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Introduction

0.1 Introduction en francais

La seconde, 'unité de temps, est une unité de base du Systeme International
(SI). Jusqu’a 1960, la seconde était déterminée a partir de la rotation de
la terre autour de son axe (temps universel) et plus tard (1960-1967) de la
rotation autour du soleil (temps d’ephemeris) avec une exactitude de ~ 1072,
En 1950, on a constaté que les résonances atomiques sont beaucoup plus
stables que la rotation de la Terre. En 1967, une nouvelle définition de
I'unité de temps SI a été donnée par la fréquence d’une transition hyperfine
de l'isotope stable du césium (temps atomique) [1]:

La seconde est égale a la durée de 9 192 631 770 périodes du rayonnement
correspondant a la transition entre les deux niveaux hyperfins de l'état fon-
damental de l'atome du césium 133%.

La durée de la seconde est alors réalisée par une horloge atomique de Cs.
Un oscillateur a quartz a l'intérieur de I’horloge est contrélé en fréquence
par le signal de résonance des atomes de césium (voir le chapitre 1) et son
signal est électroniquement divisé pour atteindre 1 Hz (une oscillation par
seconde), délivrant ainsi le signal d’horloge a la seconde.

Le temps atomique international (TAI) est une échelle de temps calculée
par le BIPM avec un algorithme de moyenne pondérée. L’'unité de temps
du TAI est approchée aussi étroitement que possible de la définition de la
seconde SI. L’échelle de temps EAL (Echelle Atomique Libre qui comprend
environ 200 horloges) est étalonée a I’aide des horloges primaires de différent
laboratoires. On estime que l'incertitude est de quelques 1071,

Le temps et la fréquence mesurés avec des horloges atomiques sont tou-
jours les unités physiques les mieux mesurées [2]. Actuellement, la seconde
est réalisée par des étalons primaires de fréquence a atome de césium avec
une incertitude de 4 a 5 ordres de grandeur meilleure que les réalisations des

'En 1997, le Comité International des Poids et Mesures (CIPM) a complété cette
definition: le Comité international a confirmé que cette définition se réfere a un atome de
césium au repos, a une température de 0 K.
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autres unités de base. Certaines définitions d’unités bénéficient de l'avantage
de cette exactitude. Par exemple, 'unité de la longueur, le metre, est dérivée
de la définition du temps en prenant la vitesse de la lumiere comme constante.
L’effet Josephson a conduit a la possibilité de créer un étalon de tension se
rapportant a une mesure de fréquence.

Des étalons primaires de fréquence sont employées pour effectuer I'étalonnage
en fréquence des étalons secondaires de temps utilisées dans les laboratoires
nationaux de métrologie temps-fréquence. Ceux-ci sont généralement les
horloges commerciales a césium ou des masers a hydrogene. Les horloges
atomiques jouent également un role essentiel dans les nouveaux systemes de
navigation, comme par exemple le systeme LORAN-C, le systeme de posi-
tionnement GPS | le systeme satellite de navigation globale (GLONASS) et
le futur systeme GALILEO. La précision du positionnement est directement
rattachée a l'exactitude et la stabilité des horloges atomiques utilisées.

Les horloges atomiques sont également extrémement utiles dans la recherche
fondamentale: par exemple, la recherche d'une éventuelles de la variation
des constantes fondamentales de la physique dans le but de vérifier la rel-
ativité générale [3, 4, 5], les collisions atomiques [6], leffet Stark [7], le
déplacement de la fréquence dii a la gravitation et la relativité restreinte
8, 9], l'interférométrie a tres longue base (VLBI) [10], la recherche des on-
des gravitationnelles, etc.. Les atomes froids eux-mémes ont été également
utilisés pour d’autres applications ou une longue durée d’interaction est im-
portante, par exemple, les interférometres a ondes de matiere, et la mesure du
rapport h/m d’un atome [11, 12, 13]. Les étalons atomiques de fréquence sont
également employés pour la synchronisation des réseaux de communication.

La méthode de résonance magnétique de jets moléculaires développée par
Rabi et ses collegues dans les années 1930 a permis de mesurer exactement
les résonances atomiques et moléculaires et d’ouvrir le développement d'un
étalon de fréquence atomique. Ramsey a introduit la méthode a deux champs
oscillants séparés [14]. Cette découverte a permis a Essen et Parry de con-
struire la premiere horloge atomique a jet de césium en 1955 [15]. Ils ont
effectué une mesure de la fréquence hyperfine du 3*Cs. La valeur mesurée
par ce dispositif, en prenant la définition de la seconde des éphémérides, est
9 192 631 770 Hz, ce qui est devenu la base de la nouvelle définition de la
seconde. En fait, en 1953 Zacharias [16, 17] avait essayé d’obtenir des franges
de Ramsey plus étroites en disposant son jet atomique verticalement. Dans
cette géométrie de “fontaine”, les atomes lents projetés vers le haut de la
cavité interagissent une premiere fois avec le champ oscillant puis retombent
sous l'effet de la pesanteur et subissent une deuxieme interaction avec le
meéme champ oscillant, ce qui permet d’obtenir un signal de résonance tres
étroit. Malheureusement, 'expérience a échoué en raison de l'éjection des
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0.1. INTRODUCTION EN FRANCAIS

atomes lents du faisceau par collision avec les atomes rapides, majoritaires.
Le premier succes d’une expérience de fontaine atomique a dia attendre le
développement des techniques de capture et de refroidissement d’atome par
laser [18].

En 1975 Hansch et Schawlow [19], et Wineland et Dehmelt [20] ont pro-
posé de refroidir des atomes neutres par le transfert de 'impulsion des pho-
tons de faisceaux laser. En 1982 Phillips et Metalf ont réalisé un ralentisse-
ment d’un jet atomique par laser [21]. En 1985 Chu et ses associés [22]
ont été les premiers a réaliser le refroidissement d’atomes neutres par laser
dans un fluide visqueux de photons, qu’ils ont appelés “mélasse optique”.
En 1988 Phillips et ses collegues ont obtenu des atomes a une température
au-dessous de la limite Doppler [23], puis Cohen-Tannoudji, Dalibard [24] et
Chu [25] en ont proposé une interprétation par la théorie du refroidissement
par gradient de polarisation (refroidissement Sisyphe). L’idée de Zacharias a
pour la premier fois été mise en application par le groupe de Chu [26] avec
une fontaine a atomes de sodium, a l'université de Stanford en 1989. Un an
apres, Clairon , Salomon et ses collegues ont construit la premiere fontaine
atomique a césium a I’Ecole Normale Supérieure [27]. La largeur des raies
observées de la résonance de Ramsey était de 2 Hz, environ deux ordres de
grandeur inférieure a celle obtenue dans une horloge a jet thermique [28].

En 1994, le groupe du BNM-LPTF (Laboratoire Primaire du Temps et
des Fréquences), mené par Clairon, a mis en oeuvre le premier étalon de
fréquence en fontaine de césium (appelé FO1), ayant une largeur de raie
aussi étroite que 0,7 Hz et un rapport signal a bruit excédant 10°. En 1995,
la premiere évaluation d’exactitude a mené a une valeur relative de 3 x 10719,
environ un ordre de grandeur mieux que la meilleure horloge conventionnelle
A jet. La stabilité de fréquence a court terme était 3 x 10737712 ol 7 est
le temps d’intégration en seconde [29]. Cette méme année, FO1 a contribué
pour la premiere fois a TAI [30].

Cette these décrit une premiere version de la fontaine FO1 et quelques
résultats obtenus avec cet étalon, ainsi qu’'un seconde montage développé
dans le but d’améliorer ses performances. La these est composée de six
chapitres:

Le chapitre 1 rappelle le principe de fonctionnement d’une horloge atom-
ique. L’étalon primaire est basé sur la mesure de la fréquence de la transition
d’atomes quasi-isolés. Les caractéristiques d’exactitude et de stabilité d’un
étalon de fréquence sont des moyens de qualifier une horloge. Ce chapitre
décrit également comment fonctionne une fontaine a atomes froids et discute
des limites de performances obtenues.

Le chapitre 2 donne une description de FO1 en détaillant chaque partie du
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fonctionnement de la fontaine atomique. En conclusion, les performances de
FO1 sont évaluées. Nous présentons également la méthode pour la compara-
ison de fréquence des trois fontaines du BNM-SYRTE, ainsi que des résultats
de comparaison de fréquence entre celles ci.

Le chapitre 3 présente une nouvelle limite sur la variation possible de
la constante de structure fine a. Une variation de « violerait le Principe
d’équivalence d’Einstein (Einstein Equivalence Principle). Tirant profit de
la stabilité remarquable des fontaines Cs et Rb du BNM-SYRTE, des com-
paraisons de fréquence effectuées sur un intervalle de 5 ans permettent de
réduire la limite supérieure de cette variation possible de a. Une limite pour
I’éventuelle variation possible du facteur gyromagnétique g, de proton est
également déterminée.

Le chapitre 4 présente une mesure sur la différence de phase entre les deux
zones d’interaction dans une cavité de Ramsey développée pour I'horloge
spatiale PHARAOQO. Les résultats indiquent que la géométrie de la cavité
répond aux exigences demandées.

Le chapitre 5 fournit une étude théorique et expérimentale du déplacement
de fréquence du au rayonnement du corps noir. Le champ isotrope du ray-
onnement du corps noir émis par ’enceinte a vide de ’horloge induit un
déplacement de fréquence, de I'horloge diu a un effet Stark de l'ordre de
1.7 x 107" & température ambiante, ce qui constitue une limite importante
a I'exactitude de 1'horloge.

Le chapitre 6 donne une description détaillée des améliorations apportées
a la fontaine FO1, portant sur la source d’atomes, la zone de capture, la zone
de sélection, la zone de détection, le systeme optique, les chaines micro-onde
et le systeme de controle. Le déplacement de fréquence di aux collisions con-
stitue la limite principale de ’exactitude des fontaines a atome de césium, la
difficulté réside dans I’évaluation de la densité atomique. Nous présenterons
une nouvelle méthode appelée passage adiabatique destinée a préparer des
échantillons d’atomes dont les rapports en densité atomique et en nombre
sont bien définis. Cette méthode a été mise en oeuvre dans la nouvelle ver-
sion de la fontaine FO1. Les résultats récents sont aussi présentés.

0.2 Introduction in English

The second, the unit of time, is one of the base units of the International
System of Units SI (Systeme International). Until 1960 the second was de-
rived from the earth’s rotation around its axis (Universal Time) and later
(1960-1967) from the rotation around the sun (Ephemeris Time) with an ac-
curacy of ~ 1079, In 1950, it was found that some atomic electromagnetic
resonances are much more stable than the earth’s rotation. In 1967, a new
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definition of the SI unit of time was chosen based on the frequency of a hy-
perfine transition of the non-radioactive isotope of caesium (Atomic Time)
[1]:

The second is the duration of 9 192 631 770 periods of the radiation
corresponding to the transition between the two hyperfine levels of the ground
state of the caesium 133 atom?.

The duration of the second is then realized by a Cs atomic clock. A
quartz oscillator inside the clock is frequency controlled by the caesium atom
resonance signal (see chapter 1) and its signal is electronically divided down
to 1 Hz (one oscillation per second), so the second is realized.

The International Atomic Time (TAI) is a time scale calculated with a
weighted average algorithm (Algos) by BIPM. The scale unit of TAI is kept
as close as possible to the SI second definition by using data from national
laboratories (about two hundred atomic clocks) which maintain the best
primary caesium standards. The uncertainty is estimated to be a few parts
in 1071,

Measured with atomic clocks, time and frequency are always the most
accurate among all physical quantities [2]. At present, the second is realized
by primary caesium frequency standards with an uncertainty more than 4
to 5 orders of magnitude better than the realizations of definitions of the
other basic units. The definitions of other units take the advantage of this
accuracy. For example, the unit of length, the metre, is derived from the
definition of the unit of time since the speed of light is considered constant.
The Josephson effect has led to the possibility of creating a voltage standard
referring to a frequency measurement.

Primary frequency standards are usually used for frequency calibration
of secondary time and frequency standards. Atomic clocks also play a vi-
tal role in the navigation systems, for example, the LORAN-C system, the
Global Positioning Systems (GPS) and Global Navigation Satellite System
(GLONASS), relying on the accuracy and the stability of atomic clocks.
Atomic frequency standards are also used for network synchronization in
the telecommunication field. They are also extremely useful in fundamental
research, such as:

¢ In relativity: Search for variation of fundamental constants of physics
[3, 4, 5], gravitational red-shift measurement tests of general relativity [8, 9]

¢ In atomic physics: Atomic collisions [6], Stark effect [7]

4 In astronomy: Very Long Baseline Interferometers (VLBI) [10]...

Cold atoms have been used for other applications where the long inter-

2In 1997, the CIPM (Comité International des Poids et Mesures) completed this def-
inition: the definition refers to a caesium atom at a thermodynamic temperature of 0
K.
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action time is important, for example, the matter wave interferometers and
the measurement of the h/m ratio [11, 12, 13].

The molecular beam magnetic resonance method developed by Rabi and
his colleagues in 1937 allowed to accurately measure atomic and molecular
resonances and opened up the possibility of developing a frequency standard
based on an atomic system. Ramsey introduced the method of separated and
successive oscillatory fields [14], which led Essen and Parry to construct and
operate the first caesium atomic beam clock in 1955 [15]. They performed
a measurement of the hyperfine splitting frequency in 33Cs. The result of
this measurement referenced to ephemeris second, 9 192 631 770 Hz, became
the basis of the new definition of the second. In fact, in 1953 Zacharias
[16, 17] had attempted to obtain an even narrower separated oscillatory field
resonance in a “fountain” experiment to measure the gravitational red shift
as a function of the average height of the atom above the microwave cavity.
The very slow atoms were allowed to travel upward through a first oscillatory
field and then to fall under gravity to pass again the same field to achieve
very narrow resonance signal. Unfortunately the experiment failed because
the slow atoms were scattered out of the beam by fast atoms. The first
successful atomic fountain had to wait for the development of laser cooling
and trapping techniques [18].

The idea that neutral atoms may be cooled by the momentum transfer of
laser photons was proposed by Hansch and Schawlow [19], and by Wineland
and Dehmelt [20] in 1975. In 1982 Phillips and Metcalf realized the laser
deceleration of an atomic beam [21]. In 1985 Chu and his co-workers [22]
obtained the first laser cooled and trapped atoms in a viscous fluid of pho-
tons, which they called “optical molasses”. In 1988 Phillips [23] and his col-
leagues reduced the temperature of their trapped atom ensemble well below
the Doppler limit, which was later explained by Cohen-Tannoudji, Dalibard
[24] and Chu [25] presenting the theory of polarization-gradient cooling. The
feasibility of Zacharias’ idea was demonstrated by Chu group [26] with a
sodium fountain at Stanford in 1989. One year later, Clairon, Salomon and
their co-workers constructed the first caesium atomic fountain at the Ecole
Normale Superieure [27] in Paris. The observed linewidth of the Ramsey
resonance, about 2 Hz, was nearly two orders of magnitude below that of the
thermal caesium clock [28].

In 1994, the group of BNM-LPTF (Laboratoire Primaire du Temps et
des Fréquences), led by Clairon, operated the first Caesium fountain fre-
quency standard (named FO1), having a linewidth as narrow as 0.7 Hz and
a signal-to-noise ratio exceeding 10%. In 1995, a first evaluation yielded a
relative accuracy of 3 x 107%, about one order of magnitude better than
the best conventional beam clock. The short-term frequency stability was
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3 x 107137712 where 7 is the averaging time in seconds [29]. In the same
year, FO1 first contributed to TAI [30].

This thesis work firstly presents several relevant results obtained with a
first version of the FO1 fountain and secondly the new set-up developed to
improve the performance and to overcome the limitations of the previous
version. This thesis is divided into six chapters as follows:

Chapter 1 recalls the principle of an atomic clock. This chapter also
describes how a cold atom fountain works and presents its performance limits.

Chapter 2 gives a description of FO1, including the physical package, the
optical system, the microwave synthesis and the control system. We also
present the most recent performance evaluation and introduce the method
for frequency comparison of the three fountains at SYRTE and discuss the
results of these comparisons.

Chapter 3 presents a new limit for the possible variation of the fine struc-
ture constant a. A variation of o would violate the Einstein Equivalence
Principe (EEP), and give support to recent many-dimensional cosmologi-
cal (Kaluza-Klein model, super-string) theories. Taking advantage of the
remarkable stability of the Cs and Rb fountains at SYRTE, frequency com-
parison measurements spreading over an interval of five years reduce the
upper limit for a possible variation of .. A limit for a possible variation of
the proton gyromagnetic factor g, is also determined.

Chapter 4 introduces a measurement of the phase difference between the
two interaction zones in the Ramsey type cavity which was developed for the
PHARAO space clock.

Chapter 5 provides a theoretical and experimental study of the blackbody
radiation shift. The isotropic blackbody radiation field emitted from the
surroundings of the cold caesium atoms leads to a clock frequency shift due to
the AC Stark effects at the level of 1071* at room temperature, an important
limit for the fountain clock accuracy.

Chapter 6 gives first a detailed description of the improvements in FO1,
including the source of atoms, the capture zone, the selection zone, the de-
tection zone, the optical system, the microwave synthesis and the control
system. For the atomic state selection, a new method of adiabatic passage is
used to prepare two atomic samples with a well-defined ratio both in atom
number and density. This allows one to measure and control the cold colli-
sional shift and cavity pulling with a resolution of 1073. Second, we present
the recent results in the improved FO1.
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Chapter 1

Principle and characteristics of
an atomic clock

1.1 Résumé en francais

Dans ce chapitre, nous présentons les raisons pour les quelles la définition
de la seconde est basée sur la fréquence de transition hyperfine de I’état du
césium 133. Une horloge atomique, ou étalon atomique de fréquence, fournit
un signal périodique d’excellente exactitude et de grande stabilité obtenue par
la résonance atomique. Pour réaliser une résonance atomique tres fine dans
une horloge atomique, on utilise habituellement la méthode d’interrogation
micro-onde de Ramsey. Une partie du signal de l'oscillateur a quartz asservi
sur la résonance atomique est a la disposition des utilisateurs.

Les principales performances d’une horloge atomique sont exprimées en
termes d’exactitude de fréquence et de stabilité de fréquence. Apres avoir
défini ces deux termes, nous présentons la liste des principales sources qui
décalent la fréquence de I’horloge.

Pour mieux comprendre le fonctionnement d’une horloge atomique dis-
posée en fontaine a atomes froids, nous présentons brievement la théorie de
refroidissement d’atomes par laser et le mode de fonctionnement de cette
horloge. Apres examen des différents types d’étalons primaires de fréquence,
nous présentons les avantages majeurs ainsi que les limites principales des
fontaines a atomes froids. A priori une fontaine atomique peut atteindre
une exactitude de fréquence de I'ordre de 1071, Néanmoins, pour atteindre
une telle exactitude, l'effet du rayonnement du corps noir et l'effet des colli-
sions entre atomes froids tous deux de l'ordre de 107* doivent étre étudiés
avec précision. Et toutes les difficultés techniques, par example, les fuites
micro-onde, les perturbations synchrones doivent étre résolues.
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CHAPTER 1. PRINCIPLE AND CHARACTERISTICS OF AN
ATOMIC CLOCK

1.2 Principle of the Cs atomic clock

An atomic clock, or atomic frequency standard, generates a very stable and
very accurate periodic signal, which is stabilized by the atomic resonance
signal. Atomic clocks can be divided into two main classes: active clocks and
passive clocks. The active devices, such as the hydrogen and the rubidium
maser, emit radiation in the microwave range. In passive devices, such as
caesium frequency standards and passive hydrogen maser, the atomic tran-
sition is probed by an external microwave source, which is frequency locked
to the atomic transition by means of an appropriate electronic system.

In this thesis we study a passive clock based on cold caesium atoms, the
FO1 fountain.

The alkali atom caesium 133 (133Cs) is a non-radioactive and very elec-
tropositive element. It has a nuclear spin I = 7/2. In the ground state 625 /2,
the hyperfine manifold is composed of 16 sub-levels (see figure A.1) and the
atomic transition involved in the caesium atomic clock is F' =4, mp = 0 «+—
F =3 mp=0. Its frequency is 9192631 770 Hz in the definition of SI time.

Caesium 133 has been chosen for definition of the second for the following
reasons:

(1) It is the only stable caesium isotope (natural abundance 100%).

(2) The clock transition (F' = 3,mp =0 to F =4, mp = 0) is a magnetic
dipole transition with a low sensitivity to external magnetic fields (caesium
is the least sensitive element in the alkali group).

(3) Its hyperfine frequency can be easily probed and detected by available
microwave systems, which was important at the time of the definition of the
SI second.

(4) The observed value of the hyperfine splitting in the ground state is
the largest among all the stable alkalis.

Figure 1.1 illustrates the operation principle of a passive Cs atomic clock.
It is composed of three parts: the quantum system, the microwave system
and the frequency servo system. The microwave system includes a frequency
generator which usually is a quartz crystal oscillator at 5 or 10 MHz. This
frequency is synthesized up to v(t) = 9192631770 Hz, and is phase or fre-
quency modulated to interrogate the atomic resonance. The quantum system
plays the role of a frequency discriminator. The transition probability P(v)
between the two hyperfine levels gives the information about the difference
between the synthesized frequency v(t) and the atomic resonance frequency
va (for details and references see section B.1). The microwave interrogation
is usually performed using the Ramsey method [31]. The transition proba-
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Figure 1.1: Scheme of a Cs atomic clock.

bility is well described by the following equation:
1
Pramsey(V) = 5 sin?(br){1 + cos[27(v — v4) T} (1.1)

where 7 is the time taken by an atom to pass through one oscillator field
and T is the time of flight between these fields. As defined in section B.1,
the quantity b is the Rabi frequency upB/h. It characterizes the rate at
which the quantum state of the atom evolves. The transition probability as
a function of the microwave frequency is represented in fig. 1.2. The full
width at half maximum of the central fringe Avpgmsey is given by

1

AI/Ramsey = ﬁ (12)

This fringe is centered at the atomic resonance frequency v,; defined by
Eygy—FE

Uy = —20 730 (1.3)

A ;
where h is Planck’s constant, Fyo and Es, are the energies of the ground
states FF =4, mprp =0 and F = 3, mp = 0, respectively.

To lock the microwave frequency on the atomic resonance, its frequency
is modulated with an amplitude equal to Avggmsey/2. A servo system de-
modulates the response signal by a synchronous detector, and an error signal
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Figure 1.2: Ramsey transition probability against the microwave field fre-
quency detuning to the atomic resonance, where br = 7/2. As defined in
section B.1, the quantity b is the Rabi frequency referring to the amplitude of
the microwave field, and T is the time taken by an atom to pass through one
oscillator field.
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proportional to the frequency difference is generated. This error signal is
integrated and applied to control the quartz frequency in order to match its
frequency with the atomic resonance.

A part of the output from the quartz crystal is available to the users as
an accurate and stable frequency reference, and the periodic pulses obtained
by frequency division provide time marks.

1.3 The clock performance

The instantaneous frequency v(t) of the controlled signal delivered by the
oscillator can be expressed by

v(t) = ll + e+ y(t)], (1.4)

where the value 14 corresponds to the unperturbed atomic frequency, and e
is a relative frequency offset due to several physical effects and instrumental
imperfections that produce a slight change in the clock transition frequency.
The uncertainty of ¢ determines accuracy of the clock. The variance y(t)
represents relative frequency fluctuations with < y(t) >= 0, which determine
frequency stability of the clock .

The performance of an atomic clock is then expressed in terms of fre-
quency accuracy and frequency stability.

1.3.1 Frequency accuracy

The relative frequency shift € has several components ¢; arising from the
black-body radiation, collisional effect, etc.. We have to carefully evaluate
each of them with an uncertainty as low as possible. With an evaluation for
each perturbation i, we can write the correction ¢; as

where o; is the corresponding one sigma uncertainty. It is usually assumed

that the various perturbations are mutually independent. The accuracy of
the corrected frequency is given by

1/2
o= (Z a?) (1.6)

Let us list the major sources of frequency shift:
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Second order Zeeman shift. A constant and homogeneous magnetic
field is applied to separate the clock transition from other atomic transitions,
and it shifts the clock transition frequency.

Blackbody shift. The atoms experience a thermal radiation field in
equilibrium with a blackbody. This produces different shifts in the atomic
energy levels due to the ac Stark effect.

Collisional shift. Collisions between the caesium atoms, or with back-
ground atoms, shift the clock frequency.

Rabi pulling. The wings of the Rabi pedestal for transitions F =
dmp=1«— F=4mp=1and F=3mp=—-1«— F=3mp=—1
may perturb the symmetry of the clock transition spectrum.

First order Doppler shift. This arises mainly from the phase gradient
due to losses in the walls of the microwave cavity.

Cavity pulling. The apparent frequency of the atomic transition de-
pends on the frequency offset between that of the cavity and the atomic
resonance frequency.

Ramsey pulling. If the static magnetic field is not parallel to the mi-
crowave field, transitions of AF = 4+1, Ampr = £1 can be induced, which
may perturb the sub-levels F' =4, mprp =0 and F' = 3, mp = 0.

Majorana transition. If the atoms are subjected to a varying magnetic
field,which has spectral components corresponding to the transition AF =
0, Amp = £1 of the states F' = 3 or F' = 4, the clock transition is shifted.

Microwave spectral purity. When the spectrum of the interrogation
signal includes unwanted components or phase perturbations synchronized
with the interrogation cycle, the clock frequency is shifted.

Microwave leakage. Any stray resonant microwave field seen by atoms
outside the microwave cavity produces a frequency shift.

Light shift. Stray light from laser beams modifies the hyperfine energy
levels.

Relativistic effects. There are the gravitational red shift(correction
due to the variation of the gravitational potential with the altitude of the
clock) and the second order Doppler shift.

1.3.2 Frequency stability

The frequency stability can be characterized either in the time domain or
in the frequency domain. In the time domain, we study the behavior of
the frequency samples averaged over a varying duration. In the spectral
domain, we exploit the properties of the Fourier transform of the frequency
fluctuations (see appendix B.4).
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Figure 1.3: Relative frequency fluctuations. The interval time is defined as
T.

According to the conference of the CCIR (Comité Consultatif Interna-
tional des Radiocommunications) in 1978, we use the Allan variance [32],
also known as the two-sample variance, to express the relative frequency
stability in the time domain. The Allan variance is defined as:

N-1
2
0, (1) = Nhjnoo (N — 1) ; (yk+1 - yk) ) (1.7)
where N is the number of samples, and y; is the mean value during the
interval time 7 in the k" successive measurement phase (see figure 1.3),
given by

1 [ter
Y = —/ y(t)dt, (1.8)
T Ji,
where 7 = {31 — 1 is the averaging time, also called integration time.
In practice, since N is a finite number, we estimate 05(7, N) instead
of o7(7). The relative uncertainty of o7(7, N) is characterized by its own
standard deviation as follows

(1.9)
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where the factor K(«) is on the order of unity and depends on the type of
noise and « is an integer varying from —2 to 42 (see appendix B.4).

The common expression for the stability of a passive atomic clock is given
by

oy(7) = 1/[Qu:(S/N)VT], (1.10)

where Qut = Vo/AVRamsey 15 the quality factor of the atomic resonance,
S/N = P/op is the signal-to-noise ratio of the transition probability mea-
surement, and 7 is a numerical factor of order unity, depending on the shape
of the resonance line and the method of frequency modulation used to deter-
mine the center of the clock fringe. According to formula (1.10), to obtain a
high frequency stability, we should increase the quality factor and the signal-
to-noise ratio.

1.4 The primary frequency standards

After a review of the more recent types of the primary frequency standards,
we can show the major advantages and the main limits of the cold atom
fountain clock.

1.4.1 The thermal caesium atomic beam

After Ramsey developed the method of successive oscillatory field, the first
operational caesium beam atomic frequency standard was built in 1955 by
Essen and Parry at the National Physical Laboratory in the United Kindom
[15]. Until 1990, all caesium clocks were built in much the same way as Essen
and Parry’s original instrument, using in particular magnetic deflection of the
atoms.

Figure 1.4 shows the schematic diagram of a conventional caesium beam
clock. The atoms are heated inside an oven at about 100 °C (the most prob-
able speed is about 260 m/s) to create an atomic beam which is collimated.
The atomic beam passes successively through the state selection region (mag-
net A and getter), the Ramsey cavity and the detection region (magnet B,
getter and hot-wire ionizing detector). The atoms emerging from the oven
are equally distributed over the 16 m sub-levels of the ground state 625, /2-
When the atoms pass through the inhomogeneous magnet A which produces
a strong, inhomogeneous magnetic field they are spatially separated due to
the atoms’ different effective magnetic moment. The deflected beam may
contain the atoms either in level |4,0) or |3,0) depending on the chosen ge-
ometry. In the Ramsey cavity made up of a U-shaped waveguide the excited
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Figure 1.4: The U-shaped microwave cavity is called a Ramsey cavity, where
the microwave fields are spatially separated.

transition between |4,0) and |3,0) is induced by the two probing standing
microwave fields. Then the second inhomogeneous magnet B is used to di-
rect atoms, which have been stimulated to the other mpr = 0 level, to the
hot-wire ionizing detector. A continuous electronic current proportional to
the transition probability is generated by the detector. This signal is used to
control the quartz oscillator frequency. A homogeneous and stable magnetic
field of the order of 10 mG (about one tenth of the strength of the terrestrial
magnetic field) is applied along the whole cavity zone to separate resonance
frequencies of AF = 1 transitions (this field is sometimes called the C field to
distinguish it from magnet A and magnet B). The whole interaction zone is
magnetically shielded in order to protect atoms against stray magnetic fields.
Typically, the microwave cavity is 1 meter long. The longest one, NBS-5 (the
5" atomic frequency standard at NIST) measures 3.74 m. A longer cavity
is not useful because the detected signal decreases rapidly due to the atomic
beam divergence and gravity. Furthermore, the uncertainty of the residual
first order Doppler effect can increase due to the difference of the atomic
velocity (modulus and direction) between the two interaction zones of the
microwave cavity.

To improve the detection signal, the use of light beams to replace mag-
nets was suggested by Kastler in 1950 [33]. After the development of the
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tunable semiconductor laser, the first demonstration was carried out at the
Institut d’Electronique Fondamentale in France [34]. The general layout of
an optically pumped caesium beam frequency standard is similar to that of
the conventional one, only the state-selector and the state-detector magnets
(A and B) are replaced by laser beams, and the hot-wire detector is replaced
by a fluorescence detector. This type of atomic clock has a slight drawback
concerning the light shift. It is estimated to have a relative value of around
10~ in long laboratory tube [35].

1.4.2 The cold atom fountain

Obviously, if the atomic beam velocity and divergence are both decreased,
the interaction time between the atoms and the microwave field becomes
longer without a loss of signal-to-noise ratio. The clock frequency will then
be more stable, and all frequency shifts associated with the atomic velocity
are reduced. The development of laser cooling has opened a way to use cold
caesium atoms in a fountain clock.

Principle of laser cooling of atoms Atom manipulation using laser light
has been investigated for over 20 years. In 1997, the Nobel prize in physics
was awarded to researchers in this field [18]. We recall the principles of two
cooling methods and some notations which are associated with the cold atom
fountain.

A. Doppler cooling An atom is exposed to two monochromatic trav-
elling light beams, with the same intensity and frequency vy, propagating in
opposite directions. The laser frequency vy is red detuned with respect to
the atomic resonance frequency. For the caesium atom the cooling transition
is the Dy line, F =4 — F' =5, 145 (see fig. A.1). The absorption of pho-
tons propagating against the atoms’ motion occurs preferentially because of
the Doppler effect. As the spontaneous emission is isotropic, the associated
recoil momentum averages to zero. The overall effect is that the atoms slow
down in the direction of the light. At the intersection of 6 laser beams along
the 3 spatial directions the atoms are cooled in an “optical molasses”.

Due to the Doppler effect, theory [36] predicted a minimum temperature
Tp, known as Doppler limit, to occur at low intensities and at a detuning
Avg = I'/2 where the Doppler shift asymmetry is maximal. This tempera-
ture is given by

hI'

Th = —
D oks

(1.11)
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where kg is Boltzmann’s constant. For Cs, T is about 124 uK, correspond-
ing to a velocity of 8.8 cm/s.

B. Sub-Doppler cooling by Sisyphus effect There are several more
subtle and more effective cooling mechanisms based on the multiplicity of
atomic sublevels [37]. These processes are called sub-Doppler cooling.

They are based on two effects: optical pumping (selection rule) and light
shift (AC Stark effect). The important feature of the models explaining
these mechanisms is the non-adiabatic response of moving atoms to the light
field. Atoms at rest in a steady state have ground-state orientations caused
by different optical pumping among the ground-state sublevels. For atoms
moving in a light field that varies in space, optical pumping acts to adjust
their internal states to the changing light field. This adjustment cannot be
instantaneous because the pumping process takes a finite time (the pumping
rate is proportional to the light intensity in the weak field limit). The internal
state orientation of moving atoms always lags behind the orientation that
would exist in steady state.

There are several ways to produce this kind of spatially dependent op-
tical pumping process [38]. One way was introduced by Dalibard and Cohen-
Tannoudji, using the orthogonal linear polarization of two counter-propagating
laser beams (they also introduced the o™ — ¢~ configuration). As shown in
figure 1.5, the polarization of the light field varies over half a wavelength from
linear at 45° with respect to the polarization of the two incoming beams, to
o™, to linear at 45°, to o~ . This pattern repeats itself every half wavelength.
The light field has a strong polarization gradient, and a spatially varying
light shift arises. Dalibard considered the simplest transition F' = 1/2 to
F = 3/2. As shown in figure 1.5, a moving atom in this light field climbs
the potential hills, and its kinetic energy is being converted to potential en-
ergy. By optically pumping the potential energy is radiated away because
the spontaneous emission happens at a higher frequency than that of the
absorbed light. Thus the effect extracts the kinetic energy from the atoms.
The process continues until the atomic kinetic energy is too small to climb
the next hill. This process brings to mind a Greek myths and is thus called
“Sisyphus laser cooling.”

A theoretical temperature relation, T" < I/Aw, was first verified by Sa-
lomon et al. [39] in 3D Cs molasses, where I and Aw are the light intensity
and the detuning respectively.

This polarization gradient laser cooling is effective over a limited velocity
range. The damping force as a function of the atomic velocity using the
calculation by Metcalf et al. [40] is shown in figure 1.6. From this follows
that cooling by the Sisyphus effect must be preceded by Doppler cooling.
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Figure 1.5: Polarization-gradient cooling for an atom with an F' = 1/2 ground
state and F = 3/2 excited state. (a) The polarization gradient light field of
the interference of two linearly polarized beams light in the case of lin L lin
configuration. The polarization varies in space with a periodic length of \/2.
(b) The spatial distribution of the atoms at rest in a steady state is shown.
(¢) Through its motion, the atom climbs towards a potential hill. Optical
pumping causes it to fall back to the bottom of the hill.
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Figure 1.6: Calculation of the force as a function of the atomic velocity for an
atom in the case of polarization gradient cooling in linL lin configuration with
saturation s = 0.5 and a detuning Aw = —1.5T" [40]. The solid line is the
combined force of Doppler and sub-Doppler cooling, whereas the dashed line
represents the force for Doppler cooling only. The inset shows an enlargement
of the curve around v = 0. A strong increase in the damping rate over a very
narrow velocity range arises from the sub-Doppler process.
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Using the Doppler cooling and sub-Doppler cooling in sequence, we can creat
a cold caesium atomic sample with a velocity distribution of about 1 cm/s.

Principle of the fountain clock To optimize the interaction time be-
tween the microwave field and the cold atoms, we use a fountain geometry.

Figure 1.7 illustrates the schematic diagram of a cold caesium fountain
clock. It is operated in a pulsed mode using the following guideline:

1. Capture a cloud of cold atoms inside the intersection of six red detuned
and orthogonal laser beams.

2. Launch the atomic cloud by an additional detuning of the two vertical
beams (£ Awvy). The atoms are exposed to a “travelling wave” and thus are
accelerated to a speed vy, in serval milliseconds, where v;, = Avp\.

3. Cool the atomic cloud by changing the intensity and the detuning of
the 6 laser beams. The duration of this phase is about 2 ms. Then, all the
laser beams are switched off. The launched atoms continue to evolve along
free ballistic trajectories.

4. After the launch, one microwave pulse is used to excite the transition
F=4mpr =0« F =3 mp = 0. Then the atoms in F = 4, mp # 0
are pushed away by radiation pressure using a very short laser pulse before
the atoms enter the microwave cavity. This process is used to keep only the
atoms with mr = 0 in order to reduce parasitic atomic interactions and to
improve the signal-to-noise ratio of the detection.

5. Interrogate the atomic resonance with the Ramsey method by using
only one cavity, since the atoms pass through the cavity both on their way
up and down.

6. Detect the transition probability using the fluorescence signal induced
by two laser beams to monitor populations in F' = 3 and F' = 4.

7. Frequency correction: the transition probability difference of two suc-
cessive measurement acts as an error signal used to control the local oscillator
frequency.

