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- Abstract

Keywords: Atomic clock, rubidium vapor cell, laser-microwave double-resonance, Ramsey scheme,
frequency stability, metrology.

Various application fields in industry, telecommunication, navigation and space demand reliable,
compact, high-performance frequency standards with a stability level of <1x10~!# at 10° s (equivalent
to <1 ns/day). Thanks to semiconductor technology, optical pumping technique with a laser has opened
up new schemes based on laser-microwave double-resonance (DR), such as continuous-wave (CW) and
pulsed optical pumping (POP) to operate vapor cell atomic clocks.

In this thesis, we demonstrate the performances of a vapor cell Rubidium (Rb) atomic clock operating
in a Ramsey-DR (based on POP) scheme in an ambient laboratory using a compact magnetron-type
microwave cavity with a volume of only 45 cm? and a low quality factor of =~ 150. The Ramsey-DR
scheme involves two resonant electromagnetic fields to interrogate the atoms - the optical field to polarize
a population of atoms by optical pumping, and the microwave field to drive the ground-state hyperfine
clock transition that serves as an atomic frequency reference. The applied optical and microwave
pulses are separated in time in the Ramsey-DR scheme; therefore, the light shift (LS) effects can be
strongly reduced which results in improving the clock stability. The magnetron-type microwave cavity
is designed, developed and built in collaboration with Laboratory of ElectroMagnetics and Acoustics
(LEMA) at Ecole Polytechnique Fédérale de Lausanne (EPFL)!. A newly home made vapor cell with a
10 times smaller stem volume compared to the previous contains 8’Rb and buffer gases of Argon and
Nitrogen. The smaller stem results in reducing the stem temperature coefficient by about one order of
magnitude, which has been a limiting factor for the medium- to long-term scales clock stability.

Detailed characterizations and performances of the clock signal (Ramsey central fringe) are presented
in this study®. We obtain a clock signal with a contrast up to approximately 35% and a linewidth of
approximately 160 Hz by optimizing the various parameters involved in the Ramsey-DR scheme. In our
smaller cavity, these achievements are not trivial, because of the high requirements on field homogeneity
over the entire cell volume are more challenging to meet. In this work, a short-term stability (1 s to 100 s)
of 2.4x10~13771/2 is achieved which is comparable to the state-of-the-art results using the CW-DR
scheme and/or using the POP scheme with a larger TEy;; microwave cavity with a higher quality factor.
The LS effect is quantified in our Ramsey-DR Rb atomic clock. In addition, we present a preliminary
model based on the CW-DR LS theory and estimate the intensity LS coefficient in the Ramsey-DR
scheme. Moreover, a new analytical expression is developed to predict the clock’s short-term stability
by considering the optical detection duration in the Ramsey-DR scheme. From this formula, we also
estimate the best Ramsey time to improve the short-term stability of the clock.

This thesis, in addition, contains a more fundamental investigation on the measurements of the

'Within the projects Fonds National Suisse (FNS):"Microwave Cavities for High Performance Double Resonance Atomic
Clocks and Sensors" no. 140712 (2012-2015) and "Study of microwave cavities for high performance pulse pumped double
resonance atomic clocks" no. 162346 (2015-2018).

2Within the MClocks project: "Compact and High-Performing Microwave Clocks for Industrial Applications", EMRP
(European Metrology Research Programme, Programme of Euramet) project IND55-Mclocks (2013-2016). The EMRP is
jointly funded by the EMRP participating countries within EURAMET and the European Union.



Abstract

population and coherence relaxation times (7; and 7>, respectively) of the 8’Rb "clock transition".
This study has been performed in collaboration with the Institute of Physics Belgrade (University of
Belgrade)3. These relaxation times are relevant for our Rb atomic clock, since they limit the usable
"Ramsey time" in the Ramsey-DR scheme. An experimental method of Optically-Detected Spin-Echo
(ODSE), inspired by classical nuclear magnetic resonance spin-echo, is developed to measure the
ground-state relaxation times of 3’Rb atoms held in our buffer gas vapor cell. The ODSE method
enables accessing the intrinsic 7, (specific for the clock transition) by suppressing the decoherence
arising from the inhomogeneity of the C-field across the vapor cell. The measured 7, with the ODSE
method is in good agreement with the theoretical prediction.

This work has been done at the Laboratoire Temps-Fréquence of University of Neuchétel, in col-
laboration with the EPFL-LEMA for the magnetron-type microwave cavity, Istituto Nazionale di
Ricerca Metrologica (INRIM) that provided the Local Oscillator (LO) and Physics Institute of Belgrade
University for relaxation times measurements.

3Within the project FNS (SCOPES): "Ramsey spectroscopy in Rb vapor cells and application to atomic clocks" no. 152511
(2014-2018).
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- Résumé

Mots-clés: Horloge atomique, cellule a vapeur de rubidium, double résonnance laser et micro-onde,
schéma Ramsey, stabilité en fréquence, métrologie.

Divers domaines d’application dans I’industrie, les télécommunications, la navigation et I’espace
exigent des étalons de fréquence fiables, compacts et performants avec un niveau de stabilité de
<1x107' 2 10° s (équivalent a <1 ns/jour). Avec la technologie des lasers a semi-conducteurs, la
technique du pompage optique par laser a ouvert de nouveaux schémas d’interrogation basés sur la
double résonance (DR) laser et micro-ondes comme le pompage optique continu (CW) et le pompage
optique pulsé (POP) qui sont utilisé pour faire de nouvelle horloges atomiques a cellules.

Dans cette these, nous présentons les performances d’un prototype de laboratoire d’horloge atomique
a cellule a vapeur de Rubidium (Rb) fonctionnant avec un schéma Ramsey-DR (basé sur POP). L’horloge
utilise une cavité micro-ondes compacte de type magnétron avec un volume de seulement 45 cm? et
un faible facteur de qualité (=~ 150). Le schéma Ramsey-DR utilise deux champs électromagnétiques
résonants pour interroger les atomes - le champ optique pour polariser une population d’atomes par
pompage optique, et le champ micro-ondes pour interroger la transition hyperfine de 1’état fondamental
qui est la fréquence atomique de référence. Les impulsions optiques et micro-ondes sont séparées dans
le temps dans le schéma Ramsey-DR ; par conséquent, 1’effet de biais de fréquence du a la lumiere (light
shift LS) peut étre fortement réduit, ce qui améliore la stabilité de I’horloge. La cavité micro-ondes
de type magnétron est congue, développée et construite en collaboration avec le Laboratoire d’Electro-
Magnétique et d’ Acoustique (LEMA) de I’Ecole Polytechnique Fédérale de Lausanne (EPFL)'. Une
cellule de verre nouvellement fabriquée au LTF avec un volume queusot 10 fois plus petit que la version
précédente est remplie de 8’Rb et de gaz tampon d’Argon et Azote. Un queusot plus petit réduit le
coefficient de température queusot d’environ un ordre de grandeur, ce qui a été un facteur limitant pour
la stabilité de I’horloge 2 moyen et long terme.

Les caractérisations et performances détaillées du signal d’horloge (frange centrale du signal Ramsey)
sont présentées dans cette étude”. Nous obtenons un signal d’horloge avec un contraste allant jusqu’a
environ 35% et une largeur a mi-hauteur d’environ 160 Hz obtenu en optimisant les différents parametres
impliqués dans le schéma Ramsey-DR. Avec notre cavité plus petite, ces réalisations ne sont pas
triviales, car les exigences élevées en matiere d’homogénéité sur I’ensemble du volume de la cellule
sont plus difficiles a satisfaire. Dans cette étude, on obtient une stabilité a court terme (1 s a 100s) de
2.4%10~13771/2 ce qui est comparable  I’état-de-I"art en utilisant le schéma CW-DR et/ou en utilisant
le schéma POP avec une cavité micro-ondes TEg;; plus grande avec un facteur de qualité plus élevé. Le
biais de fréquence du a la lumiere (light shift) est quantifié dans notre horloge atomique Ramsey-DR Rb.
De plus, nous présentons un modele préliminaire basé sur le modele du light-shift en mode continue

IDans le cadre des projets du Fonds National Suisse (FNS):"Microwave Cavities for High Performance Double Resonance
Atomic Clocks and Sensors" no. 140712 (2012-2015) et "Study of microwave cavities for high performance pulse pumped
double resonance atomic clocks" no. 162346 (2015-2018).

ZDans le cadre du projet MClocks: "Compact and High-Performing Microwave Clocks for Industrial Applications", EMRP
(European Metrology Research Programme, Programme of Euramet) project IND55-Mclocks (2013-2016). Le EMRP est
conjointement financé les pays participant au EMRP qui dépend de EURAMET de 1’union européen.
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Résumé

(CW-DR-LS) et estimons I'impact de I'intensité de la lumiere (intensity light shift) dans le schéma
Ramsey-DR. De plus, une nouvelle expression analytique est développée pour prédire la stabilité a
court terme de I’horloge en considérant la durée de détection optique dans le schéma Ramsey-DR. A
partir de cette formule, nous estimons également le meilleur temps Ramsey pour optimiser la stabilité a
court terme de I’horloge.

Cette these contient en outre une étude plus fondamentale sur les temps de relaxation de la population
et de la cohérence (7 et T», respectivement) de la "transition d’horloge" 8’Rb. Cette étude a été réalisée
en collaboration avec I'Institut de physique de Belgrade (Université de Belgrade)?. Les temps de relax-
ation sont une donnée importante de notre horloge atomique Rb, car ils limitent le "temps de Ramsey"
utilisable dans le schéma Ramsey-DR. Une méthode expérimentale de Echo de Spin Optiquement
Détecté (Optically-Detected Spin-Echo ODSE), inspirée de 1’écho de spin classique de la résonance
magnétique nucléaire, est développée pour mesurer les temps de relaxation du rubidium 87 dans notre
cellule. La méthode ODSE permet d’accéder au 7, intrinseque (spécifique pour la transition d’horloge)
en supprimant la décohérence résultant de 1’inhomogénéité du champ C a travers la cellule. Le T,
mesuré avec la méthode ODSE est en accord avec la prédiction théorique.

Ce travail a été réalisé au Laboratoire Temps-Fréquence de 1’ Université de Neuchatel, en collaboration
avec I’EPFL-LEMA pour la cavité micro-ondes de type magnétron, 1’Istituto Nazionale di Ricerca
Metrologica (INRIM) pour I’oscillateur local (LO) et I’Institut de physique de I’Université de Belgrade
pour les mesures des temps de relaxation.

3Dans le cadre du projet ENS (SCOPES): "Ramsey spectroscopy in Rb vapor cells and application to atomic clocks” no.
152511 (2014-2018).
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I Physical Constants

Speed of Light

Free electron’s Landé g-factor

Magnetic Constant

Electric constant

Bound electron’s Landé g-factor (5%8, /2)
87Rb Nucleus’ Landé g-factor

Bohr magneton ;—rf’lﬂ

Electron elementary charge

Electron mass

h
Plank constant 3=

Rb Second order Zeeman constant

8s

Ho

87

8l

UB

Kc

299 792 458 ms ™!

2.002 0319 304 361 53(53)

47 x 1077 NA~2

8.854 187817 x 10712 Fm~! = (upc?) !
2.002 331 13(20)

9.95141 x 1074

9.274 009 68(20) x 10-24 JT!

1.602 176 565(35) x 1071 C

9.109 382 91(40) x 103! kg

1.054 571 726(47) x 10734 Js

575.15 HzG 2
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- Notations

P; Input power of optical detection pulse
P, Input power of optical pumping pulse
t;  Duration of the optical detection pulse
t,  Duration of the optical pumping pulse
Tz  Duration of the Ramsey time

Tyw  Duration of the Rabi pulse
Tc  Duration of the cycle time

fc =+ Cycle frequency

Avy;  Full Width at Half Maximum (FWHM)
Avsoq,  Full Width at Half Maximum (FWHM)
Avyoq,  Full Width at 20% Maximum

Q. Atomic quality factor
QO.av  Cavity quality factor
& Field Orientation Factor (FOF)

T,y Inversion temperature
T.., Cavity temperature
T..;; Vapor cell temperature

Titem  Cell-stem temperature

TC.; Vapor cell temperature coefficient

TCsem  Stem temperature coefficient

ays Intensity light shift coefficient
Brs Frequency light shift coefficient

OD Optical density
T1 Intrinsic population relaxation time for the clock transition
T> Intrinsic coherence relaxation time for the clock transition
T Population relaxation time for all m levels

Ty Coherence relaxation time for the clock transition
with impact of C-field inhomogeneity
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- Introduction

Everyday life can hardly be imagined without considering the time interval measurement. In fact,
answering questions such as "when did it happen?", "was it before or after the other event?", or "how
long did it take?" requires a reference time scale and a clock to measure the time interval. To find
a time reference, the basic idea is to choose a physical phenomenon that oscillates continuously at
a constant rate, which is independent of position and environmental conditions. For centuries, the
evolution and revolution of the earth (day-night cycle and year cycle respectively) were the reference
"ticks". However, due to the irregularities in the rotations of the earth, another accurate reference with a
shorter time scale period was required [1, 2]. In 1500 BC, ancient Egyptian and Babylonian astronomy
used the first sundials clocks as timekeepers. This was followed by development various timekeepers
such as candle clocks, water clocks and hourglass (sand clock) by different ancients during the history.
In 1656, Christiaan Huygens invented the first pendulum clock as a mechanical clock operated based
on a mechanism with a natural oscillation period. In 1880, Jacques and Pierre Curie discovered the
piezoelectric properties of quartz [3] and less than fifty years later the first quartz clock was built by
Marrison and Horton at Bell Telephone Laboratories in 1927 [4]. Quartz crystal clocks were not also
a suitable candidate to be used in industrial fields such as telecommunications, navigation and space
applications due to their drift in large time scales. Unlike the quartz clocks, atomic clocks are able to
keep a stable and reliable time in the long-term scales. Advent of quantum mechanics revolutionized the
understanding the nature at small scales [5]. In addition, the well-known Bohrs’s relation presented that
an atom in the energy state E; can be transferred to an excited state £, when it absorbs the energy of
an incident electromagnetic field such that E; — E; = hv where A is the Planck’s constant and v is the
wave frequency. This was the main principle of invention of the atomic clocks. A transition started in
1939 after the discovery of nuclear magnetic resonance (NMR) by Rabi [6]. At the American Physical
Society conference in 1945, Rabi announced plans for an atomic clock [7]. In 1949, Rabi in the National
Institute of Standards and Technology (NIST) built the first atomic clock using ammonia molecules. In
1955, Essen and Parry designed and built the world’s first Cesium (Cs) atomic clock at the National
Physical Laboratory (NPL) [8]. In 1967 at the 13th "Conférence Générale des Poids et Mesures", the
second was redefined as: "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 '33Cs atom",

In 1956, the world’s first commercial Cs atomic clock was introduced about one year after the
introduction of the NPL standard. Since then, various atomic clocks were developed such as; the
thermal Cs beam standards [8, 9], primary atomic fountain clocks [10], active and passive hydrogen
masers [11, 12], Rb vapor cell standards [13, 14], optical-lattice clocks [15] and ion-trap clocks [16, 17].
In the commercialization of atomic clocks, due to applications demands, many efforts have been
undertaken not only to improve their accuracy performance, but also to reduce their volume, weight,
power consumption and production costs. There exists applications, including satellite-based navigation
systems, network synchronization, secure data communications and military systems that require atomic
clocks combining excellent fractional frequency stability, low power consumption and small size. In
the frequency standards domain, microwave vapor cell standards are particularly attractive and suitable
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candidates for meeting these criteria, since they are small and portable with low power consumption. For
example each Galileo global navigation satellite system (GNSS)! contains two lamp-pumped rubidium
atomic frequency standards (RAFS) and two passive hydrogen maser (PHM) atomic clocks. Some of
characteristics of RAFS and PHM atomic clocks are listed in table 1 [18]. Photographs of RAFS and
PHM atomic clocks are shown in figure 1. The goal for developing the next generation of the Rb atomic
clock in Galileo GNSS is to improve its long-term stability performances below 10~'* (at the level of
PHM) and keep it still compact. This project is ongoing among different experts time and frequency
groups in Europe by replacing the laser technology instead of lamps and also using compact microwave
cavities.

Table 1: Characteristics of RAFS and PHM in Galileo GNSS [18].

Clock Stability at 1s  Stability at 10*s  Mass (Kg) Volume (L) Power (W)

RAFS 3x 10712 4x10°14 3.3 3 18

PHM 7x10°13 <1x10°4 18 28 80

RAFS PHM
Figure 1: Photographs of RAFS and PHM atomic clocks.

In 1950, discovery of optical pumping technique [19] by Kastler introduced the possibility to
manipulate and spin-polarize atoms with coherent pumping light. This technique allowed the light
spectroscopy and exploring energy levels of molecules and atoms. Development of laser technology
resulted in improving the laser sources with narrow and tunable light with increased reliability and
output power as well [20]. The Double-Resonance (DR) method with the optical pumping technique has
been used to operate the vapor cell standards for about 70 years. The DR method involves two resonant
electromagnetic fields; one in the optical domain and the other in the microwave domain. Since the
1960s, the vapor cell lamp-pumped Rb clocks have been used as time references in telecommunications
and navigation systems with short-term frequency stability performances of about 1 x 10~'2771/2 in
terms of Allan deviation [13, 21]. However, Hao et al. have recently demonstrated a short-term stability
of 2.4 x 10713 t71/2 with a lamp-pumped clock [22]. The development of the semiconductor lasers
in the 1980s opened new prospects in the field of vapor cell standards. Using a laser instead of the
discharge lamp makes the system less bulky and the narrower linewidth of the laser compared to that of
the lamp, results in more efficient optical pumping and consequently improves the short-term stability
of the atomic clock by more than one order of magnitude [23, 24].

IGalileo GNSS is being created by the European Union (EU) through the European Space Agency (ESA).
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In 2013, a large European project, named Mclocks [25] funded by EURAMET and led by S. Mi-
calizio from Istituto Nazionale di Ricerca Metrologica (INRIM) was started in view of demonstrating
highly compact vapor cell clocks and improving their performances by adopting interrogation schemes
including mainly pulsed optical pumping (POP) and coherent population trapping (CPT). The main goal
of the Mclocks project was the development of three types of Rb vapor cell clocks based on 1) CPT, 2)
cold atoms and 3) POP schemes with the requirements of industrial and technical applications. The CPT
principle [26] uses the concept of the so called dark-state and it occurs by connecting two ground-state
energy levels of an atomic species to a common excited state using two phase-coherent optical fields
frequency-split by the atomic ground state hyperfine frequency. In the frame of the Mclocks project, the
Cs CPT clock with polarization modulation was developed recently at LNE-SYRTE in Paris [27, 28, 29]
and achieved a short-term stability at the level of 3.2 x 10713 7-1/2 In cold atom clocks [30], atoms
are first cooled by lasers and then interrogated by microwave field typically with Ramsey method. For
example, HORACE [31, 32] is a compact cold atom clock developed in LNE-SYRTE in Paris. Recently,
MuClock [33] which is an industrial compact version of HORACE has been developed and commer-
cialized by Muquans (spin-off from Institut d’Optique and Observatoire de Paris) uses Rb atoms and
demonstrated a short term stability at T = I s averaging time below 3 x 10~!3. These presented clocks
are laboratory prototypes with massive volume and mass (360 liters and 80 kg in the case of MuClock,
for instance). Micalizio et al. presented the state-of-the-art performance of a POP Rb atomic clock with
a large TEp; cavity with a high quality factor at the level of Q.,, < 1000 inside a vacuum enclosure,
exhibiting the short-term stability 1.7 x 1013 ¢-1/2 [34]. At the Laboratoire Temps-Fréquence (LTF)
in the University of Neuchétel, the state-of-the-art performance of an Rb standard exhibiting stability as
low as 1.4 x 10~ 13 771/2 was demonstrated [35] where the continuous-wave (CW) laser-pumped DR
approach was used to operate the Rb clock in an ambient environment. However, it was shown that the
medium- to long-term scale stability of the clock was limited by the light shifts (LS) effect and the stem
temperature coefficient (TC).

In this thesis, we demonstrate an Rb clock using a compact magnetron-type microwave cavity [36]
with a volume of only 45 cm? with a low quality factor (= 150) operating in the Ramsey-DR (based on
POP) scheme and we show that the presence of a high-Q cavity is not required. The magnetron-type
microwave cavity is designed and developed at the LTF in collaboration with the LEMA-EPFL [36]. In
the Ramsey-DR scheme, in contrast to the CW-DR scheme, because the optical and microwave pulses
are separated in time the LS effects can be strongly reduced and this results in improving the medium-
to long-term stability of the clock. Simultaneously, a newly homemade (at the LTF) vapor cell with a
stem volume 10 times smaller (compared to the previous version [35]) is used in our Rb clock, which
reduces the stem TC by an order of magnitude with respect to the previous work. We note that, we
operate our Ramsey-DR Rb clock in an ambient environment.

This thesis is split into five chapters as follows:

Chapter 1
This chapter presents a basic theory of the DR principle used in an Rb atomic clock. First, the atomic
structure of the Rb atom in view of accessing its "clock levels" is presented. Then, an overview of the
interaction of an atom with electromagnetic (optical and microwave) fields is given. This is followed by
presenting the Ramsey-DR scheme for a three-level system. The "intrinsic" population and coherence
relaxation times of the Rb atoms in our particular vapor cell are estimated based on the theory presented
in [9]. Finally, principal effects leading to the short- and medium- to long-term frequency stability of
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the Rb clock are given.

Chapter 2
This chapter presents the experimental setup used in this thesis. The setup is the Rb atomic clock that is
demonstrated in this thesis. It contains three main components: 1) a frequency-stabilized laser head
(LH), 2) a physics package that consists of a microwave magnetron-type cavity and a vapor cell and 3)
an electronic package. The detailed characterizations of each component are given in this chapter. Based
on these characterization results, we demonstrate an Rb atomic clock operating in the Ramsey-DR
scheme.

Chapter 3

This chapter gives the experimental measurements by using our Rb atomic clock. First, we show how
to obtain a Ramsey pattern by operating our Rb clock in the Ramsey-DR scheme. The configuration
of the /2 microwave pulses is optimized based on Rabi oscillations. Then, the contrast of the clock
signal, which is the central fringe of the Ramsey pattern, is optimized as a function of the durations and
intensities of the optical pumping and optical detection pulses. We obtain a clock signal with a contrast
of up to 35 % and a linewidth of 160 Hz. The uniformity of the microwave field is evaluated based on
Rabi oscillations. The vapor cell and the stem temperature coefficients (TC) are presented. The LS
coefficients and their impact on the clock frequency stability are measured and compared in our Rb clock
operating in both the Ramsey-DR and CW-DR schemes. We use the LS theory and simulations in the
CW-DR scheme and present a preliminary LS model and estimate the intensity LS in the Ramsey-DR
scheme.The microwave power shift (PS) coefficient and its impact on the clock frequency stability
are measured in our Ramsey-DR Rb clock. Moreover based on our investigations on microwave PS
effect, we show how to suppress the this effect in our Ramsey-DR Rb clock. The short-term stability of
2.4 x 10~ 13¢71/2 is demonstrated for our Ramsey-DR Rb clock and validated with our newly presented
analytical expression. We demonstrate our formula, in addition to estimate the short-term stability of
our Rb clock, allows precise predictions of the best Ramsey time in the Ramsey-DR scheme. Finally, we
present budget of instabilities in both short-term and medium- to long-term scales for our Ramsey-DR
Rb clock based on the quantitative measurements of relevant instability sources.

Chapter 4

In this chapter, we measure the population and coherence relaxation times of Rb atoms in the vapor cell
of our Rb atomic clock. For this, first, we use three existing methods of 1) Franzen [37], 2) CW-DR
[35] and 3) Ramsey-DR [38]. Then, we introduce our proposed Optically-Detected Spin-Echo (ODSE)
method inspired by NMR spin-echo [39] to measure both population and coherence relaxation times in
our vapor cell. We demonstrate that, in contrast to the mentioned existing methods, the ODSE method
suppresses the impact of the inhomogeneity of the static magnetic field on the coherence relaxation
time in the vapor cell —which is a source of relaxation processes— and allows measuring the "intrinsic"
coherence relaxation times of the atoms in the cell.

Chapter 5
A summary, conclusions and future prospects of this work are presented in this chapter.



Pulsed Double Resonance Atomic Clock

Atomic clocks, like other mechanical or electronic clocks, are used to keep track of the time interval
based on oscillations. Generally, an oscillation is a periodic variation between two events. The number
of these variations per unit of time is defined as the frequency of the oscillation. In mechanical clocks,
for instance a pendulum clock, the pendulum is the clock’s oscillator and the oscillations are the back
and forth swinging motions of the pendulum. Similarly, in digital clocks, the oscillations of a quartz-
crystal (resonator) are counted by a digital counter. In atomic clocks (atomic frequency standards),
the atomic transition between two atomic states of a proposed element defines the oscillation. This
atomic transition provides a stable frequency reference which is used to stabilize the frequency of a
local oscillator. According to the Bohr atomic model, atoms can only make a transition between two
energy eigenvalues, E; and E;, by emitting or absorbing a photon whose energy is exactly equal to the
energy difference between the two energy levels:

E, —E| :]’LVB7 (1.1)

where £ is the Planck constant and vp is the Bohr transition frequency. Based on this principle and
the fact that the Bohr frequency is an inherent property of an atom, we can build an atomic clock by
stabilizing the frequency of a local oscillator to the frequency of an atomic transition. A typical simple
model of an atomic clock is shown in figure 1.1. In an atomic clock, a quartz-crystal plays the role of
the local oscillator. An electronic servo-loop is used to stabilize the frequency of the quartz oscillator to
the atomic frequency.

In this chapter, we present our studies on an Rb vapor cell atomic clock. Since the 1960s Rb vapor
cell clocks have been used as time references in various applications such as telecommunication and
navigation system for their several advantages: they are, for instance, reliable, easy to operate, compact,
portable, consume less power, and last but not least have good short-term stability (around 1071277172,

I— Interrogation —‘l'

Local oscillator Atomic reference

5

A Feedback loop |

(correction)

Figure 1.1: Basic principle in atomic clocks. The figure is taken from [40].



Chapter 1. Pulsed Double Resonance Atomic Clock

In our Rb atomic clock, the isotope 8’Rb is used as the atomic reference that is confined in a vapor cell.

This chapter starts with an overview of the Double-Resonance (DR) principle. Then, we present the
atomic structure of the Rb atom. Considering the Rb atom as a simple three-level system, we present the
optical-microwave DR theory to obtain the clock resonance line. Next, we introduce the Ramsey-DR
technique which is used in this work to operate the Rb atomic clock. This is followed by presenting the
relaxation mechanisms that occur in the vapor cell. Finally, the sources of frequency instabilities in our
Rb clock are investigated.

1.1 Double-Resonance (DR) Principle

In vapor cell atomic clocks, a technique called "Optical-Microwave" DR is widely used to operate the
clocks. This technique involves two electromagnetic fields interacting with an electric dipole transition,
and a magnetic dipole transition where the laser is responsible for the electric dipole transition and the
microwave radiation is responsible for the magnetic dipole transition. Figure 1.2 shows schematics of
such a vapor cell atomic clock. In previous studies at the Laboratoire Temps-Fréquence (LTF), Bandi
et al. [41] presented their investigations on an Rb atomic clock operating in the "Continuous-Wave
Double-Resonance” (CW-DR) scheme where both laser and microwave fields are applied simultaneously
to interrogate the atoms. In Bandi’s work, the LS effect was one of the limiting factors of the medium-
to long-term clock frequency stability [35]. In another approach, also with the DR technique, the
pulsed-optical-pumped (POP) scheme was used to operate an Rb atomic clock [42, 43]. Using this
scheme allows strong reduction of the LS effect because the optical pumping, microwave interrogation
and optical detection phases are separated in time. In this thesis, we use the Ramsey-DR scheme [44]
based on the POP scheme to operate our Rb atomic clock. The details of this scheme will be explained
in section 1.5.

Magnetic coils
Vapor cell

. . \
Microwave cavity Photo Detector
Laser
source

Rb Vapor
Microwave <« | Feedback
Source ! (correction)
v
Clock output

Figure 1.2: Schematics of a vapor cell atomic clock operating in the optical-microwave technique.

1.2 Rb Atomic Structure

Rubidium is an alkali metal element which is placed in the first group and fifth period of the periodic
table. Two isotopes, 3°Rb and 8’Rb with abundances of 72% and 28% respectively, can be found in

6
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nature [45, 46]. Historically, the Rb atom is used essentially because of its optical spectral characteristic.
The 87Rb isotope is more favorable than 3Rb because of its reduced number of ground states (F = 1
and F = 2 for 3’Rb in contrast to F =2 and F = 3 for 3Rb) allows a more efficient optical pumping.
Therefore, our vapor cell is filled with 8’Rb.

