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-Abstract

This thesis presents the metrological and stability studies in compact and high-performance atomic
clocks based on a rubidium (Rb) vapor cell and double-resonance (DR) spectroscopy’. We address
the limitations of the clock frequency stability on short (at 1 s) and medium-to-long (up to 1 day)
timescales using two separate Rb vapor-cell clocks. First, the experimental studies on the physical
effects that perturb the clock frequency and degrade the long-term stability are performed for a
pulsed optically pumped DR (POP-DR) Rb clock based on a laser diode (LD) emitting at 780 nm.
Secondly, a Rb clock operated in a continuous-wave DR (CW-DR) scheme is used to assess the
application potential of frequency-doubled telecom lasers initially emitting at 1560 nm. Various
applications, such as satellite-based navigation systems, industrial or fundamental metrology,
telecommunications, that require a compact frequency reference widely exploit the vapor-cell
clocks. In particular for satellite navigation systems, a compact size with a volume of few liters and
a high-frequency stability performance at the level of 1-107'* at 1 day (equivalent to 1 ns/day) are
essential.

On long-term timescales, the fluctuations of the experimental and environmental parameters
impact the clock frequency stability via various physical processes. The individual impacts of
these processes are characterized by a coefficient quantifying the clock frequency sensitivity to the
fluctuating parameter and the fluctuations of the sensitive parameter. Using our POP-DR clock, we
measured a frequency instability below 2-1071* up to 1 day of averaging time. The clock frequency
stability is optimized for long-term timescales. The impact of the second-order Zeeman effect
limiting the clock stability is reduced to and that of the temperature fluctuations is consolidated at
the level of few 10715 at 1 day. The established long-term instability budget presented in this thesis
indicates that the dominant contribution arises from light-induced effects.

The short-term frequency stability of laser-pumped vapor-cell clocks is limited by several noise
contributions, among which the laser (intensity and/or frequency) noise is most often the dominant
factor. To reduce the impact of the laser noise, we evaluate an optical source based on a low-noise
telecom LD emitting at 1560 nm. The emission frequency of the telecom LD is doubled to 780 nm

I This thesis work was done in the Laboratoire Temps-Fréquence of the University of Neuchatel. This work was
supported by the Swiss National Science Foundation (SNF): “Precision double resonance spectroscopy and metrology
with stabilised lasers and atomic vapours: applications for atomic clocks and magnetometers,” n° 156621. This work also
received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement
no. 820393 (Quantum Technology Flagship, project macQsimal).
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and stabilized using a Rb vapor cell. The lower intensity noise and particularly the lower frequency
noise of this laser system present significant advantages for Rb vapor-cell clocks and many other
high-resolution applications that manipulate Rb atoms at 780 nm.

In order to improve the short-term clock frequency stability, we implemented the optimized laser
system based on the low-noise telecom laser diode in a Rb vapor-cell clock operating in a CW-DR
scheme. We present a short-term clock frequency instability of 2.5-10713 at 1 s, at the level of
the state-of-the-art and established the exhaustive noise budget including the contributions from
the laser and the microwave source noise. The low-frequency noise of the telecom laser allows for
relaxed requirements regarding the clock operation conditions, particularly regarding the optical-
pump frequency and the vapor-cell temperature that affect the laser frequency noise conversion
to intensity noise. Nevertheless, the optical power fluctuations at the 780-nm output of the laser
system become an important instability source at 10 s, degrading the clock stability via the intensity
light-shift effect.

The results of this thesis serve to expose the limits of the frequency stability of the studied clock
prototypes and to instigate new approaches to overcome these limitations. We also demonstrate
that the optical frequency references based on a frequency-doubled telecom laser that benefits
from the stability of Rb atomic transition frequencies present a high implementation potential in
Rb vapor-cell clock applications, as well as for other applications at both wavelengths (1560 nm and
780 nm). These outcomes are beneficial for the development of the next generation of compact Rb
vapor-cell clocks using a laser source and ensuring a frequency stability performance at the level of
1-1071* at 1 day.

Keywords: Atomic frequency standard, Rubidium vapor cell, Double resonance, Pulsed optical
pumping, Spectroscopy, Frequency instability, Metrology
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I v:¢sum¢

Cette these présente les études métrologiques et de stabilité des horloges atomiques compactes de
haute performance basées sur une cellule a vapeur de rubidium (Rb) et la spectroscopie a double
résonance (DR)2. Nous abordons les limites de la stabilité de fréquence d’horloge a court (a 1)
et moyen-long (jusqu’a 1 jour) termes en utilisant deux différentes horloges a cellule a vapeur
de Rb. Les études expérimentales des effets physiques qui perturbent la fréquence d’horloge et
dégradent la stabilité a long terme sont réalisées pour une premiere horloge Rb a double résonance
a pompage optique pulsée (POP-DR) au moyen d’'une diode laser (LD) émettant a 780 nm. Une
seconde horloge Rb exploitant un schéma DR a onde continue (CW-DR) est utilisée pour évaluer
le potentiel d’application des lasers de télécommunications émettant a 1560 nm doublés en
fréquence. Diverses applications, tel que les systemes de navigation par satellite, la métrologie
industrielle ou fondamentale, les télécommunications, qui nécessitent une référence de fréquence
compacte exploitent les horloges a cellule a vapeur. En particuliers pour les systemes de navigation
par satellite, une taille compacte d'un volume de quelques litres et une haute performance de
stabilité de fréquence autour de 1-107'* 4 1 jour (équivalent a 1 ns/jour) sont essentiels.

A long terme, les fluctuations des paramétres expérimentaux et environnementaux affectent la
stabilité de fréquence des horloges par le biais de différents processus physiques. Les impacts
individuels de ces processus sont caractérisés par un coefficient quantifiant la sensibilité de la
fréquence d’horloge a un parametre donné et par les fluctuations de ce dernier. Pour notre horloge
POP-DR, nous avons mesuré une instabilité de fréquence plus bas que 2-107'* jusqu'a 1 jour
de temps d’intégration. La stabilité de la fréquence d’horloge est optimisée pour les échelles de
temps a long terme. Limpact de |'effet Zeeman du second ordre limitant la stabilité d’horloge est
réduit et celui des fluctuations de température est consolidé, aux niveaux de quelques 1071° a
1 jour. Le bilan établi des sources d’instabilité a long terme présenté dans cette thése indique que la
contribution dominante provient des effets induits par la lumiere.

La stabilité de fréquence a court terme des horloges a cellule a vapeur a pompage optique par un
laser, est limitée par diverses contributions de bruit, parmi lesquelles le bruit du laser (intensité

2(Ce travail de these a été réalisé au sein du Laboratoire Temps-Fréquence of the University of Neuchétel. Ce travail a
été soutenu par le Fonds National Suisse de la recherche scientifique (SNF) : "Precision double resonance spectroscopy
and metrology with stabilised lasers and atomic vapours : applications for atomic clocks and magnetometers", n° 156621.
Ce travail a également été financé par le programme de recherche et d'innovation Horizon 2020 de 'Union Européenne,
dans le cadre de la convention de subvention n° 820393 (Quantum Technology Flagship, projet macQsimal).
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Résumé

et/ou fréquence) est le plus souvent le facteur dominant. Pour réduire I'impact du bruit du laser,
nous évaluons une source optique basée sur une LD de télécommunication a faible bruit émettant
a 1560 nm. La fréquence d’émission de la LD de télécommunication est doublée a 780 nm et
stabilisée en utilisant une cellule a vapeur de Rb. Le faible bruit d’intensité et surtout de fréquence
de ce systéme laser présente des avantages significatifs pour les horloges a cellule de vapeur de Rb
et de nombreuses autres applications de haute résolution qui manipulent des atomes Rb a 780 nm.

Afin d’améliorer la stabilité de fréquence d’horloge a court terme, nous avons implémenté le sys-
teme laser optimisé basé sur la diode laser de télécommunication a faible bruit dans une horloge a
cellule a vapeur de Rb exploitant un schéma d’interrogation CW-DR. Nous présentons une instabi-
lité de la fréquence d’horloge a court terme de 2.5-107!3 a4 1 s comparable aux meilleures horloges
actuelles et établissons le bilan de bruit exhaustif en tenant compte des contributions du bruit du
laser et de la source micro-onde. Le faible bruit de fréquence du laser de télécommunication permet
d’assouplir les exigences relatives aux conditions de fonctionnement de 'horloge, notamment
en ce qui concerne la fréquence du pompage optique et la température de la cellule a vapeur
qui influencent la conversion du bruit de fréquence du laser en bruit d’'intensité. Néanmoins, les
fluctuations de la puissance optique a la sortie de 780 nm du systéme laser deviennent une source
d’instabilité importante a 10 s, dégradant la stabilité d’horloge par I'effet de décalage de fréquence
da al'intensité de la lumiere.

Les résultats de cette these permettent d’exposer les limites de la stabilité de fréquence des proto-
types d’horloges étudiés et de proposer de nouvelles approches pour les surmonter. Nous démon-
trons également que les références de fréquence optique basées sur un laser de télécommunication
et doublage en fréquence bénéficiant de la stabilité de la fréquence des transitions atomiques Rb
présentent un fort potentiel d'implémentation dans les applications d’horloges a cellules a vapeur
de Rb et d’autres applications aux deux longueurs d’onde (1560 nm et 780 nm). Ces résultats sont
bénéfiques pour le développement de la prochaine génération d’horloges compactes a cellule
de vapeur de Rb utilisant une source laser et garantissant un niveau de stabilité de fréquence de
1-107*2a 1jour.

Mots clefs : Etalon de fréquence atomique, Cellule a vapeur de Rubidium, Double résonance,
Pompage optique pulsé, Spectroscopie, Instabilité de fréquence, Métrologie
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- Introduction

Time and timekeeping have long been crucial components in human history. The periodic mo-
tion of the Earth around the sun and itself, and of the moon around the Earth, creates cyclical
natural consequences for life on earth, including days, years, seasons, and tides. These periodic
phenomena have allowed humankind to keep track of time and inspired early efforts to measure
time. However, the measurable time interval of such early efforts was limited to hours or days, and
the period was not stable in time. In the pursuit of improving the precision of the measurement
of time, reducing the smallest measurable time interval (i.e., the oscillation period T), oscillating
mechanical and electrical systems that imitate a periodic movement were developed [3]. A stable
oscillator combined with a system to deliver the information constitutes a clock, which provides a
periodic signal that is useful for timekeeping. In atomic clocks, the oscillating system is formed by a
single atom or an ensemble of atoms driven by electromagnetic (EM) radiation(s). The oscillation
frequency f (f = 1/T) corresponds to the Bohr frequency of the transition between two specific
quantum states of the atom(s) and therefore benefits from the stability of the atomic quantum
states and their energy differences.

