sequence. We obtain then a 7/2-7/2-Bloch oscillation—7/2-7/2 atom-
interferometer. Comparing this scheme to the 7/2-7-7 /2 atom-interferometer used in gravime-
try [13,14], where the pulses spacing time is limited by the effects related to the spatial posi-
tion, the advantage would be to increase the measurement time thanks to Bloch oscillations
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for a similar phase difference between the two paths. This way, we could reduce significantly
the uncertainty of the gravity interferometric measurement. Finally, we suggest to use such
experiment nearby a Watt balance site [15,16]. In the dynamics mode of the balance the
relation which equates the mechanical power and the electrical power is given by [16]

Mgv = CF;F}h, (3)

where M is the standard mass, v is the velocity of the vertical moving coil, h the Planck
constant, C represents a dimensionless constant and F;, F’; denote the frequencies applied to
a Josephson device. Using the g/h-dependence of the Bloch period we obtain

M CF;F; X1 ()
m 2 vgv

In conclusion, associating our Bloch oscillations experiment to a Watt balance could be used
to link a macroscopic mass to an atomic mass.
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We report an accurate measurement of the recoil velocity of Rb atoms based on Bloch oscillations in a
vertical accelerated optical lattice. We transfer about 900 recoil momenta with an efficiency of 99.97% per
recoil. A set of 72 measurements of the recoil velocity, each one with a relative uncertainty of about
33 ppb in 20 min integration time, leads to a determination of the fine structure constant « with a
statistical relative uncertainty of 4.4 ppb. The detailed analysis of the different systematic errors yields to a
relative uncertainty of 6.7 ppb. The deduced value of @~ ! is 137.035998 78(91).
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The fine structure constant « plays an important role
among all the physical constants because it sets the scale of
electromagnetic interactions. Therefore, it can be mea-
sured in different fields of physics and so be used to test
the consistency of the physics. In the Committee on Data
for Science and Technology (CODATA) adjustment [1], all
accurate known determinations of « are used to give the
best estimate of « (labeled a5, for 2002 adjustment). But
as pointed out in [1], the actual estimate a,y, is only
determined by two data points and in fact mainly by the
electron magnetic moment anomaly a, experiment. This
lack of redundancy in input data is a key weakness of the
CODATA adjustment. For example, a,yy, differs from
(1993 by more than one sigma mainly because of some
revisions in the complicated theoretical expression of a,
from which « is deduced [1]. Accurate determinations of «
by completely different methods are absolutely needed. A
competitive determination of a with respect to the a,
experiment is actually the measurement of the ratio
h/mes (where h is the Planck constant and mg, is the
mass of the cesium atom) using ultracold atom interferom-
etry [2]. The fine structure constant is related to the ratio
h/my by [3]

s R AN
c A(e) my’

)

where several terms are known with a very small uncer-
tainty: 8 X 107!2 for the Rydberg constant R, [4,5] and
4.4 X 10710 for the electron relative mass A,(e) [1]. The
relative atomic mass of X is known with relative uncer-
tainty less than 2.0 X 1079 for Cs and Rb atoms [6].

In this Letter, we report a new determination of the fine
structure constant « deduced from the measurement of the
ratio h/mpg, based on Bloch oscillations. We describe a
sophisticated experimental method to measure accurately
the recoil velocity of a rubidium atom when it absorbs or
emits a photon. The principle of this experiment is already
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described in a previous Letter [7]: by using velocity-
selective Raman transitions, we measure the variation of
the atomic velocity induced by a frequency-chirped stand-
ing wave. This coherent acceleration arises from a succes-
sion of stimulated Raman transitions where each Raman
transition modifies the atomic momentum by 2hk (k =
27/ A, A is the laser wavelength), leaving the internal state
unchanged. The acceleration process can also be inter-
preted in terms of Bloch oscillations in the fundamental
energy band of an optical lattice created by the standing
wave [8]: the atomic momentum evolves by steps of 2hk,
each one corresponding to a Bloch oscillation. After N
oscillations, we release adiabatically the optical lattice and
we measure the final velocity distribution which corre-
sponds to the initial one shifted by 2Nv, (v, = hk/m is
the recoil velocity). In comparison with our prior setup [7],
the Bloch beams (optical lattice) and the Raman beams
(velocity measurement) are now in vertical geometry
(Fig. 1, left). This scheme is more suitable to achieve a
high precision measurement of the recoil velocity, because
it allows us to increase significantly the number of trans-
ferred momenta.

An atomic sample of 3 X 107 atoms (3’Rb) is produced
in a magneto-optical trap (MOT), followed by a o — o~
optical molasses. The final temperature of the cloud is
3 wK, its radius at 1/./e is ~600 um and all the atoms
are in the hyperfine state F = 2. An optical Zeeman re-
pumper (resonant with the F = 2, F' = 2 transition) trans-
fers the atoms to the F = 2, my = 0 hyperfine state.

Then, a narrow velocity class is selected to F =1,
myr = 0 by using a counterpropagating Raman 7 pulse.
The nonselected atoms are blown away using a resonant
laser beam. After the acceleration process described later,
the atomic velocity distribution is probed using a second
Raman 7 pulse from F' = 1 to F = 2 (Fig. 1, right). The
population in both levels is detected using a time of flight
technique [9]. The Raman beams are produced by two

© 2006 The American Physical Society
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FIG. 1. Left: Experimental setup. The cold atomic cloud is
produced in a MOT (the cooling laser beams are not shown); the
Raman and the Bloch beams are in vertical geometry and the
detection zone is at 15 cm below the MOT. Right: Evolution of
the velocity distribution (in v, unit) during one experimental
cycle providing one point in the final velocity distribution shown
in Fig. 3 (see the text and [7]).

stabilized laser diodes. Their beat frequency is precisely
controlled by a frequency chain that allows us to easily
switch the Raman frequency detuning from the selection
(641) to the measurement (8,.,,). One of the lasers is
stabilized on a highly stable Fabry-Perot cavity and its
frequency is measured by counting the beatnote with a
two-photon Rb standard [10]. The frequency of one
Raman beam is linearly swept in order to compensate the
Doppler shift induced by the fall of the atoms (Fig. 2) (with
the same slope for the selection and the measurement). The
Raman beams power is 8 mW and their waist is 2 mm. To
reduce photon scattering and light shifts, they are blue
detuned by 1 THz from the D2 line. The duration of the

[| Repumping Intensity
Acceleration Deceleration
Bloch,
Selection Measurement
Raman
Blow-away
Detection "
Frequenc
Bloch al Y
Deceleration___
Acceleration - - -
Raman -
Sem Measurement
\ t

FIG. 2. Intensity and frequency timing of the different laser
beams for the acceleration-deceleration sequence. (The scale of
the frequency is not the same for the Bloch and the Raman
beams).

7 pulse is 3.4 ms: thus, the width of the selected velocity
class is v,/50. In order to reduce the phase noise, the
Raman beams follow the same optical path: they come
out from the same fiber and one of them is retroreflected
(Fig. 1, left).

Coherent acceleration.—As shown in our previous
Letter [7], Bloch oscillations of atoms in an optical lattice
are a very efficient tool to transfer a large number of recoil
momenta to the selected atoms in a short time. The optical
lattice results from the interference of two counterpropa-
gating beams generated by a Ti:sapphire laser (waist of
2 mm), whose frequency is stabilized on the same Fabry-
Perot cavity used for the Raman beams and is blue detuned
by ~40 GHz from the one-photon transition. The optical
lattice is adiabatically raised in 500 us in order to load all
the atoms into the first Bloch band. To perform the coher-
ent acceleration, the frequency difference of the two beams
is swept linearly within 3 ms using acousto-optic modu-
lators. Then, the lattice intensity is adiabatically lowered in
500 ws to bring atoms back in a well-defined momentum
state. The optical potential depth is 70E, (E, = h*k?/2m is
the recoil energy). With these parameters the spontaneous
emission is negligible. For an acceleration of 2000 ms ™2
we transfer 900 recoil momenta in 3 ms with an efficiency
of 99.97% per recoil. To prevent the atoms reaching the
upper windows of the vacuum chamber, we use a double
acceleration scheme (see Fig. 2): instead of selecting atoms
at rest, we first accelerate them using Bloch oscillations
and then we perform the three steps sequence: selection-
acceleration-measurement. In this way the atomic velocity
at the measurement step is close to zero.

In the vertical direction, an accurate determination of the
recoil velocity would require a measurement of the gravity
g. In order to get rid of gravity, we make a differential
measurement by accelerating the atoms in opposite direc-
tions (up and down trajectories) keeping the same delay
between the selection and the measurement 7 pulses. The
ratio 1/m can then be deduced from

_ (5sel - ameas)uP - (asel - ameas)down
2(N"P + N4k (ky + ky)

u G
m
where (8en — O5e)"?/9°" corresponds, respectively, to
the center of the final velocity distribution for the up and
the down trajectories, NUP/down are the number of Bloch
oscillations in both opposite directions, kg is the wave
vector of the Bloch beams, and k; and k, are the wave
vectors of the Raman beams. In Fig. 3 we present two
typical velocity distributions for N* = 430 and N =
460. The effective recoil number is then 2(N'P + Ndo¥n) =
1780. The center of each spectrum is determined with an
uncertainty of 1.7 Hz (~ v,/10 000) for an integration time
of 5 min.

The contribution of some systematic effects (energy
level shifts) to 8y Or 8,y 18 inverted when the directions
of the Raman beams are exchanged. To improve the ex-

033001-2
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FIG. 3. Typical final velocity distribution for the up and down
trajectories.

perimental protocol, for each trajectory, the Raman beams
directions are reversed leading to the record of two velocity
spectra. When the atoms follow exactly the same up or
down trajectories, these systematic effects are cancelled by
taking the mean value of these two measurements. Finally,
one determination of « is obtained from four velocity
spectra (20 min of integration time).

The Fig. 4 presents a set of 72 determinations of the fine
structure constant «. From the uncertainty of each spec-
trum center we deduce the standard deviation of the mean.
For these n = 72 measurements this relative uncertainty is
3.9 ppb with x? =~ 90. Consequently, the resulting statisti-

cal relative uncertainty on a is 3.9 X /y*/(n —1) =
4.4 ppb.

Systematic effects analysis.—We detail now all the dif-
ferent systematic effects taken into account to determine
the final value of a~! and its uncertainty.

Laser frequencies: The frequency of the reference
Fabry-Perot cavity on which the Bloch and the Raman
lasers are stabilized is checked several times during the
20 min measurement, with respect to the Rb standard. The
frequency drift is 1 MHz and we deduce the mean laser
frequency with an uncertainty smaller than 100 kHz. Thus,
we assume a conservative uncertainty of 300 kHz for the
absolute determination of the different laser frequencies,
which corresponds to 0.8 ppb on a1

Beams alignment: We have measured the fiber-fiber
coupling of the counterpropagating Bloch and Raman
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FIG. 4. Chronological display of 72 determinations of a~!.

beams. It varies by less than 10% with respect to the
maximum coupling. That corresponds to a maximum mis-
alignment of 3.1 X 107> rad between the Raman beams
and of 1.6 X 107 rad between the Bloch beams. The
maximum systematic effect on a”! is of —4 X 107°.
Thus, we correct o~ ! by (=2 =+ 2) ppb.

Wave front curvature and Gouy phase: As the experi-
mental beams are not plane waves, we have to consider the
phase gradient in (2) instead of wave vectors k. For a
Gaussian beam, the phase gradient along the propagation
axis is

2 2 dR
—x r- d 3)

b _, _” dR
2R%(7) dz’

dz a kw?(2)

where r is the radial distance from the propagation axis,
w(z) is the beam radius and R(z) = z[1 + (z,/z)?] is the
curvature radius. The first corrective term (Gouy phase)
originates from the spread on the transverse momenta,
which is inversely proportional to the beam transverse
spatial confinement. The second term comes from the
spatial variation of the phase due to the curvature radius.
We have measured w(z) and R(z) with a wave front ana-
lyzer. The effective radial distance from the propagation
axis is determined by the size of the atomic cloud
(600 um) and a possible misalignment of the Bloch
beam with respect to the atomic cloud. This misalignment
is at maximum estimated at 500 um. The correction to
a~!is (—8.2 = 4) ppb. This is our dominant systematic
effect.