Rubidium has the atomic number Z = 37; the first 36 electrons completely fill the first four atomic
subshells, and it has one electron in its valence shell. This valence electron is placed in the 55 orbital
and according to the quantum mechanic principles its total angular momentum is only possible of
being J = +1/2!. The spin-orbit interaction is responsible for the atomic fine structure where their
total electron angular momentum can be either / = +1/2 or J = 4+3/2 depending on the electron spin
angular momentum S. These two atomic fine structures are shown by 5P ;, and 5P; ; as shown in figure
1.3. Moreover, due to the interaction (coupling) between the nucleus spin angular momentum, /, and
the (total) angular momentum of the electron, J, the fine structure is split into a hyperfine structure
characterized by the total angular momentum of the atom F. F can take the following range of integer
values:

J—I|<F<|J+1]. (1.2)

The nuclear angular momentum 7 for 3’Rb is equal to +3 /2. This information combined with equation
(1.2) describes how the fine energy levels of 58y 5, 5P; /> and 5P; 5 split to two, two and four hyperfine
energy levels respectively. The small nucleus spin of / = % is one of the advantages of 3’Rb compared
tol=3in®Rbor I =7 in 133Cs. The smaller / results in a smaller number of Zeeman levels that
increases the population of the pair levels involved in the "clock transition" (see section 1.2.1) and
consequently provides a larger signal [23]. Moreover, the ground state hyperfine transition frequency of
6.834 GHz can be easily synthesized from quartz oscillators [23]. The fine and hyperfine structures
of 8’Rb are shown in figure 1.3. In 3'Rb, the two transitions of 55, /2 ¢> 5Py 3 and 58y 5 <> 5P3; are
conventionally called D1-line and D2-line, respectively (see figure 1.3). D1-line has the wavelength of
795 nm and D2-line has the wavelength of 780 nm. In this thesis, we use the D2-line of the 8’Rb because
the electric dipole moment of the optical transition in D2-line is approximately two times higher than
the one of D1-line [45] which results in higher contrast of the resonance line [34].

1.2.1 ¥ Rb Clock Transition

Applying an external static magnetic field (C-field) lifts the degeneracy of 3’Rb hyperfine ground
states into their respective Zeeman levels. The direction of the C-field defines the z axis of the coordinate
system and provides a quantization axis. Each hyperfine energy level with the total angular momentum
of F splits into 2F + 1 Zeeman levels and the quantum number mf is used to call them. The quantum
number mp can take the integer values of:

—F <mp <F. (1.3)

In 87Rb, the hyperfine levels |55, /2, F'=1) and |5S; 5, F = 2) split into three and five Zeeman energy
levels respectively which are shown in figure 1.4. For 3’Rb atoms at zero C-field, the hyperfine frequency
splitting is Ej, 7, /h ~ 6.8 GHz [45]. In the presence of a weak C-field, the Zeeman level shift is explained

n quantum mechanics, the total angular momentum of an electron, j, is the sum of the orbital angular momentum of the
electron, /, and the electron spin angular momentum, s, which mathematically is expressed by j = |[ % s].
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Figure 1.3: Fine and hyperfine structure of 8’Rb [45].

by the Breit-Rabi formula [9, 47] as:

Ehfs
2021 +1)

E 4dm
— giligBomp £~ (14— x4 212 (1.4)

E(F.my) = —
(F,my) 2 20+1

where =+ sign is taken to be the same as is mp = my £ my. I and gll are the nucleus spin angular
momentum and Landé g-factor respectively, tp is the Bohr magneton, By is the amplitude of the C-field

and x reads as:
= (87 +8&1)usBo (1.5)
Ej s
where g; is the bound electron’s Landé g-factor. By combining equations (1.4) and (1.5) and knowing
I = 3/2 for 8’Rb, the frequency difference of V(F=2,mp) — V(F=1,m;) ¢an be calculated as a function of

myp and By:

E(F:2, sz)—E(F: l,mpl) _ Ehfs
h h

2
8JHUB Bo+ (gsuB)

B 1.6
4h 2hEps ° (16)

+ (mp, +mp,)
This equation shows the corresponding Bohr frequencies of the allowed transitions (according to the
selection rules within the ground state transitions can only happen when Amp = mp, —mp, =0, £1).
The first term in equation (1.6) induces the hyperfine splitting Eyps/h = 6 834 682 610.90429(9) Hz
[48]. The second and third terms in equation (1.6) correspond to the linear and quadratic frequency
shift with respect to the static magnetic field amplitude which can be given by 0.7-(mp, + mp,) MHz/G
and 575.14 Hz/G? respectively after inserting the atomic constants [9]. Equation (1.6) shows that
the transition between the two states of |F =1, mp = 0) and |F = 2, mp = 0) is not affected by the
C-field at the first order and it is much less affected by a weak C-field (below 100 mG) than any
other transition (due the second term in equation (1.6) becomes zero). Therefore, the transition

INote that in [9] the nucleus magnetic moment is defined as: fi; = g;ug(%)f% 5 x 10*4g1,u3, where m, and m,, are the
electron mass and proton mass respectively.

8
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|F =1,mp =0) <> |F =2, mp = 0) is suitable to be chosen as the "clock transition", and these two
states are called "clock levels" (see figure 1.4). The environmental magnetic field through the second
order coefficient causes perturbations (section 1.7.3.1) and the magnetic shields are used to minimize
this effect.

SZS1/2
Clock Transition

Vg ~ 6.83 GHz

Figure 1.4: Zeeman splitting of |55, /,,F = 1) and |5S ,, F = 2) hyperfine levels of 87Rb.

1.3 Atom-Fields Interaction in 8’Rb

The interaction of atoms with radiation fields is analyzed in density matrix formalism [49]. The time
evolution of the atomic density matrix operator p under the action of Hamiltonian H is described by
Liouville equation:

d J N

dt
where, p is the density operator in the interaction and A includes contributions of the interaction of
atoms with applied fields on the density matrices. Here, we consider 3’Rb atomic structure based on
a three-level-system to simplify the presentation of the DR theory. The theory of DR technique is
presented in detail in [9, 50, 51]. The schematic of the three-level-system for the 87Rb is shown in figure
1.5. In this system, the three levels are: two ground states |1) and |2) and one excited state |3). However,
in reality, the two ground states F = 1 and F = 2 of 8’Rb atoms consist of eight Zeeman sub-levels (see
figure 1.4) and the excited state involves more than one level (see figure 1.3). The ground states |1)
and |2) are associated with the clock levels of |F = 1, mp = 0) and |F = 2, mz = 0) in ®’Rb with the
atomic transition frequency @,. The two ground state transitions are driven by a microwave radiation
with an angular frequency of @,. The excited state |3) corresponds to the 52P; /2 state in the 87Rb
atomic structure (see figure 1.3). The excited state |3) is used for the optical pumping with a laser at the
frequency @;. In the following we describe interactions of the Rb atom with microwave and optical
fields in the context of the Ramsey-DR scheme, which will be discussed more fully in section 1.5.

In addition to the applied fields, random perturbations also affect the states of the system and give
rise to the relaxation phenomena. In analogy with NMR experiments, relaxations can be defined with
two parameters of population relaxation and coherence relaxation. Population relaxation describes
how the excited atoms relax back to thermal equilibrium, and coherence relaxation describes how the

9
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57P;, 13)
-

2) —p F=2, mp=0
SENTN e /§JH (V7.
1) y F=1, mp=0

Figure 1.5: Schematic of a three-level-system in 8’Rb for a DR interrogation with laser-microwave fields.

coherent atoms lose coherence and relax back to zero due to the relaxation processes. The population
relaxation time and the coherence relaxation time between the two ground states |1) and |2) are shown
by T1 and T, respectively. The relaxation rates, ¥, (¥, and }, are population and coherence relaxation
rates, respectively) are the inverse of the relaxation times:

1
= —. 1.8
=7 (1.8)

In atomic clocks, as in NMR experiments, various types of collisions of the atoms and also the
inhomogeneity of the magnetic field are the relaxation sources. More details of the relaxation processes
will be presented in section 1.6.

1.3.1 Interaction with Light: Optical Pumping

At a thermal equilibrium and in absence of any interaction field, according to the Boltzmann distribu-
tion, both ground states of 3’Rb atoms are approximately equally populated, and the excited state is
empty. For example, at T = 65°C, the population ratio between the clock levels (|1) and |2)), and the
excited state (|3)), are calculated by:

"2 20,999 ~ 1, ") o 12% 1072 20, (1.9)

1) n2)
where (E; — Ej)/h ~ 6.8GHz and (E, — E3)/h ~ 380 THz. The optical pumping technique [19] is
used to create a population inversion between the two ground states and prepare the initial state. A
schematic of optical pumping is shown in figure 1.6. The optical pumping is usually done with either a
lamp [19, 52] or a laser [23]. Using a laser is more efficient than the lamp due to the higher intensity,
narrower radiation spectrum and independence of filtering [23]. In our system, we shine the Rb vapor
cell with a laser, whose frequency, @y, is tuned to a transition between a ground state and an excited
state. For example, in our simplified three-level model, @ is tuned to the transition |1) <+ |3). In this
condition, the Rb atoms are excited from the state |1) to the state |3) by absorbing light. Then, they
may decay back from the state |3) to either ground states and repopulate them with an approximately
equal probability (figure 1.6.b). If the laser continues to shine upon the atoms for a while, the atoms
spontaneously decaying into the state |1) will be re-excited, whereas the atoms in the state |2) remain
unaffected. As a result, after a number of excitation—emission cycles, all atoms will be found in the |2)
state (figure 1.6.c).

10
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c)

5°Sin

F=1
Figure 1.6: Schematic of optical pumping process: a) Atoms are in their thermal equilibrium condition and
they equally occupy both ground states F = 1 and F = 2; b) the pumping laser whose frequency is tuned to the
frequency between F = 1 and F' = 3 ground states excites atoms from F' = 1 ground states. Simultaneously, atoms
may decay from the excited state back to either of the ground states; c¢) After a number of excitation—emission
cycles, all of the population is pumped from F = 1 to the F = 2 state (in absence of relaxations between the
ground state).

1.3.2 Microwave Interaction

As mentioned in section 1.2.1, in the Rb atomic clock, the two clock levels are involved in the
clock transition. In this context, we consider only the two ground states |1) and |2) in the three-level-
system and model the interaction of a microwave field on such a system. Microwave radiation is
used to interrogate atoms in the ground states forming the clock levels. This is usually done with
an oscillating microwave field which is produced by a microwave generator. Applying a microwave
field, B(7,t) = Bycos(@yt) perturbs the system. By is the amplitude of the field and @, is its angular
frequency (see figure 1.5). We assume that the magnetic dipole moment arises from a single atom but
the treatment can be generalized by summing over all of the atoms. Moreover, for simplicity we assume
that the magnetic dipole moment is parallel to the microwave field and we neglect spatial variation of
the magnetic field across the atom. The Rabi frequency of such a microwave field is written as:

L

be="2
f

B,(r), (1.10)

where g is the Bohr magneton. For this system, the probability of finding the atom in state |2) at a
time 7 is calculated by solving the time-dependent Schrddinger equation and is given by [51]:

br . 5 (bt
Pzzb—ésm (7) (1.11)
where b; is:
b2 = b+ (Aw)>. (1.12)

Aw = @y — ay is the frequency detuning between the angular frequency of the microwave field, @y,
and the atomic frequency between the two states, @y. If the microwave radiation occurs for a duration
of 1, from equation (1.11), P, is written as:

b: 5 (b,T, sin(b, T, /2)\ 2
p=e ( )zbem22<,67) 1.13
2= pasin (757) = /D= (1.13)

P, has its maximum at the resonance condition when @, = @y and its first minimum occurs at @, — 0y =
+27/1,,. The probability function (1.13) has a (sinc (x))? shape1 and its central peak full-width-at-half-

1 sin (x) )

X

sinc (x) =

11
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maximum (FWHM), Av; /25 is the inverse of the interaction time 7, [51]:

1
AVyjp = —. 1.14
2= (1.14)
Figure 1.7 shows P as a function of b,t for three cases of frequency detuning Aw is equal 0, b, and 2b,.
For zero detuning, P, increases to unity when the condition bt = 7 is fulfilled. For non-zero detuning,
by increasing the frequency detuning the maximum of P, decreases.

1.0

P
o
[¢)]

0.0k

bt

Figure 1.7: The probability function P; versus b, -t for Aw = 0 (solid line), Aw = b, (dashed line) and Aw =2 - b,
(dotted line).

1.3.2.1 Concepts of & and 7/2 Pulses

Here, we present? the concept of a 7 (or 7£/2) pulse which is well-known in interferometry exper-
iments. A 7 pulse with a duration of 7, with a Rabi frequency of b, and with an angular frequency
in resonance with the frequency of an atomic transition can transfer the atomic population from one
atomic level to the other, when the condition #; - b, = 7 is fulfilled. Similarly, for a 7/2 pulse the
condition 75/ - b, = 7/2 is fulfilled. If a 7r/2 pulse is applied to an atomic system with two atomic levels,
a superposition of the states is created. In this condition, the probability of finding the atoms in each
level is equal to 1/2. Technically, to create a 7 (or 7r/2) pulse the duration and the amplitude (which is
proportional to the Rabi frequency) of the pulse should be adjusted (see section 3.1.1). We will explain
the 7 and 7/2 pulses in more details in section 1.4.

1.3.2.2 Interrogation by Two Microwave Pulses: Ramsey Technique

From equation (1.14), increasing the pulse duration, 7, results in a narrower signal which is of
interest when considering atomic clocks. Rather than use this approach, N. Ramsey developed a smart
method in the 1950s which is still being used in various atomic clocks [53, 44, 54]. The "Ramsey
technique" is based on two identical electromagnetic pulses with the same duration of 7, that are
separated by an interval "Ramsey time", T, during which no electromagnetic field is applied. The
timing sequence of the Ramsey technique is shown in figure 1.8.

To obtain the probability of finding an atom in the state |2) after the second pulse, Ramsey calculated

2This is valid for the ideal case where no relaxation process is taken into account.
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m e L p=—>1Tm

Time
Figure 1.8: Timing sequence of the Ramsey scheme.

separately the probability amplitude after the first radiation and the probability amplitude after the
second radiation and summed these two contributions [51]. Finally, the probability amplitude P, can
read as [51, 53]:

b2 bt bt ATy  Aw
b—,e‘;)sinz( ezm)<cos e2m cos 2R— b sin 62 sin—

e

b, Tn . Aa)TR>2

P =4( (1.15)

where b, is given by equation (1.10), b; is given by equation (1.12) and A@w = @, — @, is the frequency
detuning. Near the resonance, Aw < b, holds; therefore, we can neglect the second term in parentheses
of equation (1.15), and it is reduced to:

7Sin(befm))2(cos L(DTR)Z. (1.16)

P2 - (beTm)2< b/ T 7

When the frequency of the applied microwave field is in resonance with atomic frequency i.e. ® ~ @y
then Aw =~ 0 and consequently b, ~ b;. Then equation (1.16) can be written as:

1
P sin® (b, T, (1 + cos(A®TR)). (1.17)

According to this equation, the optimal excitation of the atom is achieved when b,7,, = 7/2 and
AwTgr = 2nr. This means that in the Ramsey scheme when two resonant /2 pulses are applied, they
add together and act as a 7 pulse which results in the full transfer of the atomic population from one
state to the other. Here, it is assumed that a zero phase shift occurs between the two pulses during the
Ramsey time. The FWHM of the resonance curve can be calculated by [9, 51]:

1

Avl/zzﬁ. (118)

Comparing equations (1.14) and (1.18) shows that, for the same interrogation time, the resolution
obtained by the Ramsey technique is two times better than when one microwave pulse is applied. This
is one of the advantages of the Ramsey technique.

1.4 Bloch Sphere

The Bloch representation was originally developed by Felix Bloch and modeled the Nuclear Magnetic
Resonance (NMR) phenomena in 1946 [55]. It is known from NMR experiments that a spin 1/2 in the
presence of a magnetic field splits into a doublet through the Zeeman effect. The Zeeman-split levels
are formally equivalent to the two-level atom [56]. In 1957, Feynman et al. used this equivalence and
adapted the Bloch representation to two-level atoms [57]. In the Bloch representation, poles of the
Bloch sphere are used to represent geometrically pure states of a two-level system. A so-called "Bloch
vector" describes the states in the Bloch sphere. The Bloch vector starts from the origin towards a point

13
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on the surface of the Bloch sphere. Figure 1.9 shows a typical Bloch sphere and a Bloch vector.

Z,2)

1)

Figure 1.9: A typical Bloch sphere. The north and south poles correspond to state |1) and state |2) respectively.
The states on the equator correspond to superposition states.

In the Bloch representation for a two-level system (with a ground state |1) and an exited state |2)),
the south and north poles of the Bloch sphere correspond to state |1) and |2) respectively. Whereas,
the equator corresponds to the superpositions of the two states'. The magnitude of the z-component
of the Bloch vector, gives the atomic population difference between the two states. Therefore, if all
the atomic population fill the state |1) (or |2)) and the state |2) (or |1)) is empty, the Bloch vector is
parallel to the z-axis and points to the south (north) pole of the Bloch sphere. If both states are equally
and uncoherently populated, the Bloch vector is only a point in the center of the Bloch sphere. If the
atoms are in coherent superposition state of the two states, the Bloch vector has a component in the xy
plane. The Bloch sphere and the Bloch vector are particularly useful to visualize the atomic population
of the clock levels in Rb atoms qualitatively in different sequences of pulsed techniques such as the
Ramsey-DR and the Spin-Echo (see chapter 4) schemes. Figure 1.10.a shows a Bloch sphere that
represents a two-level system in a condition that the state |1) is populated and the state |2) is empty. The
Bloch vector pointing towards the south pole of the Bloch sphere. As discussed above, in a two-level
system, an applied resonance 7 pulse results in transfer of the atoms from one state to the other. In the
Bloch sphere, a resonance 7 pulse rotates the Bloch vector by an 180° angle around the x axis and flips
it towards the north pole of the Bloch sphere (figure 1.10.b). Similarly, applying a resonance 7/2 pulse
is applied to the two-level system results in the creation of the superposition of the states and in the
Bloch sphere; it rotates the Bloch vector by a 90° angle around the x axis and points towards the equator
(figure 1.10.c). In our presentation, we have neglected the impact of any relaxation mechanism.

1.5 Ramsey-DR Scheme

In section 1.3.2.2, the Ramsey technique with microwave interactions was presented. In this section,
we present the Ramsey-DR technique using optical-microwave DR technique. The Ramsey-DR scheme
is based on the POP scheme [42]. This scheme is used in this thesis to operate the Rb atomic clock.
In the Ramsey-DR technique, the light is used for optical pumping and optical detection, while the
microwave field is used for atomic interrogation. Alley introduced the idea of pulsed optically pumping
in 1960 [58]. His theory was developed by Arditi and Carver to make the first atomic clock that worked
with microwave pulse coherent techniques [59]. In the Ramsey-DR scheme, in contrast to the CW-DR
scheme, three phases of optical pumping, microwave interrogation and optical detection are separated in

I"The choice of assigning the north and south poles of the Bloch sphere to the states is arbitrary.
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1) 1)

Figure 1.10: Representation of a two-level system with a Bloch sphere. a) the state |1) is populated and the state
|2) is empty; therefore, the Bloch vector points towards the state |1). b) Applying a resonance 7 pulse results in
rotation of the Bloch vector by an 180° angle around the x-axis and flips it towards the north pole of the Bloch
sphere (the state |2)). ¢) Applying a resonance 7/2 pulse results in rotation of the Bloch vector by a 90° angle
around the x-axis.

time. Therefore, during the optical pumping and optical detection no microwave radiation is applied and
similarly during the microwave interrogation the light is off. This avoids the shift induced by optical
coupling (light shift). The Ramsey-DR eliminates in principle the light shift (LS) effect [60, 61]. In
the following we describe the various sequences of the Ramsey-DR scheme. For this, we consider the
Rb atomic structure based on a three-level system that has been explained in section 1.3 and shown in
figure 1.5.

The timing sequence of the Ramsey-DR scheme is shown in figure 1.11. In this scheme, the light
is delivered by a laser source and the microwave radiation is provided by a microwave synthesizer.
In the Ramsey-DR scheme, the first sequence is the optical pumping where a laser pulse with a
duration of 7, creates a population imbalance between the ground states |1) and |2) via the excited
state. After the optical pumping pulse, the initial state is created (figure 1.11c). Then, in the absence
of the light, the microwave radiation is used to drive the ground state transition (the clock transition
|F =1, mp =0) <> |F =2, mp = 0) in our atomic clock). In the Ramsey-DR scheme, the microwave
interrogation is defined by two 7/2 pulses that are separated with an interval Ramsey time T¢. The 7/2
pulses have the same frequency, intensity, and the duration, 7,,. The first /2 microwave pulse creates
a coherent superposition state. During the Ramsey time, atomic spins continue their free evolution at
their Larmor frequency. Since the frequency of the microwave field is in resonance with the atomic
frequency between the ground state levels (clock frequency of Rb atoms in our atomic clock), the
condition AwTg = 2n7 in equation (1.17) is fulfilled. Therefore, the second resonant 7/2 microwave
pulse converts the accumulated atomic phase into a population difference between the ground states.
Finally, in the last part of the sequence, the optical detection pulse with the duration of #, takes place by
a laser with the same frequency as during optical pumping. The laser amplitude in the optical detection
is much lower than during the optical pumping to avoid further repumping of the atoms. The sequence
of the Ramsey interaction in a three-level system with a representation of the Bloch vector during the
microwave interrogation is illustrated in figure 1.11.

Using the Ramsey scheme, a transmission signal as a function of the frequency of the microwave field
gives the Ramsey pattern, which is a measure of the atomic ground state polarization. The stabilization
of the quartz oscillator to the central fringe of the Ramsey pattern realizes the clock [13, 23]. In section
3.1, various Ramsey patterns that are obtained experimentally at various operating parameters will be
presented and discussed.
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Figure 1.11: Ramsey-DR scheme.

Upper: Timing sequence of the Ramsey-DR scheme. Middle: State evolution represented by the Bloch sphere
Bottom: Schematic representation of the Ramsey-DR scheme in a three-level system.

(a): Atoms are at thermal equilibrium. Both ground state levels are equally populated due to the Boltzmann
distribution.

(b): During the optical pumping only the laser is on. During this interaction, excited atoms stay for a short time
(=~ nanosecond) in the excited state |3) and then randomly decay back to the ground state |1) or |2). The optical
pumping makes level |1) depopulated.

(c): Optical pumping creates a population imbalance between the ground states and prepares the initial state (no
relaxation is considered). Bloch vector represents the atoms that are in level |2).

(d): The first /2 pulse is applied after the optical pumping. The Bloch vector rotates 90°.

(e): The first m/2 pulse creates a coherent superposition state. Then during the Ramsey time both laser and
microwave are off. During Tz, the Bloch vector represents the free evolution of spins at the Larmor frequency.
(f): The second /2 pulse brings all the components of the diffused vector to the population difference axis
(vertical). The Bloch vector rotates another 90°.

(g): During the optical detection, in absence of the microwave, atoms in level are detected optically with the laser.
Bloch vector represents the atoms in the level |1).
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1.6 Intrinsic Relaxations in a Vapor Cell

In a vapor cell atomic clock, the linewidth (in the case of the CW-DR scheme) and the contrast of
the resonance line are influenced by various parameters, and ultimately, by the relaxation processes
occurring in the cell. Alkali atoms in the vapor cell, like in NMR, may lose their polarization due to
various types of collisions, interactions with electromagnetic fields, or as a result of the inhomogeneity
of the static magnetic field.

In our Rb atomic clock, the Rb atoms are confined in a vapor cell in the presence of buffer gases.
Buffer gases are used to reduce the mean free path of the rubidium atoms by preventing them to collide
directly with the vapor cell’s walls and lose their polarization. Rubidium atoms may collide with the
cell walls, buffer gases and with other Rb atoms (this process is called spin exchange) and lose their
polarization. These collisional relaxations depend only on the cell design (dimensions and geometries),
cell temperature and pressure, but they do not depend on any electromagnetic field. Therefore, they are
known as "intrinsic" relaxations [62]. One can estimate the total intrinsic relaxation rates by summing
the contributions of the three collisional relaxations: cell wall collisions ¥;cw, buffer-gas collisions ¥ipg
and spin exchange Ysg:

Y = Yiew + YiBG + Yise- (1.19)

In the following, we give an overview of each of these relaxation sources. We use the relaxation theory
and formula presented in [9] to estimate the intrinsic population and intrinsic coherence relaxation times
in our particular vapor cell (see section 2.3.1) and particular experimental conditions. The estimated
intrinsic relaxation times are valid only for the clock transition of 8’Rb atoms and we use notation T; to
show them.

1.6.1 Cell-Wall Relaxations

Buffer gases are used in the vapor cells for various reasons. The most important one is to prevent the
Rb atoms from colliding directly with the cell walls, because the cell wall collisions induce relaxations.
The Rb atoms collide with the cell walls and lose the state of polarization. The motion of atoms through
buffer gases can be explained by the diffusion equation which depends on the cell dimension, cell
temperature, T, and buffer-gas pressures in the cell, P. Our vapor cell has a cylindrical geometry with
a radius of @ = 1.25 cm and length of L = 1.25cm. In the lowest order diffusion approximation, the
diffusion equations responsible for the populations and coherence relaxations, respectively, are given by

[9]:

2.4052 2 PR
” ﬁ], (1.20)

Yiew = [( e ﬁ)Do 2
where Dy are the diffusion constants proportional to 73/% and P, is the standard atmospheric pressure
(760 Torr=1013.25 mbar). The diffusion constants, Dy, for Rb atoms with Argon (Ar) and Nitrogen
(Ny) at temperature T = 27°C were measured in [63]. Table 1.1 presents the diffusion constants, Dy for
our vapor cell at the cell temperature of 7 = 64°C. The total buffer-gas pressure P = 25 Torr. For our
vapor cell, based on the experimental measured parameters in table 1.1 and the cell dimensions, the

cell-wall population and coherence relaxation rates are calculated with equation (1.20) and are given in
table 1.3.
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Table 1.1: Diffusion constants of Rb interacting with buffer gases [9].

Buffer Gas Do (m?s~ 1)
Ar 1.54%x107
N> 1.66x107°

1.6.2 Buffer Gas Relaxations

Adding buffer gases leads to increasing the flight time that Rb atoms need to reach the cell walls, or in
other words, they reduce the mean free path of Rb atoms from a few centimeters to a few micrometers
in a vapor cell. N, and Ar are used as buffer gases in our vapor cell. Nitrogen has been chosen because
of its large quenching cross section that can reduce the lifetime of the excited states in Rb atoms [9].
However, N2 induces a positive pressure shift and it is mixed with Ar with a negative pressure shift.
Collisions of Rb atoms with buffer gases change the electron density at the Rb nucleus and result in
changing the hyperfine coupling in the Rb atoms [64] and consequently results in line broadening. The
relaxation rates that arise from collisions between a Rb atom and the buffer gas (molecules or atoms)
depend on the collisional cross-sections between the Rb atom and the buffer gas, o, the cell temperature,
and the buffer-gas pressures P with:

_ P
Yisg = LovrOi -, (1.21)

0
where Ly = 2.6867774(47) x 10> m~2 at 0°C is Loschmidt’s constant. o is the collisional cross-
section responsible for population relaxation, and o, is the collisional cross-section responsible for the

coherence relaxation. The temperature dependence of the above equation appears in the mean velocity
of the colliding atoms and buffer gases, v, which is given by:

v, = SkBT, (1.22)
\ 7u

where T is the cell temperature in Kelvin unit. kg is the Boltzmann constant and u is the reduced mass

of the colliding particles. The collision cross-sections between Rb atoms with Ar and N, buffer gases
responsible for population and coherence relaxations that are obtained experimentally [9] are given in
table 1.2.

Table 1.2: Collisional cross-sections of Rb with Ar and N, [9].

Collisions o (m?) o> (m?)
Rb-Ar 37x10727 37x10~%
Rb-N, 8.3x10~%7 350%x 10727

The contribution of the population and coherence relaxation rates induced by each buffer gas are
calculated by using equation (1.21) and the coefficients in table 1.2 at the working conditions of P =
25 Torr and the cell temperature 7 = 64 °C. In our Rb vapor cell with Ar and N, buffer-gas mixture, the
buffer-gas vapor pressure ratio is r = Py, /Py, = 1.6. The population and coherence relaxation rates,
Yisc and Y»pc respectively, for such a mixture are obtained from the formula below and the results are
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given in table 1.3.
rYiAr) T Yi(vs)

1.2
r+1 (1.23)

Yiar+n,) =

1.6.3 Spin Exchange Relaxations

In the vapor cell, Rb atoms may collide with other Rb atoms. This collision type may also result in a
line broadening [9]. During this collision, the two atoms in Sy /, state with opposite spins collide and
spin states of the two atoms may exchange with conservation of the total spin [65]. This phenomenon is
called spin-exchange. The spin-exchange collision relaxation is characterized by the cross section Ogg.
The spin-exchange relaxation rates are calculated as [9, 66]:

6/ +1

=nv = 1.24
YiSE =NV, Osg , VSE 81_|_4'YISE7 (1.24)

where yisg and psg are the spin-exchange relaxation rates of the atomic populations and coherence,
respectively. n is the atomic density of the Rb atoms in the vapor cell, v, is the average relative velocity
of the Rb atoms (equation (1.22)) and Rb-Rb spin exchange cross section is 6sg = 1.6 X 10~ ¥m?
[9, 66]. I is the nuclear spin which for 8’Rb is % By applying these values to the above equations,

spin-exchange relaxation rates are calculated and are given in table 1.3.

1.6.4 Summary of Intrinsic Relaxation

All of the above contributions to the intrinsic population and coherence relaxation rates are given in
table 1.3. The total expected relaxation rates in our cell are calculated with equation (1.19). Finally, both
intrinsic relaxation times, particularly, for the clock transition are calculated (inverse of the relaxation
rates) to be 71 = T, = 4.5 ms. The reported literature values for Dy and 6; show considerable scatter
[37, 63, 67, 68], which result in a total uncertainty of %7 for both intrinsic 71 and 7.