1.4.3 Advantage and drawbacks of a pulsed fountain
In this subsection, we will briefly analyze the advantages (A) and drawbacks
(V) of a fountain clock.

Frequency stability

AThe linewidth Avggmsey of the atomic resonance depends on the time

T that the atoms spend in the interrogation region: Avggmsey % In a
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fountain, 7' can reach 500 ms, and the resulting quality factor ),; is about
100 times larger than that of the atomic beam clock.

A As the cooling mechanisms are efficient, the number of detected atoms
can reach as much as 107,

These lead to a potential short term frequency stability of 10~47=1/2 an
improvement by a factor about 35 with respect to the best thermal atomic
beam clock [35].

V Due to the pulsed operation of the fountain clock, the frequency stability
becomes sensitive to the phase noise at high frequency of the microwave signal
(Dick effect [41]).

Frequency accuracy

A As the Q factor is large, the frequency shift effects depending on @, are
much reduced. The cavity pulling shift due to the frequency offset between
the cavity resonance and the atom resonance is Av, o< 1/Q?,. The static
magnetic field needed to remove the degeneracy of the Zeeman substates
can be reduced to a level of 1 mG. An atomic fountain makes it possible
to map the magnetic field B(h) by launching atoms to different heights h.
The second-order Zeeman frequency shift is thus 10713 with an uncertainty
of 10716,

A The frequency shift due to the second order Doppler shift effect is
reduced to roughly 1077, The uncertainty on its value is extremely small
(107'8) since the width of the atomic velocity distribution is about 1 cm/s.

A Thanks to the pulsed operation, there is no light during the interroga-
tion phase, thus the light shift can be completely eliminated.

A As the atoms pass twice the same microwave cavity with opposite
velocity, the “end-to-end phase shift” on longer exists in a fountain clock. The
only remaining effect is the spatial variation of the phase of the oscillatory
field in the cavity.

A The possibility to vary the cycle time and the interaction time allows
for various tests to improve the frequency accuracy.

V As the atom temperature is about 1 pK in a fountain, the spin-
exchange frequency shift (commonly known as collisional shift) becomes im-
portant. Calculation by Tiesinga and his coworkers estimate this shift at
107* /(atoms/cm?®) for Cs [42]. For the transportable fountain clock at
SYRTE, the shift is < 3.4 x 107'°, and its uncertainty is < 5.8 x 10716
43, 44].
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However, we can estimate this effect at a level of 1076 by a new selection
method based on adiabatic passage, whatever the number of the detected
atoms.

In order to reduce this drawback (also for the Dick effect), one laboratories
has successfully operated a continuous fountain clock of laser-cooled caesium
atoms [45], but it requires careful isolation of the cooling light in the mi-
crowave interaction zone in order to avoid the lightshifts and induces some
other drawbacks compared to a pulsed fountain, for example, the operation
with only a fixed launch velocity is not convenient to evaluate the second
order Zeeman shift by using the atoms as a probe.

In summary, a fountain clock can lead to a potential frequency accuracy
close to 1076, Nevertheless, to reach such a performance in a Cs foun-
tain, the blackbody effect which shifts the clock frequency by 1.7 x 1071* at
room temperature should be precisely studied in detail. And all technical
difficulties, such as microwave leakage, synchronous perturbation..., must be
solved.
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Chapter 2

FO1 description and
performances

2.1 Résumé en francais

En ce chapitre, une description détaillée de la fontaine FO1 est présentée
ainsi qu’un complément sur ses performances métrologiques.

La fontaine FO1 est décrite en quatre parties: (1) le coeur de I'horloge,
systeme principal ou ont lieu les manipulations et 'interrogation des atomes
de césium. (2) le systeme optique, générateur de tous les faisceaux op-
tiques destinés aux diverses manipulations des atomes de césium. (3) deux
chaines de synthese de micro-onde, création de signaux pour la sélection et
I'interrogation des états atomiques. (4) le systeme de commande électronique
par ordinateur, cet ensemble permet de fixer les parametres de I'horloge,
d’effectuer I'acquisition de signaux et de fournir la correction de fréquence
appliquée au signal micro-onde. L’horloge FO1 opeére en 6 phases lors d'un
cycle complet d’horloge T, (en général 1 s) qui successivement sont: cap-
ture, lancement, re-refroidissement, sélection (ou préparation), interrogation
et détection.

Apreés le lancement, nous pouvons respectivement obtenir 10% atomes
quand un MOT (magnet-optical trap) est utilisé ou 107 atomes en employant
directement une mélasse optique. Dans les deux cas la vitesse rms est de 0.8
cm/s déduite de la largeur du signal de TOF (time of flight). Les atomes
lancés sont distribués parmi les 9 sous-niveaux de I'état F=4 (~ 10% des
atomes sont dans 1'état F' =4, mp = 0). Apres une sélection tres efficace de
I'état (la population de mp # 0 est moins de 2%), la probabilité de transi-
tion est calculée par une méthode de normalisation en utilisant les signaux
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détectés par temps de vol
Sy

S3 + Sy’
ou S3 et 9y, les intégrales des signaux de fluorescence induits par les faisceaux
de détection. Elles sont proportionnelles au nombre d’atomes détectés dans
les niveaux |3,0) et |4,0), respectivement. La largeur de la frange centrale
a mi-hauteur est de 1 Hz lorsque le lancement des atomes est effectué a une
vitesse de 3.4 m/s. Afin de verrouiller la fréquence du signal micro-onde
d’interrogation sur cette frange centrale, nous modulons fréquence du signal
micro-onde par un signal carré de période 27, et nous mesurons la probabilité
de transition a chaque cycle. La différence de probabilité de transition entre
deux mesures successives produit un signal d’erreur permettant de controler
la fréquence du signal d’interrogation. Ce signal est généré a partir d’un
oscillateur local a quartz 10 MHz BVA (Oscilloquartz) faiblement verrouillé
en phase sur le signal d'un maser a hydrogene. Le calcul de la variance
d’Allan des corrections de fréquence permet de caractériser la stabilité de
I’horloge FO1 par rapport au maser a hydrogene et la correction moyenne de
fréquence représente le décalage en fréquence entre ’horloge FO1 et le Maser
a hydrogene.

Nous avons analysé I'influence de chaque bruit sur la stabilité de fréquence
de la fontaine FO1. Nous avons constaté que lorsque le nombre d’atomes
détectés est inférieur & 10* le bruit technique est dominant (principalement,
le bruit électronique de la détection, le bruit da a la lumiere parasite et le
bruit du jet atomique résiduel dans la zone de détection). Quand le nombre
d’atomes détectés est supérieur a 2 x 10°, la stabilité de la fontaine FO1 est
limitée par I’échantillonnage du bruit de l'oscillateur d’interrogation par les
atomes (effet Dick [41, 46, 47]). Typiquement, quand le nombre d’atomes
détectés est 3 x 10°, la stabilité de fréquence obtenue est 1.37 37712 en
utilisant un oscillateur a quartz de type BVA. Ce résultat est conforme a la
valeur prévue de 1.1 x 10713771/2 (voir section 2.9.1).

En synchronisant le cycle d’opération de deux horloges atomiques et en
interrogeant les atomes en méme temps et avec le méme oscillateur, les fluctu-
ations de fréquence de chaque horloge dues a 'oscillateur d’interrogation sont
corrélées, ainsi 'effet Dick est supprimé lors de la comparaison de fréquence.
Cette méthode peut étre employée pour comparer deux ou plusieurs fontaines
atomiques au niveau du bruit de projection quantique [48]. Une expérience de
demonstration a été faite avec les fontaines FO1 et FO2(Rb) qui fonctionne
avec du Rb. Un oscillateur a quartz bruyant a été utilisé afin de tester la
réjection de son bruit de phase [49]. L’effet Dick a comme conséquence de
limiter la stabilité de chaque fontaine & 2.4 x 10712771/2. Ce bruit est beau-
coup plus élevée que tous les autres bruits des fontaines. Une impulsion au

pP= (2.1)
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début de chaque cycle de FO1 est utilisée pour synchroniser le cycle de la
fontaine FO2(Rb). Quand les fontaines sont synchronisées a 1 ms pres 1’écart
type d’Allan sur la différence de fréquence relative entre les deux fontaines
(environ 2 x 10737712 corresponds & un facteur de réjection de 16) est
proche de la valeur obtenue en utilisant un meilleur oscillateur a quartz BVA
(1.1 x 107 13771/2),

Nous avons évalué l'exactitude de la fontaine FO1. La plus récente
obtenue est de 1 x 107 quand FO1 fonctionne en mélasse optique. Afin de
comparer les fréquences des trois fontaines atomiques du laboratoire, nous
avons distribué le méme oscillateur a quartz faiblement asservi en phase sur
un maser a hydrogene comme référence de fréquence pour chaque chaine de
synthese micro-onde. Malheureusement, les trois horloges ne sont pas en
parfait synchronisme et le bruit a moyen-terme n’est par parfaitement rejeté
dans la comparaison. Il est difficile d’en extraire directement une différence
de fréquence. Pour faciliter la comparaison, nous avons ajusté aux données
de H-maser/FO1 un polynoéme d’ordre trois. Ce polynome est utilisé comme
référence pour calculer les différences de fréquence entre les trois fontaines.
Les mesures sont en accord avec les bilans d’évaluation. Par ce moyen, nous
avons également mesuré la valeur de la transition hyperfine du Rubidium a
une valeur de 6 834 682 610.904 314(21) Hz en mai 2000 (voir section 2.10.3).
Cette valeur a été utilisée pour tester une variation éventuelle de la constante
de structure fine.

2.2 Introduction

In this chapter, a detailed description of the FO1 fountain is presented with
an extensive discussion of the metrological performance. Figure 2.1 shows the
schematic of FO1. In the cold caesium atom fountain setup, we identify four
parts: (1) The fountain physical package, where we manipulate and interro-
gate the caesium atoms. (2) The optical system, that provides all the optical
beams for the atom manipulation. (3) Two microwave synthesis chains, that
provide the signals for the atomic state selection and interrogation. (4) The
electronic control system with a computer, that sets the clock parameters,
performs the signal acquisition and provides the frequency correction to the
applied microwave signal.
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2.3 The time sequence of the fountain oper-
ation

We have presented the principle of the atom cooling in section §1.4.2. Here,
we introduce the atom manipulation in the fountain. The fountain clock
operates in a sequential mode. There are 6 phases in sequence to realize
one clock cycle Ti.: capture, launching, re-cooling, selection (or preparation),
interrogation and detection. Fig. 2.2 presents the atoms manipulation timing
sequence in the fountain clock. The duration of one fountain cycle T, is
typically 1 s.

1. Capture phase : The intersection of 3 pairs of polarized laser beams
defines the capture volume. For MOT operation [50], the polarization con-
figuration is ¢~ - o™ with a magnetic gradient of about 12 G/cm. The MOT
operation produces both a large number of captured atoms and a high atomic
density to study the cold atoms collisional frequency shift and to have a bet-
ter short-term frequency stability. FO1 can also operate in a pure optical
molasses configuration by moving quarter wave plates. The laser frequency
is red shifted by 3I" from the F' = 4 — F’ = 5 transition. The 6 independent
beams have an average intensity of about 5 mW /cm?, which is higher than
the saturation intensity of the Dy line (1.1 mW /cm?). The four horizontal
beams are superimposed with four repumping beams (~60 W /cm?) tuned
to the FF = 3 — F’ = 4 transition. The caesium atoms are captured from
a low pressure vapor (~ 107® Torr) and cooled to 2.5 uK. We can vary the
durationof this phase adjust the number of captured atoms. Varying between
200 ms and 600 ms, we obtain 10 to 10® atoms in a MOT and 10° to 107
atoms in a lin L lin optical molasses. In normal operation, we pass from MOT
configuration to optical molasses by switching off the current supply of the
magnetic field (magnetic field fall-time ~100 ms) to avoid the the effect of
Majorana transition after the selection phase.

2. Launch : We launch the cold atoms with the moving molasses tech-
nique by using different detunings for the upward and the downward beam.
They are respectively red shifted to —2I" + Avy, and —2I" — Ay, of the tran-
sition F' = 4 — F = 5. Because of the radiation pressure, the atoms’
acceleration is very large (~ 30 000 m/s?), and the atoms are re-captured in
an optical molasses defined by the moving frame where the relative phase of
the two laser beams is constant. The upward velocity vy, is given by:

v = )\l X AVL (22)

where ); is the wavelength of the laser. The launching velocity for Cs is
0.85 m/s - MHz™!. The duration of this phase is less than 1.5 ms. The
launching velocity only depends on the detuning, and it can be adjusted
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with a resolution much smaller than the atomic velocity distribution (~ 1
cm/s). This is only true if the phase fluctuations of both laser beams are well
correlated. During this phase, all the capture beams are kept at the maximum
intensity. The global detuning of around —2I" is chosen experimentally to
optimize the number of launched atoms .

3. Recooling The horizontal and vertical beams during the launching
phase warm up the atoms by ~ 30 uK. As we presented in section 1.4.2,
the cold atom temperature T is proportional to Ij,s../Av with the Sisyphus
effect. To cool the atoms in their moving frame, we linearly increase the
laser detuning frequencies up to —12I" and slowly ramp down the intensity
to I} ~ 1.0 mW/cm? during about 700 us. Finally, the beams are blocked
by mechanical shutters with a fall-time of about about 1 ms. This process
produces an adiabatic condition for the cooling mechanism to reach a lower
temperature. The final temperature of the moving atoms is about 1 uK,
corresponding to an rms velocity on the order of 1 ecm/s. The re-pumping
beams are turned off about 1 ms after the capture beams.

4. Selection The launched atoms are nearly equally distributed among
the nine Zeeman sub-levels of the F' = 4 state. We feed a microwave antenna
with a 9.192 631 770 GHz signal to excite the F' = 4, mrp = 0 to F =
3, mp = 0 transition by a microwave 7 pulse (~ 1.5 ms) immediately after the
launching phase. The atoms remaining in the state /' = 4 are pushed away by
the downwards laser beam which is I'/2 red tuned from the FF =4 — F' =5
transition. At the end of this phase, only atoms in the state F' =3, mpr =0
continue their upwards parabolic flight.

5. Interrogation The selected atoms pass twice the interrogation cav-
ity, once on their way up, once again on their way down, undergoing two
microwave pulses of a Ramsey interaction. During this phase, all the laser
beams entering the fountain package are completely blocked by mechanical
shutters in order to avoid any light shift.

6. Detection The interrogated atoms are in a coherent superposition of
the states F' = 3,mpr = 0 and F' = 4,mpr = 0. The detection performs
a measurement of the population of each state. We need 3 laser beams to
realize this detection. The two detection beams have the same detuning
between 0 and —I'/2 with respect to the transition F' =4 < F’ =5 and an
equal intensity of ~ 0.6 mW /cm?. The third is a repumping beam tuned to
the transition F' = 3 <+ F’ = 4 with an intensity of about 5 yW/cm?. These
detection beams are turned on about 50 ms before atoms arrive.

49



CHAPTER 2. FO1 DESCRIPTION AND PERFORMANCES

2.4 The optical system

In this paragraph we describe the optical system which provides the laser
beams to manipulate the caesium atoms.

2.4.1 The optical bench

All the optical elements are arranged on a 2 m? granite bench. Figure 2.3
describes the scheme of the optical bench. There are four commercial AlGaAs
semiconductor lasers (model SDL-5422-H1) with a maximum output power
of 150 mW and a nominal wavelength of 852+4 nm. Two laser diodes are
mounted in an extended cavity lasers (ECL) configuration: masterl and
master2. The linewidth of the ECL is about 100 KHz.

The master] and master2 are respectively frequency stabilized to the F=4
(6251/2) to F'=5 (62P52), and F=3 (625 2) to F'=3 (6> Py2) transitions using
the saturated absorption technique. The masterl is red detuned about 2 MHz
from the transition line. One part of the masterl beam, after passing through
a mechanical shutter and a spatial filter, is expanded to 2.5 ¢m in diameter
and used as a detection beam. The other part of the masterl beam passes
twice through AOM1! operating at 78-100 MHz. The red detuned beam
is then used to inject and lock two laser diodes (slavel and slave2). These
diodes provide about 120 mW optical power. This laser power is needed
for atom capture and cooling. Slavel provides the two vertical beams. The
upward beam and the downward beam are blue detuned by passing twice
through AOM (2 and 3) operating at 70 or 70 + Av;, MHz, respectively.
These AOM frequencies (70 + Av;, MHz) define the launching velocity. The
four horizontal beams, supplied by diode slave2, are blue detuned by passing
twice AOM4, operating at 70 MHz. All six capture and cooling beams are
spatially filtered and expanded to 2.5 cm in diameter. The frequency of the
six beams is controlled by AOM1. The repumping beams for the detection
and the capture are generated by master2. It is tuned to the F=3 (625’1/2) to
F'=4 (6?P;/5) transition by AOMb5 operating at 100 MHz. One repumping
beam is superposed on the four horizonal capture beams. The RF levels of
the AOMs (2, 3 and 4) allow us to control the powers of all laser beams.

2.4.2 Control of the optical parameters

The cycle time T, is defined by a programable counter. About twenty pulses
generated by a retriggerable monostable multivibrator (SN74123, Semicon-
ductor) and synchronized on 7T, provide all characteristic times. The delay

LAOM: acousto-optic modulator.
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and duration of the pulses are driven by about 30 potentiometers. Some
pulse signals trigger analog switches to change the frequency and the power
of the laser beams.

The different frequency detunings of the two vertical beams during the
launching phase are performed by two selection switches (PSW-1211, Mini-
Circuits) which change the frequency drivers for AOM2 and AOM3 from
a 70 MHz VCO to the two radiofrequency generators. The two frequency
generators and the 70 MHz VCO are phase locked to each other.

During the launching phase and the post-cooling phase, the frequency
detuning (-2 I', -3 T" to -12 I') is performed by a voltage applied to a 78 -
100 MHz VCO. The power control of the six capture beams (I, to I7) is
carried out through three RF attenuators (PAS 3, Mini-Circuits) in the AOM
(2, 3 and 4) drivers.

2.5 The fountain physical package

In this paragraph we describe the fountain vacuum system where the caesium
atoms are cooled, interrogated and detected.

2.5.1 The vacuum chamber

The vacuum chamber is composed of two parts: the interrogation zone and
cold atom manipulation zone. These two parts are connected via an alu-
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minium table placed on the marble optical bench. It has three legs used
to adjust the interrogation zone verticality. Three rods screwed on the alu-
minium table support the cold atoms source. The vacuum connection is
made of a flexible stainless steel tube. This configuration allows to adjust its
axis to be vertical.

The interrogation zone is made of copper OFHC tube, to provide a high
temperature homogeneity. The diameter is 150 mm and the length is 700
mm. The top of this cylindrical tube is closed by a glass window with a
diameter of 40 mm. The interrogation cavity is centered and blocked inside
the tube. Three screws allow vertical alignment of the microwave cavity with
a resolution of 1 mrad. The cavity is electrically isolated from the mounting
plate to avoid stray circulating currents which disturb the C-field. Several
ceramic feed-throughs are placed at the tube top for the coaxial microwave
cables and for some wires used for the blackbody setup (see chapter 5)

The atom manipulation zone is made of stainless steel (316LN). We can
distinguish two parts: capture and detection, separated by 15 cm. The first
part contains five glass windows for passing the cooling laser beams and
observing the cold atom cloud. The second one contains four glass windows,
three for the detection system and one at the bottom.

All glass windows have an AR coating and are soldered on the vacuum
flanges. The ultra-vacuum connections are realized with copper gaskets using
non-magnetic screws made of “ARCAP”.

A vacuum tube connects the capture zone with the caesium source.

The caesium source is a vacuum tube (¢5 cm %18 cm) which contains three
small caesium glass cells (1 or 2 grammes) together with stainless steel balls.
After out-gassing (residual pressure ~ 107! Torr), we shake this chamber
to break the glass cells using the steel balls, and connect the caesium source
chamber to the capture zone via a vacuum valve.

In order to control the caesium vapor pressure in the capture zone, we
change the chamber temperature by using a Peltier element. The chamber
and the Peltier element are enclosed in an aluminum box (the air inside
the box is kept dry by a small pump to avoid water condensation). Cooling
water, circulating inside the Peltier mounting plate, avoids excessive heating.
Typically, the chamber temperature is kept at about 6 °C.

In order to reduce the caesium vapor pressure? to ~ 107° Torr inside
both the interrogation and detection zones, we have placed graphite tubes
with a helicoidal inner profile at the junctions between the capture chamber,
the detection zone, and the interrogation zone. The graphite tubes reduce
the Cs vapor background pressure in these latter two regions. This reduces
the level of stray fluorescence in the detection region.

2Tt can be measured by the absorption of a laser beam.
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Figure 2.5: The interrogation cavity section and the magnetic field TFEgy,
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only a H, component in the inner surface of the cylindrical body. The double
arrows indicate fields from 0 dB to -3 dB.

All the metal vacuum pieces and the graphite tubes inside the vacuum
tank were heated to about 250 °C to be outgassed at the level of 10~® Torr
before assembly.

During the establishment of the vacuum and the outgassing of the ap-
paratus (at about 100 °C), a primary turbo pump and a mass spectrometer
can be connected to the low vacuum part through a CF35 cross. In normal
operation, 4 ion pumps are used to maintain the ultra high vacuum. Two of
them (PID 25 MECA 2000, 25 1/s) are placed near the capture zone while
the two others (RIBER, 25 1/s) sit at the top of the fountain tube. The
vacuum level is a few times 107!° Torr inside the tube.

2.5.2 Microwave cavity
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2.5. THE FOUNTAIN PHYSICAL PACKAGE

To probe the clock transition, we need a microwave cavity where the
magnetic field is parallel to the static magnetic field. In addition, the cavity
must let a large number of cold atoms pass through.

The cylindrical cavity is a good candidate for the atom interrogation
(see fig. 2.5). This cavity has a very high Q value and an axial symmetry.
The fundamental TEy;; mode allows one to open “large” holes on the end-
caps of the cavity, with only a slight perturbation of the electro-magnetic
field structure. The mode TEg;; structure has also a small transverse phase
gradient and negligible transverse components of the magnetic field which
could excite the transitions Am = +1.

The cavity is a cylinder whose the diameter of the cylinder is equal to its
length so as to maximize the cavity factor ()., for a given TEy;; mode. Our
cavity is made of 3 OFHC CUC2 copper parts: the cavity body is closed at
each end by a cap (see figure 2.5). Its electric conductivity is 5.8 x 107 S/m
and its thermal expansion coefficient o ~ 1.7 x 107°/°C [51].

The resonance wavelength in vacuum? is given by

2R
- 1.318

where R is the radius of the cylinder. To be resonant with the clock transition
A = 3.261 cm, the cavity diameter is found to be L = 4.297 cm. This
corresponds to a cut-off wavelength of A\, = 3.526 cm and a guided wavelength
of \; ~ 8.58 cm. The microwave field inside the cavity is expressed in the
following way:

(2.3)

E(7,w)=Ew)E(T)
B(7,w)=B(w)B(7) (2.4)
E(w) = icB(w)

E. =0
E(7) =3 By = juwtsin(%)Ji () (2.5)
E. =0

and

/

H, = ZIE cos(Z2)J1(F%-)

:vé)lL R
H7™) ={H, =0 (2.6)
H. =sin(%2)Jo(%0),

31n air, the resonance frequency is reduced by 2.68 MHz.
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where 11 >~ 119 is the magnetic permeability, and xf, = 3.832 is the first root
of Ji(z) = 0, where Jj(z) is the derivative of the 0" order Bessel function.
The most obvious feature is the axial symmetry. Fjy exhibitsthe same ra-
dial variation as H,, which is maximal at » = R/2.08. The average stored
electromagnetic energy is given by

We—g// H- Hd?

H?
= ,u2 0. Vmode (27>
pHZ wLR? TR o 9, ,

where J3(z(;) ~ 0.4082, and Hj is the amplitude of the magnetic field inside
the cavity. Vo4 = 6.07 cm? is the mode volume.

When we excite the cavity of this geometry, modes other than TEg,
such as TMy11, TMp12, TE212, TE31; may resonate at frequencies 9.19 GHz,
8.85 GHz, 9.72 Hz, 9.96 GHz, respectively . The frequency of the degenerate
mode TMy; is the same as for the TEy; mode (the Q value is 2 ~ 3 times
lower than that of the mode TEg;;). The TM;;; mode electromagnetic field
is orthogonal to that of TEyy;. The TM;; can induce Amp = 4+1 microwave
transitions. We avoid this mode by slightly reducing (~1 mm) the diameter
of the two caps over a length of /4 (see figure 2.5). This detunes the TM;;;
mode resonance frequency by about 100 MHz. Moreover, these A/4 rings cut
off the longitudinal current lines in the inner surface of the cylinder body.
The cavity Q factor of TM mode is then much reduced. As shown in figure
2.6, the current lines of the TEq; mode are co-axis circular on the inner
surfaces of the cavity. Hence, this modification does not disturb this mode.

As shown in figure 2.5, there is only a H, component on the inner surface
of the caps. It is then possible to open two holes in order to let the cold
atoms cross the cavity without perturbing the TEy;; mode. We open two
holes with radius R; = 0.5 cm. In order to avoid the microwave leakage, a
circular cut-off waveguide of diameter ¢ = 1.0 cm and length [ = 6.0 cm is
installed at each end of the caps. The cut-off wavelength is \i= 0.82 cm,
much shorter than the resonant wavelength A = 3.26 cm. This leads to a 60
dB/cm attenuation [53]. The total attenuation is larger than 120 dB.

At half-height of the cylinder body, we symmetrically open two ¢ = 5
mm diameter coupling holes to excite the cavity. Two T-shaped rectangular
waveguides with a section of 10.16x22.86 mm? are screwed in front of the
holes to guide its fundamental T'E1p mode. The guided wavelength is \J =
4.65 cm, and the cut-off wavelength A9 =4.57 cm . This symmetric geometry
minimizes the phase gradient [54]. The cavity is electrically coupled: the
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Figure 2.6: Mode TEo11 of the microwave cavity. (a) The radial variation,
at r=0.5 ¢cm, H, ~0.81. (b) The longitudinal variation at r = 0. (c) The
circular current on the inner surface of the cavity, there is no current passing
through the side-surface of the caps.

TEg1; mode of the cavity and the TEy; mode of waveguide provide parallel
electric fields inside the cylindrical cavity, perpendicular to the vertical axis
of the cavity. The waveguide is enclosed by a soldered copper part, whose
position is adjusted to a distance about AJ /2 from the coupling hole on cavity
wall in order to maximize the coupling and to realize a short circuit. The
waveguides are fed respectively by two dipole antennas, formed by the core
of a 3.6 mm diameter semi-rigid copper coaxial cable and placed on the
orthogonal direction to the vertical axis of the cavity. They are passed and
soldered in 3.6 mm diameter holes in the waveguides. The coupling efficiency
depends on the antenna length and position.

Indium rings are put between the connecting parts of the cavity to ensure
a good electric conductivity and avoid microwave leakage. The level of the

leakage is better than -120 dB.

The cavity is overcoupled to reach a loaded quality factor (.., about
10 000 (the calculated unloaded factor is about 30 000) to reduce the effect
of cavity pulling (o< Q2 AVegy, Where Avg,, is the detuning of the cavity

cav
resonance frequency to the atomic resonance) and its temperature sensitivity.

2.5.3 The magnetic field

A weak, uniform, static magnetic field is applied in the interrogation zone
to provide the quantization axis and to separate the clock transition v
(F=4,mp =0+«— F =3,mp = 0) from other transitions. The frequency
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Voo is shifted by Avy, the second order Zeeman shift*. For FO1, this field B,
is about 1.6 mG. The frequency shift of the clock transition Avy ~ 1.1 mHz
and the neighboring transition lies 560 Hz further away.

To produce this static magnetic field, a solenoid made of copper wire is
spirally wound around a carved aluminium tube (¢ 24 cm x [ 70 cm), which
is coaxial with the copper tube ( ~1 mrad).

Three cylindrical magnetic shields made of p-metal (high magnetic per-
meability m, ~ 3 x 10°, thickness 2 mm) are placed around the solenoid
(see fig. 2.1). Each of them is closed by two end caps. These three shields
provide an attenuation of the external magnetic field of more than 10%. Six
compensation coils are placed on the end-caps of the magnetic shield to en-
sure the continuity and the smoothness of the magnetic field, to avoid rapid
field variations that might induce Majorana transitions [55]. The coils are
also used to improve the C-field homogeneity. The current supply (a few
hundred pA) of the coils has a relative stability better than 5 x 107 over
one day (this gives a Zeeman frequency shift stability better than 107!7). In
order to compensate the fluctuations of the residual magnetic field, we put a
magnetic sensor MAG-03MC (70 uG/mV) near the capture zone in order to
generate a correction current (a few tens of milliamps) supplied to four big
identical, parallelepiped copper coils which are uniformly distributed along
the fountain tube axis. A fourth magnetic shield surrounds the fountain
tube. The total attenuation in the capture zone is about 100 and it is better
than 10° in the interrogation zone.

In addition, the copper tube is electrically isolated from the shields to
avoid any thermoelectric effect which could produce magnetic fluctuations in
the interrogation zone.

Two copper wires enclosing respectively the first and the second mag-
netic shield are used for degaussing. We alternatively supply these two cir-
cuits with a 50 Hz sinusoidal current with a slow decreasing amplitude (from
a maximum 15A, corresponding to a field which passes beyond the shield
coercive magnetic field H. ~0.5 A/m). When necessary, we perform the de-
gaussing of the third shield using the four big compensation coils (see figure
2.1).

The initial adjustment of the compensation coil current at the beginning
of the vacuum assembly was performed by moving magnetic sensors (res-
olution 30 uG) inside the copper tube, and by measuring the vertical and
transverse field component. This method is used to ensure that the magnetic
field gradient is below 50 uG/cm .

The fine adjustment of the magnetic field is done using the 1st order

‘Avy = 427.45 x (BZ) where, By is the magnetic field value in gauss, and () is the
average over time during the flight of the atoms above the cavity
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Zeeman effect on the cold atoms (see section 2.9.2).

2.5.4 The temperature control

The caesium atoms are moving in a thermal radiation environment which
produces a frequency shift, the so-called blackbody shift. The shift Avggg
is approximately given by

T 4
Avgpr ~ 1.5 x 1074 x (ﬁ) (2.8)

From this expression we deduce a temperature accuracy and a stability
below 0.5°C to obtain clock performance better than 1076,

In order to regulate the temperature, the working temperature is 7' = 29
°C (above the room temperature). A heating wire made of “ARCAP” (non-
magnetic and high resistivity) is wound in double spiral coils on an aluminium
tube placed between the first and second magnetic shields. The applied
current is continuous.

Double layers of polystyrene and mylar film surround the heater. A ther-
mistor (4.7 kQ) is used to control automatically the copper tube temperature.
The temperature is regulated and maintained within +0.5 °C. As the cavity
resonance has a temperature dependence of 150 kHz/°C, a measurement of
its resonance frequency allows one to control the temperature with a res-
olution of 1073 °C in the interrogation region. In nominal operation, the
induced magnetic field by the heating system is not measurable.

2.6 The capture and selection zone

Four windows of the cold atom manipulation zone are used to pass the hor-
izontal capture beams (see figure 2.7). The beam diameter is 1.5 cm. The
two vertical capture beams pass through a glass window at the bottom of the
detection zone and a glass window at the top of the fountain tube, respec-
tively. The upward beam has a diameter of 1.5 cm. The downward beam, as
it passes through the microwave cavity, has only a diameter of 1 cm.

The three capture beam pairs are orthogonal within 1 mrad and the two
beams in each pair are well superposed. The verticality of the beams is
obtained by using a liquid mirror. This mirror consists of a cup filled with
sugared water (the sugar increases the refractive index). To center the axis
of the two vertical beams with the cavity axis better than batter than 0.5
mm, we use the diffraction patterns of the cavity apertures.
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Figure 2.7: The capture zone and the caesium source.

To form a MOT, a quadrupole magnetic gradient field (~ 10 G/cm) is
provided by a pair of anti-Helmholtz coils which are symmetrically placed
around the capture center.

The selection system is composed of a microwave antenna (~10 mm) fed
by a 9.192 631 770 GHz signal to induce an F'=4,mpr =0 — FF =3, mp =0
transition, and a push laser beam. The antenna is placed horizontally nearby
the observation window. The push beam is the vertical, downward capture
laser beam.

2.7 The detection zone

The detection zone is situated 15 cm below the capture center (see figure 2.7).
Three laser beams and two low-noise photodiodes are used in the detection
process (see figure 2.8). Two laser beams are red de-tuned by about I'/2
from the 45 resonance in order to induce the fluorescence of atoms which
rest in the state |F' = 4). The detuning avoids heating of the detected atoms
along the lasers direction. The intensity of each beam is about 0.6 W/cm?.
The rectangular cross-section of the laser beams sheets has a height of 8 mm
and a width of 14 mm. The separation between the sheets is 15 mm and the
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Figure 2.8: Principle of the atomic hyperfine state detection.

beams are o polarized. The third beam tuned to sy is placed 2 mm above
the loweer beam. This sheet has a height of 2 mm and a width of 14 mm. Its
intensity is about 5 W /cm?. All three beams are retroreflected by a mirror
to create standing waves.

The lower part of the upper beam (height about 2 mm) is a travelling wave
realized by putting a black mask onto the mirror. This travelling wave pushes
away the atoms in state |F' = 4) that have been detected. The remaining
atoms which are in state |F' = 3, mpr = 0) are then optically pumped to the
state |F' = 4) by the beam v34. Finally, the number of atoms originally in
the state |F' = 3, mp = 0) is measured as before.

Two condenser lenses gather the photon fluorescence (the solid angle of
the collection optics is 0.09 rad) with an efficiency of 0.7%. nphoton ~ 150
photons per atom are detected. The photodiode (with a sensitivity of 0.55
A/W at 852 nm) signals are amplified and digitized by the computer. The
computer calculates the time-integrated fluorescence pulse signals Sy and Ss
(see fig. 2.9) and derives the transition probability

N S4+Sg'

This normalization procedure rejects the transition probability noise due
to shot-to-shot fluctuations in the captured atom number. These fluctuations
amount typically to about 3%. The transition probability measured in each
fountain cycle is used for the frequency stabilization of the interrogation
oscillator.

(2.9)
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Figure 2.9:  Time of flight signals: the integration of each curve represents
the number of detected atoms.

2.8 Microwave frequency synthesis chain

The phase noise of the interrogation signal in the range 1 ~ 10 Hz degrades
the frequency stability of the fountain clock via the “Dick effect” [41]. In
order to minimize this effect, we chose a state-of-the-art room-temperature
oscillator: the 10 MHz quartz oscillator (BVA, Oscilloquartz). The principle
of the frequency synthesis chain is presented in fig. 2.10. We multiply the 10
MHz signal up to 100 MHz using a low noise phase lock loop circuit and a
voltage controlled 100 MHz quartz oscillator (VCXO 100 MHz). This phase
lock filters out the white phase noise floor of the BVA oscillator. The 100 MHz
signal is then doubled and used to drive the LO port of a sampling mixer.
This device acts as an harmonic mixer, producing a beat-note signal between
the 23" harmonic of the 200 MHz signal and the output of a dielectric
resonator oscillator (DRO) at 4.59 GHz. This beat-note is then low-pass
filtered and mixed with the frequency divided (factor 16) output of a low
phase noise synthesizer. The mix output is used to phase lock the DRO
with a bandwidth of about 200 kHz. In this way, we produce a low phase
noise tunable microwave source at half of the clock frequency. This signal is
frequency doubled to obtain about -20 dBm of 9.192 631 770 GHz signal.

If we phase lock an oscillator operating at 9.192 6 GHz to provide the
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Figure 2.11: Block diagram of the frequency synthesis chain for the state
selection in FO1.
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microwave interrogation signal, we would increase the microwave leakage
by about 30 dB. A variable microwave attenuator is used to prepare the
-60 dBm signal typically necessary to probe the atoms. The synthesizer
(with a resolution of 1 mHz) is synchronized on the 10 MHz signal from the
BVA oscillator. Its frequency is controlled by the computer. The frequency
resolution ( 1+ 16 x 2 mHz) of the interrogation signal is about 1.4 x 1074,
This resolution® is good enough comparing to the current fountain stability
at 1 cycle (~ 1 x 10713).

The state selection needs a microwave signal at 9.192 GHz to induce a
m-pulse on the atomic sample.

In principle we could use the same signal generated for the interrogation.
As the preparation microwave pulse is radiated with an antennae, we need
about 20 dBm of signal power. To avoid microwave leakage, we need to
switch off the signal with more than 200 dB of attenuation, which is extremely
difficult to realize. Using a second microwave generator described in fig. 2.11,
we are able to switch off and frequency de-tune (a few MHz) the microwave
signal in order to reach the required extinction ratio for the preparation
signal.

The requirements for this synthesizer are less stringent than for the inter-
rogation signal. The signal used to supply the antenna comes from a DRO
operating at 9.192631 GHz. The frequency of the DRO is phase locked to
the 92"¢ harmonic of a 100 MHz signal of the H-Maser via an external fre-
quency synthesizer (6061A, Fluke ). A TTL signal drives a microwave switch
to reduce the output power by about 90dB and a RF switch to turn off the
6061A external synthesizer signal. This signal also drives the detuning of the
DRO central frequency.