Magnetic field: Residual magnetic field gradients con-
tribute to the systematics in two ways. First, there is a
second order Zeeman shift of the energy levels which
induces an error in the Raman velocity measurement.
Second, the quadratic magnetic force modifies the atomic
motion between the selection and the measurement. We
have precisely measured the spatial magnetic field varia-
tions using copropagating Raman transitions. The Zeeman
level shift is not totally compensated by changing the
direction of the Raman beams because the two up (or
down) trajectories are not completely identical. They differ
by about 300 um, leading to a differential level shift of
about (0.3 +0.1) Hz and a a~! correction of (6.6 +
2) ppb. The magnetic force changes the atomic velocity
by (2.3 = 0.7) X 1079 recoil velocity. We correct a~! by
(—=1.3 = 0.4) ppb.

Gravity gradient: Gravity is not totally compensated
between up and down trajectories because they differ by
about 10 cm. The correction to a~! is (0.18 = 0.02) ppb.

Light shifts: In principle, light shifts are compensated in
three ways: between the selection and the measurement
Raman pulses, between the upward and downward trajec-
tories, and when the Raman beams direction is changed.
However, this effect is not totally cancelled. This is firstly
due to a different intensity at the selection and at the
measurement because of the expansion of the cloud, sec-
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A precise measurement of h/mpg, using Bloch oscillations in a vertical optical lattice :
determination of the fine structure constant
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Bloch oscillations in a frequency chirped optical lattice are a powerful tool to transfer coherently
many photon momenta to the atoms. We have used this method to measure accurately the ratio
h/mpgy. In this paper we detail the experimental procedure and we present a complete analysis of
the different systematic effects. They yield to a global relative uncertainty of 13 ppb. The measured
value of h/mgy is 4.591 35929 (6) x 1072 m? - s~!. The deduced value of the fine structure constant
is o' = 137.035 998 84 (91) with a relative uncertainty of 6.7 ppb.

I. INTRODUCTION

The fine structure constant « is defined as

62

(1)

where €q is the permittivity of vacuum, c¢ is the speed of
light, e is the electron charge and h = h/27 is the re-
duced Planck constant. The fine structure constant sets
the scale of the electromagnetic interaction, which is one
of the four fundamental interactions. It appears and so
can be determined in different domains of physics, which
spread from atomic physics to mesoscopic and macro-
scopic condensed matter physics and elementary particle
physics. The relevance of the fine structure constant is
that it is dimensionless, and therefore it does not de-
pend on any unit system. Hence, this allows the compa-
rison of all the various accurate measurements of a;, which
constitutes an interesting test of the consistency of phy-
sics. This comparison is regularly made by the internatio-
nal committee CODATA (Committee on Data for science
and technology), which determines the recommended va-
lues of all the physical constants from an adjustment of
all the relevant data available [1]. One key weakness of
the last adjustment made in 2002 is the lack of redun-
dancy in the input data for a. The estimation of this
constant by CODATA2002 is essentially determined only
by two data, from the measurement of h/mcs where mcs
is the atomic mass of Cesium (relative uncertainty of 7.7
ppb)[2], and mainly by the electron magnetic moment
anomaly a. (relative uncertainty of 3.8 ppb).

This situation has been modified recently : after almost
two decades of work, a new experimental measurement
of a. [3], along with an impressive improvement of the
QED calculation [4] have lead to a new determination
of a with a relative uncertainty of 0.70 ppb. This im-
portant result renews the need of other determinations
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of o at 1 ppb level for several reasons : i) For the next
CODATA adjustment, o will be mainly determined from
only one measurement and this will be a true weakness.
ii) To test more stringently the QED calculations of a.,
an independent determination of « is needed. iii) If we
assume the accuracy of the QED calculation of a., ano-
ther determination of a will give a limit upon a possible
internal electron structure [5].

The recent proposal of a redefinition of the kilogram
by fixing the value of the Planck constant h [6, 7] has
also renewed the interest of having an accurate deter-
mination of the fine structure constant. The realization
of h with the watt balance [7] relies on the validity of
the expression Ry = h/e? = pgc/(2a) where Ry is the
von Klitzing constant from the quantum Hall effect. At
present time there is a minor difference (2418 ppb) bet-
ween the determination of & deduced from Ry [8] and the
one deduced from the recent measurement of a. [5]. For a
redefinition of the kilogram, a good alternative is to use
the value of « issued from the a. to define Ry, much ac-
curately than it can be measured from the quantum Hall
effect. In this case, it seems prudent to independently
check the used value of « as accurately as possible.

In this paper, we report a new determination of the fine
structure constant with a relative uncertainty of 6.7 ppb
which is a first step towards a 1 ppb measurement. This
experiment takes benefit of 20 years of research on atom-
light interaction. Nowadays, laser cooling techniques en-
able a precise and easy control of the atomic motion [9].
Many applications of those technics have been developed
in metrology such as the realization of microwave and op-
tical clocks [10, 11] or inertial sensors [12, 13]. One of the
earliest applications to the measurement of fundamental
constants has been the determination of the fine structure
constant « using atom interferometry by S. Chu’s group
at Stanford, in 1991 [14]. This experimental determina-
tion of « is deduced from the measurement of h/mcs [2].
Indeed, the fine structure constant can be related to the
ratio h/mx [15] by

o _ 2Rec Ar(X) h @

c  A(e) E

where Ro is the Rydberg constant, A, (e) is the relative



atomic mass of the electron and A, (X) the relative mass
of the particle X with mass mx. These factors are known
with a relative uncertainty of 7 x 1072 for R, [16, 17],
4.4 x 10710 for A, (e) [18] and less than 2.0 x 10710 for
A (Cs) and A,(Rb) [19]. Hence, the factor limiting the
accuracy of « is the ratio h/mx.

In the present review we report a new determination
of the fine structure constant o deduced from the mea-
surement of h/mpg; [20]. The principle of the experiment
consists in determining h/mpg;, through the accurate mea-
surement of the Rubidium recoil velocity v, = hk/mpgyp
when the atom absorbs or emits a photon of wavevec-
tor k.

To determine precisely the recoil velocity, we transfer
to the atoms a very high number of photon momenta wi-
thout spontaneous emission and then we measure their
velocity variation. The induced acceleration arises from
a succession of stimulated two-photon transitions using
two counterpropagating laser beams. Each transition mo-
difies the atomic velocity by 2v, leaving the internal state
unchanged. This acceleration process can also be inter-
preted in terms of Bloch oscillations in the fundamental
energy band of the periodic potential created by an opti-
cal standing wave. Bloch oscillations are a powerful tool
to transfer to the atoms a very high number of recoil
velocities in a short time with a high efficiency [21].

To measure accurately the atomic velocity variation,
we prepare a narrow and well determined initial velo-
city distribution. For this purpose we use two counter-
propagating laser beams to induce a velocity selective
Raman transition. This first step defines the initial velo-
city class. After the acceleration process, the final atomic
velocity is determined by measuring the Doppler effect by
a second counter-propagating velocity selective Raman
transition. To determine the whole velocity profile the se-
cond Raman transition is scanned in frequency. The final
uncertainty in the measurement of the recoil velocity o,
will therefore depend on two factors : i) the uncertainty
o, of the Raman inertial sensor which measures the ato-
mic velocity variation and ii) the number 2N of photon
momenta transferred to the atoms : o, = 7, /2N.

The discussion is organized as follows. First, the Ra-
man velocity sensor is described in Sec.(II) along with the
noise sources which limit its sensitivity. Next, in Sec.(III),
we study the physical processus used to transfer to the
atoms a high number of recoil velocities, i.e. Bloch oscil-
lations in a frequency chirped standing wave. In Sec.(IV)
we present our experimental setup and in Sec.(V) our
determination of the fine structure constant. Finally, in
Sec. (VI) we detail the systematic effects which limit the
accuracy on h/mpg, and a.

II. THE VELOCITY SENSOR

In this section we introduce the velocity sensor used
to select and measure a narrow atomic velocity class. We
also discuss the noise and error sources limiting the ac-

curacy of the velocity sensor.

A. Accurate selection and measurement
of a narrow velocity class

The principle of the velocity sensor is described in
Fig.(1). The main tool is the velocity selective Raman
transition between two hyperfine levels |a), |b) of the
ground state, with energies F, and Ej. This transition
is realized by using two counterpropagating laser beams
with frequencies wy, wo and wavevectors ky, ko. After the
cooling process, the atoms are all in a well defined inter-
nal state |b). We apply a first velocity selective Raman 7
pulse (]b) — |a)) to define an initial velocity class cente-
red on v;. At resonance :

6sel - Al + (kl - k2) . (Vi + i(kl - k2)> (3)
2m

where 057 = w1 — w2 — wyrs is the Raman detuning
from the atomic resonance (hwurs = Ej, — E,) and A,
is a differential shift of the atomic levels. This level shift
takes into account a possible light shift and quadratic
Zeeman level shifts. To cancel the associated systematic
effects we use an experimental procedure described in
the next section. The second term corresponds to the
Doppler effect and to the atomic recoil. After this first
step, we push away the remaining atoms in |b) by using a
resonant beam tuned to the one-photon transition. Then
an acceleration changes the atomic velocity from v; to vy
(see section IIT). Finally, to measure the final velocity, we
apply a second 7 pulse (Ja) — |b)) with a detuning 0,,eqs-
To reconstruct the final velocity distribution, we repeat
all the precedent steps by scanning the detuning d,eqs-
The variation of velocity Av is given by

Av - (kl — kz) = (ynaw - 6sel) (4)

meas

where 6,7¢% is the detuning at the maximum of the ve-
locity distribution.

The final populations in both states |a) and |b) are
measured by fluorescence using the time of flight tech-
nique (see section IV). We emphasize that, even if the
time of flight technique was initially developed for mea-
suring the temperature of the cold atomic sample [22],
we only use this method to extract information about
the fraction of atoms in each hyperfine level.

As mentioned before, in such experiments, Raman
transitions involve two hyperfine levels of the ground
state. Therefore the width of the resonant velocity class
Av is only determined by the photon coupling and the
duration of the Raman pulse 7. In particular, for a 7
pulse

1
T (kl + kg) (5)

As an example, for Rubidium (k1 + ko)v, ~15 kHz,
one selects an atomic velocity class of width Av ~ 3¢
for 7=1 ms.

Av
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F1c. 1: Principle of the velocity sensor : The first Raman
7 pulse drives a narrow velocity class of atoms from initial
internal state |b) to state |a). The remaining atoms in |b) are
pushed away. To measure the final velocity of atoms in |a) we
use a second Raman 7 pulse. This pulse transfers from |a) to
|b) a velocity dependent fraction of atoms.

B. Error sources and noise of the velocity sensor

Eq.(3) shows that we have to control carefully the fre-
quency difference between the two laser beams w; — wo
and the differential atomic level shifts 4A; in order to en-
sure a good accuracy in the velocity measurement.

We are mainly concerned by two level shifts : light
shifts and quadratic Zeeman shifts. In principle, level
shifts are compensated between the selection and the
measurement if they are induced by a constant field.
However there is a residual effect due to laser intensity
fluctuations and spatial inhomogeneities of the magnetic
field.

Nevertheless, the corresponding error in the determina-
tion of the recoil velocity changes sign when the direction
of the Raman beams is reversed. Thus, the velocity is ob-
tained from the mean value of two velocity measurements
exchanging the Raman beams. This idea is reflected wri-
ting the resonance condition for the two configurations :

§ = Ay(z,t) — erky + k2) (v + ER%U‘H +k2))  (6)

with e = +1(—1) for the configuration defined T (II)
when the Raman recoil is upward (downward). From the
two measurements of §, we obtain

6]1 o 51 B AZ(ZII,tII) o AZ(ZI, t[)
2 2
Assuming that both measurements take place at the same
spatial point and that the magnetic field has a periodic
dependence with the experimental sequence we have :
A (2T 1Ty ~ Ay (21, 7). Hence, the atomic velocity can
be written as

+ (kl + ]{?2)112' (7)

611 o 51

vi = 2(k1 + k‘g) (8)

which is free from the systematic effect A;(z,1).

The noise sources limiting the sensitivity of our velo-
city sensor have been widely studied in a previous paper
[23]. At present, we are limited by the noise on the detec-
tion setup and the vibration noise of the retroreflecting
mirror. The last can be reduced by an actively stabilized
anti-vibrations platform.

From all these considerations we are able to define the
center of the atomic velocity distribution with an statis-
tical uncertainty better than v, /10000 in 5 min of inte-
gration time.

IIT. COHERENT ACCELERATION OF THE
ATOMS : BLOCH OSCILLATIONS

In this section we describe the physical process to acce-
lerate the atoms transferring them a well defined number
of recoil momenta by means of Bloch oscillations [24]. We
also discuss some systematic effects that may arise from
the modification of the velocity distribution of atoms in
the optical lattice when we switch off the optical poten-
tial and we justify the choice of a blue detuning for the
Bloch laser beams.