Table 1.3: Calculated intrinsic relaxation rates/times in Rb vapor cell, at T = 64 K

RO O]

Diffusion to cell walls (Yicw) 25 25

Buffer gas collisions (¥;35) 12 79

Spin-exchange (¥;sg) 185 116

Total relaxation rates (Xy;) 222 220
Estimated relaxation times (ms) T =4.5 T, =45

1.7 Frequency Instabilities in an Rb Atomic Clock

To characterize an oscillator or an atomic clock, frequency accuracy and stability of the oscillator are
key values. Accuracy describes the deviation of an averaged measurement value from the standard of the
quantity being measured. The instantaneous frequency of an oscillator may vary with time. This random
variation is known as oscillator instability. In other words, the stability of an oscillator defines how well
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it can reproduce the same frequency over a given time. Typically, there are two types of instabilities: 1)
short-term instabilities and 2) long-term instabilities. In Rb high-performance atomic clocks, short-term
instabilities refer to fluctuation over an interval time 0.1 s to 100 s and long-term instabilities to longer
than 10000 s. These ranges can be varied for different applications. Generally, the frequency of an
oscillator is non-stationary data because it contains time dependent noise contributions in itself. This
is the main reason that the standard deviation does not work to estimate the frequency stability of an
oscillator. Instead of the standard deviation method, a statistic method called Allan deviation is used to
estimate stability in the time domain. In the following we present more details about the Allan deviation
and various sources of instability in our Rb atomic clock.

1.7.1 Allan Deviation

David W. Allan introduced the two-sample variance in order to identify frequency noise processes
such as white, flicker and random walk frequency noises and characterize the variations of the oscillator
over time due to different noise processes [69]. The Allan variance is widely used to measure the
frequency stability in atomic clocks and oscillators. The Allan variance is expressed mathematically
as Gyz(r) and its square root is the Allan deviation. The stability of an atomic standard’s frequency is
investigated in the time domain.

The output frequency of the clock under test, y(z), is measured at regular time intervals of 7, where
T = ti+1 —t;. An example of the signal used for the Allan variance calculation is shown in figure 1.12.
The mean clock fractional frequency y;, is given by:

tit1
= [ (1.25)
T Jt;

and the Allan deviation for N number of samples can be calculated as [69]:

N_1
0y(T)Attan = \/ %«)’i-&-l —yi)?) = \/2(1\/1—1) l; Vix1 —¥)>. (1.26)
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Figure 1.12: Typical frequency fluctuations of an atomic standard or oscillator.

For a set of N frequency measurements, the averaging time T = m7y and the overlapping Allan
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deviation is defined as [70],

1 N—2m+1 j+m—1

o — Vi) 1.27
2m2(N—2m—|—1) = ,:ZJ Virm — i) ( )

0(7) = 6y () =

1.7.2 Short-Term Frequency Stability

It was mentioned before that the short-term frequency stability typically refers to the stability of a
measured frequency signal over an interval time of less than 100 seconds. In an atomic clock, various
sources of instabilities such as fluctuations of the C-filed, intensity and frequency of the laser, amplitude
and phase noise of the applied microwave radiation can limit the short-term frequency stability. In our
Rb atomic clock operating in the Ramsey-DR scheme with optical detection, instability sources are
mainly among: the instability associated with the total optical detection noise, phase noise of microwave
interrogating through the Dick effect [71] and LS via the laser intensity noise and the laser frequency
noise. In this section, we present the contributions of these sources in terms of Allan deviation. The
total short-term frequency instability is given by summation of all the above noise contributions in terms
of Allan variance and it is given by:

oy (1) = (Gyd“(f))z + (GyLO(T))Z + <GyLS(r))2, (1.28)

where G)f’“

noise of the microwave interrogating and GyLS (7) with the instability due to the intensity and frequency

(7) is the instability associated with the total optical detection noise, 6-?(7) with the phase

light shifts via the laser intensity noise and the laser frequency noise. In the following, we explain each
of these limitation factors in more details. Gyz(f) in equation (1.28) has instability contributions induced
by fluctuations of other parameters such as: C-field, atmospheric pressure and temperature, but their
fluctuations in the short-term scale (around 1 s) are quite low. Thus, these contributions are neglected in
the above equation.

1.7.2.1 Optical Detection Stability Limit

A single-frequency laser, such as the one used in our Rb atomic clock (see section 2.2.), can be
characterized by intensity noise (or amplitude noise) and phase noise. The instability induced by the
laser detection noise includes shot noise, the laser’s amplitude modulation (AM) noise, additional AM
noise from the Acousto Optical Modulator (AOM) and the noise from frequency-modulation (FM) noise
(laser+-AOM) to AM noise conversion in the vapor cell [72].

The shot-noise-limit is the lowest possible intensity noise level for a laser beam observed in mea-
surements with a photodiode. The theoretical shot-noise-limit in an atomic clock operating in the
Ramsey-DR scheme with the optical detection can be expressed as [34]:

1
SN “1)2
o = Tc 1.2
Vo (T) ﬂQuRSNV ct 7, (1.29)
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where Q, is the atomic quality factor which is given by:

VRb
)
AV1/2

Qu = (1.30)
where Avy; is the linewidth of the atomic resonance line which in our case is the linewidth of the
Ramsey central fringe, and Vg, is the frequency of the clock transition in an Rb atom. In equation (1.29),
Rgy is the signal-to-noise ratio which is proportional to the contrast of the Ramsey central fringe and T¢
is the cycle time of the Ramsey-DR scheme.

In this section we investigate the optical detection noise’s influence on the clock’s stability based on
our newly developed theory presented in Ref. [73]. In an atomic clock operating in pulsed mode like the
Ramsey-DR scheme with optical detection, the periodic optical detection also causes down-conversion
of out-of-band AM noise near the cycle frequency fc (= Tic) and its harmonics. The fluctuations of the
laser amplitude during the optical detection phase induce further instabilities to the clock frequency. We
use a so-called "sensitivity function" g(¢), which is the response of the atomic system to a phase step of
the interrogating oscillator with respect to a frequency change occurring at time ¢ [71]. In our particular
Ramsey-DR scheme with an optical detection, the sensitivity function is defined by:

0, 0<t<Tc—1y

= 1.31
8) {17 Te—ty<t<T¢c’ (13D

where #; is the duration of the optical detection phase in the Ramsey-DR scheme. For this sensitivity
function g(r), the Fourier coefficients g5 and g¢ at n'" harmonics of f¢ and the average value gg are
respectively given by:

1 [T 2nnt

g = —/ g(t) sin(ﬂ)dt,n is an integer (1.32a)
Ic Jo Tc
1 [Te 27mnt

gn=— g(r)cos( o )dt,n is an integer (1.32b)
Ic Jo Ic
1 [T

80 =~ / g(r)dt. (1.32¢)
Ic Jo

At very low frequencies, the down-converted detection noise can be assumed white and will be
completely compensated in a closed frequency loop [74, 75]. Therefore, the final white AM clock loop
noise Sk7(0) in the narrow range (at frequencies both above and below harmonics nf¢) is [75]:

LLO
RIN

(gn) det ( fC)

Z Srin(n

= (1.33)
Z sinc (wnfety))? R,N(n fc),

where S (f) is the power spectral density of the relative intensity noise (RIN) of the optical detection
signal. For a given detection time t,, the corresponding white AM noise variance 63,y is expressed as:

SLLO 0
Oy = R’zﬁ; ( ). (1.34)
d
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1.7. Frequency Instabilities in an Rb Atomic Clock

The final clock instability induced by the optical detection noise, in short-term range, can be expressed
by [34, 73]:

- 12 [T,
0l (1) = O, ( Z(sinc(nnfctd))ZS;Q%V(nfc)) \/Erl/z. (1.35)

n=1

This noise contribution is proportional to the inverse of the contrast C of the atomic resonance line. It
means that a high contrast Ramsey central fringe (or a clock signal) results in improving the signal-
to-noise ratio and at the same time reduces the weight of this noise [34]. In addition, our analytical
calculations show that the clock instability induced by the detection noise significantly depends on the
detection time #;. In our system the contribution of the optical detection noise is measured at the level
of 6% ~ 2.2 x 10713 771/2 when the duration of the detection pulse is #; = 0.7 ms. The measurement
and analysis for this result is presented in section 3.7.

1.7.2.2 Phase Noise of the Microwave Interrogating

In atomic frequency standards operating in a pulsed mode like Ramsey-DR scheme, the frequency
noise of the interrogation oscillator degrades the frequency stability. This phenomenon is known as the
Dick effect [71]. The Dick effect causes some additional noise limit by transferring phase noise of the
interrogating signal to atomic signal. For 7/2 microwave pulses this noise is expressed as [34]:

= T; 1z _
LO(z) = (Zsmcz(kn?i)sﬁf)(kfc)) 12 (1.36)
k=1

where fc = 1/T¢ is the cycle frequency in Ramsey-DR scheme and S)L,O( f) is the power spectral density
of the microwave fractional frequency fluctuations which is given by:

2

500 = (L) 550, (1.37)
In the above equation, f is the Fourier frequency, vy is the carrier frequency of our local oscillator (see
section 2.5) which is 6.835 GHz and Sy (f) is the power spectral density of the phase noise. Figure 1.13
shows the phase noise of our local oscillator which was measured and presented in [41]. From equation
(1.36) and the measured phase noise of the LO shown in figure 1.13, the Dick effect stability limit is
estimated at the level of GyLO ~ 7.5 x 10~147~1/2 for our Rb clock operating in the Ramsey-DR scheme
with typical Ramsey time of Ty = 3 ms and a cycle frequency of fc ~ 200 Hz.
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Figure 1.13: Cross-correlated phase noise measurement at 6.8 GHz carrier frequency. Brown color represent the
phase noise of the LO only. The figure is taken from [41].
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1.7.2.3 Light Shift Noise

Fluctuations in both intensity and frequency of the laser affect the clock frequency stability via the
LS effects (see section 1.7.3.6). The total LS instability can be expressed by:

(oLS(r))2 - (cro,(r))2 + (cﬁ(r))z, (1.38)

where, 64(7) and og(7) are the induced instabilities associated with the laser intensity and the laser
frequency noises, respectively, which are assumed to be uncorrelated. 64 (7) and op(7) are given as:

o |a| GA]L/[LIL171/2
- )

0a(7) (1.39a)

VRb
— ‘B’GAVL/VLVL171/2

1.39b
Ve (1.39b)

op(7)
In the above equation, || is the absolute value of the intensity LS coefficient, I, is the laser intensity,
Oay, /1, 1s the relative intensity stability of the laser, |B]| is the absolute value of the frequency LS
coefficient, v, is the frequency of laser for the D2-transition (384.23 THz) and Gy, /v, is the relative
frequency stability of the laser.

1.7.3 Medium- to Long-Term Frequency Stability

In an atomic clock, the clock frequency is influenced by fluctuations of physical quantities such as
magnetic field, amplitude and intensity of the microwave field, and the frequency of the laser during the
optical pumping/detection, the residual light during the Ramsey time and also environmental parameters
like temperature, atmospheric pressure and humidity. All these effects shift the output clock frequency
with respect to the unperturbed atomic reference transition. Since the vapor cell atomic clocks are
among the secondary frequency standards, only the sensitivity of a given shift to the experimental
parameter variation is evaluated (i.e. stability), but not the absolute shift (i.e. accuracy). In the other
words, in the vapor cell atomic clock we are interested in investigating the impact of the fluctuations on
the medium- to long-term frequency stability. The output clock frequency, V.j,ck, can be given by:

Veiock = VrRb + AVZeemcm + AVBG + AvSE + AVLS + AvCP; (140)

where Vg, is the unperturbed frequency of the clock transition in 87Rb used in the vapor cell, AVzeeman
is the second order Zeeman shift, Avgg is the shift due to 8’Rb-buffer gas collisions, Avgg is the
spin-exchange shift due to 87Rb-87RD collisions, Avyg is the light-shift and Avcp is the shift due to
cavity-pulling. In the following we present each of these frequency shifts in our Rb atomic clock.

1.7.3.1 Second-Order Zeeman Shift

The static magnetic field (C-field) applied to lift the degeneracy of the 8’Rb hyperfine ground states
into their respective Zeeman levels also results in a small shift of the clock transition frequency. This
phenomenon is called the second-order Zeeman shift; the C-field fluctuation perturbs the output clock
frequency. This effect was discussed in section 1.2.1 and presented in the third term of equation (1.6).
Considering the clock transition, mp, = mp, = 0, in this equation the clock frequency shift corresponding
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1.7. Frequency Instabilities in an Rb Atomic Clock

to the second order Zeeman effect is given by:

2
AVZeeman = (ZiJEI:L::‘S B% :AOB(Z)a (141)

where By is the C-field amplitude which in our experiments is typically at the level of about 100 mG,
and Ay is calculated to be 575.14 Hz/G?. The first-order C-field sensitivity coefficient is calculated by
partial derivation of equation (1.41) with respect to By:

aAvZeeman
dBy

5 VZeeman —
By

= 2A0By. (1.42)

The second-order Zeeman shift and its coefficient are calculated with the above formula and they
are summarized in table 1.4. The instability induced by the second-order Zeeman shift of about
1.7 x 10714 /% is estimated for our Rb clock.

Table 1.4: Second order Zeeman shift and its coefficient when the static magnetic field is 100mG.

Quadratic Shift Magnetic coefficient
szeeman (HZ) 5g§eeman (HZ/mG) Sggeetnan (/%)
5.75 1.15%x 107! 1.7x 10714

1.7.3.2 Buffer-Gas Shift

The buffer gases are used to prevent collisions between the alkali atoms and the walls of the glass cell.
Nevertheless, the collisions between Rb atoms and buffer gases include a shift at the clock resonance
frequency. In the case of alkali atom collisions with the buffer gases, their hyperfine splitting is modified
by changing the electron density [65]. This is a result of two forces: attractive long-range Van der Waals
interactions and repulsive short-range Pauli exclusion forces. Van der Waals interactions decrease the
electronic density at the nucleus, and therefore reduce the hyperfine splitting. Pauli exclusion forces
act in the opposite direction, and they increase the electronic density at the nucleus and enhance the
splitting [76]. This shift can be expressed empirically by [9]:

AvBG:Po<ﬁ+5(T—To)+y(T—To)2>, (1.43)

where Py is the total gas pressure at the sealing temperature, and 7 is the cell temperature. 7y = 60°C
is the reference temperature for which the coefficients are measured. 3, § and y are the pressure
coefficient, the linear temperature shift coefficient, and the quadratic temperature shift coefficient of the
buffer gas, respectively. Typical coefficient values for buffer gases N, and Ar are given in table 1.5. The
buffer gas temperature coefficient, TCpg is calculated from equation (1.43) by:

. 8AvBG .

TCyo(T) = —== = Po(8 +2¢(T — Thy))- (1.44)

TCpc(T) is minimum at a temperature of:
Ty =To— —, (1.45)
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where T, is the inversion temperature. If only a single buffer gas of either Ar or N is used in the 87Rb
vapor cell, the inversion temperature can be obtained by using coefficients in table 1.5 either around
—200°C or around +300°C, respectively. Therefore, a mixture of Ar and N is chosen to make the
temperature coefficient of the clock frequency negligible at a certain inversion temperature 7,,. In our
system, a mixture of two buffer gases of Ar or N, with the vapor pressure ratio r = Py, /Py, = 1.6 is
used. Then B, 6 and 7 coefficients are given by:

_ BNz+rﬁAr

B = T (1.46a)
0w, + 7164,
W, + Yar

Y—71+r . (1.46¢)

According to the coefficients presented in table 1.5, a pressure ratio of » = 1.6 and a total pressure of
P =25 Torr the corresponding calculated 3, 6 and ¥ coefficients are listed in table 1.5. We estimate
the T;,, ~ 69°C by using the coefficients in table 1.5 and equation (1.45). Finally, from equation
(1.43) Avpg is estimated to be about 4.3 kHz. We also estimate the buffer-gas temperature coefficient
TCpg ~ 0.01 Hz/°C by using equation (1.44) at T = T;,,. The inversion temperature and the buffer-gas
temperature coefficient are measured experimentally and presented in section 3.4.

Table 1.5: Calculated pressure shift and temperature coefficients for buffer gases Ar and Ny at 7y = 60°C [9] and
for a mixture of Ar+N, with pressure ratio of r = Py, /Py, = 1.6.

Buffer gases B (HzTorr ') & (HzTorr 'K~')  y(HzTorr ' K~2)

Ar -59.7 -0.32 -0.35x1073
N, 546.9 0.55 -1.5%1073
Ar+N, 173.6 1.46x1072 -0.8x1073

1.7.3.3 Spin-Exchange Shift

In section 1.6.3, we discussed the spin exchange collisions between Rb atoms and their effect
on broadening of the resonance line. These collisions also create phase shift of the atomic magnetic
moment and results in an average frequency shift at the atomic transition [66, 77, 78]. The corresponding
frequency shift of the clock operating in the Ramsey-DR scheme is expressed by [66]:

L
AVgp = — g”vrlSE <A> Tr> (147)
where n = 2.86 x 10!"m~3 is the atomic density of the Rb atoms in the vapor cell which mainly relates
to the temperature of the stem. v, == 400 m/s is the average relative velocity of the colliding 3’Rb atoms,
and Asz =6.9x 1071 cm? is the spin-exchange cross section responsible for the frequency shift [77].
The spin-exchange shift, Avsg, is temperature dependent as the atomic density of the Rb atoms, n,
and the average relative velocity of the Rb atoms are functions of the temperature. In equation (1.47),
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(A) 1y, is the average value of the population inversion during the Ramsey time 7. (A)7, was obtained
approximately equal to 4x 1073 for a cell temperature of 60°C (in our Rb clock the cell temperature is
set to 63.2°C (see section 3.4)) and reported in ref. [78]. Finally, the contribution of the spin-exchange
effect in the clock frequency shift is obtained Avsg = —0.01 Hz or AV‘% ~ —1.5x107'2. In our Rb
clock, at the stem operating temperature around 332 K, for a variation of the temperature of one degree
we have An/n =~ 10%. Therefore from equation (1.47), we can evaluate a temperature sensitivity caused
by spin exchange of ~ 1.6 x 10~!3 /K. This result is about one order of magnitude lower than the one
presented by Bandi et al. [35, 41] and is at same level presented by Micalizio et al. [78].

1.7.3.4 Cavity-Pulling

In an Rb atomic clock which contains a microwave cavity, the cavity-pulling effect is a phenomenon
that may create a shift in the clock frequency. This effect is due to the feedback of residual field in
the microwave cavity on the atomic sample in the Ramsey-DR scheme and also to the detuning of the
cavity from Vg, [42]. The frequency shift induced by cavity pulling for an atomic clock operating in the
Ramsey-DR scheme can be obtained from [43]:

Avep = —

4 Qcav

— Av.c(6 1.48
0. c(0) (1.48)
where Q.. and Q, are the cavity quality factor and the resonance atomic quality factor, respectively and
are given by equations (2.2) and (1.30). Q.4 is about 150 for our cavity (see section 2.3.2) and Q,, is at
the level of 4.1 x 107. Av, is the cavity detuning from Vg, and for our cavity is V., — Vgy =~ 1.3 MHz
(see section 2.3.2.1). In the above equation ¢(0) is given by [43]:

c(0) = };;,R log (cosh (}];(1 — eVZTR)> + cos 6 sinh (;;(1 - e”zTR))> , (1.49)
where 0 is the microwave pulse area (6 = b7, b is the microwave Rabi frequency and 7, is the duration
of the microwave pulse) and k is the number of microwave photons emitted by an atom in 1 s and is
defined by [42]:
o ,uO,uéancav
h2I+1)

where L is the vacuum permeability, and pp is the Bohr magneton. 1) is the cavity filling factor [79]

(1.50)

and in our cavity is measured to be 0.136 [41]. [ is the nuclear spin which in 8’Rb is 3/2 and n is the
atomic density of Rb atoms in the vapor cell which in our case is 2.86 x 10! m~3. Applying all these
values and constants in equation (1.50) gives k = 1.49s~!. In the case of applying exact /2 microwave
pulses, the second term in equation (1.49) becomes zero. In our measurements when 7x = 3 ms and
1 = 220s~! (see section 1.6), Avep = 2.14 x 109 Hz in equation (1.48). The cavity temperature

coefficient is measured 2;—2: = —40kHz/K (see section 2.3.2.2). Hence for our Ramsey-DR Rb clock,
we can estimate the temperature sensitivity of the cavity pulling % ~ 6.58 x 107 Hz/K equivalent

to a relative value of %’w ~9.63 x 1077 /K from equation (1.48). This result is more than two

orders of magnitude lower than for the Rb clock presented by Micalizio et al. [34]. This difference can
be explained by the quality factors and the temperature sensitivities of the cavities used in the clocks.
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1.7.3.5 Microwave Power Shift (PS)

The microwave power sensitivity of the clock transition frequency is reported for Rb vapor cells
with buffer gases in [9, 80, 81, 82]. This sensitivity is most likely a consequence of the microwave
field inhomogeneity inside the vapor cell and it is known as microwave power shift Av,,,. In an Rb
clock operating in the Ramsey-DR scheme, the measured clock frequency is also a function of the
microwave power (or microwave pulse area). During the microwave interrogation (Rabi pulses), due to
the microwave field inhomogeneity inside the vapor cell, different parts of the atomic sample in the
cell experience different microwave powers (or microwave pulse area) and consequently have different
frequencies contribute to the resonance signal. This phenomenon results in frequency shift of the
measured resonance line which is known as position-shift as it depends on the atom’s position inside
the cell [83, 78]. The microwave power shift sensitivity influences the cavity pulling which is seen from
¢(0) in equation (1.48). Therefore, from equation (1.48) it is possible to deduce the sensitivity of the
clock frequency to the amplitude of the microwave pulse, with the assumption of working at 8 = 6
[78]:

aAVCP _ _§ Ocay
N0 |g_g T Qa

Av,sinh (2];2(1 —eYZTR)), (1.51)

For our Ramsey-DR Rb clock with a microwave cavity with a low quality factor, we estimate the
sensitivity from equation (1.51) and using values given in section 1.7.3.4 to be:

A(AVCP)/VRh

~4.5%x1071%/%. 1.52

This result is at the same level for the one presented by Micalizio [78]. We present preliminary results
from the microwave power shift in our Ramsey-DR Rb clock in section 3.6.

1.7.3.6 Light-Shift (LS)

Light shift or AC Stark shift is a well-known phenomenon in light-matter interactions. Light shift
is one of the instability sources in the atomic frequency standards [84]. It appears when the laser
frequency is detuned from the central frequency of the optical transition [85]. The LS effect is due
to a virtual absorption and re-emission of the off-resonance incident photon. These virtual transitions
produce a coupling between the wave functions of the levels involved in the process which results in an
energy shift of the level [50]. In 1968, Mathur presented the LS theory in relation to alkali atoms and
demonstrated that the LS is proportional to the intensity and frequency of the applied light [86].

Light shift for a specific transition coupled by a light field with the frequency of v;, for the ground
state level can be expressed as [84]:

VL — Vopt
(VL - Vopt)2 + (1’**/2)2 ’

1
As =7 Q[ (1.53)

where, Qp is the optical Rabi frequency of the light field, v, is the transition frequency where the light
field is resonant, and I'* is the intrinsic decay rate of the excited states. In our Rb clock, we use the
laser for optical pumping and optical detection that emits at the D2 line of 8’Rb (see figure 1.3) which
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is achieved by the laser field coupling one of the ground state components in 528, /2 to the excited
state 5 %P5 /2. This model allows a qualitative understanding of the LS effect. However, it stands for an
average shift induced to the degenerated hyperfine ground states and not specifically to the clock states,
while in the 8’Rb atomic clocks, the clock levels are coupled to several partially resolved excited states;
therefore, the contribution of each has to be considered [87]. In this thesis, we use the model presented
by M. Pellaton [87], in which only the allowed transitions from the clock levels to the excited states’
Zeemans sublevels are considered. In addition, in this model the impact of buffer gases on both shift
and a broadening of the optical transitions are included where both are proportional to the pressure. We
use the following expression for the LS [87]:

Qr\ 2 Sv, Svy )
Ars=(— d — , 1.54
LS (471_) ;{;/ ng(VD)<(Bg£*)2+(5vi)2 (BGF* )2+(6VL)2 ( )

4

where g(Vvp) is the Gaussian distribution of the frequencies, and BGr~ is the total broadening of the
excited state (the intrinsic decay plus the impact from buffer gases). In an atomic clock, the LS can be
expressed locally, that is, for a given laser frequency and laser intensity by two coefficients known as
intensity light shift ogs and frequency light shift s coefficients. The intensity light shift coefficient
ays is calculated from equation (1.53) at a fixed laser frequency as:

(1.55)

vz:const.
In the same way, the frequency light shift coefficient B is given when the laser intensity is fixed:

8AvLS
8vL

Brs = (1.56)

Ir:const.

In an atomic clock operating in the Ramsey-DR scheme, due to the separation of the light and
microwave pulses, a reduction of the LS effect is expected. However, in practice in the Ramsey-DR
scheme, LS may have two origins: 1) a residual light during the time that the laser is switched off (from
the beginning of the first /2 pulse until the end of the second 7/2 pulse) due to non-perfect background
light suppression (see section 2.2) and 2) incomplete optical pumping which results in the residual
hyperfine coherence. The first origin can be explained by the AC Stark shift effect due to the coupling
between light and induced atom’s dipole [88] and the second origin can be explained by the residual
coherence during the optical pumping pulse [42]. In this work we concentrate on the first one and more
details about LS are presented in section 3.5.

1.8 Summary of Frequency Shift Coefficients

Table 1.6 shows the summary of the shift sensitivities to relevant parameters influence on the clock
frequency. The values for the sensitivity coefficients are typical for an Rb buffer gas cell in the exper-
imental conditions encountered in chapter 3. In this table, light shift and microwave power shift are
measured quantities in chapter 3.
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Table 1.6: Summary of the perturbing frequency shifts for our Ramsey-DR Rb clock. Light shift and microwave
power shift are measured quantities (see Chapter 3).

Physical Sensitive Coeff. Absolute Relative Frequency
effect variable coeff. coeff. shift (approx.)
Zeeman Magnetic field 115Hz/G +1.7x107% /G 6Hz
Buffer gas TCpg 0.01 Hz/K 1.32x 10712 /K 4250 Hz
Spin exchange Temperature TCsg 1.1mHz/K 1.6 x 10713 /K <0.1Hz
Cavity pulling TCcp 0.6 uHz/K 9.6 x 10717 /K < 1 mHz

Intensity ars  0.144mHz/% 2x 10714 /9% <0.01 Hz
Light shift

Frequency Bs  —38mHz/MHz —5.5x 1074 /MHz < 1 mHz
Cavity pulling  pW pulse area 0.3 mHz/% 4.5x 107 /% < 1 mHz
Microwave UW power —0.02Hz/uW  —2.6x 10713 /% <0.1Hz

Total Frequency shift (approx.) ~ 4256 Hz

1.9 Conclusion

In this chapter, the DR technique with an electric dipole transition and a magnetic dipole transition
for 8’Rb atomic clock was briefly presented. The Ramsey-DR scheme based on optical-microwave
DR technique was presented and described visually with Bloch spheres. We calculated both intrinsic
population and coherence relaxation times (77 and 75, respectively) particularly for the clock transition
of 8’Rb atoms in our particular vapor cell (see section 2.3.1) with buffer gases to be about 4.5 ms. The
experimental results are presented in chapter 4. The basics of the clock frequency stability analysis were
explained while discussing the importance of Allan deviation. The short-term frequency stability in our
Rb atomic clock was predicted at the level of approximately 3 x 10~'37~1/2 by considering the phase
noise of the microwave interrogation through the Dick effect, the LS, and the instability associated to
the total optical detection noise. In our study, a new analytical formula was developed to predict the
clock’s short-term stability by considering the duration of the optical detection phase of the Ramsey-DR
scheme. The verification of the this formula is presented in section 3.7.
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This chapter describes the experimental setup used in this work. Our experimental setup is an
Rb atomic clock which is developed in this thesis. This setup consists: 1) a laser system which is
designed and build in the LTF, 2) a physics package that contains a newly developed Rb vapor cell
and a magnetron-type microwave cavity which is designed, developed and built in collaboration with
Laboratory of ElectroMagnetics and Acoustics (LEMA) at Ecole Polytechnique Fédérale de Lausanne
(EPFL) in the context of an SNSF project! and 3) a microwave source local oscillator (LO) which is
designed, developed and built in Istituto Nazionale di Ricerca Metrologica (INRIM). We present the
detailed characterizations and evaluations of the required components of the Rb clock, such as the laser
system, physics package —which contains the microwave cavity, the vapor cell and the C-field coils— and
the microwave source (the local oscillator (LO)), in view of the DR spectroscopy and clock operation.

2.1 Rb Clock Setup

The schematic and photograph of this Rb atomic clock setup are shown in figures 2.1 and 2.2. It
consists of three main functional blocks: 1) a laser system, 2) a physics package and 3) a microwave
source LO. The laser system is a compact frequency-stabilized laser which is used as an optical source
[89]. The laser system presented here was realized as a result of the efforts of P. Scherler and F. Gruet
both from the LTF who designed, constructed and characterized it, and M. Pellaton who produced
the evacuated reference Rb cell. The physics package contains a cylindrical Rb vapor cell which is
placed in a magnetron-type microwave cavity [36]. The Rb vapor cell is designed and developed at
LTF, and fabricated by M. Pellaton. The magnetron-type microwave cavity is designed and built at the
LTF in collaboration with LEMA-EPFL. The Rb vapor cell is filled with isotopically enriched 8’Rb
and a mixture of Ar and N, as buffer gases. The microwave cavity with a volume of only 45 cm? and
with a low quality-factor (= 200) resonates at the 8’Rb clock transition frequency of ~ 6.835 GHz. It is
surrounded with a magnetic coil (C-field coil) that generates a static magnetic field oriented parallel to
the cell’s symmetry axis and the laser propagation vector (Z direction). In order to support an atomic
clock operating in a pulsed scheme, the implemented electronic package was designed and developed at
INRIM- in Italy [90]. It includes the LO that generates a ~ 6.835 GHz radiation resonant with the 8’Rb
clock transition, the servo, and the oven-controlled crystal oscillator (OCXO) quartz oscillator. The
characteristics of each component will be presented next.