Beyond the measurement of time, the effective communication of time between entities requires a
universal definition of a time unit. The unit of time in the international system of units (SI) is the
second and is defined 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 cesium 133 atom at rest
and at a temperature of 0 K" [4]. The SI second is realized using the primary clocks, such as thermal
cesium (Cs) beam [5] and cold Cs fountain clocks [6], within which the Ramsey spectroscopy [7]
is applied to traveling atoms. Cesium fountain clocks, with a relative precision on the order of
10715~ 10716, are used as primary frequency references in several national metrology institutes
[8-10]. The use of a higher atomic transition frequency, such as in the optical region (THz range),
presents a fundamental advantage in improving precision by about three orders of magnitude
compared to clocks based on microwave transitions (GHz range). Optical atomic clocks push the
precision levels towards the 10718 [11-13], provoking discussions on the redefinition of the SI
second [14, 15].

Atomic clocks based on atoms other than Cs (e.g. hydrogen or rubidium), whose transition frequen-
cies differ from the definition of the SI second, are used as secondary frequency references [13]. This
thesis concerns compact rubidium (Rb) vapor-cell clocks [16], for which we address the frequency
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Figure I1 - Basic operation principle of a passive atomic clock.

stability limitations on short and long timescales. We evaluate the impacts of different frequency
perturbation sources in view of improving the clock stability. Rb vapor-cell clocks are passive?
frequency standards. In passive atomic clocks, the frequency of an external local oscillator (LO) is
stabilized to the Bohr frequency of an atomic transition Vvatomic, as illustrated in Figure I1. A group
of atoms are interrogated with an oscillating field near v4omic- The interrogation field at frequency
Vint is obtained from the LO at frequency v;o (typically 5 or 10 MHz) which is multiplied to reach
the atomic transition frequency. The atomic transition frequency is detected and a correction signal
is applied to the LO in order to maintain the interrogation field frequency at Vvint = Vatomic- The LO
provides the useful output of the atomic clocks as an (e.g. 5 or 10 MHz) electrical signal whose
frequency is properly related to the atomic transition frequency. The clock frequency corresponding
to an atomic transition frequency can be perturbed in the presence of other atoms or external
fields. The performance of an atomic clock is evaluated with two criteria: accuracy (or inaccu-
racy), indicating the deviation of the clock frequency from the target frequency (SI definition), and
stability (or instability) representing the dispersion of the clock frequency in time [17]. However,
for a meaningful comparison between different clock types, it is more appropriate to introduce
these quantities relative to the frequency at which they are evaluated: relative accuracy and relative
stability. Following the definition of the SI second, the evaluation of the accuracy of an atomic clock
is particularly useful for Cs beam or fountain clocks. The frequency instability of an atomic clock
can be characterized in comparison to a frequency reference (i.e., another oscillator with a known
and better stability). The clock frequency instability is characterized using the Allan deviation in
three timescale regions: short term (rapid fluctuations over seconds), medium term (fluctuations
over minutes to hours), and long term (slow fluctuations over up to one day) (cf. section 1.6).

Today, primary and secondary atomic clocks are at the heart of numerous applications that require a
high-precision timekeeping solution [18], such as synchronization in telecommunication networks,
power grids, and transportation; time-stamping in big data and financial services; satellite-based
navigation systems; undersea exploration; industrial metrology; and fundamental research. The
best-suited clock therefore varies depending on the requirements of the specific application. In
addition to their metrological properties, atomic clocks are often categorized by their SWaP: size,

3In active frequency standards, the radiation emitted by excited atoms is detected.
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weight, and power consumption. Figure 124 illustrates the short-term clock frequency instability
of various industrial clocks as a function of their SWaP, which is expressed in this thesis by the
single number of the product of the three parameters in L-kg-W. Clock performance and the SWaP
are usually subject to a trade-off concerning the intended application, as depicted in Figure 12.
Chip-scale and miniature clocks (e.g. [19]) (SWaP < 0.1) are the smallest atomic clocks, well
suited for applications that do not require a high-stability performance, but easily transportable
and low-power-consuming timing references. Meanwhile, thermal Cs beam clocks (e.g. [20])
have relatively large SWaP and moderate stability; nevertheless, they can deliver accuracy and
are primarily used in synchronization applications. Active or passive hydrogen (H) masers (e.g.
[21]) demonstrate the best short-term stability performance among frequency standards, but their
SWaPs remain large, which makes them poorly suited for various applications. Furthermore, Rb
vapor-cell clocks (e.g. [22]) exhibit a medium-range SWaP (between 0.1 and 10%) and good stability
performance. These clocks combining compact size and low power consumption with good stability
performance play a crucial role in Global Navigation Satellite Systems (GNSS) [23], synchronization
in telecommunications [24] and power grids [25]. GNSS applications in particular require not only
a good short-term stability (few 10712 at 1 s) but also an excellent long-term stability at the level of
10714 (= 1 ns) over one day [26] and widely exploit the Rb vapor-cell clocks as on-board secondary
frequency standards [22, 27, 28].

I.1. Compact vapor-cell clocks

Compact atomic clocks are based on alkali atoms (e.g. Cs, Rb) confined in a cm-scale glass cell and
exploit various approaches to interrogate the atoms, such as double-resonance (DR) spectroscopy or
coherent-population trapping (CPT) in continuous-wave (CW) or pulsed operational modes. In Rb
vapor-cell clocks based on double-resonance spectroscopy two EM fields are applied to interrogate
the ground state hyperfine transition at a frequency of 6'834'682'610.904309 (8) Hz) [41]). One

4In Figure 12 only commercially-available industrial clocks are presented while in terms of long-term stability the
fountain clocks exhibit the best performance, which are currently maintained in metrology laboratories.
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of the fields in the optical region optically pumps [42] the atoms to one of the ground states, and
the other field drives the ground-state hyperfine transition in the microwave range. The optical
field also usually serves to detect the atomic population as a result of the microwave interrogation.
Either a discharge lamp or a laser light is used as the optical source, and the microwave field is
applied using a resonator cavity. Compared to lamp-pumped Rb clocks, the use of the laser diodes
for optical pumping and detection improves the signal-to-noise ratio (SNR) of the detection signal
[43]. Nevertheless, most industrial Rb vapor-cell clocks with high-stability performance currently
make use of a Rb discharge lamp. Lamp-pumped Rb clocks exhibit a short-term instability at the
level of few 107'2 and long-term instability at the level of 1074,

Most laboratory Rb clocks exploit the laser diodes for optical pumping and detection [44-46]. The
short-term frequency stability of these clocks < 5-10713 is primarily limited by the SNR of the
detection signal, toward which the laser noise, in both intensity and frequency, is the mostimportant
contribution. On long-term timescales, the fluctuations of the experimental or environmental
parameters perturb the clock frequency stability via various physical effects [47]. DR Rb vapor-
cell clocks can be operated using two different schemes: in the continuous-wave DR (CW-DR)
scheme, the optical and microwave fields are applied simultaneously [45]; meanwhile, in the pulsed
optically pumped (POP-DR) scheme, the optical and microwave interactions are separated in time
[44, 48]. The POP-DR scheme consists in applying the Ramsey interrogation scheme [7] to the
atoms confined in a buffer-gas cell [49]. In this case, first an intense light pulse optically pumps the
atoms. A Ramsey interrogation scheme is then realized, in the absence of light, by two microwave
pulses that are separated in time by an interval during which both radiations are off. Finally, a weak
light pulse is used to probe the atoms and detect the atomic transition frequency. The absence of
light during the microwave interrogation of the POP-DR scheme reduces the perturbations on the
atomic energy levels during this period that are caused by the light due to the AC Stark shift, often
called light shift. The detected atomic transition frequency is in this case less sensitive to variations
of the light intensity and frequency in time through the light-shift effect by one order of magnitude
[50] with respect to the CW-DR scheme. Thus, the impact of the light-shift effect on the long-term
clock stability, which is one of the principal instability sources in the CW-DR scheme [16], can be
decreased by one order of magnitude in the POP-DR scheme.

The alternative approach for enabling compact vapor-cell clock development exploits the coherent
population trapping phenomenon [54]. In this case, two optical fields, whose frequency difference
coincides with the atomic transition frequency, are used to interrogate the atoms. The state-of-
the-art frequency stability reported for CPT clocks approaches the best DR clock performances
in the short term [53, 55]. A medium-term clock stability reaching the 10~!%-level has recently
been demonstrated [55], which shows the potential of such clocks for high performance on long
timescales. The state-of-the-art frequency stability performance reported for compact vapor-cell
clock types is depicted in Figure I3 in terms of Allan deviation [56]. Two additional clock types are
also included in this plot to better situate the performance of compact and laser-pumped vapor-cell
clocks in the broader picture of high-performance frequency standards. One of these two clock
types is the active and passive H-maser [39, 40], which is primarily used as a frequency reference
in industrial and fundamental metrology applications. The other clock type is the industrial Cs
primary clock, [37, 38] which is widely employed in synchronization applications.
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This thesis builds upon previous work on compact Rb vapor-cell clocks at the Laboratoire Temps—
Fréquence (LTF). The Rb vapor-cell clock was developed based on a magnetron-type cavity [57]
and a compact, frequency-stabilized laser head that serves as an optical source [58]. The laser head
is based on a laser diode emitting at 780 nm, which corresponds to the Rb optical transition used
for optical pumping and detection. Using the CW-DR approach, a short-term frequency instability
of 1.4-10713.771/2 regults, which is limited by the laser noise contribution [45]. The long-term
instability at the level of 10713 is largely limited by the light shift effects and the temperature
sensitivity of the cell stem, as well as the barometric effect. The stability limit of the light shift effect
is reduced by one order of magnitude through adopting the POP-DR approach, and the sensitivity
of the cell stem is reduced through using a cell with a smaller stem [50]. In this way, the long-term
clock stability is improved to < 5-107!4. The dominant contributions to clock instability of the
microwave power fluctuations [59] and the barometric effect [60] are studied and optimized leading
to a preliminary long-term clock stability < 2.5-107'* at 10* s [51]. Finally, the preliminary medium-
to-long-term clock instability budget identified the dominant contributions: the second-order
Zeeman effect and the cell and stem temperature sensitivity. In this work, we study and optimize
these effects and establish the long-term clock instability budget at 1 day through the evaluation of
all the relevant contributions.

I.2. Thesis outline

In this work, we first study the impact of the dominant instability contributions and consolidate the
long-term clock instability budget of the POP-DR clock (cf. chapter 3). Secondly, in order to improve
the short-term clock stability, a laser system is built based on a low-noise laser diode emitting at
1560 nm, which is frequency doubled and stabilized using a Rb vapor cell cf. chapter 4). This laser
system is then evaluated in a CW-DR clock cf. chapter 5). The remainder of this manuscript is
structured as follows.
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Chapter 1

This chapter outlines the basics of double-resonance vapor-cell clocks based on laser optical
pumping. Firstly, the double-resonance principle is described in two cases: continuous wave
and pulsed-optically pumped schemes, as used in chapters 5 and 3, respectively. Secondly, the
clock frequency perturbation sources are reviewed. Finally, the chapter addresses clock frequency
instability characterization tools and instability sources.