Finally, to study the performance of the fountain, the BVA quartz oscil-
lator is phase locked to an H-maser with a bandwidth of 0.1 Hz.

2.9 Fountain performance

In the previous paragraphs, we have described all the sub-systems neces-
sary for operation of the fountain. We now present the experimental results
of the fountain and discuss the influence of the different parameters which
contribute to the clock performance.

After launching, we can obtain 10% atoms in MOT operation or 107 atoms
by directly using an optical molasses. In both cases, the rms velocity is 0.8

Referencing to [56], the rms value of this quantization error o, ~ 0.29 x 1/8 mHz. This
induces a standard deviation of the transition probability at half maximum op < 6x 1072,
According to the study in section 2.9.1, this value corresponds to a frequency stability of
the fountain o, (7 = T.) < 4 x 107'% at 1 cycle.
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Figure 2.12: Microwave spectrum of Cs without selection: 7 o transitions
and 9 T transitions.

cm/s as deduced from the width of the TOF signal.

After launching, the atoms are distributed among the 9 sub-levels of the
F=4 state. To determine the population distribution, we scan the frequency
of the microwave interrogation signal and record the F=3 population. As
shown in figure 2.12 we obtain the seven Amp = 0 resonances . From this
figure we deduce that 10% of the atoms are in the state F' = 4, mp = 0. As
the atoms in mp # 0 levels do not contribute to the clock signal but instead
they degrade frequency stability and accuracy, we perform a state selection
process. Figure 2.13 shows the transition probabilities when the selection is
active. We note that the selection is very efficient, since the population of
mp # 0 is less than 2%. We can also see that there is a tiny signal (signal
(1) inside the inset of figure 2.13) close to the transition Amp = 1. The
transition probability is null in the center of the line. This is due to a w
phase change of the transverse component of the magnetic field between the
two cavity ends. This also shows that there is no real Amp = 1 resonance
and allows us to conclude that the C-field is well aligned with the cavity axis.

With this selection function, we can easily calculate the transition prob-
ability from the TOF detected signals. It is given by

Ny Sy

P: =
Ns+ Ny, S35+ 5,

(2.10)
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Figure 2.13:  Population distribution after the selection was carried out. The
central peak represents the transition ' =3, mp =0— F =4, mp =0. The
enlarged inset shows (1) m transition of F = 3,mp =0 — F =4, mp =1
and (2) o transition of F =3,mp=1—F =4, mp =1.
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Figure 2.14: Ramsey fringes from the fountain clock FO1: the central fringe
is 1 Hz wide. The points were obtained from a single scan. The inset is the
central Ramsey fringe, the transition probability is measured alternately at
Vgt = Av /2, where Av is the linewidth. The difference between two successive
measurement cycles of the transition probability constitutes the error signal
of the atomic clock.

where S3 and Sy, the time integrals of the TOF fluorescence pulse signal in-
duced by the detection beams, are proportional to the number of the detected
atoms in levels |3,0) and |4,0), respectively. The behavior of the transition
probability as a function of the microwave frequency is shown in fig. 2.14.
We obviously obtain a Ramsey pattern which contains about 60 fringes cor-
responding to the ratio T'/7, where T = 0.5 s is the atomic ballistic flight
time above the cavity and 7 is the time the atoms spend inside the cavity.
The microwave signal amplitude is set to the optimum value b = 7/2. When
the detuning between the atomic resonance and the microwave field is not
zero, the transition probability depends on the atomic velocity. As the rms
atomic velocity is about 1 cm/s, the contrast of the fringes varies with the
detuning. The central fringe has a full width of 1 Hz at half maximum.
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2.9.1 Frequency stability

In order to lock the frequency of the interrogation microwave signal to the
central fringe, the frequency of the microwave signal is square-wave modu-
lated with a period of 2T¢ (T¢ is the cycle time) and the transition probability
is synchronously measured. The frequency corrections are calculated in the
following way:

5Vk+1 = 5Vk_1 + (—1)kG(Pk - Pk—l) (211)

where G is the loop gain and £ is the cycle number. The signal-to-noise ratio
is optimized when the modulation amplitude is equal to the resonance half
width (1/47). In standard operation, the 10 MHz BVA oscillator is phase
locked on a H-maser signal. The modulation and frequency corrections are
then applied to the radio frequency synthesizer (see fig. 2.10). In this config-
uration the frequency correction represents the frequency offset between the
H-maser and the fountain clock.

The Allan variance calculated from the frequency corrections character-
izes the stability of the fountain clock versus the H-Maser. According to the
study in [47], the frequency stability of the fountain clock can be expressed
as:

()_ 1 op TC
UyT_WQatP T

(2.12)

where the integration time 7 is longer than the servo time constant (a few
cycle times T.), and op is the standard deviation of the transition proba-
bilities. We present in the following the different sources of noise which
contribute to the value of op.

Detection noise

According to equation (2.10) the fluctuation of the transition probability P
can be written as

(1— P)SNy — PSN;

0P =
Ndet

(2.13)
where Ny, is the total number of the detected atoms. Here P = 1/2, thus

o TS 2.14
P 2N, 2N, (2.14)

6Strictly speaking, the expression (2.12) is true if transition probability noise is white.
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where d N3 (or 0Ny) is the fluctuations of the atom number detected in the
state |F' = 3,mp = 0) (or |F' = 4,mp = 0)). For shot-to-shot fluctuations
on the initial number of cold atoms, 6 N3 = d Ny when the state selection is
performed. Consequently, op is independent of these fluctuations.

The quantum projection noise

After interrogation, the atoms are in the superposition of the two states
F=4mrp=0and F =3, mp = 0: [¢)) = c4l4,0) + 3/3,0), where | c3 |?
+ | c4 |*=1. The probability to find an atom in the state |4,0) is given by

P = Pug) = (¥[Pag|v) = ([4,0)(4,00¢) = |eq|* (2.15)

where P4y is the probability projection operator onto the state |4,0). The
variance of transition probability is given by

0p =< (Pug)— < Pug) >)? >=< Py > — < Pug >*= P(1 - P) (2.16)

For Ny.; uncorrelated atoms detected, the standard deviation of the tran-
sition probability is induced

op . \/P(l—P)/Ndet
P P

(2.17)
For the usual operating conditions P = 1/2 :

= = 1/V/Na (2.18)

This quantum projection noise (QPN) [48] is the foundational limit of the
fountain frequency stability.

Technical noise

There also exists the effect of the uncorrelated (or partial) noise between
the population measurements of the two atomic states. The variance of the
transition probability P can be written as

P\’ OP\*
2 _ 2 2
op = (—8]\74) o, T (—8]\73) N, (2.19)

for our case, P =1/2,
op ON, 2 O N. 2
RE— b Iy 2.20
Py () () 220
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Figure 2.15: Time of flight signals. The integration of each curve represents
the number of detected atoms.

One uncorrelated noise source is the photon shot noise. The population
of both atomic states is deduced from the fluorescence signals. When we
detect Npnoton photons, the noise is given by

O Nptoton — \/Nphoton = \/nphoton : Ndet (221)

and thus

g
% = 1/ \V Nphoton = 1/\/ Nphoton Ndet (222>

where nppoton 1s the number of detected photons per atom during the detec-
tion process. In FO1, as we detect about 150 photons per atom, the photon
shot noise contribution is negligible compared with the QPN. Some noise
results from fluctuations of each TOF signal. The TOF acquisition signals
are divided into three parts as shown in fig. 2.15. The maximum of the cold
atom fluorescence is adjusted in the center of the acquisition window. The
signal offset is calculated by using the extreme parts (duration 2¢,) of the
TOF. Its fluctuations result from the electronic noise of the detection system,
the stray light, and the thermal caesium beam. The TOF integration signal
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after eliminating the contribution of the baseline at each fountain cycle is
obtained by

ty+tm ¢ ty 2tp+tm
Sror = / o()dt — ﬁ( / o(t)dt + / v(t)dt)
ty 2tb 0 tp+tm

. (2.23)
_ / o(B)h(t)dt
where v(t) is the detected signal, and the function h(t) is defined as
(0,  t<0
—;Tmb, 0<t<ty
ht) =41,  t,<t<ty+t, (2.24)
—5, fpttn St <2+
0, t>2 41,
In the frequency domain, its Fourier transform is given by
400 )
H(f) = / h(t)e It dt
o t (2.25)
= ﬁ{(l + 2—;’;) sin(7m ft,) — 2—7;; sin[m f (¢, + 2tb)]}

Fig. 2.16 represents the function |H(f)|?. Experimentally, we chose t,, =
60 ms and t, = 20 ms. The atomic state population measurement is then
mainly sensitive to noise in a bandwidth of 30 Hz centered around 15 Hz. In
this way, the 50 Hz component and the harmonics are completely rejected.

A better filter is to take the matched function: we use a Gaussian or
Lorentzian shape to fit the TOF signal in each fountain cycle and calculate
the transition probability. The experimental results shown in fig. 2.17 indi-
cate that the noise level is always lower. For a number of the detected atoms
larger than 2 x 10° they coincide.

1. Detection electronics noise To measure the fluorescence signal, we
use two photo diodes (Hamamatsu S1337-1010BR. They have a sensitivity of
0.5 A/W and a noise level (NEP) of 8.2x107*> A//Hz. The signal is ampli-
fied by an OPA637 (Burr-Brown) with a gain of 108 V/A and a bandwidth
of 1.5 kHz before to be digitized with 12bit resolution and a sampling rate
of 2 kHz. The noise of this system has been measured (with neither laser
beam nor caesium atoms) at a level of 2 x 107% V/\/Hz which corresponds to
180 detected atoms. For the usual fountain operation this noise is negligible
when several 10° atoms are detected.
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Figure 2.16: The equivalent filter function of the detection system for elec-
tronic noise.
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Figure 2.17: Results of a Gaussian or Lorentzian shape filter used to fit the
TOF signals. The fitted points always are below the unfitted ones when the
number of detected atoms Ny is small.
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2. Noise due to stray light and thermal beam Some possible scat-
tered light and its instability cause a fluctuation of the baseline. We measure
this noise by tuning the detection laser beams far away from the caesium res-
onance. The difference in caesium vapor pressure between the zones of cap-
ture and detection produces a weak caesium atomic beam. The uncorrelated
rms fluctuation of the number of atoms per detection channel corresponds to
about 85 atoms per fountain cycle.

3. Laser noise The transition probability is measured by the fluorescence
emitted by the atoms when they pass through the detection beams. The
spontaneous emission rate is expressed by [40]

_T /1,
21+ I/I+ (2Aw/T)%

Y (2.26)

The detection laser noise in intensity I and frequency detuning Aw cause
a fluctuation of the photon emission rate 0, and thus fluctuations of the
number of detected atoms. A filter connected with the amplifier is used
to reject the high-frequency fluctuations above 1.5 kHz. We experimentally
optimize the re-pumping laser beam’ power to saturate the transition in
order to minimize the laser noise (but the laser power has to be low enough
to minimize the stray light). When neglecting the influence of the repumping
laser beam, we have

SN, = N, / Sy (1) F(£)dt (2.27)
SNy = Ny / Sy(#)F(E — Ab)dt (2.28)

where 4. is the detection time and At is the time interval between the two
TOF signals, and f(t) is the profile of the TOF signal (see figure 2.15) which
depends on the detection laser beam shape, on the spatial distribution and
on temperature of the detected atoms. Its profile is very close to a Gaussian
function

flt) = ——e & (2.29)

where t,, is the 1/e half-width. The detection laser F' = 4 < F' =5
beams are identical in our detection set-up. According to equation (2.14),

"which repumps the atoms from F = 3 into F' = 4 after they have crossed the first
detection laser beam.
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Figure 2.18: The equivalent filter function of the detection system for the
detection laser noise.

the transition probability fluctuation around P = 1/2 can be written as

P = i/ ov(t) {f(t) — f(t— At)} dt
et (2.30)
= / dy(t)h(t)dt.
tdet
The Fourier transfer function H(f) of h(t) is expressed by
H(f) = ie—’*f%(l ) (2.31)

Figure 2.18 represents the transform function |H(f)| with the typical
parameters At = 4 ms and ¢, = 3.2 ms.

We suppose that the fluctuations of the relative frequency noise S, (f) and
the relative intensity noise Ssr/7(f) are uncorrelated. The spectral density of
the fluctuation of the photon emission rate Sy, (f) in the fountain is given by

2wlaser

S (0) = (22 ) ,00)+ (1) 2:2)

The detection laser is an extended cavity semiconductor laser (ECL) using
a grating. The white frequency noise is S,(f) = 3.2 x 107 Hz ! for f < 1
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Hz [57], its contribution to the fountain stability is o, (7 = T.) < 107
In FO1, Ssr/r(f) < 1077/f Hz™!, thus the fountain stability limitation is

o,(1) <1 x 1071,/ % due to only this noise. Finally, we can conclude that

the limitation on fountain frequency stability due to the detection laser noise
can be neglected at the level of 10713771/2,

Interrogation oscillator noise

The periodic operation of the fountain induces frequency down-conversion
of LO frequency noise for multiple frequencies of 1/7,.. This phenomenon
is called the Dick effect [41, 46, 47]. The Allan variance contribution of the
interrogation oscillator noise is related to the frequency noise spectral density
of the free running oscillator and to the harmonic content of the sensitivity
function g(¢) (see formula (B.29) in appendix B)

<§:g"s“’mn> (2.33)

where

I :
%:Flg@ﬂww (2.34)

is the Fourier coefficient associated with g(t) at the frequency nf, = n (1/7.),
and SyLO(n fe) is the single-side power spectral density of the relative fre-
quency noise of the free running oscillator at the frequency nf. (central fre-
quency is 1p).

Fig. 2.19 shows the first 1000 coefficients (g,/go)? versus the rank n for
the function g(¢) in the Ramsey interrogation scheme for three cases: br =
7/2, which provides the optimal interrogation condition, b7 = 37/2, and
br = 5w /2. The calculation is done for the case of a typical operation cycle
of our fountain ( 7 = 0.017 s, T=0.5 s, T,=1.2 s, and Qy = —TAVRamsey )-
Approximately, for b = 7/2, (9,/g0)? decreases as n=2 until n = T'/7 ~ 30,
whereafter it decreases as n=*

The noise spectral density of an oscillator can be represented by a sum
of five terms [55]:

2
S0 = D haf (2.35)

a=—2
where the integer av characterizes the noise type: a = —2,—1,0,1,2 corre-

sponds to random walk of frequency, flicker frequency noise, white frequency
noise, flicker phase noise, and white phase noise, respectively.
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Figure 2.19:  Down-conversion coefficients (gn/go)* versus the rank n for the
function g(t) in three Ramsey interrogation cases: br = 7/2, br = 37/2, and
br =b57/2, with T, = 1.2 s, T=0.5 s, and 7 = 17 ms.
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Table 2.1: Degradation of Allan variance for five types of noise with different
Ramsey interrogation power. We have normalized the contributions of each

noise type to the case br = /2.

bt a=42 |la=+1|a=0|a=—-1|a=-2
/2 1 1 1 1 1
3r/2 10 3 1 1 1
b /2 26 4 1 1 1

For the clock evaluation, it is very useful to change the microwave power
in order to amplify some systematic effects (Doppler, microwave spectrum,
...). Table 2.1 lists the power dependence of the Allan variance degradation
for each type of noise. We find a strong dependence when the noise character
« is larger than 0.

The measurement of the spectrum of the state-of-the-art quartz oscillator
shows that:

Lo _ —29 2 —27 —26 p—1
SEo(f) =1.94 x 107 f2 42,13 x 10727 f +1.06 x 1072071 (2.36)

The phase noise below a few hertz is determined mainly by the flicker fre-
quency noise. With this condition, the standard deviation can be expressed

using the first coefficient g(1):
g1 /E
T Y

9o

oy(7) = /b s

where ¢1/go can be expressed as a function of the duty cycle d = T/T, :
91/g0 =~ sin(mwd)/md. Typically the FO1 duty cycle is d = 0.42 (for T, = 1.2
s).

The calculated contribution of the quartz noise to the fountain stability
is 8.4 x 107 at 1 s, which corresponds to a quantum projection noise of
1.74x10° detected atoms.

(2.37)

By taking into account the main sources of noise, we can express the Allan
standard deviation of the relative frequency fluctuations of a fountain :

T, 1 U§N4 U§N3
Oy (T) 772@?”5 (Ndet Nd25t + ngd + Olaser
. " (2.38)
gTQL SLO< n ) —1/2
+ n —
; g ! T
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Figure 2.21: Frequency stability of the fountain clock FO1 with 3x10° detected
atoms when a BVA quartz is used as local oscillator.

where o5y, and o5y, represent the expected effect of the technical noise of the
detection system. Figure 2.20 shows the influence of each noise on the foun-
tain frequency stability. We can find that when the number of the detected
atoms is less than 10* the technical noise is dominant, and when the number
of the detected atoms is larger than 2 x 10°, the fountain stability is limited by
interrogation oscillator noise. Typically, when Ny, = 3 x 10°, the measured
frequency stability is 1.3713771/2 when we use the BVA quartz oscillator (see
figure 2.21). This agrees with the predicted value of 1.1 x 10713771/2

2.9.2 Frequency accuracy

In this section we analyze the main systematic effects except the blackbody
shift which will be studied in detail in chapter 5.

Table 2.2 shows the most recent (2002) accuracy budget of FO1. The
fourth column describes the method used for determination of the error bars.
In the following we describe these methods and discuss the results obtained.
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Table 2.2: Relative frequency corrections and uncertainty budget of FO1 in
2002.

Effect Correction | Uncertainty Method
[10~"°] [10—"7]
Quadratic Zeeman adjustable <0.3 C-field map

DC Stark shift and

Black-body radiation 17.6 <0.3 .
direct measurement

Collisions + “cavity Changing the number

< 0.
pulling” (molasses) g =05 of the captured atoms
Microwave recoil 0 <0.3 Theory [58]
Microwave leakage 0 0.2 Microwave power

Microwave  symme-
First-order Doppler 0 <0.3 try, fountain tilt,
detection choice...

Microwave spectrum, Microwave power and

syn.chronous pertur- 0 0.2 timing

bations

Pulline by other li 0 0.9 Microwave power and
ulling by other lines . Cfield

Background gas colli- 0 <01 Theory [53]

sions

total 0.9

Second-order
Doppler, and gravi- 6.64 < 0.1 Launching height
tational red shift

Quadratic Zeeman effect

A C-field of 1.65 mG is applied to separate the seven Amp = 0 transitions.
The frequency separation between the neighbouring transitions is then ~1.1
kHz (see figure 2.12). In figure 2.12 we can also see that the contrast of the
fringes of the magnetic field sensitive transitions is better than 80%. This
demonstrates that the average magnetic field for different atom trajectories
differs by < 1uG. The C-field shifts the clock frequency via the quadratic
Zeeman effect by

427.45 [T B2(t) g(t) dt
f0T+2T g(t) dt

where B(t) is the static magnetic strength in Gauss at an instant ¢.
The evaluation for this shift requires a knowledge of the magnetic field

(2.39)

5VZeeman -
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evolution seen by the atoms. This can be obtained by measuring the fre-
quency of the first order field sensitive transition, such as F =4, mp =1 <
F = 3,mr = 1, as a function of the launching height (< v%, where vy, is
the launch velocity). A microwave radiation pulse of about 10 ms duration
is applied (with an antenna placed at top of the fountain tube) and realizes
a Rabi transition when the atoms are at their apogee (within £1 mm, see
figure 2.22). This method can obviously not be performed when the atoms’
apogee lies inside the microwave cut-off guide (6 cm length). An extra mea-
surement is then performed by a Ramsey interrogation for different launching
heights. The frequency of the central fringe contains the information of the
time average magnetic field experienced by the atoms. However, it is diffi-
cult to identify confidently the central fringe when increasing the launching
height (the Ramsey fringe number exceeds several tens). In order to over-
come this problem, we modify the Ramsey fringe contrast by launching the
cold atomic cloud at 3 different velocities (see figure 2.23). This launch is
obtained by changing the frequency of the 4 horizontal capture beams by a
small quantity Af (a few tens of kilohertz). The velocity difference (can be
clearly observed with the TOF signal) is Av = 2rAf/k ~ 3 cm/s, where,
k is the wave vector. Figure 2.23 illustrates this method which allows the
determination of the central fringe position (the highest contrast) with an
uncertainty of a half fringe width.

Figure 2.22 shows the results of the magnetic field map measurement.
A polynomial fit of this map is used to evaluate the Zeeman shift. For
the launching velocities of 3.40 m/s and 2.89 m/s the calculated values are
respectively 1160.32 Hz and 1161.40 Hz, and the corresponding measured
values are 1160.88 Hz and 1162.18 Hz. They agree within 0.80 Hz. This
small difference is mainly due to the atomic velocity distribution which was
not taken into account in our calculation. The corresponding correction
uncertainty is 1.6 x 1071¢ for the clock transition frequency.

By locking the clock signal on the field sensitive transition, we never find
a frequency stability worse than 4 x 1072 over one day. In order to detect
any magnetic field fluctuations due to a variation of room temperature (42
°C), we heated the fountain tube from 22 °C to 35°C and never found a
frequency shift at a level of 1 Hz for the field sensitive transition.

By taking into account a slow (in several weeks) fluctuation® of the un-
controlled magnetic field, a conservative Zeeman shift uncertainty has been
set to 3 x 10716,

Atom number dependent frequency shifts

Two effects contribute to these shifts: cold atom collisions frequency shift

8In the improved FO1 described in chapter 6, we automatically measure the static
magnetic field in every 15 minutes.
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Figure 2.22: The magnetic field map measured by FF = 4, mp =1 < F =
3,mp =1 Rabi transition (M) and a Ramsey transition (OJ).
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Figure 2.23: Modified Ramsey fringe (mp = 1 <> mp = 1 transition). The
symmetry shows that the temporal average of the magnetic field strengths
inside the cavity and inside the drift zone are almost equal.
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and cavity pulling (due to the microwave interference inside the interroga-
tion cavity [59]). As the maximum number of atoms crossing the cavity is
less than 10°, the latter frequency shift? is less than 3 x 10716, For the col-
lisional effect, it is considered that only the s-wave scattering contributes
to the collisional frequency shift and that the shift depends linearly on the
average density of the atom cloud [42]. The atomic density can be varied by
loading time and caesium source pressure. During each fountain operation
we change the atomic densities every 512 fountain cycles. This method pro-
vides efficient rejection of slow frequency fluctuations which are not related
to atom number or density, in particular the H-maser drift. Although we
have a 50% uncertainty of the absolute determination of the atomic density,
an extrapolation to zero density with only about 10% uncertainty can be
carried out.

Microwave photon recoil

Absorption of a photon by an atom leads to a momentum change and
an additional energy difference (kinetic, potential). The change of resonance
due to the photon recoil is dw/wy =~ hwy/2mc* = 1.5 x 1071,

In a fountain, the atoms interacting with an electromagnetic standing
wave inside the interrogation cavity are subjected to multiple photon pro-
cesses: absorbing photons from one travelling wave component of the field
and emitting them into another. A numerical simulation for Cs fountains
using a MOT has been carried out Wolf, where the atomic velocity distribu-
tion is treated as Gaussian [58]. The result shows that the recoil shift is less
than 3 x 10716,

Microwave leakage

The stray microwave radiation outside the cavity inside the fountain tube
can be due to cavity leakage and microwave source (synthesizers) via feeding
circuitry and optical feedthroughs. The spurious fields produce a clock fre-
quency shift associated with Doppler effect. An estimation of the frequency
shift would need knowledge of the field (direction, polarization, phase ampli-
tude) everywhere along the atomic trajectories between the selection and the
detection zones, which is not realistic. In a fountain, the almost symmetric
atomic trajectory reduces much the induced shift. The shift is linearly depen-
dent on the microwave amplitude [60]. When the cavity is feeded with high
power (90 dB more than the normal operation) when the atoms are outside
the cavity, no frequency shift is observed with a resolution of 1.5 x 107°. We
conservatively estimate the relative uncertainty to be 2 x 10716,

First-order Doppler effect

When the microwave power is br = 7/2, such that the shift Av,, = 2.56107'2 x
Nat 6we T /[0w? + (T'./2)?], where T, is the cavity resonance width, éw,. cavity detuning,
and N,; the number of atoms crossing the cavity.

83



CHAPTER 2. FO1 DESCRIPTION AND PERFORMANCES

weighted average result:
60 3n/2: 2 +- 11
50 - T n/2: 11 +/- 12
5n/2: 3 +/- 14

Frequency difference (uHz)

3n/2 /2 57/2

Figure 2.24: The measured frequency difference when feeding the cavity sym-
metrically vs asymmetrically, using different microwave powers (m/2, 3m/2,

and 5m/2).

The Ramsey interrogation is performed by the double passage of the
atoms in the same cavity with the opposite velocity. The residual first-order
Doppler effect is due to the spatial phase distribution of the microwave field
resulting from the coupling, the losses in the copper walls and the expansion
of the atomic cloud. It is worth noting that the most relevant direction
of spatial phase variation is indeed the transverse one, since vertical phase
variations cancel their effect between the two passes in opposite directions.
Restrictions must then be imposed mostly on the transverse phase variations.
If < ¢y > and < @y > are respectively the average phase seen by the atoms
during the two microwave interactions, the frequency shift is given by

AV_<§01>—<902>

%) 7TC)at

(2.40)

Using a 2D model, A. De Marchi and coworkers have calculated the phase
distribution of the field in a TEq;; copper cavity [61]. Using these results and
our FO1 parameters in molasses operation, the residual first-order Doppler
shift is calculated to be less than 107!¢ when we allow a possible 1 mrad
misalignment of the launching direction with respect to the cavity axis.

As the phase distribution also depends on the cavity coupling, different
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Figure 2.25: Schematic of the symmetric cavity supply. P.S.: power splitter.
The 3 dB attenuator Asyp is used to simplify a dynamic adjustment. Each
i1solator has an isolation of 40 dB.

frequency shifts could then be obtained according to symmetric or asymmet-
ric coupling.

In order to increase the phase distribution sensitivity, we used a MOT
(Gaussian distribution with an initial standard deviation o; of 2 mm) as a
cold atom source. The measurement result (see figure 2.24) shows that the
difference is (1.2 4+1.3) x 1071% when we feed the cavity symmetrically ' and
asymmetrically (see figure 2.25). As differential measurements'! cannot be
performed over short durations, the frequency resolution is limited by the H-
maser long-term stability. Another verification is done by tilting the fountain
tube with respect to the vertical direction, with a maximum tilt angle of 1.7
mrad. This tilt changes the phase distribution along the atomic trajectories.
We did not find a frequency difference of more than 2(2) x 107*% (see table
2.3) between the different tilts. Furthermore, a variation of the launching
velocity from 3.4 m/s to 3.8 m/s did not produce any observable difference
in the measured frequency. An important test performed by Clairon [30]
was to block the central detection beams (only 50% of atoms are detected
compared to normal operation), The maximum frequency shift observed is
3 —4x 107", A worse case based on [62] gives fractional frequency shift of
3 x 1071%. Finally we take it as the uncertainty for the residual first-order
Doppler shift correction.

10Tt seems to be possible to improve the field flatness and reduce the phase gradient.
We alternate series of measurements of a few hundred fountain cycles in different
configurations (parameters).
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Table 2.3: Test of the frequency shift as a function of the fountain tilt.
Tilt
(mrad), | Measured frequency (:Hz) | Resolution(1 o yHz)
direction

1.6, west -4333 13.5
1.4, east -4314 14.5
1.7, north -4321 10.0
1.7, south -4316 8.0
0 -4322 11.5

Microwave spectrum, synchronous perturbations

Using the formula in [55] and the measured spectrum of the microwave
generator (the unwanted and asymmetric stray microwave components are at
least 60 dB below the carrier components [57]), the shift due to the spectral
impurities is estimated to be smaller than 2 x 107'® when the carrier is at
optimum power (br = 7/2). To test the undesirable synchronous effect, we
change the duty cycle and the launching height. No frequency difference can
be found at the present resolution.

Other lines effect

This includes the Rabi pulling, the Ramsey pulling and Majorana tran-
sitions. They depend on the atom quality factor, RF power and the Rabi
frequency to Zeeman frequency ratio. After the selection phase, the atoms
are prepared in the mp = 0 state, the distributions of the populations of the
mp = *1 levels are symmetric and the Ampr = 1 transition probabilities
are < 0.5% (see figure 2.13). The Rabi pulling is then estimated to be of
the order of 107!%. To evaluate the order of magnitude of the other shifts,
the microwave power is changed. The maximum power dependent frequency
shift is 4x10715P/ Py, where P, is the microwave power for a /2 pulse [30].
In fact, there are other effects which also depend on the microwave power
such as microwave leakage and spectral impurities. A preliminary estimation
for all these effects results in a maximum total shift of less than 2 x 10716,

Background gas collisions

The background pressure of the vacuum system is below 1079 Torr. Ac-
cording to [55] the shift due to the soft collisions with the residual, thermal
atoms (helium, hydrogen...) is less than 10716.

Cavity pulling
With a low atom number (10°) and a microwave cavity with a loaded
quality factor Q.q, = 10%, the shift can be calculated as in a passive caesium
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beam standard:

AV Aty Q2
AV Bl Qe (2.41)

Yo Yo ot

where Av,y, is the cavity detuning and @), is the atomic quality factor. The
controlled cavity temperature can easily keep the cavity resonance to within
100 kHz. The large value Qq = 10'° ensures that the shift is less than 10717,

Second-order Doppler effect and the gravitational red shift

The maximum speed of atoms during the interaction is about 3.5 m/s
and the rms velocity is 1 cm/s, the resulting second-order Doppler shift is
~ 1077, The microwave cavity of FO1 is located at (61 & 1) m above mean
sea level. The uncertainty (gdh/c?, where c is the speed of light, and ¢
is the acceleration of gravity, and dh is the resolution of the determination
of the altitude above the geoid surface.) of the gravitational red shift'? is
1.1 x 10716,

The anticipated improvement of the frequency stability to 107!6 per day
is a prerequisite to a 1070 accuracy. This is one reason why we want to
synchronize the operations of the three fountains at SYRTE.

2.10 Frequency comparison among three foun-
tains at BNM-SYRTE

2.10.1 The link among fountains

In order to frequency compare the three cold atom fountains at the BNM-
SYRTE laboratory, we distribute the same local oscillator (LO) signal as a
frequency reference for each microwave synthesis chain by a link as shown in
fig. 2.26. FOM (FOntaine Mobile) is a transportable fountain operating since
1998 [9, 43, 63, 64]. FO2 is a double fountain which can operate alternately
with rubidium and caesium [4, 51]. The performances of the three fountains
are similar.

The common frequency reference signal for the three fountains is produced
by a 100 MHz quartz oscillator which is properly phase locked to a BVA
quartz oscillator and a H-maser.

The H-maser has a stability of 2 x 1073771 +2 x 10~47~1/2 and reaches
a flicker floor of ~ 1071* over about 1000 s.

12The gravitational frequency shift is not intrinsic to a clock.
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100 MHz phase
lock loop
([IIHID - 1000 s
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Figure 2.26: The linked cold atom fountain clocks at BNM-SYRTE. The
common frequency reference signal is 100 MHz.
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synchronization

Fountain FO1 D R, ->»| Fountain FO2 (Rb)

y© (nT,) 9.192.. GHz 6.834.. GHz y** (nT,)

< --
.(_-

Frequ. Synthesizer Frequ. Synthesizer

1 )

Link Link

100 MHz quartz

Figure 2.27:  Link connecting an interrogation oscillator to two fountains.
The low noise link is about 200 m long, the synchronization stability is better
than 1 ms.

2.10.2 Interrogation oscillator noise rejection

By synchronizing the operation cycle of a pair of identical frequency stan-
dards and interrogating the atoms at the same time and with the same os-
cillator, the frequency fluctuations due to the interrogation oscillator are
correlated, and thus the Dick effect is cancelled in the comparison.

Fig. 2.27 shows an experimental link between the two fountains and the
interrogation oscillator [49]. A trigger pulse at the beginning of each FO1
cycle is used to synchronize the fountain FO2(Rb) cycle'®. A noisy quartz
oscillator was chosen in order to demonstrate the noise rejection. Its Allan
standard deviation of about 5 x 107!? at 1 s and the Dick effect result in
an Allan deviation limit for each fountain of 2.4 x 10~'2771/2  much higher
than all other limitations.

Fig. 2.28 shows the quadratic sum of the Allan deviation of FO2(Rb) and
FO1 compared against a H-maser that would result from an unsynchronized
comparison. The Allan deviation of the relative frequency difference between
the two fountains (about 2 x 10713771/2 at a rejection factor of 16) is close to
the value obtained with the best quartz oscillator (1.1 x 107'3771/2), The ex-
perimental result and numerical simulation also show that a few milliseconds

13The sensitivity function g(t) of each fountain is slightly different due to the different
geometries and the size of the microwave cavities.
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Figure 2.28: Dots: Quadratic sum of the Allan deviation of the two linked
fountains (Rb and Cs), Diamonds: Allan deviation of the frequency difference
of the two fountains.
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Figure 2.29: The measured frequencies of the H-maser by 3 fountains at
SYRTE in 2000.

of synchronization are needed for a significant rejection of the interrogation
oscillator noise. This method could be used to compare two or more fountain
standards at the QPN limit.

2.10.3 Frequency comparison between three fountains
and measurement of Rb hyperfine splitting

Figure 2.29 presents the frequency comparisons between the H-maser and
the three fountains in 2000 (During this year, FO2 worked only with Rb).
The frequencies are corrected for all systematic effects'?. The error bars give
the statistic uncertainties of each measurement. Unfortunately, the three
measurement sets are not well synchronized and it is difficult to infer directly
a frequency difference. To facilitate the comparison, we have fitted the H-
maser/FO1 measurements by a third order polynomial. It acts as reference to
calculate the frequency differences among the three fountains as shown in the
figure 2.30, where the results are weighted averages. The resulting frequency
differences for FO1, FOM and FO2(Rb) with respect to the reference fit are

“The Rb conventional frequency is set to 6 834 682 610.904 333 Hz.
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Figure 2.30: The relative frequency differences among 3 fountains. The refer-
ence is a third-order polynomaial fit of the frequencies of the H-maser measured

by FO1.

—0.06 x 107, —2.04 x 1071, and 1.78 x 10! respectively. The evaluated
accuracy of fountain FO2(Rb) is 2 x 1071%, and the accuracy of the two Cs
fountains is 1.1 x 107 in 2000. We can conclude that the measurements are
in agreement with the evaluation budgets.

In order to evaluate the statistical uncertainty for the Rb frequency deter-
mination due to the contributions of the two Cs fountains’ , we have studied
the residual influence due to the noise of the H-maser, especially the fre-
quency drift and the 1/f noise, which affects the measurement resolution.
We have tried several order polynomial simulations to weighted fit the FO1
points. The variances of the residual data'® in each fountain with respect to
this fit always move around the value of 2 x 107° as shown in figure 2.31.
When we take this number as the statistical uncertainty for each residual
date, the measured relative frequency compared with its conventional value
is +2.8 x 107*?, with a type A uncertainty of 2 x 107'°. Taking the above
two accuracies as the type B uncertainty of the measurement, we found the
measured value of Rb hyperfine splitting to be 6 834 682 610.904 314 (21) Hz

15The difference between each measurement and the polynomial fit.
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Figure 2.31: Allan variance of the residues in function the order of polynomial
fit. The dash lines represent the variance of the white frequency noise.
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during May 2000. This value will be used in next chapter to study a possible
variation of the fine structure constant a.
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Chapter 3

Search for a variation of the
fine structure constant «

3.1 Résumé en francais

La constante de structure fine est définie comme a = e*/4weghc, avec e est
la charge d’un électron, €, la permitivité du vide, h la constante de Planck
réduite, et ¢ la vitesse de la lumiere dans le vide. « est un nombre sans
dimension et donc ne dépend pas de la réalisation des unités du systeme
international (SI). Si nous voulons étudier les éventuels changements des lois
de la nature, nous devons mesurer des quantités sans dimensions, comme
c’est le cas pour a.

En 1937, quand Dirac a essayé de lier la force de la pesanteur aux divers
constantes de la physique et les nombres qui caractérisent les propriétés de
petite taille de I'univers, il déclara qu'une (ou plusieurs) constantes fonda-
mentales pouvait changer au court du temps [65]. Il y a plusieurs raisons
théoriques pour lesquelles o et d’autres constantes sans dimensions pour-
raient changer avec le temps. Une des recherches des physiciens théoriciens
consiste a trouver une théorie unifiant les 4 forces fondamentales : force
gravitationnelle, force électromagnétique, et les forces nucléaires forte et
faible (voir [66, 67]). Toute variation de « violerait le Principe d’équivalence
d’Einstein (EEP) et changerait notre compréhension fondamentale de I'univers.