In the following, a detailed description and characterization is given for each functional block of
our Rb clock. We discuss the choices of experimental parameters and how they can affect the clock

'Within the projects FNS:"Microwave Cavities for High Performance Double Resonance Atomic Clocks and Sensors"
no. 140712 (2012-2015) and "Study of microwave cavities for high performance pulse pumped double resonance atomic
clocks" no. 162346 (2015-2018).
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performances. Finally, we conclude that this Rb clock is capable of being operated in a Ramsey-DR
scheme and can achieve a stability comparable to state-of-the-art results. In the next chapter, we will
discuss the main results of our Rb clock obtained in the Ramsey-DR scheme.

ﬁ .
__________ -C-field Coil
Magnetic Shield —t»ﬁ e mEEmEEm Vapor Cell
[
Magnetron Cavity —H ; Photo Detector
________ - | T YT T Switeh !
[ : _i_ fuiteh |
P A! >| :
I -——— === ==1_ | _
| !
I 1
IN\EEEEEEEEETS I .
LE ————————— ] jSwitch

Switch Physics Package Assembly

1 o N J |
Microw a.n e Servo
Synthesize

T = |

Laser System Electronics Package

Figure 2.1: Schematic of the clock experimental setup with three functional blocks; 1) a laser system, 2) a physics
package and 3) an electronic package.

2.2 Laser System

The frequency stabilized laser system is designed and built at the LTF. A photograph and the
schematics of the LH are shown in figure 2.3. The optical part of the LH occupies only 1 liter while
its overall volume is 2.4 liters, including room for control electronics. A Distributed Feedback (DFB)
diode laser with an integrated Peltier element and a collimating lens is used as an optical source. The
laser emits at 780 nm that corresponds to the D2 transition of 3’Rb atoms. An optical isolator (OI) is
used to avoid any light feed-back in to the diode. The frequency of the laser is stabilized to the sub-
Doppler absorption lines using an evacuated 3"Rb reference cell by the method of saturated-absorption
spectroscopy [91]. The reference cell is surrounded by two magnetic shields in order to protect the
atoms from any external magnetic field fluctuations. In the LH, an Acousto Optical Modulator (AOM)
is integrated that allows shifting the light’s frequency. In addition, the AOM is used as a fast switch
to control the duration and intensity of the laser during the optical pumping and the optical detection
pulses in the experiments discussed in this thesis. The RF synthesizer from Agilent E8257D is used as
an RF source to drive the AOM.

The following discussion reports the detailed test results and characteristics of the laser system which
were mainly performed by F. Gruet from the LTFE.
2.2.1 Laser System Properties

Laser diode properties such as power, frequency tuning and absorption spectrum were measured
and characterized by F. Gruet and subsequently reported here. For the laser diode of the LH, power
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Figure 2.2: Photograph of the Rb atomic clock used in this thesis.

versus current and temperature tuning coefficients are 0.8 W/A and —0.9 mW /K, respectively. Wave-
length versus current and temperature tuning coefficients are 2 pm/mA (—1 GHz/mA) and 55 pm/K
(—30 GHz/K), respectively. The wavelength of 780 nm is reached at a laser temperature of about
37°C and a current of 95 mA. The laser system output power was measured at 15 mW at 100 mA. The
ON /OFF ratio was measured at 40 dB (ON = 12 mW, OFF = 1 uW). However, this measurement was
quite sensitive to the background light in the laboratory, and the measured ON/OF F ratio might be
limited by this effect. Figure 2.4 shows the recorded saturated absorption spectrum (see section 2.2.4)
of the Rb reference cell (blue trace) with another absorption spectrum obtained with the output beam of
the laser system (using another, external Rb cell, red trace). In this case, the output beam of the laser
system is shifted by —160 MHz using the AOM double-pass technique.

The AOM rise/fall time was measured about 4.5 us from figure 2.5. It corresponds to the time interval
measured between 10% and 90% of the maximum light signal. The rise/fall time specification of the RF
switch used is typically 5 ns and the switching time is typically 10 ns. Therefore, the measured rise/fall
times are not limited by the switch.
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Figure 2.3: Photograph and CAD design of the laser head (OI: optical isolator, PD: photo detector, M: mirror, L:
lens, BS: beam splitter, PBS: polarization beam splitter, A/4: quarter-wave plate, A/2: half-wave plate)
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Figure 2.4: Saturated absorption reference spectrum (blue) of the laser system and Doppler broadened absorption
spectrum (red) obtained with the output beam of the laser system on the F, = 2 ground-state hyperfine level. The
frequency shift is —160 MHz due to the AOM. The figure was made by F. Gruet.
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Figure 2.5: AOM rise/fall time was measured about 4.5 us. The figure was made by F. Gruet.

2.2.2 Frequency and Intensity Stability of the Laser Head (LH)

The frequency stability was measured by beat note between the laser system and a reference LH.
Both lasers were locked on the same atomic transition (cross-over 21-23); the beat frequency then
corresponds to the —160 MHz AOM shift of the laser system. Figure 2.6 shows the beat frequency
stability measurement of about 90 hours. At 1 s, the relative stability is at the level of 1.5 x 10~!! and
stays below 1 x 107! from 3 s to 10° s. A bump is present from 1 000 to 10 000 seconds might possibly
arise from the temperature variations impacting on the AOM or the laser head control electronics
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Figure 2.6: Frequency stability of the beat note between the laser system and the reference LH. The figure was
made by F. Gruet.

During the frequency stability measurement, the optical power of the saturated absorption signal has
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been recorded and its relative stability is shown in figure 2.7. The result is given with drift (dashed line)
and with drift removed (drift = 3.9 x 1073 /day).
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Figure 2.7: Relative power stability, measured on the saturated absorption signal detector. The figure was made
by F. Gruet.

2.2.3 Relative Intensity Noise (RIN) and Frequency Modulation (FM) Noise

The relative intensity noise (RIN) of the laser system was measured before and after a double-pass
through the AOM. Before the double-pass (the blue curve in figure 2.8), the RIN behavior is the same as
the laser diode alone. However, after the double-pass through the AOM, the noise level is increased in
the frequency band between 10 Hz and 5 kHz (the red curve in figure 2.8). The slight increase of noise
after 20 kHz is due to the noise limit of the external detector used for the measurement.
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Figure 2.8: RIN measurements of the laser system before (blue) and after (red) the AOM. The figure was made by
F. Gruet. The noise floor was approximately at the level of 3.7 x 10~13 (1/Hz).

Figure 2.9 shows the frequency modulation (FM) noise at the output of the laser system which is
measured in the double-pass configuration, with —160 MHz total shift in free-running using FM-to-AM
demodulation using the Rb atomic absorption line from an external Rb vapor cell and the detector.

2.2.4 Saturated Absorption

The method of saturated absorption spectroscopy [91] allows resolving the sub-Doppler peaks by
overcoming the Doppler broadening effect. This method is based on the velocity-selective saturation of
the Doppler-broadened transitions. There, two counter-propagating laser beams derived from a single
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Figure 2.9: Frequency noise at the output of the laser system in double-pass configuration, with a shift of
—160MHz. The figure was made by F. Gruet.

laser source with the same frequency but different intensity are sent through the atomic vapor cell. The
"pump" beam has a high intensity, while the "probe" beam with a weak intensity through the atomic
vapor is recorded with a photodiode and gives the actual spectroscopic signal. If the pump beam is
blocked, the probe beam is recorded and Doppler-broadened absorption spectrum is obtained. Once the
pump beam is unblocked, the absorption spectra will be changed. When the laser beam frequency is
off-resonance the atoms moving either in the same propagation direction or in the opposite direction
with respect to the laser beam experience a red-shifted or blue-shifted frequency, respectively. On the
other hand, when the laser beam frequency is on resonance, only atoms that move perpendicular to the
laser beam experience no Doppler shift from either of the beams. In turn, these atoms are addressed via
the pump and probe beams simultaneously. Assuming that the atoms have a two-level system, the pump
beam depletes the ground state level and promotes atoms to the excited state. Therefore, the probe beam
detects a reduced number of atoms in the ground state.

Real atoms have multiple upper and lower energy levels which add complexities to the simple
two-level system. For the D2 line of 3’Rb, transitions between two lower levels and four upper levels
can all be resolved with our laser. Because several upper or lower levels are close enough in energy,
their Doppler-broadened profiles overlap. Then additional narrow absorption dips called "cross-over
dips" appear. Since, these narrow width dips are sensitive to the broadening by the collisions, they are
observable under the condition that the buffer gas pressure is low [92]. Figure 2.10 shows a typical
saturated absorption spectrum of the Rb sub-Doppler peaks obtained from the reference cell in the LH.
The polarization of the pump and probe beams also influences the sub-Doppler peaks due to population
redistribution among the Zeeman sublevels. Therefore, the probe beam is either transmitted or absorbed
based on the polarization used [93]. In this work, a linear polarization of the laser beam is used which
is parallel for both pump and probe beams; therefore, we observe a sub-Doppler peak with increased
absorption on the Fy, = 1 component.

2.3 Physics Package

We have designed and built a new physics package at the LTF. CAD diagram of the physics package
is shown in figure A.1. The physics package contains two main components: an Rb vapor cell and a
microwave cavity. The Rb vapor cell is placed in the microwave cavity. A C-field coil which generates
a static magnetic field surrounds the microwave cavity. In our physics package, three temperature
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Figure 2.10: Saturated absorption spectra of 8’Rb obtained from the reference cell in the LH. The sub-Doppler lines
are labeled and correspond to below transitions: 1-2: Fy=1—F,=2, CO11-12: Fy=1—F,=1,2 cross-over, CO10-11:
F,=1—F,=0,1 cross-over,2-3: F,=2—F,=3, CO22-23: F;=2—F,=2,3 cross-over and CO21-23: F,=2—F,=1,3
Cross-over.

controllers are implemented to control and record the temperatures of the cell-stem, the microwave
cavity and the external shielding. Finally all these components are isolated with a magnetic shield to
reduce any interaction with external fields. The following discussion presents, the main characteristics
of the vapor cell and the microwave cavity.

2.3.1 Rb Vapor Cell

Generally, vapor cells are made of borosilicate or quartz glass. The vapor cells are often cylindrical
or spherical in shape in order to facilitate fabrication and placing them into the cavity resonator. In
principle, the two end windows of a cylindrical cell are flat to avoid any lensing effect with the light
propagating along the length of the cell.

The vapor cell used in our Rb clock is designed and produced at the LTF and made from borosilicate.
The ID number of this vapor cell was "3301". The photograph of the vapor cell is shown in figure
2.11. The vapor cell is filled with 8’Rb (99% isotopic purity) and buffer gases of Ar and Ny. The vapor
cell has two distinctive regions: a cell-volume, which holds the Rb vapor, and the cell-stem that acts
as a reservoir for Rb atoms. The cell-stem can avoid accumulation of the metallic Rb onto the cell
walls. In addition, the vapor pressure inside the cell-volume and consequently the density of Rb atoms
inside the cell-volume can be controlled by controlling the cell-stem temperature. In our vapor cell, the
cell-volume has a cylindrical shape with an outside diameter of ¢ = 25 mm and a length of / = 25 mm;
the cell-stem has a length of 8.6 mm. This vapor cell with the external volume of around 12.3 cm?
is considered a large cell. The internal volumes of the cell and the stem are V,.;; = 8553 mm? and
Vyem = 5.1 mm?, respectively. At a constant buffer gas pressure, the larger dimensions of a cylindrical
vapor cell result in a reduction in the cell-wall diffusion relaxation rates, y;cw and pcw (according to
equation (1.20)) that consequently can improve the short term stability of the vapor cell atomic clock.
The vapor cell is filled with 8’Rb and buffer gases of Ar and N,. Adding buffer gases leads to increasing
the flight time of Rb atoms to reach to the cell wall and prevents the direct collision of the Rb atoms
into the cell walls. In other words, they reduce the mean free path of Rb atoms from a few centimeters
to a few micrometers in a vapor cell. Particularly N, buffer gas quenches the fluorescence of the excited
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Figure 2.11: Photograph of the cylindrical buffer-gas Rb vapor cell with both diameter and length of 25 mm
including a 7.5 mm cell-stem as an Rb reservoir. Cell-ID "3301".

Rb atoms that transfer from the excited state P to the ground state [9]. Using N> as a buffer gas causes
a positive temperature coefficient frequency shift on the Rb clock transition, which is compensated
by using Ar with a negative temperature coefficient frequency shift [9]. The total pressure of the mix

buffer gases is chosen in a way to minimize the relaxation rate in the clock cell, which in our case

Far — 1.6 was selected in order to achieve the

was 33 mbar. The buffer gas vapor pressure ratio of r = P
2

inversion temperature of around 65 °C.

Calosso et al. presented the "enhanced temperature sensitivity" (ETS) for vapor cells used in the POP
clock is due to the large volume of the cell-stems that serve as cold points and reservoirs for the metallic
Rb in these cells [94]. This effect describes how the temperature fluctuation in the cell-stem results in
the redistribution of buffer gases in the entire cell due to the buffer-gas density variations between the
cell-volume and the cell-stem, which is a result of a temperature gradient between them. Therefore, in
our newly designed Rb vapor cell used in this work, a reduced ETS was achieved by strongly reducing
the volume of the cell-stem down to Vi, ~5 mm?> which is about 10 times smaller than in the vapor
cell used in previous study at the LTF by Bandi et al. [41, 35]. According to [94], in a vapor cell with a
total volume of V = V_.;; + Vyyem, the stem TC, T Cg,, is proportional to the stem volume, V., by:

MVelock gt V5 @.1)

a Tstem stem

where, Ty, is the stem operation temperature, ny = N/V is the average buffer gas density and vy =
Vistem/V . In the above formula a6 denotes the buffer-gas mixture in the cell volume and is related to
B coefficient in equation (1.46) and is estimated approximately af, ~ 5.4 x 10~ Hz-cm? [94]. In our
vapor cell, vy = 5.6 x 10~* and at the cell filling temperature of 293 K with a total buffer gas pressure
of 30 mbar, we obtain 1, = 7 x 10!7 cm™3. Therefore for our Rb vapor cell, using the above values in
equation (2.1), we estimate the relative stem TC at the level of TCg,p, ~ 9.8 X 10713 /K when the stem
temperature is T, =60°C. This result is in good agreement with the measurement result shown in
section 3.4. The estimated T Cy.,, for our Rb vapor cell is more than one order of magnitude lower than
the one used in Bandi et al. (=~ 1.1 x 10711 /K [35]) and is about two orders of magnitude lower than
the one used in Calosso e .al. (= 1.5 x IO*IO/K [94)).
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2.3.2 Microwave Cavity

Microwave resonator cavities are widely used in various applications such as frequency standards
[9, 95], Electron Spin Resonance [96], Electron Paramagnetic Resonance [97] and Nuclear Magnetic
Resonance (NMR) [98]. In all these applications, the field uniformity, the thermal and mechanical
stability, and the robustness and reliability of the microwave cavity have to be considered in view of their
performances. Typically, resonators are designed in various types such as split-ring [98], slotted-tube
[99, 100], which is also known as a loop-gap-resonator.

We used a high-performance magnetron-type microwave cavity in this thesis. The photograph of
this microwave cavity is shown in figure 2.12. CAD diagram of this microwave cavity is shown in
figure A.2. This microwave cavity is designed and built at the LTF in collaboration with LEMA-EPFL,
Lausanne, Switzerland and is based on the one presented in [36]. Numerical simulation results obtained
via ANSYS HFSS for this cavity can be found in [101]. Our microwave cavity has a cylindrical shape
with an external diameter of 36 mm and a length of 34.2 mm with a total volume of about 35cm?,
which is considered a compact sized cavity. The open space inside the cavity is used to locate a 25 mm
diameter vapor cell.

Figure 2.12: Photographs of the magnetron-type microwave cavity with six electrodes. The right photograph
shows the assembled microwave cavity when the vapor cell is loaded.

The microwave cavity resonates at the 8’Rb clock’s transition frequency of ~ 6.835 GHz in a TEq; ;-
like mode. Generally, in cylindrical microwave cavities, the TE(;; mode has the electric field that is
mainly concentrated in the gaps between the electrodes and the magnetic field is confined within the
loop perpendicular to the electric field. We are interested in the TE(;-like mode due to its magnetic
field uniformity across the cell. Figure 2.13 shows the magnetic field distribution inside the cavity with
a cylindrical geometry [51].

In the following we present the characterizations of the microwave cavity by measuring its resonance
frequency, quality factor, temperature sensitivity and field orientation factor (FOF), which influence the
clock’s signal contrast and the clock’s stability. We note that all the frequency measurements in this
thesis were done against our H-Maser reference system.
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Figure 2.13: Left: Magnetic (full lines) and electric field lines (dashed lines) of TE(;; mode in a cylindrical cavity.
Middle: Radial field component amplitudes. Left: Top view. The figure is taken from [51].

2.3.2.1 Resonance Frequency and Quality Factor of the Cavity

The resonance frequency of the microwave cavity is obtained from the S;; parameter measured
with the setup, a photograph of which is shown in figure 2.14. The measurement was done when
the microwave cavity was mounted in the physics package and the vapor cell was placed in it. Mi-
crowaves with the frequency around 6.8 GHz and the power of —10dBm pass through a circulator
(JQL 6500T7100, no. 91003624) and are injected into the cavity using a microwave generator. A
fraction of the microwave power is reflected back from the cavity to the circulator and passes through
the microwave power detector (ZX 47-60 LN-S). Finally, the oscilloscope records the DC signal from
the microwave power detector. The output power of the microwave detector is calibrated into the 1 MQ
oscilloscope resistance.

By scanning the microwave frequency around the resonance, a resonance frequency curve such as the
one shown in figure 2.15 is observed. When the frequency of the injected microwave is in resonance
with the cavity mode, more microwave power is coupled with the cavity and less power is reflected back
to the circulator and consequently to the detector. From the resonance curve, the cavity’s resonance
frequency, V.4, and the quality factor, Q.,,, are obtained. The cavity quality factor is defined as:

vcav
= 2.2
Qcav Aviy’ 2.2

where Av ) is the full-width half-maximum of the cavity resonance signal.

The cavity resonance frequency, V.., is obtained when the microwave frequency is scanned near the
resonance and the data was fitted to a quadratic function (inset of figure 2.15). The linewidth of the
resonance curve, AV ,, is obtained from the fitted the data to a Lorentzian function. When the cavity
temperature was at T;,, = 65 °C, the cavity resonance frequency of V., = 6,835,992,900 Hz =10 kHz
with a linewidth of Av; , ~ 46 MHz +1 MHz was measured, which corresponds to the cavity quality
factor of Q.4 ~ 150!, The cavity frequency detuning from the unperturbed clock frequency of 8’Rb,
Vgp, Was found to be Av, = V.4, — Vgp = 1.3MHz which is a relevant parameter to estimate the cavity
pulling instability (see section 1.7.3.4).

IThis result was obtained when the cavity was loaded with the vapor cell. The cell temperature was 65 °C (close to the
clock working condition).
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Figure 2.14: Photograph of the setup to measure the cavity resonance frequency.
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Figure 2.15: Cavity resonance frequency curve at ambient laboratory temperature of ~21°C.

2.3.2.2 Cavity Temperature Coefficient

The temperature sensitivity of the cavity was measured while it was heated up step-by-step from
the ambient temperature of 21°C. The waiting time between each step higher than T, = 40 °C was
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about three to four hours. The temperature set point propositions were based on the optimized working
conditions of the previous Rb atomic clock in our laboratory [41]. The resonance frequency of the cavity
was measured for each step (see section 2.3.2.1). Figure 2.16 shows the measured cavity resonance
frequency as a function of the cavity temperature. By using a linear fit to this data, the temperature
sensitivity of the cavity (the cavity temperature coefficient) is obtained Av,,, /AT, ~ —40kHz/°C.
The cavity temperature coefficient is required to estimate the cavity pulling instability (see section
1.7.3.4 and equation (1.48)).
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Figure 2.16: Measured cavity resonance frequency, V., as a function of the cavity temperature, T,,,. The waiting
time between each step higher than 7., = 40 °C was about 3-4 hours with the note that the waiting time between
T.oy = 50°C and T,, = 55°C was about 12 hours. The uncertainties are smaller than the circle sizes.

2.3.2.3 Field Orientation and Zeeman

Section 1.2.1 discussed how in an external static magnetic field (directional, z-axis) the hyperfine
states of 525, 2+ |[F =1) and |F = 2) split into their corresponding Zeeman sub-levels (figure 1.4)
according to equation (1.4). Due to the selection rules (Amg = 0,=£1) there are nine possible transitions
between the Zeeman sub-levels of the ground states (figure 2.17). In the Zeeman transitions, if Amp =0
the transition is called 7 and if Ampr = %1 the transition is called ¢. The magnetic dipole selection rules
relate the 7-transitions to the microwave magnetic field component parallel to the C-field (H)), and the
o-transitions to the orthogonal component (H ). In the atomic clocks, we are mainly interested in the
m-transitions that are obtained if the microwave magnetic field is oriented along the C-field over the cell
volume. Therefore, this field orientation is characterized by a parameter "field orientation factor" (FOF)

& defined by [36]:
/ HHQdV
Vcell

HidV+ | Hidv

Veell Veell

&= 2.3)

A Zeeman spectrum shown in figure 2.18 was obtained by scanning the frequency of the injected
microwave to the cavity around the clock transition frequency of the 8’Rb. The peak numbers in figure
2.18 correspond to the transition numbers in figure 2.17. Despite the nine transitions shown in figure
2.17, only seven peaks are visible in the Zeeman spectrum (figure 2.18). This can be attributed to the fact
that the peak number 1 (and 2) —in figure 2.18— corresponds to the overlapping of two peaks correspond-
ing to the transitions |F = 1,mp =0) <> |[F =2,mp = —1) and |F = 1,mp = —1) <> |F =2,mp =0)
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Figure 2.17: Possible transitions between the Zeeman sub-levels of two ground states: 525, ;2 |F =1)and |F =2)
in presence of a weak static magnetic field in 8’Rb.
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(|F =1,mp=0) > |F=2,mp =1) and |F = 1,mp = 1) <> |F = 2,mp = 0)) because the energy dif-
ference between these pairs is close to zero and their peaks are close to each other.
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Figure 2.18: Zeeman spectra for the transitions between the two hyperfine levels. The injected microwave power
to the cavity was —20 dBm and the C-field amplitude was about 100 mG.

In a vapor cell, FOF is defined as the ratio of the magnetic field component needed to drive the clock
transition with respect to the total field energy over the entire vapor cell volume. The FOF is determined
experimentally by [36]:

/5

gexp = y
[se+ [

where [ Sy and [ S are the integrated signal strengths over all the corresponding Lorentzian peaks for
Amp = 0 and Amp = +£1, respectively, where 7 and o transitions contribute with equal weight [87].
These signal strengths S; are proportional to HZZ, for small microwave powers. In our cavity, the FOF
was measured &y, ~ 0.92 at the Rb resonant frequency which means that 92% of the microwave field is
oriented along the C-field. We note that this result was obtained after a demagnetization' of the cavity
and before the demagnetization the FOF was measured about éexp ~ 0.85.

2.4)

IPrinciple of the demagnetization is to induce a magnetic induction into the magnetic shielding of the cavity which is
greater than the shielding saturation induction and then run a hysteretic cycle of the material in decreasing slowly the magnetic
induction down to zero.
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2.4. C-Field Inhomogeneity in the Vapor Cell

2.3.3 Magnetic Shielding

We discussed above in section 1.2.1 that the clock transition frequency in the first order is unaffected
by fluctuations of magnetic fields, but the second order fluctuations perturb its frequency. Therefore, it is
necessary to suppress the magnetic field fluctuations in the vapor cell that are caused by changes in the
external magnetic field outside of the physics package. In our physics package two layers of magnetic
U-metal shielding are used, which is the same as the one used for the physics package presented in [41]
by T. Bandi. The inner shield’s dimensions are as follows: a radius of 44 mm, a thickness of 0.8 mm and
a length of 52 mm. The outer shield as a radius of 49 mm, a thickness of 0.8 mm and a length of 100 mm.
T. Bandi measured the longitudinal shielding factor of S; ~ 3000 ~ 70 dB in his physics package by
using Helmholtz coils. We expect the same S;, in our physics package.

2.4 C-Field Inhomogeneity in the Vapor Cell

In section 1.6 we discussed how in an Rb atomic clock, in addition to the various collisions of the Rb
atoms in the vapor cell, the inhomogeneity of the C-field in the vapor cell is also a source of relaxation
processes. In this section, we evaluate the C-field inhomogeneity in the Rb vapor cell by using the
Zeeman spectrum and measuring the broadening of the Zeeman lines.

The Zeeman spectrum is recorded by using CW-DR scheme when sweeping the microwave fre-
quency and measuring the transmission signal with a photodetector after the vapor cell. Figure 2.19
shows the recorded Zeeman spectra for various C-currents (the current applies to the coils to create
the C-field) from 0.8 mA to 5 mA (which correspond to field strength from 53 mG to 335 mG, see
figure 2.20). The frequency detuning step is set to 10 Hz for each Zeeman spectrum. In these mea-
surements, the laser input power and the injected microwave power to the cavity are set to 120 uW
and 1 uW, respectively. The corresponding peaks in the Zeeman spectrum and the atomic transitions
were presented in figures 2.17 and 2.18. The central peak in the Zeeman spectrum corresponds to
the clock transition |F = 1,mp = 0) <> |F = 2,mp = 0) and we label it with 7° in the following. The
peaks with higher amplitudes on the left-hand side and on the right-hand side of the 7 peak corre-
spondto |[F =1,mp =—1) < |F =2,mp =—1)and |F = l,mp = 1) +> |F =2—,mp = 1) transitions,
respectively, and we label them with 7~ and 7" in the following.
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Figure 2.19: Recorded Zeeman spectra in various applied C-currents from 0.8 mA to 5 mA. The microwave
frequency is detuned from 6,834,686,395 Hz.
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From the Breit-Rabi formula (1.6) and the second order Zeeman shift (section 1.7.3.1), the frequency
shift with respect to the C-field amplitude is obtained by (mp, +mp, )0.7 MHz/G. With this relation, we
can estimate the C-field strength in the vapor cell. For this, we obtain the frequency splitting between 7°
and " peak positions, i.e. Vz+ — V0, from the Zeeman spectrum and calculate the C-field amplitude

By in mG from:
Va+ —Vpo

700 (H2) - ((mf +mE) = (mf, +m)))

By (2.5)

where, m,’?}+ and m,@; are both equal to 1 and m,’?lo and m,’Ej are both equal to 0. Using the same treatment
we calculate By from the frequency splitting between 7~ and 7° peaks or between 7~ and 7+ peaks.
Figure 2.20 shows the obtained By as a function of the applied C-current by using equation (2.5) in
our Rb atomic clock for the three mentioned frequency splittings between 7, 7° and 7+ peaks. The
calculated By from these three peak splittings are in very good agreement (less than +0.5% difference).
In the following, we consider only the splitting and broadenings of the 7° and 7+ peaks to estimate
the C-field inhomogeneity in the vapor cell. Figure 2.20 shows how the C-field strength is linearly
proportional to the applied C-current. By extrapolating to zero C-current, a residual C-field is achieved
—0.67£0.01 mG in the Rb vapor cell. The negative sign describes the direction of this residual field
which is opposite to the applied C-field.

B, calculated from: $
300} - v - spliting - - linear fit e
. X n_—no splitting P #
(O] T + s _ - -
E o0k A -1 splitting | A
o ; -7
T -
LL
¢) 2~ o
100 =
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0 1 2 3 4 5

C-Current (mA)

Figure 2.20: Calculated C-field amplitude By from equation (2.5) as a function of the C-current in our Rb atomic
clock. The uncertainties are not visible because they are less than 1 %.

We estimate the C-field inhomogeneity from the line broadening of 7° and 7" peaks in the Zeeman
spectra. Figure 2.21 shows the 7° peaks for different C-currents. These 7° peaks have symmetric
Lorentzian shapes and, in addition, have similar peak-heights and similar linewidths. We label their
FWHM with AVS”(;)% and their broadenings at 20 % of the maximum peak-heights with Av%)% . For these
¥ peaks, Avgrg% and Avg(;)% are extracted from the fitting data to Lorentzian functions. The results
are listed in table 2.1. The statistical uncertainty is obtained below 1 Hz from the fits for thee line
broadenings.

Figure 2.22 shows the 7+ peaks for different C-currents. In this graph, in order to compare the
line-broadening more easily, the lowest transmission of each " peak is centered to zero in the x axis.
The 7+ peaks have asymmetric shapes towards the 7° peaks (see figure 2.22). The asymmetric shapes
of the 7" and 7~ peaks can be explained by the presence of the inhomogeneity of the C-field in the
vapor cell. Since various Rb atoms in the cell may experience different C-fields. Figure 2.22 shows
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Figure 2.21: ¥ peaks from the recorded Zeeman spectra at various applied C-currents.

that increasing the C-current (or the C-field) results in a broader £ peak. With this observation we can
claim that the larger C-field amplitude results in higher C-field inhomogeneity in the vapor cell. To prove
this claim, we study the broadening of the 7" peaks at different C-fields. Because of the asymmetric
shapes of 7% (and 7™) peaks, a single Lorentzian function does not fit them. Therefore, we extract their
broadenings manually from each recorded Zeeman spectrum (figure 2.22) at two peak-height levels: 1)
Avg(;% measured at 20 % of the maximum peak-height and 2) Avgr(;% measured at 50 % of the maximum
peak-height. These peak-height levels are shown in figure 2.22 only for the case of 0.8 mA C-current.
The obtained broadenings for the 7" peaks are listed in table 2.1.
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Figure 2.22: " peaks from the recorded Zeeman spectra at various applied C-currents. In order to compare the
line-broadening, the peak positions (lowest transmission) are centered to zero in the x axis.