Chapter 2

This chapter presents the key components of the experimental setups employed in this thesis:
different laser systems (based on 780 and 1560-nm laser diodes); the clock setups including an
optical source; the physics package; and the local oscillator. In addition, the chapter describes the
frequency stability measurement systems.

Chapter 3

This chapter presents the metrological evaluation of the long-term frequency instability of our POP
Rb vapor-cell clock based on a 780-nm laser diode and magnetron-type cavity. We analyze various
physical effects that perturb the clock frequency stability and are characterized by the clock sensi-
tivity coefficients. Furthermore, it examines the stability limitations arising from the fluctuations
of experimental (e.g. applied field strengths, cell and stem temperatures) and environmental (e.g.
atmospheric pressure and humidity) parameters impacting the clock frequency. Finally, the chapter
presents the complete long-term clock instability budget along with the measurement.

Chapter 4

This chapter reports on Rb-stabilized telecom (1560 nm) lasers’ spectral characterization in view
of their implementation in high-performance atomic clocks. We evaluate the spectral properties
and their fluctuations on short and long timescales in order to estimate their impact on the clock
performance. The application of such frequency-doubled and Rb-stabilized laser systems in other
potential high-precision applications is also discussed.

Chapter 5

In this chapter, we demonstrate the realization of the Rb vapor-cell clock operated in the CW-
DR scheme using frequency-doubled telecom lasers (1560 nm). We analyze the short-term clock
instability budget in comparison to the use of a laser diode emitting directly at 780 nm for optical
pumping and detection. Furthermore, the long-term clock stability limits due to the light-shift
effects are analyzed.



Basic principles of DR vapor-cell clocks
based on laser optical pumping

Atomic clocks are based on alkali atoms for their hydrogen-like structure with one unpaired electron
in the outermost shell and for their ground-state hyperfine splitting frequency in the microwave
region. Vapor-cell clocks based on double-resonance spectroscopy involve two EM radiations
interacting with the atomic vapor on different energy levels. Figure 1.1 depicts the schematic of
the basic operation principle for double-resonance vapor-cell clocks in CW and pulsed-optical
pumping schemes. The atoms are confined in a cylindrical glass cell filled with buffer gases. The
optical field coupling of one of the hyperfine ground states to the excited state is obtained from
a laser diode, and the second field (6.835 GHz) coupling the two hyperfine ground states in the
microwave region is contained in a resonator cavity. In the CW operation scheme, the atoms
are irradiated with both fields simultaneously, while in the POP scheme, the two radiations are
separated in time. The laser light tuned to the optical transition frequency from one of the hyperfine
ground states is used to optically pump the other ground state via the excited state. It also serves to
probe the atoms that have undergone the microwave interrogation. The resonator cavity is fed by
the microwave field produced by the LO at a frequency near the hyperfine splitting frequency, and
it confines the microwave field across the cell volume. External parameters acting on the atoms
that perturb the energy levels lead to shifts in the ground-state hyperfine transition frequency
with respect to the unperturbed case. The fluctuations of the external parameters are transferred
to clock frequency fluctuations via various effects. The thorough control of an atomic frequency
standard requires comprehensive knowledge of the experimental parameters, their fluctuations,
and their relation with the atomic transition frequency leading to clock inaccuracy and instability
contributions.

This chapter reviews the physics of the DR vapor-cell clocks that use a LD for optical pumping
and detection and a resonator cavity for microwave interrogation. The following sections first
present the Rb atomic structure, secondly consider the optical absorption schemes. Then, the
principle of the DR (optical-microwave) interaction, treated in the semi-classical picture using
density matrix formalism, is presented, followed by an overview of the relaxation processes leading
to line broadening and the perturbations yielding a shift in the atomic transition frequency. Finally,
the clock instability sources in the short and medium-to-long terms are introduced.
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Figure 1.1 — Schematics of a vapor-cell atomic clock based on the DR interrogation principle. In the CW-DR
case, the optical and microwave switches are not used and both radiations apply simultaneously. In the
POP-DR case, the switches serve to apply the optical and microwave radiations following the pulsed sequence.

1.1 Rb atomic structure

Due to their single unpaired electron present in the outermost shell, alkali atoms are of great interest
in many atomic physics experiments and applications. The nucleus and the filled shells may be
treated together, forming a positive charge, and the valence electron of the atom at rest is in an
S-state with no orbital angular momentum (L = 0). Only its spin angular momentum, S = 1/2
in the case of an electron, contributes to the total electronic angular momentum J = L+S. The
coupling between the electron’s spin and orbital angular momenta, described by the Hamiltonian
7] s = ag L- S, partly lifts the degeneracy of the energy levels, which gives rise to the fine structure.
The spin-orbit coupling does not affect an S-state (i.e., L = 0), but the levels for L # 0. In the case of
L =1, the level is split into two levels with total electronic angular momenta of / =1/2 and J = 3/2.
In the fine structure, the energy levels are represented in the form of [n2S+l 77, where n is the
principal quantum number and the value for L is usually replaced by a letter suchas L =0 < S,
L=1<P L=2+D,...For 8Rb, the ground state in which the single electron is under unperturbed
conditions is notated as |52S;/,). The optical transition between this ground state and the excited
state |52Py,) is referred to as D; line and the optical transition between |52S;/,) and |5%P3/2)
is referred to as D, line. Furthermore, the interaction between the nucleus’ spin, I = 3/2 in the
case of 87Rb, and the total electronic angular momentum, given by the Hamiltonian Hj, fs=Bol-],
induces the hyperfine splitting of the atomic structure. The total angular momentum is given by
F =I1+]J. In the hyperfine structure, the energy levels are represented by |n*5*1L;, F), with F in the
interval of |J— I| < F < J + I. The atomic structure of the 8’Rb under the above-described effects is
illustrated in Figure 1.2 in the absence of an external field and in the case of an applied weak static
magnetic field, as discussed in the following. For the weak magnetic field considered and due to
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collisional broadening by the buffer gas, the excited state Zeeman sublevels are not resolved by
laser spectroscopy, thus the excited state hyperfine levels are treated as degenerate.

If a static directional magnetic field is applied to the atoms, the hyperfine structure splits into the
Zeeman sublevels under the magnetic field interaction. The energy levels of the Zeeman sublevels
of the 8Rb hyperfine ground states |52S;/,, F =1, mg) and |5%Sy,2, F = 2, mp) are given by the
Breit-Rabi formula [61]

E E
E(Emp) = —%—g,uBBszi%(1+mpx+x2)”2, (1.1)
where
+ B
_ (g1 L;%'])#B z (1.2)
hfs

and Ejy; is the unperturbed ground-state hyperfine splitting energy difference, g; is the nucleus’
Landé-g factor, up is the Bohr magneton, B, = |B| is the applied magnetic field, and the magnetic
quantum number is —F < mp < F. Under weak magnetic fields, the 8’Rb ground-state hyperfine
splitting frequency can be approximated with

E(F=2,mp)—E(F=1,mp)
Vhfs = h

_ _ ( )?
Vips+(mE + mg‘z)gflf B, + zgpi ;if BZ, (1.3)
N

where the coefficient linear in B, is given by (mII:::1 + mg:z) gfl’;f = (mf;:l + mg:z) 7-10° MHz/T

and depends on the magnetic quantum numbers of the Zeeman sublevels involved in the transition,
2

and the quadratic coefficient is given by $£2- = 575.14- 102 MHz/T2. The linear coefficient in

2hEnys
equation (1.3) vanishes in the case of m5=' = m£E=? = 0 and the transition frequency between

these two levels remains sensitive to the magnetic field in the second order only. Rb vapor-cell
clocks benefit from the first-order magnetic insensitivity of the transition frequency between the
mp = 0 Zeeman sublevels of the hyperfine ground state. The transition 152812, F=1,mp=0) —
152812, F =2, mp =0) is commonly called the clock transition, and its resonance frequency is the
ground-state hyperfine splitting frequency vy, = 6'834'682'610.904 309 (8) Hz [41].

1.1.1 Three-level model

The three-level approximation is based on reducing the Rb atomic structure to the two ground
states |F=1,mp=0) and |F =2, mp = 0) of the clock transition and one excited state. In buffer-gas
cells, the hyperfine levels of the excited state are broadened due to collisions and overlap, which
justifies the three-level model considering only one excited state. This model, given the appropriate
assumptions, is often sufficient to qualitatively describe the processes in the clock operation.
However, it may be insufficient to perform quantitative comparisons with the experimental results,
in which case a multi-level approach — such as that presented in [62] — should be considered. In
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the three-level system illustrated in Figure 1.3, the three states are represented by 1), |2), and |3),
whose energy levels are associated with angular frequencies w; for i =1,2,3. I'* is the excited state
decay rate, while y; and v, are the ground-state population and coherence relaxation rates. Given
that an optical field is applied from a laser with angular frequency w; tuned near the [2) — |3)
transition frequency, the laser detuning is given by Qj, = wr — (w3 — w2) = wr — w32. For an applied
microwave field with angular frequency wjs, the microwave detuning from the ground-state
hyperfine splitting frequency (w21 = 27 vgp) is given by Qp = wpy — (W2 — w1) = W — W21

- — =
4 S0 T - — F=2
I 156.95 MHz
\\:_ F=1
—_— } 7222MHz
- — =D
52P1/2 _T I 814.5 MHz
TS — =1
D, line
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377.108 THz

2 \AA
5 51/2 —

Fine structure Hyperfine structure Zeeman sublevels

B=0 B=0 B+0
Figure 1.2 — Energy levels of the D, and D, lines in 8" Rb. Fine and hyperfine structures are presented under
unperturbed conditions and the splitting of the hyperfine ground states under a weak static magnetic field, B,

is shown where the clock transition is identified between |F = 1, mp =0) and |F = 2, mg = 0) Zeeman levels.

-—-Q
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Wm Y2
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Figure 1.3 — Three-level model approximation including the hyperfine ground states and one excited state.
The laser frequency tuned near the resonance |2) — |3). The microwave field at frequency wy drives the
clock transition of the hyperfine ground state. Q1 and Q) are the laser and microwave frequency detunings.
I*,y1,72 are the excited state and the ground-state population and coherence relaxation rates, respectively.