A. Atoms in a periodic optical potential

The atoms are coherently accelerated by using two
counter-propagating laser beams inducing a succession
of two photon Raman transitions. Each transition modi-
fies the atomic velocity by 2v, leaving the internal state
unchanged. In order to compensate the Doppler shift the
frequency difference of the two laser beams is linearly
swept. A more suitable approach based on Bloch forma-
lism allows a more subtle description of the process : the
interference of the two laser beams leads to a periodic
light shift of the atomic energy levels. Thus, the atoms
feel a periodic potential

U(z) = Uycos®(kx) (9)

where Uy = %%%, I" being the natural width of the
transition, A the” detuning from the one photon transi-
tion, I the laser intensity of each beam and I, the satu-
ration intensity.

The periodicity of the potential leads to the well known
energy band structure, historically developed to describe
the dynamics of electrons in a perfect crystal [25]. Bloch
theorem introduces two quantum numbers to solve this
problem : n, the band index and the wavevector ¢ (quasi-
momentum) which plays the same role in the motion of a
particle in a periodic potential as the free particle wave-
vector p (true momentum) in the absence of any external
potential.

The eigenstates solution of the corresponding Bloch
Hamiltonian for a stationary periodic potential can be
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F1a. 2: (color online). Wannier function in momentum space
o(p) for different potential heights Uy. When the potential
depth is close to zero, the Wannier function is constant all
over the first Brillouin zone and tends to 1.

written in momentum space as

Ung) =n,0) = dnlg+20k)|g+21k)  (10)

l

with [ € Z. Here |g) designs the ket associated to a

plane wave of quasimomentum ¢ and the amplitudes ¢,,
correspond to the Wannier function [26] in momentum
space. From eq.(10) we see that the only states coupled by
the potential U (z) are the plane waves with a momentum
differing by a multiple of 2hk. The Wannier function ¢q
for the fundamental energy band is shown in Fig.(2) for
various potential depths Uy/E, (E, = h?k?/2m is the
recoil energy).
Now we consider a linear frequency chirp between the
two laser beams Aw(t). From the laboratory frame, the
periodic potential U(z) is now moving with a velocity
o(t) = A;v_lst). If Aw(t) is adiabatically swept the atoms
evolve in the same energy band i.e the fundamental band.
The temporal evolution of the atomic wavefunction in
momentum space is then given by

[W'(1)) = Y bula(t) + 21k)|qo + 21k) (11)
1

where ¢o is the quasimomentum associated to the cen-
ter of the initial atomic velocity distribution and ¢(t) =
qo+mu(t)/h. Consequently, only the enveloping Wannier
function ¢,, is time dependent. The atomic momentum
distribution is periodic in time because it is described
as the product of a Dirac comb with a time translated
envelop.

From the reference frame of the moving potential the
atomic momentum distribution is now written as the pro-
duct of a stationary enveloping Wannier function (cente-
red in ¢ = 0) by a time translated Dirac comb. Therefore
q(t) scans periodically the Brillouin zone giving rise to
the well known Bloch oscillations.

Wannier function
Initial velocity distribution
Bloch state

a(dv)

-4 -3 -2 -1 0 1
<>
ov

F1a. 3: (color online). In this figure the envelop (dotted curve)
corresponds to the Wannier function in momentum space
¢o(p). This function modulates the Bloch states (solid line).
Av is the width of the velocity distribution and dv is the dif-
ference between the atomic velocity and the center of the first
Brillouin zone. «(dv) is the value of the Wannier function for
a given dv and ((dv) is the derivative of the Wannier func-
tion normalized with respect to v,.. The inset is a zoom of the
center of the Brillouin zone. It shows the shift A, due to the
Wannier function.

B. Analysis of the final velocity distribution :
effect of the optical potential

In this section we discuss the displacement of the cen-
ter of the final velocity distribution when the optical po-
tential is switched off non adiabaticaly. This effect was
briefly described in a previous paper [27] where we pre-
sented a measurement of the Bloch oscillation frequency
of atoms in standing wave in the presence of the gravity
field. In that experiment the effect induces a modification
of the amplitude of the oscillations but does not give rise
to a systematic effect in the Bloch frequency. This is not
the case for the measurement presented in this paper.

We start from a selected narrow velocity class 1se(p)
centered around p = 0. Then we load the atoms in the
fundamental energy band n = 0. By linearly chirping the
frequency difference of the laser beams the atoms are sub-
jected to perform N Bloch oscillations acquiring 2hk per
oscillation. At the end of this process if the potential is
switched off in a sudden way, non adiabatically, the final
momentum distribution 7, (p + 2N k) can be obtained
projecting the atomic wavefunction W(¢) in p space. We
find that the final momentum distribution, around the
peak at 2N hk, is given by

Nfin(p + 2NTik) = |¢o(p + mdv) Pnsa(p) — (12)

where 0v is the difference between the average velocity of
the cloud and the velocity of the optical lattice, i.e. the
velocity of the cloud is 2N v, + dv. The final distribution
Nrin is given by the initial one 7, modulated by the
enveloping Wannier function ¢(p). This leads not only
to a reduction of the signal but also to a shift of the center
of the distribution which depends on év (see Fig.(3)). Let
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F1G. 4: (color online). Numerical simulation of the ratio 3/«
versus the potential depth for different values of dv. This ra-
tio increases fast when getting away from the center of the
Brillouin zone.

us estimate the corresponding systematic effect A, in the
measurement of the velocity. Assuming that the initial
momentum distribution is Ap < hk, one can develop
|¢o|? to the first order. Then eq.(12) becomes :

Ngin(p +2Nhk) = (a(m5v) + B(mdv) x %) Nsel (D)
(13)
where a(v) = |¢o(v)|? and B(v) = vTj—,‘;‘.

Consequently, if the initial velocity distribution 7, (p)
is centered around p = 0, the final velocity distribution
Npin(p) is not centered on 2Nhk but shifted by mA,
because of the first factor of eq.(13) (see the inset of
Fig.(3)). Close to the maximum of 7. (p) we obtain the
following order of magnitude for this effect

A, Bov) (Ap>2

v a(ov)

o (14)

Fig.(4) shows the numerical calculation of the ratio of
coefficients 3/« as a function of the potential depth Up
for different values of Jv. This ratio is maximal at the
edge of the first Brillouin zone.

As an example, for a 1.2 ms 7 pulse, with Uy = 10E,
and ov = 0.3v, the systematic effect on the velocity
measurement (evaluated from a numerical calculation of
the coefficients of eq.(14)) is about 7 x 10 °v,..

Instead, if the potential is adiabatically lowered, the
Wannier function, which depends strongly on Uy (see
Fig.(2)), tends to a square function over the first Brillouin
zone and thus «a(v) — 1 and B(v) — 0 for | év |< v,. No
systematic effect in the measurement of the final velocity
profile is then derived. Hence, in the experiment to de-
termine h/mpgp the optical potential has been switched
off adiabatically.

C. Choice of blue detuning of the potential to
reduce spontaneous emission

In this section we discuss the effect of a red or blue
detuning A of the optical potential in the spontaneous
emission rate. Indeed, spontaneous emission limits the
number N of Bloch oscillations the atoms are able to
perform. Let us derive an expression comparing the rate
of spontaneous emission for a red and a blue detuned
potential. For our periodic potential (9) the spontaneous
emission rate is given by

Py, (x) = Ll cos? (k)

A (15)

In particular, for a Bloch state |U, ,(z)) the ave-
rage spontaneous emission rate can be derived from
(Un,q(2) |Psp(x)| Uy g(x)). One can write

1
(cos?(kx)) = 3 c(Uo, q) (16)
where ¢(Uy, g) is a corrective factor which considers the
beams interference. Therefore,
c(Uo,q) = 1+ (Wn g(x)|cos(2kz)[ ¥y, 4 (x)) (17)
In the tight binding limit |Uy| > E,, the atoms can be
well described by particles trapped in a single lattice
well. Let us now distinguish two cases : red and blue
detuning of the potential.

1. Red detuning of the potential A < 0.

If A < 0, the atoms are trapped in the spatial region
xo where the intensity of the field is the highest. Hence,
we can approximate (cos(2kx)) ~ 1+ (—2k22?) assuming
x9 = 0. To calculate (—2k%z?) we recall the expression
of the mean value of a harmonic potential for the ground

state (—Upk?z%) = 1/|Uo|E,. We find

[B,
Uy, q@)reda =2 — ~ 2
C( OaQ) d |UO‘

We conclude that for a red detuning the atoms are lead
to the trap center seaking the highest field, and the
spontaneous emission rate increases by a factor of 2 with
respect to two non-interfering beams.

(18)

2. Blue detuning of the potential A > 0

If A > 0 the atoms are trapped at the spatial regions
with minimum intensity. Therefore, the proper assump-
tion now is (cos(2kz)) ~ —1 + (+2k?z%). An identical



calculation as in the previous section leads to

5

c(Uo, @Q)brue = 1 4 (cos(2kz)) = T
0

(19)

As a consequence, the ratio between the spontancous rate
in a blue detuned lattice to a red detuned one is

Pblue Er

1
pred 9 ‘U0|

(20)

Notice that this result can also be expressed in terms of

the Lamb-Dicke parameter n [28] equal, in our case, to
(E,/4Uo)Y* .
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F1aG. 5: Losses to F=2 induced by spontaneous emission versus
the detuning A. A blue detuning of the potential (circles)
leads to less atomic losses than a red detuning (squares). As
the intensities of the two Bloch beams are slightly different,
the ratio between the losses (for red and blue detuning) does
not verify the quantitative behavior predicted by the model
described in this section.

Hence, for Uy > E, a blue detuned potential causes
less spontaneous emission that a red detuned one. These
results have been confirmed by the following experiment
(see Fig.(5)) : after the selection step we accelerate the
atoms in F=1 during a given time. We evaluate the losses
by measuring the fraction of atoms transferred to F=2 by
spontaneous emission. As predicted, we see that a blue
detuned potential induces less losses than a red detuned
one. However, the ratio between the losses (for red and
blue detuning) does not verify the quantitative behavior
predicted by eq.(20). This is probably due to intensity
imbalance the two laser beams. The ratio of losses for
a blue and a red detuning that we measure is about 4
compared to 10 expected by eq.(20). This corresponds
to an intensity imbalance of about 15% between the two
laser beams.

D. Effect of the transverse dipolar force on the
width of the atomic velocity distribution

Up to now, we have neglected the atomic transverse
degree of freedom. The finite size of the laser beams gives

rise to a transverse dipolar force that pushes the atoms
to (away from) the center of the beam in case of red
(blue) detuning. In the next paragraph we calculate this
force and the associated acceleration focusing in the tight
binding regime and with a blue detuning of the potential.

We want to evaluate the potential energy F(r) of an
atom subjected to the potential U(r, x) as a function of
its distance r from the propagation axis. We use a classi-
cal treatment for the transverse variable r and the Bloch
formalism for the propagation axis variable z. The optical
potential can be written as

U(r,z) = Uy cosQ(k:r)e(_2T2/w§) (21)
where wy is the beam waist. We consider an atom in the
fundamental energy band. The average atomic energy is
therefore

E(r) = Upe™ 2" /w3 (cos®(kx)) (22)

The transverse dipolar force is then

27" U() _ 9.2 2
F = E, = =Le727/w) (U 23
2 E° c(Uo, q) (23)

where ¢(Uy, q) is defined in eq.(17). In Sec.(II1.D) we sho-
wed that in the tight binding regime and for a blue de-

£ Thus, the trans-
[Uo| ’

verse acceleration for r < wy is given by

tuning of the potential, ¢(Uy) =

ET 2r |U0|
ay = — &
YT m wi\ B,

(24)

As an example, for typical parameters wy = 2 mm and
r =500 pm, a; ~ 4,3\/% (mm - s72). For 10 ms of
Bloch oscillations and Uy ~ 100E,., we find a variation
of the atomic transverse velocity of 0.43 mm/s =~ v,/10.
This shift is negligible compared to the spread of the
transversal atomic velocity distribution. In conclusion, a
blue-detuning of the Bloch laser beams does not induce
a significative transverse broadening of the atomic cloud.

IV. EXPERIMENTAL SETUP

In this section we detail the experimental protocol and
we present our results in the determination of the ratio
h/mpgp and the fine structure constant « along with their
statistical uncertainty.