Jusqu’a présent toutes les études réalisées sur la variation des constantes
physiques effectuées en dehors du laboratoire sont sur ’échelle de temps de
I'age de I'univers (déplacement vers le rouge z ~ 0.1 — 100). Une analyse
récente des données d’Oklo a fourni le test contraignant sur la stabilité de
a: |a/al = 0.4+ 0.5 10717 yr=! [68]. Webb et al. ont mesuré depuis 1998,
I’absorption par des nuages interstellaires de la lumiere de 78 quasars dans
trois constellations distinctes a l'aide de télescopes [69]. Chacune de ces
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constellations rapporte une valeur de o plus petite que dans le passé, le
résultat de la moyenne est Aa/a = —0.57 £ 0.10107° sur la gamme z ~
0.2 — 3.7 (20% a 90% de I'age de I'univers). Aujourd’hui, ce résultat est le
seul a déclarer que les constantes fondamentales pourraient changer. Mais
cette conclusion a été contredite par une autre étude (z ~ 0.4 — 2.3) plus
récente [70].

Les comparaisons d’horloges atomiques sont complémentaires des mesures
cosmologiques parce qu’elles mettent une limite sur &/« pour le temps présent.
Grace a la tres bonne stabilité des fontaines a Cs et a Rb du SYRTE, les com-
paraisons de fréquences de transitions hyperfines effectuées sur une période
de 5 ans (1998-2003) ont fourni une limite trés contraignante sur la variation
relative possible de la grandeur (grp/gos)a*** & (—0.2 £ 7.0) x 10~ 10yr~1.
Dans I'hypothése ou alpha est constante, la variation de vy /vcs est ra-
menée a la variation du rapport g-facteur de proton' g,, et l'on obtient
Gp/gp = (0.1 £3.5) x 10710 yr— 1,

3.2 Introduction

The fine structure constant is defined as a = e?/4mweghc, where e is the
electron charge, ¢, the electric permeability of the vacuum, A the reduced
Planck constant, and ¢ the speed of light in vacuum. « is a dimensionless
number which does not depend on a man-made system of units and can
be measured without reference to such a system. If we want to investigate
whether the laws of nature are changing, we must measure dimensionless
quantities, such as «.

In 1937, when Dirac attempted to link the strength of gravity with the
various constants and numbers that characterize the small-scale properties
of the universe, he claimed that the value of various dimensionless physical
constants of nature could change with time [65]. There are some theoretical
reasons why a and other dimensionless constants might vary with time. The
holy grail of theoretical physics is to find a single unified theory that describes
the 4 fundamental forces all together: gravity, electromagnetism, and the
strong and weak nuclear forces (see [66, 67]).

Any variation of a would violate the Einstein Equivalence Principe (EEP)
and change our fundamental understanding of the universe. Taking advan-
tage of the high stability of Cs and Rb fountains at SYRTE, hyperfine transi-
tion frequency comparisons spreading over an interval of 5 years have reduced
the upper limit for the possible variation of . A new bound on a possible

!Dans le modele de Schmidit, pour les atomes 3’Rb et 33Cs, le g-facteur nucléaire se
dépend seulement du g-facteur de proton g,.
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variation of the proton g-factor g, has also been determined.

3.3 A change of a would violate the Equiva-
lence Principle

Einstein’s equivalence principle (EEP), one of the cornerstones of modern
physics, is closely related to the development of the theory of gravity from
Newton’s theory to general relativity. The gravitational field is described as
a geometrical property of space-time in general relativity and other metric
theories of gravity, where any variation of the non-gravitational constants
is forbidden. EEP states that in local freely falling frames, the outcome of
any non-gravitational experiment is independent of the velocity of the frame
(Local Lorentz Invariance), and of when and where it is performed (Local
Position Invariance) (For detailed discussion and definitions see [71]). Some
tests to verify EEP aim at determining the relative rate of change of non-
gravitational fundamental constants, such as «.

On the other hand, there are a lot of physicists who firmly believe in
unified theories, such as string theory and multi-dimensional theory, which
lead us to expect that an additional compact dimension of space may exist,
where the constants seen in the three-dimensional subspace of the theory
will vary at the same rate as any change occurring in the scale length of
these extra compact dimensions. Naturally, the temporal variation of « is
predicted [66, 72], but it would violate LPI.

3.4 Non-laboratory searches

All the studies on the variation of the constant outside the laboratory are on
time scale of the age of the universe (redshift? z ~ 0.1 — 100).

The Oklo natural fission reactor The best terrestrial limit on the time
variation of o outside the laboratory is based on examination of the decay
products of the Oklo phenomenon - a natural uranium fission reactor. This
test analyzes the isotope ratio 1195, /17S,, in a self-sustained nuclear fission
reaction which took place around 1.8 x 10? years ago (z~ 0.15) in an under-
ground uranium depot in Oklo, Gabon (West Africa). The fission reaction
continued off-and-on for hundreds of thousands of years. The constraint on
time variation of « is inferred from the constraint on the variation of the

2The redshift z is defined from Hubble’s law for the unverse expansion: 1+ z = v, /v,
where v, and v are respectively the frequencies at emission and today.
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resonance energy (related to the capture cross section of *9Sm) under the
assumption that the nuclear energy is independent of a [73]. A recent anal-
ysis of the Oklo data has provided the most stringent test of the stability of
a: |a/al =0.4+0.5 10717 yr=t [68].

Absorption lines in quasar spectra The universe itself is about 13.5
billion years old. We can test the possible v variation at earlier evolutionary
phase of the universe by analysis of the spectral lines from distant quasars®.

What one examines is the dark, narrow line in quasar absorption spectra
which is produced when the radiation passes through the gas around the
galaxy that lies between the earth and the quasars. After comparing this
absorption line with what one measures for the same atoms and ions in
the laboratory, we can determine if the physics that is responsible for the
absorption has changed over the history of the universe (as long ago as one
billion years after the Big Bang). Alternatively, one can find out if « has
changed. Webb and et al. have measured 78 quasars in three samples with
telescopes since 1998 [69]. Each sample yields a small « in the past, the
entire result is Aa/a = —0.57 £ 0.10107° at level 40 over the redshift range
0.2 — 3.7 (20% to 90% of the age of universe). Today this result is the only
claim that fundamental constants might change. But, this conclusion has
been recently contradicted by another study [70].

Conclusion The geological result does not conflict with the astrophysical
result obtained by Webb et al., because they probe very different epochs in
the history of the universe. However, it excludes a linear variation. It is
possible that the value of o was changing relatively rapidly in the first few
billion years after Big Bang, and it has changed 100 times less since the time
of the Oklo event. It suggests that the time-dependence as a function of
cosmic time was non-monotonic, or even oscillating. Unfortunately, we can
not repeat the Oklo “experiment”. Moreover, the difficult task remaining
is understanding and modelling carefully the correlation of the variation of
weak strength, the strong interaction force, as well as the effect of m./m,
[74]. This means that the interpretation of the data with an assumption, that
only « varies, is not serious. When one performs astrophysical observations,
a lot of systematic effects have to be taken into account, such as the uncer-
tainty of the wavelength calibration in laboratory, the effect of the unresolved
velocity substructure in the absorption lines, the different sensitivity of the
very strong line and the very weak lines of Fe* to small perturbations?, light

3The name “quasar” is derived from an early description “QUAsi-StellAR-objects”.
4Any small perturbation would affect the weak lines much more than the strong ones,
thus could skew the results.
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blending, and so on. This is why Songaila proposed not to directly use this
stringent upper limit [75].

Both the cosmological methods of CMB (cosmic microwave background)
and of BBN (Big Bang nucleosynthesis) are not yet very accurate because
their interpretation is very model-dependent [76]. They may be important
if the variations of « at the beginning of the evolution of the universe were
faster.

3.5 Laboratory search using atomic clocks

Unlike the results inferred from the phenomena taking place over cosmolog-
ical time scales, atomic clock comparisons are complementary to the cosmo-
logical tests because they put a limit on &/« for the present. Thanks to the
ultrahigh stability of atomic clocks, we can get a very good measurement
resolution. Besides, we can repeat the measurement and continue it for a
long duration. Thus we have a better control of the systematic effects.

This method involves the comparison of ultra-stable oscillators of differ-
ent composition and of atomic clocks with different atomic species. Solid
resonators, electronic, fine structure and hyperfine structure transitions re-
spectively give access to R/, Roo, & R and a? g; (me/m,) Ra (in the
non-relativistic approximation). R stands for the Rydberg constant, m,
and m,, are the electron and proton mass, and gy is the nuclear g-factor.

Compared to other tests on cosmological timescales, these laboratory tests
have a short time base (a few years). This drawback is compensated by an
extremely high sensitivity.

3.5.1 « and g; dependence of the atomic spectra

All the microwave atomic clocks are operated on the transition between the
ground hyperfine levels determined by the interaction of a nuclear magnetic
moment with the magnetic moment of an Sy, state valence electron. The
method of the atomic clock rate comparison for different atomic number 7 is
based on the Z dependence of the relativistic contribution to the hyperfine
energy splitting. In other words, any variation in « will induce a variation
in the relative clock rates.

The value of the hyperfine splitting in an atomic state can be expressed
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Figure 3.1: The correction function din F,.q(Za)/dIna against the atomic
number Z.

in the form

Vhfs = CL()O(2 gr Frel(Z Oé) % Roo C, (31)

My

where ag is a constant specific for the atomic state and all the dependence of
« is contained in a function F..(Z«), the Casimir correction [3]. F,o(Z«)
is obtained when the relativistic wave equation is solved to evaluate the
electron wave function in the vicinity of the nucleus. For an 5/, state electron
Fra(Za) = 3[A(4X* — 1)]7L, where A = [1 — (Za)?]'/? showing that F,,(Za)
is a strong function of « for high Z and F,(0) = 1 (see figure 3.1). For
Hg, this relativistic Casimir contribution amounts to 56 % of the hyperfine
splitting (F.;(Hg) = 2.26).

Following [3] and neglecting possible changes of the strong and weak
interactions affecting the nuclear magnetons, and assuming everything else is
constant, a time variation d« of the fine structure constant induces a relative
drift rate of two hyperfine frequencies according to the following equation

iln no_ din Fe(Za) B dinF,q(Za) g" (3.9)
dt vy din o din«a , «
The sensitivity <dln£";lo(ézo‘) — dl"ﬁ;’ga)‘ ) will be bigger when a larger

atomic number difference is given. It should be noted that this sensitivity
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also might be used to detect the spatial variation of a (with replacement
of d/dt by d/dU, where U is the solar gravitational potential). For '3Cs,
dnfFralZo)l _ () 74, For 8"Rb, this quantity is 0.30 [77]. Finally, the sensitivity

din o
of the ratio vry,/vcs to a variation of « is simply given by:

9 1, (”Rb) ~ (0.30 — 0.74) = —0.44. (3.3)

Jln o VCs

If the ratio &/a = 1071 /yr, a relative frequency drift of 4.4 x 107 /yr
between Cs clock and Rb clock should be measured.

In contrast with [3], Ref.[76] argues that a time variation of the nuclear
magnetic moments must also be considered in a comparison between hyper-
fine frequencies. One reason is that the proton g-factor g, contribution to g;
has a different sign® for Rb. g; can be calculated using the Schmidt model
which assumes the magnetic moment of the nucleus includes a spin part and
an orbital part. For atoms with odd A and Z such as 8"Rb and '33Cs, the
Schmidt g-factor g&s) is found to depend only on g,. With this simple model,

Ref.[76] finds:
9, VRb 9, g
In r~ In | 2B ) ~2.0. (3.4)
dlng, Ves dlng, g((jss)

Moreover, attributing all the time variation of vgp/vcs to either g, or «
independently is somewhat artificial. Theoretical models allowing for a vari-
ation of a also allow for a variations in the strength of the electromagnetic
interactions. For instance, Ref.[78] argues that grand unification of the four
interactions implies that a time variation of « necessarily comes with a time
variation of the coupling constants of the other interactions. Ref.[78] predicts
that a fractional variation of « is accompanied with a ~ 40 times larger frac-
tional change of m./m,. In order to test independently the stability of the
four fundamental interactions, several comparisons between different atomic
species and/or transitions are required. For instance and as illustrated in
[79], absolute frequency measurements of an optical transition, i.e., compar-
ison of a transition frequency with the reference frequency of the ground
state hyperfine transition of *3Cs are sensitive to a different combination of
fundamental constants: gcs (me/m,)a®, where x depends on the particular
atom and/or transition.

A more complete theoretical analysis going beyond the Schmidt model
would clearly be very useful to interpret frequency comparisons involving

°In the Schmidt model, the nuclear g-factor is g,/2 for Rb and %(10 — g,) for Cs
respectively.
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hyperfine transitions. This is especially important as most precise frequency
measurements, both in the microwave and the optical domain [79, 80, 81],
are currently referenced to the !33Cs hyperfine splitting. The H hyperfine
splitting, which is calculable® at a level of ~ 1077, has already been considered
as a possible frequency reference several decades ago. Unfortunately, despite
numerous efforts, the H hyperfine splitting is currently measured to only 7
parts in 10'3 (using H-masers), almost three orders of magnitude worse than
our results presented in the next section.

3.5.2 Experiments with Rb and Cs fountains

On much shorter timescales, several tests using frequency standards have al-
ready been performed, for example, a comparison using H-masers and super-
conducting-cavity stabilized oscillator clocks (see [82]), Mg and Cs atomic
beam standards [83], H-maser and mercury ion clocks [3].

Our measurements take advantage of the high accuracy (~ 107%) of
several laser cooled Cs and Rb atomic fountains. According to recent atomic
structure calculations [3, 84|, these measurements are sensitive to a possible
variation of the quantity (grp/gcs)™%** as shown in formula (3.1) and (3.3).

In our experiments, three atomic fountains are compared to each other,
using a hydrogen maser (H-maser) as a flywheel oscillator (fig.2.26). Two
fountains, FO1 and the transportable fountain FOM [43], use caesium atoms,
and the accuracy reaches about 1 x 107!, The third fountain is a dual
fountain [85], named FO2, operating alternately with rubidium (FO2(Rb))
and caesium (FO2(Cs)). This fountain has been continuously upgraded, its
accuracy has improved from 2 x 107!% in 1998 to 8 x 1076 for caesium and
from 1.3 x 107 in 2000 to 7 x 107'¢ for rubidium [5].

The three fountains have different geometries and operating conditions:
the number of detected atoms ranges from 3 x 10° to 2 x 10° at a tempera-
ture of ~ 1 K, the fountain cycle duration from 1.1 to 1.6 s. The Ramsey
resonance width is between 0.9 and 1.2 Hz. In measurements reported here
the fractional frequency instability is (1 — 2) x 1073771/2 where 7 is the
averaging time in seconds. Fountain comparisons have a typical resolution
of ~ 1071 for a 12 hour integration, and each of the four data campaigns
lasted from 1 to 2 months during which time an accuracy evaluation of each
fountain was performed.

The campaign in 2000 was already introduced in section 2.10.3. We would
like to present the latest frequency measurement of the Rb hyperfine splitting

6The 'H hydrogen atom consists of a single proton surrounded by a single electron. It
is thus the simplest of all atoms.
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Figure 3.2: The frequency comparison data of 2002, where MJD is the Modi-
fied Julian Day. a) H-maser fractional frequency offset versus FOM (B), and
alternately versus FO2(Rb) (o) and FO2(Cs) (A between dotted lines). b)
Fractional frequency differences. Between dotted lines, Cs-Cs comparisons,
outside Rb-Cs comparisons. Error bars are purely statistical.
spond to the Allan standard deviation of the comparisons and do not include
contributions from fluctuations of systematic shifts.
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carried out in 2002. The measurements are presented in fig. 3.2, which
displays the maser fractional frequency offset, measured by the Cs fountains
FOM and FO2(Cs). Also shown is the H-maser frequency offset measured by
the Rb fountain FO2(Rb) where the Rb hyperfine frequency is conventionally
chosen to be vg,(1999) = 6834 682610.904 333 Hz, the value measured in
1999. The data are corrected for the systematic frequency shifts. The H-
maser frequency exhibits fractional frequency fluctuations on the order of
1071 over a few days, ten times larger than the typical statistical uncertainty
resulting from the instability of the fountain clocks. In order to reject the H-
maser frequency fluctuations, the fountain data are recorded simultaneously
(within a few minutes). The fractional frequency differences plotted in fig.
3.2D illustrate the efficiency of this rejection. FO2 is operated alternately
with Rb and Cs, allowing both Rb-Cs comparisons and Cs-Cs comparisons
(central part of fig. 3.2) to be performed.

To compare the two Cs clocks running during the 2002 campaign, FOM
and FO2(Cs), we calculate the mean fractional frequency difference:

vE02(2002) — vEOM(2002)

Vgs

— +27(6)(12) x 10716 (3.5)

where the first parenthesis reflects the 1o statistical uncertainty, and the
second the systematic uncertainty, obtained by adding quadratically the in-
accuracies of the two Cs clocks. We therefore find that the two Cs fountains
are in good agreement despite their significantly different operating condi-
tions, showing that systematic effects are well understood at the 3 x 1071°
level.

To measure the 8’Rb frequency, we first calculate the mean fractional
frequency difference between FOM and FO2(Rb). We obtain

FO2 FOM
VE2(2002) 0O (2002

- — _7(4) x 10 3.6
Vi, (1999) Vs (4) > (36)

where the number in parentheses reflects the 1o statistical uncertainty, which

leads to
FO2
Vrpy - (2002) ~16
/2 1=-13(5 10 3.7
Vi (1999) (5) > (8.7)

Finally, the 8"Rb frequency measured in 2002 with respect to the average
133Cs frequency is found to be

Vb (2002) = 6834 682 610.904 324(4)(7) Hz (3.8)

where the error bars now include FO2(Rb), FO2(Cs) and FOM uncertainties.
This is the most accurate frequency measurement of vg, to date.
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Figure 3.3: Measured 8TRb frequencies referenced to the '33Cs foun-
tains over 57 months.  The 1999 measurement value (vgy(1999) =
6834 682610.904 333 Hz) is conventionally used as reference. Horizontal line:

weighted linear fit.

In fig. 3.3 are plotted all our Rb-Cs frequency comparisons. Except
for the less precise 1998 data [86], two Cs fountains were used together to
perform the Rb measurements. The uncertainties for the 1999 and 2000
measurements were 2.7 x 107, because of lower clock accuracy and lack of
rigorous simultaneity in the earlier frequency comparisons [85]. A weighted
linear fit to the data in fig. 3.3 determines how our measurements constrain
a possible time variation of vgy,/vcs. We find:

d
oo (’Zb) = (0.2+7.0) x 10716 yr~! (3.9)

which represents a 5-fold improvement over our previous results [87] and a
100-fold improvement over the Hgt-H hyperfine energy comparison [3]. The
same limit applies to the dimensionless quantity (gry/gcs)™ 4. We thus
have:

d |
o (%QO'M) —(0.247.0) x 1070 yr", (3.10)
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Assuming g, is certain, meaning that the contribution to this constraint
of the variation of vgy,/vcs only arises from «, and using formula (3.3), we

thus deduce the new limit: &/a = (—0.4 + 16) x 10716 yr~1.

Attributing

any variation of vgy,/vcs to a variation of g,, equation (3.4) and experiment
results in formula (3.9) lead to: g,/g, = (0.1 £3.5) x 1076 yr~!. However, it
must be noted that the Schmidt model is over-simplified and does not agree
very accurately with the actual nuclear magnetic moment. The maximum
value of the deviation between the naive value in the Schmidt model pg and
the measured value fimeq.. (fmea./tts — 1) is 50% for Cs, and it is 26% for Rb

[76).

3.6 Conclusion

Reference Experiment | Constant X Duration Limit | X /X]|
(yr™)

Turneaure et | hfs of Cs vs | g, (m./m,)a?® 12 days <4.0x10712

al.,1976  see | SCO

2

Demidov, hfs of Cs vs | g,/gr 1 year <5.5x1071

199288] hfs of H

Breakiron, hfs of Cs vs | g,/g91 <T7x107"

1993[89] hfs of H

Godone et | his of Cs vs | g, (me/m,) 1 year <5.4x10713

al., 1993, | fs of Mg

[33]

Prestage et | hfs of Hg* vs | g,/9r 140 days <3.7x1071

al., 1995[3] hfs of H

Sortais et al., | hfs of Cs vs | grp/gcs a®* 2 years <5 x 1071

2001[87] hfs of Rb

Bize et al, | hfs of Cs vs | gcs@®%(m./my) 2 years <7x1071

2003[79] gs of Hg™

This  work, | hfs of Cs vs | grp/gcs @ | 5 years <7.2x10716

2003]5] hfs of Rb

Table 3.1: Different atomic clock comparison experiments.

SCO refers to

super conductor cavity oscillator. gs, fs and hfs refer respectively to gross
structure, fine structure and hyperfine structure.
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3.6. CONCLUSION

By comparing *3Cs and 8"Rb hyperfine energies, we have set a highly strin-
gent bound to a possible fractional variation of the quantity (grp/gcs)a %4
at (—0.2 4 7.0) x 107 %yr~!. To demonstrate the improvement of our mea-
surement, we list some important experiments in table 3.1.

In the near future, accuracies near 1 part in 10'¢ should be achievable in
microwave atomic fountains, which would improve our present Rb-Cs com-
parison by one order of magnitude. To reach such an accuracy, we should
make use of the new method based on an adiabatic transfer of population to
prepare atomic samples in order to control (measure) well the cold collisional
shift (see chapter 6).

A further step is the extension of these comparisons for distant clocks in
different laboratories in the world. Serving this purpose, a new generation
of time/frequency transfer at the 10716 level is currently under development
for the ESA (European Space Agency) space mission ACES (Atomic Clock
Ensemble in Space) which will fly ultra-stable clocks (PHARAO and SHM)
onboard the international space station in 2007 [90]. Furthermore, these
comparisons will also allow for a search of a possible change of fundamen-
tal constants induced by the annual modulation of the solar gravitational
potential due to the elliptical orbit of the Earth [91].

Finally, an unambiguous test of the stability of a should be possible by
comparing two optical transitions. The frequency of an electronic transition
can be expressed as Vo = Roo X f(a), where f(«) includes relativistic effects,
many-body effects, spin-orbit coupling. We anticipate major advances in
these tests using frequency standards, thanks to recent advances in optical
frequency metrology using femtosecond lasers [79].
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Chapter 4

Test of the PHARAO Ramsey
cavity

4.1 Résumé en francais

La mission spatiale ACES (Atomic Clock Ensemble in Space) a été retenue
par 'ESA (European Space Agency) pour voler pendant une durée d’environ
18 mois a 3 ans a bord de I'ISS (International Space Station), a partir de
2007 [90, 92]. Elle comporte deux horloges : le maser a hydrogene actif
SHM (Space active Hydrogen Maser), développé par I'observatoire cantonal
de Neuchatel, en Suisse, ainsi que 1’horloge spatiale a atomes froids de césium
PHARAO (Projet d’Horloge Atomique par Refroidissement d’Atomes en Or-
bite) développée par le CNES (Centre National d’Etudes Spatiales, France),
en collaboration avec les laboratoires scientifiques (BNM-SYRTE et LKB).
Le systeme est équipé d’un lien micro-onde 2 voies (MWL, Micro-Wave Link)
permettant des comparaisons de fréquence et des transferts de temps de
grande exactitude et stabilité avec des utilisateurs au sol. Le maser SHM
sera utilisé lors des comparaisons de fréquence, en temps qu’étalon secondaire
de bonne stabilité moyen terme, ainsi que pour ’évaluation en vol des effets
systématiques affectant 'exactitude de PHARAO.

L’objectif premier de la mission ACES consiste a étudier le fonction-
nement de I’horloge a atomes froids dans ’espace. En tirant parti de I’environ-
nement de gravité réduite, PHARAO devrait atteindre une stabilité a un jour
meilleure que 3 x 1071 et une exactitude de 1 x 10716, Le lien MWL per-
mettra la synchronisation a une exactitude de 30 ps, des échelles de temps
définis dans des laboratoires de métrologies disséminés a travers la surface
du globe. Cette performance constitue une amélioration de plus de deux
ordres de grandeur par rapport aux systemes actuels GPS et GLONASS. Le
troisieme objectif est de réaliser avec une meilleure résolution différents tests
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de physique fondamentale, comme la mesure du déplacement gravitationnel,
la recherche d'une éventuelle anisotropie de la vitesse de la lumiere ou d’une
dérive temporelle de la constante de structure fine...

Au sol, dans une fontaine atomique, la gravité impose inévitablement une
limite de 'ordre de 1 s, au temps d’interaction 7. En microgravité, de plus
longs temps d’interaction sont accessibles, dans une horloge de dimensions
raisonnables, simplement en réduisant la vitesse de lancement. Cependant,
comme la vitesse atomique est nécessairement constante, 'interrogation doit
s’effectuer dans une cavité de Ramsey, comportant deux zones. Le dispositif
perd alors sa symétrie et les atomes deviennent sensibles a de possibles dis-
symétries de la distribution de phase et a la présence d’un déphasage global
entre ces deux zones. Ces défauts dépendent directement de la symétrie de
construction de la cavité et de la longueur d’inter-zones. Ils se traduisent
par un effet Doppler déplacant la fréquence d’horloge donné par la relation
suivante établie a partir de I’équation (B.20):

P2 — P1
Ava, ~ <27T_T> (4.1)

Dans cette expression, p; et ©s représentent respectivement la phase
moyenne du champ observé par les atomes dans les deux zones. T est le
temps de vol libre entre les deux impulsions micro-onde qui dépend de la
vitesse de lancement. Les crochets représentent la moyenne sur la distribu-
tion des trajectoires atomiques.

Nous avons testé dans la fontaine FO1 un prototype de la cavité d’interrogation
de I'horloge PHARAO (voir figure 4.4). Au cours de ces mesures, la cavité de
Ramsey est placée 2 cm au dessus de la cavité TEq;; utilisée habituellement
pour l'interrogation. Leur deux axes sont superposés. Le mode opératoire
consistait initialement a mesurer les déplacements de fréquence pour une
méme vitesse de lancement, entre le fonctionnement conventionnel de la
fontaine (interrogation dans la cavité TEg 1), et une interrogation dans la
cavité de Ramsey. Dans cette configuration, 6 zones d’interrogation sont
disponibles et de nombreux schémas de fonctionnement sont possibles (2 ou 3
impulsions micro-onde dans la cavité de Ramsey). Cette expérience nécessite
cependant une excellente atténuation du champ micro-onde. Nous avons pour
cela utilisé une chaine d’interrogation pulsée et un interrupteur micro-onde
interférométrique, fournissant une atténuation globale de 'ordre de 120 dB.
Ajoutons de plus qu’afin d’obtenir une largeur de résonance réduite, il est
préférable d’appliquer au moins une impulsion a la monté et une a la descente.

Malheureusement cette méthode n’a pu étre mise en pratique. En effet,
lors de notre premier test, nous avons découvert une inclusion magnétique a
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25 mm de I'entrée du guide sous coupure d’entrée de la cavité de Ramsey. La
cavité avait évidemment été testée en magnétisme avant d’étre placée sous
vide, mais la zone défectueuse n’était malheureusement pas accessible a la
sonde. Ce défaut, d’'une amplitude d’environ 0.2 mG a une distance de 5
mm, induisait des transitions de Majorana qui produisaient un déplacement
de fréquence important et masquaient la mesure des effets de phase. Nous
avons donc été amenés a réaliser la préparation et l'interrogation apres le
passage des atomes devant cette perturbation.

Le mode opératiore finalement adopté consistait a appliquer 'impulsion
micro-onde de sélection dans la premiere zone de Ramsey que les atomes
traversent a la montée. L’interrogation s’effectue lors de la descente, en
appliquant deux impulsions micro-onde dans les deux zones de Ramsey.
L’inclusion magnétique nous empéchant de référencer nos mesures a un fonc-
tionnement avec la cavité TEg;1, nous avons procédé par comparaison avec
le maser & hydrogene, en alternant chaque jour la vitesse de lancement (3.8
m/s et 4.2 m/s).

La moyenne pondérée des points expérimentaux mene a une différence de
fréquence de 1.8 x 1071° £16.6 x 107° entre les deux vitesses de lancement.
L’incertitude relativement importante est due a la limite de stabilité de la
fontaine (largeur de frange respectivement de 4 et 6 Hz) et au faible nombre
d’atomes détectés (~ 5 x 10*) pour de si grandes vitesses de lancement. Elle
s’explique également par l'incertitude sur la fréquence du maser. Les autres
fontaines du laboratoire n’étant pas opérationnelles au moment des mesures,
sa dérive de fréquence n’était pas bien connue. Une simulation a été réalisée
[43] en utilisant une modélisation de la distribution de champ dans la cavité
de Ramsey, fournie par I'TRCOM (Institut de Recherche en Communications
et Micro-onde). Celle-ci suppose la symétrie des distributions phase entre
les deux zones, mais que le déplacement de fréquence est di a la présence
d’un déphasage global. Ce calcul mene a un déplacement de fréquence de
6.79 x 107/ mrad +0.54x107!, linéaire avec le déphasage. Ces résultats
nous conduisent a estimer un déphasage compris entre -300 et 0 purad et nous
confirme que la géométrie de cavité micro-onde proposée est adéquatée.

4.2 ACES scientific objectives

ACES (Atomic Clock Ensemble in Space) is a space mission which has been
selected by European Space Agency (ESA) to fly for about 1.5 years on
board the International Space Station (ISS) starting in 2007 [92, 90]. This
experiment will be mounted on an external pallet (Express Pallet) of the
European module Columbus. The ACES payload consists of two clocks: the
cold caesium atom space clock PHARAO (Projet d’Horloge Atomique par
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Refroidissement d’Atomes en Orbite, developed by CNES (Centre National
d’Etudes Spatiales, France), BNM-SYRTE and LKB (Laboratoire Kastler-
Brossel, France)), and a Space active Hydrogen Maser SHM (developed
by the Neuchatel Observatory, Switzerland). A two-way MicroWave Link
(MWL) will allow accurate time and frequency transfers to users on earth
(see fig. 4.1).

The objectives of ACES are both technical and fundamental.

The first objective is to operate the cold atom clock in space, taking the
advantage of the reduced gravity environment, at a frequency stability better
than 3x 1071 at one day and an accuracy of 1x 10716, The SHM will be used
for frequency comparison (stable flywheel oscillator) and for the evaluation
of the frequency shifts affecting PHARAO accuracy.

With MWL, ACES will allow the synchronization of the time scales de-
fined at distant ground laboratories with a 30 ps accuracy, more than two
orders of magnitude beyond the present GPS and GLONASS system accu-
racy. Frequency comparisons between these distant clocks will be performed
with a relative accuracy of 10716, about an order of magnitude improvement
with respect to the present accuracy.

The third objective is to perform several fundamental physics tests with
increased resolution.

-The gravitational red-shift will be measured with an accuracy of 3x 10716,
which gives an improvement of a factor 25 compared to previous measure-
ments [93].

-The ACES experiment is expected to improve by about one order of
magnitude the previous limit on the isotropy of the speed of light.

-Modern unified theories predict a possible variation of the fine structure
constant o with time. This can be tested by measuring the frequencies of
clocks using different atomic elements as a function of time (see chapter 4).
The ACES experiment flying onboard the ISS (51° orbit inclination) will fre-
quency link the major time and frequency metrology laboratories worldwide.
This should improve by a factor of 100 the sensitivity of the o variation tests.

4.3 Brief description of PHARAO

The PHARAO instrument is supported by CNES and backed up by the
scientific and technical experience of SYRTE and LKB. The industrial de-
velopment started in June 2001 and the engineering model will be delivered
at the end of 2004. As mentioned above, the relative frequency stability of
the PHARAO clock is expected to be better than 3 x 1076 at one day with
a relative accuracy of 1 x 10716,
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Figure 4.1: Principle of ACES.

On earth, in an atomic fountain, gravity obviously imposes a limit on the
interaction time 7, which is of the order of 1 s. T increases proportionally to
the square root of the launching height H. Hence, increasing T by a factor of
ten would impose a fountain height enhancement from ~1 m to ~100 m, a
size which is not technically realistic when considering the atom environment
control. In microgravity, such a long interaction time can be obtained in a
reduced volume, merely by reducing the cold atom velocity.

The operation principle of PHARAO (see figure 4.2) is very similar to
atomic fountains (see §1.4.2). During each cycle, caesium atoms are captured
in optical molasses, launched and cooled below 1 pK. They travel inside a
1.2 m long vacuum chamber, with a constant velocity. They first cross a
state selection device made of a cylindrical microwave cavity and a pushing
laser. They pass then inside a ~20 cm long two-zone cavity, where they
undergo a Ramsey interrogation. The atomic response is then detected by
the same optical system as in atomic fountains by measuring the population
of both hyperfine levels. The resonance signal obtained is used to lock the
local oscillator frequency.

One fundamental advantage of the set-up is the possibility to vary the
atomic velocity over almost two orders of magnitude. This provides a new
adjustable parameter to explore the accuracy-stability trade-off. The sta-
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Figure 4.2: The caesium tube of the PHARAO clock.

bility will be limited for low velocities (some cm/s) by the loss of detected
atoms due to the thermal expansion of the cold atom cloud, and for high ve-
locity (some m/s) by the interaction duration. Nevertheless, since the atomic
velocity is constant, the interrogation has to be performed in a two-zone mi-
crowave cavity. The system becomes then more sensitive to possible phase
asymmetries between the two regions of the resonator, which could produce
a frequency shift of the clock, associated with the Doppler effect.

4.4 Test of the PHARAQO Ramsey cavity

4.4.1 Cavity phase shift

In order to reduce the Doppler effect in a caesium clock, the interrogation
microwave field is confined inside a resonator made of high purity copper,
where it is expected to be stationary. Nevertheless, due to the finite conduc-
tivity of the cavity walls, the electromagnetic field is not a perfect standing
wave, and its phase ¢(7) is position dependent. Thus, a moving atom is
subjected to a frequency shift

ovo(t) = 5= Veo(t) - v(t) (4.2)

where V(t) and v(t) are respectively the phase gradient and the atomic
velocity.
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s

Figure 4.3: Photograph of the Ramsey cavity of the PHARAO clock and
drawing of its internal magnetic field distribution.

In an atomic fountain, the Ramsey interrogation is performed during the
double passage in the same cavity, with an opposite velocity direction during
the atoms’ ballistic flight. For vertical trajectories, this symmetry provides
a perfect cancellation of the first-order Doppler effect, because the phase
gradient is identical in the “two” zones. Nevertheless, for other trajectories
the atoms are no longer subject to the same phase during their two transits.
Hence, in total, a residual effect remains depending on the spatial variations
of the field phase and amplitude inside the cavity and depending on the
atomic position and velocity distributions. This effect is estimated to be
below 10717 [43].

In the PHARAO clock, the interaction is performed in a Ramsey cavity in
two separate regions. The interrogation is thus sensitive to possible asymme-
tries of the phase distribution inside the two zones, and to a possible phase
offset between the two regions, which depend directly on the construction
symmetry of the cavity and on the distance between the two zones. These
defects can be expressed as a phase offset Ay that produces a first-order
Doppler effect given by the following formula, derived from equation (B.20):

P2 —¥1
Avp, >~ < 227TT 1> (4.3)

where P71 and @3 are respectively the average phase of the field seen by the
atoms in each zone, T is the free time of flight between the two separated
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pulses and the brackets denote the average over distribution of atomic tra-
jectories.

Figure 4.3 gives a description of the Ramsey cavity developed for the
PHARAO clock. It is a rectangular ring resonator whose external dimen-
sions are 250 X 58 x 10 mm. Three high purity copper pieces constitute
this cavity. The main one includes the two interaction zones, two lateral
waveguides and, in the middle, a cut-off waveguide that allows the atoms to
pass through. Two cut-off waveguides (3 cm long) protect against microwave
leakage. The advantage of this configuration is to have large apertures (8x9
mm) with low disturbances of the internal microwave field. As a precaution,
diaphragms reduce the aperture of the entrance holes, to limit possible inter-
actions between the atoms and the cavity walls. This main part is enclosed
by a rectangular cover that supports the microwave waveguide coupler. The
cavity is fed by a single coupler placed above the middle of the cavity. This
is performed by the evanescent coupling between the two lateral waveguides
and the supply cap, to limit the phase perturbation inside the interrogation
zones.

A simulation of this cavity has been performed by Michel Aubourg at
IRCOM (Institut de Recherche en Communications et Micro-onde, France)
to determine the amplitude and phase variations inside a single interrogation
zone, taking into account the conductivity of copper. It indicates that the
maximum phase gradient along the cavity axis is of the order of 50 yrad /mm.
However, the possible dissymmetries between the two zones are not easy to
estimate, because they depend directly on the mechanical realization. To
get an order of magnitude, according to equation (4.3), and supposing only
a constant phase offset, we obtain a sensitivity of 3.8 x 1071*/mrad, for
a launching velocity of 0.5 m/s, which is expected to provide the optimal
performance of the clock.