Table 2.1 lists Av,q, = Av;f% — AV;E;; , the broadening difference between the 77 and 7° peaks, as a
function of the C-current (and the C-field) for both cases of 50 % and 20 % of the maximum peak-heights.
We can estimate the absolute C-field inhomogeneity for various applied C-currents in the vapor cell by
using equation (2.5). Consequently, from the absolute field inhomogeneity, we can calculate the relative
C-field inhomogeneity in our vapor cell. The graphs in figure 2.23 show the absolute and relative C-field
inhomogeneity as a function of the C-field in the vapor cell. It is seen that by increasing the C-field
strength, the C-field inhomogeneity increases in the vapor cell (figure 2.23.a), and the relative C-field
inhomogeneity slightly reduces by increasing the C-field strength (figure 2.23.b). However, at lower
C-field strengths (less than 50 mG) the relative C-field inhomogeneity rises drastically (figure 2.23.b).
This phenomenon can be attributed to the presence of the field distribution of the residual field in the
coil due to the geometrical design of the coil. Figure 2.23.b shows that in our Rb atomic clock at the
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Table 2.1: Obtained line broadenings for 7° and 7+ peaks at 20% and at 50% of the maximum peak-heights and
their broadening differences for various applied C-currents.

C-current (mA) 0.8 1.6 2 3 4 5
C-field (mG) 53 107 134 201 268 335
Avfg% (Hz) 795 810 815 807 810 811
Avgrg% (Hz) 401 404 408 404 402 403

AVEL (Hz) | 2670 3700 4370 5780 7180 8400
AVES (Hz) | 1240 1750 2020 2600 2950 3430

Avioe (Hz) 1900 2890 3555 4973 6370 7589
Avsoe, (Hz) 839 1346 1612 2196 2548 3027

working C-field of about 100 mG, the mean relative C-field inhomogeneity is below 2%. In chapter 4,
we show the impact of this C-field inhomogeneity in the vapor cell on the coherence relaxation time 7.
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Figure 2.23: (a): Absolute C-field inhomogeneity as a function of measured C-field. (b): Relative C-field
inhomogeneity as a function of measured C-field.

2.5 Local Oscillator (LO)

The LO is designed, developed and built at INRIM [34, 90]. Figure 2.24 shows the photograph
of the LO which is used in this thesis. A so-called synthesis-chain is responsible for generating a
microwave interrogation signal and controlling its frequency. The LO synthesizer generates 6.835 GHz
of microwave frequency and a power output in the range of —40 dBm up to 0 dBm with steps of 1 Hz
with a span of 1.5 GHz that ensures the full Zeeman spectrum. The LO is capable of operating in two
modes: a sweep mode for covering and a locked mode for the clock operation. The measured output
power of the locked OCXO at 10 MHz was 2 dBm. Phase noise of the LO is an important parameter in
view of minimizing the Dick effect [71] that influences clock stability. Figure 1.13 (the brown curve)
shows that the LO phase noise at the carrier frequency of 6.8 GHz has a flicker level at —70 dBrad?/Hz
and a noise floor at —111 dBrad?/Hz [41]. As presented in section 1.7.2.2, from equation (1.36) the
Dick effect stability limit was obtained at the level of 62 ~ 7 x 10~ !47~1/2. Bandi et al. reported a
relative microwave power stability of the LO at the level of 6P, /Py, ~ 1073 at 10* [41].
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Figure 2.24: Photograph of the LO. The LO is designed, developed and built at INRIM [34, 90].

2.6 Conclusion

We presented the experimental setup used in this thesis which is an Rb atomic clock that consists of
the following: 1) a laser frequency stabilized system, 2) a physics package that contained a microwave
magnetron-type cavity and a vapor cell and 3) a local oscillator. The design details and characterizations
of the laser system, microwave cavity and the vapor cell were presented. The laser source provides a
stable intensity and a stable frequency. The laser output achieves a relative intensity stability below
10~ and a frequency stability of below 104, when the laser frequency is locked to a sub-Doppler Rb
transition, in a time scale of 10*s. The chapter also discussed the compact magnetron-type cavity with
six-electrodes with a volume of only 45 cm? that holds the enlarged 25 mm vapor cell and resonates at the
87Rb ground state frequency. The microwave field of the magnetron-type cavity has a TEq;;-like mode
aligned with the applied C-field and with the propagation vector of the laser beam. For the microwave
cavity, a relative low quality factor of approximately Q.,, =~ 150 was measured while its temperature
sensitivity of AV,g, /AT ~ —40kHz/°C was obtained. The field orientation factor of &, ~ 92%
was obtained in the vapor cell using Zeeman measurements. We presented the newly designed and
developed cylindrical vapor cell with an overall volume of about 12 cm?®. The vapor cell confines the Rb
atoms with buffer gases N, and Ar. For this vapor cell, the cell-stem was produced with a volume 10
times smaller than the previous version [35] to reduce the impact of the redistribution of the buffer-gas
density due to the temperature gradient between the cell-body and the cell-stem via the ETS effect [94].
We measured the stem temperature coefficient for our vapor cell at the level of TCy,p = 1.1 X 1012 /K
which was in very good agreement with our estimation. We estimated the relative C-field inhomogeneity
in the vapor cell at about 2% at the working point of an applied C-field about 100 mG. This C-field
inhomogeneity is a source of relaxation phenomena that influences the coherence relaxation 7, of the
Rb atoms in the vapor cell. In chapter 4, we will demonstrate an experimental method to suppress this
effect and measure the intrinsic 7>. Characterization and evaluation results of various components of
our Rb clock can guarantee that this clock is capable to operate in the Ramsey-DR scheme; this will be
shown in the next chapter.
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Realization and Optimization of a

Ramsey-DR Clock with a Low-Q Cavity

In this chapter, we demonstrate using a cavity with a low-quality factor for realizing a rubidium atomic

clock (see chapter 2) that operates in the Ramsey-DR scheme as introduced in section 1.5. In section 3.1,

first we recall the timing sequence of the Ramsey-DR scheme with laser and microwave pulses. Next,

we use Rabi oscillations and adjust the microwave pulse parameters (duration and amplitude) to create a

7/2 microwave pulse. Then, the Ramsey pattern is obtained, and the clock signal —the central fringe of
the Ramsey pattern— is optimized as a function of intensity and duration of the laser pulses for both
optical pumping and optical detection phases. In section 3.3, the uniformity of the microwave magnetic

field in the cavity is evaluated. The temperature sensitivity of the vapor cell in terms of their influences

on the clock frequency stability are presented in section 3.4. In section 3.5, we present the results of the

LS measurements in our Rb atomic clock operating in the Ramsey-DR scheme. In addition, we present

a preliminary model to describe the origin of this LS effect in our Rb atomic clock. Then, we present

preliminary studies on the microwave power shift in our Ramsey-DR Rb clock. Finally, in section 3.7,

we discuss the effect of the duration of the optical detection pulse on the clock stability.

3.1 Ramsey Signal

In this section, we show how to optimize the clock signal in terms of its contrast and linewidth

obtained from our Rb clock setup described in chapter 2. We operate the Rb clock in the Ramsey-DR

scheme, therefore the clock signal is the central fringe of the Ramsey pattern. We characterize the

impact of the duration and intensity of laser and microwave pulses on the clock signal. We use the
laser system (see section 2.2) for the optical pumping and optical detection sequences. The microwave
synthesizer (see section 2.5) provides the microwave pulses. Figure 3.1 illustrates the timing sequence
of the Ramsey-DR scheme. The physics behind the three sequences of optical pumping, microwave
interrogation and optical detection were previously discussed in section 1.5. The pulse durations of

optical pumping, microwave and optical detection are shown by ¢,, 7,, and t4, respectively, in figure 3.1

and in the following subsections.

The measurement results presented in this section are achieved when the cavity and cell-stem
temperatures are set to T, = 63.2°C and T, = 59.2°C (see section 3.4), respectively, and the C-

current is set to 1.6 mA which corresponds to a C-field about 100 mG (see section 2.4).
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L Tm

Optical A Optical
pumping 4 T, L4 detection
Microwave interrogation time

Figure 3.1: Timing sequence of Ramsey-DR scheme.
3.1.1 Microwave Pulse Parameters

In a 8’Rb atomic clock operating in a DR scheme, a clock resonance line can be observed when the
microwave frequency sweeps near the frequency of the 8’Rb clock transition. Section 1.3.2.2 shows
that the central fringe of the Ramsey pattern meets its maximum contrast if the microwave pulses are
7/2 pulses. Therefore, in our Ramsey-DR atomic clock, we aimed to find a condition to create 7/2
microwave pulses by adjusting the duration and amplitude of the applied microwave pulses to certain
values. We recorded the central fringe of the Ramsey pattern while one of the two variables, the duration
T, or the amplitude of the microwave pulses, varied and the other variable remained constant. In our
experiments, we recorded the Ramsey central fringe and measured its contrast when the microwave
pulse duration was fixed at 7,, = 0.4 ms and the microwave pulse power was varied. Figure 3.2 shows the
several recorded Ramsey central fringes for various microwave pulse powers. For these measurements,
the laser frequency was stabilized to the sub-Doppler cross-over transition CO10-11 (see figure 2.10);
tp, tq and Tg were set at 0.4 ms, 0.7 ms and 3 ms, respectively; and the laser input power to the cavity
during optical pumping and optical detection were fixed at 13 mW and 125 uW, respectively.
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Figure 3.2: Recorded Ramsey central fringes for various microwave power injected to the cavity. The contrast
of the Ramsey central fringe varies by varying the microwave power. In these measurements: t, = 0.4 ms,
t; = 0.7ms and Tz = 3 ms. The laser frequency is stabilized to the sub-Doppler cross-over transition CO10-11
(see figure 2.10) and its input power to the cavity during the optical pumping and optical detection is 13 mW and
125 uW, respectively. The microwave frequency is detuned from 6,834,686,395 Hz.

Generally, the Ramsey central fringe is characterized by its linewidth and its contrast. The linewidths
of all Ramsey central fringes shown in figure 3.2 were measured about Av; , = 160+ 5 Hz. However,
figure 3.2 demonstrates that by increasing the microwave power, the Ramsey central fringe contrast
increases until reaching a maximum and then decreases. This is clearly visible in figure 3.3 which shows
the contrast of the Ramsey central fringe as a function of the microwave pulse power, also known as
Rabi oscillation. The Rabi oscillation measurement is also used to evaluate microwave field uniformity
inside the cavity (see section 3.3). In figure 3.3, the first maximum represents a configuration for each

52



3.1. Ramsey Signal

of the /2 microwave pulses in our Rb clock, which occurs when the microwave pulse power is 5.9 yW
and its duration is 7,, = 0.4 ms. At this condition, the Ramsey central fringe contrast is approximately
of 35%.

w
(@)

N
(@)
L)

/ o g -0 ° Te- o

=
(@]

(@)

Ramsey central fringe contrast (%)
[ ]

0 20 40 60 80 100 120 140 160
Microwave pulse power (LW)

Figure 3.3: Rabi oscillations; Ramsey central fringe contrast as a function of input microwave power to the cavity.

Typically in Rabi oscillations, the microwave pulse area —defined as the product of pulse amplitude
and pulse duration— is used rather than the microwave pulse power. Because the pulse amplitude is
proportional to the square root of pulse power, the pulse area is also proportional to the multiplication
of the square root of pulse power and the pulse duration. Figure 3.4 shows the contrast of the Ramsey
central fringe as a function of microwave pulse area. The first maximum occurs when both of the
microwave pulses are 7/2. The second and the third maximums occur for 37/2 and 57/2 microwave
pulses, respectively, when the microwave field is perfectly homogeneous across the cavity (which was
not the case in our cavity). Next, we evaluated the effect of other parameters on the Ramsey signal
when the microwave pulse power and duration were fixed at 5.9 uW and 7,, = 0.4 ms, respectively.
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Figure 3.4: Rabi oscillations; Ramsey central fringe contrast as a function of the microwave pulse area (for each
of the two microwave pulses employed) Due to the microwave field inhomogeneity in our cavity the second and
third maximums do not occur for 37/2 and 57/2 microwave pulses, respectively.
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3.1.2 Optical Pulses Parameters

We studied the effects of durations (¢, and 74) and input powers (P, and F;) of optical pumping
and optical detection pulses on the Ramsey central fringe. For these measurements, the Ramsey time
was Tg = 3 ms, and 7/2 microwave pulse had an input power and a duration equal to 5.9 uW and

T, = 0.4 ms, respectively.

Figure 3.5 shows the Ramsey central fringe contrast as a function of optical pumping duration, 7,,
when laser input powers to the cavity are fixed at P, = 13 mW and P; = 125 uW during optical pumping
and optical detection pulses, respectively. Figure 3.5 shows that increasing 7, results in increased of
the Ramsey central fringe contrast; at a 7, longer than 2 ms, the contrast became approximately 39%
saturated. Figure 3.6 shows the Ramsey central fringe contrast versus optical pumping power P,, when
t, and 7, were fixed at 0.4 ms and 0.7 ms, respectively. The Ramsey central fringe contrast was saturated
at the level of approximately 35% for our working conditions.
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Figure 3.5: Ramsey central fringe contrast vs optical pumping pulse duration 7, when pumping power P,=13 mW,
detection power P;=125 u'W and detection pulse duration 7;=0.7 ms.
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Figure 3.6: Ramsey central fringe contrast vs optical pumping power P, when pumping pulse duration ¢,=0.4 ms,
detection power P;=125 u'W and detection pulse duration 7;=0.7 ms.

Figure 3.7 shows the Ramsey central fringe contrast as a function of optical detection duration 74
when the laser pumping and laser detection input powers were fixed at P, = 13 mW and F; = 125 uW,
respectively. Figure 3.8 shows the Ramsey central fringe contrast as a function of optical detection
power F; when the optical pumping and optical detection durations were fixed at 7, = 0.4 ms and
t; = 0.7 ms, respectively. These figures demonstrate that increasing #; or P, result in decreasing contrast.
This occurs because increasing detection duration or detection laser power causes re-pumping of the
atomic sample, which consequently decreases the Ramsey central fringe contrast.
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Figure 3.7: Ramsey central fringe contrast vs optical detection pulse duration z; when pumping power P,=13 mW,
detection power P;=125uW and pumping pulse duration 7,=0.4 ms.
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Figure 3.8: Ramsey central fringe contrast vs optical detection power P; when pumping power P,=13 mW,
pumping pulse duration #,=0.4 ms and detection pulse duration z;,=0.7 ms.

3.1.3 Ramsey Time

After optimizing the optical and microwave pulses parameters (see previous sections), here, we
discuss the impact of the Ramsey time 7k on the clock signal. Figure 3.9 shows obtained Ramsey
patterns for several Ramsey time from 7 = 0.5 ms to 7 = 8 ms. For these measurements, the laser
stabilized to the sub-Doppler cross-over transition CO10-11 (see figure 2.10), optical pumping and
optical detection durations were fixed at 7, = 0.4 ms and 7, = 0.7 ms, respectively, and laser pumping
and laser detection powers were set to P, = 13mW and P; = 125 uW, respectively. The /2 microwave
pulses had a duration of 7,, = 0.4 ms and a power of 5.9 uW. In all Ramsey patterns shown in figure 3.9,
the envelope signals have the same linewidth of about 2500 Hz which is equal to 1/7,, (inverse of the
duration of the Rabi pulses). By increasing the Ramsey time, the cycle time 7¢ increased, leading to a
reduced detection signal level (consequently lower signal contrast) due to the atomic coherence decay
(decoherence relates to 75 relaxation, which was also measured and is presented in chapter 4.).

The contrast and linewidth of the Ramsey central fringes both decreased when Ramsey time (7g)
increased. These inverse relationships are clearly visible in figure 3.10, where contrast and linewidth of
the Ramsey central fringe are plotted as functions of Ramsey time 7. Generally, in atomic clocks, a
clock signal with a higher contrast and a narrower linewidth is favorable to achieve better clock stability.
However, as discussed above, in our Rb clock operating in the Ramsey-DR scheme, a trade-off exists
between a high-contrast clock signal and a narrow fringe with respect to the Ramsey time Ty (see figure
3.10).

The Ramsey time is mainly limited by the relaxation mechanisms occurring inside the vapor cell
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Figure 3.9: Recorded Ramsey patterns for various Ramsey time from 7z = 0.5ms to Tz = 8 ms. 7, = 0.4ms,
tg =0.7ms, P, = 13mW and P; = 125 uW. The 7/2 microwave pulses have the duration of 0.4 ms and a power
of 5.9 uW. Zero microwave detuning corresponds to 6,834,686,395 Hz.

and it is optimized when it is of the order of coherence relaxation time 7, [34]. However,the optimum
Ramsey time in our Rb clock is estimated in section 3.2 based on the measured short-term stability of
our Rb clock. The theoretically calculated linewidth of the Ramsey central fringe based on equation
(1.18) is also shown in figure 3.10 (black dashed line). Because equation (1.18) was obtained based on
the T > 7, assumption, our experimental results satisfy this theoretical equation for Tz > 2 ms but not
for Tz < 2ms. In another study, Micalizio et al. predicted the linewidth of the Ramsey central fringe
when also taking to account the microwave pulse duration 7, by [102]:

1
Avip =5 3.1)

(T +47, /%)

The green dashed line in figure 3.10 shows the estimated Ramsey central fringe linewidth based
on the above formula where 7,, = 0.4 ms. It is seen that, this estimation is in a better agreement with
our measurement results compared to previous estimation from equation (1.18), particularly for short
Ramsey times Tk < 1 ms.
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Figure 3.10: Blue circle: measured Ramsey central fringe contrast vs Tg. Red circle: measured Ramsey central
fringe linewidth vs Tk. Black and green dash lines show the estimated Ramsey central fringe linewidth based on
equations (1.18) and (3.1) respectively. For measurements and estimations the duration of the microwave pulse
was T, = 0.4 ms.

3.2 Short-Term Stability and the Ramsey Time

In section 3.1.3, the trade-off between a high-contrast clock signal and a narrow fringe with respect to
the Ramsey time was shown in figure 3.10. Here, we evaluate the effect of the duration the Ramsey
time Tk (and consequently the cycle time 7¢) on the short-term stability of our Rb clock operating in
the Ramsey-DR scheme. This evaluation was done based on the theoretical formula (1.35) and the
measurement results presented in the following.

We estimated the shot-noise-limit GySN (7) and the detection noise during the detection phase Gydet (1)
from equations (1.29) and (1.35), respectively, as functions of 7. These estimated results are shown

in figure 3.11. For the shot-noise-limit in equation (1.29), the signal-to-noise ratio Rgy was measured

det
SRIN

was obtained from the RIN measured data shown in figure 3.31. The atomic quality factor Q, was

approximately at the level of 30,000 in our setup [103]. For the detection noise in equation (1.35),

calculated from equation (1.30). In our calculations, we used the contrast and linewidth of the Ramsey
central fringe, C and Avy / respectively, shown in figure 3.10. In our estimations, we considered that the
durations of the optical pumping, microwave interrogation and optical detection pulses were constant
and the Ramsey time varied. Therefore, the cycle time was equal to T = Tg + 1.9 ms.

Figure 3.11 shows that, the lowest shot-noise-limit was approximately at the level of 1.5 x 10~147~1/2
and the minimum detection noise limit was approximately at the level of 2 x 10~'3 t~1/2_ In addition,
it is also seen that the minimum shot-noise happened when T was between 3 ms and 4 ms. This
observation for Tk is in agreement with the obtained coherence relaxation time 7> = 4 ms (see chapter 4).
However, for the detection noise it is not the case and its minimum occurred when Tx was between 2 ms
and 3 ms due to the RIN of the laser. Because the induced instability from the detection noise was about
one order of magnitude higher than that of the shot-noise limit, we expect that the measured short-term
stability of our Rb clock meets its lowest value at 2 < T < 3ms. Therefore, in addition to GfN (1)
and o

Y
Ramsey-DR scheme at various Ramsey times 7;. The measurement results are also shown in figure 3.11.

(7) estimations, we measured the short-term stability o,(7) in our Rb clock operating in the

These measurements were done under experimental conditions presented in table 3.1. Therefore, the
cycle time was equal to 7c = Tg + 1.9 ms (same to the one in above estimations). Figure 3.11 illustrates
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Figure 3.11: Short-term stability as a function of Ramsey time. Green circle: Estimated instability from the

shot-noise-limit GfN (1) (equation (1.29)) as a function of T. Black square: Estimated instability from the

detection noise during the detection phase G)‘,ie’ (1) (equation (1.35)) as a function of Tg. Red circle: Measured

short-term stability o,(7) at different 7z and experimental conditions presented in table 3.1.

the lowest' measured short-term stability was obtained approximately at the level of 3 x 10~13¢~1/2
when T was between 2 ms and 3 ms which was in agreement with our expectation. In figure 3.11,
the difference between the measured short-term stability and the estimated Gyd“ (1) data (i.e. the red
circles and black squares) is slightly less than 1 x 10~!3 (when Tk &~ 3 ms) which can be explained by
the induced instabilities via the Dick effect. This observation in this figure is in good agreement with
the estimated GyLO(T) ~ 7.5 x 1074 171/2 presented in section 1.7.2.2. Figure 3.12 shows a typical

measured short-term stability performance when the Ramsey time was at Tz = 3 ms.
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Figure 3.12: Typical measured short-term stability performance in our Ramsey-DR Rb clock when 7 = 3 ms.

3.2.1 Optimized Parameters Involved in the Ramsey-DR Scheme

Table 3.1 lists the optimized durations and input powers for three phases of optical pumping, mi-
crowave interrogation and optical detection in our Rb atomic clock operating in the Ramsey-DR scheme

I'This was lowest stability for the setup and settings considered at the time of the study, as the very best short-term stability
measured was 2.4 x 10713 771/2 (see figure 3.32).
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based on the measurement results presented in previous sections.

Table 3.1: Optimized durations and input powers for three phases of optical pumping, microwave interrogation
and optical detection in our Rb atomic clock.

Ramsey-DR Duration Input power
sequence (ms) (mW)
Optical pumping t, =04 P, =13
Rabi pulse T =04 | Py, =59x1073
Optical detection t;=0.7 P; =0.125
Ramsey time TR =3.0 —

3.3 Microwave Field Uniformity in the Cavity

The distribution of a microwave magnetic field inside a microwave cavity plays an important role in
the performance of vapor cell atomic clocks, particularly for a clock operating in a pulsed regime such
as the Ramsey-DR scheme [83]. The homogeneity of the microwave magnetic field over the volume
occupied by the atoms inside the cavity is crucial for the clock signal and consequently for the clock
performance. We evaluated the uniformity of the microwave field inside the microwave cavity which
was used and presented in [41]. This microwave cavity is very similar to the microwave cavity used in
our Rb atomic clock (see section 2.3.2). These investigations have been published in [103].

The cavities are often characterized by an electromagnetic field distribution at the center of the
cavity where the vapor cell is usually placed. As mentioned previously (see section 2.3.2), our atomic
clock used a cylindrical magnetron-type microwave cavity in a TEg;-like mode. Due to the spatial
inhomogeneity of the microwave magnetic field inside the cavity and the vapor cell, different Rb atoms
may experience various microwave pulse areas and not the exact /2 microwave pulse. This effect
results in a reduced clock signal contrast, consequently degrading the clock’s short-term stability. We
used Rabi oscillations to evaluate the microwave magnetic field uniformity inside the cavity. Here, we
analyze Rabi oscillations in terms of change in optical absorption R induced by the microwave pulse
area when the microwave frequency is set to the center of the clock transition. The normalized change
in optical absorption is defined by:

R=1-—— (3.2)

where I, and Iy are the transmitted light intensities for microwave pulse areas of 8 and 6y = 0, re-
spectively. We simulated Ramsey signal numerically by considering H.(r, z), the z component of the
microwave magnetic field inside the microwave cavity. H.(r, z) is parallel to the quantization axis in the
physics package and is responsible for the 7 transition (including the clock transition). This simulation
was conducted by on integrating the solution of the Ramsey fringes shape presented in [102] over the
vapor cell. The calculation was adapted to our experimental conditions, such as the amplitudes of the
optical and microwave pulses, population and coherence relaxation times and dimensions of the vapor
cell. In our simulations, we considered two cases for the H,(r, z) field distributions. In the first case,
we assumed that H,(r, z) = Hy is completely homogeneous and constant across the microwave cavity
which is the ideal case; in the second case, we considered that H,(r, z) is distributed across the cavity
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based on a quasi TEg;;-type field. The quasi TEg;;-type field distribution in a cylindrical microwave
cavity is expressed by [51]:

r

H(r,2) =HJo(3832 = —)sin(25),  0<r<Ran,  0<z<Lay (3

LC(IV

cell

where Hyj is the microwave magnetic field amplitude, R is the vapor cell radius, L., is the length of
the cavity and Jj is the zero-order Bessel function.

Figure 3.13 shows the obtained experimental Ramsey pattern using the magnetron-type cavity and
the two simulated Ramsey patterns for the ideal field and quasi TEq;-type field obtained from these
simulations with black and blue solid lines, respectively. All three Ramsey signals were obtained when
Tz = 3ms and 7, = 0.4 ms, and the microwave pulse areas were 7/2. Ramsey central fringes for the
three case are shown in the inset of figure 3.13. For the ideal microwave field, the central Ramsey
fringe contrast reached up to approximately 50%, while for the quasi TEg;-type microwave field, the
contrast was approximately 35%, which was slightly lower than our measurements. The linewidths of
the Ramsey central fringes in three cases were approximately 16042 Hz.
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Figure 3.13: Simulation results for a hypothetical ideal (solid blue line) and TEg-type (dash red line) microwave
magnetic fields when, Tz = 3 ms and 7,, = 0.4 ms and the microwave pulses are the 7/2 pulses. Inset: Central
Ramsey fringes. The figure is taken from [103].

For both field distributions, we simulated Rabi oscillations by varying the microwave field amplitude
and maintaining a microwave pulse duration at 7,, = 0.4 ms. Figure 3.14 shows the simulation results
of Rabi oscillations for both microwave field distributions. In the case of the ideal field distribution,
as expected, the Rabi simulation showed an undamped oscillations, and each extremum position
occurred at 8 = n- /2 pulse area, where # is an integer number. In the case of quasi TE;-type field
distribution, the first maximum at 6 = 7/2 had a smaller magnitude than that of the ideal field and this
magnitude decayed in the next peaks. For the quasi TEq;-type Rabi oscillations, the extremum positions
—from the second one— did not occur at 6 = n- /2. These effects likely occur due to residual H,(r, z)
inhomogeneity, which causes various atoms in the cavity to experience a range of microwave-pulse areas.
For a convenient comparison, the Rabi oscillations obtained from these experiments are shown in figure
3.14. The amplitudes of Rabi oscillations obtained experimentally in our magnetron-type cavity were
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not as high as those in the ideal field distributions but higher than those in the quasi TEq;;-type field
distribution. In addition, the damping rate as function of the microwave pulse area in the experimental
Rabi oscillations was less than that in the quasi TEq;;-type field. Therefore, based on the comparison
of the simulations and experiments, we concluded that our magnetron-type cavity has a more uniform
H_(r, z) distribution than that in a quasi TE;;-type field [103].
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Figure 3.14: Rabi oscillations from: Simulated ideal (black solid line), quasi TEg;;-type (blue dash line)
microwave magnetic field distribution and measurements (red circle).

3.4 Vapor Cell and Stem Temperature Coefficients

We measured the temperature/pressure shift coefficients, 8, § and y (see equation (1.43)), for the
vapor cell used in our Rb clock. Figure 3.15 shows the clock’s frequency shift —from the frequency of the
clock transition of an unperturbed Rb atom- as a function of the cell temperature when stem temperature
was fixed at Ty.,, = 55°C. We obtained the inversion temperature of 7;,, = 63.22 + 0.05°C with a
quadratic fitting function like equation 1.43 applied to the data shown in figure 3.15 when 7y =60°C. For
a fixed stem temperature, the cell temperature coefficient of T7C,.;; = 2.2(3) X 10-12 /K is determined
from the local slope at the T},,. Moreover, from the quadratic fit parameters, we obtained the 3, § and

7Y coefficients (equation (1.43)) for our vapor cell, where the Ar/N, buffer-gas mixture had a pressure
Par
Py,
together with the theoretically estimated values based on the theory and literature values from table

ratio of r = = 1.6 and a total pressure of 25 Torr. These measurement results are listed in table 3.2
1.5. A good agreement exist between the estimated and the measured values of 8 and 7 coefficients;
however, this is not the case for the & coefficient. This discrepancy is likely due to the estimation based
on a standard vapor temperature of 7y =60°C. From table 3.2, we calculated the clock frequency shift
induced by the buffer gases using equation (1.43) at the level of approximately Avgg ~ 4255 Hz. In
our Rb clock, the cell-TC was measured at the same level for the previous vapor cell design at the LTF
presented by Bandi et al. in [35, 41]. The clock instabilities induced by the cell temperature fluctuations
of about 3.5 mK [35], is at the level of approximately 7.7 x 10~ up to 7 = 10*s.

It was mentioned in section 2.3.1 that for the vapor cell used in this work, a reduced ETS effect [94]
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Figure 3.15: Clock frequency shift as a function of the vapor cell temperature when the stem temperature is

fixed at T, = 55°C. The inversion temperature T;,, = 63.22 + 0.05°C is obtained from equation (1.45) with a
quadratic fit to the data points when Ty =60°C.

Table 3.2: Measured (from figure 3.15) and estimated (from table 1.5) temperature/pressure coefficients for a
mixture of Ar and N, with a pressure ratio of r = P,/ Py, = 1.6 with a total pressure of 25 Torr in our vapor cell
and T =60°C.