The experimental sequence begins with the loading of
a standard magneto-optical trap (MOT) from a Rubi-
dium vapor. After a few seconds the magnetic field is
switched off and the atoms equilibrate in an optical mo-
lasses, reaching a temperature of 3 pK. Then the expe-
riment develops in three steps : i) we select a narrow su-
brecoil velocity class using a Raman velocity selective m
pulse; ii) we accelerate coherently the atoms transferring



Upper optical fiber

Raman beam 2 - ; $

—_

® Bloch beam

Cold atomic cloud

Signal from F=2 beam

Signal from F=1

) nf—
Detection beams

Partially reflecting
plate

Blow-away

/2 waveplate
beam

Bloch beam ®

Raman beam 1 ®
and
Raman beam 2 ==

Lower optical fiber

F1aG. 6: Scheme of the experimental setup : the cold atomic
cloud is produced in a MOT (the cooling laser beams are not
shown). The Raman and the Bloch beams are in vertical geo-
metry. The Raman beams and the upward Bloch beam are
injected into the same optical fiber. The ”blow-away” beam
is tuned to the one photon transition and allows us to clear
the atoms remaining in F=2 after the selection step. The po-
pulations in the hyperfine levels F=1 and F=2 are detected
by fluorescence at 15 cm below the MOT using a time of flight
technique.

to them 2N photon momenta by means of Bloch oscilla-
tions; iii) we probe the final velocity distribution using
another Raman 7 pulse. Then we measure the proportion
of atoms in the different hyperfine states. The Bloch and
Raman beams are in vertical configuration. The detailed
procedure is the following :

A. Zeeman repumper

At the end of the optical molasses phase, 3 x 107 8" Rb
atoms are in F' = 2 state, equally distributed among
all mp sublevels. In the experiment we address only the
atoms in mp = 0 state. Hence, to pump the atoms to
|F'=2,mp =0), we shine during 50 us a laser beam
(Zeeman repumper) linearly polarized, parallel to the
quantification axis and resonant with the F' = 2 —
F’ = 2 transition. The Clebsch-Gordan coefficient bet-
ween |F=2mp=0) — [F'=2,m}=0) is zero, so
after many cycles, the atoms will be optically pumped
to |F'=2,mp = 0) state. The repumper beam increases
the atomic fraction in [mp = 0 > state, but it transfers
momentum to the atoms broadening the velocity distri-
bution. Experimentally, the |F =2, mp = 0) density in
momentum space increases by a factor of two.

B. Selection of a sub-recoil velocity class

In order to select a narrow subrecoil velocity distribu-
tion we use a square counter-propagating Raman pulse
in linL lin configuration, with a frequency detuning fixed
at dse;. A bias vertical magnetic field of 150 mG parallel
to the propagation axis of the Raman beams is applied so
that only the mp = 0 sublevel takes part in the Raman
transition. The Raman pulse transfers atoms from 55 /o
|F=2,mp =0) to 5S1/ |F =1,mp = 0) state. To re-
duce photon scattering and light shifts the Raman lasers
are blue detuned by 1 THz from the D2 line. This detu-
ning is chosen so that the Raman frequencies are close
to the two-photon ¥ Rb standard [29]. For a power of 8
mW and a beam waist of 2 mm, the 7 condition is achie-
ved using a 7=3.4 ms pulse. The width of the selected
velocity class is vy /50.

In order to reduce the phase noise, the two Raman
beams follow the same optical path. They reach the lower
part of the cell by the same fiber and to achieve a counter-
propagating configuration one of them is retro-reflected
in the upper part of the cell. During the Raman pulse,
the frequency of one Raman beam is linearly swept in
order to compensate the Doppler shift induced by the
fall of the atoms under the gravity field.

We generate the Raman beams by phase-locking two
extended cavity diode lasers (ECL). Their frequencies
and phase difference are then referenced to a stable fre-
quency source and can be controlled precisely. The beat
note of the two overlapped beams (froman =~ 6.834
GHz) is detected by a fast photodiode, amplified and
mixed down with a local oscillator (YIG) at a frequency
fyia ~ 6.409 GHz to a more convenient intermediate
frequency 425 MHz. This frequency is mixed with a fre-
quency ramp around 25 MHz generated by a modulated
synthesizer (SRS DS345). This ramp compensates the
Doppler effect of the free falling atoms and can be used
both for the selection and the measurement. An adjus-
table band-pass filter keeps only the beatnote at 400 MHz
which is again divided by 4 and compared to the signal at
100 MHz from a referenced quartz. The frequency of this
quartz is referenced to the Cs clock thanks to our optical
fiber link with the LNE-SYRTE (Primary French Time
Frequency Laboratory) [30]. Their beat note is ampli-
fied once again and used as the input for three feedback
paths. The fastest path acts directly on the diode. The
second path uses the modulation input of the diode laser
current controller. The slowest path uses a piezo-electric
transducer to adjust the length of the ECL cavity.

The lasers are amplified in master-slave configurations
with the slave being a high power diode laser. Ampli-
tude control of the laser light is achieved using 80 MHz
acousto-optic modulators (AOM) whose radio frequen-
cies are also referenced to the same stable 100 MHz
quartz oscillator. The frequencies of the Raman and
Bloch beams are stabilized onto an ultrastable zerodur
Fabry-Perot cavity. We measure precisely one of the Ra-
man beams frequency by counting its beatnote with a
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F1aG. 7: Phase locking scheme for the Raman beams. The YIG
oscillator is phase locked at 6.409..GHz by mixing it down
with the 62th harmonic of the quartz oscillator and with two
synthesizers (Marconi 2030 and SRS DS345). All the synthe-
sizers are referenced to the Cs clock. To perform the selection
or the measurement, we switch between the two SRS DS345
synthesizers. A third SRS synthesizer is used to compensate
the Doppler shift induced by the local acceleration of gravity.

standard : the two-photon 554 jo(F = 3) — 5D /o(F = 5)
transition of 85 Rb at va,), = 385285142378(2) kHz [29, 31]
(see Fig.(8)). From the beatnote we can determine the
Raman beams wavelength, the free spectral range of the
cavity and hence the Bloch beams wavelength. We use
this optical reference to calibrate continuously the ther-
mal drift of the cavity. The laser wavelengths can be thus
determined with an uncertainty of 300 kHz.

C. Push beam

After the Raman selection, the non-selected atoms re-
maining in F = 2 are removed by a 3 ms laser pulse
resonant with the ' = 2 — F’ = 3 transition. This beam
is 6.8 GHz out of resonance from the atoms in F=1 and
could exert a dipolar force on the Raman selected cloud.
To avoid this force the push beam is placed parallel to
the Raman beams. Thus, the gradient of the dipolar force
is transversal and there is no effect on the atoms longi-
tudinal velocity.

D. Coherent acceleration

The optical lattice is the result of the interference of
two counter-propagating laser beams in lin||lin configu-
ration. They are blue detuned by 40 GHz from the one
photon transition 5251/2 — 52P3/2. The optical lattice
is raised adiabatically in 500 us to load all the selected
atoms in the fundamental Bloch band. The final poten-
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F1G. 8: Setup to stabilize and measure the Bloch and Raman
beams frequencies. One of Raman lasers and a Ti-Sa laser
are stabilized on a highly stable Fabry-Perot cavity. Their
frequencies are measured by counting the beatnote with a
two-photon Rb standard.

tial depth is 70 F,. In order to perform a coherent ac-
celeration of the atoms, we sweep linearly in time the
frequency difference between the two Bloch beams Av(t)
using acousto-optic modulators : Av(t) = 2at/\, where a
is the effective acceleration. In a 3 ms frequency sweep the
atoms are accelerated at 1800 ms~2 receiving 900 pho-
ton momenta. The efficiency per oscillation (taking into
account spontaneous emission and non-adiabatic transi-
tions) is 99.95%.

Finally, the lattice intensity is adiabatically lowered in
500 ps to bring the atoms back to a well defined momen-
tum state. Note that during the 500 us of both adiabatic
ramps, the optical lattice is constantly accelerated in or-
der to compensate the gravity acceleration.

The Bloch lasers are issue of a Ti : Sapphire laser pum-
ped by a 10W doubled Neodimium-Yag at 532 nm (Mil-
lenia, Spectra Physics). The Ti : Sapphire laser is fre-
quency stabilized on the same Fabry-Perot cavity used
for the Raman beams. The output power is 2 W with
a tunability of some nanometers around 780 nm. The
output is divided in two beams, each one controlled in
frequency and amplitude by an independent AOM. The
two beams reach the cell by two different fibers.

One of the Bloch beams is injected in the Raman
beams fiber using the following trick : we place an AOM
before the fiber and the Bloch beam is aligned into it
with the AOM off while the first diffracted order of the
Raman beams is aligned into the fiber with the AOM on.
Hence, for each state of the AOM only one of the beams is
selected into the fiber. The frequency difference between
the Bloch beams is controlled by a frequency generator
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(NI5411) with a rate of 40 million points per second. We
program on it a frequency ramp around 10MHz : f(¢)=10
MHz+0v(t). The output f(t) is frequency doubled and
divided in two paths (see Fig.(9)). One path mixes the
signal with 60 MHz coming from a synthetiser and the
other path mixes it with 100 MHz from another synthe-
tiser in order to obtain two opposite frequency ramps
around 80 MHz to control each one of the Bloch AOM’s
and accelerate the atoms. As the AOM modulators are
used in double pass configuration, the acceleration of the
lattice is then given by a;.; = mdj—: (kg1 , kB2
are the wavevectors of the Bloch beams). Using the fre-
quency control scheme depicted in Fig.(9), the sum of
this wavevectors does not vary at the first order during
the acceleration process.

E. Velocity measurement

After the coherent Bloch acceleration, we measure the
final atomic velocity by means of a second Raman 7 pulse
with frequency 0meqs. It transfers the atomic population
from |F =1,mp = 0) to |F = 2,mp = 0) satisfying the
relation (10). dpeqs is scanned in frequency in order to
shape accurately the final velocity distribution. We are
able to determine the center of the final distribution with
an uncertainty on the order of 1 Hz, corresponding to
about 7 x 107%v, in 10 minutes.

F. Detection

The experimental method to detect the fraction of
atoms in each hyperfine level (F' = 1 and F = 2) re-
minds the one used in atomic clock systems [32]. We
shine to the free falling atoms at 15 cm below the trap-
ping zone two parallel beams separated by 10 mm (see
fig.(10)). The first one is a retro-reflected circularly po-
larized laser beam resonant with the closed transition
F =2 — F' = 3 leaving the F' = 1 population unaf-
fected. From the fluorescence signal in a photodiode we
detect the atomic fraction in F' = 2. To avoid a decay in
F =1 we add a magnetic bias field parallel to the detec-
tion beams propagation. Thus, the atoms will be fastly
pumped to |F' = 2, mp = 2) state. On the retro-reflecting
mirror of the first detection beam there is a small stain

Probe

Repumper
F=2 F=3|| F=1,F =2

F1G. 10: Detection scheme

which avoids the lowest part of the beam to come back.
In this way, the atoms detected in F=2 are subsequently
pushed far away from the detection zone. The atomic
fraction in ' = 1 continues to fall freely and is detected
by the second laser beam placed below. This beam is a
superposition of F' = 2 — F’ = 3 resonant light with a
repumper beam resonant with /' = 1 — F’/ = 2 transi-
tion. The atoms in F' = 1 are hence pumped to F' = 2
state and then detected following the previous procedure.

G. Further improvements of the experimental
protocol

The final sequence is strongly improved from the one
described above in order to meet some experimental re-
quirements and to reach a competitive uncertainty. The
complete temporel sequence of both the intensity and the
frequency of the different lasers is described in Fig.(11).

1. Double acceleration

After the Bloch acceleration, the atoms can reach the
upper window of the vacuum chamber. To avoid it, we
have implemented a double acceleration scheme. At the
end of the optical molasses phase, when all the atoms
are in F=2, we effectuate a first acceleration of the cloud
by means of Ny;-o Bloch oscillations (see Fig.(11)). The
first Raman transition selects a narrow velocity class from
the accelerated cloud. Then, the push beam eliminates
the non-selected atoms. We apply the second accelera-
tion, Ngecona Bloch oscillations in the opposite direction
to decelerate the atoms to v ~ 0. Finally, the second Ra-
man pulse measures the final velocity distribution. We
emphasize that the velocity shift between the selection
and the measurement is only due to the second Bloch
acceleration, which is the one referred as ”Bloch accele-
ration” everywhere in the text.
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F1c. 11: Intensity and frequency timing of the different laser
beams for the accerelation-deceleration sequence.

2. Differential measurement and Raman beams inversion

In this vertical configuration, we should know precisely
the value of the local acceleration of gravity g to measure
accurately the ratio h/mpgp. In order to cancel the effect
of gravity we effectuate two identical measurements of
h/m g, with opposite directions of the Bloch acceleration
(up/down) keeping constant the delay between the se-
lection and measurement 7 pulses [45]. The ratio i/mpy,
can be then determined from :

h o (5S€l - (smeas)up - (6561 - 5mea,s)down
2(Nup 4+ Ndown)kp (ky + ko)

S (25)
MRy

where NUP/down corresponds respectively to the number
of Bloch oscillations in both opposite directions, kp is
the Bloch wavevector and kq and ko are the wavevectors
of the two Raman beams.