10



1.2. Optical absorption in vapor cells

1.2 Optical absorption in vapor cells

Laser spectroscopy is a powerful method to detect the resonance frequency(ies) of a medium in
order to assess its composition or to benefit from it as a frequency reference, as in the case of a
frequency standard. In a simple scheme, the laser light propagating through an atomic medium
and whose frequency w; is tuned across the optical transition frequency is absorbed near the
resonance. The transmitted intensity 1(z) of the light propagating along the z-axis through this
absorptive medium (e.g. the Rb vapor cell) follows the Beer-Lambert law

I(z2) = Ilpe ¥@)Z=p e 0@I)ANZ (1.4)

where a(wp) is the absorption coefficient, o(wy) is the absorption cross section and AN is the pop-
ulation density difference between the two levels in resonance with the laser light. The absorption
cross section is given by

1

4 (w—wo)? ’
'y

olwr) = o0y (1.5)

1+

where (wp — wy) is the laser angular frequency detuning from the resonant transition frequency wy
2

and oy is the peak absorption cross section (i.e., at zero detuning) given by o9 = o(wy = wg) = ;—701
2nc
e
exhibits a Lorentzian line shape with a full width at half maximum (FWHM) of I'y = 1/7x, which
corresponds to the natural linewidth associated to the limited lifetime (7 ) of the excited state. In

the case of the 8Rb D, line, the natural linewidth is T'x/(2 ) = 5.9 MHz [63].

where Ay = is the resonant transition wavelength. The absorption profile described by o (wy)

1.2.1 Doppler broadening

The atomic vapor typically is at a temperature around 60°C and the atoms exhibit a Maxwellian
velocity distribution. The atoms with a velocity component + v, parallel (or antiparallel) to the light
propagation (along the z-axis) observe the laser frequency shifted by i% due to the Doppler
effect. Only the atoms in the velocity class that do not have a component along the light propagation
direction will absorb the light at a frequency resonant with the atomic transition angular frequency
(wp). In the laboratory reference, if the atoms in a velocity class are moving parallel to the light
propagation (+v;), they will be in resonance at a blue-shifted frequency with respect to wy, and
if moving in the antiparallel direction (—v;), they will be in resonance at a red-shifted frequency;
the Doppler shift is given by Awp = iwo% for c speed of light. For the atomic vapor in the cell,
the atoms of mass M at temperature T have a Maxwellian velocity distribution with the most
probable velocity v =+/2 kg T/M, where kg is the Boltzmann constant. The spectral lineshape of
the Doppler-broadened absorption through an atomic vapor of a laser light whose frequency is
scanned across wy is given by

C o {_cz (wL—a)o)z} 1.6
vwoVT P172 wo ’ '
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which has the Gaussian form and the FWHM is I'p = wq {/ %. 87Rb-filled reference cells are
used in this work for laser frequency stabilization (cf. section 2.1) and are kept at a temperature
of 40°C. The corresponding Doppler broadened linewidth of the optical absorption profile is
I'p/(2 m) = 524 MHz, which is two orders of magnitude larger than the natural linewidth of the D,
line. In the case of buffer-gas cells used in clock prototypes at 62.16°C, the Doppler broadening
is 542 MHz. The optical absorption signal detected through the reference Rb cells results from
the intrinsic excited-state lifetime and the Doppler-broadened linewidth. In the case of buffer-gas
cells used for clock interrogation, the optical absorption line is further broadened by the collisional
broadening (cf. section 1.2.3). The Doppler-broadened absorption of different hyperfine excited
states overlap with each other in the spectral region and may hide the optical frequency references
within its form. To improve the resolution in order to detect narrow atomic transition absorption
peaks close to the natural linewidth, various spectroscopic techniques can be applied. In this
thesis, we apply the Doppler-free absorption spectroscopy and use optical transition frequencies to
stabilize the frequency of a laser diode.

1.2.2 Doppler-free absorption spectroscopy

Doppler-free absorption spectroscopy is achieved in this thesis using two counter-propagating
laser lights across the atomic vapor. The laser light is split into two parts and the parts travel the
vapor cell in opposite directions, overlapping with each other across the atomic vapor [64]. The
first part, which is used as the pump beam, has a higher light intensity than the second part, which
is used as the probe beam and has a low intensity. The latter beam can be detected using a sensitive
photodetector (PD).

Pump and probe beams interact with atoms in different velocity classes due to the Doppler effect.
If atoms are in the velocity class for which the longitudinal velocity is zero (v, = 0), both pump
and probe beams interact with the same group of atoms. In a two-level system, the intense pump
beam depopulates the ground state of the group of atoms. As a result, the probe beam absorption
decreases, which manifests in the absorption profile of the probe beam in the form of dips, called
Lamb dip [65]. Meanwhile, the atoms of other velocity classes can be in resonance with pump
and probe beams. In this case, we consider a three-level system with two optical transitions with
angular frequencies w; and wj that share a common ground state. The atoms in the velocity
class +v, with respect to the pump beam (Fv, for the probe beam), such that the shifted pump
beam w; = wy (1 F v,/c) is resonant with one transition and the (reverse) shifted probe beam at
wi =wr(1+v;/c) is resonant with the other transition, absorb the pump and probe beams at the
same laser frequency w; = (w; + wi)/2. The resulting Doppler-free absorption line presents dips
associated with the velocity class (v, = 0) at the optical frequency references corresponding to the
six direct optical transitions between the two hyperfine ground states and four excited states of
the 87Rb D;, line (cf. Figure 1.2). The Doppler-free absorption line also presents dips associated
with the velocity classes that absorb the laser frequency w; = (w; + wg)/2, which are called the
cross-over dips and are denoted by CO followed by the F quantum numbers of the transition states
(cf. Figure 2.10).
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1.2.3 Buffer-gas line broadening

The Rb clocks studied in this thesis are based on a Rb vapor cell that is additionally filled with buffer
gases (cf. chapter 2). The buffer gases are used to decrease the mean free path of Rb atoms and
reduce wall collisions. However, buffer-gas collisions increase the de-excitation rate of the excited
state T'* = Tie, reducing the lifetime 7. (few ns), which leads to a homogeneous broadening of the
optical absorption profile. The Rb clocks studied in this thesis make use of a buffer-gas mixture of
Ar (= 60 %) and N, (= 40 %). The buffer-gas pressure-dependent broadening [63] for the mixture in
the cells has a sensitivity of 14.92 MHz/hPa. For a buffer-gas pressure of 32.54 hPa the linewidth of
the homogeneous broadening is I'*/(2 7) = 485.5 MHz (7, = 0.3 ns). In addition to the excited state
lifetime, the buffer-gas pressure in the cell also impacts the ground-state relaxation rates (y; and
72 in Figure 1.3) [66] and is a dominant source of the hyperfine splitting frequency shift [61]. These
phenomena are discussed in sections 1.4 and 1.5.2, respectively.

1.3 Double-resonance interaction in buffer-gas cells

Double-resonance spectroscopy comprises two EM fields interacting with Rb atoms at two fre-
quency ranges: optical and microwave. The optical field can typically be applied to the atoms using
a Rb discharge lamp or laser diode, while the microwave field is applied using a resonator cavity [16].
A static magnetic field (C-field) is also applied along the cell’s symmetry axis to lift the degeneracy
of the hyperfine ground states (cf. section 1.1) and to define the quantization axis. The scheme of
a DR vapor-cell atomic clock based on a laser diode is illustrated in Figure 1.1. The energy levels
involved in the DR interaction are based on the three-level model introduced in section 1.1.1.

The optical field creates a population inversion in the hyperfine ground states through optical
pumping [42]; the interaction of the atoms with a light resonant with one of the hyperfine ground
state transitions depopulates the latter state via the excited states and pumps the atoms in the other
ground state. Laser diodes ensure an efficient population inversion thanks to their monochromatic
emission that can be tuned near the resonance frequency of an optical transition (w = w3 — w; for
i = 1,2, cf. Figure 1.3) with a linewidth (2 — 5 MHz) well below 87Rb ground-state hyperfine splitting
(6.835 GHz). The laser light in DR vapor-cell clock studies is linearly polarized and should present a
uniform intensity distribution across the beam radius, which covers a large part of the cell volume.
In this work, the laser frequency is tuned to 8’Rb D, line (384.231 THz or 780.24 nm).

The microwave field is used to interrogate the atoms by repopulating the hyperfine ground state
that was previously depopulated by the optical pumping. The frequency of the microwave field
coincides with the ground-state hyperfine splitting frequency (i.e., clock transition frequency). The
laser light, which is resonant with the ground state repopulated by the microwave field, can be used
to probe the ground-state population difference A. When the microwave and optical fields are
applied simultaneously on an atomic vapor [67], the transmitted light intensity as a function of the
microwave frequency presents a drop in the form of a Lorentzian around the microwave resonance
frequency wys = w2 —w;. The alternative approach is based on separating the two radiations in time
[49]. Similarly to the Ramsey spectroscopy [7], which is applied on a traveling atomic beam, the
pulsed-optically pumped DR (POP-DR) scheme applies the fields consecutively in time while the
atomic vapor is confined in a glass cell [44]. Figures 1.4 and 1.5 depict the respective time sequence
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using the three-level model for the CW-DR and POP-DR interrogation schemes.

The following sections outline the basic principles of the double-resonance interrogation in the
cases of CW and POP schemes. The relaxation processes that lead to line broadening and the effects
that perturb the hyperfine splitting frequency are subsequently presented.

1.3.1 Optical and microwave interactions

Double-resonance interrogation is treated in the semi-classical picture, whereby the interaction
fields are represented in a classical plane wave form and the atomic ensemble is represented by the
density matrix operator. The optical electric field propagating along the z-axis with polarization
vector e; and wave vector k is written as

1 .
E(r,f) = e,lEOEe’(‘“”_k'r), (1.7)

characterized by its amplitude E, and angular frequency wr. The microwave magnetic field is
similarly written as

1 .
B(r,t) = Boie“‘”‘“, (1.8)

with amplitude By and angular frequency wj;. Under dipole approximation, the Rabi frequencies
associated with the optical and microwave interactions can be written, respectively, as

E

Qp, = Eodsi» (1.9)
B

br = %#12, (1.10)

where ds; for i = 1,2 is the electric dipole density matrix elements of the optical transition between
one of the ground states |i) and the excited state |3); and y;» is the magnetic moment matrix
element of the microwave transition in the ground-state hyperfine levels.