4.4.2 Test of the Ramsey cavity phase shift using FO1

In order to verify the symmetry of the cavity described above, a cavity proto-
type is mounted inside the fountain FO1 (see fig. 4.4). The Ramsey cavity is
placed 20 mm above the TEg;; cavity. Their two axes are superposed. With
this configuration, six interaction zones are available during a clock cycle,
and many interrogation schemes can be investigated. For clarity, we name
respectively A, B C and D the two interaction zones of the Ramsey resonator,
depending on the atomic velocity direction (see fig. 4.4). The principle of
the experiment was initially to compare the measured frequency shift be-
tween an interrogation inside the Ramsey cavity and the normal operation
of FO1 using the TEq; cavity, for a constant launching velocity. With this

116



4.4. TEST OF THE PHARAO RAMSEY CAVITY

Capture ¢ Position (mm)

Pushing

T730
<1700
'BT lCI 680

>

O

00!

=

<

aZ
4430
A T l D T460
4430
4410
: T350

0
— <4307
1 L

Antenna

Capture —> € T°

Figure 4.4: The experimental set-up used to test the PHARAO Ramsey cavity
inside the FO1 fountain. We distinguish the 4 different possible interaction
process during the atomic ballistic flight as A, B, C and D respectively, where
the arrows represent the direction of motion of the atoms.
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differential method, the reference maser frequency drift and the other clock
frequency shift fluctuations are rejected.

This test requires the ability to pulse the microwave field at different mo-
ments during a clock cycle. This is performed with a pulsed microwave chain
in addition to an interferometric switch, both commanded by TTL signals.
This provides a total attenuation of ~-120 dB. Moreover, it is preferable to
apply at least one pulse on the way up, and one pulse on the way down. This
optimizes the interaction duration to get a reasonable stability. Nevertheless
the launching velocity must be larger than 3.7 m/s to ensure an apogee of
the atoms above the Ramsey cavity. This induces a reduction of detected
atoms and hence a degradation of the stability.

An interrogation with 4 pulses inside the Ramsey cavity is not very sensi-
tive to the phase defects of the resonator. Indeed, as for the usual interaction
scheme, in the TEg; cavity the first-order effect due to the phase variations
inside zone A (resp. B) will be compensated by the effect in zone D (resp. C).
Only a residual effect remains due to the cold atom cloud expansion. Thus,
a 3-zone interrogation scheme, which breaks this symmetry, is preferable.

Interrogation using three interaction zones

Alternating three interaction zones interrogations give access to the phase
defects of the Ramsey cavity. The sequences A — B — D and A —
C — D give opposite frequency shifts reflecting the phase variation in the
upper Ramsey zone. In the same way, the opposite frequency shift measured
with A — B — C and B — C — D depends on the phase variations
inside the lower Ramsey zone. These configurations have been simulated [43]
using the amplitude and phase distributions of the microwave field calculated
by IRCOM. It assumes that the phase distributions are symmetric in the two
Ramsey zones, and that the frequency shift is only due to a phase offset Aep.
For a 4.2 m/s launching velocity, we obtain Av e = —2.87 x 107*Ap + 2 x
107% Hz and Avapp = +2.2x 107°Ap + 1 x 1075 Hz, where Ay is expressed
in mrad. With the ~ 107% resolution of FO1, a clear signature of the phase
shift Ay should be measurable with a resolution better than 100 prad.
Unfortunately we applied this differential method without success. In-
deed, the first operation of FO1 after installing the Ramsey cavity, showed
a 10% loss of the Ramsey fringes contrast when using the TEq; cavity. We
found that this was due to a magnetic perturbation inducing Majorana tran-
sitions. The frequency of the transition FF ' =4, mp =1« F =3, mp =1
changed by about 25 Hz when varying the atoms’ apogee from 450 mm to
455mm. This was caused by some magnetic inclusion inside the Ramsey
cavity, 25 mm above the entrance of the first cut-off guide. Of course, the

118



4.4. TEST OF THE PHARAO RAMSEY CAVITY

2.1+

20 The perturbed magnetic field -

)
-
| |
'y
[ ]

Static field (mG

1.6 S S

1.5

-ttt 1+—+——+
320 360 400 440 480 520 560 600 640 680 720
Vertical position (mm)

Figure 4.5: Map of the static magnetic field.

cavity had been tested before being installed, but this zone was not accessible
to the magnetic probe. We measured the static magnetic field map inside
the fountain. For that purpose, we disposed an antenna at the top of the
FO1 fountain to excite the transition F' =4, mprp =1« F =3, mrp =1 by
short microwave pulses. Figure 4.5 shows the measured C field map. The
magnitude of the magnetic perturbation is about 0.2 mG over a distance
of 5 mm. This defect induced Majorana transitions which produce a large
clock frequency shift. Due to this shift we could not apply the three-zone
configuration to measure the microwave field phase effect. A two interaction
zones operation was then chosen.

Interrogation using two interaction zones

We can use two launching velocities to perform the test. We apply the state
selection microwave pulse (7 Rabi transition) when the atoms are in zone A,
above the magnetic perturbation position. The interrogation is performed by
the combination of interaction process C and D. This was chosen because of
the magnetic inhomogeneities above the Ramsey cavity. The current applied
inside the compensation coils to reject the effect of the inclusion produced
a distortion of the static magnetic field above the cavity. We operated the
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Figure 4.6: The Ramsey fringes obtained with interaction process C and D
for 2 different launching velocities.

clock with the velocities v; = 3.8 m/s and vy = 4.2 m/s. The obtained
Ramsey fringes are shown in figure 4.6. We noticed a contrast reduction that
is due to the difference of interaction duration between the process C and D,
because of the atomic velocity evolution during the parabolic flight.

For this test, it would have been better to apply a differential method al-
ternating v; and vy. Unfortunately this parameter is not computer controlled
in FO1. Thus, we just made a comparison with the H-maser when changing
the launching velocity each day. The measurement results are presented in
fig. 4.7, where the values are corrected for the main frequency shifts. The
quadratic Zeeman frequency shift only depends on the C field inside the
cavity, which is homogeneous and identical for the two measurement config-
urations. The collision shift is estimated at the level of 5 x 1071¢ because
the atom number and density are much reduced in our measurement!. The
blackbody radiation frequency shift and the red-shift are the same in the two
modes of operation. The large error bars are due to the reduced stability
~ 2 x 107127712 caused by the large resonance width and the small num-
ber of detected atoms. The graph shows a dispersion of the points that we
attribute to the drift of the maser, especially at the beginning of the mea-
surement (7 x 107' per day). Unfortunately, this explanation could not be
confirmed with the other fountains, because they were not operational at the
time.

The weighted average of the experimental points gives a frequency dif-
ference of (1.8 4+ 16.6) x 107! between the two launching velocities. This
value mainly contains the frequency shift due to the phase difference of the

!The number of detected atoms is ~ 10%, because of the high launching velocity and
the aperture radius of the two cavities.
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microwave field inside the two zones. A simulation using the data of IRCOM
and assuming again symmetrical phase distributions in the two zones, gives a
frequency shift of 6.79 x 107 /mrad + 0.54x 107, linear with the phase off-
set between the two zones [43]. The effect doesn’t vanish for zero phase offset
because of the atomic velocity difference during the two microwave pulses.
With these results, we estimate that the phase difference between the two
zones is between -300 and 0 prad. This preliminary result shows that the
geometry of the Ramsey cavity meets the requirement of the PHARAO clock.

A complementary measurement method has been developed to analyze
the phase asymmetry of the cavity. It is based on the analysis of the mode
structure inside the Ramsey zones, around the dominant mode at 9.2 GHz.
This has been simulated by IRCOM. The measurement can be performed in
air, with an antenna passing through the cutoff waveguides when scanning
the microwave frequency over several gigahertz. Phase asymmetries would
exhibit new modes that should not exist if the cavity were perfect. This
electronic method is very sensitive to mechanical defects (several micrometres
), corresponding to a phase resolution of a few microradians.

Up to now, four new microwave cavities have been constructed. The
best one has been selected by electrical measurements. This cavity has been
mounted inside the improved FO1 (see chapter 6) to study the phase shift
effect before being incorporated into the PHARAO clock. With the measure-
ments and the simulations of IRCOM, we will be able to predict the cavity
phase shift of the PHARAO clock operating in space with an uncertainty
of few 107'". In order to improve measurement, we have experimentally
studied one main uncertainty source of fountain clocks: the shift due to the
blackbody radiation.
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Chapter 5

Cs clock frequency shift due to
blackbody radiation

5.1 Résumé en francais

Le rayonnement du corps noir environnant les atomes de césium lors de leur
interrogation dans la fontaine atomique produit une perturbation différentielle
des niveaux d’énergie de la transition d’horloge. Cet effet se traduit par
un déplacement de la fréquence d’horloge & césium dv/v = —16.9 (4) x
1071(7/300)* [94], ou T est la température absolue. Ce déplacement est
de l'ordre de 1.7 x 10~* & température ambiante. On montre que dans le
cas des horloges a césium, la contribution de la composante magnétique du
rayonnement de corps noir est négligeable au niveau de 1076 [55]. Cet effet
est tres important et doit étre estimé a mieux qu'un pourcent pour obtenir
une exactitude proche de 10719, La premiere vérification directe de cette loi
dans une horloge a césium a été effectuée a la PTB sur un jet a sélection
magnétique [95]. Cette mesure, en accord avec la théorie, était cependant
limitée en résolution (12% a T=300 K, soit 2 x 10715 en fréquence relative),
a cause de la stabilité de I'horloge (3.5 x 107*2771/2). Récemment, le groupe
de I'TEN (Istituto Elettrotecnico Nazionale) en Italie a réalisé de nouvelles
mesures [96] et Micalizio et al. ont fait des études théoriques [97], dont les
résultats sont en désaccord de 15% , soit 2 x 1071 sur la fréquence d’horloge
a césium, par rapport aux valeurs couramment utilisées. La largeur de la
densité spectrale d’énergie du rayonnement du corps noir est bien inférieure
a la différence d’énergie entre 1’état fondamental et les états électroniques
excités, correspondant aux transitions dipolaires électriques des raies D, et
D, respectivement a 335 THz et 352 THz. La perturbation produite peut
donc étre approximée par celle d’'un champ électrique lentement variable et
de faible amplitude [98]. En tenant compte de l'isotropie de rayonnement,
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on trove que le déplacement de fréquence est proportionnelle a la différence
de polarisabilité scalaire entre les deux niveaux hyperfins de 1'état fonda-
mental. Il ne dépend alors que de la moyenne du carré du champ électrique
< E*(t) >=(831.9 V/m)? [T(K)/300]* (effet Stark dynamique).

L’effet Stark statique a été beaucoup étudié aussi bien expérimentalement
que théoriquement [99, 100, 101, 102]. Au BNM-SYRTE Simon et al. ont
mesuré dans une fontaine atomique le déplacement de fréquence induit par un
champ électrique statique, avec une résolution de 0.2% [103]. La modélisation
de cette expérience a permis de déduire 'effet du rayonnement de corps noir
en fonction de la température :

Avppr = —1.573(3) x 107* (%10)4 (Hz) (5.1)

L’effet du spectre du rayonnement du corps noir peut étre obtenu en
intégrant chaque composante spectrale. La difficulté du calcul exact provient
de la complexité de la somme, tenant compte de tous les états non perturbés.
En effectuant quelques approximations développées par Itano [94] et Simon
[104], il apparait un terme en T® & Pequation (5.1). expression complete de
I'effet du rayonnement du corps noir s’écrit donc :

1+e (%)1 (Hz), (5.2)

ou le terme correctif ¢ = 0.014. Pour confirmer cette relation et pouvoir
obtenir une exactitude dans la gamme des 107'%, nous avons effectué une
mesure directe de la dépendance de la fréquence d’horloge avec la température
du rayonnement de corps noir. Cette mesure, réalisée sur la fontaine FO1
visait & déterminer la constante K g, au niveau de 1% et le terme correctif
avec une incertitude de 25%. Cette expérience nécessite un chauffage jusqu’a
~ 500 K de l'environnement des atomes durant l'interrogation. Comme
I'effet est relativement faible et afin de rejeter la dérive long terme du maser
a hydrogene utilisé comme référence secondaire (~ 1.5 x 107! /jour), nous
avons comparé la fréquence de FO1 a celle de la fontaine rubidium FO2 du
laboratoire.

Un dispositif radiatif inséré dans ’enceinte a vide a été spécialement congu
pour cette expérience. Il est composé d’un tube en graphite de 30 cm de
long et de 1.6 cm de diametre (épaisseur de paroi, 12 mm) suspendu 10
cm au dessus de la cavité d’interrogation. Pour une vitesse de lancement
typique de 3.43 m/s les atomes passent 75% de leur vol libre a l'intérieur
du dispositif. Le chauffage du tube de graphite est réalisé grace a un fil

T 4
A = —1. 107 | =—
VBBR 573(3) x 10 (300)
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résistif en ARCAP de 10 m de long erroulé en double hélice. Le courant de
chaufage est sinusoidal (fréquence 100 kHz) et est appliqué et éteint de fagon
progressive. Ces deux précautions sont été prises afin de ne par polariser
les blindages magnétiques. Par ailleurs, le courant de chauffage n’est pas
appliqué pendant l'interrogation afin de ne pas perturber les atomes par
effet Zeeman. Le tube de graphite est entouré de deux blindages thermiques
pour éviter tout chauffage excessif de la partie interne de ’enceinte a vide
et de la cavité d’interrogation. La température de chauffage est controlée a
l'aide de 4 thermistances. Elle s’exprime par une température effective au
dessus de la cavité Tppr = (T4(t))'/*, obtenue par des calculs thermiques
avec une exactitude de 0.6% (voir section 5.6).

Le mode opératoire est séquentiel et consiste a alterner des fonction-
nements a deux températures, entrecoupé de périodes de thermalisation. La
puissance micro-onde est également réajustée automatiquement, afin de tenir
compte de I'évolution du désaccord de la cavité évoluant avec le chauffage.
La période d’alternance entre chaque phase de mesure est de l'ordre d’une
journée, au cours de laquelle la température est stabilisée a mieux que 2°C.

Les mesures ont été effectuées de maniere aléatoire en fonction de la
température, sur une période totale de plusieurs mois. L’exploitation des
données issues de la comparaison avec la fontaine a rubidium FO2(Rb) mene

a la relation :
T\ 2
1 -
e (300)

ou l'incertitude tient compte de 'exactitude des deux fontaines, de leur sta-
bilité et de I'incertitude sur la température effective. Dans cette expression
on a pris la valeur théorique € = 0.014. En effet, la contribution de ce terme
n’étant que de 4% a 500 K, la stabilité des horloges lors de I'expérience n’était
pas suffisante pour le déterminer. La dispersion des résultats provient des
défauts de synchronisation de fonctionnement des deux horloges (~ 1h), au
nombre limité de points de comparaisons et a la gamme en température rel-
ativement réduite.

T 4
Avppr = —1.54(6) x 107° (—) X

300 ; (5.3)

Cette mesure directe de l'effet du rayonnement du corps noir réalisée
en comparaison avec la fontaine rubidium est en bon accord avec certains
modeles développés sur effet Stark statique et dynamique [94, 100, 105],
ainsi que sur les mesures les confortant [95, 101, 102, 103]. Notre mesure ne
differe que 2% de la mesure d’effet Stark statique éffectuée au laboratoire.
Cependant, ces résultats vont a l'encontre de ceux du groupe de I'IEN et
d’un modele développé par Feichtner et ses colleges en 1965 [99]
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Néanmoins, I'incertitude que nous estimons sur nos résultats expérimentaux,
de 3.9%, constitue une amélioration d’un facteur 3 par rapport aux précédentes
mesures [95]. Nous estimons que ces mesures confortent les modeles couram-
ment reconnus, et permettant une évaluation de 'effet du rayonnement du
corps noir & température ambiante, avec une incertitude de quelques 10716,

5.2 Introduction

During their ballistic flight inside the fountain tube the cold atoms interact
with a thermal radiation field in equilibrium near room temperature. This
blackbody radiation (BBR) shifts the clock frequency. The authors of [94]
predicted a fractional frequency shift with respect to the unperturbed Cs
atom at T'= 0 K of —1.69 x 107(7'/300)* with a few percent uncertainty,
where T is the thermodynamic temperature. In ref. [94]; it is indicated that
the main frequency shift is due to the blackbody electric field (through Stark
effect). The thermal magnetic field is currently negligible at a level of 10716,

Up to now, there is only one published direct experimental verification of
the BBR shift of atomic ground-state levels [95]. Because of the limit of their
clock stability (3.5 x 107'2771/2), PTB researchers reached a measurement
uncertainty of 12% (2 x 1071 in fractional frequency at T=300K). Recently,
a second measurement and a new theoretic calculation have been reported
by the IEN (Istituto Elettrotecnico Nazionale) group in Italy [96, 97]. Their
result is about 15%, i.e., 2 x 1071°, away from the currently accepted value.

At BNM-SYRTE, Simon et al. have measured the frequency shift induced
by a static electric field in a fountain, with tenfold improvement in accuracy
over previous results [103].

From these results, a BBR frequency shift has been theoretically deduced.
The comparison of a direct measurement with this theoretical value would
establish confidence in the Stark shift theories and in the evaluation of the
BBR shift at the 107! level. After introducing the Stark shift theories and
the relevant experiments, we will present our direct BBR frequency shift
experiment.
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5.3 The BBR shift theory

A blackbody heated to a given temperature T' emits thermal radiation with
a spectrum given by the Planck law!:

B 8rhy? 1

p(y) B3 ehw/ksT _ 1

(5.4)

where h is Planck’s constant, ¢ is the speed of light, and kg is Boltzmann’s
constant. p(v) is the BBR field energy in J/Hz/m?. The BBR exhibits a very
broad spectrum at the room temperature, the full width at half maximum
is approximately 30 THz. Figure 5.1 illustrates the behavior of p(v) as a
function of the wavelength for four values of the blackbody temperature.
According to Wien’s law, T'\,,, = b, where )\, is the BBR density spectrum
peak wavelength, the constant b = 2.898 x 1072 m-K. So, the peak wavelength
is A\p, = 9.66 pm, 7.25 pm, and 5.80 pm for temperatures 7" = 300, 400, and
500 K, respectively.

The energy per unit volume of the electric and of the magnetic induction
fields of the BBR at frequency v are equal:

ey < 520 > 445" < B0 > ] = 0) 59

where F,(t) and B, (t) are the components of the electric and of the magnetic
induction fields in the frequency interval (v,v + dv). The angle brackets
represent a time average. An integration over all frequencies (or wavelengths)
gives the mean squared values of the fields

< E*(t) >= (831.9 V/m)? [T (K)/300]* (5.6)
< B*(t) >= (2.775 uT)* [T (K)/300]* (5.7)

The Stefan-Boltzmann law gives the total energy flux ¢ in watt emitted
from a blackbody surface A at temperature 7T as:

®=AcT (5.8)

where o = 5.67051 x 1078 W/(m? K ) is the Stefan-Boltzmann constant.

5.3.1 AC Zeeman frequency shift of Cs clock

The BBR magnetic induction can cause a frequency shift of the [4,0) <
13,0) transition. We summarize the calculation of [55] just to show that this
induced frequency shift can be neglected at present.

IThis discovery was the first motivation for the development of quantum theory physics.
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Figure 5.1: Spectral density of blackbody radiation for four temperatures. For
Cs, the hyperfine splitting frequency vyss in the ground state and the lowest
allowed electric dipole transition frequency vy are indicated.
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The authors of [55] assumed a pure two-level quantum system subjected to
a quadratic Zeeman shift by random perturbation. They transposed a simple
calculation on AC stark shift for a two-level electric dipole transition coupled
by a weak sinusoidal electric field [106] to the AC magnetic perturbation for
the Cs clock case. For the clock transition |4,0) < |3,0), the levels involved
can only be perturbed to first order by the projection of the random magnetic
field induction along the direction of the magnetic C-field. It follows that
one third of the isotropic magnetic field induction energy contributes to the
AC Zeeman shift. For temperatures > 300 K, one can ignore the calculation
in the weak, near-resonant part of the blackbody spectrum (see figure 5.1).
Furthermore, the contributions of the high- and low-frequency sides of the
clock transition cancel to first order. Thus, we can use the magnetic field
contribution for frequencies v > vy,¢,. Finally, the shift is expressed as

Avigs _ (9 + 90 1 /Oo B
Vnfs 3h? VS unss yﬁfs — 2
(g +9) /°° pw) (5.9)
3h? 0 V2

= —1.304 x 1077 (T/300)?

where B, is the amplitude of the magnetic induction component oscillating at

frequency v. In the calculation, g; = 2 and |g;/g;| < 1 have been assumed.
Finally, we conclude that the AC Zeeman shift due to the BBR magnetic

field at room temperature is negligible for an accuracy objective of 10716,

5.3.2 Stark frequency shift of Cs clock

As seen in figure 5.1 the bulk spectral distribution of BBR is much smaller
than the separation between the ground state and excited states, such as the
lowest allowed electronic dipole lines in Cs, the Dy line at v;,y=335 THz, and
the Dy line at 352 THz. This means that the electric field of the BBR can be
approximated as a weak, slowly varying, non-resonant AC field [98]. Conse-
quently, the rms value of the electric field strength can be an approximation

of the BBR.

The hyperfine splitting in the 25} > ground of Cs induced by the DC Stark
effect has been studied, extensively, both experimentally and theoretically.
In the following we outline the principles of the DC Stark and AC Stark
theories. Finally, we will arrive at an estimation of the BBR frequency shift
in Cs clocks.
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DC Stark effect

The classical interpretation can give us a simple, physical image of the
quadratic Stark effect: an electric field applied to a one electron atom, such
as an alkali metal atom?, shifts its energy by

AEstark = — ZKi,j EE;  i,jewx,y. =z (5.10)
1,J

where K ; is a 3 X 3 matrix due to the direction dependence of the induced
dipole moment, thus the polarizability is a tensor. If we assume that there is
no privileged direction for the unperturbed atom, K; ; should degenerate and
thus a scalar. In the case of a Cs clock, the system is symmetric with respect
to the C-field direction z. We set K, , = K, , = K;, and K, , = K,. Using
formula (5.10), we can express the Stark effect induced by an electronic field
E as shown in figure 5.2 by

AEsay = —(K1 B2 + K1 E; + Ky E2)
3cos’p — 1 (5.11)
— )

_E2 (Ksca + Kten X

where K., = %(2[( 1 + K3) is a scalar polarizability independent of the field
direction, Ki., X 36%2‘75_1 = %(KQ — Kj) x % is proportional to the
polarizability difference between the direction z and x or y. We can easily
find that this term vanishes when we average over all directions (0 < 6 <
21, —m/2 < ¢ < +m/2). Taking into account the isotropy of BBR, we can
conclude that the contribution to the blackbody shift is only due to the scalar

term.

It is more convenient to use the quantum interpretation to evaluate the
perturbation, as well as to define the scalar term and the tensor term as

mentioned above. An atomic state is perturbed by a uniform, static electric
field E as

HY =E-P (5.12)

where P = — )" er; is the electric dipole moment summed over all the elec-
trons, —e is the charge of an electron, and r; is its position vector measured
from the nucleus as the origin of the coordinate system. If we assume that
the eigenfunctions |0) of Hamiltonian in absence of the field E have a definite

2Tt possesses a single valence electron orbiting a closed spherically symmetric shell, thus
it has no time-averaged electric dipole.
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Figure 5.2: The direction of the electric field E, where By is the C-field
direction.

parity, the first order perturbation term would vanish in the perturbation ex-
pansion expression since E - P has odd parity. Thus the calculation normally
uses the second order approximation. We will see that this is precise enough
compared to the experimental uncertainty. The nature of the second order
perturbation can be thought as that the atom has no permanent dipole mo-
ment, but an induced dipole moment which is then coupled to the external
electric field, and then the interaction energy is proportional to the square of
the field. According to perturbation theory, the energy change of the state
|0) is given by the second-order perturbation as

0|H¥ HF|0
Z<| ) (glH"]0)

AEO =270~ Bl

(5.13)

In order to simplify the expression, we shall use the spherical basis nota-
tion where the components of E are

>
Bl = ng(Ex +iE,), El=E. (5.14)

The components of P are defined similarly. These components form a tensor
of rank 1. Thus, H” can be written as

HY=E-P=) (-1)'EL, P!, i=-10 +L (5.15)

We can immediately apply the Wigner-Eckart theorem to express the matrix
element representing the coupling of two states |n, L, J, F, mg) and |/, L', J', F', m/.)
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by the field in terms of reduced matrix elements (RME)

F 1<P>
—mp i myp) (5.16)
x (n,L,J, F||P'||n', L, J F.

(0 Lo, Fy g PAat L J', B ) = (—1)F=m (

where the term inside the large parentheses is the 3j coefficient which depends
on the direction of the field. The RME is independent of mg, and involves
the radial part of the wave function, thus it represents the property of the
Stark effect. After using the formulas 5.13 and 5.15, as in [107], we express
the change in energy of the state |n, L, J, F, mp) as a sum of scalar and tensor
terms as

L 3mip — F(F +1 3cos?p — 1
ABn g pmp = —QEQ {KS(F) + (KT(F) x —EL ( )> ¢ ]

F(2F — 1) 2
(5.17)

where

2 L F|l Pl 'L g F 2
Ks(F) — (_I)F/fF X ‘(TL, 1J7 || ||Tl, 1J7 >|

6F+3 , L,ZJ, . Ep — E' ’
Kr(F) 4\/3 (-)F x VF2F - 1) Hl 1 2} [(n, L, J, PI[P ||, L', J', F) |2
T = - - )
6VRF+3)(F+1)2F+1) , 7 o FoF Ep —E/

(5.18)

where the factor in curly brackets is the 6j symbol. The quantum formula
(5.17) also expresses the DC Stark shift in terms of the scalar and tensor hy-
perfine polarizabilities. As mentioned before, the second term is zero when we
average over all directions. Thus, only the scalar term in BBR the frequency
shift is important.

DC Stark shift of the Cs clock

P. G. H. Sandars has studied the energy levels and the splitting of the Zeeman
levels of an alkalis atom in 5}/, ground states subjected to a uniform electric
field using a non-relativistic single-particle approximation [108]. The contri-
butions of the three hyperfine interactions: the contact, the spin-dipolar and
the quadruple, correspond to one scalar polarizability a;y and two tensor po-
larizabilities a9 and os, respectively®. In this way, the simple polarizability-
dependent functions Kg(F') and Kp(F') are obtained. Finally, the formula

3The hfs interaction is written as a spherical tensor in the orbital, electron spin and
nuclear spin space, hence the appearance of the subscripts.

132



5.3. THE BBR SHIFT THEORY

(5.17) can be expressed in the form

2 1 3 5
AEp=141,mp = —%EQ a+ oo+ Gl I§£I++2i§l *3) (12 + aga) x 36087;)_1]
(5.19)
2 2 1
e =
(2I-1)I —1) (21 +3)(I - 1) 3cos?p — 1
[ Tor e 2t e a‘”} . f}
(5.20)

where « is the familiar polarizability in the absence of hfs effects. This does
not lead to any differential splitting of the hfs levels. The frequency shift on
the clock transition Avger due to the DC Stark effect is then given by

hAVsary = AEp—smp=0 — AEp—3m =0
1 (16 2 3cos?p — 1) (5.21)

=B | = — =
5 70410 70612>< 5

The atomic states involved in Cs clock are the following (see fig. A.1):

1651/, F = 3,mp = 0) : |n = 6,L = 0,5 = 1/2,J = 1/2,1 = 7/2,F =
3,mp = 0); 65y /9, F = 4,mp=0):|n=06,L=0,5=1/2,0 =1/2,1 =T7/2,F =
4, mp = 0>

According to the properties of the 3j coefficient, the condition for the
matrix element (n, L, J, F,mg|P!n’, L', J', F',m’.) being different from zero
is that both AF =0,£1, F' + F > 1 and Amp = 0,+£1. Also according to
the selection rule for the electric dipole transition in [109], we can find the
atomic states which can perturb the clock transition frequency as follows:

For [6S:/2, FF = 3,mp = 0): the states nP;/, F=3,4, and mp = 0, £1;
the states nPj3/s, F'=2,3,4, and mp = 0, £1, where n > 6.

For |65/, F' = 4,mp = 0): the states nP;/y, F=34, and mp = 0, £1;
the states nPs/p, F=3,4,5, and mp = 0, £1, where n > 6.

S. A. Blundell et al. [110] developed a relativistic all-order method to
calculate the dipole-matrix elements in Cs. The theoretical and experimental
results agree at a level of 0.5%. It is mainly significant for the coupling
between the 6P and 7P states (less than 6 Bohr radii) and decreases with
the principal quantum number n. However, the perturbation contribution to
the 65 state via the 6P states (6P, and 6P5/,) is about 185 times bigger
than that of the 7P state, because the energy separation between 65/, and
6P /20r3/2 is smaller. The differential perturbations to the ground state of Cs
by the state n=7, 8, and 9 can be also found in the calculated polarizability
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(ratio 64.73:0.301:0.041) [99]. Therefore, usually only the couples 65 — 6P,
and 65 — 63/, are taken into account as an approximation. This directly
yields the polarizability ajs/h = —4.13 x 1072 Hz/(V/m)? and a ratio of
a2/ape = 578, when using the experimental values cited in [111].

Using the experimental results of each polarizability, the ratio is about
Qo arp toage =~ 10% 1 5 x 107 : 1 (see [104]). A measurement of the
differential Stark shift induced on the transition 6°S;2(F =4, mp = —3) <
(F = 4,mp = —4) gave ajp/h = (—3.66 £ 22) x 107'? Hz/(V/m?) [112]%,
and a recent measurement using an all-optical Ramsey resonance technique
reported aqe/h = (—3.34425) x 1072 Hz/(V/m?) [113] when we neglect the
quadrupole interaction.

In the following, we list several theoretical calculations and experimental
data on the clock transition which is related to ayy. The applied electric
field is parallel to the magnetic field, i.e., ¢ = 0 and Avgpr = K'E? =
—% (%Oélo - %0612)512-

K'=-1.9(2) x107!9 Hz/(V/m)? theory by J. D. Feichtner et al. [99]

K’'=-2.2302 x107° Hz/(V/m)? theory by T. Lee et al. [100]

K'=-2.29(3)x107° Hz/(V/m)? experiment by J. R. Zacharias et al. [101]

K'=-2.25(5)x107' Hz/(V/m)? experiment by J. R. Mowat [102]

The most accurate experimental value [103] performed in FO1 has given:

1 16 la
Ao = —3 7 (50 + 152
= —2.271(4) x 107" E?

(5.22)

where ¢ = /2 is set by the experimental apparatus. Using the experimental

values of avp, we can get 2o = 2.273(4) x 107 Hz/(V/m)?. Assuming

that the AC Stark frequency shift due to BBR is determined by the rms value

of the electric field strength, a theoretical evaluation of the BBR frequency
shift on the clock transition at temperature 1" gives

8 10 2 4 T 4

A = ——— < F*>=—1.573(3) x 10 — | (H 5.23

VBBR 7h (3) x 300 (H2) ( )

Using Mowat’s (DC Stark) experimental results [102], Itano deduced that

the frequency shift in Cs clock operating at room temperature (300 K) is

1.55(4) x 107 Hz [94].

Frequency shift of Cs clock: effect of the BBR spectrum

The effect of the BBR spectrum can be obtained by integrating each single
frequency component E, cos(2m vt) - € along the direction & at frequency

4The reported rate Av/E? is multiplied by 8/3 to infer the polarizabilites.
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v, which is assumed no correlated with others. The total BBR shift of the
clock transition due to a the perturbing state |z) can be calculated using
second-order perturbation theory [98]:

1 1
Avgnn = 2 -
ViR Z/ { T}l <E4—Em—hy+E4—Em+hy>

137$4 or3

37 - 7|2)? ! n L B 4.
Eg—Ez—hV Eg—Ez—FhV 2

(5.24)

where x represents the complete quantum numbers of an atomic state [n' P}, F”),
state |65 /2, F' = 4) (6512, F = 3)) is denoted as [4) (]3)).

It is possible to separate the expression (5.24) into two terms: scalar and
tensor. As previously mentioned, only the scalar polarizabilities contribute to
the BBR frequency shift, which is thus independent of the spin and magnetic
moment of the nucleus. We can calculate Avgggr by exploiting the DC Stark
theory result in equation (5.17), but only the scalar term Ks(F') is involved.
To simplify the expression, we write

2F +1
(6515, F||PY||n' P, F') = ¢ 3* (6512, Flrin' Py, 'y (5.25)

In this way, the frequency shift of Cs clock Avggr due to the blackbody
radiation can be expressed by

1 1
A =557 (4 _
VBBR Z / { Irf)] (E4—Ex—hy+ E4—Ex+hu>

:1:;&4 or3

1 1 Ej
2 V
|@Blrz) (Eg—Ex—hV+E3_Ex+hy> ] 2 d

(5.26)

The problem of an exact calculation of the quantitative frequency shifts
is very difficult and involves evaluating spectral sums over the complete set
of unperturbed states. An approximation method has been developed by
Itano [94] and Simon [104]. After using the experimental and theoretical
data, we can derive a corrective term which accounts for the BBR spectrum
with respect to the DC Stark shift of the Cs clock transition. We summarize
their approximations and results. The calculation follows four assumptions:

1. The corrected energies €3 and €4 due to the hyperfine interaction are
very small compared to the term E, — Fgg + hv, so we can apply the formula

1 1 €4
Ex—E4:i:hV N Ex—EGS:thV+ (Ex—EGS:l:hV)Q'

(5.27)
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2. A wave function decomposition of [4) = |6S) + |g4) is used according
to the first-order hyperfine perturbation, and a second-order approximation
|(e4|r|6P)|? ~ 0 is adopted. The treatment of state |3) is similar.

3. The lowest allowed electric dipole transition frequency vy is much
higher than the bulk spectral distribution of BBR at ambient temperature,
thus a slowly varying perturbation is taken into account [98]. A second-order
approximation in term hv/(FEgp — Egg) is applied.

4. The previous analysis shows that the coupling 65 — 6P contributes to
96% of the ground state perturbation [110]. The 6P state is used to calculate
the first fine structure resonance line. Thus, the summation calculation of
> . hw/(E; — Egg) is simplified to hv/(Egp — Egs) -

Finally, the frequency shift due to the BBR can be expressed in the form

E? 3K, + K, hv 2
A = (K + Ky)— |1+ . 5.28
vepr = (Ki 2) 9 e (EGP —Ees) (5.28)
where
Ko — 268§ (65]r|z) (alrlea)| — (6S|r|z) (x|rles)]
L9 E, — Ees ’
’ (5.29)

2¢? [(6S]|r|z)|* y E, — FE;3
Oh &\ E, — Ee¢s  E,— Ees)

K, and K5 come from the contributions of the perturbed wave functions
and from the hyperfine splittings of the levels, respectively. Comparing to the
DC stark shift formula (5.23), we can immediately find (K + Ky) = —2%2,

the scalar polarizability. One can get the value % of 2.33 in [99] and of
2.295 in [100]. An integration over the BBR spectrum gives the frequency

shift of the Cs clock due to the BBR Stark effect at temperature T

T\* T\
A = Kgar 1 S
VBBR Stark ( ) +€(300)

300

The effect of the frequency distribution of the blackbody electric field
increases the frequency shift relative to the value for a DC electric field of
the same rms value by a factor of ¢ (%)2 = 0.014 (35—0)2 when we take the
energy of center of gravity of |6P;) as Fgp — Fgg = 2.277 x 1071 J.

We would like perform an uncertainty analysis of the estimation of €. The
simplification of using only the 6P state to replace all the states |z) produces
an error of about 4%. The theoretical evaluation of the term % has an
uncertainty less than 10% according to [99]. We can conclude that the relative

. (5.30)
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uncertainty of the correction factor ¢ is about 10%. When a caesium clock
is operating at 300K, this uncertainty is 2.6 x 1077,

Using the DC Stark experiment result in [103] (the most accurate), one
has Kgarr, = —1.573(3) x 107* Hz. Bauch and Schréder found it as 1.53(18) x
10~* Hz using two Cs atomic beam clocks in PTB [95].

Recently, V. G. Pal’chikov et al. have theoretically estimated the BBR
shift in Cs clocks, including a calculation for the higher-order field contribu-
tions (hyperpolarizabilities) [105]. The frequency shift is given by

T

4
A =—158x 107 | =—
VBBR 58 x 10 (300)

T \? T \?
140014 —) —318x107°( —
* (300) x (300)

These theoretical results with an uncertainty® of less than 5% are in
agreement with the theory-experiment results in formula (5.30). All the
previously reported results (theory and experiment) are in a good agree-
ment but in strong disagreement with the most recent theoretical value
(Kstark = 1.37(6) x 107* Hz) reported by IEN [97]. In the following sections,
we will present a direct BBR frequency shift measurement which verifies
these results.

(5.31)

5.4 The experimental setup

In order to check the previous predictions of formula (5.30) at a level of 1%
and try to experimentally determine e, we decided to measure directly the
BBR frequency shift in FO1 fountain. In normal operation FO1 can provide
a frequency measurement resolution of o, = 1 x 107'* in 4 hours. When we
want determinate term K at a level of 1%, the the blackbody temper-
ature should be heated to ~ 500 K. At this temperature, it seems possible
to measure ¢ with a 25% uncertainty. In order to reach this measurement
accuracy, we also have to determine the temperature® at a level of 0.25%.
Even at this high temperature (500 K), the clock shift is only ~ 10713, Fur-
thermore, changing the blackbody temperature from 300 K to 500 K and
stabilize it at a given temperature takes a long time. At high temperatures,
one measurement with the expected resolution will be extended to 1 or 2
days. Thus, to perform a precise BBR shift measurement, we need a very
stable long-term frequency reference.