As discussed in Sec.(II), the contribution of some sys-
tematic effects to the determination of h/mpg, changes
sign when the direction of the Raman beams is exchan-
ged (see Fig.(12)). Hence, for each up or down trajectory
the Raman beams are reversed, we record two velocity
spectra and we take the mean value of these two measu-
rements. Finally, each determination of h/mpg, and « is
obtained from 4 velocity spectra (see Fig.(13)).

V. EXPERIMENTAL RESULTS.
DETERMINATION OF h/mgr, AND THE FINE
STRUCTURE CONSTANT

Here we present our final determinations of h/mpy
and «. They have been derived from 72 experimental
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F1G. 12: h/mpgp, measurements are obtained by inverting the
Raman beams (circles). B ~ 150 mG. The mean value of each
pair of measurements (squares) cancels out systematic effects,
as light shifts and quadratic Zeeman shifts. For clarity, we
plot the ratio of the measured (h/m)mes to (h/m)rcs, where
(h/m)reys is the value derived from the aszgoz.
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F1a. 13: Sequence of four spectra used for each determination
of a. Here N1 and N2 are respectively the number of atoms in
F=1 and F=2 after the acceleration process. They are obtai-
ned exchanging the Raman beams direction and performing
the Bloch acceleration upwards or downwards. The used pa-
rameters for each spectrum are summarized in Table(II). The
relative uncertainty for each spectrum is about 1.7 Hz. From
the four spectra, h/mp, can be determined with an uncer-
tainty of 6.6 x 107°.

data point taken during four days.

Each determination of h/mpg, is obtained from
four spectra as detailed in the previous section. Each
spectrum contains 160 points and is obtained in 5
minutes. The uncertainty in the determination of the
central frequency of each spectrum is about 1.7 Hz,
(~ 10~%vR). We show in Fig.(13) four typical velocity
distributions for N"P = 430 Bloch oscillations and
Ndown — 460 oscillations. The effective recoil number is
here 2(NUP 4 Nown)—1780.

In Table(I) we present the parameters for the Bloch
and Raman beams in all our determinations of a.
The parameters of the four spectra of each measu-



Raman beams| Bloch beams
P 10 mW 115 mW

I 150 mW /cm? [ 1800 mW /cm?
Detuning 1THz 40GHz

TaB. I: Power, intensity and detuning of the Bloch and Raman
beams in the measurements.

spec.1 spec.2 spec.3 spec.4
Nyirst -450 390 -450 390
Necond 460 -430 460 -430
€R -1 -1 1 1
Ve [Hz] [-13956985[11455931 [ 13926651 [-11486265
Vmes|[Hz] | -342932 [-1855606 | 312598 [ 1825272

TaB. II: Parameters of the four spectra used for each de-
termination of . Nyirst and Ngecona are defined in section
(IV-G-1).

rement are summarized in Table(II), where Ny and
Nsecond are the number of Bloch oscillations in the
acceleration-deceleration process of each measurement of
h/mpp. The sign of eg represents the inversion of the
Raman beams.

Fig.(14) presents the set of 72 determinations of the
fine structure constant «. In each one of them, we have
transferred to the atoms up to 460 Bloch oscillations,
with an efficiency of 99.95% per oscillation. Each de-
termination is obtained after 20 minutes of integration
time. The corresponding relative uncertainty in h/mpgy
is around 6.6 x 10~® and hence « is deduced with a re-
lative uncertainty of 3.3 x 1078, The dispersion of these
n="72 measurements is x2/(n—1) = 1.3 and the resulting
statistical relative uncertainty on h/mpgy, is 8.8 ppb.

The experimental value of h/m gy, taking into account
only the statistical uncertainty without any correction is
for the isotope 8" Rb :

h
—— = 4.591359237(40) x 107

8.8 %1077 m?.s!
MRby

(26)
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Fic. 14: Chronologically, our 72 determinations of the fine
structure constant.

The deduced value of a~! is then
a~! =137.03599959(60) [4.4 x 1077 (27)

In the next section, all systematic effects affecting the
experimental measurement will be analyzed and taken
into account to determine the final values of h/m gy, and
.

VI. SYSTEMATIC EFFECTS

In this section we present the different systematic effects
limiting the measurement of the ratio h/mp, and the as-
sociated uncertainties. The resulting relative uncertainty
on the fine structure constant is derived.

A. Wavefront curvature and Gouy phase

The relation p = hv/c for the impulsion of a photon as
a function of its frequency is only valid for a plane wave.
In the more realistic case of a beam of finite waist, there
are corrections to this relation which can be characterized
by the Gouy phase shift [33] and the wavefront curvature.
We evaluate these two corrections in the same formulae
as a function of the beam’s parameters.

Let us first calculate an order of magnitude of the Gouy
phase shift. The Gouy phase is the phase describing the
7 phase shift at the focus of a beam. The laser beam
can be described as a sum of plane waves, and the Gouy
phase shift is due to the dispersion of the k wave vectors.
Each wave vector has a component along the propagation
axis (k,) and a component orthogonal to this axis (k).
Each plane wave has the same frequency, so we have the
relation k% = w?/c? = k2 + k2. For a beam of minimal
waist wg, the dispersion in &, is Fourier limited to 1/wy.
At the position of the minimal waist, where all the plane
waves are in phase, the wave vector is of the order of

k2
kzz./kﬁ—kizk( —2—1:2) (28)

The correction is thus of the order of 1/k?w2. The ef-
fect of the Gouy phase shift is to reduce the effective
wave vector. This effect is very similar to the reduction
of the speed of an electromagnetic wave confined in a
wave guide. On the other hand, the conservation of mo-
mentum implies that a beam passing through a lens (and
then having a different waist wg) will exert onto it a force.
This force has been in fact known for a long time and it
is used, for example, for trapping dielectric particle in
optical tweezers [34].

In order to calculate the exact effect at a position z
from the minimal waist and r from the axis, we have to
take into account the phase between the different plane
waves interfering at that point. This will lead to the Gouy
effect (dependance upon z) and the wave front curvature
(dependance upon 7). The effective wave vector resulting



TaB. III: Wavefront parameters of the Raman and Bloch laser
beams.

w(z)[mm] R(z)[m] k" /k — 1[ppb]

Upward beams 2.1 15.9 -7
Bloch (downward) 2.0 7.0 -14
Raman (downward) 2.4 31.6 -5

from the interference of each plane wave can also be di-
rectly obtained from the gradient of the phase of the laser
beam [35] :

%: 2 B r? C(a)an)?
K Ew(z)? (1 w(z)? (1 - (2/zr) )()29)

keﬂ _
z dz

where zp = mw? /A is the Rayleigh length and w(z)? =
w2 (1 + (2/2r)?). Notice that at z = zr, where the wave-
front curvature is maximal, the effective wavevector does
not depend upon 7.

Eq.(29) gives the effective wavevector as a function of
two parameters : w(z) the waist of the beam at the mea-
surement point and z/zg. To evaluate these two parame-
ters, we have used a Shack-Hartmann wave front analyzer
(HASO 64, Imagine Optic) which measures the wavefront
curvature radius R(z) and the waist w(z) at a given po-
sition. Assuming that our beam is a gaussian beam, and
thus using the relation R(z) = z[1 + (2r/2)?], we obtain
that

= [zuer)

The wavefront curvature effect depends upon the dis-
tance r from the propagation axis. To calculate the effect,
we need to know the mean value of 2. The diameter of
the atomic cloud measured using absorption imaging is
(r?) ~ (800 pm)?. The light beams were centered on the
atomic cloud by using copropagating Raman transitions
and maximizing the number of transferred atoms. We
estimate that the cloud is in the center of the Raman
beams with a precision better than 500 pm, leading to
(r?) ~ (950 pm)?.

Table III gives the wavefront parameters of the dif-
ferent beams involved in our experiment. Using the fact
that h/mgy o< (krkp) ™' (see eq.(25)), where kg and kg
are the mean value of the effective wave vector for the
Raman and the Bloch beams, the final relative correc-
tion on h/mpgyp is -16.4 ppb. The uncertainty of the mea-
sured wavefront curvature is quite high. We thus took
a conservative uncertainty of 50%, leading to a relative
uncertainty of 8 ppb.

(30)

B. Laser beams alinement

In eq. (25) we supposed that both Raman and Bloch
beams are counterpropagating. Rigorously, one should re-
place the term 2kp (ki + k2) by (k% —k2) - (k% —k3),

Fic. 15: Laser beam alinement : in our geometry, the two
upwards propagating beams come from the same fiber and
thus are parallel. We denote by 0r (0p) the angle between
the two Raman (Bloch) beams.

where (k%,kP) and (k%,kEB) are respectively the wave-
vectors of the Raman and the Bloch beams defined in
Fig.(15). The two upwards propagating wavevectors are
parallel because the beams come out from the same fi-
ber. The correction to apply will then depend only upon
the angle 6 and Op between the upward and downward
Bloch and Raman beams (see Fig. (15)). If all four wa-
vevectors are in the same plane, and in the limit 0 and
fp < 1, the relative correction to h/mpg, is given by
(6% + 9% — 9301{)/4.

The alinement of the counterpropagating beams was
done by maximizing the coupling of the downwards pro-
pagating beams into the lower fiber. For the Raman
beam, we measured a reduction of the coupling by a fac-
tor of 2 when we tilted the mirror of 7 x 107° rad. Assu-
ming that the coupling was within 10% of the optimum,
we find O ~ 3 x 1075 rad. Similarly, 05 ~ 1.6 x 10~% for
the Bloch beam.

In the worst case where g and 6 have opposite sign,
we obtain a systematic effect of 8 x 1079, Thus, we assume
a relative systematic effect on h/mpy of 4 x 1079, with a
relative uncertainty of 4 x 1072,

C. Gravity gradient

The local acceleration of gravity g induces an atomic
velocity variation of gTqclay, Where Tqelay is the time bet-
ween the selection and measurement pulses. However, to
cancel the effect of this velocity shift we use the same
temporal sequence for the upper and lower atomic tra-
jectories. Nevertheless, gravity will be slightly different
for the two trajectories because of the gravity gradient
0.g. (see Fig.16). The atomic velocity variation due to
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F1a. 16: Position of atoms for the upper and lower trajectories

this gradient is then proportional to the mean value of z
during the flight. The correction on h/mpg, is thus

mRbA ( h ) o Tdelay(<Z>U B <Z>L)8Zg
grav.grad.

h

= (31)
MRy

QUT(Nup + Ndown)

where (z)V — (2)" is the difference of the mean position
of the upper and lower trajectories (see Fig.( 16)) and
NP 4 Nwn i the total number of Bloch oscillations
done for the two trajectories. We calculate (z)V — (z)" =
10 cm. The gravity gradient is, neglecting effects due to
earth rotation, 0,9 = —2g/Ry ~3.1x 10" g-m~! (Rp
is the radius of earth). With Tyelay = 12 ms, we obtain a
relative correction for h/mpy, of 3.5 x 10710,

D. Index of refraction

In this section, we first calculate the refractive index
for the Raman and Bloch beams due to both the vapor
background and the atomic cloud. In a second part, using
simple arguments of momentum conservation, we explain
how this refractive index may induce an effect on the
recoil measurement.

1. Measurement of the refractive index

For a detuning A larger than the natural linewidth T’
of the atomic transition, the refractive index is given by :

3
n:1—|—f3—7rp£<)\> (32)

where A\ is the wavelength of the transition, p is the ato-
mic density and f the oscillator strength. In our case the
detuning is larger than the hyperfine splitting (500 MHz),
but smaller than the fine structure (7 THz), hence {=2/3
for the D2 line.

Our magneto-optical trap is loaded from a Rubidium
vapor. To measure the density of this vapor, we looked at

TaB. IV: Refractive index for the different steps of the expe-
riment

Detuning plat - cm 7] n—1

Cold atom cloud

Raman selection 1 THz 1x 100 —3.5x10°1°
Bloch 40 GHz 2x10% —1.7 x 107
Raman measurement 1 THz 2x 108 —7x10712
Background vapor

Raman 1 THz 8 x 10° —2.9 x 10~ 1F
Bloch 40 GHz 8 x 10% —7.2 x 10710

the absorption of a probe beam through the cell. Because
the Doppler effect is larger than the hyperfine splitting,
the cross section is calculated without hyperfine split-
ting : ¢ = f3\?/27. By taking into account that only
1/4 of the atoms are 8"Rb, 5/8 of them are in F=2 state,
and that because of the Doppler effect, only a small pro-
portion (the natural linewidth divided by the Doppler
width) are resonant, we find that the total density of the
background vapor is 8 x 10 at/cm?.