In the semi-classical approach, the interactions with applied fields are governed by the perturbation
Hamiltonian H;. The total Hamiltonian of the interaction is given by H = Hy + H;, where Hy
is the unperturbed atom’s Hamiltonian with the eigenstates |i) for i = 1,2,3, represented by the
three-level model (cf. Figure 1.3). The time evolution of the density matrix, p, is described by the
Liouville equation

~

b | (1) = i[FIA]+f ) (1.11)
ot rel = 7 P exc , .

where the relaxation and excitation processes not associated with the applied fields are denoted by
T, and Texe) respectively.
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Figure 1.4 — CW-DR scheme: simultaneously applied fields in the time domain and interactions illustrated on
the three-level model. (a) Sequence in time for the simultaneously applied optical and microwave fields. (b)
CW-DR interactions in the three-level model: optical-pump frequency tuned to |2) — |3), microwave frequency
tuned to |1) — |2). I: Laser is switched ON. Atoms in the resonant state absorb, atoms in the excited state decay
in one of the ground states. II: Only laser is ON. A population inversion (A = p22 — p11) is created by optical
pumping, the atomic vapor is transparent to laser light. III: Laser and microwave are ON. Resonant microwave
field drives the atoms back to the state which is resonant with laser light. The detected light intensity as a
function of the microwave field frequency reveals the population inversion demolished by the microwave
interaction.
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Figure 1.5 — POP-DR scheme: timing sequence and interactions illustrated on the three-level model. (a)
Sequence in time for the successively applied optical and microwave fields. (b) POP-DR interactions in the
three-level model: optical-pump frequency tuned to |2) — |3), microwave frequency tuned to |1) — |2). I:
Laser is ON. A population inversion (A = py2 — p11) is created by the optical pumping, the atomic vapor is
transparent to laser light at t = ty,. II: First microwave pulse is applied. Resonant microwave field drives
the atoms to the coherent superposition state in the ground state at t = t, + ty, for ty, corresponding to the
pulse area 6 = /2. III: Both fields are OFE Atoms evolve freely during tg. IV: Second microwave pulse is
applied. Resonant microwave field drives the atoms to state |2) at t = ty + by + Ig + tyy. V: Laser in ON. The
detected light intensity as a function of the microwave field frequency reveals the population inversion that
have undergone the Ramsey interaction applied in time. The evolution in II, III, and IV are better explained by
Bloch vector representations in section 1.3.3.1.

15



Chapter 1. Basic principles of DR vapor-cell clocks based on laser optical pumping

The density matrix elements p;; for i, j = 1,2,3 represent the populations — by diagonal elements
when i = j — and the coherences — by off-diagonal elements when i # j — of the states |i). The
density matrix elements that describe the atomic response under the double-resonance interaction
conditions are written as [61, 68]

. r*
P11+ % (p11—p22) = brIm(612) +Qp, Im(13) + 5 P33
) Y1 r*
P22+ 5 (p22—p11) = —brIm(612) +Qr, Im(623) + 5 P33
P33+T" p3sz = —Qpg, Im(613) — Qr, Im(523),
. ) . . b . Q .Q
O12+1 (Qp—iy2) 012 = l§(922—911)+l%523—l%513,
. . Qy . T7 . br . Qg . Qp,
Srati @i+ -M i 61 = i Ry i R (o1) - pag)— i 2 5y,
13+1(Qp+ 5 ¢ 2) 13 Lo 03—l (p11—p33) —1 5 012
. . Qy I . br .Qpr, . Qpg,
Q--M_i— = iR S — i 5T, — i 2 (0yy— p33) . 1.12
023 +i(Qr 5 i )623 i O13—1i > O1p—1i 5 (P22 — P33) (1.12)

For a laser frequency tuned to the |2) — |3) transition and a microwave frequency to |1) — |2) (cf.
Figure 1.3), the solutions for the coherences (off-diagonal matrix elements) are assumed in the form

pr2 = Oppe’Mt,
p13 = Opge’ @romt
P23 = 623 ei oLt . (1.13)

The set of equations describing the state populations and coherences of the atomic ensemble is
solved under several assumptions. The reduced excited-state lifetime as a result of the buffer-gas
collisions yields I'* > y1, y2. Weak optical and microwave fields are applied to the atomic vapor
such that Qp, < I'* and br <« I'* with small microwave frequency detuning Q) < I'*. For a
reduced excited-state lifetime and a weak optical field, the population of the excited state is close
to zero (p33 = 0), while the population distribution is considered to exist between the hyperfine
ground states: p1;+ p22 = 1. Under the adiabatic approximation, the optical coherences reach
the stationary state much faster (1_—1* ~ ns) than the microwave coherence (# ~ mSs); thus, the
optical coherences (813 and &;3) can be omitted. When the optical-pump frequency is tuned to
the optical transition |1) — |3}, the optical Rabi frequencies are Qp, # 0 and Qp, = 0. Conversely,
when the laser is tuned to |2) — |3), then Qp, =0 and Qpg, # 0. The solutions for the ground-state
population difference A = ps» — p11 and coherence 9§, are calculated under the aforementioned
assumptions and the conditions given by the applied interrogation scheme (CW-DR or POP-DR).
The resulting ground-state population difference A is detected in clock applications based on
the optical detection. In the CW-DR scheme, both fields are applied at the same time: Qg, >0
and bg > 0. In contrast, for the POP-DR scheme, the interactions occur consecutively and each
interaction can be evaluated separately with the initial condition given by the solution at the end of
the previous interaction phase [69].
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1.3. Double-resonance interaction in buffer-gas cells

1.3.2 Continuous wave scheme

In the CW-DR interrogation approach (cf. Figure 1.4), the Rb atoms in the buffer-gas cell are
submitted to both optical and microwave fields simultaneously. We consider here the optical-pump
frequency tuned near the optical transition frequency w3, as illustrated by the model in Figure 1.3
(wr = Qr — w23), which creates the population inversion A = —1. The simultaneous microwave field
at a frequency coinciding with the ground-state hyperfine splitting frequency (wy; = Qpr — w21)
repopulates the state |2). The evaluation of the matrix elements in the case of CW-DR interrogation
is based on the model described by the equation (1.12) [61, 67]. Under the assumptions given for
typical clock operation (cf. section 1.3.1) and when both fields are applied simultaneously, the
ground-state coherence 612 and population difference A = psy — p1; are given by [67]

5 . br Y2+ Tp,
12 -
2 (y2+T )%+ (0p —Awrs —w21)?
b wy—Awrs—w
+ =2 g b 2 S A, (1.14)
2 (y2+Tp,)*+(wy—Awrs — w21)
T
P2
A = , 1.15
b%(y2+Tp,) ( )

(Y2+Tp,)+

(Y2+Tp, )+ @y —Aws—w21)?

2
Ry
2r*

transition [2) — |3) with Qj =0, and Awys = 2w Avs represents the light-induced frequency shift

where the optical pumping rate is given by I'p, = for the optical-pump frequency tuned to

contribution, where Avjg is given by the equation (1.46).

1.3.2.1 CW-DR signal

The CW-DR signal yields from the transmitted light intensity through the cell according to the
Beer-Lambert law (cf. equation (1.4)) and is a measure of the ground-state population difference
(A) resulting from the CW-DR interaction. The light is absorbed by the atoms that have undergone
the DR interaction and has a Lorentzian shape as a function of the microwave frequency detuning
Qpr = W — w21. The spectral lineshape of the CW-DR signal can be written as

S 1

S+1 Q3
1+ Y2 (S+1)

GQm) = 8 —8& ) (1.16)

where g; is the transmitted light intensity in the absence of resonant microwave radiation (i.e.,
background level denoted by B®Y), gy is the light intensity at the beginning of the vapor cell, and
2

. . o Ty, :
the saturation factor is defined as S = =5 with Yi=yi+ 5 for i=1,2.
172
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Chapter 1. Basic principles of DR vapor-cell clocks based on laser optical pumping
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Frequency shift from vg, [HZz]

Figure 1.6 — CW-DR signal. The background signal level B corresponds to the case where microwave is OFE
The contrast C is given by the ratio of the signal amplitude A to the background level. The FWHM W is also
measured on the DR signal which carries information on the ground-state relaxations.

The amplitude A®Y and the FWHM W of the CW-DR signal can respectively be written as

S
AW~ , 1.17
80—S+1 (1.17)
/
wY = EVS+1. (1.18)
T

For weak optical (Qg = 0) and microwave (bg = 0) fields S = 0, the FWHM of the CW-DR signal can
be approximated to W = %, which represents the intrinsic limit of the CW-DR signal linewidth
due to ground-state relaxation (cf. section 1.4). The contrast C" of the signal is defined (see
Figure 1.6) as the ratio of the signal amplitude and the transmitted light intensity in the absence of
resonant microwave radiation (i.e., background level B®Y), which is given by

AW Gbr=0,Qp=0-G(br,Qp =0
cov = AT _ (br mM=0) (br,Qp =0) . (1.19)
Bow G(bg =0,Qp = 0)

Finally, a figure-of-merit (FoM) is defined for the CW-DR signal, written as

CCW
FoM®" = . (1.20)
WCW

The FoM is inversely proportional to the signal-to-noise ratio limit of the clock stability (cf. equa-
tion (1.56)) and is used to optimize the short-term clock stability through the CW-DR signal (cf.
chapter 5). The CW-DR signal is optically detected by sweeping the frequency of the microwave
field applied to the vapor cell. The strongest absorption occurs for zero microwave detuning with
respect to the ground-state hyperfine splitting frequency of the Rb atoms in the vapor cell, i.e.,
QM=(UM—(U21 =0.
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1.3. Double-resonance interaction in buffer-gas cells

1.3.3 Pulsed-optically pumped scheme

The principal difference of the pulsed-optically pumped scheme from the CW-DR is the separation
in time of the microwave interrogation from the optical pumping (cf. Figure 1.5). Therefore, density
matrix elements (equation (1.12)) can be separately evaluated in each phase of the interrogation
scheme considering the interacting fields during the phase. The initial conditions are given by the
previous phase. In this case, the system reduces to a simple two-level model for analysis of the
microwave interrogation. Given the low-quality factor of the microwave cavity used in our clock
prototypes (cf. chapter 2), the feedback of the microwave cavity on the atoms can be neglected. We
consider the optical-pump frequency tuned to the transition |2) — |3); thus, the atoms are optically
pumped into the state |1).

Optical pumping

During the optical pumping phase, the microwave radiation is off and therefore the microwave
Rabi frequency is set to zero bg = 0. In this case, the evolution of the ground-state coherence and
of the population difference are given by [69]

S12+ (2 +Tp, +i (Qu+Tp, Q) 612 0, (1.21)
A+(y1+Tp)A = Tp,, (1.22)

2
Ry
2T+

20
T+

where Q) = is the normalized laser detuning and I'p, = is the optical pumping rate.

During this phase, the laser light serves not only to create a population inversion, but also to
eliminate the residual coherence that survives the previous interrogation cycle. To diminish the
residual coherence before the microwave interrogation, a strong optical-pump pulse is required
satisfying the condition T, t, > 1, where ), is the pumping phase duration. In addition, a dead
time between two successive cycles, to benefit from the relaxations induced by buffer-gas collisions,
can be helpful to reduce the residual coherence before the new Ramsey cycle [70]. For the optical-
pump frequency tuned to |2) — |3) (cf. Figure 1.3) and a complete population inversion at the end
of the pumping phase, the ground-state population before the microwave interrogation is given
by A(t,) = —1/3. (In the alternative case, if the optical-pump frequency is tuned to |1) — |3), the
complete population inversion at the end of the pumping phase would be A(#,) =1/5.)