B (Hz Torr 1) 8 (HzTorr 'K~ 1) y (HzTorr ' K=2)
Measurements | 170.24+9.3 x 1073 51x1073+4%x107° —0.8x1073+4.7x107°
Estimations 2 _3
(table 1.5) 173.6 1.46x10 —0.8x10

was achieved by strongly reducing the relative volume of the cell-stem and we estimated the relative
stem-TC at the level of TCyppy = 1 x 10712 /K for our vapor cell. Here, we present the measurement of
this quantity experimentally. Figure 3.16 shows the measured clock frequency shift as a function of the
stem temperature when the cell temperature was fixed at T,..;; = 65°C. The stem-TC was measured at
1.07(8)x 10~ 12 /K from a linear fit to the measured data. This result is in agreement with our estimation.
The obtained stem-TC for our vapor cell with a smaller stem volume was about one order of magnitude
lower than TCy, = 1.2 x 107! /K for the previously developed vapor cell at the LTF with a larger
stem volume presented in [41] and about two orders of magnitude lower than of the one used in Calosso
etal. (= 1.5x 10710 /K [94]). Therefore for our Ramsey-DR Rb clock, we estimate the induced clock
instabilities by the stem temperature fluctuations at the level of approximately 5 x 10713 up to 7 = 10%s
for stem temperature variations of about 5 mK [35].

3.5 Light Shifts

Light Shifts (LS) or AC-Stark Shift is one of the main sources of instability in atomic frequency
standards. As mentioned in section 1.5, in the Ramsey-DR scheme, the atoms are interrogated in
absence of the light with a couple of resonant microwave pulses that are separated by a Ramsey time
Tr. In principle, this separation results in a significant LS reduction using the Ramsey-DR scheme
compared to the continuous-wave double-resonance (CW-DR) scheme.

62



3.5. Light Shifts

® Data 8> 5
- - - Linear fit ! .-
4255.60 s

4255.61

T
Ko
\
\
\

4255.59

4255.58 A7

4255.57 -7

Clock frequency shift from
6,834,682,611 Hz (Hz)
\
\

4255.56

48 49 50 51 52 53 54 55
Stem temperature (°C)

Figure 3.16: Clock frequency shift as a function of the stem temperature when the cell temperature is fixed at
Teen = 65°C.

In this section, first we measure the intensity and frequency LS coefficients oy g and fis respectively,
when the clock operates in the CW-DR scheme and in the Ramsey-DR scheme. Then, we present a
model based on the LS measurements and the LS theory for the CW-DR scheme to estimate the various
ars in the Ramsey-DR scheme when the laser frequency is stabilized to different sub-Doppler transition
frequencies of D2 line of ®’Rb. Finally, we compare the results from the estimated ;s and measured
ays in the Ramsey-DR scheme.

The ays coefficient was calculated using equation (1.55), by measuring the clock frequency shift
when the laser input power to the cavity was varied at a fixed laser frequency. For the measurements
presented in this section, an optical polarizer was used in front of the entrance to the cavity to vary the
laser input power to the cavity (see figure 3.17). Therefore, rotating the polarizer resulted in varying
laser intensity during the entire sequences of the Ramsey-DR scheme. The polarizer did not change the
ratio between laser input powers during optical pumping and optical detection pulses.

Laser Physics Package

Stabilization .
Microwave

Synthesizer

Clock output

Figure 3.17: Simplified schematics of the clock setup. Laser has the frequency of v, before the AOM. The light
enters the cavity with frequency of Vj,s, + Vaoy When the AOM is switched ON. When the AOM is switched
OFF a residual light with a frequency of v;,,, enters the cavity.
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3.5.1 oy and B in Ramsey-DR Scheme vs CW-DR Scheme

Here, we measured and compared the LS coefficients o5 and Bis for our Rb atomic clock operating
in Ramsey-DR and CW-DR schemes.

The clock frequency was recorded in our Rb atomic clock operating in the Ramsey-DR scheme when
laser input power to the cavity during optical pumping and optical detection sequences were 12.3 mW
and 110 u'W, respectively. The laser frequency was stabilized to the sub-Doppler cross-over transition
CO11-12 frequency (see figure 2.10) then shifted by —160 MHz using the AOM integrated in the LH
(see section 2.3). The 7/2 microwave pulses had a power of 5.9 uW and a duration of 7,, = 0.4 ms, and
the Ramsey time was set to Tz = 3 ms. This measurement was repeated for various laser input powers
to the cavity. Figure 3.18 shows the clock frequency as a function of laser input power to the cavity
during the optical pumping sequence (upper horizontal axis) in the Ramsey-DR scheme. The lower axis
shows the normalized laser input power with respect to the nominal working point of optical pumping
power (i.e., 12.3 mW). Using equation (1.55) and a linear fit to the data in figure 3.18, we calculated the
intensity LS coefficient of o5 = —6.6(5) x 1071%/%.
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Figure 3.18: Clock frequency shift as a function of laser pump input power to the cavity in the case of Ramsey-DR
scheme. The laser is stabilized to the sub-Doppler CO11-12 transition.

With the clock operating in the Ramsey-DR scheme, the frequency LS coefficient B;5 was measured
with the laser input power to the cavity fixed at 12.3 mW and 110 uW for the optical pumping and
detection, respectively, and the frequency of the laser detuned near the working point. This measurement
was completed by varying the RF frequency feeding the AOM of the laser source. Figure 3.19 shows
the clock frequency as a function of the laser frequency detuning. Using this measurement and equation
(1.56), we deduced the frequency LS coefficient at 5 = —7.9(3) x 10~ !4 /MHz.

In the same Rb atomic clock, s and s were also measured in the CW-DR scheme using the
same procedure explained above. A detailed procedure for operating the Rb atomic clock in the CW-
DR scheme was presented with optimized parameters in [41]. Briefly, for these measurements, we
operated the clock in the CW-DR scheme when the laser was stabilized to the sub-Doppler cross-over
transition CO11-12 (same as the LS measurements in the Ramsey-DR scheme) with an input power of
125 uW and an injected microwave power to the cavity of 0.45 uW. Figures 3.20 and 3.21 show the
clock frequency as a function of the laser input power to the cavity and the laser frequency detuning,
respectively. In the case of the CW-DR scheme, the LS coefficients of azs = +3.5(4) x 10713/%
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Figure 3.19: Clock frequency shift as a function of laser frequency detuning in the case of Ramsey-DR scheme.
The laser is stabilized to the sub-Doppler CO11-12 transition.

and Brs = —1.0(1) x 107! /MHz were obtained. Bandi et al. reported ogs ~ 8 x 10713/% and
Brs = 1.0(1) x 10~1 /MHz for their Rb clock operating in the CW-DR scheme using a similar physics
package and a different laser system with the AOM [35].
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Figure 3.20: Clock frequency shift as a function of laser input power to the cavity in the case of CW-DR scheme.
The laser is stabilized to the sub-Doppler CO11-12 transition.

w 42570 CW-DR scheme |
I ~
=~ ~
T RN .
59 4256 = ~ ~ BLS = '10 (1) X 10- /M HZ
O .|
§ ol ~e_
g3 -
e ~
53 ~
8 G 42560 <
Og ® Daa S -
= - - Linear fit <
-10 -5 0 5 10
Laser detuning frequency (MHz)

Figure 3.21: Clock frequency shift as a function of laser frequency detuning in the case of CW-DR scheme. The
laser is stabilized to the sub-Doppler CO11-12 transition.
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Table 3.3 lists the obtained LS coefficients for our Rb atomic clock operating in both Ramsey-DR
and CW-DR schemes. The Ramsey-DR scheme resulted in a ;g more than two orders of magnitudes
lower than the CW-DR scheme. However, contrary to our expectations, 0 s in the Ramsey-DR scheme
was not completely suppressed and only five times lower than that in the CW-DR scheme. In addition,
notably, the measured oy for the two schemes had opposite signs. Both of these observations, the
non-zero ¢y s in the Ramsey-DR scheme and the opposite signs of a5 in the Ramsey-DR and CW-DR
schemes, suggest the presence of some residual light in the vapor cell when the AOM was off (i.e.,
during the microwave pulses and the Ramsey time 7). In the next sections, we discuss and verify the
possible sources of these observations.

Table 3.3: Measured light shift coefficients oy s and S5 for the Rb clock operating in Ramsey-DR and CW-DR
schemes. The laser is stabilized to the sub-Doppler cross-over CO11-12 transition.

. CW-DR

Ramsey-DR CW-DR ratio: ————

Ramsey-DR
as (/%) —6.6(5)x 10714 +3.5(4)x 10713 ~—5
BLs (/MHz) ~7.9(3) x 1071 —1.0(1) x 10711 ~ 125

3.5.2 oys and Gap Times Between Pulses in the Ramsey-DR Scheme

Here, we investigated the effect of the gap times between the pulses on the intensity LS coefficient o .
Figure 3.22 shows the Ramsey-DR scheme where, G is the gap time between the optical pumping and
the first microwave pulse, and G, is the gap time between the second microwave pulse and the optical
detection pulse. Nominally in our measurements, G| and G, were set to 10 us and 20 us, respectively,
which were longer than the AOM rise/fall time (/4.5 us, see section 2.2.1).

T
tP G, a TR G, tl’
| #4]

—— time

Figure 3.22: Timing sequence of the Ramsey-DR scheme including the gap times G and G».

Figure 3.23 shows the obtained ¢y s for four various G; and G, durations. In addition, it shows the
obtained oy for the nominal working point, where G| and G, are 10 us and 20 us, respectively. The
laser frequency is stabilized to the sub-Doppler cross-over transition CO10-12 and the direct transition
23 frequencies. From figure 3.23, we concluded that the gap times do not significantly influence the
ors.

3.5.3 LS Model From CW-DR Scheme

In principle, an ideal AOM does not allow light to pass when it is switched off. However, in our laser
system (see section 2.2), the optical switching by the AOM is not perfect. We measured a residual light
with a power of 0.6 uW (comparing to the maximum 13 mW laser pump power) entering the physics
package when the AOM was switched off. Due to the design of the LH, the frequency of this residual
light was not shifted by the AOM and was equal to the frequency of the laser v;,.,. Therefore, when
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Figure 3.23: Measured oy s in the Ramsey-DR scheme at various G| and G, gap times when the laser frequency
is stabilized to the sub-Doppler cross-over transition CO10-12 (red solid circles) and the direct transition 23 (blue
solid circles).

the clock operated in the Ramsey-DR scheme, this residual light with the frequency of v, enters the
vapor cell during Ramsey time 7 and microwave pulses and affects the LS results. We developed a
preliminary model and investigated the impact of the residual light on o5 in the Ramsey-DR scheme.
We treated the LS induced by this residual light similar to the LS induced in the CW-DR scheme.
However, for our measurements, the residual light in the Ramsey-DR scheme had the frequency of
Viaser (nOt shifted by the AOM) while in the CW-DR scheme the laser had a frequency of Vi, + Vaom,
where V4ou = —160 MHz (see figure 3.17).

Previously, the intensity LS coefficient oz s was measured for our Rb clock operating in the CW-
DR scheme (see figure 3.20). Figure 3.24 shows the extrapolation of these measurements to zero
laser input power. Hence, using the extrapolation, we can obtain the clock frequency shift at zero
light of 4256.16 Hz, (primarily due to the presence of the buffer gases in the vapor cell, see section
1.7.3.2). The frequency difference between the clock frequency shift at the working point (i.e., when
the laser input power is 125 uW) and the clock frequency shift at zero light was measured as: Av =
4256.37Hz—4256.16 Hz = 0.21 Hz. Because in our calculations we used measurement results obtained
from the CW-DR scheme, the frequency difference of 0.21 Hz is valid for a condition that the light
frequency is Viuser + Vaoum-
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Figure 3.24: Extrapolation to zero laser input power to the cavity in the CW-DR scheme.
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We used the measured frequency LS coefficient ;g in the CW-DR scheme (i.e., figure 3.21) and
developed our model to estimate the frequency difference when the laser frequency is not shifted by
the AOM and is equal to the frequency of v;,,.,. The model shown in figure 3.25 is based on the LS
measurements in the CW-DR scheme. In figure 3.25, the y-axis is the clock frequency shift induced
by the laser with the power of 125 uW and the x-axis is the frequency detuning of the laser from
384.228 115 THz (D2 line ¥’Rb: F, =2 — F, = 3). Here, we assume that the zero intensity LS occurs
at zero clock frequency shift (which corresponds to 4256.16 Hz in figure 3.24). The blue diamond
represents the working point in the CW-DR scheme (same as in figure 3.24) where the light has the
frequency of Viur + Vaom and a power of 125 uW. For this point, the clock frequency difference
from the zero LS was calculated as +0.21 Hz (figure 3.24). We used this frequency difference and the
frequency LS coefficient Brg = —7.0 x 1073 Hz/Hz (figure 3.21) to calculate the frequency difference
when the light is not shifted —160 MHz by the AOM (equivalent to the condition in the Ramsey-DR
scheme induced by the residual light). This condition is denoted by a black circle on the graph in figure
3.25. By using the B = —7 x 1078 Hz/Hz coefficient and the AOM frequency Vaoy = 160 MHz, we
estimated the frequency difference between the black circle point and the zero LS was equal to —11 Hz.
This estimation was based on the condition of the laser power at 125 u'W.

working point

Zero light shifts

(e
1

-11 Hz

Viom = -160 MHz

Frequency light shifts (Hz)
at 125 uW laser input power

I
+ v

:vlaser vA oM laser!
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Laser detuning from 384.228 115 THz (GHz)

Figure 3.25: Preliminary LS model based on the measured s and s in the CW-DR scheme when the laser
frequency was stabilized to the sub-Doppler CO11-12 transition frequency (figures 3.21 and 3.24) to estimate oy g
in the Ramsey-DR scheme for the same laser locking (CO11-12).

As mentioned previously, the residual light with a power of 0.6 uW passed through the vapor cell
when the AOM was switched off (during 7 in the Ramsey-DR scheme). The power of this residual
light is 210 times lower than the laser input power to the cavity in the LS measurements in CW-DR
scheme (i.e., 125 uW). Therefore, by using our model presented in figure 3.25, we estimated the clock

frequency shift induced by the residual light in the Ramsey-DR scheme to be — 1211(1){2 = —0.052 Hz,
which corresponds to an intensity LS of o s ~ 7.7 X 1014 /%. This estimated o s from the LS model
was in good agreement with the measured o in the Ramsey-DR scheme shown in figure 3.18 and in
table 3.3 (i.e., —6.6(5) x 1071*/%). At zero light, the ratio of the frequency difference in the CW-DR
scheme to frequency difference at in the Ramsey-DR scheme was calculated to be % ~ —4.
This ratio explains the difference in intensity LS coefficients in CW-DR and Ramsey-DR schemes

presented in section 3.5.1 and table 3.3.
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3.5.4 Generalizing the LS Model in the Ramsey-DR Scheme

In the previous section, we presented an LS model based on LS measurements in the CW-DR scheme
and estimated the oy s in the Ramsey-DR scheme for a particular condition when the laser frequency
was stabilized to the sub-Doppler CO11-12 transition frequency. In this section we generalize our
presented model to estimate the intensity LS coefficients oz in the Ramsey-DR scheme when the laser
is stabilized to other sub Doppler transitions in the D2 line of 8’Rb. For this work, we used the LS
theory and simulations presented in [87] for the CW-DR scheme. We adjusted the cell parameters in
the model to those applying in the experimental clock realization and obtained the theoretical g as
a function of the laser frequency. Because the success of the CW-DR model for explaining the oy
in section 3.5.3 motivated us to extend this model to the other optical frequencies. We note that, the
frequency of this residual light during the Ramse time was not shifted by the AOM (due to the design of
the LH).

The lower graph in figure 3.26 shows the theoretical oy g curve (obtained from the simulations) as a
function of the laser frequency detuning in the CW-DR scheme when the laser frequency is not shifted
by AOM (i.e., light frequency is V) and the laser intensity is 1 uW/mm?2. Zero laser frequency
detuning corresponded to the laser frequency of 384.228 115 GHz (D2 line 8’Rb: Fo=2—F =3).
The upper graph in figure 3.26 shows the saturated absorption spectrum of the D2 line of 3’Rb where
the peak from F, = 2 — F, = 3 transition is fixed at zero laser frequency detuning. Using the saturated
absorption and oy g curves (figure 3.26), we obtained the theoretical o5 for a Rb clock operating in the
CW-DR scheme when the laser frequency was stabilized to various D2 line transitions of 87Rb (Vigser,
without any frequency shift). The black circles on the oy s curve denote this information (figure 3.26). In
the case of CW-DR scheme without using AOM, the oy s is positive if the laser frequency is stabilized to
an F, = 2 transition (and the oy s is negative if the laser frequency is stabilized to an F, = 1 transition).
As previously mentioned, the condition of the CW-DR scheme without using AOM is similar to that of
the Ramsey-DR scheme by residual light. Therefore in the case of the Ramsey-DR scheme, using this
simulation, we predicted that the sign of oy g is positive if the laser frequency is stabilized to an Fy = 2
transition (and is negative if the laser frequency is stabilized to an F, = 1 transition). This prediction
was confirmed by the measurements shown in figure 3.27 and table 3.4.

We estimated the ¢ in the Ramsey-DR scheme for various laser locking points from the presented
LS model and the simulations, as presented in figures 3.25 and 3.26. For this work, we used the
estimated clock frequency shift at zero light of AVLCSO =12 — 0,052 Hz induced by the residual light in
the Ramsey-DR scheme when the laser frequency was stabilized to the sub-Doppler transition CO11-12
(see section 3.5.3) and the LS simulations based on the CW-DR scheme. From the simulations, we
calculated the OCLCSO =12 for a laser input power of 0.6 uW. By knowing AVLCSO =12 and OCESO =12 the
laser intensity variation Al can be calculated from equation (1.55). We assumed Al was the same at the
different laser locking points. Therefore, we estimated the clock frequency shift at zero light at different
laser locking points from Av;g = of's - Al, the oy is calculated from the simulations. The estimated

ars in the Ramsey-DR scheme for various laser locking points are listed in table 3.4.

The blue diamond on the o s curve in figure 3.26 represents the intensity LS coefficient in the case
of the CW-DR scheme when a laser frequency is stabilized to CO11-12 transition and is shifted by
—160 MHz. This oys (blue diamond) had a positive sign, which agrees with the measured g in the
CW-DR scheme (figure 3.20).
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Figure 3.26: (Upper): Sub-Doppler absorption spectrum of the reference cell. (Lower): Theoretical frequency
LS predictions in the D2 line of 8’Rb for a light intensity of 1 uW /mm? in the CW-DR scheme. Red solid line
denotes the theoretical calculated intensity LS coefficient oy as a function of the laser frequency detuning in
the CW-DR scheme based on simulations presented in [87]. The laser frequency was V;,,, and was not shifted
by AOM. Black circles on the o g curve represent 0 s( V) for various laser locking points in the D2 line of

87Rb. The blue diamond represents ()Cldg(vlfmoelrlfl2 + Vaom) for a laser whose frequency is stabilized to CO11-12

transition frequency, where vaop = —160 MHz.

3.5.5 oy Coefficients in the Ramsey-DR Scheme

In order to validate our preliminary model presented in section 3.5.4, we measured o in our Rb clock
operating in the Ramsey-DR scheme when the laser frequency was stabilized to different sub-Doppler
transitions in the D2 line of 8’Rb. We operated our Rb clock in the Ramsey-DR scheme with the
following conditions: #, = 0.4 ms, 7, = 0.4ms, Tz = 3 ms, t; = 0.7 ms and the microwave pulse input
power to the cavity of 5.9 uW. An optical polarizer was used in front of the physics package to vary
the laser input power to the cavity (see figure 3.17). Therefore, rotating the optical polarizer results in
varied light intensity in the whole sequences of the Ramsey-DR scheme. The laser input pumping power
to the cavity varied from 6 mW to approximately 12-13 mW (depending on the laser locking point).
Simultaneously, the optical detection power varied approximately from 50 W to 120 uW. The clock
frequency was measured when the laser frequency was stabilized to frequencies of six sub-Doppler
transitions in the D2 line of 8’Rb, namely CO21-23, CO22-23, F =23, CO10-11, CO11-12 and F = 12
(see figure 2.10) and shifted —160 MHz by the AOM integrated in the LH (see section 2.2). The result
of these measurements are shown in figure 3.27.

Figure 3.27 shows the recorded clock frequencies as a function of laser input power to the cavity
during the optical pumping pulse for various laser locking points. For each laser locking point, the ;s
was calculated from a linear fit to the data based on equation (1.55). Table 3.4 lists the o s obtained
from the measurements shown in figure 3.27. Our expectation on the sign of estimated g based on our
model presented in section 3.5.4 fits very well with the measured 5. Moreover, the estimated absolute
values for o g were in agreement with a factor of 0.4—2 with the measured ¢y g depending on the laser
locking point.

Bandi et al. in [35] investigated the intensity LS in an Rb atomic clock operating in the CW-DR
scheme using a similar physics package to ours but using a different laser system without any AOM
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Figure 3.27: Clock frequency shift as a function of the laser input power to the cavity during the optical pumping
pulse when the clock is operating in Ramsey-DR scheme. The frequency of the laser is stabilized to various 8’Rb
sub-Doppler transition frequencies and shifted —160 MHz by the AOM. For each laser frequency the experimental
0y s is obtained by a linear fit to the data.

Table 3.4: Estimated and measured o g coefficient when the clock was operated in the Ramsey-DR scheme.

Laser locking Estimated Measured

point oys (/%) oys (/%)
C021-23 3.1x10714 2.1 (9)x107 1
C022-23 8.0x10714 3.9 (1)x10~
F=23 1.4%x10713 1.9 (1)x10~13
CO10-11 —1.5x107% 3.8 (2)x10714
CO11-12 ~77x107%  —6.6 (5)x10714
F=12 —1.1x10713 —1.7()x10713

(Vaom = 0). This study is shown in figure 3.28 taken from [35]. It shows the relative clock frequency
as a function of the laser intensity in their setup. We can see that the ;5 had a positive sign when the
laser frequency was stabilized to an F' = 2 transition and had a negative sign when laser frequency was
stabilized to an F' = 1 transition. This observation (the sign of ¢ s) in the case of CW-DR scheme is
in agreement with both our measured and estimated o5 for the Ramsey-DR scheme (see table 3.4).
Therefore, this agreement can validate our hypothesis that the sign of the o5 in our Ramsay-DR clock
is defined by the frequency of the residual light during the Ramsey time which is Vjg;.

In the same study [35], Bandi et al. reported an induced relative instability by the laser intensity
fluctuations at the level of 9.9 x 1013 for the medium- to long-term scale up to T = 10*s in their setup
when the laser frequency V., was stabilized to CO10-11 transition and not shifted by any AOM
(Vaom = 0)1. For this estimation, they measured the relative laser intensity fluctuation at the level of
0.01% at T = 10* s [35]. In our Ramsey-DR Rb atomic clock using the integrated AOM laser system
(see section 2.2), we estimated the induced instability from the laser intensity fluctuations approximately
at the level of some 101> by knowing the measured oy s from table 3.4 depending the laser locking

IBandi et al. presented the lowest induced relative instability from the laser intensity fluctuations at the level of 6.9 x 1016
for the medium- to long-term scale up to T = 10*s in their Rb atomic clock operating in the CW-DR scheme using an
AOM-laser system [41].
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point. In our estimation we used the relative laser intensity fluctuation at the level of 0.1% at T = 10*s
(see figure 2.7).
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Figure 3.28: Intensity LS measurements by Bandi et al. when their Rb atomic clock was operated in the CW-DR
scheme. In their study, they used a physics package similar to the one used in our work while a different laser
system without any AOM was used. The figure is taken from [35].

Comparing the clock frequency sensitivity to the laser intensity between our Ramsey-DR and Bandi’s
CW-DR clocks, two different behaviors are visible (see figures 3.27 and 3.28). For the CW-DR Rb
clock, extrapolating to zero light results in converging to zero LS, which it is not the case for the
Ramsey-DR clock (non-converging behavior at zero light). The origin of this phenomena is still
unknown and further analysis are required. A possible source for this phenomena can be the residual
coherence effect due to the incomplete optical pumping in the case of the Ramsey-DR scheme [42]. As
mentioned previously, we used a polarizer and varied the laser input power during the entire sequences
of the Ramsey-DR scheme. Therefore, we cannot evaluate the dominant contribution of the LS in the
Ramsey-DR sequences, even though the effect of the residual light in Ramsey time was evaluated. One
direction for the further analysis is to investigate the LS in each sequence of the Ramsey-DR scheme
independently.

3.5.6 s coefficients in the Ramsey-DR Scheme

From data shown in figure 3.27, in addition to the intensity LS coefficient ¢ g, we also measured the
frequency LS Brs globally for the conditions that the laser frequency was stabilized to F = 1 and F = 2
transitions. In the case of F' = 1, the laser input power to the cavity was constant at 13 mW during the
pumping and in the case of F' = 2 the laser input power to the cavity was constant at 12 mW during the
pumping. The measured P s coefficients are presented in table 3.5. We estimated a relative induced
instability in the medium- to long-term scale up to T = 10* s approximately at the level of 10~'°. In our
estimation we used the measured B in table 3.5 and the laser frequency variations about 10 kHz at
7=10* (see figure 2.6).

Bandi et al. reported a frequency LS coefficient at the level of B ~ 1.2 x 10~!! /MHz and a relative
instability induced by the laser frequency fluctuation at the level of about 3.7 x 10~!# in the medium- to
long-term scale up to T = 10*s in their Rb clock operating in CW-DR scheme when the laser frequency
was stabilized to CO10-11 transition and not shifted by any AOM [35].
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Table 3.5: Measured frequency LS coefficient ;s from figure 3.27 when the laser power was at its maximum and
the clock was operated in the Ramsey-DR scheme.

Laser locking poit Brs (/MHz)
F=1 0.47(34) x 10714
F=2 —5.7(5) x 10714

3.6 Microwave Power Shift

The microwave power shift (PS) is an unavoidable phenomenon in our Rb clock operating in the
Ramsey-DR scheme and as mentioned in section 1.7.3.5, it is most likely consequence of the microwave
field inhomogeneity inside the vapor cell [80, 81, 82]. Due to this microwave field inhomogeneity inside
the vapor cell because of the position-shift phenomenon, different Rb atoms may experience different
microwave powers (or microwave pulse areas) during the Rabi pulses and consequently have different
frequencies contribute to the resonance signal. Here, we present preliminary results on an experimental
study of the microwave PS measurement in our Ramsey-DR Rb clock. For these measurements, we
operated our Ramsey-DR Rb clock under the conditions presented in table 3.1. We recorded the clock
frequency as a function of the input microwave power to the cavity, Py,,. This measurement was repeated
when the frequency of the laser used during the optical pumping and optical detection was stabilized
to frequencies of six sub-Doppler CO21-23, CO22-23, F =23, CO10-11, CO11-12 and F = 12 tran-
sitions in the D2 line of 8’Rb (see figure 2.10). Figure 3.29 shows the results of this measurement.
In this figure, the microwave power where the microwave pulse area is 6 = 7/2 is indicated by a dash line.
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Figure 3.29: Clock frequency shift as a function of the microwave input power to the cavity when the clock is
operating in the Ramsey-DR scheme. The dash line indicates the microwave power where the microwave pulse
area is 0 = /2.

From the measured data shown in figure 3.29, we measured the microwave PS coefficient aaA 1:; £ by
using linear fits near the operating point of the clock where the microwave power was 5.9 uW (i.e.

microwave pulse area of 0 = /2, see figures 3.3 and 3.3) for various laser locking points. These
measured coefficients are presented in table 3.6. We can see that the microwave PS coefficient are
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negative (positive) when the laser frequency is stabilized to an F' = 1 (F = 2) transition. The relative
microwave power stability of the LO synthesizer was opy,, ~ 1073 at T = 10*s [41]. Hence, we can
estimate the microwave power variation at the level of 6nW at T = 10* s when the input microwave
power was 5.9 uW. This induces a lock instability approximately at the level of 3(1) x 10~'* up to
7 = 10*s from the LO synthesizer output power variations. This value is more than one order of
magnitude higher than the one reported by Bandi et al. (9 x 107! up to T = 10*s) for their Rb clock
operating in the CW-DR scheme with the note that their operating point was at 0.4 uW which was more
than ten times lower than ours [35]. However, very recently Gozzelino et al. proposed a technique to
stabilize the amplitude of the microwave field and reduce the microwave power variations in compact
atomic clocks working in pulsed regime and exploits the atoms themselves as discriminators, without
the need of any external reference [104].

Table 3.6: Measured microwave PS coefficients from data shown in figure 1.7.3.5 from linear fits near the
operating point of the where the microwave power was 5.9 UW (microwave pulse area is 6 = m/2) and near the
inversion points (microwave pulse area is 0 ~ 1.1 - /2) when the laser frequency was stabilized to an F =2
transition.

Laser locking Microwave PS coefficient (/W)
point @0 =rm/2 @O ~1.1-71/2
C021-23 —2.8(6) x 10712 ~+1.6x10713
C022-23 —3.8(7) x 10712 ~+1.9x10713
F=23 —6.0(9) x 10712 ~4+22x 10713
CO10-11 7.6(2) x 10712 —
CO11-12 8.2(2) x 10712 —
F=12 8.4(2) x 10712 —

In figure 3.29, we can see inversion points when the laser frequency was stabilized to an F' =2
transition (i.e., CO21-23, CO22-23, F = 23) and the input microwave power was about 6.5—7.5 uyW
where the microwave pulse area is approximately 6 =~ 1.1-7/2. For these inversion points the microwave
PS coefficients aaAP—V"‘t” reach their minimum. The origin of this observation is still unknown and it requires
further investigatio:ls. Nevertheless, this observation allows us to reduce the induced microwave power
instability in our Ramsey-DR Rb clock by varying the working point. We used the measurement data
in figure 3.29 and estimated the first order coefficient by fitting to a parabolic function around the
inversion points and knowing the output power uncertainty of about 1% from the LO synthesizer. These
microwave PS coefficients are also listed in table 3.6. The microwave PS coefficients at the working
point 8 = /2 are approximately 20 times higher than at the inversion point 8 ~ 1.1-7/2. However,
this change in the working condition results in: 1) slightly reducing the contrast of the Ramsey central
fringe by =~ 1% (see figure 3.3) which is negligible, 2) increasing the cavity pulling effect approximately
by 5% and reaching to ~ 2 x 10~ (see equation (1.48)) and 3) increasing the ;s approximately by

10% (estimated from figure 3.29) and reaching to ~ 6 x 10716 /uW.