The cold atom density is measured just after the opti-
cal molasses phase using absorption imaging on the F=2
to F’=3 transition. By integrating the attenuation of the
probe beam over the cloud one can calculate the total
number of atoms. Assuming a gaussian isotrope density
distribution, we obtain a density of p = 1.1 x 10t /cm3.
However, we have to take into account the fact that less
than 2% of the atoms remain after the first selection. The
resulting refractive index are summarized on table I'V.

2. Photon recoil in a dispersive media
A simple theoretical approach

The problem of the momentum of a photon in disper-
sive media is quite an old question ; classically it can be
expressed as the momentum of a wave packet of given
energy E. Almost a century ago, this question lead to
a controversial between Abraham [36, 37], who affirmed
that the photon momentum in a medium of refractive
index n was F/nc and Minkowski [38, 39], who affirmed
that it should be En/c. Later work due to R. Peierls gave
other values [40]. A precise calculation of the recoil indu-
ced by the reflection of a light pulse, done by J.P. Gordon
[41] confirmed Minkowski formula. This formula, applied
for a quantum of light, says that the recoil of a photon
of wavevector k in the vacuum is nhk. Recently, W. Ket-
terle’s group [42] measured the recoil energy of atoms
diffracted by a standing wave in an atom interferome-
ter. The result obtained is in agreement with Minkowski
formula.

This result can be obtained using the following argu-
ment : in a refractive medium of index n, the phase of the
electric field varies as nkxz. When the atoms interact with
this field, this phase will be added to the initial phase of



the atomic wavefunction. For a one photon transition,
this means that the momentum of the atoms increases
by nhk.

However, in the case of Bloch oscillations we know that
for each atom transferred, an incoming photon (of mo-
mentum hk before any interaction) will leave the medium
in the opposite direction, with the same frequency and so
a momentum —hk. Consequently, for a complete Bloch
oscillation, a total momentum of 2Ak will be transmitted
to each atom.

As pointed out in [42], to understand the phenomenon
we have to take into account the motion of the refractive
medium. This can be done using the following argument :
in order to calculate the recoil due to the diffraction of
atoms by light, we need to calculate the phase of the
light at the position of the atoms. Because we are doing
a two photon transition only the difference ® = ¢1 — ¢»
between the phase of the two beams is involved.

Using the facts that, (i) without dispersive media the
phase would be ®(x) = 2ka, (ii) inside the medium we
have the relation d®/dz = 2nk and, (iii) at the position
() of the center of the medium the effect due to the
refractive index cancels from the first and second beams,
we obtain that

O(z) =2(n — Vk(x — (x)) + 2kx (33)

By assuming that the medium is uniform, we have
() = >, xi/N, where z; (¢ = 1...N) is the position
of the atoms in the dispersive medium. The function
®(x) depends on the position of all the atoms. Conse-
quently, when an atom is transferred, it acquires the mo-
mentum Ad®(x;)/dx; = 2nhk + 2(1 — n)hk/N =~ 2nhk
and each other atom j (j # ) acquires a momentum of
hd®(x;)/dz; = 2(1 — n)hk/N. The approach described
in this paragraph is not a full quantum approach of the
refractive index, but more a mean field approach. Howe-
ver, this simple calculation leads both to the result of
Minkowski and respects momentum conservation.

a. Bloch Let us consider the problem of Bloch os-
cillations in a more general way as a process transferring
a fraction p of atoms with a two photon transition. We
obtain that the momentum of the transferred atoms is
2(n+ o(1 —n))hk (each atom is transferred one time and
is oV times in the dispersive medium when another atom
is transferred). The momentum of non transferred atoms
is 20(1 — n)hk [46].

So for an efficiency of 100%, there is no effect due to the
refractive index. In our experiment, where the efficiency
per oscillation is ¢ > 99.95%, the correction due to re-
fractive index is less than two orders of magnitude lower
than the correction given by the Minkowski formula, and
thus negligible.

b. Raman One way to calculate the Doppler effect
of a non relativistic atom is to consider the time deriva-
tive of the phase at the position z(t) = vt of the atom :
w' = d®(x(t),t)/dt. To calculate the derivative of eq.(33),
we have to take into account the motion of the cloud. By

assuming that the cloud is moving at a speed v, the va-
lue of the Raman frequency ¢’ for an atom moving at a
speed v is :

8 =6—2kv+2(n—1)k(vyg —v) (34)

In the experiment, the mean velocity of the cloud at
the selection is about 2Nwv,.. We select atoms in such a
way that their velocity differs from this mean velocity by
less than one recoil. As a consequence, the relative effect
of the refractive index is of the order of (n — 1)/(2N)
where IV ~ 500 is the velocity of the atoms in units of
20,. With n—1 ~ 3x 10710, the effect is then completely
negligible.

c.  Background vapor We have seen that the momen-
tum transferred to the atoms is given by 2(1+ (1 —p)(n—
1))hk where (1 — p) is the fraction of non-transferred
atoms. This equation can be interpreted using the Min-
kowski formula in which the refractive index n is replaced
by the refractive index due only to non-transferred atoms
(14 (1—0)(1—n)). Consequently, because the hot atoms
from the background are out of resonance and do not
perform Bloch oscillations, we have to take them into ac-
count as non-transferred atoms. This results in a relative
correction of 0.75 ppb on h/mpgp.

E. Quadratic Zeeman effect

Residual magnetic field gradients contribute to the sys-
tematics in two ways. Firstly there is a second order Zee-
man shift of the energy levels which induces an error in
the Raman velocity measurement. Secondly, the quadra-
tic magnetic force modifies the atomic motion between
the selection and the measurement.

1. Zeeman shift in the Raman process

As explained in section II, by exchanging the direction
of propagation of the two Raman beams used for the se-
lection and the measurement of the velocity of atoms, one
can change the sign of the effect due to level shifts. This
assumes that between two consecutive measurements the
magnetic field and the atomic position are the same. The
temporal sequence being the same for the two directions
of propagation, there is no reason for a systematic ef-
fect due to a temporal variation of the magnetic field.
However, the position of atoms is not exactly the same
because the directions of the recoils given at the first Ra-
man transition are opposite. For the timing used in our
experiment, this difference is about dz = 300 pm.

The systematic effect arising from the position shift de-
pends only on the gradient of Zeeman shift (0,Azee) at
the position of the atoms at the second Raman pulse for
the upper and lower trajectories. In order to measure this
gradient, we perform copropagating Raman transitions.
The sequence is the following : we keep the same first
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Fia. 17: Experimental determination of the magnetic field
along the atomic trajectory. The zero of the atomic position
corresponds to the center of the molasses.

three steps : initial acceleration with Bloch oscillations,
selection of a subrecoil velocity class and deceleration of
this velocity class. The last step is a copropagating Ra-
man transition, between the same |F' = 1,mp = 0) and
the |F =2, mp = 0) states - we can then measure the
hyperfine splitting between the two states. This measu-
rement includes many shifts : the Zeeman shift (~10 Hz
for a magnetic field of 150 mG), the light shifts (~3.5 Hz)
and the Doppler shift (~5 Hz). Indeed, for a copropaga-
ting transition, the Doppler effect, given by (k1 — ko)v,
is about 10° times smaller than for a counterpropagating
transition - but not negligible. We thus take care to make
the same number of oscillations in the accelerating and
decelerating processes. The final atomic velocity is then
only due to the gravitational fall and can be calculated.
Furthermore both Doppler shift and light shift can be
canceled out by calculating the gradient from measure-
ments at different positions. This is done by changing the
number of Bloch oscillations.

The experiment is realized in a non-magnetically-
shielded stainless steel vacuum chamber. The deduced
Zeeman shift gradients (see Fig.(17)) are 0,AY =
1.85 Hz - mm ™! and 9,AL = = —0.52 Hz - mm~" respec-
tively for the upper and lower trajectories.

From Eq.( 25), we can estimate the correction to the
value of h/mpy :

U L
A h _ azAZee aZAZee 5z (35)
MRb / Zeeman 8(Nup + Ndoum)k.B kR

The resulting relative correction on h/mpy, for our para-
meters is —13.2 ppb. Taking into account the uncertainty
of the magnetic field measurement, we estimate the cor-
responding uncertainty at 4 ppb.

2. Quadratic magnetic force

Second order Zeeman effect induces a shift in the
energy levels of an atom in the magnetic field. If this
magnetic field is not homogenous, the kinetic energy of
the atoms will be modified. The variation of velocity of an
atom with velocity v enduring a variation of energy AFE
is Av = AE/mv. We obtain that the relative correction
on h/mpy due to this effect is :

h (A%OQF—I _ A%emF—l) (36)

(% down U L
2(Nvwp + N oy muvs,, muL,

where Agc/cij:l is the variation of Zeeman shift between
the selection and the measurement for the upper and lo-
wer trajectories. We emphasize that only the F' = 1 hy-
perfine level is involved in the Bloch oscillations process.

As shown in Fig.(17), the minimum of the measured
magnetic field is in the center of the chamber and there-
fore the induced force opposes to the second Bloch acce-
leration. The corresponding correction to h/mpy is posi-
tive. For a typically measured Zeeman shift of 30 Hz, we
obtain that the relative correction on h/mpgy is 2.6 ppb.
We estimate our knowledge of the magnetic field within
30% corresponding to an uncertainty of 0.8 ppb.

F. Light shift

In the same way that second order Zeeman effect gives
two different systematic effects, light shifts can induce an
error in the Raman velocity selection and measurement
and can also induce a force to atoms in between, during
Bloch oscillations.

1. One photon light shift

For atoms in |F,mp = 0), the light shift induced by a
laser beam of intensity I and detuned by A from the D2
line is, in the case where A is larger than the hyperfine
splitting but smaller than the fine structure :

2

61.5. = @Z

(37)

where I' is the linewidth of the 5P; /5 state and Is is the
saturation intensity of the D2 line.

However, for a Raman transition, only the differen-
tial effect from the light shift of the |FF = 1,mpr = 0) and
|F'=2,mp = 0) states is important. In the case where
A is larger than the hyperfine splitting wpps of the
ground state, the differential effect is obtain by derivating
eq.(37). We obtain

%] wyrs

|F=2) _ <[F=1) _
6l.s. - 5l s - 81 A2

(38)



The light intensity at the position of the atoms is ea-
sily measured by looking to the 7 condition of a copro-
pagating Raman transition. Indeed, the effective Raman
coupling €2, in the case of a lin L lin transition is equal
to

I 1

0=
Ts 16 |A]

(39)

Combining eq.(38) and eq.(39), and using the fact that
we have to add the light shift of three beams (one of the
Raman is retroreflected), we obtain that

61 WHFS
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With our parameters, one can calculate that the light
shift will shift the transition by 75 Hz - leading to a
change in velocity by about 5 x 10~3v,.. This effect is im-
portant. However, one can expect to cancel it in many
ways : between the selection and measurement (constant
effect is cancelled), upper and lower trajectories (time
dependant effect is then cancelled) and by reversing the
direction of propagation of the Raman beam (position
dependant effect is cancelled). The inversion of the di-
rection of the Raman beams, which should result in the
cancellation of level shifts (up to the systematic shift in
the position of atoms) does not work well for light shifts,
because of a possible systematic change in the intensity of
light when the direction of propagation is changed. Thus,
we do not compensate neither the effect resulting from
spatial variations of light nor the effect due to the fact
that because of the spread of the atomic cloud and the
finite size of the laser beam. The intensity at the measu-
rement will be, in average, less than the intensity at the
selection.

Let us call AV, the light shift for the selection, ¢ a
parameter such that the residual light shift due to the
spread of the cloud is A?_ (1 —¢) at the measurement, R
a typical length for the variation of intensity and [ the
relative difference of intensity between the Raman beams
when we exchange their direction of propagation.

The correction to apply to h/mpgp is then :

E AgAlA(Zgl — ZsLel) — Agl(]' - f) (deas - Zrlrlleas) (41)
R S(N“p+Ndow")kRkB
where zi{ﬁne% are the positions of atoms during the se-

lection and measurement for the upwards and downwards
trajectories (see Fig.(16)).

We measure 3 < 10% and estimate R > 10 m. Conse-
quently, the effect, of the order of 2 x 1071 for h/mpy,
is negligible and we decide not to apply any correction.