Microwave interrogation

During the microwave pulses, the laser light is off; thus, the optical Rabi frequency is set to zero
Qr =0, and the ground-state relaxation rates can be neglected with respect to the pulse duration:
tm < )/l._l for i =1,2. The evolution of the ground-state coherence and of the population difference
are given by [69]

. b
012+iQpb12 = —?RA, (1.23)
A = 2brRe(612). (1.24)
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Chapter 1. Basic principles of DR vapor-cell clocks based on laser optical pumping

Ramsey time

During the Ramsey time, both radiations are off such that bg =0 and Qg =0, and the evolution of
the ground-state coherence and of the population difference are given by [69]

O12+ (Yo +iQp) 612

0, (1.25)
A+y;A = 0. (1.26)

1.3.3.1 Bloch vector representation

During the microwave interrogation (i.e., two microwave pulses separated by the dark Ramsey
time), the atomic system can be approximated by a two-level model that takes into account only the
two ground states |1) and |2). Bloch vector representation is useful to describe the ground-state
coherence and population difference during the microwave interrogation phases. In this case, the
Bloch vector is defined for

Re(812(1)
R(®) = [Im(612(8) (1.27)
A(L).

Therefore, the microwave interactions during the two pulses and the free evolution during the
Ramsey time can be represented by the corresponding transformation matrices [69]. Starting from
the Bloch vector, which describes the system at the beginning of the microwave interrogation, the
final solutions for the ground-state coherence and population difference at the end of one cycle of
POP-DR interaction (cf. Figure 1.5-b) can be calculated by the product of the matrices describing
the processes during each phase [69]. In Figure 1.7 the evolution of the ground-state coherence
and population is illustrated using the Bloch sphere, neglecting the relaxations that would only
introduce damping, for microwave pulses of 6 = 7/2 and 6 = 0.56 7 and for microwave detunings of
Qp=0and Qy = % ﬁ, which correspond to the central frequency of the central fringe and
the frequency at half maximum of the central fringe [51], respectively. The projection of the Bloch
vector on the z-axis represents the ground-state population, and the projection on the xy-plane
represents the ground-state coherence (cf. equation (1.27)).
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1 1
A A
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-1 -1
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(a) Zero microwave detuning and 0 = m/2. (b) At half-maximum detuning and 6 = /2.
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2R6(512 2Re 612
(c) At zero microwave detuning and 6 = 0.56 7. (d) At half-maximum detuning and 6 = 0.56 7.

Figure 1.7 — Bloch spheres representing the pulsed microwave interaction with zero detuning (a and ¢) and a
detuning corresponding to the half maximum of the central Ramsey fringe (b and d). Courtesy of W. Moreno
for the code used to generate the plots.

1.3.3.2 Ramsey signal

The ground-state population difference at the end of the Ramsey interrogation is optically detected.
The transmitted light intensity is related to the number of atoms in the ground-state resonant with
the laser light via the Beer-Lambert law (cf. equation (1.4)). The optically detected Ramsey signal is
described by a cosine shape and can be fitted with the expression [70]

fQur) = aog+ap cos(as Qu) +ay cos(as 2Qyy), (1.28)

where a; for i =0,1,2 are the i’ ith
FWHM of the central fringe of the Ramsey signal expressed by the equatlon (1.28) are given by

A" = 2(a1+ap), (1.29)
1
wree = — (1.30)
2 as
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Similarly to the CW-DR case, the contrast and figure-of-merit for the central fringe are defined by
the equations (1.19) and (1.20).

1.4 Ground-state life time and line broadening

Rb atoms confined in a glass cell with buffer gases suffer collisions with each other and buffer gases.
The buffer-gas collisions decrease the mean free path of the Rb atoms, which reduces relaxation due
to wall collisions and decreases the Doppler broadening with respect to the applied microwave field
[71]. We use a buffer-gas mixture of nitrogen (N») and argon (Ar). N, quenches the fluorescence
radiation of de-exciting Rb atoms, in which case the excitation energy of Rb atoms is transferred
to N2 molecules and converted into the kinetic energy [61]. The excited Rb atoms are transferred
to ground states without emitting radiation, which would impact the effectiveness of the optical
pumping process. The temperature coefficient of N, is compensated by Ar (cf. section 1.5.2). Rb
collisions with buffer-gases and with the other Rb atoms and cell walls are sources of relaxation.
The line broadening of the optical transitions (with the excited state de-excitation rate I'*) caused
by buffer-gas collisions are reviewed in section 1.2.3. The buffer-gas collisions, through varying the
hyperfine coupling, are also responsible for ground-state population and coherence relaxations [66].
Rb-Rb collisions result in a shift of energy levels (see section 1.5.4) and a broadening by causing
ground-state coherence and population relaxations, via the spin-exchange effect [72]. For the
buffer-gas cell used in our POP-DR clock, the measured ground-state coherence and population
lifetimes are y;! =3.20+0.01 ms and y,' =3.95+0.25 ms [73].

1.5 Clock frequency perturbations

The clock transition frequency used to stabilize the frequency of an external oscillator (cf. Figure 1.1)
corresponds to the ground-state hyperfine splitting frequency of the Rb atoms in the clock cell.
In the case of a buffer-gas cell, the detected frequency at the end of the cell is an average of the
hyperfine splitting frequencies of each atom along the light propagation [47]. Applied external fields
and the experimental conditions perturb the atomic structure and induce a frequency shift (Av) in
the ground-state hyperfine splitting of the atoms in the clock cell from the unperturbed 8'Rb case
(i.e., vgp =6'834682'610.904 309 (8) Hz) [41]. The perturbations on the atomic energy levels arise
from the experimental parameters including optical and microwave interaction fields, the static
magnetic field, the buffer-gas pressure, the temperature of the vapor cell, and the environmental
parameters such as temperature, pressure, and humidity. On one hand, the systematic shifts
induced by these experimental and environmental parameters via various physical processes
accumulate and produce an average bias between the clock frequency and the unperturbed atomic
transition frequency. On the other hand, the fluctuations of these experimental and environmental
parameters over time result in fluctuating the frequency shifts through the same physical processes,
which degrades the stability of the clock frequency over time.

Evaluation of the accuracy of a clock depends on knowledge of the magnitudes of the frequency
shifts and their uncertainties and is crucial for primary frequency standards (i.e., Cs clocks) [8,
10, 74]. Meanwhile, in the case of secondary frequency standards (e.g., Rb vapor-cell clocks), the
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1.5. Clock frequency perturbations

fractional frequency fluctuations in time (instability) are the main interest for clock performance
analysis. To evaluate the clock frequency instability, the individual contribution of each process
is estimated, which is quantified by the clock sensitivity coefficient to the perturbing effect. The
detailed analysis of the long-term frequency instability of our POP-DR clock is presented in chap-
ter 3. This section reviews the physical processes that lead to a shift of hyperfine energy levels and
thereby the clock frequency and defines the corresponding sensitivity coefficient for each effect,
with an emphasis on the POP-DR scheme. The total clock frequency shift is subsequently estimated
for the POP-DR clock operation conditions employed in this work.

1.5.1 Second-order Zeeman shift

The hyperfine splitting frequency used as the clock transition is sensitive to the static magnetic
field amplitude in the second order via the Zeeman effect, as reflected in the equation (1.3). The
frequency shift induced upon the hyperfine splitting by a weak static magnetic field (B, = |B|)
aligned along the z-axis is given by

Avze = C,B% [Hz], (1.31)

where C, =575.14-108 Hz/T? is the quadratic coefficient and B, is the field amplitude along the
z-axis (quantization axis). The relative clock frequency sensitivity to the variations of B, becomes

oA / 2CyB
VZze! VRb — 2 Dz [/T]. (1.32)
GBZ VRb

The magnetic field (10.7 uT) [51, 75] applied in our POP-DR clock induces a clock frequency shift of
Avz, = 6.6 Hz and the linear sensitivity coefficient is estimated as 1.8-107% /T.

1.5.2 Buffer-gas density shift

The frequency shift induced by buffer-gas collisions upon the Rb ground-state hyperfine frequency
depends on the buffer-gas mixture, pressure, and temperature [61, 76]

AvpG = Peey (B +8'AT+y AT?) [Hz], (1.33)

where P..; is the buffer-gas pressure, AT = T..;; — Tp is the temperature difference between the
vapor cell temperature Tg,;;, and Ty is a reference temperature at which the coefficients ', 6, and
Y’ are given for a buffer-gas mixture. The coefficients for a buffer-gas mixture are obtained by the
average of the individual buffer-gas coefficients weighted with respect to the partial pressure ratios.

The Rb vapor cells used in this work are filled with N, and Ar as buffer gases with a partial pressure
PAr
Py,
mixture are provided in Table 1.1. For vapor cells considered here, with a total buffer-gas pressure

of 32.54 hPa and at the cell temperature of 62.16°C, the clock frequency shift due to buffer-gas
collisions is Avgg =4247.4 Hz.

ratio of r =

= 1.6. The individual coefficients for N, and Ar and the resulting coefficients for the
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Table 1.1 - Buffer-gas shift coefficients for " Rb using Ar and N, gases at Ty = 60 °C [76].

H. H H
B [h_pza 0 [hPaZ-K] Y [hPa-ZKZ]
Nitrogen 410.97 0.39 -9.75-107*
Argon —44.78 -0.24 -2.63-107*
H H H
R A - R
r=%x 16 130.51 2.3-1073 -5.37-107*

PN2

A. Cell temperature coefficient

The relative clock frequency shift sensitivity to cell temperature is given by

0AvpG | VRp _ Pl (5’+2Y,AT)
0Tcens VRb

[/KT]. (1.34)

The Rb vapor cells used in this work are filled with N, and Ar. The linear temperature (0) coefficients
with opposite signs of the two gases compensate each other. The clock frequency sensitivity
to cell temperature variations can be strongly reduced for a cell temperature, called inversion
temperature, at which the coefficient in equation (1.34) cancels. The inversion temperature is given
by Tiny=To— f—);,. For the Rb clocks, the cell temperature coefficient within an interval of 0.5°C
around the Tj,, is estimated as +1.3-10712 /K at T;,, = 62°C.

B. Stem temperature coefficient

The stem in the vapor cells used in our clock setups acts as a reservoir mainly for Rb atoms while
kept at a lower temperature with respect to the cell temperature. The buffer-gas density in the vapor
cell that contributes to the clock frequency shift changes by the variation of the stem temperature
due to the temperature gradient variation between the cell and stem temperatures. This effect
results in enhanced temperature sensitivity (ETS) of the vapor cell frequency to the cell temperature,
as described in [77]. The relative clock frequency sensitivity coefficient to stem temperature
fluctuations is described by

0Avpg Vv P "v
BG Rb — cellﬁ stem [/K], (1.35)
0Tstem Vrb Tstem
where Vgem = % is the relative stem volume with respect to the total cell-stem volume

and Tssem is the temperature of the stem around 59.22°C. In the case of our vapor cells, the stem
temperature coefficient (TC) is 1.1-107'? /K.
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1.5.3 Barometric effect

Fluctuations of atmospheric pressure lead to fluctuations in the deformation of the cell windows,
which translates to a change of the cell length and thereby of the cell volume. This change ultimately
results in a variation of the buffer-gas density in the cell [60]. The sensitivity of the clock frequency
shift in equation (1.33) to the variations of buffer-gas pressure P..;; = ngg kg Tcei1 is expressed as

0Avpg/vgy P +6 AT+y AT?