From data shown in figure 3.29, in addition to the microwave PS coefficients, we also estimated
the frequency LS coefficients ;g at the working point (6 = 7/2). This estimation was done by taking
a vertical cut in the graph shown figure 3.29 when 0 = 7/2 to read the clock frequency, using the
frequency separations for different laser frequencies and finally using equation (1.56). These measured
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Brs coefficients are presented in table 3.7. These results (as expected) were in good agreement with the
ones presented in table 3.5.

Table 3.7: Measured frequency LS coefficient ;5 from figure 3.29 at the working point (6 = 7/2) in the
Ramsey-DR scheme.

Laser locking poit Brs (/MHz)
F=1 0.37(13)x 10714
F=2 —5.3(5)x107

3.7 Optical Detection Duration and Short-Term Stability

In section 1.7.2.1, the analytical expression to predict the clock instability induced by the optical
detection noise, G)‘,”’ (1), was deduced and presented. We showed that the contribution of the optical
detection noise can be estimated using equation (1.35). Here, we experimentally investigated the
influence of the optical detection pulse duration #z; on the short-term frequency stability of our Rb
atomic clock operating in the Ramsey-DR scheme. The investigations presented in this section have

been published in [73].

To investigate the impact of the optical detection time #,, we fixed the duration of the cycle time 7¢ so
that the instability contribution from the Dick effect remains unchanged. The durations of the optical
pumping pulse, Ramsey time and microwave pulses were set at 7, = 0.4 ms, T = 3 ms and 7,, = 0.4 ms,
respectively. We varied the optical detection duration 7; from 0.1 ms to 0.7 ms. For our measurements,
the cycle time kept unchanged at 7¢ = 4.94 ms. For this estimate, we adjusted the duration of the
gap time (pause time) after the optical detection pulse and the pumping pulse of the next cycle. In
addition, laser input powers to the cavity during the optical pumping and optical detection sequences
were fixed at 12mW and 125 uW, respectively. We measured the central Ramsey fringe contrast at
different optical detection duration #,. Figure 3.30 shows the measured contrast of the Ramsey central
fringe as a function of the optical detection duration. The contrast reduction with an increased detection
time is due to the re-pumping effect during the detection phase, however, we still could obtain a contrast
at approximately 35% when t; = 0.7 ms.
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Figure 3.30: Measured Ramsey central fringe contrasts as a function of detection time ¢.
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In addition, we measured the optical detection signal’s RIN in DC mode when the laser power level
was set to 125 uW, the same detection light level as during the optical detection phase. Figure 3.31
illustrates the typical RIN performance for the laser source.
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Figure 3.31: Typical RIN performance in DC mode of the laser source when the laser power level was set to
125 uW (equal to the one in stability measurements). The noise floor (detector in the dark) was approximately at
the level of 9 x 10~ (1/Hz).

For our Rb atomic clock, we calculated the clock instability induced by the optical detection noise
G;’et (1) from equation (1.35) as a function of optical detection time 7, when the averaging time 7 is 1 s.
In our calculations, Ramsey central fringe contrast and S, were obtained from measured data shown
in figures 3.30 and 3.31, respectively, the cycle frequency fc = ch1 ~200Hz and Q, ~ 4.2 x 107, with
no other free parameters. This theoretical calculation is shown with a dash blue curve in figure 3.33.
The theoretical curve includes a Dick-effect limit of 7.5 x 10714 771/2 (see section 1.7.2.2), which is
independent of 7;. In addition to the theoretical calculations, we measured the short-term stability in our
Rb clock operating in the Ramsey-DR scheme at various #;under experimental conditions presented in

table 3.1.
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Figure 3.32: A measured short-term stability performance in our Rb clock operating in the Ramsey-DR scheme
when t; = 0.7 ms.

Figure 3.32 shows a typical measured short-term stability performance when optical detection duration
was at t; = 0.7 ms, where the short-term clock stability was obtained approximately at the level of
2.4x 10713 771/2_ The measured short-term stability at various optical detection times #, are also shown
in figure 3.33, in addition to the theoretical calculated one. The figure illustrates that the theoretical
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3.8. Short-Term Clock Instability Budget

estimation based on equation (1.35) was consistent with the measurement results. Therefore, it can be
concluded, up to a certain degree, that the effect of optical detection noise can be reduced by increasing
the duration of optical detection phase in the Ramsey-DR scheme. This observation in the Ramsey-DR
scheme provided us a degree of freedom to optimize the clock frequency stability by adjusting the
duration of optical detection pulse in certain conditions.

0 i ,,,,,,,,,,,,,,,, - | . ® Measurements ;
- = Theoretical calculation |

Clock frequency stabiltiy at 1s

Figure 3.33: Theoretical (dash blue line) and measured (red solid circle) clock short-term stability at 1 s averaging
time as a function of duration of optical detection sequence ?;.

3.8 Short-Term Clock Instability Budget

As mentioned in section 1.7, we consider 1 to 100 s averaging time range for short-term analysis. In
this section, we present the short-term frequency stability performance of our Rb atomic clock operating
in the Ramsey-DR scheme. We also compare this measurement result with the estimated contributions
of the noise sources given in section 1.7.2.

We demonstrated a short-term stability at the level of o,(7) = 2.4 x 10-3771/2 in our Ramsey-DR
Rb clock which was shown in figure 3.32. Table 3.8 presents the estimated shot-noise-limit (from
equation (1.29)) and the further noise contributions from the instability sources of the optical detection
noise during the detection phase G;ie’ (1) (equation (1.35)), the LO phase noise via Dick effect GyLO(T)
(equation (1.36)) and the light shift 6°(7) (equation (1.38)). It is seen that, in the short-term stability
budget, the optical detection noise is dominant. This noise originated from the FM-to-AM noise
conversion in the vapor cell [72] and the AM noise from the AOM [103]. The total estimated short-term
stability of our Rb clock is calculated at the level of 2.2 x 10~'3 =1/ from equation (1.28) which is in
good agreement with the measurement result. We note that, in our estimations we used a clock signal
(Ramsey central fringe) obtained under experimental conditions presented in table 3.1 and the Ramsey
time of 7x = 3 ms.

The measured short-term stability of oy(7) = 2.4 X 10-137-1/2 for our Ramsey-DR Rb clock is
comparable to the state-of-the-art results previously demonstrated by Bandi et al. [35] and Micalizio
et al. [34] also using Rb vapor cell atomic clocks. We note that our clock was operated in standard
laboratory conditions (no vacuum enclosure or thermal chambers used). Bandi et al. used a similar
physics package as ours but operating their clock in the CW-DR scheme in laboratory conditions and
obtained a short-term stability at the level of 6,(7) = 1.4 10-13771/2_ while Micalizio et al. operated
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Chapter 3. Realization and Optimization of a Ramsey-DR Clock with a Low-Q Cavity

Table 3.8: Ramsey-DR Rb clock’s short-term stability budget.

Shot-Noise-Limit ~ o3V(7) 1.7x 10714 ¢1/2
Optical Detection ~ o¢(7)  2.1x 10713 ¢71/2
Dick Effect-LO ~ ¢/9(7)  7.5x 1071 ¢71/2
Light Shift olS(r) ~1x1071% 7712
Total Estimated oy(t) 22x107B 7712
Total Measured oy(t) 24x107B¢1/2

their Rb clock under vacuum with a larger microwave cavity than ours and with a quality factor of
approximately Q.q, =~ 1000 in the POP scheme and obtained a short-term stability at the level of
oy(t)=1.7x 10~13771/2_ In both works (including ours, as mentioned above), the dominant instability
source was the optical detection noise.

3.9 Long-Term Clock Instability Budget

In this chapter, we presented quantitative measurements of several sources of instabilities, their
corresponding shift coefficients, and their direct consequences on the clock frequency stability, c,(7)
when it was operated in the Ramsey-DR scheme under experimental conditions presented in table
3.1. These coefficients and their respective estimated induced limits in medium- to long-term scale at
7 = 10* s are summarized in table 3.9. The coefficients and consequently the induced instabilities were
obtained when the Rabi pulses in the Ramsey-DR scheme experienced exact /2 microwave pulses
(i.e. 8 = m/2). We note that this table is not a full metrological evaluation, but a first step towards it,
based on the coefficients measured in this thesis and the parameters variations available from previous
measurements presented in [41].

We can see from table 3.9 the medium- to long-term scales stability of our Ramsey-DR Rb clock
was limited approximately at the level of 0,(7) ~ 2.7 x 10~ '* when the microwave pulse area of the
Rabi pulses was 6 = 7/2. This table also shows that this stability was mainly limited by the microwave
PS effect that induced a contribution more than 2 x 10~!# to the clock performances. Our microwave
PS measurements showed that (see section 3.6), this effect can be suppressed about 20 times by vary-
ing the operating point of the clock in which the microwave pulse area is approximately 10 % larger
than 7/2 (6 ~ 1.1-1/2) and the laser frequency is stabilized to an F = 2 transition of the D2 line of
87Rb. Therefore, in this optimized operating condition, we estimate a clock stability at the level of
0,(7) ~ 9.8 x 1071 in the medium- to long-term time scales.
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Table 3.9: Summary of estimated instabilities in our Ramsey-DR atomic clock at T = 10*s. This table is not a full metrological evaluation, but a first step towards it, based
on the coefficients we measured and the parameters variations available from previous measurements presented in [41].

Physical Varying Coefficient Coefficient Variation | Instability | Instability
effect parameter abs. rel. at 10%s abs. rel.

Zeeman C-field 115 Hz/G 1.7x1078/G 0.1uG 10uHz | 1.7x1071
Cell TC Teon 15.1 mHz/K 22x10712/K 3.5mK 53uHz | 7.7x 1071
Stem TC Tstem 7.5mHz/K 1.1 x10712/K 46mK | 345uHz | 5.1x1071
Cavity pulling Tea 0.6 uHz/K 8.8x10717/K 3.5mK 2.1nHz | 3.1x1071°
Cavity pulling uw pulse area 0.3 mHz/% 45%x107%/% 0.034% | 10.2uHz | 1.5x 1071
Intensity LS! Laser intensity —0.26 mHz /% —3.8x1074/% 0.1% 26uHz | 3.8x 1071
Intensity LS? Laser intensity 0.144mHz /% 2.1 x 1074 /% 0.1% 144uHz | 2.1x 1071
Frequency LS? Laser frequency 0.03 mHz/MHz 0.4 x 10~'%/MHz 10kHz 03uHz | 0.4x1071°
Frequency LS* | Laser frequency | —0.38 mHz/MHz | —5.5x 10~'4/MHz | 10kHz | 3.8uHz | 5.5x107'6
Microwave PS? | Microwave power 0.05Hz/uW 8.0x 10712/uw 6nW 03mHz | 48x 10714
Microwave PS* | Microwave power | —0.02Hz/uW | —4.4x107'2/uW 6nW 02mHz | 2.4x 1071

Total relative instability! 4.9 x 10714

Total relative instability?> 2.7 x 10714

(1) The laser frequency is stabilized to the CO10-11 transition in the D2 line of 3/Rb.
(2) The laser frequency is stabilized to the CO21-23 transition in the D2 line of 3’Rb.
(3) The laser frequency is stabilized to an F = 1 transition in the D2 line of 87TRb.
(4) The laser frequency is stabilized to an F = 2 transition in the D2 line of 8Rb.

Predicted optimized total instability’

~98x10° 1

(5) The laser frequency is stabilized to an F = 2 transition in the D2 line of 3’Rb and 6 ~ 1.1 - 7/2.

1o8png A1Iqe)suy YI0[) ULRL-3U0] °6°¢



Chapter 3. Realization and Optimization of a Ramsey-DR Clock with a Low-Q Cavity

3.10 Conclusion

We demonstrated that our Rb atomic clock setup which contains a magnetron-type microwave cavity
with a compact size (45cm?) and a low-quality factor (=~ 150) is able to operate in the Ramsey-DR
scheme. We achieved a Ramsey clock signal with a contrast of 35% and a linewidth of 160 Hz by
optimizing various parameters involved in the Ramsey-DR scheme, such as laser intensity, microwave
amplitude and durations of the optical and microwave pulses. By using Rabi oscillations, we adjusted
the duration and amplitude of the microwave pulses to achieve the microwave pulse area of 0 = 7/2.
The duration of the Ramsey time was optimized by measuring the short-term stability of our Rb clock.
The uniformity of the microwave magnetic field in the cavity confirmed that our compact microwave
cavity is a suitable candidate to be used in a Rb atomic clock operating in the Ramsey-DR scheme.
The stem temperature coefficient of our vapor cell was measured approximately 1 x 107! /K which
is one order of magnitude lower than that of the previous vapor cell design with a larger stem volume
used in previous studies [41]. The perturbing effects of the LS and microwave PS were also studied.
We measured and compared the intensity and frequency LS coefficients, ozs and Bs, in our Rb clock
operating in both CW-DR and Ramsey-DR schemes. In the Ramsey-DR scheme, the intensity LS
measurements were completed globally, which means that the laser intensity was varied in entire
sequences simultaneously using an optical polarizer before the entrance of the physics package. We
found that, when the clock operates in the Ramsey-DR scheme, a residual light with a power of 0.6uW
due to non-perfect background light suppression passes through the vapor cell during the microwave
pulses and the Ramsey time influences the intensity LS. We treated this residual light in the Ramsey-DR
scheme equivalent to the applied light in the CW-DR scheme. In addition, we used the LS theory
and simulations in the CW-DR scheme and presented a preliminary LS model and finally estimated
intensity LS in our Ramsey-DR Rb clock. The estimated o s were in good agreement with the measured
ays in our Rb clock. However, fully understanding the LS in the Ramsey-DR scheme requires more
investigations and measurements. In addition to our LS study in the Ramsey-DR scheme globally,
an alternative path to optimize the working parameters of the clock is to investigate the LS in each
sequence of the scheme (i.e. optical pumping, optical detection and the Ramsey time) independently. We
measured microwave PS coefficients and estimated an induced instability at the level of some 10~ in
the medium- to long-term scales near the operating point for our Ramsey-DR Rb clock. This estimation
indicates that the microwave PS effect is the main limiting parameter in our Rb clock. In addition, based
on these preliminary results, we found that the microwave PS effect can be suppressed if the clock is
operated in the Ramsey-DR scheme when the Rabi pulses have microwave pulse area of 8 ~ 1.1 - 7/2
and the laser frequency is stabilized to an F = 2 transition in the D2 line of ’Rb. We estimated that,
this changing operating condition results in reducing the induced instability via the microwave PS effect
by about 20 times and being not the main limiting parameter. We demonstrated the short-term stability
at the level of 2.4 x 10~137~1/2 for our Rb clock by considering the duration of the optical detection
pulse. This measurement result was in good agreement with the estimated short-term stability obtained
from our newly developed formula (equation 1.35) to estimate the instability induced by the optical
detection noise. In addition, by using our formula, we re-evaluated the optimized Tz which was also
obtained from short-term stability measurements. Finally, based on our quantitative measurements of
several relevant sources of instabilities, we estimated a frequency stability of 0,(7) ~ 2.7 x 10~'* in
medium- to long-term scales for our Ramsey-DR clock operating with the nominal 77/2 microwave
pulses which was mainly limited by the microwave PS effect. However, we found that this stability can
be improved up to 6,(7) ~ 9.8 x 10~ 15 by varying the operating point to the microwave pulse area of
6 ~ 1.1- /2 and stabilizing the laser frequency to an F = 2 transition in the D2 line of 8’Rb.
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m Measuring Relaxation Times in a Rubid-
ium Vapor Cell

Vapor cell atomic frequency standards rely on long-lived ground-state spin-polarization of alkali
vapor in the cell [105]. Generally, in a vapor cell atomic clock, the polarized alkali atoms may lose their
polarization due to the relaxation processes that occur in the cell. These relaxation processes influence
the contrast and/or linewidth of an atomic resonance line and consequently result in degradation of
the clock stability. As previously mentioned (see section 1.6), in addition to the collisions of the
polarized Rb atoms in the vapor cell, their interactions with electromagnetic fields are also among
the relaxation sources. In our atomic clock, the electromagnetic fields (optical and microwave fields)
are used to prepare/detect the resonance and, the C-field lifts the Zeeman degeneracy. The C-field
may have some residual inhomogeneity in the vapor cell. In a microscopic view, Rb atoms experience
various C-field amplitudes in the vapor cell due to the C-field inhomogeneity. This effect introduces
additional dephasing [106], which results in a shorter coherence relaxation time. In this chapter we
present methods to measure the relaxation times in the vapor cell of our Rb clock and discuss the
measurement results.

We used three existing methods based on the Franzen scheme [37], continuous-wave double-resonance
(CW-DR) scheme [35] and Ramsey-DR scheme [38] to measure the relaxation times in the same Rb
vapor cell (see section 2.3.1). We demonstrated that the obtained coherence relaxation times from the
CW-DR and Ramsey-DR methods are affected by C-field inhomogeneity across the vapor cell and is
shorter than the "intrinsic" coherence relaxation time calculated previously (see section 1.6). To measure
the intrinsic coherence relaxation time 75, we presented our newly proposed Optically-Detected Spin-
Echo (ODSE) method [107]. We demonstrated that the ODSE method suppresses the effect of C-field
inhomogeneity across the vapor cell and enables the measurement of intrinsic 7>. The investigations
presented in this chapter were done in collaboration with the Institute of Physics of Belgrade University
3 and published in [107].

4.1 Detection Methods

Franzen, Ramsey-DR and ODSE methods operate in pulse schemes. The timing sequence of these
three methods starts with an optical pumping pulse and ends with an optical detection pulse using a laser
with 780 nm wavelength. The details of the sequences for each method are presented in the following
sections. The optical pumping pulse creates a population imbalance between the two ground states
F, =1 and F, = 2 of Rb atoms in the vapor cell (see figure 4.1). In the Ramsey-DR and ODSE methods,
after an optical pumping pulse, series of /2 and/or & microwave pulses that create/modify coherence
between the ground states are applied. Finally, an optical detection pulse is used to measure the optical

3Within the project FNS (SCOPES): "Ramsey spectroscopy in Rb vapor cells and application to atomic clocks" no. 152511
(2014-2018).
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Chapter 4. Measuring Relaxation Times in a Rubidium Vapor Cell

density (OD) in the vapor cell using a photodetector. OD is a logarithmic measure of light attenuation
in a medium, defined by:

oD — _m(;;), .1)

where Iy and I; are the incident and transmitted laser probe pulse intensities, respectively. The variation
of the cell’s OD as a function of time yields information about the population and/or coherence relaxation
times of the Rb atoms in the vapor cell. For our measurements, we used a photodetector before and
after the vapor cell to record Iy and I;, respectively, and obtained the cell’s OD from equation (4.1).

5Py,
87 Laser
Rb ~780 nm
Fg=2 / —
: A >
58, Microwavei\_ ! \\ 1Clock transition
~6.835 GHz! LT, T,
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F =1 ===
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Figure 4.1: Atomic level scheme of 8’Rb. The optical pumping with the laser at 780 nm creates a population
imbalance between two ground states Fy = 1 and F, = 2 via excited state 52p, /2- Due to Doppler and collisional
broadening, the hyperfine levels of the excited-state are not resolved by the laser light. The clock transition
|Fg =1, mp =0) ¢ |F; =2, mp = 0) is addressed by choosing appropriate microwave frequency. 7; and 7> are
population and coherence relaxations times, respectively, particularly for the clock transition. Figure is taken
from [107].

In pulsed schemes, the laser probe pulse during optical detection does not resolve the atomic excited
state 52P; /2 because all optical transitions to this excited state are overlapped within the Doppler
linewidth. Moreover, the clock transition cannot be addressed selectively by the laser alone, because both
the intrinsic transition linewidth and the Doppler linewidth are much larger than the Zeeman splitting
in the 525, /2 ground states. Hence, for these pulsed schemes, we can only address the population
relaxation time between all mp Zeeman levels of the ground states Fy, = 1 (or Fy = 2) simultaneously
and we cannot measure the population relaxation time particularly for the clock transition.

4.1.1 Notation Summary

In this thesis, we used the notations 77 and T; for the intrinsic population and coherence relaxation
times, respectively, particularly for the clock transition. The same notation was used previously (see
section 1.6) to present the calculated intrinsic relaxation times. As previously mentioned, in the pulsed
methods (Franzen, Ramsey-DR and ODSE) because we used the laser for detection we could access the
population relaxation time between all mp Zeeman levels (and not the clock transition) of the ground
states Fy, = 1 or F, = 2. To avoid confusions in the notations, we showed the population relaxation time
applying collectively to all mr sublevels of a given F state with 7{. In the CW-DR, Ramsey-DR and
ODSE methods, the microwave radiations are used to select the specific Zeeman sublevels of interest.
Therefore, with these methods, we were able to access the coherence relaxation time particularly for the

82



4.2. Franzen Method

clock transition. However, in the cases of the CW-DR and Ramsey-DR methods, the effect of C-field
inhomogeneity in the vapor cell was included in the measured coherence relaxation time. For these two
methods, we showed the coherence relaxation time for the clock transition with 75°. The summary of
the notations and their descriptions are also listed in table 4.1.

Table 4.1: Notations used for the relaxation times and their descriptions

Description Transition Measurement method

T/ Population relaxation time all mr levels Franzen, Ramsey-DR, ODSE

B Coherence relaxation time with ...
T, impact of C-field inhomogeneity clock transition CW-DR, Ramsey-DR

T Intrinsic coherence relaxation time | clock transition ODSE

4.2 Franzen Method

Franzen’s method [37] is a well-known technique that is widely used to measure population relaxation
time. This method is operated in a pulse scheme and is an all optical method without any microwave
radiations. The Franzen method is also known as "relaxation in the dark" method. The timing sequence
of the Franzen scheme is shown in the inset of figure 4.2. First, an optical pumping pulse with the laser
creates a population imbalance between the ground states of 8’Rb atoms. After the optical pumping
pulse, the laser beam is switched off with the AOM. Then during a dark time Tp,«, the hyperfine
population imbalance relaxes toward the thermal equilibrium at a rate 1/7. Finally, an optical detection
pulse with the laser probes the sample’s OD. In our experiments, durations of the optical pumping and
optical detection pulses were fixed at 1 ms and 0.1 ms. The frequency of the laser in optical pumping
and optical detection pulses were identical but their input powers to the cavity remained constant at
12mW and 110 uW, respectively. We varied the dark time Tp,,« and measured OD using equation (4.1).
Figure 4.2 shows the obtained cell’s OD as a function of Tp,,x. As dark time increased, the cell’s OD
also increased. This relationship is explained by the fact that, for longer Tp,,«, more atoms decay from
the F, = 1 ground state to the F, = 2 ground state. The error bars shown in figure 4.2 are dominated
by technical noise and increase with increasing Tp,,« due to decreasing transmitted intensity /;. The
measurement data were fitted with equation:

OD = A — Bexp(—Tpani /T, "), 4.2)

where A, B and T}"""%" were the fitting parameters. For the data shown in figure 4.2, the population
relaxation time was determined as 7 Franzen _ 3 234 0.06 ms from equation (4.2). Because the detection
was conducted with the laser, the obtained population relaxation time is valid for all mp levels together

Tl’F ranzen was measured with the Franzen method

(see section 4.1). The population relaxation time
when the laser input power during the optical detection pulse was 80 uW and 50 uW, and the other
experimental conditions were remained constant. Table 4.2 lists the measured 77 Franzen at different
laser detection powers, showing that T} Franzen
T/ Franzen a5 also measured when the optical detection pulse duration varied by +50%

and the result did not change significantly (approximately 5%).

is independent of the laser detection power within the
uncertainties.

83



Chapter 4. Measuring Relaxation Times in a Rubidium Vapor Cell

Franzen scheme i ®
35 -
. i
4- 1
> -
.g 30 s ~¢
a) 2 ¥
3 25 K ‘
B g ~ Optical
<% ® Cal g
(@) 4.’ pumping % T park
20 4 No microwave | J&——"—> 1C
/ — —
o« time
15 ;
1 2 3 4 5 6
TDark (ms)

Figure 4.2: Vapor cell’s OD as a function of Tp,, in the Franzen scheme when the durations of the optical
pumping and optical detection pulses are 1 ms and 0.1 ms, respectively. The laser input powers in pumping
and detection pulses are 12mW and 110 uW, respectively. Solid red circles are the experimental data with
corresponding error bars and blue dashed curve is a fit based on equation (4.2). Error bars are dominated by
technical noise and increase with increasing Tp, due to decreasing transmitted intensity, ;. Inset: timing
sequence of the Franzen scheme.

Table 4.2: Measured T{F ranzen at various laser detection powers when the optical pumping and optical detection
pulse durations were fixed at 1 ms and 0.1 ms, respectively and the laser pumping power was 12 mW. The statistical

uncertainties for all the measured Tl’F ranzen were about +0.1 ms.
Laser detection power (UW) 110 80 50
T/Fremzen (ms) 323 325 330

4.3 Continuous-Wave-DR Method

The CW-DR method is also used to measure coherence relaxation time. The details of the CW-DR
principle are presented in [9, 41]. In the CW-DR scheme, two resonant electromagnetic fields of light
(laser) and microwave are required that are applied simultaneously. In this scheme, the laser optically
pumps the Rb atoms, while simultaneously a near-resonant microwave field with the 8’Rb hyperfine
clock transition is applied. The transmitted light signal as a function of microwave frequency is recorded
by a photodetector after the vapor cell. It is a measure of the atomic ground state polarization known
as DR signal that typically has a Lorentzian shape. The frequency of the microwave field selects a
particular hyperfine transition, which enables measurements of coherence relaxation time only for the
two involved mp states.

Figure 4.3 shows a typical DR signal, which is obtained when the laser input power to the cell is
125 u'W and the microwave frequency is scanned near the clock transition frequency with an injected
microwave power to the cavity of 0.45 uW. The linewidth of the DR signal is a measure of the coherence
relaxation rate of the clock transition [23]. However, this linewidth is additionally increased by optical
and microwave power broadenings. Therefore, to extract the intrinsic DR signal linewidth Av; s the
influence of the power broadenings must be removed from the linewidth of the obtained DR signal. To
obtain the intrinsic Av j,, first we recorded the DR signals at various laser and microwave powers and
then extrapolated the DR signal linewidths to zero with respect to both optical and microwave powers.

The linewidth of the DR signals is extracted from each DR spectrum by using a Lorentzian fitting
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Figure 4.3: Typical DR signal in the CW-DR scheme when the microwave and laser input powers to the cavity
are 0.45 uW and 125 uW, respectively. Inset: the CW-DR scheme.

function. Figure 4.4 shows the DR signal linewidth obtained from the fits as a function of the laser
input power for different injected microwave powers. For each set of measured linewidth at a certain
microwave power, we used a linear fit and extrapolated to zero laser power in order to subtract the optical
power broadening from the linewidth. Figure 4.5 shows the DR signal linewidth extrapolated to zero
light intensity (from the fits in figure 4.4) as a function of injected microwave power to the cavity. The
uncertainties shown in figure 4.5 are statistical uncertainties from the fitting obtained from the graphs in
figure 4.4. The second extrapolating to zero microwave power yielded the intrinsic Avy , = 147+ 22 Hz.
Finally, we estimated the coherence relaxation time TQ*CW_D R —2.2+0.4ms for the clock transition
using the formula [9]:

1 1
T;CW-DR — — . 4.3
2 T Av, /2 4.3)

800 .
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Figure 4.4: The obtained DR signal linewidth from the Lorentzian fit to the DR signals as a function of the laser
input power for different injected microwave powers.

The uncertainty of 0.4 ms is statistical from the linear fit of the data presented in the graph of figure
4.5. However, the obtained coherence relaxation time from the CW-DR method is significantly smaller
than the predicted intrinsic 7> = 4.5 ms from table 1.3. This difference can be attributed to imperfect
extrapolations to zero light and microwave powers. In addition, the presence of inhomogeneity of
the static magnetic field in the vapor cell results in a shortening of the coherence relaxation time.
Therefore, the coherence relaxation time obtained from the CW-DR method is shown by T;CW*DR , with
a superscript "*" (see section 4.1.1).
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Figure 4.5: Extrapolation of the DR signal linewidth to zero microwave power. Solid red circles are the linewidths
obtained by extrapolation to zero laser power and the blue dashed line is the linear fit of the data. The uncertainties
are statistical from fitting obtained from figure 4.4. [107]

4.4 Ramsey-DR Method

The principle of the Ramsey-DR technique [83, 44] was presented in details in section 1.5). This
method was presented in [38] to measure relaxation times in a Rb micro-cell. In this section, we used
the Ramsey-DR method to measure the relaxation times in the Rb vapor cell. The timing sequence
of the Ramsey-DR scheme is shown in figure 1.11. After the optical pumping pulse (which creates a
population imbalance between 8’Rb ground-states), two coherent 71/2 microwave pulses were applied
and separated by the Ramsey time Tx. The frequency of the 7/2 microwave pulses can select the specific
transition between the Zeeman sublevels of interest (such as in the CW-DR scheme) and enables the
measurement of the coherence relaxation time specific for that transition. Because we were interested in
the clock transition, we applied the microwave pulses with a frequency close to the Rb clock transition
frequency. In contrast to the Ramsey-DR method used to operate the clock, the microwave frequency
was slightly detuned by & from the Rb clock transition frequency. After the first 7/2 microwave pulse,
the atomic spins continue their free evolution during the Ramsey time. The detuning of the microwave
frequency from the atomic resonance, 8, results in the atomic superposition accumulating a phase
relative to the microwave. The second 7/2 microwave pulse converts this phase into a population
difference between the clock states. Using this method, the Ramsey oscillations were recorded in time
by scanning 7 and the relaxation times were extracted from the decay of the Ramsey oscillation.