5Private communication.
6 According equation (5.30), dKstark/Kstark =~ dAvppr/vear — 4dT/T.
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5.4.1 Experimental setup

The blackbody experiment should avoid excessive heating of the cavity and
must be designed so that we are able to determinate the thermal field expe-
rienced by the atoms along their path inside the clock.

The scheme of the experimental set-up is shown in figure 5.3. The BBR
radiator is a 30 cm high graphite tube with an aperture of 1.6 cm in diameter.
It is suspended 10 cm above the cavity. Typically, it occupies about 75% of
the total ballistic flight of atoms above the cavity.

In order to heat the graphite tube, a 10 m long entwined wire pair (to re-
duce magnetic field radiation) in ARCAP (non-magnetic material) is wound
around the tube and electrically isolated by a fiberglass braid. The heating
current frequency is 100 kHz and the supplied electrical power is 10.6 W. In
order to avoid a possible polarization of the magnetic shield, the amplitude
of the heating current is slowly turned off/on within a few moliseconds.

Two thermal shields surrounding the graphite tube prevent excessive
heating of the cavity and the vacuum chamber (see fig. 2.1). The first
shield, with a square section, is made of 4 sheets and 2 caps (see figure 5.4.1
(b) ). These 6 aluminum pieces are highly polished. This shield is fixed to
the graphite tube by 8 ceramic pins (¢ X = 6 x 6 mm) as shown in figure 5.3.
The second shield is an aluminum (AU4G) tube whose inner face is polished
as well. In order to reduce the cavity heating, the bottom of this cylinder
tube is closed by a cap. The graphite tube and the first shield inside the
aluminium tube are suspended by 4 glass rods at each end to reduce thermal
conduction. The second shield is thermally connected to the water cooled top
of the vacuum tube. As a result, when the graphite tube is heated to about
500 K, the cavity temperature increases by less than 6 K (as measured by
its resonance frequency). To avoid thermally induced electrical currents, all
the conductive pieces in contact are in aluminium. The thermal properties
of these materials are given in table 5.1.

As shown in figure 5.3, the temperature of the graphite radiator and of
the second thermal shields are directly measured with a 0.5 K uncertainty by
4 thermistors (Pt100) connected to an ohm-meter by silver wires. In order
to reduce heat losses through the thermistor wires, the temperature of the
first shield is not measured.

5.4.2 Characteristics

Here, we list some characteristics of our experiment which will be useful for
a thermal calculation.

A perfect blackbody surface absorbs all incident radiation. To realize of
such a blackbody in the laboratory we use a hollow cavity. The radiation
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Figure 5.3: Sketch of the BBR frequency shift measurement setup in FOI.
T, to Ty indicate the positions of the thermistors inlaid in the graphite tube
and the second thermal shield.
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Figure 5.4: BBR shift measurement setup. (a) The graphite tube with the
heating wire and the thermistors. (b) The graphite tube enclosed by the first
thermal shield. (c¢) The cylindrical tube, the second thermal shield.
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Table 5.1: Thermal conductivity and emissivity values for the materials in
our experimental temperature range 300-500 K.

Material Conductivity (W/(m k) ) Emissivity
Graphite 90 0.70
i?ﬁiﬁd alu- 237 0.09

AU4G aluminium 237 0.09, 0.18 (unpolished)
Copper 390 0.15

Ceramic 1.1 0.90

Glass 0.9 0.90

Silver 406 0.02
Fiberglass 0.04 0.75

Steel 20 0.80

field produced in a uniformly heated cavity, regardless of the cavity surface
properties, is uniform and equal to the emissive power of an ideal blackbody
at the temperature of the walls. If a very small hole is made in the wall of
the cavity, the escaping radiation from it would appear to be that from a
blackbody.

The surface of the graphite tube has an emissivity of ¢ = 0.70 — 0.80
corresponding to a temperature 0-3600 °C. Both the high conductivity of
graphite and the two thermal shields allow a high temperature homogeneity
of the graphite tube. The measured temperature difference between T'1, T2,
and T3 is less than 0.5 K in the temperature range of 300 - 500 K. The
surface of the two holes is 2.6% of the total inner surface of the graphite
tube. A thermal calculation indicates that only 1.1% of a heat flux entering
a hole escapes through the holes mainly due to the no-unitary emissivity of
the graphite surface. In a thermal steady state, the radiation flowing from
the shields and entering into the graphite tube is about 1.1% compared with
the emissive power of the inner surface of the graphite tube. To guarantee
as perfect a BBR field as possible, we choose the launch velocity to ensure
that the atoms apogee is approximately at the middle part of the graphite
tube where they spend more time. The heat escaping from the holes is the
same as for a blackbody.

The radiation field inside the copper cavity, even inside the cutoff guide,
can be treated as a BBR field”. The temperature of the cavity is deduced

"The cut-off frequency of the cavity or the cutoff guide is less than 1 x 10'° Hz, being
too small comparing to the transition 6S-6P.
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from a measurement of the cavity resonance frequency. The plane of the
aperture of the cutoff (surface occupation is less than 2 x 10™*) is considered
to be a blackbody surface.

The FO1 copper vacuum tube structure (¢ = 150 mm, [ = 700 mm)
is a closed cavity since all the holes are closed by glass windows. These
external apertures account only for 0.2% of the total surface. Furthermore,
the windows are made of BK7 glass which is extremely dark in the far-infrared

where the BBR spectrum reaches its maximum. The estimated energy loss
[104] is less than 0.1%.

Asillustrated in fig. 5.3, the temperature in the space between the graphite
tube and the cavity (a distance of 4.6 cm) is not measured directly. The
launch velocity of the cold atoms in normal operation is 3.4 m/s. Thus,
during about 11% of the flight time 27 + T', the temperature is not well
known. We shall calculate it using heat transfer theory.

In order to calculate the thermal radiation seen by the atoms, we have to
determine the temperature of each surface of the thermal radiator. All the
surfaces will be taken as diffuse emitters and reflectors (gray surfaces), for
which the monochromatic emissivity is independent of wavelength and the
total emissive power is calculated as ecT*. When Kirchhoff’s law is applied,
the absorptivity « is equal to the emissivity, i.e., a = €. Furthermore, the
configuration factor or shape factor for diffuse radiation is a purely geomet-
rical property of the two surfaces involved. We have calculated all the shape
factors among the 14 surfaces involved by using integral and algebra method.
The graphite tube temperature T and the second shield temperature T, are
measured by the thermistors. To get the first shield temperature T, we di-
vide the thermal surfaces into two complete enclosures: The bigger one is
formed by the outside surfaces of the first shield and the inner surfaces of
the second shield. The smaller one is enclosed by the outer surfaces of the
graphite tube and the inner surfaces of the first shield. The planes of the 6
holes involved are black surfaces with emissive power E, = 0 and o = ¢ = 1.
Since the temperature of the entire thermal radiator is stable within 2 K
during the frequency measurements. It is reasonable to assume a thermal
steady state. This leads to a thermal equilibrium of the first shield, i.e.,
¢; = —(q., the net heat flow from the inner and outer surfaces of one or serval
given sheet pieces. The parameter ¢; is given by

14
¢ = A Z(%‘ — Fij)J; (5.32)
=1

where A; is the area of the ith surface and F;_; is the configuration or shape
factor which determines the fraction of energy leaving the ith surface which
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directly strikes the jth surface. J; is the radiosity used to indicate all radia-
tion (emission + reflection) leaving the jth surface [114], per unit time and
unit area. J; is obtained by

14
Ji = € 0'7—;4 + (1 - aZ)Ai ZF}_Z'A]'J]', (533)
1 =1
where «; is the absorptivity of the ith surface, and T; is its temperature.
To simplify the calculation of the temperature T of the first shield, we
neglect the small emissivity difference between the surfaces of the ceramic
pins and the first shield. Finally, we obtain a temperature relation in the
following form:

10041.36 Tg = 5596.48 T + 4670.57 T}. (5.34)

Table 5.2: Several tests to verify the thermal calculations. qs, Gn, Grod, Quire
refer respectively to the net heat flow away from the outer surface of the
first thermal shield, from the two planes of the holes in the first shield, from
the transferred heat by the 8 glass rods and by the 6 wires of the 3 ther-
mistors in the graphite tube. q;, represents the injected power. The error
term presents the relative difference between the calculated power consump-
tion (qs+qn+ Qstick +Guire) and the actual injected power g,..

Test Tp Tp Ts qs qh | Grod | Qwire | Qin. | error
(K) (K) K) | W) W) | (W) | (W) | (W) | (%)
1 368.15 | 303.15 | 345.00 | 1.49 | 0.19 | 0.09 | 0.07 | 1.90 3
2 396.15 | 307.50 | 365.70 | 2.33 | 0.30 | 0.11 | 0.09 | 2.95 4
3 429.15 | 311.65 | 390.66 | 3.62 | 0.47 | 0.22 | 0.12 | 4.73 6

We have performed several tests which all verify these thermal calcula-
tions. Table 5.2 shows an example for three temperature. We measured the
injected power as well as the temperature of graphite tube and the second
shield. We calculated with formula (5.34) the temperature of the first ther-
mal shield. Then we calculated the total heat flow away from the complete
enclosure composed by the first shield and the two planes of the holes. When
we neglect the energy losses due to the heating wire leads and the radiation of
the ceramic parts, the total power consumption can be obtained by summing
the net heat flow away from the outer surface of the first shield and from the
two planes of the holes in the first shield, the transferred heat by the 8 glass
rods and by the 6 wires of the 3 thermistors in the graphite tube. As shown
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in the last column, the maximum difference between the calculated power
consumption and the actual injected power is 6%. The differences arise from
the error in the emissivity and the shape factor (mainly due to the thermal
device dimensions). These tests verify the temperature determination of the
first shield with an uncertainty of less than 1.5%.

5.5 Measurement sequence

In order to avoid a small AC Zeeman shift induced by the heating current,
the measurement operation is sequential. The three following phases are
repeated:

Heating: The graphite tube is heated when we do not measure the clock
frequency.

Thermalization and microwave power optimization: The heating
current is slowly turned off in several molliseconds. We await the homog-
enization of the graphite tube for several second. The temperature of the
graphite tube exponentially drops by about 3 K during this phase. The mi-
crowave power is automatically optimized to search for the maximum tran-
sition probability (b = 7/2) at the end of this phase. The microwave power
uncertainty is less than 0.25 dB with respect to the optimal value.

Measurement: The fountain works in normal operation, the frequency
difference Av,,., between the F' = 3,mprp = 0 to F' = 4, mr = 0 transition
and the H-maser is recorded. During this phase, the decrease of the graphite
tube temperature is less than 2 K.

As the heating current is constant, we can vary the BBR radiator tem-
perature by changing the sequence. For example, when we choose the follow-
ing sequence (300, 50, and 60 cycles respectively corresponding to the three
phases above), the graphite tube is stabilized at 193 °C, and its maximum
fluctuation is 1.5 °C over 33 hours, while the cavity temperature is kept at
35 °C. The frequency measurement resolution reaches 1.5 x 1071% after about
1.5 days of operation.

5.6 Effective temperature calculation

The strength of the thermal radiation field varies spatially along the atomic
trajectory inside the fountain tube as T%(h), where h is the distance above
the capture center. Thus, the launched atoms experience a time dependent
temperature, and an application of the atomic sensitivity function g(t) is nec-
essary to estimate the BBR frequency shift in the fountain. We use formula
(B.29) in appendix B and experimental parameters to calculate the g(t). As
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a time origin, we chose the moment when the atoms first experience a mi-
crowave interaction. dvgpgr(t) is the atomic frequency shift induced by the
BBR field at a time t. When the microwave power is optimized at br = /2,
the measured frequency shift Av,,., due to BBR in FO1 can be given by

fOTHT 5VBBR<t) 9<t) dt
f0T+QTg(t) dt
0445005VBBR(T) 2 x 0.01136 x (SVBBR(T)

T 2% 0.01136 + 0.44500 2 x 0.01136 + 0.44500

AVmea -

(5.35)

where dvppr(T) and dvppgr(T) are respectively the time-averaged frequency
shifts inside and above the cavity. We are interested in the temperature-
dependent frequency shift above the cavity. Therefore we solve the above
formula for dvgpr(T) and obtain

ovppr(T) = (1 +7)Amea — Y0VBRR(T) (5.36)

where v = 0.051 depending on the geometry of the interrogation and on the
microwave power. The value of v = 0.048 is given in [55] one can obtain .
The difference arises come from the author’s assumption of a rectangle field
amplitude profile rather than the actual sinusoidal one inside the cavity®.

When the graphite tube is heated from 303 K to 500 K the cavity tem-
perature T¢ rises only from 303 K to 309 K. According to formula (5.30),
the temperatures 303, 309, and 500 K correspond to a BBR frequency shift
of 163, 177 and 1211 puHz respectively. This means that the second term of
the right-hand side of equation (5.36) always contributes less than 5% to the
measured frequency shift, and much less when we increase the graphite tube
temperature.

The formula (5.35) involves the time averages of 7" and T° which we
now calculate. The radiation incident upon atoms is the result of radiosity
J; from all the surfaces seen by atoms. The term T%(h) at height h is given
by

14

T*(h) = Z % : d%;(rh). (5.37)

where dS2;(h) is the solid angle subtended by the ith surface at the height h
of the atoms.

8~y =~ 2tan(1br)/[bT + 4tan($b7)], where b is the Rabi angular frequency which is
proportional to the intensity of the excitation microwave field inside the cavity.
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From the thermal equilibrium of the first shield, we have also obtained
the radiosities of the involved surfaces. Having these data at a given tem-
perature in hand, we are able to calculate the time averaged values of the
temperature terms T%(t) and T°(¢). According to the experimental set-up,
we divide the atomic trajectory above the cavity into 5 regions with the
following approximations:

a. Inside the cavity cut-off. The radiation field is treated as a BBR at
the temperature of the cavity wall.

b. Between the cavity cut-off and the horizontal inner surface of the sec-
ond thermal shield, the atomic flight time is about 8% with respect to T'. The
atoms experience a BBR at the average temperature of the cavity and the
second shield (the difference is less than 3 K), and in addition the radiosity
of the hole of the second shield and a BBR from the hole of the cavity cutoff.

c. Between the first and second shields (a trajectory length 6 mm), the
radiosity of the hole of the second shield is inferred from a BBR at the average
temperature of the cavity and the second shield.

d. Between the first shield and the graphite tube, the radiation from
the hole of the graphite tube is assumed as BBR at the temperature of the
graphite.

e. Inside the graphite tube, the atoms spend more than 75% of their flight
time T above the cavity. Atoms experience a BBR from the inner surface of
graphite tube and two small radiosities from the two planes of its holes.

We sub-divide the length of each region into very fine steps dh (50pm).
Within each step dh, the solid angle under which the atoms experience the
involved surfaces is taken to be constant. Thus, the radiation field intensity
is regarded as uniform over one step dh. We accumulate the on-axis strength,
which is proportional to 7% as mentioned in formula (5.37). In each fine step,
we also assume the terms 7'(h) are uniform. We transform the parameter
h into time t using the launch velocity. Finally, we can calculate the time
averaged values of the terms T%(t), T6(t) and T(t) over the atomic ballistic
flight above the cavity.

It should be noted that there will be an error when one simply replaces

the term T%(t) by powering the time averaged temperature T'(t), i.e., T4(t) #

(T(t) )4 as seen in figure 5.5. The temperature term Tppr = (T4(f) )%, the
so-called effective temperature, will be used in formula (5.30). Replacing

T6(t) by (T(t) )3/2 induces en error of < 4% in the T° term in equation
(5.30). Since ¢ is small (~ 0.014), its influence is negligible compared to the
experimental resolution.

Our evaluation of the uncertainty of the effective temperature Tgpgr is
mainly based on the knowledge of T'(h), on the relative position of the thermal
pieces (the atomic launch velocity can be determined at a level of 107 in a
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Figure 5.5: Non-uniform temperature along the atomic trajectory. The first
figure represents the fourth power of the time-averaged temperature (T(t))4as
a function of the time average of the fourth power of the temperature T(t).

The second shows the relation between (T4(7f))3/2 and TS(t), their difference
is less than 5%.
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fountain) and on the temperature fluctuation during the measurement phase.

As mentioned above, the atoms spend 8% of the flight time in the region
b without a directly measured temperature value. The maximum error is 3
K, and the corresponding uncertainty in the determination of the effective
temperature is less than 0.08%.

The error in the emissivity and the shape factor induces an uncertainty
of less than 1.5% on Ty calculation as shown in table 5.2. When we attribute
this error to the Tppr determination during in the ¢ and d regions (total
flight time occupation of 3.7% with respect to T'), this can induce an error
in the determination of the effective temperature Trpr determination of less
than 0.6%.

As motioned above, the radiation power inside the graphite tube may be
1.1% less than that of a true BBR field which gives rise to an error in the
determination of Tpg in range of 0 — 0.3%.

The error on the relative vertical positions of each piece is less than 2
mm. If the graphite tube is at 500 K, a calculation shows that the maximum
induced error is 0.17% of Tzpg.

A MOT at 1 puK is used in FO1 during the measurement. The vertical
velocity distribution (¢ ~ 1 cm/s) can induce an error in the measurement
of Tppr determination. The calculated Tppr for the most speedy/slow atom
differs 0.5% from that for the atom in center of the atom cloud. The measured
frequency is an averaged result for all the detected atoms, thus the effect
of the vertical velocity distribution will cancel thanks to symmetry. We
attribute an uncertainty of 0.2% due to this effect.

Following the temperature thermalization, the measurement phase con-
tinues for about 100 s. According to the time constant of temperature drop-
ping at the graphite tube (measured time constant of 5 h), the calculated
temperature fluctuation is less than 0.5% during the measurement phase
(including the uncertainty of the thermistors Pt100). It agrees with the
maximum measured temperature fluctuation of 2 K. This is the dominant
contribution to the uncertainty.

Finally, a quadratic summation of the above-mentioned uncertainty terms
shows that Tgpr can be obtained with an uncertainty of 0.6%.

5.7 Experimental results

The measurement of the BBR shift took several months. In order to elim-
inate the H-maser drift (about 1.5x107%/day), the H-maser frequency is
compared to the Rb fountain frequency. Furthermore, we performed the
measurement in a random temperature order. Figure 5.6 represents the fre-
quencies dvgpr(T) corrected for the systematic frequency shifts as a function
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of Tgpr. dvppr(T) is estimated by the parameter Ky, of [103] in formula
(5.30). The value of v = 0.051 in formula (5.36) depends on the ratio of 7/T
and also on the microwave power. The calculation of g(t) in formula (5.36)
assumes that the microwave power is optimum (b7 = 7/2). The “thermal-
ization and microwave power optimization” operation ensures a microwave
power of br = 7/2 within +0.25 dB with respect to the optimal power. This
leads to an accuracy on the value of the factor v of 0.5% [104]. Thus, we can
estimate the time averaged frequency shift dvgpr(T) above the cavity due
to the BBR with an accuracy at a level of 1072 arising from the uncertainty
of v. We can neglect its influence on the determination of K., compared
with the measuremental resolution.

There are other temperature dependent effects which shift the frequency
of the fountain FO1. We perform an estimation as follows:

The maximum change of the cavity temperature is 5 K, thus the cavity
pulling shift is about 8.0 x 10~7 Hz, hence negligible. The cavity detuning
from the conventional temperature condition requires an increase of 6 dB
microwave power’ in order to maintain the optimum level for the Ramsey
spectroscopy (bt = m/2). This may result in an undesirable frequency shift
due to the presence of possible microwave leakage in the apparatus. We never
detected any frequency difference with a resolution of 1.5 x 107! between
two continuously applied microwave level: 7/2 and 57/2 (difference 14 dB).
As described in the section 2.9.2, even a microwave field inside the cavity
with a power of 90 dB more than the normal operation when the atoms are
outside the cavity during their flight, no clock frequency shift is observed
with a resolution of 1.5 x 107'°. Finally, we can neglect the frequency shift
due to the microwave leakage compared to the experimental resolution.

Thanks to the cooling water, the maximum temperature change of the
vacuum tube of the fountain FO1 (see figure 5.3) is less than 5 K when we
vary the temperature from 300K to 500K. We never found a temperature
dependent C-field at our measurement resolution. The possible temperature
dependent frequency shift is due to the outgassing of the graphite, especially,
hydrogen. One key point to eliminate this effect is the outgassing process.
Before installing the BBR radiator inside FO1, the pieces of the radiator
were outgassed at 700 K inside a vacuum chamber at 10~ Torr for one week.
During the installation procedure the pieces were protected by nitrogen gas.
The pressure change of the background gas is less than 5 x 1071° Torr in the
fountain when the blackbody is heated up to 500 K. The varying background
gas pressure effects the cold atoms density (through ejecting the cold atom
out of the flying atoms ball) and induces a collision frequency shift. A simple
calculation shows that the resulting uncertainty due to the collisions between

9During our measurement, the cavity is pulsed fed.
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the thermal atoms and the cold atoms is less than 5 x 1071¢. To estimate the
influence order of the background gas, we assume it as caesium atoms. The
lifetime!® of atoms in the atom ball is 7 ~1 s at a pressure 6 x 10~? Torr.
The averaged fractional difference of the atom number/density!'! above the
cavity is less than 2% when the pressure was varied between 5 x 107° Torr
(r ~12 s) and 1 x 1072 Torr (7 ~6 s). The maximum cold collisional shift
during the measurement is 312 pgHz. Thus, the cold collisional shift above
cavity due to change of the ground gas pressure is less than 6 yHz.

As all the above temperature dependent frequency shifts are in the range
of the FO1 accuracy, and as the measurement process is long, we safely
assume that both fountain frequency fluctuations are within their evaluated
accuracy of 2x1071°. The direct measurement resolution of each data point is
about 2.5 x 107'° due to the combined frequency stabilities of both fountains.

The temperature fluctuation of the atoms environment is less than 2 K,
thus a maximum dvppr(T) fluctuations are less than 4.2 x (Tspxr/300)% pHz.
The uncertainty of the Trpr calculation induces a similar influence.

Table 5.3: Uncertainties of the measured frequency shift ovgpr(T) as a func-
tion of the effective BBR temperature Tppg.

FO1 ac- FO2(Rb) Measurement 2 K tem- Temperature
Temperature accu- . perature . Total
curacy resolution . calculation
(K) (uHz) racy (uHz) fluctuation (1Hz) (uHz)
(1Hz) (1Hz)
301.7 18 18 21 5 4 34
360.9 18 18 25 8 9 38
432.6 18 18 28 14 18 44

The resolution of each data point is the quadratic sum of the uncertainties
motioned above. It is dominated by the stability and the exactitude of the
two fountains. An example of the uncertainty analysis of the dvppr(T)
determination is shown in the in table 5.3. When we use the theoretical value
0.014 [94] for &, a polynomial fit yields the factor K = —154(6) x 107¢ Hz.
Simultaneously, a second fit without the T° term gives Kgiu = —159(6) X
1076 Hz. The difference of the two obtained Kg,r values lies within the
statistical uncertainty (see figure 5.6).

10Tn reference [50], the experimental value of the cross section o ~ 2 x 107* cm?.

'The atom cloud expansion depends only on the atom temperature. The time evolution
of the atom number is proportional to exp(—t/T).
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Figure 5.6: The time-averaged frequency shift above the interrogation cavity
dvppr(T) as a function of the effective temperature Tppr. The two lines are
polynomial fit weighted with the measurement uncertainty. When we use the
theoretical value 0.014 [94] for €, a polynomial fit (dot line) yields the factor
Kstark = —154(6) x 1075 Hz. A second fit (solid line) without the T® term
gives Kgar, = —159(6) x 107¢ Hz.
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Figure 5.7: Ezperimental and theoretical values for Kgiar.

5.8 Conclusion

We have performed a preliminary measurement of the BBR frequency shift
from 300 K to 450 K. It is a direct measurement in an atomic fountain. We
observed the dependence of the clock transition frequency on temperature.
The experimental result of the blackbody radiation shift of the !33Cs hy-
perfine transition gave Kgor = —154(6) x 107¢ Hz. This value is in good
agreement with the ones predicted from AC Stark theories, DC Stark and
the BBR shift experiments as shown in figure 5.7. The agreement between
the results of the most accurate DC Stark measurement [103] and our direct
BBR experiment is (2 4+ 4)%. However, they differ significantly (~ 15%)
from only one experimental result obtained by the IEN group [96] using only
two temperature points separated by 30°C in a Cs fountain and from the
theoretical results of Feichtner et al. [99] in 1965 and of Micalizio et al. [97]
in 2004. The two models are nearly the same, except the experimental data
used in the calculation.

The fractional K g4, uncertainty of our experiment is 3.9%, a 3-fold im-
provement over a previous measurement [95]. This experimental accuracy
can lead to an uncertainty of about 6 x 107! for the evaluation of the fre-
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quency shift due to BBR near room temperature in a Cs frequency standard.

One calculation shows that the difference between the measured points
and the DC Stark law using the value of Kg;4, obtained by Simon is 4%
at the temperature of 440 K. This order of magnitude corresponds to the
theoretical prediction of the contribution of the terms in 7% (there is no 7
in the DC Stark effect).

Nevertheless, the dispersion of our measurement is still too large to allow
for a determination of the ¢ term in equation (5.30). This dispersion is
probably due to the imperfect frequency comparisons between FO1 and Rb
fountains. The operation of the two fountains is synchronized to within one
hour. We took the average value of the two nearby frequencies to act as the
reference when the Rb fountain value was missing. Another reason is that
the temperature range is not large enough. The frequency shift contribution
of the coefficient ¢ is less than 4% even at a temperature of 500 K. The
limited number of data points is also a reason.

Finally, to improve uncertainty on the effect of the blackbody radiation at
a level of 107!, we should measure the 7 term. This measurement requires
to improve the stability and the accuracy of the fountain, and also improve
the frequency comparison between the fountains.
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Chapter 6

The improved FO1

6.1 Résumé en francais

Ce chapitre présente une description détaillée des améliorations de FO1, in-
cluant la source d’atomes, la zone de capture, la zone de sélection, la zone
de détection, le systeme optique, les syntheses de signaux micro-onde et le
systeme de controle. Les modifications ont amélioré la fiabilité de la fontaine
et ses performances.

Nombre d’atomes capturés Une nouvelle configuration des faisceaux
lasers de refroidissement est employée dans la version améliorée de FO1. Dans
I'installation actuelle, la direction de I’axe vertical du tube de la fontaine est
déterminée par le vecteur de coordonnée (1.1.1) dans le systeme de coor-
données des trois directions orthogonales de propagation des faisceaux de
refroidissement (par rapport a (0.0.1) dans la premiere version de FO1).
En conséquence, la taille des faisceaux de capture n’est plus limitée par
I'ouverture de la cavité micro-onde et le systeme optique est simplifié. De
plus, un jet ralenti de césium est employé comme source d’atome au lieu
d’une vapeur atomique. Ces deux modifications permettent le chargement
d’un plus grand nombre d’atomes dans la mélasse optique avec une basse
densité atomique. En plus de ces avantages, puisqu’il n’y a aucun faisceau
laser traversant la zone d’interrogation, la nouvelle configuration réduit au
maximum le risque de déplacement lumineux parasite.

Bruit technique Le rapport signal a bruit sur la mesure de probabilité de
transition a été amélioré en augmentant l'efficacité de collection de la fluo-
rescence du systeme de détection d’'un facteur 3, en controlant la puissance
des faisceaux de détection, en réduisant la vapeur de Césium dans la zone
de détection et en déplacant la région de détection au-dessus de la zone de
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capture. L’utilisation d’un faisceau atomique ralenti et la réduction de la
période du vol des atomes apres la phase d’interrogation conduisent a une
amélioration du rapport durée de fonctionnement sur durée du cycle de la
fontaine.

Décalage de fréquence dii aux collisions La méthode de passage adi-
abatique pour la sélection d’état atomique prépare les échantillons succes-
sifs d’atome dans un rapport bien défini en densité atomique et en nombre
d’atomes. Ceci permet de mesurer les décalages de fréquence dus aux colli-
sions et déplacement di & la cavité [59] au niveau de 1076

Fuites micro-onde La nouvelle chaine de synthese micro-onde réduit au
minimum la puissance micro-onde a la fréquence de résonance atomique,
réduisant de ce fait le décalage de fréquence induit par les fuites micro-onde.
La symétrie de la trajectoire atomique entre la cavité de sélection et la zone
de détection par rapport a l'apogée, réduit également le décalage diu aux
fuites micro-onde.

Typiquement, le nombre d’atomes capturés en mélasse est de 4 x 10® en 400
ms. L’amélioration par rapport a la premiere version de FO1 est d’environ
un ordre de grandeur. L’application de la méthode du passage adiabatique
permet de préparer deux échantillons d’atome dans un rapport de densité de
0.5042(1). Apres un jour d’intégration ce rapport est connu & mieux que 1073
la fois en densité atomique et en nombre d’atome. La stabilité de fréquence
de I'horloge FO1 en utilisant un oscillateur cryogénique en saphir comme
oscillateur local est 2.8 x 107712 (C’est une amélioration d'un facteur
4 par rapport a la premiere version de FO1 utilisant un quartz de BVA.
Les décalages de fréquence dépendants du nombre d’atome sont -111(3) pHz
quand 2 x 10% atomes sont détectés. Le déplacement de fréquence mesuré
di aux collisions entre atomes froids est ~ —6 x 107! Hz/atome, soit en-
viron cinq fois plus petit que dans la premiere version de FO1 en fonction-
nement en MOT-mélasse optique. L’évaluation de l'exactitude est en cours.
L’exactitude attendue est de quelques 1071°.

Ces résultats montrent que FO1, apres améliorations est 'une des meilleures
fontaines atomiques au monde [115, 116, 117, 118].

6.2 Introduction

The first version of FO1 was built 10 years ago. We recently modified the
set-up to improve both the reliability of the fountain and its performance.
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The schematic of the new FO1 is shown in figure 6.1. We can find the
modifications by looking the schematic of the FO1 shown in figure 2.1.

Number of captured atoms A new configuration of the cooling beams is
used in the improved version of FO1. In the present setup, the fountain axis
is along the direction (1,1,1) with respect to the three orthogonal propagation
directions of the cooling beams. Therefore, the size of the capture beams is
no longer limited by the aperture of the microwave cavity and the optical
system is simplified. In addition, a decelerated caesium beam is used as
atom source instead of an atomic vapor. These two modifications allow us
to load a larger numbers of the atoms in the optical molasses. Besides this,
since there is no laser beam passing through the interrogation zone, the new
configuration minimizes possible light shifts.

Technical noise The signal-to-noise ratio on the transition probability
measurement has been improved by increasing the collection efficiency of
the detection system, by controlling the power of the detection beams, by
reducing the Cs vapor pressure in the detection zone and by moving the
detection region above the capture zone. The use of a decelerated atomic
beam to load the molasses and the reduction of the time of flight of atoms
after the interrogation phase has led to an improvement of the fountain duty
cycle.

Collisional frequency shift The method of state selection by adiabatic
passage allows us to prepare successive atom samples with a well-defined
ratio both in atom density and atom number. This allows us to measure at
the 1073 level the frequency shifts due to cold collisions and cavity pulling
[59].

Microwave leakages A new microwave synthesis chain reduces the gener-
ated microwave power at the atomic resonance frequency, thereby reducing
the frequency shift induced by microwave leakage.

In this chapter, we describe the main modifications on the fountain
set-up and show the performance of the improved version of FO1.

6.3 The optical system

In the following sections, we describe the atom manipulation procedure and
the laser sources of the improved fountain.
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Figure 6.1: Schematic of the improved F01. (1) Capture chamber, (2) Cap-
ture beams’ windows, (3) CCD camera window, (4) Thermal caesium oven,
(5) Magnetic field probe, (6) Selection cavity, (7) Push beam windows, (8)
Detection beam window, (9) Adjustable table, (10) C-field compensation coils,
(11) interrogation cavity, (12) C-field coil, (13) heater coil, (14) Thermal
isolator, (15) lon pumps, (16) Microwave feed-through connector, (17) Com-
pensation coils, (18) Magnetic shields, (19) Fluorescence collection windows,
(20) Coils for adiabatic passage.
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6.3.1 Cold atom manipulation

Fig. 6.2 shows the atom manipulation time sequence. The main differences
with the old version (see section 2.3) are:

Capture phase : The six cooling laser beams have an intensity of about
5 mW/cm? and a detuning of —3T" from the resonance of v4. Atoms are
loaded in an optical molasses from a chirp cooled atomic beam (see section
6.5). The chirped laser is switched off 5 ms before the end of the capture
phase.

Launch : We launch the cold atoms by changing the detuning of the
upward and downward triplets. Their frequencies are red shifted by —2I" +
Avy and —2I" — Ayy, with respect to the transition ¥ =4 — F’ = 5. The
launch velocity depends the frequency detuning Avy, and is given by

v, = \/g X /\l X AIJL. (61)

For Cs, vr,/Avy, = 1.48 m/s - MHz™!'. The frequency detuning between
capture and launching is performed with a ramp of ~1 ms duration (see
section 6.3.3).

Selection We combine a microwave cavity and a horizonal push beam (to
replacing an antenna and a vertical push beam) to perform the atomic state
selection. In the cavity, atoms in the state F' = 4, mprp = 0 are transferred
to F' = 3, mp = 0 by adiabatic passage (see section 6.6). Atoms remaining
in the F' = 4 state are pushed away by a transverse laser beam. The laser
intensity is about 1 mW /cm?.

To efficiently perform this time sequence, we have designed a new optical
bench and an improved control system.

6.3.2 The optical bench

The design of the optical bench is shown in fig. 6.4. It consists of a compact,
75 x 120 cm optical table. The laser light is produced by 7 laser diodes. The
height of all the laser beams is 35 mm above the optical table. We use 9
single-mode polarization maintaining optical fibers to guide the laser beams
from this optical bench to the fountain set-up.

Fig. 6.3 shows a schematic diagram of the optical system . One master
laser diode locked at the frequency v45 by saturation spectroscopy provides
two beams to injection lock two slave lasers for the upward and the down-
ward beam triplets, respectively. Five AOMs are used to control the laser
power or frequency corresponding to capture, launching, and post-cooling
phases. Repumping beams are superimposed on two of the three beams of
the downwards pointing triplet.
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Figure 6.2: The atom manipulation time sequence (not on the scale). As an
example, one time configuration is shown as the duration.
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Figure 6.3: Schematic of the capture laser beams.

With regard to figure 6.4, the master laser (ML) is a semiconductor laser
diode (SDL5422-H1 model) mounted in an 8 cm long extended cavity con-
taining a grating of 1200 lines/mm. One part (1) of its output beam is
frequency shifted of Ar when passing through AOM1 and then directed to a
Cs cell. The laser is then frequency stabilized at Av (160 MHz to 240 MHz)
below the FF = 4 — F’ = 5 transition by the saturated absorption technique.
This laser provides a 10 mW beam (2) with a linewidth of 100 kHz. This red
shifted beam is separated in two parts (3) and (4). After being + 80 MHz or
+80 MHZ +Av;, (detuning £Avy is required by atom launching) frequency
shifted by AOM3 or AOM4, each of them (~ 0.3 mW) respectively injection
locks the slave lasers SL1 and SL2. In the frequency range of operation of the
AOM'’s, the sensitivity of the saturated absorption set-up and of the slave
laser injection is small enough so that we did not need to double pass the
beams through the AOM’s. The slave lasers are also SDL5422-H1, which
provide a maximum output power of 150 mW. Their output beams (5) and
(6) are frequency shifted +80 MHz by AOM5 and AOM6. Their power are
regulated by these AOM as well. Then, each beam is divided in three beams
and coupled into optical fibers. The output of each fiber is collimated to
a beam waist radius of 13 mm at 1/e*. A maximum intensity of about 7
mW /cm? is obtained at the center of the beam. Two mechanical shutters
are placed after AOM 5 and 6 to ensure perfect extinction of the capture
beams during microwave interrogation.
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The repump laser is similar to the master laser. A small part (7) of
the laser power is used for frequency stabilization to the FF =3 — F' = 3
transition by using the saturated absorption technique. The output beam (8)
is divided into two beams ((10) and (11)). Beam (10) is frequency shifted by
+200 MHz by AOM10. This detuning corresponds to the F/ =3 — F' =4
transition frequency. It is then superimposed to two of the capture beams.
A shutter, which we put after the AOMI10, is used to block the repumper
completely.

The beam (11) is used as a frequency reference for the beat-note signal
to lock the repump chirp laser LCR as described in the section 6.5.2

The output beam (9) of the repump laser is also frequency shifted by
+200 MHz by AOM9 to repump the atoms for the detection of the F' = 3
state. A fiber is used to guide it to a small optical bench (about 30 x 30
cm) located near the detection zone. A shutter is also used to switch off this
repump beam.