= [ /hPa] . (1.36)
0Pcer; VRb

The relative clock frequency sensitivity coefficient to external pressure P, fluctuations is written

as
0AvpG | Vrp _ 1 0AvpG 0P
0Py VRb OPcel] OPex:
1 0A PoojjOVeop 'V,
_ VBG Lcell OVcell cell [ /hPa] . (1.37)
VRb 0Pcel 0Pext

The sensitivity coefficient calculated for the vapor cells used in this work is (8.5+2.7)107!4 /hPa
[60] and the coefficient experimentally measured near the atmospheric pressure (between 800 and
1000 hPa) is (8.2+0.8)10** /hPa [51].

1.5.4 Spin-exchange shift

In addition to collisions with the buffer gases (cf. section 1.5.2), Rb atoms in the vapor cell collide
also with each other. Rb-Rb collisions may result in an exchange of spins between the atoms, while
conserving the total spin of the two-atom system [61]. The shift caused by the spin-exchange (SE)
effect to the ground-state hyperfine splitting frequency is given by [72, 78]

1
Avsg = 87 nrp(T) V(T) Age (A)  [Hzl, (1.38)

where npg;,(7T) is the rubidium density given by the equation (1.43), Ay = 1.69-1071° m? is the
spin-exchange cross-section [72], (A) is the average population inversion between the two ground

states of the clock transition (A = p22 — p11), and V(T) is the mean relative velocity of the two

colliding atoms given by v(T) =, / 8 jﬁlT, where kp is the Boltzmann constant and M the atomic
2

mass.

In the POP-DR scheme, the spin-exchange shift primarily impacts the clock frequency during the
Ramsey time, that is, via the average population difference during the Ramsey time. The time
evolution of the population inversion during the Ramsey time is given by [69]

k
A(t) = —e "!tanh o (1-e " —tanh ! (cosO)|, (1.39)
1
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where k is the microwave photon emission rate by an atom, which in turn is given by

2
Ho uz M QL NRp
k = —— [/s], 1.40
h@RI+1) [/s] ( )

where v is the ground-state population relaxation time, and 6 is the microwave pulse area applied
before the Ramsey time. At the beginning of the Ramsey time ¢ = 0, the initial condition for (1.39)
is given by A(tg = 0) = cosf [69, 72]. For a 6 = n/2 pulse, the initial population inversion is
A(tr = 0) = 0 due to the coherent superposition created by the 7/2 pulse. A microwave pulse larger
than the conventional 7/2 pulse yields a residual population difference at the beginning of the
Ramsey time; for example, for 6 = 0.56 7, we have A(fg =0) = —0.19. The time evolution of A(%)
during the Ramsey time is presented in Figure 1.8 for different microwave pulse areas, assuming a
perfect optical pumping from |2) before the microwave pulse (A(t = —¢;;) = —1).
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Figure 1.8 — Ground-state population inversion during Ramsey time; for various microwave pulse areas,

k=1.8, and y, =340 s'. (a) For a Ramsey time extended up to 12 ms. (b) For typical Ramsey time of 3 ms
used in the POP-DR clock for 0 = /2 and 6 = 0.56 7.
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Figure 1.9 — Spin-exchange shift as a function of the microwave pulse area estimated for varied Ramsey times.

The SE shift calculated as a function of the microwave pulse area for different Ramsey times is
presented in Figure 1.9. The spin-exchange shift and coefficient can be canceled for microwave
pulses of 6 = /2. Increased Ramsey time would also result in reducing the SE shift (and coefficient)
due to the population difference decrease by relaxation. Under POP-DR clock operation conditions
with 8 =0.56 7, tg =3 ms and optical pumping from |2}, the clock frequency shift induced by the
spin-exchange effect is 0.5 Hz.

The Rb density contributing to the clock signal and the mean relative velocity of two colliding
Rb atoms are mainly affected by the cell temperature variations. The fluctuations of any of these
two parameters lead to fluctuating the clock frequency via the spin-exchange effect. In the next
paragraphs, the sensitivity of the POP-DR clock to the fluctuations of these two parameters caused
by the cell temperature fluctuations is presented.

A. Contribution of the atomic velocity variations

The mean relative velocity of the two colliding Rb atoms in the thermal vapor cell is given by

W)=,/ :@T, where kg is the Boltzmann constant and M is the atomic mass. The clock frequency
2

sensitivity coefficient to Rb velocity fluctuations caused by cell temperature instability is written as

0AV5E/VRb aAVSE/va ov
—_— = — — 1.41
oT ov oT (14D
= - Lomrem E (kg (1.42)
T Tem R aT ' '

The clock instability contribution of the spin-exchange shift via atomic velocity fluctuations for
microwave pulses of 8 = 0.56 7 and the optical pump frequency tuned to the |2) — |3) transition is
1.1-107!3/K, which is a negligible level compared to the SE contribution via Rb density fluctuations
(see Table 1.2).
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B. Contribution of the atomic density variations

The atomic density in the vapor cell for a known cell temperature T is given by [61]

9.65610'8 ;
ngp(T) = T10743—% 10 m™3, (1.43)

In a vapor cell at a temperature 62.16°C, a variation of 1°Cleads to a 8.2 % change in the Rb density.
The relative clock frequency sensitivity coefficient to Rb density fluctuations via the spin-exchange
effect is written as

aAVSE / VRb _ aAVSE / VRb aan (1.44)
oT aan orT '
1 _ al’le
= —— VA (A /K] . 1.45
87‘[V se (A) T [ /K] ( )

For microwave pulses of 8 = 0.56 m and optical pump frequency tuned to the |2) — |3) transition,
the clock stability limit of the spin-exchange effect via Rb density variations is <5.8-10712 /K.

As outlined in Table 1.2, sensitivity to Rb density fluctuations is the dominant contribution to the
spin-exchange effect. Due to the residual population resulting from 6 = 0.56 7 pulses with respect
to the case of 6 = /2 pulses, the SE coefficient is increased by up to two orders of magnitude and
can approach the linear TCs associated to the cell and stem temperature variations (cf. section 1.5.2).
For experimental evaluation, the SE effect is not measured separately but included in the measured
temperature coefficients of the cell and stem. For the POP-DR clock studied in this thesis, as
presented in chapter 3, the temperature variations in the vapor cell remain below 0.5 mK over one
day and the induced instability contribution via the SE effect at the level of 3-107!5 (cf. Table 3.5).

Table 1.2 - Spin-exchange coefficients for 8 = /2 or 0.56 7, optical pumping from |2), and cell at 62.16 °C.

Temperature sensitivity Pulse area SE shift
Parameter .
of the parameter 0 coefficient
, 3.0-101 m=3/K ni2 4.8-1071 /K
Rb density 6 —3 12
3.0-10°°m™°/K 0.56 7 5.8-107° /K
, 0.6 (m/s)/K ni2 8.8-10716 /K
Average velocity _13
0.6 (m/s)/K 0.56 7 1.1-107° /K
ni2 4.9-1071 /K
Total SE shift coefficient 12
0.56 7 5.9-107° /K
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1.5. Clock frequency perturbations

1.5.5 Light-induced shifts

Laser light applied to the atomic vapor induces a shift in the energy levels, which is known as AC
Stark shift [79], or light shift (LS). The optical field coupled with the electric dipole moment results
in a change in the energy levels of the states [16, 61]. The induced frequency shift associated to a
specific state depends on the laser frequency detuning v/ =2 7 Q. The total shift of the transition
frequency between two states (e.g. |1) — |2)) is given by the sum of the respective light shifts [67]

Avps = Avis, —Avis,
Qr\? % v
) (ﬁ) r*ZLZ 2” r*le 2| M. (1.46)
)+ () G+ ()

where Avyg, for i = 1,2 represents the light shift for the corresponding ground-state level |i) and
V/Ll_ = v —v;3 is the laser frequency detuning from the optical transition frequency from the same
ground-state |i). The sensitivity of the clock frequency shift to fluctuations of laser intensity Iy
and to frequency vy is derived from equation (1.46) and evaluated at a fixed laser frequency and
intensity, respectively. The intensity ars and frequency frs LS coefficients are given by

oA /
ars(vy) = govis’ Veb [ /%] for a specific laser frequency vy, (1.47)
oI /1,
0Avis /v
Brs(Ip) = —gsv Rb 1 /MHz] for a specific laser intensity I;. (1.48)
L

Light-shift effects are one of the dominant instability sources in optically-pumped atomic clocks
and result from the AC Stark shift effect in the presence of the laser light during the microwave
interrogation. The impact of LS effects is characterized by the LS coefficients, which in clock
applications are determined by measuring the clock frequency shift as a function of light intensity
for a specific laser frequency or as a function of laser frequency for a specific light intensity. Light-
induced clock frequency shifts manifest in different ways in CW-DR and POP-DR schemes. In
the CW-DR scheme, the well-known AC Stark shift effect, occurs, whereas in the POP-DR scheme,
this effect is strongly reduced by separating the light from the microwave interrogation phase
(cf. section 2.3). However, in this case, the residual coherence at the beginning of the microwave
interrogation that survived the optical pumping phase couples the light intensity and frequency to
the clock frequency [51, 69]. The impacts of the light-shift effects in the two interrogation schemes
are reviewed in the following sections.

A. CW-DR scheme

In the CW-DR scheme, both optical and microwave interactions occur in parallel and at the same
time. The energy levels of the atoms interrogated by the microwave radiation are affected by the
light field’s resonant and off-resonant components via the AC Stark shift effect. The total light shift
of the ground-state hyperfine splitting frequency is given by the equation (1.46) and the intensity
and frequency LS coefficients are given by the equations (1.47) and (1.48), respectively.
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Chapter 1. Basic principles of DR vapor-cell clocks based on laser optical pumping

The light-shift coefficients of a similar CW-DR clock to the one studied in this work are in the order
of afy=1- 107'2 /% and Bls=12- 10711 /MHz [45]. The intensity LS effect can be suppressed by
detuning the laser frequency such that the a{'; coefficient decreases [80]. Another approach is to
separate the interactions in time such as in the pulsed-optically pumped scheme [44].