For the Ramsey-DR method, similar to the Franzen method, we recorded OD of the vapor cell by
measuring Iy and I, from equation (4.1). Scanning the Ramsey time Ty resulted in oscillations of the
atomic population and variation of the OD. The variation of OD as a function of Ty yields information
about relaxation times of the Rb atoms in the vapor cell. Figure 4.6 shows the recorded OD as a function
of Ramsey time Tz when a C-current of 1.6 mA is applied to the cavity and the microwave is detuned
from the clock transition by 6 = 3.8 kHz. For this measurement, the experimental conditions in the
Ramsey-DR scheme were as follows: optical pumping pulse, duration of 0.4 ms, laser input power of
14 mW; optical detection pulse, duration of 0.7 ms, laser input power of 125 uW; and both microwave
pulses, duration of 0.4 ms, amplitude corresponding to a power of 15 uW injected into the cavity. The
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data shown in figure 4.6 was fitted with the function [38]:
OD = A — Bexp(—Tr/T;""?) + Cexp(—Tr /T3 *™%) sin(2n8Tx + ¢), 4.4)

where A, B, C, T{Ramsey , T;Ramsey, 6 and ¢ are the fitting parameters. This fit yielded the relaxation
times of T{Ramsey =3.20+£0.01 ms and T;Ramsey =3.95+0.25ms. In addition, the fit delivered the
microwave detuning from resonance of 6 = 3.8 +0.003 kHz which was in excellent agreement with the
measurement conditions. The uncertainties are statistical from the fit to single measurement data as
shown in figure 4.6. In figure 4.6, two decay rates in OD are observed with increasing Tg: (1) a general

T]/Ram&ey

exponential decay that corresponds to the population relaxation time , which is described by

the second term of equation (4.4); (2) a damping of small Ramsey oscillations that corresponds to the

coherence relaxation time T;Rdmsey, which is described by the third term of equation (4.4).

— fit
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Figure 4.6: Optical density of the vapor cell in the Ramsey-DR scheme as a function of 7g. Solid red circles are
the experimental data and blue dashed curve is a fit based on equation (4.4).

Figure 4.7 is the plot of AOD as a function of Tz which is the third term of equation (4.4), i.e.:
AOD = Cexp(—Tg/T; ™) sin(2n8Tg + ¢). (4.5)

Figure 4.7 shows the damping of the Ramsey oscillations very clearly. As mentioned previously, in the
Ramsey-DR method, similar to the Franzen method, the detection is conducted using a laser. Therefore,
we measured the population relaxation time for all mg levels confounded, shown by T{Ramsey. The

measured population relaxation time obtained from the Ramsey-DR is consistent with the one obtained

T]/Ramsqz — TIIF ranzen TllRamsey

from Franzen method ( ~ 3.20ms). However, in contrast to population

. . *R.
relaxation time, T,

refers to the coherence relaxation time specific for the clock transition alone
[38]. The measured coherence relaxation time obtained from the Ramsey-DR method was larger than
the one obtained from the CW-DR method (T;Ramsey ~4ms vs T,V PR 2 2.2 ms) but shorter than

the predicted intrinsic coherence relaxation time 7> = 4.5 ms. Shorter T;R“msey

may be due to the
presence of C-field inhomogeneity (in the 7 direction) across our vapor cell; however, the relative C-field

inhomogeneity was only 2% (see figure 2.23).

To investigate the effect of C-field inhomogeneity across our vapor cell on the measured coherence

relaxation time by using the Ramsey-DR scheme, we measured T;Ramsey

when all the experiment
parameters remained constant, except for the C-field in the cavity. For this new set of measurements,

the C-current was set to 3.2 mA (two times higher than the previous measurements), which resulted in

87



Chapter 4. Measuring Relaxation Times in a Rubidium Vapor Cell

0.05

Ia) HEFEE R
QO 0.00
< HER

-0.05

Tgr (M9)
Figure 4.7: Plot of the AOD as a function of Ty in the Ramsey-DR scheme.

increased absolute C-field inhomogeneity in the vapor cell (see figure 2.23). At the higher C-field, the

coherence relaxation time was found to be 7, <% = 3.80 + 0.25 ms, which was approximately 4%

shorter than T;Ram‘wy = 3.95+0.25 ms obtained at the lower C-field. Although these obtained values
for T;Ramsey cover each other with respect to their uncertainties, we observed a systematic reduction in
T, %" at the higher C-field. This observation motivated us to propose our ODSE method to suppress

the effect of C-field inhomogeneity in the vapor cell and measure the intrinsic 7 (see section 4.5).

4.5 Optically-Detected Spin-Echo (ODSE) Method

As previously mentioned (see section 1.6), the interaction of polarized Rb atoms in the vapor cell
with the applied electromagnetic fields is interpreted as the source of relaxations. In our atomic clock,
optical and microwave fields are used to prepare, drive and detect the resonance. In addition, the static
magnetic field is applied to lift the Zeeman degeneracy and access the clock levels. In section 2.4, the
relative C-field inhomogeneity in the 7 direction across our Rb vapor cell was measured at approximately
2%. Due to this C-field inhomogeneity, in a microscopic view, the Rb atoms may experience different
C-fields in the vapor cell. This effect causes additional dephasing, which impacts the coherence between
atomic states and decreases the coherence relaxation time [108].

In this section, we present our newly proposed Optically Detected Spin Echo (ODSE) method to
measure the relaxation times, particularly the "intrinsic" coherence relaxation time 73, in a Rb vapor cell
with buffer gases. Our ODSE method is inspired by the classical NMR spin-echo method discovered
by Hahn [39]. In classical NMR, Hahn’s spin-echo method was used to narrow the resonance line
broadening in inhomogeneous static magnetic fields. Hahn showed in his work that, after applying
an initial /2 pulse to an ensemble of spins in a liquid sample placed in a large static magnetic field,
spins start to dephase at different precession rates. These different precession frequencies are caused
by different phenomena, such as chemical shift effects, spin-spin coupling effects and presence of
an inhomogeneous magnetic field [109]. Hahn applied an additional 7 RF pulse to refocus the spins.
In the other words, the individual magnetic spin vectors regained phase coherence after the second
RF pulse. Previous studies have also used the technique of applying multi-pulses with a /2 pulse,
followed by a single & pulse of the same phase. Although this 7/2—7 echo sequence originated from
Carr—Purcell (CP method) [106], it is named a Hahn-echo in the literature. The CP method was
modified by Meiboom—Gill (called CPMG) [110] so that the initial 7/2 preparation pulse is followed
by a train of & pulses to measure coherence relaxation time in NMR systems. In solid-state systems,
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4.5. Optically-Detected Spin-Echo (ODSE) Method

various modified NMR spin-echo techniques have been studied both theoretically and experimentally to
extend the coherence time [111, 112]. Similar techniques such as the dynamical decoupling approach
[113, 114] and gradient echo memory [115] applied in quantum memory [116] studies aim, for example,
to minimize the detrimental effect of inhomogeneous broadening on the coherence storage time of the
quantum bit (qubit) or to use the artificially created broadening for storage of broad-band optical pulses
without deterioration of the storage time [117, 118]. In the classical NMR spin-echo, a pickup-coil is
used to detect the magnetic moments’ precession of the sample [106]. However, integrating a pickup
in our atomic clock for the detection would be difficult. Moreover, it may produce additional noises
by collecting the noise from the vapor cell and re-emitting the collected microwaves through the wires
outside of the cell. Therefore, in our ODSE method, similar to Franzen and Ramsey-DR methods, we
used a photodetector to measure OD in the vapor cell. The photodetector is much more robust, reliable
than the pickup-coil and it does not feedback noises to the atoms.

Similar to classical NMR experiments, in the Ramsey-DR method after the first 7/2 pulse, due to
the presence of C-field inhomogeneity across the vapor cell, the atomic spins dephase at different rates.
Then, their coherences start to decay and consequently cause a shorter coherence relaxation time than
the intrinsic 7. To suppress the effect of C-field inhomogeneity (in the 7 direction) and assess the
intrinsic 7, we modified the Ramsey-DR sequences by applying a 7 pulse between two /2 pulses
(similar to Hahn spin echo) and developed the ODSE method. The timing sequence of the ODSE
method is shown in figure 4.8. For our measurements, the 7 pulse had the same frequency and amplitude
as the /2 pulses, but its duration was two times longer. The 7 pulse was separated from each of the
two 7/2 pulses by a dephasing/rephasing time Tsg. The & pulse flipped the direction of dephasing spins
and reversed the spin phases. After some time equal to the dephasing time 75k, the dephased states
were rephased at the instant of the second 7/2 microwave pulse. Finally, the detection by the second
7/2 pulse and the laser pulse destroyed the atomic coherences that primarily reconverted to atomic
population difference for the optical read-out.

. /2 T /2 .
Optical T Optical
pumping SE detection

— >
dephasing rephasing \Lme
12) 2) 12) 2) 12) 2)

DO ODD
1) 1) 1) 1) 1) 1)

Figure 4.8: Timing sequence of the ODSE method.

To measure relaxation times in the vapor cell, we used the ODSE method and recorded OD of the
vapor cell by measuring Iy and /; from equation (4.1) when the dephasing/rephasing time Tsg was varied.
To compare the measured relaxation times obtained from the ODSE and Ramsey-DR methods, we kept
all the experimental conditions of optical pumping, optical detection and 7/2 microwave pulses identical
to those used for the Ramsey-DR method measurements (see section 4.4). The applied C-current
and the microwave frequency detuning from the clock transition § were set to 1.6 mA and 3.8 kHz
respectively (similar to the Ramsey-DR method). Figure 4.9 shows the measured OD as a function the
dephasing/rephasing time Tsr. Furthermore, the experimental data shown in this figure was fitted to the
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function:
OD = A — Bexp(—Tsg /T{°P°F) + Cexp(—Tse /TYPSE) sin(4n8Tse + ¢), (4.6)

where A, B, C, Tl’ ODSE TZODSE , 0 and ¢ were the fitting parameters. The fit yielded relaxation times
of T/°P5E = 3.21 +£0.05 ms and T,°P5E = 4.30 +0.85 ms with a detuning of § = 3.8 £0.005 kHz. The
uncertainties are statistical from the fit to single measurement data. In figure 4.9, when Tsg increases,
we observed a general exponential decay of OD corresponding to the population relaxation time
T/9P5E  which is described by the second term of equation (4.6) and a decay of the small oscillations
corresponding to coherence relaxation time 7,°?E, which is described by the third term of equation
(4.6).
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Figure 4.9: Optical density of the vapor cell in the ODSE scheme as a function of Tgz. Solid red circles are the
experimental data and blue dashed curve is a fit based on equation (4.6).
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In the ODSE method, similar to the Franzen and Ramsey-DR methods, T]’ODSE corresponds to
the population relaxation time for the transitions between all mg levels (see section 4.1). For our
measurements, there was a very good consistency with the obtained 7| from the Franzen, Ramsey-DR
and ODSE methods. Due to the suppression of C-field inhomogeneity in the 7 direction across the
vapor cell, the obtained coherence relaxation time from the ODSE method T,°P5E was larger than that
obtained from the Ramsey-DR method (T.0PSE > T, %) TOPSE and was in a good agreement with
the predicted intrinsic coherence relaxation time 7> = 4.5 ms. To prove the principle in the ODSE
method, the measurement was repeated at a higher C-field inhomogeneity across the vapor cell by
doubling the C-current to 3.2 mA. In this condition, the coherence relaxation time was measured at
TZODSE =4.26 £0.80 ms which is consistent with the measured coherence relaxation time when the
C-current was 1.6 mA (variation, 1%). By contrast, in the case of the Ramsey-DR method, the variation
of the measured coherence relaxation time in the lower and higher C-fields was approximately 4% (see
section 4.4). Table 4.3 lists the measured coherence relaxation times using the Ramsey-DR and ODSE
methods in two different C-fields. In the same C-fields, the obtained coherence relaxation time from the

ODSE method was larger than that from Ramsey-DR method systematically.

In relaxation time measurements with both Ramsey-DR and ODSE methods, a trade-off exists when
selecting the microwave detuning 6. For very small J, large initial variations in /; and consequently in
OD can be observed, but only a few oscillations occur before they are damped away at approximately
Tg or Tsg ~ 2-T». For very large 0, many oscillations can be observed over this timescale but the
maximum variation of /; is small, which reduces the signal-to-noise ratio of OD data.
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4.6. Summary of Measured Relaxation Times

Table 4.3: Measured coherence relaxation times with Ramsey-DR and ODSE methods in different C-fields.

C-current (mA) T;Ramsey (ms) T,P5E (ms)
1.6 3.95+0.25 4.30£0.85
3.2 3.80+0.25 4.26+0.80

In our experiments, the measured relaxation times from the ODSE method had uncertainties 3-5 times
larger than those from the Ramsey-DR method. This difference can be explained by two factors: (1)
because the duration of one complete interrogation cycle from the ODSE method is approximately two
times longer than that from Ramsey-DR method (2.7 ms+2 - Tsr versus 1.9 ms+7g) and the exploited
oscillation decays with a time constant 75, the ODSE signal has also a lower amplitude than the Ramsey-
DR signal; and (2) the residual instabilities of the microwave-synthesizer frequency over the entire
measurement duration of approximately two hours may introduce additional noise to the signal (for the
Ramsey-DR and ODSE methods approximately 250 (figure 4.6) and 150 (figure 4.9) data points are
presented, respectively).

4.6 Summary of Measured Relaxation Times

Table 4.4 lists the measured relaxation times in the vapor cell of our Rb atomic clock using different
methods presented in this chapter when the C-current was at 1.6 mA corresponding to the nominal
working condition. In addition to the measurement results, the table contains the predicted intrinsic
relaxation times calculated in section 1.6.

Table 4.4: Measured relaxation times in the vapor cell of our Rb atomic clock with Franzen, CW-DR, Ramsey-DR
and ODSE methods when the C-current was at 1.6 mA. The intrinsic relaxation times was estimated in section
1.6.

Clock transition All mp levels
Methods T; (ms) T> (ms) T, (ms) T/ (ms)
Franzen — — — 3.23+£0.06
CW-DR — — 22+04 —
Ramsey-DR — — 3.95+£0.25 3.20+0.01
ODSE — 4.3+0.85 — 3.21£0.05
Estimation 4.5 4.5 — —

4.7 Conclusion

We developed the Optically-Detected Spin-Echo (ODSE) method to determine the population and
coherence relaxation times in a thermal Rb vapor with buffer-gas in view of its application to atomic
clocks. We demonstrated that the ODSE method delivers the population relaxation time for all mp
levels of 8’Rb ground states and the intrinsic coherence relaxation time specifically for the clock
transition of the 8’Rb atoms. We confirmed that the ODSE method suppresses the coherence relaxation
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arising from C-field inhomogeneity (in the 7 direction) across the vapor cell and thus yields intrinsic
coherence relaxation time closer to the theoretically predicted 75. This method was compared to other
well-established methods, including Franzen, CW-DR and Ramsey-DR using the same 3"Rb vapor cell.
The population relaxation time measured with the ODSE method was very consistent with those with
the Franzen and Ramsey-DR methods. By contrast, the measured coherence relaxation times with both
CW-DR and Ramsey-DR methods were shorter than the predicted 7, due to C-field inhomogeneity.

Our proof-of-principle demonstrations show that ODSE is a highly useful method for measuring
intrinsic relaxation rates in atomic vapors, independently of present magnetic field gradients. Contrary
to NMR spin-echo, the ODSE method does not require any pickup-coil but uses a photodetector to
record the light absorbed in the vapor cell (optical density). This is more robust and less noisy (allows a
better signal-to-noise-ratio) than detection in the radio-frequency or microwave regime. Moreover, the
photodetector can be conveniently placed outside the atomic vapor system under study, indicating that
the ODSE method is an ideal candidate for characterizing relaxation times in atomic clocks with a cavity.
Similarly, the ODSE method is of high interest for characterizing relaxation rates in other quantum
optics systems with optical readout, such as quantum information storage or processing, cold-atom
experiments, and other applications of quantum systems that rely on long-live atomic coherences.
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Summary, Conclusion & Next Steps

5.1 Summary

In this thesis, we developed a high-performance Rb vapor cell atomic clock operating in the Ramsey-
DR scheme, using a highly compact magnetron-type microwave cavity in the context of future industrial
applications in navigation systems and telecommunications. The magnetron-type microwave cavity in
our Rb atomic clock setup has a volume of only 45 cm? with a relatively low quality factor (= 150). This
cavity was designed and developed at the LTF in collaboration with the LEMA-EPFL. We demonstrated
a short-term stability of 2.4 x 10~137-1/2 in our Rb atomic clock. In addition, we estimated the clock
frequency stability of 6, (7) ~ 9.8 x 10~ in medium- to long-term scales for our Ramsey-DR Rb clock
based on the quantitative measurements of relevant instability sources. In the following, we present the
main achievements of this thesis.

5.1.1 Setup Design

The physics package of our Rb atomic clock with a total volume of 0.8 dm> contained a compact
magnetron-type microwave cavity [36] of only 45 cm? external volume with a relatively low quality
factor Q ~ 150. A newly in-house-developed vapor cell was mounted in the microwave cavity confines
87Rb atoms and two buffer gases of nitrogen and argon. The vapor cell had a stem, a reservoir for Rb
atoms, with a volume of ~5 mm?, which was ten times smaller than the previous version [35]. We
obtained a stem temperature coefficient of 7Cg,p, ~= 1 X 10~ '2 for our vapor cell. This result is one
order of magnitude lower than for th one used in Bandi et al. [35], which was a limiting instability
factor in their work in medium- to long-term scales, and two orders of magnitude lower than for the one
used in Calosso et al. [94].

5.1.2 Spectroscopy

A relative C-field inhomogeneity of approximately 2% was estimated in the vapor cell based on the
broadening of the Zeeman lines with CW-DR measurements. For the magnetron-type microwave cavity,
a field orientation factor was measured at approximately 92%, which describes a highly uniform mi-
crowave field distribution inside the cavity. In addition, the microwave field uniformity was re-evaluated
based on Rabi oscillations. A decay of approximately 15% of the amplitude of Rabi oscillations (which
is the contrast of Ramsey central fringe) over the microwave pulse area from 6 = 7/2 to 6 = 37/2
indicated a good microwave field uniformity across the vapor cell. Both of these results (from FOF and
Rabi oscillations) proved that our magnetron-type microwave cavity was a suitable candidate to be used
in an atomic clock operating in the Ramsey-DR scheme.
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The Rb clock was operated in the Ramsey-DR scheme in a laboratory ambient environment. A
high-contrast Ramsey pattern was obtained by optimizing various parameters such as durations and
intensities of optical and microwave pulses. The Ramsey pattern with a central fringe contrast up to
35% and a linewidth of 160 Hz was achieved.

5.1.3 Clock Short-Term Stability

~1/2 'We measured the

For our Rb clock, the shot-noise limit was estimated below 1.7 x 10~ 147
short-term stability of approximately 2.4 x 10~13¢~1/2_ comparable with the state-of-the-art stability
performances for POP scheme using a large microwave cavity with a high quality factor [34] and from
the CW-DR scheme [35]. We developed a new analytical expression to estimate the short-term stability
of the atomic clock operating in the Ramsey-DR scheme [73]. With this formula, we estimated the
short-term stability at the level of approximately 2.2 x 10~'37~1/2 for our Rb clock, which is in good
agreement with the experimental results. In addition, we used this formula to find the optimized Ramsey
time 2 < T < 3 ms for our Ramsey-DR Rb clock. In our formula, contrary to the existing expressions,
the duration of the optical detection pulse was also considered. The stability performance in our Rb
clock demonstrated that a vapor cell clock operating in the Ramsey-DR scheme does not necessarily
require a microwave cavity with a high quality factor to achieve state-of-the-art stability performance.
We showed that the optical detection noise during the detection phase of the Ramsey-DR scheme was
the dominant source of the instability in the short-term scale. This noise originated from the FM-to-AM
noise conversion in the vapor cell and the AM noise from the acousto-optic modulator (AOM).

5.1.4 Light Shift and Microwave Power Shift

The light shift effect was quantified in our Rb atomic clock. The intensity LS and frequency LS
coefficients, oz g and Brs, respectively, were measured when the clock was operating in CW-DR and
Ramsey-DR schemes. The B¢ obtained in the Ramsey-DR scheme was more than two orders of
magnitude lower than the one in CW-DR scheme, while the o g was only reduced by five times in
Ramsey-DR compared to the CW-DR scheme. Our investigations on the LS effects proved that the
non-zero 0yg in the Ramsey-DR scheme originated from a residual light during the Ramsey time due
to non-perfect light suppression. Finally, in our Ramsey-DR Rb atomic clock, we estimated relative
induced instabilities approximately at the levels of 1073 and 107! from the intensity LS and the
frequency LS, respectively.

Our investigations on the induced instabilities in medium- to long-term scales proved that, the
microwave power shift represented the highest contribution to the clock frequency stability comparing
to the other shifts. It was estimated at the level of 10~'# at T = 10*s. However, we found that this
instability can be suppressed notably (about one order of magnitude) by varying the operating conditions
as follows: 1) stabilizing the laser frequency to an F' = 2 transition of the D2 line of 8’Rb, 2) adjusting
the microwave power to reach a microwave pulse area of 6 ~ 1.1 /2.

5.1.5 Optically-Detected Spin-Echo Method and T,

We developed the experimental method of Optically-Detected Spin-Echo (ODSE), inspired by classi-
cal nuclear magnetic resonance spin-echo, to determine both ground-state population and coherence
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5.2. Future Work

relaxation times of 8’Rb atoms in a buffer gas vapor cell. This study was done at LTF in collaboration
with the Physics Institute of Belgrade University. The ODSE method was shown to suppress the
decoherence relaxation arising from C-field inhomogeneity across the vapor cell, thus enabling the
assessment of the "intrinsic" coherence relaxation time 75 specifically for the clock transition of 8’Rb
atoms. In our vapor cell, the relative C-field inhomogeneity was measured at approximately 2%. Our
proof-of-principle demonstrations confirmed that the 7> obtained from the ODSE method is independent
from the presence of the C-field gradients across the cell and was in good agreement with the predicted
T, based on the theory presented in [9]. In our ODSE method, the optical detection was conducted by a
photodetector that was placed outside the clock system under test. Therefore, this method is of high
interest for characterizing 7, in solid-state quantum optics systems with optical signal read-out, such
as quantum memory [116] and nitrogen-vacancy center in diamond [114] for applications in quantum
information, quantum sensing and quantum metrology [115, 117].

5.2 Future Work

5.2.1 New Setup Design

The LS measurements demonstrated that the intensity LS was not suppressed sufficiently in the Rb
clock operating in the Ramsey-DR scheme due to the non-perfect background light suppression in the
LH. Therefore, redesigning the laser head in view of reducing the residual light through the AOM could
be helpful to reduce the LS effect and improve the clock stability. In view of practical applications, the
additive-manufacturing of microwave cavities with complex geometries is less expensive, faster and
simpler prototyping, than their conventional-manufacturing [119].

5.2.2 Light Shifts and Microwave Shift Analysis

Experimental and theoretical investigations on the LS and microwave shift are required to further
improve the medium- to long-term stability of our Rb atomic. In this context, further optimizations
of optical and microwave parameters, such as their intensities and durations, are necessary. In view
of suppressing the LS effect, an alternative line for further optimizing the working parameters is to
measure the LS in each of the three sequences of optical pumping, optical detection and microwave
interrogation including the Ramsey time (i.e., the residual light) separately with respect to the various
laser locking frequencies.

5.2.3 New Schemes

New possible lines of investigation to support the future of the Ramsey-DR Rb clock can be achieved
by are modifying the Ramsey-DR scheme to suppress the induced shifts and improving the medium-
to long-term stability of the clock. Recently, various modified Ramsey schemes such as "hyper-
Ramsey" [120], "modified-hyper-Ramsey" [121] and "auto-balanced Ramsey spectroscopy" [122, 123]
have shown positive signs in the field of optical clocks. However, [124] has shown that, despite the
advantages of these hyper-Ramsey schemes, they are sensitive to decoherence relaxations. Therefore, it
may be possible to apply these modified Ramsey schemes to the vapor cell Rb clock and combine them
with the ODSE scheme to suppress at least part of this decoherence effect.
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CAD Designs of Physics Package and
Magnetron-Type Microwave Cavity

Figure A.1: CAD diagram of the completely assembled physics package, (1) cell-body with 25 mm diameter
and 25 mm length; (2) cell-stem (reservoir) with 2.5 mm length; (3) magnetron-type microwave cavity with six
electrodes; (4) heater and temperature control NTCs for the stem; (5) heater and temperature control NTCs for the
cell body; (6) polyethylene foam; (7) C-field coils; (8) Aluminum holder for uniform thermal gradient; (9) p-metal
shields; (10) external control heaters; (11) telescope assembly; (12) focusing assembly; (13) photodetector; (14)
co-axial cable; (15) polyethylene foam; and (16) polystyrene insulator.
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Appendix A. CAD Designs of Physics Package and Magnetron-Type Microwave Cavity

®

Figure A.2: CAD diagram of the magnetron-type microwave cavity with six electrodes, side view (right) and
top view (left), (1) cut-offs; (2) cavity cap; (3) cavity body; (4) vapor cell; (5) electrode; (6) microwave cavity
coupling loop; (7) focusing lens; (8) co-axial cable.

Figure A.3: Physics package assembly with the vapor cell, microwave cavity, C-field coils, p-metal shields,
polyethylene foam and polystyrene insulator.
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m External Pressure Shift

At the time of writing this manuscript, a detailed study was being done by William Moreno from the
LTF on the "Barometric effect in vapor cell atomic clocks" [125]. His achievements motivated us to
measure this effect in our Rb clock as well. The atmospheric pressure variations deform the dimensions
of the Rb vapor cell and change the density of the buffer gases [126, 127].
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Figure B.1: The clock frequency and the atmospheric pressure over running the clock of ~ 4.5 days.

In this section, we present our observation of the impact of the external atmospheric pressure on the
clock frequency. We mentioned earlier that our Rb clock setup was placed in the ambient laboratory,
therefore the natural daily atmospheric pressure fluctuations influence clock instability. We operated
our Rb clock approximately for 4.5 days and recorded its frequency and the atmospheric pressure
simultaneously. The atmospheric pressure was obtained from national Swiss weather station situated
close to the laboratory (Longitudinal /Lateral E6°57'/N47°00"). Figure B.1 shows the clock frequency
and the atmospheric pressure over a period of running the clock (= 4.5 days). In this figure, a clear
correlation between the atmospheric pressure and the clock frequency is visible. To estimate a pressure-
shift coefficient in our measurement we plotted the clock frequency versus the atmospheric pressure in
figure B.2. We estimated a pressure-shift coefficient at the level of 7.5(1) x 10~'# /hPa by averaging the
coefficients measured from the two linear fits to the data shown in figure B.2. With these measurements,
we estimated induced instabilities from the atmospheric pressure approximately at the level of 4 x 10713
during our measurements considering the pressure variation of about 5 hPs. We have to take into account
that the pressure variation can be increased up to some tens of hPs in various periods of the year.
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Appendix B. External Pressure Shift
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Figure B.2: The clock frequency versus the atmospheric pressure.
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POP Microwave Cavity

Following a first preliminary assembly of the cell-cavity system presented in section 2.3.2, we
developed and built the final integration of the cavity with a vapor cell at the LTF. The tuning of the
cavity’s resonance frequency to the required ~ 6.835 GHz atomic reference transition was performed
while monitoring the resonance behavior (S11 parameter). The assembled and frequency-tuned cell-

cavity system is shown in figure C.1.

Photodetector support

Cell stem
Monitoring NTC
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photodetector

UNIVERSITE DE
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Figure C.1: Photograph of the integrated cell-cavity system.

The assembled cell-cavity system was submitted to testing of the microwave properties. These tests
were performed over a range of few selected temperatures, including the 65°C expected operating
temperature for the Ramsey-DR clock. For these tests, both a setup similar to the one shown in figure
2.14 as well as a Vector Network Analyser were used. The measured resonance spectrum is shown in
figure C.2, for a cell and cavity temperature of 65°C. It clearly shows the required resonance at ~ 6.834
GHz, with a resonance width on the order of about 90 MHz thus corresponding to a quality factor of
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Figure C.2: Measured resonance spectrum for the cell-cavity system. Cavity temperature is 65°C.
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Appendix C. POP Microwave Cavity

O ~ 80. At resonance, the coupling is measured to be | S11 |~ —12 dB, corresponding to an impedance
of the cavity of about 53Q.

By varying the temperature of the cell-cavity system and measuring precisely the center frequency of
the cavity’s resonance, we measured the temperature tuning coefficient for the cavity resonance. The
result shown in Figure 4 shows a temperature coefficient of ~ —33 &2 kHz/°C. This small coefficient is
advantageous for achieving small clock instability contributions from cavity pulling. We can estimate
a temperature sensitivity of the clock frequency due to cavity pulling of about —5.7 x 10~14/°C. The
field orientation factor of this cavity was measured about 80% with the procedure explained in section
2.3.2.3 and equation (2.4).
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Figure C.3: Temperature tuning of the cavity resonance at 6.835 GHz. Error bars for the frequency data are on
the level of 20 kHz, thus smaller than the data symbols here.
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