The detection laser is a new type of extended cavity laser. Its structure
and frequency stabilization system will be detailed in section 6.3.4. The de-
tection laser has three functions: it provides the selection pushing beam (14)
and the detection beam (16) on the F' =4 — F’ =5 transition, and a fre-
quency reference (beam (15)) to frequency lock the chirp master laser LCM.
One output beam (13) is used to stabilize the detection laser frequency. The
beam (16) passes successively through a second optical isolator (ISOWAVE)
and AOM16. The second isolator is used to prevent optical feedback from
the fiber head of the detection beam. AOM16 used on the diffraction order
0 actively stabilizes the detection beam power.

6.3.3 Control of the light beam parameters

We explain here how this optical synthesis satisfies the requirement of the
atom manipulation in each phase. The scheme for frequency and RF power
control of the AOM’s is shown un figure 6.5. An AT-TIO-10 board installed
inside the computer is programmed to produce TTL signals corresponding to
each phase of the atom manipulation. These TTL signals synchronize three
electronic ramp generators. One is used to control the AOM1’s frequency, via
a POS 300 voltage controlled oscillator. The two others, acting on two RF
attenuators, are used to control the RF input power of AOM5 and AOMG6,
respectively. The RF inputs for AOM3, AOM4, AOM5 and AOMG are gen-
erated by 4 VCOs at 80 MHz, which are phase locked to the same 10 MHz
external reference signal. During the launch and post cooling phases, the
reference of AOM3 and AOM4 is shifted by £Av;,/8 by frequency generator
boards (DAQArb 5411) located inside the computer. These boards are also
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Figure 6.5: AOMs control system.

locked to the 10 MHz reference.

6.3.4 Extended cavity semiconductor laser using a Fabry-
Perot etalon

The detection laser is an extended cavity laser diode (ECL) with an intra-
cavity etalon as a wavelength selector. The set-up is shown in photo 6.6.
The etalon has a thickness of 50 um corresponding to a free spectral range
of 2 THz, and a finesse of 30. Its peak transmission exceeds 95%. The
output beam of the laser diode (1) is collimated by an aspherical lens (2)
with a focal length of 4.5 mm, and a numerical aperture of 0.55. The solid
etalon® (3) is glued onto a mirror mount. This enables us to finely adjust
the incidence angle of the laser beam on the etalon. An aspheric lens (4)
with a focal length of 18.4 mm is glued onto the fixed part of the second
mirror mount. It is used to focus the beam on a beam splitter (5) with a
thickness of 3 mm that closes the extended cavity. The chosen reflectivity
is R = 30%. The other side of this plate is AR coated. The plate is glued
on a cylindrical piezoelectric ceramic (6) (from SAINT-GOBAIN with an
expansion coefficient of 1 nm/volt) which is glued on the movable part of

"'We preferred the solid fused silica etalons to the air-spaced etalons to select the ECL
longitudinal mode because they do not present any pressure tuning.
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7 cm

Figure 6.6: Photograph of the ECL using an intra cavity etalon. (1) Laser
diode, (2) Aspherical lens, (3) Solid etalon, (4) Aspherical lens, (5) Beam
splitter, (6) Piezoelectric ceramic, (7) Aspherical lens, (8) Temperature con-
trolling card, (9) Silicon transiators.

the second mirror mount. Another lens (7), with a focal length of 25 mm,
is used to collimate the output beam. All mechanical parts are fixed on
an aluminum base plate whose position and orientation can be adjusted by
three micrometer screws. The setup is enclosed inside a box? with dimensions
14 x 9 x 7 cm. The temperature (~ 3 °C lower than the room temperature)
of the box is actively stabilized via 4 silicon transistors (9) controlled by a
PI controller (8).

The role of lens (4) is to form a 2D cat’s eye for retro-reflection, therefore
reducing the sensitivity to possible misalignments. Moreover, this ECL can
provide about 30% output power more than that of a standard ECL (using
a grating ) for the same injection current.

Fig. 6.7 presents the detection laser servo system. A small part of the out-
put beam is split into two beams to perform the saturation spectroscopy. The
first one is phase modulated when passing through an electro-optic modula-
tor (EOM) operating at 5 MHz. It is then directed to a caesium cell, enclosed

2Two identical prisms (06GPU001, Melles Griot) are mounted outside the box to correct
the laser beam to be near circular.
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Figure 6.7: Frequency and power servo loops system of the detection laser
using an etalon as selective element. LPF=Low pass filter, ISO=0ptical
1solator.

by a magnetic shield, as saturation beam. The second one, the probe beam,
counter-propagates through the cell and illuminates a fast response (cut-off
frequency 1.5 GHz) silicon photodiode S5973-01. The saturated absorption
converts the phase modulation of the saturation beam to amplitude modu-
lation of the probe beam. We apply a 5 MHz signal of 10 dBm power to the
EOM. The saturation spectroscopy signal is mixed with part (0 dBm) of the
RF signal itself which is phase shifted by a home-made phase shifter in order
to compensate for the phase difference introduced by the setup. The output
of the mixer (Mini-Circuits TUF1) provides the error signal used to control
the laser current and PZT supply. We set the bandwidth to about 100 Hz
for the PZT loop to compensate the slow variation of the cavity length, and
to about 100 kHz for the current loop to reduce acoustic-optic noise. The
spectral density of the error signal of the locked detection laser is shown in
fig. 6.8. According to section 2.9.1, the influence of the laser frequency noise

Tc
=)

on the fountain frequency stability is negligible (< 10716 -

The transmission of the optical fiber fluctuates due to the environmental
condition (temperature, mechanical stress, ...), a second servo system is used
to control laser power (see fig. 6.7). This is done by driving the RF power
of an AOM (AOM16 in fig. 6.4). The zero order output beam is coupled

into the fiber and expanded to a parallel beam with 28 mm diameter by the

166



6.3. THE OPTICAL SYSTEM

-85 -
-90 4
—~ 95
N
IN A
T -100-
(2]
2 ]
> 1054
7 105
E 4
a 110
0 ]
o
-115
-120
T T T T T T T T T
0 50 100 150 200
Frequency (Hz)

Figure 6.8: Error signal of the detection laser. The conversion factor k =
1.325 MHz/v.
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collimator of the detection system. A small fraction of the output of the
collimator irradiates a photodiode used to monitor the beam power. The
spectral density of the power fluctuations is Ss;/; ~ 1079/ f [4]. According
to section 2.9.1, the influence of laser intensity noise on fountain frequency

stability is negligible (< 1071 . /Z= ).

6.4 The capture zone

In the previous version of FO1 atoms were loaded in a MOT in a 4 horizontal
and 2 vertical laser beam configuration. This method produces more atoms
than an optical molasses, but at the cost of a higher atom densities which
in turns increases the collisional frequency shift. In the new arrangement,
the beam size is no longer limited by the size of the interrogation cavity cut-
off guide (¢10 mm). We can use larger laser beams to compensate for the
reduction of the loading efficiency in pure optical molasses.

The cold atoms are loaded in the intersection of 6 laser beams with or-
thogonal polarization (lin_Llin configuration). The three pairs of contrerprop-
agating laser beams have orthogonal directions. In the coordinate system
defined by the beams the fountain vertical axis is along the direction (1, 1,
1) (the previous vector was (0.0.1)). The 6 laser beams are guided from the
optical bench by fibers whose polarization extinction ratio is better than 20
dB. Since the fiber output is close to the loading zone, it is important to use
non-magnetic ferrules. The ferrules are screwed into collimators as show in
fig. 6.10. We put a polarizing cube to avoid optical feedback from counter-
propagating beams. The reflected beam is used to monitor and stabilize the
output power (~7 mW). Each collimator provides a Gaussian beam with a
diameter of 27 mm. The collimator is screwed onto the surface of the capture
chamber. The mechanical angular tolerances of the chamber surfaces is of
~ 1073 rad, and the collimators are pre-aligned within 10~® radian.

The glass windows of the capture zone are made from BK7 glass and have
a diameter of 46 mm , and a thickness of 6 mm. They induce a wavefront
distortion less than A/10. An antireflection coating ensures a transmission
ratio larger than 99.8%.

Four windows in the equatorial plate allow one to measure the fluorescence
signal of the captured atoms and the atomic cloud size.

The new geometry has many advantages: the use of optical fibers and
pre-aligned collimators improves the stability of the loading process. Precise
control of only 2 instead of 3 frequencies is necessary to launch the atoms.
Larger cooling beams can be used for the molasses. The absence of the verti-
cal beams travelling along the interrogation zone much reduces the possible
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O~ 25 cm .

Figure 6.9: Photograph of the capture chamber, the selection zone and the
detection zone. Windows (1), (3) and (8) are used for 3 of the 6 molasses
beams. Windows (2) are used to measure the number of cold atoms in the
molasses and the size of the atomic sample. Window (/) is used for the push
beam. From windows (5) and (7) the fluorescence light of atoms induced by
the decetion beams is collected. The detection beams cross windows (6). (9)
is the co-azial cable suppling the microwave for the selection cavity. The tube
(10) is along the propagation direction of the decelerated atomic beam.
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Figure 6.10: Optical collimator for the capture zone. The design is imposed
by the limited space around the capture zone. The fiber end is a non-magnetic
ferrule.

light shift due to stray light in the interaction region.

6.5 Deceleration of the caesium beam

6.5.1 Characteristics of the thermal beam

Figure 6.11 shows a schematic of the atomic source. Several grams of caesium,
filled in glass cells are placed in the copper tube (1). Once ultra high vacuum
is achieved, the cells are broken with a plyer. The reservoir is heated to
~ 90 °C, corresponding to a Cs vapor pressure of ~ 5 x 1072 Pa. This
pressure corresponds to an atomic density n = 8 x 102 ecm™3. The pressure
difference between the oven and the loading chamber produces an effusive jet
which is collimated by an array of about Ny = 420 capillaries (2) of “Monel
400” 3, with inner radius @ = 100 pm, thickness 50 pm, and length L = 8
mm. The effective output section is about 18 mm?. In order to prevent the
atoms from collimator sticking to the inside wall, the collimator temperature
is kept about 20°C higher than that of the copper tube. Graphite tubes
(3) placed along the propagation direction of the atomic beam absorb the
slightly diverging atoms reducing the background Cs vapor. The thermal
beam travels over a distance of 50 cm and enters the capture zone (4). A

3Monel is an alloy of copper and nickel
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Figure 6.11: Schematic diagram of the decelerated caesium beam source. (1)
Copper tube, (2) Collimator capillaries, (3) Graphite tubes, (4) Capture zone,
(5) Laser beam collimator.

counter-propagating laser beam (5) is superimposed to the beam to reduce
by chirp cooling the longitudinal velocity of Cs atoms.

The velocity distribution of the atoms ejected from the capillaries is given
by [31]

Pg(v) = %U3exp(—v2/a2). (6.2)

The average velocity is given by

oo VT, (6.3)
4

with

2, T

)2, (6.4)

a =

At the temperature 7' = 366 K, the characteristic velocity (the most

probable velocity in a atomic gas) is @ = 214 m/s and the average velocity is

U =284 m/s. In the capture zone the vacuum is about 10~ Torr, therefore

we can neglect atomic beam diffusion by the background gas. In the capture

zone, the atomic beam flux f p and the divergence angle ¢, /; at half maximum
are given by [4]

1 2
F g~ 16@ X n X ﬁO{ X Nt7TCL2 (65)
a 8a

015 ~ 1.7% — 21 nrad. (6.6)
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Figure 6.12: Measurements of the atomic beam flux as a function of Cs oven
temperature. The solid line is obtained from equation (6.5).

Figure 6.12 shows measurements of the atomic beam flux f g as a function
of Cs oven temperature together with the expected flux given by equation
(6.5). The flux is measured by detecting the absorption of a laser beam
with a diameter of ¢ = 27 mm and an intensity of 0.2 mW/cm? Tt is
frequency stabilized on the transition F' = 4 — F’ = 5. The laser beam
illuminates the center of the loading region and is orthogonal to the atomic
beam. It is focused on a calibrated photodiode. If AN is the number of
atoms in the beam deduced from the absorption signal, the atomic beam
flux is F g = AN/ dt, where 0t ~ ¢x < 1/v > is the averaged transit time of
the atoms through the probe beam, and < 1/v > the average inverse velocity.

6.5.2 Deceleration of the atomic beam

We decelerate the thermal atomic beam by using the radiation pressure ef-
fects on atoms induced by a counter-propagating laser beam. The compen-
sation of the Doppler shift during the atom deceleration can be done by
modifying either the laser frequency w; or the atomic resonance frequency
Wq. The most commonly used methods are the chirp cooling technique and
the Zeeman-slower. In the first case, the laser frequency is chirped so as to
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follow the Doppler effect variation during deceleration. In the second case,
frequency tuning is achieved with a spatially varying Zeeman effect induced
by an inhomogeneous static magnetic field. Since the strong magnetic fields
necessary for Zeeman-slower can perturb the fountain operation, we use chirp
cooling technique.

6.5.3 The chirp laser system
The scattering rate v of photons from the laser field is given by [40]

r 1/1,

T 21+ 1/, + 2(Aw + Awp) /T2 (6.7)

v

where Aw = w; — w, is the detuning between the atomic resonance and the

laser, I, is the saturation intensity, and Awp = % - is the Doppler shift
(positive for our case). The net force on the atoms is therefore
H
F =hk~. (6.8)

Our deceleration beam has a power of 10 mW | has a diameter of 26 mm
at the vacuum chamber input window, and is focused onto the output of the
Cs oven. 1 mW of repump light is superimposed on the slowing beam with
the same geometrical and chirp characteristics. We adjust the parameters
of the frequency chirp so as to optimize the measured capture rate of the
optical molasses. Optimum is found for a deceleration duration of 5 ms, and
an initial (resp. final) frequency detuning of -260 MHz (resp. -23 MHz). The
corresponding deceleration is 4 x 10* m/s?.

Fig. 6.13 shows servo system used for the chirping laser. A ramp gen-
erator produces an adjustable signal which acts on the laser diode current
sweeping its frequency (about 100 MHz/mA).

The scheme of the chirped lasers is shown in fig. 6.14. We employ two
laser diodes SDL5422 mounted in a grating tuned extended cavities. The
cavity length has been limited to 2.5 cm so as to maximize the continuous
frequency tuning of the laser via the diode current (~100 MHz/mA). Both
lasers are frequency locked to reference lasers (beams (15) and (11) of figure
6.4) with the scheme shown in figure 6.13. AOMs shift the frequency of the
two beat notes by 80 MHz. The beat-note signal is divided by 512, and sent
to a frequency-to-voltage converter. The output is compared to a ramp which
gives the error signal of the servo loop. The ramp is also fed forward to the
diode currents so as to limit the excursion of the error signals. The behavior
of the chirped lasers is monitored by saturated absorbtion spectroscopy (see
fig. 6.15). The servo system is fast enough to improve the linearity of the
frequency chirp. It increases the number of slowed atoms by a factor of 2.
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Figure 6.14: Schematic of the chirp lasers sources.
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Figure 6.15: Saturated absorption spectroscopy signal of the chirp lasers. (1)
represents the crossover signal between the transitions F =4 — F' = 4 and
F=4— F =5.(2), (3) and (4) are the transition ' =3 — F' = 3, the
crossover between transitions F =3 — F' =2 and F =3 — F' =4, and

the crossover between transitions ' =3 — F' =3 and ' =3 — F' =4,
respectively.
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Figure 6.16: The optical molasses loading curve. Ezxperimental data (points)
is fitted by using the model function (line) N(t) = No(1 —e~%/7).

6.5.4 Atom capture results

Fig. 6.16 shows a typical loading curve of the optical molasses. The captured
atom number is proportional to the fluorescence signal. The loading time
constant is 7 ~ 420 ms. The estimated steady state atom number is ~
7.5 x 108. The improvement as compared to the old setup of FO1 is about
one order of magnitude.

6.6 State selection system

The state selection system has been modified so as to implement the adiabatic
passage method [115]. Atoms in F = 4,mp = 0 are first transferred to
F = 3, mpr = 0 by adiabatic passage with an RF pulse inside a microwave
cavity. Depending on the pulse characteristics, one can transfer either all
the atoms or exactly one half of them. Atoms remaining in F' = 4 are then
blasted away by a pushing laser beam.
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6.6.1 Selection cavity

The selection cavity is mechanically carved into the upper part of the vacuum
chamber containing the capture zone (see figure 6.9). The selection cavity
has the dimensions as the interrogation cavity. Its () however is smaller
(Q = 5500) in order to minimize the effect of thermal fluctuations. We feed
the cavity with a circular antenna formed by the core of a coaxial cable
soldered on its shield. The antenna is placed at half height of the cylinder
inner surface. Its axis is parallel to the cavity axis. In order to keep an ultra-
high vacuum, we solder the co-axial cable into a copper feed-through with
“Castolin” and “Eutectic” at a temperature of 220°C. The same procedure
has been used for the interrogation cavity (see section 2.5.2). The TM;jy;
mode is eliminated by a ring filter that cuts the current lines of the mode
and shifts its resonance frequency. With this setup, the mode TM;j;; was not
measurable at our level of resolution.

6.6.2 Adiabatic passage

In a Cs fountain, the collisional frequency shift represents the largest and
most difficult systematic error. It can be expressed by the formula dv..; =
Keounesp, where K. is a constant that depends on the collisional param-
eters, and n.ss is the effective density: the time-averaged atomic density,
weighted by the sensitivity function, averaged over the atomic trajectories
[119]. Tt depends largely on parameters, such as the molasses temperature,
the initial size of the molasses, the initial atom number, the launch velocity,
the microwave power inside the Ramsey cavity, the sensitivity function g(t),
the fountain geometry, the geometry of the detection zone and the detection
beam parameters.

Usually, the collisional frequency shift is measured by alternating cycles
with high atom density (HD) and low atom density (LD) of the atom sam-
ple. Then, a linear extrapolation to zero density gives the corrected clock
frequency. Unfortunately, n.s¢ can not directly be measured, only the num-
ber of detected atoms. Therefore the method is useful only if n.¢s is pro-
portional to the detected atoms N,. In this case, the collisional frequency
shift is Av = K ;Nger. Up to now, two ways have been used to change the
atom density: varying the capture phase parameter (loading time and cap-
ture laser beam intensity) or changing the selection microwave power. Both
techniques modify not only atomic number but also affect the position and
velocity distribution. Consequently the K’ coefficients differs from the HD
and LD case. A numerical simulation shows that these two methods lead in
the best case to a 10-20% error in the determination of the collisional shift
[115].
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Improvement can be made however by using the method of adiabatic
passage (AP) during selection. Here the number of atoms in the sample
can be changed without affecting the velocity and position distributions. In
addition, this method is insensitive to fluctuations of experimental parame-
ters such as the size and temperature of the atomic sample, and the power
coupled into the selection cavity.

Adiabatic transfer of the atomic population Adiabatic transfer has
its origins in nuclear magnetic resonance, where it was used to achieve pop-
ulation inversion of spin systems [120, 121]. Loy [122] first observed the
population inversion in the optical regime.

A clear physical interpretation of the atom-photon interaction is offered
by the dressed-atom approach [123]. The eigenenergies of the manifold F,
for a two level atom coupled by light field are

ho  hQ)
E+,n:(n+1)hw—?+7

B RO (6.9)
Ef,n:(n_{’].)hu}—?—?

where Q = Vb2 + 62 and b = % is the Rabi frequency, and ¢ is the frequency
detuning of the light field with respect to the atomic resonance. The dressed
states

|, n) =sin€|3,n+ 1) + cosf |4, n)

6.10
|th_,n) =cosf|3,n+ 1) —sinf |4,n) (6.10)

are a linear superposition of the two uncoupled levels |3,n + 1) and |4, n),
where |F,n) is the wave function corresponding to n photons in the field and
an atom in the |F,mp = 0) state. The mixing angle 6 is defined by

tan(20) = —b/s. (6.11)

Both # with 0 < 6 < 7/2 and the eigenenergies are functions of the detuning
0. In fig. 6.17, the “anti-crossing” of the states |1, n) and |¢)_, n) induced by
the strong coupling at 6 = 0 (§ = 7/4) becomes apparent. Equation (6.10)
indicates that on resonance the states |¢;,n) and |[¢)_, n) are a superposition
of the uncoupled levels with equal weight. For weak coupling (§ = 0,7/2),
the perturbed states are only slightly different from the unperturbed levels.
When 9 is swept across the resonance, as long as the adiabaticity condition
is fulfilled, |¢)_,n) evolves from |3, n + 1) to |4,n) and vice versa for |¢, n).

The adiabaticity criterion is satisfied when the time variation of the pro-
jection of state [¢)_,n > on the [, n > state is sufficiently small. Messiah
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Figure 6.17: Variation of the energies E ,, and E_ ,, with respect to detuning
d. The eigenenergy of |4,n) is chosen to be zero. The solid lines reflecting
Ei, and E_, repel each other, an “anti-crossing” appears on resonance
(60 = 0). These curves are the branches of hyperbolae whose asymptotes are
the unperturbed levels |4,n) and |3,n + 1).
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has established the adiabaticity condition in a more general context of quan-
tum mechanics [124]. Tt can be expressed as

—_— 6.12
<=, (6.12)

d
<¢+!%W—>

where AFE is the value of the energy difference between the states. This
condition is most stringent at the resonance, where it reduces to

a0 )
g < b7(t). (6.13)

In order to fulfill this condition, we choose the detuning from resonance,
0 according to

(1) o< b2 (t). (6.14)

In order to get an excitation spectrum with a single peak and no side lobe
that could produce unwanted off-resonant excitations (this effect decreases
the the desired transfer efficiency of 100% at the end of the chirp), we prefer
a Blackman pulse (BP) for amplitude b(t) [125]. The Blackman pulse is
defined by

b(#) = bo[0.42 — 0.5 cos(@) 4+0.08 cos(@ﬂ (6.15)
for 0 <t < 7, were 7T is the pulse duration (see figure 6.18). This pulse has a
small power spectral density far from the central excitation frequency. The
experimental results in [126] indicate that the Blackman pulse (BP) reduces
unwanted excitations by at least 3 orders of magnitude outside the central
lobe.
To fulfill the adiabaticity condition and to optimize our experimental
conditions, we vary the frequency shape by a small parameter e:

5(t) za/bQ(t)dt
11

t ort drt
= 00+ AJ[~ + 5 g (~13800sin % + 2883 sin % — 400sin

t t
Ot | o46in 30y,
.

(6.16)

T

where ¢ is chosen in order to fulfill the condition (6.13) and Ad = 0.3046 & b3 7.
The frequency chirping is fast at high Rabi frequencies and slow at small ones.
This shape ensures that the adiabaticity condition (6.14) is satisfied for all
atoms passing through the selection cavity.
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Figure 6.18: Blackman pulse and the associated detuning which satisfies the
adiabaticity condition. The resonance frequency shift induced by the static
magnetic field is not considered here.
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The method of adiabatic passage allows us to transfer atoms from the
13,n 4 1) level to the |4,n) level with almost 100% efficiency. Besides this, it
has another striking property: by stopping AP at the resonance (half Black-
man pulse (HBP)) using a attenuator, the atoms are left in a superposition
of the unperturbed levels |3, n+ 1) and |4, n) with equal amplitudes indepen-
dent of the Rabi frequency (see figure 6.19). This allows us to prepare two
atomic samples, where both the ratio of the effective densities and the ratio
of the atom numbers are exactly 1/2. This is ideal for performing collisional
frequency shift measurements.

A numerical simulation was performed by solving the time-dependent
Schrodinger equation for a two level atom in a TEj;; mode inside the mi-
crowave selection cavity. The spatial distribution of the cold atom cloud, as
well as its trajectory were taken into account. This work was performed to
determine the optimum parameters realizing an efficient transfer with small
sensitivity to fluctuations.

Table 6.1: The optimized parameters for BP and HBP in the improved FOI.
The calculation uses the following parameters: Field mode TEy1; Selection
cavity length 43 mm; Initial atom velocity 4 m/s, Initial atomic cloud having
a Gaussian spatial distribution with og =3.5 mm.

Term BP | HBP | Unit
Maximum Rabi frequency by 8 8 kHz
Maximum detuning of the frequency chirp dq ) 5 kHz
Duration 7 ; (17/2) 4 4 ms
The position at which atoms experience the max-

imum Rabi frequency with respect to the cavity | £5 0 mm
center? Az(7) ; Az(7/2)

Final frequency detuning §(7) ;0(7/2) +5| 0 | KHz

The optimized parameters for our fountain (the parameters are shown
in figure A.2) are listed in table 6.1. The simulation shows that the transi-
tion probabilities deviate from 100% and 50% by less than 1073. The HBP
duration is equal to that of BP with an advantage of the same fountain cycle.

The only critical parameter of the the AP method is the accuracy of
the final frequency detuning of the HBP. The simulation indicates that the
sensitivity of transfer efficiency to the final detuning is 6.23 107°/Hz with
our optimized parameters (see fig. 6.19).

Experiments After launch, the cold atoms are almost equally distributed
among the 9 levels F' = 4, mp = —4---mp = 4 (can see figture 2.12). In order
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Figure 6.19: Sensitivity of the transition probability for HBP (1/2 = 4 ms)
as a function of the final detuning between the TEy, mode and the atomic
resonance. The calculation was done for an atom launched along the cavity

axis. The slope depends on the maximum Rabi frequency by, but the transition
probability of HBP is independent of by.
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Figure 6.20: The microwave chain used to drive the adiabatic passage in the
selection cavity.

to separate these Zeeman levels and provide a quantization axis, a uniform
static magnetic field By is applied. As the frequency chirp ranges between
-5 kHz and +5 kHz, a magnetic field of By = 280 mG is applied during all
of the AP phase is sufficient to shift the adjacent transitions by more than
196 kHz from the 0 — 0 transition. A calculation shows that in this case
the excitation of mg # 0 is below 0.25%. The magnetic field also induces
a quadratic Zeeman shift on the transition 0 — 0 of 33.5 Hz which is taken
into account for the central frequency during AP. This magnetic field pulse
is produced by two coils shown in fig. 6.1 coils (20).

Fig. 6.20 presents the microwave chain used to perform the adiabatic
passage. The Blackman pulse is obtained by applying an adequate volt-
age sequence (500 steps) to a voltage-controled microwave attenuator with
a dynamic range of 60 dB. The frequency chirp is realized using a function

generator HP8647A (Hewlett-Packard).

We alternated the Blackman and half-Blackman pulses every 50 foun-
tain cycles to perform a differential measurement. In figure 6.21, the Al-
lan variance of the ratio or(Ngyee) of the number of the atoms detected
in |[FF = 4,mp = 0) is plotted, where Nyqe is the number of the fountain
cycles. The stability of R reaches 4 x 10~% after about four hours of inte-
gration. This reflects the insensitivity of the AP to the fluctuations of the
experimental parameters. The mean value of the ratio is R = 0.5042(4),
whereas it was expected to be better than 0.500(1). We attribute this devi-
ation (< 1%) to the uncertainty in the final frequency of the HBP sweep. In
the present setup, the frequency sweep is generated by an voltage controlled
oscillator inside the HP 8647A, whose specified accuracy is limited to 50 Hz
for a frequency sweep from -5 to +5 kHz. The numerical simulation shown
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in figure 6.19 demonstrates a linear deviation in the transition probability
of 6.24 x 107> /Hz. This can explain a deviation of the ratio R by about
3 x 1073, Finally, the ratio R is estimated to be at least accurate at the 1%
level. This uncertainty could be improved by using a dedicated DDS (Direct
Digital Synthesizer).

In summary, the application of the adiabatic passage method in the im-
proved FO1 can provide two atom samples with a ratio of 50% to better than
1% both in atom density and atom number. This allows us to directly de-
termine the collisional frequency shift (proportional to n.ss) and the cavity
pulling frequency shift (proportional to the number of atoms passing through
the interrogation cavity) as linear with the number of the atoms detected with
a resolution better than 1%.

6.7 The detection system

In the new set-up, as shown in fig. 6.9, the detection zone ((5), (6) and (7)), is
located closely above the push beam (4). This change has several advantages:
(a) After state selection, the launched atoms fly over an almost symmetric
path from the push beam to the detection beam. This symmetry significantly
reduces the clock frequency shift due to possible microwave leakage. (b)
The flight time is shorter. Thus the duty cycle of the fountain is increased
and atom loss is reduced leading to an improvement of the clock frequency
stability. In addition, the fluorescence collection efficiency has been increased
by a factor of 4 and the power of the detection beams is actively controlled
(see fig. 6.7). These also help to improve the frequency stability.

The three laser beams used in the detection system set-up have a cross
section of 7x13 mm. Fig. 6.22 shows the detection beam profile. The two
beams detecting the atoms in the state |F' = 4) are vertically separated by
a distance of 15 mm. The intensity of each beam is 0.87 mW /cm? giving
a saturation parameter of Sy = 0.8. The intensity difference between the
two beams is less than 5 %. The detuning of the detection beams from the
F =4 — F’ = b transition is adjusted between 0 and —I"/2 to maximize the
fluorescence signal and to avoid heating of the detected atoms. The repump
beam has an intensity of 10 yW/cm? and is used to pump atoms from the
state |F' = 3, mp = 0) to the state |F' = 4) which can then be detected on the
cycling transition. All these three beams are circularly polarized to maximize
the fluorescence signal and avoid the atoms from falling into the |F' = 3 state.
A retroreflecting mirror orthogonal is used to realize a standing wave. The
inner surface of the detection and push zone is painted by colloidal graphite
NEXTELL-811-21 in order to diminish residual stray light and Cs vapor.

The fluorescence light is collected by an optical system and focused onto
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Figure 6.22: Intensity profiles of the detection beams. The dashed lines the
size of diaphragms on the detection beam.

a 10x10 mm silicon photodiode (Hamamatsu S1337-1010BR) as shown in
figure 6.23. The sensitivity of the photodiode is Sppete = 0.55 A/W. The
collection optics and the photodiode are arranged inside a large tube painted
by colloidal graphite. The collection angle is Q.,; = 0.36 rad, corresponding
to a collection efficiency 7. ~ 2.87%. The magnification of the collection
system is 0.7 and its depth of field is 42.5 mm. We convert the current signal
into a voltage with a low noise transimpedance amplifier (OPA637, Burr-
Brown) with R = 10*Q. According to the formula (6.7), the spontaneous
emission rate for one atom is 4.77 x 10 photon/s for a detuning of I'/2. This
corresponds to a signal of 1.76 x 1076 Volt /atom. Assuming a launch velocity
of 4 m/s, the vertical velocity of the falling atom at the detection zone is 3.52
m/s. There, the interaction time of the atoms with the detection beam is 2.0
ms, corresponding to a contribution to the time of flight signal of 3.52 x 10~
V- s/atom.

The detection noise mainly originates from the photodiode and the tran-
simpedance amplifier. In order to reduce this noise, the photodiode is placed
close to the electronics. We pay much attention to the ground connection.
After the installation on the fountain set-up, we analyze the dark response of
the photodiode and its electronics with an FFT analyzer (FR760, Stanford
Research System), The results are shown in fig. 6.24. The averaged fluctua-
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Figure 6.23: Fluorescence collection system.
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Figure 6.24: Noise spectral density of the detection electronic system. It is
measured with neither the detection laser beams nor caesium atoms.
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Figure 6.25: Block diagram of the microwave synthesis chain used for the
improved FOI.

tion spectrum of the output signal is 1.78 x 107¢ V/\/Hz, it agrees well with
the the value 1.6 x 1079 V/y/Hz deduced from the specifications. This noise is
mainly dominated by the thermal noise (1.3 x 1075 V/y/Hz) of the resistance
R = 10® Q. The NEP of the photodiode is 8.2 x 107> A/+/Hz. For the ampli-
fier OPA637, the input voltage noise at =10 Hz and the input bias current
noise at 100 Hz are 2.0 x 1078 V/y/Hz and 2.5 x 1077 V/\/Hz, respectively.
The calculated variance® of the integrated TOF signal is g, = 4.86x 1077
V - s, corresponding to 138 detected atoms®.

6.8 Interrogation microwave synthesis chain

In order to reduce the phase noise of the interrogation microwave signal and
to minimize the microwave field leakages at the atomic resonance from the
frequency synthesis chain, a new microwave synthesis chain has been built.
The principle of the frequency synthesis chain is presented in fig. 6.25.
A quartz oscillator (1) at 100 MHz is phase locked to the 100 MHz reference

SExperimental parameters in filter function 2.25 are t,, = 60 ms and t, = 20 ms,
respectively.
6Tt decreases with a smaller detuning.
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signal (see figure 2.26) with a bandwidth of 500 Hz. Then we phase lock
a dielectric resonator oscillator (DRO) (3) to this quartz oscillator through
a sampling mixer (Watkins-Johnson, W-J6300) (4): The frequency of the
quartz oscillator is doubled and injected into the local oscillator (LO) input
port of the sampling mixer. This device mixes the 44th harmonic of the 200
MHz signal with the hyper frequency of 8.792 GHz generated by the DRO.
The output beatnote at 7.36 MHz is low-pass filtered and combined in a
phase/frequency comparator (5) with the frequency divided (factor 8) output
of the low phase noise synthesizer (HP 3325B)(2), which is synchronized to
the 100 MHz quartz signal. The output of the comparator is fed to a servo
system which controls the frequency of DRO. Furthermore the 100 MHz
quartz signal is frequency multiplied by 4 and its level is adjusted (via a
programmable attenuator (6)). It is summed to the 8.792GHz signal to
obtain the Cs clock transition frequency. The microwave synthesis chain is
closed by a magnetic field shielding box itself contained in a bigger aluminium
box which is temperature controlled within £0.1 °C.

A computer controls the power and frequency of the interrogation mi-
crowave. Power is controlled through the attenuator with a resolution of
0.1 dB. The frequency control is achieved by acting on the synthesizer. The
frequency resolution is 125 pHz.

Fig. 6.26 shows the power spectral density of the microwave synthesis
chain at 9.2 GHz. The measurement is obtained by beating two similar chains
using the same 100 MHz reference signal. Between 0.01 Hz and 10 kHz, a fit
gives the spectral density of the phase noise as

Sy(f) = hiaf 2+ hr fT + hof' +hoyf7) (6.17)
where

his=4.3x1073" Hz 3

hir=23x10"% Hz?

ho=—1.1x 10" Hz!
h_y =18 x107%,

The noise induced by this chain is negligible if compared to the BVA quartz

oscillator noise, but it is about 15 dB above the noise of a cryogenic sapphire
oscillator (CSO) [127]. The microwave signal probing the atomic transition
is synthesized from the CSO weakly phase-locked to a hydrogen maser from
2003. The frequency stability of the CSO is ~ 107 up to 800 s, whereas
the long-term stability is given by the H-maser.
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Figure 6.26: Phase noise of the frequency synthesis chain at 9.192 GHz. The
measurement is realized by a comparison between two similar chains using
the same reference source at 100 MHz. The parasite peaks between 50 Hz
and 1000 Hz arise from the measurement system.
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Figure 6.27: Ramsey fringes obtained in the improved FOI1. The inset shows
an enlargement of the central fringe which has a line-width of 0.9 Hz at half
mazimum of the transition probability, corresponding to a atom quality factor
of Qur ~ 1 x 1019,

6.9 Recent results of the improved FO1

6.9.1 Frequency stability

Figure 6.27 shows Ramsey fringes obtained in the improved FO1. The cor-
responding experimental parameters are presented in appendix A.4. The
central fringe shown in the inset has a line-width of 0.9 Hz at half maxi-
mum of the transition probability, corresponding to a atom quality factor of
Qu ~ 1 x 1019,

When we operate the fountain at a cycle time of 1.3 seconds, the number
of the detected atoms is about 4x 10° per cycle. This number corresponds to a
quantum projection noise (QPN) on the transition probability of o5p = 2.5 X
10~*. In order to estimate the technical noise without the influences of the
noise of the interrogation oscillator, we set the frequency of the interrogation
signal at the atomic resonance (0v = 0) and its power as br = 7/4, thus
the transition probability is P = 1/2. A measurement gives the transition
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Figure 6.28: The frequency stability of the improved FO1 vs cryogenic sap-
phire oscillator phased locked to a H-maser for hight atom density (about
4 x 108 detected atoms) and low atom density. The stability ratio is 1.35
close to the expected value of /2.

probability fluctuations osp ~ 2.6 x 10~*. In comparison with the QPN, we
find the technical noise ~ 7 x 107°, really negligible. When the frequency
of the interrogation signal is detuned by an amount equal to the width of
the atomic resonance (v = 0Vgamsey/2) and the power is adjusted so that
br = m/2, the measured transition probability fluctuations are osp ~ 4 X
107%, i.e., a signal-to-noise ratio of 2500. An improvement by a factor of
about 4 (compared to the first version of FO1) has been obtained. We can
thus estimate the influence of the phase noise of the interrogation signal, it
corresponds to osp ~ 3 x 1074 We attribute it to the 150 m transmission
cable of the 100 MHz frequency reference signal. When a cryogenic sapphire
oscillator (CSO) is used as the local oscillator, the phase noise at 9.192...
GHz is negligible at present. For the frequency synthesizer, a numerical
calculation using the microwave phase noise (h_; ~ 1.8 x 1072%) and formula
(2.37) (d ~ 0.45) gives the Dick noise osp ~ 4.6 x 107 (corresponding a
QPN limit when Ng; ~ 1 x 10%). Finally, the expected frequency stability is
~ 3 x 1071712,
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The cryogenic sapphire oscillator phase locked to a H-maser with a time
constant of the order of 1000 s acts as the reference oscillator [4]. During
an integration time of 10 s to 200 s, as shown in figure 6.28, the obtained
frequency stability is 2.8 x 107**7=%2. This marks an improvement by a
factor of 4 for FO1 over the stability obtained previously using a BVA quartz
oscillator (Oscilloquartz). With this performance, the improved FO1 is one of
the best primary frequency standards in the world today. For an integration
time longer than 300 s, we see the slow frequency fluctuations of the CSO
due to the its operation conditions. Limited by the frequency fluctuations
of the H-maser, we can only achieve a frequency stability of about 1 x 1071°
in one day of integration. A frequency comparison using three synchronized
fountains at SYRTE, which will soon be carried out, can reject this noise.