2. Two photon light shift

There is a two photon light shift induced by the co-
propagating Raman beams coming out of the same fiber

(afterwards one of them will be retroreflected in order to
form the counterpropagating beam). The experiment is
based on the fact that, because we are addressing moving
atoms, only the velocity selective transition is resonant.
However, the copropagating one will induce a light shift
given by :

QQ
2

This light shift, inversely proportional to the detuning
o0 of the transition — and thus to the velocity of atoms — is
larger during the second Raman pulse. It does not can-
cel between the upward and downward trajectories be-
cause we are not using a totally symmetric scheme (due
especially to gravity and a different number of transmit-
ted recoils). Finally we obtain that the relative effect on
h / MRH is

Q_2 (6U )71 — (6r[£eas)71 — (5sl;31)71 + (Jtlrlleas)il

sel
2 0} — 0¥ s — 0L 4 0k s

sel — “meas sel

51.5. 2ph. = (42)

(43)

With our experimental parameters, the corresponding
correction to h/mpp is 1 ppb with an uncertainty of 0.4

ppb.

3. Light shift gradient during Bloch oscillation

Another important systematic effect induced by a spa-
tial variation of the light intensity is the dipolar elec-
tric force. This force modifies the atomic velocity during
Bloch oscillations. A rough calculation based on light
shifts considering about Uy = 100 E,. and a typical length
for the variation of light shift R = 10 m leads to a force
F = Uy /R giving an acceleration of 3 x 10~%v,./ms. This
effect is then non-negligible.

However, this force cannot be calculated by adding the
force due to the gradient of each beam : we have to take
into account both the interference of the lasers and the
fact that the wavefunction of atoms is not uniform. Es-
pecially, in the case of a deep blue-detuned lattice, atoms
are located in spatial positions where the light intensity is
minimal. The effect is then highly reduced. Furthermore,
only the spatial variation of this force is important, be-
cause any constant force (such as gravity) will cancel out
from the upper and lower trajectories.

To evaluate this effect, we calculate the energy of an
atom in the fundamental band of the lattice as a function
of its position. The energy level in the tight binding limit
is then given by :

- 2
v=C =) o (44)
4 Evép

where €y p are the amplitudes of the electromagnetic
field of the upward and downward propagating beams
which form the optical lattice. The first term of Eq.(44)
corresponds to the minimum energy in the lattice poten-
tial and the second term is the energy of the harmonic



TAB. V: Error budget on the determination of h/mprs (Syste-
matic effect and relative uncertainty in ppb).

TAB. VI: Constants used for the determination of « from
h/mRb.

. elative Relative

Source Correction ullfcer tainty Value uncertainty

(ppb) (ppb) (ppb) (ppb)
Laser frequencies 1.6
Beams alignment 4 4 Rydberg
Wavefront curvature and Gouy phase 16.4 8 constant [1] 10973 731.568 525 (73) m ™" 0.0006
2nd order Zeeman effect -13.2 4
Quadratic magnetic force 2.6 0.8 Rubidium
Gravity gradient 0.36 0.04 mass [19] 86.909 180520 (15) amu 0.2
light shift (one photon transition) 0.4
light shift (two photon transition) 1.0 0.4 Electron
light shift (Bloch oscillation) -0.92 0.4 mass [1]  5.4857990945(24) 107" amu 0.4
Index of refraction atomic cloud 0.6
Index of refraction background vapor 0.75 0.6
Global systematic effects 10.98 10.0

oscillator in the potential well. It is important to notice
that this formula is valid only for a blue-detuned lattice.
This energy shift induces a force F' = —%—U

In the tight binding limit, because Uy > 16F, the
contribution of the second term of Eq.(44) is small. As
mentioned above, all constant forces cancel out between
the upper and lower trajectories and only the gradient
of the force %F(z) contributes to the systematics. By
neglecting the second term in Eq.(44), we obtain that

OF(z) _ U [ (v _ ) _ (L _ &\
5. 2 [(“ 1)(3?] "’Z ) \Ry  Rp

(45)

where kK = ?—5, Ry/p are the curvature radius of the
upwards and downwards propagating beams and vy, p
are dimensionless factor given by the relations :

2
ARy /p
Yu/p =2 - <T/)

46
Wi (46)

Because our measurement was done with beams of dif-
ferent curvature radius, the force gradient is not null,
even for beams of equal intensity (x = 1). Using the pa-
rameters of the table III, we obtain a systematic correc-
tion on h/mpgy of —9.2 x 10710, The uncertainty, coming
mainly from the uncertainty on the wavefront curvature
is of 4 x 10~1°, We did not take into account this effect in
our previous publication [20]. Therefore the value of the
fine structure constante « is slightly different than that
published in this reference.

G. Final results and uncertainty budget

We summarize on table V the different systematic ef-
fects and their contributions to the uncertainty on the

determination of the ratio h/mpp. All the uncertainties
are added in quadrature. The largest uncertainty comes
from the laser geometric parameters (wavefront curva-
ture, waist, alinement) (9 ppb). All these parameters were
measured a posteriori. The contribution of the magne-
tic field to the systematics was experimentally determi-
ned by mapping the magnetic field gradient seen by the
atoms. Those uncertainties can be reduced by using ap-
propriate technics. More fundamental uncertainties come
from the different light shifts in the experiment (0.7 ppb).
Finally concerning the index of refraction effect, we have
assumed a conservative uncertainty of 0.85 ppb derived
from the calculation of the Bloch and Raman wavelengths
in the medium.

Table (VI) shows the different constants used for the
determination of a from our measurement. Their uncer-
tainties are negligible. Taking into account the correc-
tions, we obtain that

h
=4.59135929(6) x 107? [1.3-107%] m?.s7!
MRH
(47)
1 = 137.03599884 (91) [6,7-1077 (48)

VI. CONCLUSION AND PROSPECTS

Thanks to the high efficiency of the Bloch oscillations
process (99.97% per recoil), we are able to transfer to the
atoms about 900 photon momenta. This method com-
bined with a precise velocity sensor leads to a measu-
rement of the ratio h/mp, with a relative uncertainty
of 1.3 x 1078, This non interferometric measurement
achieves a precision comparable to the best measurement
provided by an atomic interferometry experiment [2]. A
comparison of our determination of o with other determi-
nations is presented in Fig.18. Except for the more recent
value of « obtained from the Harvard measurement of a.,
all the values used for this comparison come from the last



a ! Uncertainty (ppb)
a.(Harvard) 137.035999 710(96) 0.7
ae(UW) 137.035 99880(52) 3.8
h/m(Rb)  137.03599884(91) 6.7
h/m(Cs)  137.036 0001(11) 7.7
Ry 137.036 0030(25) 17
oo 137.035 9875(43) 31
/M, 137.036 0015(47) 34
Avyia 137.036 0017(80) 58

T T T T T T
AVpu

— e him,
" Ty
——— Ry

—e—  h/m(Cs)

—e—  h/m(Rb)
e 3 (UW)
« a, (Harvard)
5985 5995965 600 BOG&.__ 601
____________________ X10
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h/m(Rb)
S —— a, (UW)
—— a, (Harvard)
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(@™t -137.03)x 10°

F1a. 18: Comparison of our measurement (h/m(Rb)) with the
measurements used for the 2002 CODATA adjustment[1] and
the new measurement from Harward [5].

CODATA report. This new determination of a with an
uncertainty below 10 ppb, will increase the confidence on
« value at this level of uncertainty.

We plan several improvements in order to achieve a one
ppb level uncertainty on «. The statistical uncertainty of
our current measurement (4.4 ppb) arises from the si-
gnal to noise ratio on the velocity sensor. We expect to
improve this ratio by a factor of 4, first, by increasing si-
gnificantly the initial density of atoms in velocity space,
and second, by implementing a vibration isolation plat-
form on our experimental set-up. On the other hand in-
creasing the number of recoils transmitted to the atoms
(using a much larger cell and a more powerful laser), we
plan to reduce the statistical uncertainty significantly be-
low 1ppb.

We need also to control more carefully systematic ef-

fects (5ppb, in the current measurement). For this pur-
pose, we consider several enhancements : i) a better
control of the geometrical parameters of the Raman and
Bloch laser beams will allow us to reduce the uncer-
tainty coming from the wavefront curvature. i) a magne-
tic shielding of the vacuum chamber, associated to the
differential measurement currently used to bring down
systematics, will probably reduce by one order of ma-
gnitude effects due to magnetic field. i) laser frequency
stabilisation and measurement can easily be improved to
neglect the associated systematic effect at the ppb level.
i) a better determination and control of experimental
parameters involved in the light shift and the refractive
index will be required to reduce the uncertainty on their
estimations.
Furthermore, improvements in the statistical uncertainty
(due to the reduction of integration time) may allow us
to place experimental error bars on systematic effects by
making measurements with different parameters. These
major improvements should lead to a measurement of «
below the ppb level.

A new measurement of the fine structure constant at
the ppb level would have an important consequence not
only in metrology but also in fundamental physics. In-
deed, with the recent 0.7 ppb determination of « from
the measurement of a., such determination which is al-
most independent to the QED would lead to an unprece-
dented test of the QED and of the internal structure of
the electron [5].
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Chapitre 5

Perspectives

Ce dernier chapitre se décompose en trois parties. Tout d’abord, je mentionnerai
les différentes améliorations que nous allons prochainement apporter a notre montage
expérimental dans le but de déterminer o au ppb. Je décrirai ensuite un dispositif
permettant d’associer la sensibilité de l'interférométrie a l'efficacité des oscillations de
Bloch. Finalement, j’aborderai le role du rapport h/m dans le cadre d’'une éventuelle
redéfinition du kilogramme.

5.1 Améliorations sur ’expérience actuelle

Afin d’améliorer la précision de notre détermination de «, nous pouvons agir sur
deux plans : 'augmentation de la sensibilité du senseur inertiel et la réduction des effets
systématiques.

5.1.1 Awugmenter la sensibilité du senseur inertiel

L’enceinte a vide utilisée jusqu’'a présent nous a été prétée par I'INM et n’a donc
pas été congue spécifiquement pour notre expérience. En particulier, le petit diametre
de ses hublots, et donc des faisceaux laser, ne nous permet pas de pieger plus de 3 x 107
atomes sur environ 1 mm?. Dans la prochaine version de I'expérience, nous utiliserons

une cellule en titane !

pourvue de hublots plus grands, et dessinée pour répondre a
nos besoins. Nous espérons ainsi augmenter le rapport signal a bruit au niveau de la
détection.

Le piege magnéto-optique réalisé dans cette nouvelle cellule sera chargé a partir d’un

'Le titane est plus amagnétique que 'inox.
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piege magnéto-optique a deux dimensions [78]. Du point de vue de la statistique, ceci
devrait nous permettre d’augmenter la vitesse de chargement du piege 3D, et ainsi de
diminuer notablement la durée d’une séquence temporelle.

De plus, en réduisant la densité de vapeur résiduelle et donc le taux de collisions, 1'uti-
lisation du piege 2D devrait conduire a une amélioration notable de la précision sur la
mesure de la période de Bloch en onde stationnaire.

La sensibilité du senseur inertiel est actuellement limitée par les vibrations. Afin de
les réduire, nous avons fait l’acquisition de pieds anti-vibrations actifs. Ceux-ci ont été
testés par Benjamin Besga pendant son stage de L3 [79].

5.1.2 Réduire les effets systématiques

Une autre conséquence de la diminution de la densité de vapeur résiduelle sera de
réduire l'effet systématique lié a I'indice de cette vapeur.
Les deux effets prépondérants dans notre expérience sont liés d’une part aux déplace-
ments Zeeman quadratiques, d’autre part a la courbure des fronts d’onde et a la phase
de Gouy.
Afin de mieux controler le champ magnétique, la cellule en titane sera entourée d’un
blindage en mumétal.
Une meilleure collimation des faisceaux sera obtenue grace a l'utilisation d’un analy-
seur de fronts d’onde de type Shack-Hartmann (HASO 64 Imagine Optics).
Nous espérons ainsi atteindre une incertitude relative de 10~ sur «.

5.2 Interférométrie avec des oscillations de Bloch

La modification a apporter a notre expérience pour réaliser des mesures interféro-
métriques consiste a remplacer les impulsions 7 de sélection et de mesure par deux
paires d’impulsions 7 /2. On dispose alors de deux parametres indépendants : la durée
7 d’une impulsion et U'intervalle de temps Tgamsey Séparant les deux impulsions 7/2.
Le nombre d’atomes sélectionnés varie en 1/7 et la distance entre deux franges en
1/TRamsey- La résolution de l'interférometre ne dépend que de ce dernier parametre. I
est donc a priori possible d’augmenter la résolution sans perte d’atomes.