6.9.2 Frequency accuracy

Collisional frequency shift and cavity pulling frequency shift Both
collisional frequency shift and cavity pulling frequency shift are atom number
dependent effects.

The application of the adiabatic passage method provides two cold atom
samples with a ratio R = 0.5 both in the atom number and in the effective
atom density n.sr. After about four hours of integration the stability of R
reaches 4 x 107 (see figure 6.21). It is negligible compared to the systematic
uncertainty of 1%.

This enables us to measure the shift of collision dv.,; and the cavity
pulling shift Av,, at the same time. The measurement can be carried without
any absolute calibration, nor numerical simulation.

5Vcoll + Ach = Beoll Neff + ch Nat

6.18
= KNdet ( )

where N, is the averaged number of atoms crossing twice the interrogation
cavity, K., and K are the cavity pulling frequency shift factor and the total
frequency shift factor, respectively. The measured clock frequencies v and
v at high and low atom density, can be expressed as

{VH—V6+KNC% (6.19)

L _ .y L
vt =v,+ KNy,

where 1) is the corrected frequency. It is easy to obtain the frequency cor-
rection for high density configuration

KNcgt = (I/H — l/L)ﬁ. (620)
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Experimentally, alternating sequences of measurements with high and low
atomic densities (HD and LD) for each 50 cycles allows us to measure the
atom number dependent shifts in real time. This procedure efficiently rejects
slow frequency fluctuations and drifts of the local oscillator. In one day of
integration the frequency difference (v — v%) is measured with a resolution
of ~ 2 pHz (see figure 6.29). With ~ 4 x 10° detected atoms in the HD
configuration, the measured mean frequency difference is -109(2) pHz. This
corresponds to the atom number dependent frequency shifts of -218(4)(2)
uHz for the HD case. The error bars in parentheses reflect the statistical
and systematic uncertainties, respectively. Over a long period, such as one
month, this statistical uncertainty of the differential frequency measurement
can be negligible. Thus a resolution of 1% can be obtained. We could also
improve it by using a dedicated DDS in the microwave chain for the state
selection.

Due to the imperfections of the selection (mainly from the push beam
which de-pumps atoms from the |4, mg) states to the |3, mp) states), atoms in
|F' = 3, mp # 0) populate the atomic cloud to 0.6%. Under the regular clock
condition, the contribution of the conllisional shift of mp # 0 atoms is at
most 1/3 of that of atoms in the clock states [128]. Hence, the uncompensated
collisional shift of the mp # 0 atoms is taken into account in the uncertainty
of the collisional shift.

The measured collisional frequency shift factor is K ~ —6x10~'! Hz/atom,
about one fifth of that in the first version of FO1 with MOT-optical molasses.
This shows the advantage of the operation with optical molasses.

Frequency accuracy The accuracy evaluation of the improved FO1 is not
yet completely finished. As we can determine the atom number dependent
shifts at a level of 1%, the predicted frequency accuracy of the improved
fountain FO1 is a few times 10716,
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Chapter 7

Conclusion

7.1 Conclusions en francais

La derniere exactitude de FO1 évaluée en 2002 avant modification de horloge,
était de 1 x 10715, pour un fonctionnement avec une mélasse optique, ce qui
constituait le meilleur résultat obtenu avec ce dispositif.

Les fontaines atomiques sont également des instruments utilisés pour des
tests de physique fondamentale et pour des mesures extrémement précises.
Disposant au laboratoire de trois fontaines fonctionnant au césium ou au
rubidium, nous avons pu effectuer les études expérimentales suivantes:

- afin de vérifier le principe d’équivalence d’Einstein, nous avons comparé
les énergies hyperfines du '*3Cs et du 3"Rb pendant 5 années consécutives.
Ces mesures constituent le test de laboratoire le plus contraignant sur une
éventuelle dérive de la quantité (ury,/pcs)a %4 & (—0.2 £ 7.0) x 10~ 10yr~1,
soit une amélioration d’un facteur 5 par rapport a nos tests précédents en
utilisant des fontaines atomiques et d'un facteur 100 par rapport la fréquence
comparaison entre I'ion mercure et hydrogene [3].

- L’horloge spatiale PHARAO pourra tirer profit de I'environnement a
gravitation réduite. Son exactitude attendue est de 1 x 10716 (une exactitude
de 7 x 107'% pour FO2(Rb) [115]). La cavité de Ramsey développée pour
I’horloge PHARAOQO est une cavité en anneau avec deux zones d’interaction
micro-onde. Un résultat expérimental préliminaire a indiqué que la différence
de phase du champ micro-onde entre les deux zones Ay est comprise entre
0 et 300 prad et prouve ainsi que la géométrie de la cavité est adéquatée.

- grace a la longue durée d’interaction, au fonctionement pulsé et a
la stabilité de fréquence tres élevée, nous avons pu mesurer directement
le déplacement de fréquence hyperfine du a l'effet du rayonnement ther-
mique avec une incertitude relative de 3.9%, une amélioration d’un facteur
3 par rapport aux mesures précédentes. La variation de ce déplacement de

197



CHAPTER 7. CONCLUSION

fréquence en fonction de la température est donnée par I'expression Av(T) =

154(6) x 10~° (%)4 [1 +¢ (%)2} Hz avec € = 0.014, qui est en bon accord

avec certains modeles développés sur l'effet Stark statique et dynamique
(94, 100, 105], ainsi que sur les mesures les confortant [95, 101, 102, 103].
Notre mesure ne differe que 2% de la mesure d’effet Stark statique effectuée
au laboratoire. Cette valeur expérimentale nous conduit a une incertitude
de quelques 107! pour I'évaluation due cet effet & température ambiante.
Ces résultats vont a l’encontre de ceux du groupe de I'IEN [96, 97] et d’un
modele développé par Feichtner en 1965 [99].

Un grand nombre d’atomes détectés pour un fonctionnement avec un piege
magnéto-optique améliore la stabilité. Cependant, il amplifié le déplacement
de fréquence di a l'effet des collisions entre atomes froids dans la fontaine de
césium, ce qui constitue I'une des principales limitations de 'exactitude de
I’horloge FO1. Dans I'horloge FO1 améliorée, la mise en oeuvre d’un disposi-
tif de mélasse optique pure, chargée par un jet d’atomes ralentis par laser
permet de refroidir un grand nombre d’atomes (4 x 10® en 400 ms) mais avec
une densité 5 fois plus faible qu'avec un MOT. En outre, ’application de la
méthode du passage adiabatique nous permet d’évaluer le déplacement de
fréquence du aux collisions entre atomes froids et a 'effet d’entrainement de
fréquence par la cavité au niveau de 10716, Afin de réduire le déplacement
possible de fréquence induit par les fuites micro-onde, nous avons déplacé
la zone de détection au-dessus de la zone de capture et avons développé une
nouvelle chaine micro-onde, de maniere a ce que la puissance a la fréquence de
résonance atomique soit ce que l'on exige pour 'alimentation de la cavité et
pas plus. Le nouveau faisceau laser de détection, qui est asservi en fréquence
en utilisant une modulation de phase et dont la puissance est aussi controlée,
est bénéfique a la stabilité de I'horloge. Par ailleurs, la nouvelle disposi-
tion des faisceaux laser de capture simplifie le systeme électro-optique de
manipulation des atomes froids. Cette simplification constitue une nette
amélioration pour une utilisation continue de la fontaine FO1.

Les résultats préliminaires de ’horloge FO1 améliorée montrent qu’elle
est 'une des meilleures fontaines au monde [115, 116, 117, 118]:

Le rapport du signal a bruit est amélioré d’un facteur 4. La stabilité a
court terme en utilisant un résonateur a saphir cryogénique comme oscillateur
local est 2.8 x 10~ 147~1/2,

L’exactitude évaluée est en cours d’évaluation. Quelques 10716 sont at-
tendus.
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Perspectives L’utilisation d'un piege magnéto-optique a deux dimensions
comme source d’atomes peut aboutir a une amélioration du nombre d’atomes
froids et a une importante réduction du temps de chargement, ainsi qu’a
un net progres dans la stabilité. Ces modifications seront étre apportées
prochainement.

Afin de bénéficier des hautes performances de I'horloge FO1 améliorée
et des autres fontaines au BNM-SYRTE, nous pourrons éliminer I'influence
du maser a hydrogene en synchronisant les trois fontaines a une minute
pres. Une résolution de mesure de quelques unités de 10716 sur un temps
intégration d’un jour est réalisable. Enfin, en effectuant une mesure plus
précise du déplacement de fréquence du a l'effet du rayonnement thermique,
on pourra déterminer la valeur du terme e plutot s’appuyer sur une prévision
théorique. En prolongeant la durée de mesure du rapport vcs/vgy, en améliorant
I'exactitude des fontaines et en ajoutant des horloges optiques a la compari-
son, on pourrait améliorer d'un ordre de grandeur le test sur la stabilité de
Q.

7.2 Conclusions and outlook in English

Conclusions The most recent evaluated accuracy of FO1 when operating
with optical molasses was 1 x 107'° in 2002, it was the lowest one compared
to any previous reports.

Atomic fountains are also extremely precise and stable instruments for
fundamental physics experimental studies and technical measurements. Tak-
ing advantage of the three fountains operating with caesium or rubidium, we
have carried out several experimental studies as following:

- To test the Einstein Equivalence Principle, we have compared 33Cs and
8"Rb hyperfine energies for 5 years using Cs and Rb fountains. We have
set a stringent upper limit to a possible fractional variation of the quantity
(grb/gcs)a %4 at (—0.247.0) x 107 yr~! where ggj, and gcs are respectively
the nuclear g-factors of rubidium and caesium. The uncertainty is about 5
times smaller than our previous laboratory test and a 100-fold improvement
over the Hg™-H hyperfine energy comparison.

- The cold atom space clock PHARAO will take advantage of the re-
duced gravity environment in space. Its projected accuracy is 1 x 10716, The
Ramsey cavity developed for the PHARAO clock is a ring cavity with two
microwave-atom interaction zones. A preliminary experimental result indi-
cated that the offset phase between them is inside a range of 0 to 300 prad
and thus showed that the geometry of the cavity meets the requirement of
the PHARAO clock.
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- By making use of the long interaction, the pulsed operation and the high
frequency stability, we have directly measured the AC hyperfine Stark shift
in the fountain FO1 with a fractional uncertainty of 3.9%, which is 3 times
better than previous measurements. The observed temperature dependent

frequency shift of the Cs clock is Av(T') = 154(6) x 10~° (%)4 [1 +e (%)2} :
with the theoretical value ¢ = 0.014. This result is in good agreement with
Stark theories and Stark experiments with exception of the reports [96, 97|
by the TEN group (15% difference). Our experimental results can lead us
to an uncertainty of a few 1071¢ for the evaluation of frequency shift due to

BBR near room temperature in a caesium frequency standard.

A large number of the detected atoms when using a MOT improves the
stability, however, it induces a large cold atom collisional frequency shift in
caesium fountains, which was the main performance limitation in the first
FO1. With the new cold atom source design, the size of the capture laser
beams is no longer limited by the aperture of the interrogation cavity. A pure
optical molasses loaded with a decelerated caesium beam can keep a large
number of the loading atoms but with a small atomic density. Furthermore,
the application of the adiabatic passage method allows us to evaluate the
atom number dependent shifts (cold atoms collision and cavity pulling effects)
at a level of 1073, In order to reduce a possible frequency shift induced by
microwave leakage, we have moved the detection zone above the capture
zone and developed a new microwave synthesis chain, in which the output
power around atomic resonance frequency is just the desired quantity. The
new detection laser beam, which is frequency locked using an external phase
modulation and power controlled, is beneficial to the clock stability.

The preliminary results show that the improved FO1 is one of the best
fountains in the world [115, 116, 117, 118]: the stability when using a cryo-
genic sapphire oscillator as the local oscillator is 2.8 x 10~47=1/2. The fre-
quency accuracy is currently under evaluation. As the atom number de-
pendent frequency shifts are determined at the level of 1%, the expected
frequency accuracy of the improved FO1 should be a few time 10716,

Perspectives Very soon, to load the optical molasses, the laser slowed
atom beam will be replaced by a 2D MOT (loading rate 10'° atoms/s in
place of 10 atoms/s with our present setup). This will allow a large reduction
of the molasses loading time, resulting in an improvement of the frequency
stability.

A new microwave synthesizer locked on the cryogenic oscillator with a
lower phase noise than present one will lead to a frequency stability better
than 2 x 107 at 1 s.
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To take the advantages of the high performance of the improved FO1 and
others fountains in SYRTE, we will eliminate the influence of the H-maser
by synchronizing the three fountains to within one minute. A measurement
resolution of 1071 in one day of integration would then be feasible. A more
precise measurement of the BBR shift will allow us to determine the value
of the ¢ term rather than having to rely on a theoretical prediction.

Finally, a future frequency comparison between improved Rb and Cs foun-
tains and a strontium optical frequency standard using femtosecond laser
techniques at BNM-SYRTE will lead to a more sensitive test of « stability.
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A.1 Abbreviations

ACES

AOM

BBR

BIPM
BNM-LPTF

BNM-SYRTE
BP
BVA
CCIR
CENS
CIPM
CSO
DDS
DRO
EAL
ECL
EEP
ESA
ET
FO1

FO2

FOM
GALILEO
GLONASS
GPS

Atomic Clock Ensemble in Space

Acousto-Optic Modulator

BlackBody Radiation

Bureau International des Poids et Mesures

Bureau National de Métrologie-Laboratoire Primaire du Temps

et des Fréquences (Composante de Iactuel BNM-SYRTE depuis 2001)
Bureau National de Métrologie-SYstemes de Référence Temps Espace
Blackman Pulse

Boitier a viiellissement améliorié

Comité Consultatif International des Radiocommunications

Centre National d’Etudes Spatiales, France

Comité International des Poids et Mesures

Cryogenic Sapphire Oscillator

Direct Digital Synthesizer

Dielectric Resonator Oscillator

Echelle Atomique Libre

Extended Cavity Laser

Einstein’s Equivalence Principle

European Space Agency

Ephemeris Time

La premiere FOtaine de I’Obsevatoire de Paris, également le premier
étalon de fréquence en fontaine a césium dans le monde

La deuxieme FOntaine de ’Obsevatoire de Paris, qui peut
fonctionner alternativement avec du rubidium et du césium
FOntaine Mobile de I’Obsevatoire de Paris

FEuropean global navigation satellite system, called Galileo

GLObal NAvigation Satellite System

Global Positioning System
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HBP Half Blackman Pulse

IEN Istituto Elettrotecnico Nazional, Italy

TRCOM Institut de Recherche en Communications et Micro-onde, France
ISS International Space Station

LCM Laser of the Chirp Master

LCR Laser of the Chirp Repumper

LKB Laboratoire Kastler-Brossel, France

MJD Modified Julian Day

MOT Magnet-Optical Trap

MWL Micro-Wave Link

NEP Noise Equivalent Power

NIST National Institute od Standards and Technology, USA
OFHC Oxygen Free High Conductivity

PHARAO Projet d’Horloge Atomique par Refroidissement d’Atomes en Orbite
PLL Phase Lock Loop

PTB Physikalisch-Technische Bundesanstalt, Germany
QPN Quantum Projection Noise

RF Radio Frequency

SHM Space active Hydrogen Maser

SI Systeme International d’Unités

TAI Temps Atomique International

TOF Time Of Flight

uT Universal Time

VCO Voltage Controlled Oscillator

VLBI Very Long Baseline Interferometry

A.2 Physical constants

Constant symbol value (CODATA 1998)

Bohr magneton 1B 9,27 400 899(37) 10~2* J. T—!
Speed of light in vacuum c 299 792 458 m.s~!

Magnetic permeability of the vacuum  pq 47 1077 N.A2

Electrical permeability of the vacuum ¢ 8,854 187 817... 10712 F.m~!
Planck constant h 6,62 606 876(52) 10734 J.s
Bolzmann constant kp 1,38 650 3(24) 107 J K !
Elementary charge e 1,602 176 462(63) 1071 C
Fine-structure constant « 7,297 352 533(27) 1073
Stefan-Boltzmann constant o 5,670 400(40) x 107® W/(m? K*)
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A.3 The atom !?3Cs

quantity value (][40, 129])

Atomic number Z=>55

Atomic mass m= 2,206 946 50(17)x10~% kg
Valence electron 6S*

Melting point 28,44 °C

Vapor pressure at 25 °C 1,3 x 1073 Torr

Relative nature abundance(**3C,) 100%

Nuclear lifetime (stable)

Nuclear spin I1=17)2

Nuclear Landé factor gr = —4,0131074

Electronic Landé factor (62S2) 97=2,002 540 32 (20)
Hyperfine transition frequency 9 192 631 770 Hz (exact)
Wavelength of the D; line (vacuum) Ap1 =894,36 nm

Wavelength of the Dy line (vacuum) Ape =852,347 275 82(27) nm
Wave number of the Dy line (vacuum, 27 /vps) k= 7,0235 x 107 m~!
Frequency of the Dy line vpe =351,725 718 50(11) THz
Upper state lifetime of the 6P, state 7 =30,473(39) ns

Linewidth of the Ds line (1/7) I' =27 x 5,2152 MHz
Saturation intensity of the Dy line (mhe/3X37)  Is =1,09 mW.cm ™2

Cross section for D, absorption Oge = 346,9 1071 m?

Maximum acceleration by saturation of Dy line a4, = 5,7 10* m/s72

Catering power under saturation of Dy line 3,88 pW

Recoil velocity from a Dy photon (hk/m) v, =3,52 mm.s~!
Recoil temperature (h?k? /mkg) T, =0,198 nK
Laser cooling capture velocity (1/7k) ve =4,42 m.s™!

Doppler temperature (hl'/2Kp
Doppler velocity 1D (1/AI'/2m

Tp=124 uK

vp=8.82 cm.s

)
)
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Fine structure Hyperfine structure ' Zeeman splittings
' "= |
F SA % gF = 2/5
(0.560 MHz/G)
F'=4, é g. = 4/15
TP (0.373 MHz/G)
m 1 " 201.5 MHz
=3 <= 9= 0
F' = 2 pst3mme (0.0006MHz/G)
g gr=2/3
~ (-0.934 MHz/G)
~>
' f— .
% | A % m, x 116 KHz/G
DHPI/Z = " 'l()()s MHz
g S m, x 117 KHz/G
s
] < é gr=1/4
% F=4 § (0.350 MHz/G)
(IS, -~ .

9912 631 770 Hz
(exact)

=3 : =-1/4
< (-%51 MHz/G)

Figure A.1: Level scheme of the ground and first excited states (6*Pyo and
6°Ps/3) of the '3 Cs atom.
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A.4 Parameters of the improved FO1
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Velocity (m/s) Dimension (mm) Duration (ms)
L4
i (17
7
(1]
M0
LT
W m
T
0
(1]
% ([T

| (LTI
g [

| L m

[T

omo | | e

(1 ® =

Figure A.2: Parameters of improved FO1. The durations indicated corre-
spond to a launch velocity of 4 m/s.
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B.1 Ramsey microwave interrogation

The two levels of interest in a Cs clock are the F' = 4, mp = 0 and F =
3,mp = 0 hyperfine levels of the ground state. We denote them |4) and |3),
respectively. We consider the following 2 x 2 matrix of a two-level system:

0= (,0373 P3,4) (Bl)
P43 P44
The Hamiltonian H describes the hyperfine interaction between the states

|4) and |3), we note respectively Fy and Ej as their eigenvalues. The value
%(E4 + Ej3) is chosen as the origin for energy. The unperturbed Hamiltonian

Hy can be written as
Hy— 0@t 0 (B.2)
2 0 —Wat

where h is Planck’s constant divided by 27 and w,; = 27y, is the hyperfine
transition angular frequency in the presence of the weak static magnetic field.

We assume that the microwave magnetic induction B, (t), parallel to the
direction z is a sinusoidal function of time, with an angular frequency w and
a constant amplitude B:

_ B iwtre) | itot+e)
B.(t) = 5 (e +e ). (B.3)
The phase ¢ is introduced to allow a possible phase difference between
the two microwave fields of the two interaction regions, or account for a
possible residual travelling wave. Assuming the w ~ wy, we can use the
two-level system density matrix for the caesium ground state. Including the
interaction of the atom with the microwave field. If the lifetime of the state
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|4) is much longer than the interaction time and the other relaxation effects
such as atom-atom collisions are negligible, the whole Hamiltonian can be
written as

i —i(wt+o¢)
g /2 e +ec (B.4)
2 \ peilwt+e) —Wat /2
with
1
b= 5#3(93' +91)/h~upB,/h (B.5)

where “cc” means complex conjugate. pp is the Bohr magneton, and b is
the Rabi angular frequency of the atoms. The Landé factor for the nucleus
gr is about 1000 times smaller than that for the electron, g; = 2.002540. We
take (g; +g7) ~ 2 with a precision which is sufficient for our present purpose.
The evolution of p can be written using the analogue of Liouville’s theorem
derived from the Schrodinger equation as:

dp 1
— = —|H B.6
L — (] (5.6)
replacing as follows:
P4,3 = %(al (t) + iag(t))e_i“’t
P34 = P13 (B.7)

)

paa— P33 = as(t)

were aq(t), as(t),as(t) are real quantities, representing the population after
an interaction time t, and a;(0), a2(0), a3(0) are their initial values. When
the amplitude and the phase of the microwave field phase are constant, and
using the rotating-wave approximation (RWA)!, we can get an exact analytic
expression of the evolution of the atomic states. The system can also be
solved via the Laplace transform method with the expression in matrix form
[55]:

a(t) = R(b1, by, U, 1)a(0) (B.8)

'The interrogation microwave field inside the cavity has a linear polarization which
can be decomposed in two rotating wave components. When the microwave frequency is
w =~ wqt, only one component can interact with the atom. The other negligible component
produces only a Bloch-Siegert shift at the level of 1078 because the interaction time
7 ~ 20 ms is much longer than the period of the microwave 1/9.2 GHz.

A calculation of the transition probability without RWA is given in [130]
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with
cos () — L sin(Q1) — 280 (1 — cos(Qt))
—i—Q—l(l —cos(Qt))  +2%2(1 — cos()) — 22 5in(Qt)
0 ¢ b g
R(by, ba, 0, 1) — B 2 sin(€21) cos(2t) b QQ sin(€2t)
Q—( cos(2t)) +Q—2(1 —cos(Qt))  —22(1 — cos(Qt))
_ Qo1 _ _bhig 2
52> (1 — cos(2t)) o sin(Qt) - 21— cos())
+2 5in(01) —aflo (1 — cos(Qt))
(B.9)
where
)
by = bcos ¢
by = —bsin ¢ (B.10)

Qozw—wat

(2 =02+ Q3

After the interaction time ¢, the transition probability P(t) between the
two levels is related to the fractional population difference az(t)

P =3 (1-25) (B.11)
and
paa(t) = paa(0)(1 = P(t)) + p33(0)p(t) (B.12)

(A) The Rabi probability

In the Rabi magnetic resonance method [131], in which a single interaction
pulse is applied, the atoms are introduced in the field region without coher-
ence between |4) and |3) levels. In this case, a;(0) = ay(0) = 0, the transition
probability P(7) after an interaction time 7 is obtained by using the proper
elements of the equations (B.8) and (B.9):

b2

Prai(7) = 50351

1 — cosQ)r) (B.13)
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The probability reaches the largest value, equal to unity, when the condition
br=m (B.14)

and ©y = 0 are satisfied. The full width at half maximum (FWHM) in
frequency space, Avga is given by

AVRabi = 0799/7' (B15)

(B) The Ramsey probability

In Cs clocks, we use the Ramsey resonance method [31]. The microwave field
is applied in two identical interaction regions separated by a microwave-free
drift space. We assume that the static magnetic field is the same for the three
regions. The transition angular frequency w,; is then constant over the whole
atom trajectory. We set the interaction duration and drift time as 7 and T',
respectively. The caesium atoms enter the first interaction region without
any coherence (a;(0) = a2(0) = 0), but a perfect population difference has
created through state selection (see § 6.6). Either a3(0) =1 or a3(0) = —1
for all atoms being in state |3) or in state |4).

We assume that the amplitude of the microwave field in the two interac-
tion regions is the same. The quantum state of the atom at the output of
the second interaction region is described by a(r, T, 7)

ay (7, T, 1)

as(r,T,7) | = R(b1,b2,Q0,7)R(0,0,0, T)R(b1, b2, Qo, T) 0

az(7,T, ) a3(0)
(B.16)

We set ¢ = 0 for the first interaction and we call ¢, the phase lead of the
microwave field in the second one. From the equations (B.8) and (B.9), we
find the Ramsey probability Pramsey (7, T, 7) as

47 L[ Or Qr QoT + ¢
PRamsey(Ty T, T) = W Sin (7) |:COS(7> COS(T)

Qo . (97N . [T +6\1°
—— S| — simm| ——
Q 2 2

The value of Premsey (T, T, 7) reaches a maximum for Qy = 0 and ¢ = 0.
Its value depends on the quantity b. If the condition

(B.17)

br = g +nm. (B.18)
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B.2. SERVO ON THE ATOMIC RESONANCE IN RAMSEY
INTERROGATION MODE

is satisfied, where n is an integer, the transition probability reaches unity (see
figurel.2). For ¢ = 7, it is minimized. For €y # 0, the motion of the atoms
in the drift space, produce an interference effect. The appearance shown in
figurel.2 is called Ramsey pattern. The central fringe is used as the atomic
reference to control the quartz frequency in an atomic frequency standard.
Its fullwidth at half maximum Avggmsey is given by

1
AVRamsey = ﬁ (Blg)
If Qy < b, we can get a simple expression of Pramsey (7,7, T) as
1 - VPa
Pramsey (7. T, 7) & = sin®(b7)[1 + cos(m 2 + )] (B.20)
2 AVRamsey

B.2 Servo on the atomic resonance in Ram-
sey interrogation mode

The interrogating field is square frequency modulated around the clock tran-
sition at the frequency 1/27, with a modulation depth v,,, in order to gen-
erate the servo error signal required to measure or lock the interrogation
oscillator frequency with respect to atomic resonance. The average result
gives the atomic resonance v, = 1y + dvp. dvp <K vy, is the frequency shift
due to all the systemic perturbations. We are going express it as a function
of the measured transition probability. The frequency servo system is to
balance the difference of the two successive measurements of the transition
probability

P(vo+ dvp + vp) = P(vy + 0ve — vy) (B.21)
At the first order approximation, we have:

P(vy+ dvp £ vy) = P(O)(VO + )+ 0Py

Y0 B.22
~ P(O)(VO + ) + vp—— vt ( )

ov

where P (v) is the transition probability without any perturbation. It is
an even function of the detuning with respect to the atomic resonance. § Py
contains the probability changes due to the perturbations at vy + v,,. The
modulation depth is adjusted to the detuning at half maximum of the atomic
resonance, i.e., Vpy, = AVpamsey/2.
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According the formula (B.20), the slope is given by ag—f’o) vevod, =
:F 2AVRT(Z'NLsey ’
Finally, we can get the frequency shift:
A amse 6P - §Pf
Svp = % (5P+ - 6P_) = (B.23)
which is given in relative value as:
o P, —0P_
or_ o (B.24)

X0 WQat

B.3 The atomic sensitivity function in foun-
tain

The atomic sensitivity function is used to express the atomic response to
a perturbation during the microwave-atom interaction process. It was first
introduced by G. J. Dick to explain the stability degradation of the periodic
operating clock due to the arising of the local oscillator phase noise [41,
46]. This function is as well useful to explain some frequency shifts and to
calculate some perturbations on clock frequency.

The sensitivity function g(¢) in Ramsey interaction is defined as

1

5P = /T ot (B.25)

where 0w(t) = wa — w(t), represents the fluctuation of the frequency dif-
ference between the interrogation field and the atomic resonance. g¢(t) is a
perturbation function that express the sensitivity of the transition probabil-
ity response P to a perturbation dw(t).

The sensitivity function can be obtained as the response of an infinitesimal
phase step A¢(t) = Agp H(t —t') at time ¢ in the interrogation signal, which
is equivalent to the dirac ¢ disturbance Aw(t) = %(5 (t —t'). Practically as
in reference [132], ¢g(t) can be also expressed in the following form:

g(t) =2 lim G

Jdim =15 (B.26)

The physical meaning of ¢(t) is the response of the atomic system to
a phase step of the interrogation oscillator, or the impulse response with
respect to a frequency change occurring at time t¢.
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For the frequency servo loop in clock, we can also get the slope at half-
height of Ramsey resonance central fringe expressed by the sensitivity func-
tion g(t):

d 1

1
L Pl ) = /2 oDt =FTy (B.27)

where T¢ss defines the effective Ramsey interrogation time, which normal-
izes the sensitivity function, and g4 (t) are the sensitivity function g(t) re-
spectively for the positif or negative detuning of the modulating frequency
Wm- One can show ¢(t) is odd with respect to the frequency detuning, i.e.,
g+(t) = —g_(t). According to formula (B.23), for a independent perturbation
in frequency difference ov(t) between the interrogation field and the atomic
resonance, the fountain clock frequency shift can be expressed as:

_ f2T+T g+ (t)dv(t)dt

ov
Teyy

(B.28)

The electric-magnetic field mode is TEg;; in our fountain as presented
before. The amplitude of the magnetic field seen by atoms (along the axis of
the cavity) is not constant, but varies as a sinuous function (see formula (2.6)
and fig. 2.6). For our symmetrical interrogation, we can easily get the sen-
sitivity function g(t) using a geometric picture of the fictitious spin rotation
[4], g(t) = sin(6(t)) for one interrogation zone at half height of the atomic
resonant fringe, where 6(t) = fot b(t)dt is the impulsion accumulated by an

atom when crossing the cavity. g(t) is obtained when Qy = —Avpgamsey/2:
sin(09(7))sin(0(t)) 0<t<rm,
(6 (6 <t<T
o(t) = sin(fz(1))sin(01(7)) T<t<T+r7, (B.29)

sin(0o(21 + T —t))sin(01(1)) 7+ T <t <T+ 2T,

0 t<OQort>T..

\

where 0 (t) and 6,(t) are defined as

0.(t) = [ b(t)dt

(B.30)
Oo(t) = [T b(t)dt

A numerical simulation for a fountain operation has been carried out.
To take in account that the microwave amplitude is not constant, we divide
each atom trajectory into 0.2 mm long elementary intervals in which the
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Figure B.1: Atomic sensitivity function g(t) at half mazimum of the Ramsey
resonance (Qy = —AVgamsey) When atomic trajectory is along the cavity axis.
The calculations have been performed by using the fictitious spin model (eq.
B.29) and g(t) definition (eq. B.26) in FO1, where T = 19 ms, T = 445 ms
and br = /2.

microwave amplitude is assumed to be constant. After having solved the
Schrodinger equation, we obtain g(¢) by directly using its definition (B.26).
The results of the fictitious rotation spin model (B.29) and the numerical
simulation are both shown in fig. B.1. We find a very good agreement
between them (difference < 1% for microwave pulses 7/2, 37/2 and 57/2).

However, because of the velocity distribution and spatial distribution of
the cold atoms inside the molasses, each atom has a different trajectory.
The inhomogeneous field inside the TEg;; cavity implies that each atom sees
a different microwave field. As a consequence, each atom has a individual
function g¢;(t). The frequency shift dv of a perturbation results from the
average value over all the detected atoms trajectories:

ov 1
~

o 7-‘-Cx?onf

/ o(B) 0w (t)dt)s, (B.31)
where the re-defined atom Q factor is Qut = 20415y
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B.4. CONVERSION OF THE FREQUENCY STABILITY
ANALYSIS BETWEEN FREQUENCY AND TIME DOMAINS

B.4 Conversion of the frequency stability anal-
ysis between frequency and time domains

Table B.1 lists the correspondence between the various noise components
and the Allan variance of the normalized frequency 1y. The phase spectral

density is Sy,(f) = (%)2 Sy(f)-

Table B.1:  The noise expression correspondence in the two domains when
2w fm > 1, where fy, is the cut-off frequency of an assumed single-pole low-
pass filter. The values of the constants h, depend on the source considered.

Noise Sy(f) o2(7) K(a)
White phase ho f? % T2 0.99
Flicker phase hy f hl[lﬂ“ﬁg(%hﬂ] 721 0.99
White frequency ho Thor™! 0.87
Flicker frequency hoyf™! 2h_yin2 0.77
Random walk frequency h_of 2 2mlh_oT 0.75
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Résume FOI1, du laboratoire BNM-SYRTE, a été la premiére fontaine a Cs fonctionnant comme un étalon primaire
de fréquence dans le monde. La derniére évaluation d'exactitude en 2002 était de 1x 107" avec une mélasse optique.
Travaillant comme instrument, FO1 a contribué a la physique fondamentale et a des mesures extrémement précises:

- la comparaison de la fréquence entre les fontaines a Cs et a Rb pendant un intervalle de 5 ans a fixé une limite
supérieure a la variation possible de la constante de structure fine | Aava | < 2x10™5yr!. L'évaluation est environ 5
fois meilleur que celle obtenue précédemment au laboratoire.

- I'exactitude attendu pour I'horloge spatiale PHARAO est de 1x107™'°. Nous avons confirmé les performances de la
cavité Ramsey en examinant la différence de phase entre les deux zones d'interaction dans la fontaine FO1.

- le déplacement de fréquence mesuré dans I'horloge a Cs di au rayonnement du corps noir en fonction de la
température 7 a donné: A v(T)=154(6)x10"°(T/300)*[1+&(T/300)*] Hz avec la valeur théorique £=0,014. Ce
résultat représente une amélioration d'un facteur 3 par rapport a la mesure précédente par le group PTB.

Diverses améliorations ont été apportées a FO1. La nouvelle version de FO1 fonctionne directement en mélasse
optique en utilisant un jet de césium ralenti comme source atomique. L'application de la méthode du passage
adiabatique pour la sélection du niveau F=3, my=0 nous permet d'évaluer le déplacement de fréquence dii aux
collisions entre atomes froids et a I'effet d'entrainement de fréquence par la cavité au niveau de 10™'°. Les résultats
récemment obtenus avec 1'horloge FO1 améliorée montrent qu'elle est I'une des meilleures fontaines au monde: la
stabilité de fréquence en utilisant l'oscillateur cryogénique en saphir est maintenant de 2,8x10™%t™"% L'exactitude est
en cours d'évaluation. Quelques 107'° sont attendus.

Mots clés Fontaine atomique, horloge spatiale, métrologie temps-fréquence, collisions entre atomes froids,
rayonnement du corps noir, constante de structure fine

Abstract FOI1 was the first caesium fountain primary frequency standard in the world. The most recent evaluation
in 2002 before improvement reached an accuracy of 1x10™"° when operated with optical molasses. Working as an
extremely precise and stable instrument, FO1 has contributed to fundamental physics and technical measurements:

- Frequency comparison between Cs and Rb fountains over an interval of 5 years sets an upper limit for a possible
variation of the fine structure constant as|A0c/oc | < 2x10'15yr'1. The resolution is about 5 times better than the
previous test in our laboratory.

- The projected accuracy of the space clock PHARAO is 1x10™'°. We confirmed its Ramsey cavity performance by
testing the phase difference between the two interaction zones in FO1.

- The measured temperature 7" dependent frequency shift of the Cs clock induced by the blackbody radiation field
is given as A V(T)=154(6)x10"°(T/300)*[1+&(T/300)*] Hz with the theoretical value &=0,014. The obtained
accuracy represents a 3 times improvement over the previous measurement by the PTB group.

Some improvements have been carried out on FO1. The new FO1 version works directly with optical molasses
loaded by a laser slowed atomic beam. The application of the adiabatic passage method to perform the state
selection allows us to determine the atom number dependent frequency shifts due to the cold collision and cavity
pulling effects at a level of of 107'°. Recently, the obtained frequency stability is 2,8x10*t" for about 4x10°
detected atoms. The accuracy is currently under evaluation, the expected value is a few times 107™'°.

Key words Atomic fountain clock, space clock, time and frequency metrology, cold collisions, black-body
radiation, fine structure constant
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