Avec notre méthode expérimentale actuelle (impulsions 7 de sélection et de mesure et
oscillations de Bloch), on ne peut jouer que sur le parametre 7. De ce fait, si 'on choisit
d’augmenter la résolution du senseur inertiel en sélectionnant une classe de vitesse plus
étroite (c’est-a-dire en augmentant la valeur de 7), on sélectionne moins d’atomes, et
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finalement on ne gagne pas en précision sur la mesure de v,.
Il semble donc qu’en réalisant des mesures interférométriques, on puisse gagner a la
fois sur la résolution et sur le rapport signal a bruit.

Le principe de notre interférometre est illustré par la figure (5.1). A la différence de 'in-
terférometre de Ramsey Bordé (figure 4.14), nous n’inversons pas le sens des faisceaux
entre les deux paires d'impulsions 7/2. La vitesse moyenne des atomes étant la méme
pour le premier et le second interférometre, ce dispositif ne permet pas de mesurer
directement la vitesse de recul. Il est nécessaire d’accélérer les atomes entre les deux
interférometres, ce que nous réalisons au moyen d’oscillations de Bloch (figure 5.2).

— &>
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Premier interférométre Second interféromeétre

Fi1Ga. 5.1 — Schéma de principe de notre interférometre

Si l'on effectue N oscillations de Bloch entre les deux interférometres, le déphasage du
a ’énergie cinétique est identique a celui donné par l'expression 4.27 en remplagant
N + 1 par N, soit :

Ap, = —4kNTgamseyVr (5.1)

et la sensibilité du dispositif croit linéairement avec N. De la méme fagon que précé-
demment, la contribution de la gravité est éliminée au premier ordre en réalisant une
mesure différentielle entre les trajectoires du haut et du bas.

Du point de vue des effets systématiques, cette méthode est tres similaire a celle déve-
loppée a Stanford. En ce qui concerne la sensibilité du senseur, on peut tout de méme
noter quelques différences. Comme cela a été discuté dans le chapitre précédent, notre
dispositif nous permet de réaliser plus d’oscillations en mettant a profit le caractere non
résonant des impulsions 7. Cependant, contrairement au cas de I'expérience américaine,
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Fi1G. 5.2 — Mesure de v, par interférométrie. En haut, la séquence temporelle. En bas,
le schéma de principe de linterférometre (les chemins représentés correspondent aux
accélérations vers le haut et vers le bas).

il nécessite la sélection d'une classe de vitesse initiale, de largeur égale a quelques v,.,
correspondant a la premiere zone de Brillouin, et donc réduit le nombre d’atomes qui
participent au processus. Cet inconvénient devrait étre partiellement compensé grace
a l'utilisation de la nouvelle enceinte a vide (voir paragraphe 5.1.1).

Des mesures de «, basées sur cette méthode, sont actuellement en cours sur le montage
expérimental préliminaire. Les premiers résultats semblent prometteurs, puisque nous
parvenons a pointer la fréquence centrale des spectres avec une incertitude sub-hertz.

5.3 Vers une redéfinition du kilogramme

Le kilogramme est la derniere unité de base du systeme international définie par
un artéfact matériel. La comparaison de différents étalons a montré que leur masse a
dérivé de plusieurs dizaines de microgrammes, c¢’est-a-dire de quelques 1078 en valeur
relative.
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Des débats animent actuellement la communauté des métrologistes au sujet d’une éven-
tuelle redéfinition du kilogramme. Ces discussions interviennent dans le cadre plus gé-
néral du rattachement des unités de base aux constantes fondamentales, qui, grace aux
avancées technologiques et au développement de dispositifs expérimentaux de plus en
plus sophistiqués, sont mesurées de plus en plus précisément [80] [81] [82].

5.3.1 Propositions de redéfinition du kilogramme

Redéfinir le kilogramme en fixant A

Une possibilité avancée pour redéfinir le kilogramme consiste a fixer la constante
de Planck h, ce qui revient a relier les unités de masse et de temps (E = hv = mc?).
La réalisation du kilogramme serait alors obtenue a partir de la balance du watt, qui
permet de comparer une puissance mécanique et une puissance électrique [83].
L’expérience de la balance du watt comporte deux étapes. Une premiere étape, appelée
phase statique, permet de comparer la force de Laplace exercée sur une bobine, par-
courue par un courant continu et placée dans le champ créé par un aimant, au poids
d’une masse M reliée au kilogramme. La seconde étape, ou phase dynamique, consiste
a mesurer la tension induite aux extrémités de la bobine lorsque celle-ci est déplacée
dans le méme champ a une vitesse v connue. Les mesures des quantités électriques sont
ramenées aux constantes de von Klitzing (Rk) et de Josephson (K).

La balance du watt permet finalement de relier une masse macroscopique au produit

Rk K3 sous la forme :
A

MK3Ry = o (5.2)
ou A est une grandeur proportionnelle au produit des fréquences Josephson correspon-
dant aux mesures de tension lors des phases statique et dynamique et g I'accélération
de la pesanteur subie par la masse M.

En écrivant Rx = e% et K;= Q—he, on obtient :

aM A

= (5.3)

La quantité 4/ K2Ry, c’est-a-dire h, a été déterminée avec une incertitude relative de
5 x 1078 dans l'expérience de balance du watt américaine [84].

Si h est fixé, la mesure des grandeurs A, g et v permet la réalisation du kilogramme.
Il est important de noter que cette réalisation repose sur la validité des relations Rg =

6% et K; = Q—he Or, le manque de consistance entre certaines données expérimentales

143



a été a lorigine d’'un test de l'exactitude de ces relations lors du dernier CODATA
[50]. A l'issue de ce test, 'introduction de deux constantes €; et ex prenant en compte
I’existence d’éventuels facteurs correctifs, a cassé 1'égalité stricte qui existait entre K,
Ry et leurs expressions théoriques, soit :

2
szf(1+ej) (5.4)
et
h
Ry = g(l + GK) (55)

avec €5 = —126 (81) x 1079 et ex = 23 (19) x 1072 [50]. Il apparait donc nécessaire de
développer des protocoles expérimentaux permettant de tester Ri et K.

Redéfinir le kilogramme en fixant N4

Une autre possibilité avancée pour la redéfinition du kilogramme consiste a fixer la
constante d’Avogadro Ny [80].
Le kilogramme serait alors défini par :

1 kg = 10°Nm, (5.6)

ol m,, est I'unité de masse atomique (m, = 5m(*2C)).
Pour rendre cette méthode compétitive, il faudrait déterminer N, & 1078,
A T'heure actuelle, N4 est mesuré & 3,1 x 10~7 & partir du volume molaire d’une sphere
de silicium [85]. Plus précisement, N4 s’exprime comme le rapport entre le volume
molaire et le volume atomique [86] :

Vmol M (S’L) v

N, = = 5.7
AVatano ()

avec m et v, la masse et le volume de 'échantillon de Si, M(S%) la masse molaire
moyenne du Si, Vj le volume d’une maille élémentaire et n le nombre d’atomes compo-
sant une maille élémentaire (n = 8). La détermination de N4 implique donc de mesurer
la densité macroscopique de I’échantillon, la masse molaire moyenne et le volume de la
maille.

Le volume de la maille se déduit du pas du réseau cristallin (noté dagg) mesuré par dif-
fraction X. Cette grandeur dépend fortement de la présence d’impuretés et de défauts
dans la maille cristalline et sa détermination est entachée d’effets systématiques liés au
systeme de mesure. Elle est mesurée & quelques 10~° par différentes équipes dans le
monde, en particulier & la PTB (Physikalisch- Technische Bundersanstalt), a 'TMGC
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(Istituto di Metrologia "G. Colonnetti”, Turin) et au NRLM (National Research Labo-
ratory of Metrology, Japon).

La masse molaire du silicium est déterminée par spectrométrie de masse. Les résultats
obtenus dépendent de la composition isotopique de I’échantillon et certaines équipes
travaillent actuellement sur la fabrication de spheres de silicium enrichi (99% de %S4
au lieu de 92% en abondance naturelle).

Il faut enfin mesurer la densité macroscopique de I’échantillon en la comparant a un
standard de 1 kg. La difficulté réside alors dans la fabrication de spheres dont le dia-
metre et ’état de surface sont connus avec une incertitude sub-nanométrique. Le volume
de la sphere est déterminé via son diametre par interférométrie.

La réalisation expérimentale de N4 a partir du silicium est donc extrémement délicate.
Néanmmoins, les différents groupes impliqués dans ce projet esperent atteindre une
incertitude relative de 2 x 1078 dans un futur proche.

5.3.2 Notre expérience de mesure de h/m associée a la balance
du watt

Notre expérience d’oscillations de Bloch avec des atomes froids de rubidium, décrite
dans le chapitre 4 de ce mémoire, pourrait jouer un role dans cette dynamique. En effet,
notre équipe, associée a celle de Gérard Geneves, chargée de 1'expérience de balance
du watt au Laboratoire National de Métrologie et d’Essais, propose un rapprochement
des deux expériences, soit pour réaliser N4, soit pour tester la validité des expressions
de RK et KJ [87]

Réalisation de N4

La constante d’Avogadro s’écrit sous la forme :

Ny M L h oy, = L

e R A X)m, = Ry M o9

ol M, est la constante de masse molaire (M, = 1073 kg mol™!), m,,, I'unité de masse
atomique, A,(X) la masse atomique relative de la particule X et m(X), la masse
atomique de la particule X.

Dans notre expérience, nous mesurons soit la quantité $ (o1 g est la gravité
locale subie par les atomes) en placant les atomes dans I'onde stationnaire verticale
(voir paragraphe 4.3.2), soit la quantité mLRb en accélérant les atomes vers le haut puis
vers le bas pour éliminer ¢g(® (voir paragraphe 4.3.3).

L’expérience de balance du watt permet de mesurer la quantité Ry K 3g<w> (o1 g™) est
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la gravité locale subie par la masse macroscopique) ou bien la quantité Rx K2 si elle
est associée & un gravimetre absolu permettant de mesurer ¢ indépendamment.

Si on suppose que les expressions théoriques de Ry et K; sont exactes, on dispose
alors, en utilisant I'expression (5.8), de deux possibilités de réalisations de Ng4.

K3Rig™ h g\

(1 _
N = R

} A (Rb)M, (5.9)

mpgyg® w)

dans le cadre de 'expérience des oscillations de Bloch en onde stationnaire. Si les deux
montages sont suffisament proches I'un de I'autre, les deux accélérations locales ¢ et
¢™) peuvent étre comparées précisement avec des gravimetres relatifs.

Si on mesure le rapport h/mpgy,, N4 peut étre réalisé sous la forme suivante :

K2Ry

2
NY =7

HLy A, (Rb)M, (5.10)
MRp

L’incertitude relative que ’on pourrait attendre sur NE) est limitée actuellement par
I'incertitude sur le rapport ﬁ (de Pordre de 107% dans 'expérience préliminaire
que nous avons réalisée). Les autres quantités apparaissant dans 1’expression (5.9) sont
mieux connues : 4 x 1078 sur Ry K2g"™) en extrapolant les résultats de la référence [84],
mieux que 2 X 107! pour A, (Rb) et le transfert de la mesure de g peut étre réalisé a
1077 si les deux expériences sont assez proches I'une de I'autre.

En ce qui concerne la réalisation Nf), notre mesure du rapport h/mg, & 1,3 x 1078 [75]
permet d’espérer une incertitude relative de 5,3 x 1078, a priori plus faible que celle
obtenue jusqu’a présent sur le silicium.

Test de la validité de I’expression théorique de K2Ry

En tenant compte des deux parametres € et ex qui corrigent les valeurs de K ; et R

)

par rapport a leurs expressions théoriques, les expressions de Nﬁll et Nﬁf) deviennent :

K2Rpg™) h g(@ A (Rb)M,
NO = (7K r u 5.11
A { 4 }{mRbg(“) g(w)” (14 €5)%(1 + ex) ( )
“ K2R h A, (Rb)M,
NY = {= N T (5.12)

mRppy (1 + €J>2(1 + GK)

L’une ou l'autre des deux propositions de réalisation de N4, associée a une détermina-

tion indépendante constituerait un test de la validité des relations Rx = e% et ;= %

Plus précisement, des incertitudes relatives de 5,3 x 1078 sur Nﬁf) et de 2 x 1078 sur
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N, du projet 7silicium” aboutiraient & un test & 5,7 x 1078,

Ces perspectives montrent bien que les possibilités de notre expérience d’oscillations
de Bloch avec des atomes froids dépassent largement le cadre de la détermination de
la constante de structure fine. En effet, associée a 'expérience de la balance du watt,
elle pourrait contribuer au projet de redéfinition du kilogramme qui agite le monde de
la métrologie.
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