B. POP-DR scheme

The impact of the AC Stark shift is significantly reduced in the POP-DR scheme due to the uncoupled
optical and microwave interactions. However, the LS effect is not fully suppressed [44, 51, 75].
Furthermore, the analysis of the light-induced effects in the POP-DR scheme should elaborate
the combination of different processes occurring during the different phases of the interrogation
cycle. The optical-pump pulse serves to create a ground-state population inversion and reduces the
microwave coherence at the end of the POP-DR interrogation cycle that survives the weak optical-
detection pulse (cf. Figure 2.15). The residual coherence in the ground states at the beginning of the
microwave interrogation (before the first microwave pulse) results in a shift of the central Ramsey
fringe frequency by inducing an initial phase at the beginning of the Ramsey time [51, 69]. To kill
the residual coherence, a strong optical-pump pulse is required Ty, , > 1. A dark time introduced
between consecutive cycles would also help to decrease the ground-state coherence via relaxation
[70]. During the microwave interrogation, the light is switched off, for instance, using an AOM with a
typical extinction ratio of 40 dB at Rb optical transition wavelengths. A residual light present during
this period impacts the clock frequency via the AC Stark shift effect [75]. Furthermore, the sensitivity
to the optical detection light can be attributed to the inhomogeneity of the optical detection light
along the atomic vapor and other position-dependent shifts averaged by the detection light [62].

In the POP-DR scheme, the a)% and g% coefficients that characterize the light-induced clock
frequency shifts are determined by measuring the clock frequency sensitivity to the variations of
light intensity or frequency. For the POP-DR clock studied in this thesis, the estimated coefficients
are a;y =2.1- 107 /% and Br% =4.6- 10~13 /MHz for the optical-pump frequency tuned to the
ground-state transitions from [2) [51]. In the POP-DR scheme, the clock frequency sensitivity
coefficients due to light intensity and frequency variations is reduced by about two orders of

magnitude compared to the CW-DR scheme (see coefficients given in the previous paragraph).

1.5.6 Microwave-power shift

The microwave field used to interrogate the Rb atoms is applied to the vapor cell using a microwave
resonator cavity (see section 2.2.2). In buffer gas cells, the Rb atoms are spatially localized dur-
ing the microwave interaction and interact with the local microwave field [81, 82]. In the case
of an inhomogeneous spatial distribution of the microwave amplitude (i.e., distribution of the
microwave power /Py o< bg) across the cell, the local microwave interactions yield different
frequencies. The resulting clock signal at the end of the cell is a weighted average that depends
on the local microwave power. Furthermore, the atoms confined in the buffer gas cell may also
exhibit a spatially inhomogeneous distribution of the ground-state hyperfine frequencies because
of an inhomogeneous distribution of the applied fields (light intensity and frequency, C-field, and
temperature). The atomic hyperfine splitting frequency distribution across the cell depends on
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1.5. Clock frequency perturbations

various inhomogeneities, known as the position shift, due to the spatial confinement of Rb atoms
in the presence of buffer gases and can be suppressed in vapor cells without buffer gases [83]. The
clock signal detected at the end of the vapor cell, and thus its central frequency, is an average of all
of the hyperfine splitting frequencies weighted according to the microwave power distribution. As
aresult, the clock frequency is sensitive to the variations of the microwave power, referred to as the
microwave power shift effect [47].

We studied the clock frequency sensitivity to microwave power variations, for the field distribution
of the microwave cavity of our POP-DR clock and the various position-dependent clock frequency
shifts. The dominant contribution that we identified is the light-induced shift arising from the
residual coherence [51, 59]. For a CW-DR clock similar to the one studied in this work, the relative
clock frequency sensitivity coefficient to microwave power is in the order of 2.2-10712 /uW [80].
For the POP-DR clock, the reported MPS sensitivity coefficient of 1.8- 10712y puW [51]isfor 8 =m/2
microwave pulse areas. By varying the pulse area to 8 = 0.56 7, the MPS coefficient can be reduced
by one order of magnitude to 2-10713 /uW [84].

1.5.7 Cavity-pulling shift

The microwave cavity is used to radiate the microwave field resonant with the ground-state hyper-
fine splitting frequency of the Rb atoms. The feedback of the cavity on the atoms with a resonance
frequency detuned from the atomic transition frequency leads to a shift in the atomic frequency via
the cavity-pulling (CP) effect. The cavity pulling shift in the POP-DR scheme is given by [85]

Avep = _4 &Avmv In(cosh(A(T)) —sgn(A) cos(0) sinh(A(T))) [Hzl, (1.49)

7T Qq

where Qr and Qg = V—V}f}’ are cavity and atomic quality factors, respectively; Av.q, is the cavity
frequency detuning from the atomic frequency; A is the ground-state population difference;
0 = b t;, is the microwave pulse area; and

A(T) = L3 Al (1—e 2Ry, (1.50)
Y2

where k is the microwave photon emission rate of an atom given by the equation (1.40), y» is
the ground-state coherence relaxation time, and tr is the Ramsey time. The cavity resonance
frequency in the equation (1.49) is sensitive to variations of the environmental parameters, such as
temperature, pressure, and humidity [86]. Moreover, the cavity-pulling shift depends on the applied
microwave pulse and the optical-pump frequency, as depicted in Figure 1.10. For the optical-pump
frequency tuned to |2) — |3) and microwave pulses 8 = 0.56 7, the frequency shift induced by the
cavity-pulling effectis 1.6 mHz.

The cavity-pulling shift coefficients due to the fluctuations of parameter p; can be written as

aAVCp / VRb _ aAVCp / VRb OAvm,,

= (1.51)
opi 0AV¢qy opi
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Chapter 1. Basic principles of DR vapor-cell clocks based on laser optical pumping

The sensitivity of our cavity resonance frequency to the environmental temperature, pressure, and
humidity is —40 kHz/K [75], —1.6 kHz/hPa, and —38 kHz/(g/ m3) [51], respectively. The resonance
frequency detuning from the atomic frequency is Av.,, = 1.87 MHz and the quality factor is
Qr = 140 (cf. section 2.4). The estimated contributions to the clock instability induced by the
cavity-pulling effect are reported in Table 1.3 for microwave pulse areas of 6 = 7/2 and 6 =0.56 7.
The use of 6 = 0.56 7 pulses instead of 8 = 7/2 pulses has an important impact on the CP shift
coefficients associated to the environmental parameters (temperature, pressure, and humidity).
Nevertheless, the clock instability contributions due to the variations of the latter parameters via
the CP effect remain at the level of 10717 — 10716 at one-day timescale, which are negligible for the
POP-DR clock studied in this thesis.

80 T T T T
—— Optical-pump frequency on F=1, A=1/5

~ 60 —— Optical-pump frequency on F=2, A =—1/3
I
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S 20
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Microwave pulse area, 6 /1t

Figure 1.10 - Cavity-pulling shift as a function of the microwave pulse area estimated for the two cases of
optical-pump frequency on the D line; Qp = 140, Q,=4.6-107, Av 4, =1.87 MHz, k=1.8, yo=340s7!,
tg = 3 ms, and optical-pump frequency tune to |2) — |3) transition.

Table 1.3 - Cavity-pulling shift coefficients for 6 = n/2 and 6 = 0.56 &, optical pumping from |2), cell
temperature of 62.16 °C, and at atmospheric pressure. The parameter fluctuations are from [51, 75].

Parameter Pulse area CP shift Parameter Estimated clock

0 coefficient fluctuations instability

, /2 5.1-1071 /uwW 2-1073 uw 1.0-10716

Microwave power 14 3 16
0.567 5.6-10 | W 2-107° uyW 1.1-10

2 1.6-10717 /K 5-1073 K 7.8-10720

Temperature _15 _3 _17
0.567m —-5.1-10 /K 5-100° K —-2.6-10

w2 6.2-10719 /hPa 0.06 hPa 3.7-10720

Pressure _16 -17
0567w -2.1-10 /hPa 0.06 hPa -1.2-10

/2 1.5-107Y /(g/m3 0.2 g/m? 2.9-10718

Humidity " _ e g, 1
0.56 7 -4.8-10 /(g/m®) 0.2g/m -9.6-10

32
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1.5.8 Summary of clock frequency shifts

The previous sections from 1.5.1 to 1.5.7 discuss the effects that cause a frequency shift to the clock
transition frequency with respect to the unperturbed Rb frequency (vgp), in view of the resulting
clock stability, i.e., variations of the clock frequency over time. The purpose of the present section is
to summarize the absolute frequency shifts induced by these effects and estimate the total clock
frequency shift (or bias) from the unperturbed Rb frequency, i.e., AV jock = Veiock — VRb-

Table 1.4 summarizes the estimated absolute frequency shifts induced by the second-order Zeeman
effect (Avz,), the buffer-gas collisions (Avpg), the Rb-Rb collisions (spin-exchange shift, Avgg),
and the cavity-pulling effect (Av¢p) for the POP-DR clock. Two cases of microwave pulse areas
are considered, 6 =m/2 and 6 = 0.56 7, which have a significant impact on the frequency shifts
induced by the SE and the CP effects. The dominant frequency shift contribution is due to the
buffer-gas collisions. The second-order Zeeman shift, which scales quadratically with the C-field
strength, is further reduced in this work (see section 3.3.1). The measured clock frequency shift for
the POP-DR clock using microwave pulse areas of 6 = 0.56 7 (see chapter 3) is in agreement with
our estimations given that Avz, is reduced to 0.7 Hz.

Table 1.4 — Estimated clock frequency shift of the POP-DR clock for 6 = n/2 and 0 = 0.56 n with optical
pumping from |2) at atmospheric pressure. The frequency shifts are calculated in sections from 1.5.1 to 1.5.7.

Estimated frequency shift

Physical effect

Symbol Value
In the case of 8 = /2 pulses
Second-order Zeeman AvVze 6.6 Hz
Buffer-gas density Avpg 4247.4 Hz
Spin-exchange Avgg 4.5-1073 Hz
Cavity-pulling Avcp -5.0-1075 Hz
Total clock frequency shift AV¢iock 4254.0 Hz
In the case of 8 = 0.56  pulses
Second-order Zeeman AV g, 6.6 Hz
Buffer-gas density Avpg 42474 Hz
Spin-exchange AvsE 4.8-1071 Hz
Cavity-pulling Avcp 1.6-1073 Hz
Total clock frequency shift AV iock 4254.5 Hz
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Chapter 1. Basic principles of DR vapor-cell clocks based on laser optical pumping

1.6 Atomic clock frequency instability

Frequency standards provide an oscillating signal at a known frequency that is stabilized to the
atomic transition frequency. The instantaneous frequency of an atomic clock output signal at time
t can be written as

f@ = fol+e+y(), (1.52)

where fj is the reference (or nominal) frequency (e.g the unperturbed ground-state hyperfine
transition frequency vgp), € is the fractional frequency bias that results from the systematic
frequency shifts (cf. section 1.5.8), and y(?) = % reflects the time-dependent fractional frequency
fluctuations. The accuracy represents how close to the reference frequency the clock output
frequency is and is characterized via the analysis of ¢. The stability of a frequency standard gives a
measure of its ability to reproduce the same frequency over a given time interval. Frequency stability
analysis is based on evaluation of the (dimensionless) variable y(#). The secondary frequency
standards, such as the Rb vapor-cell clock, are primarily characterized by their fractional frequency

stability.

In the time domain, the clock frequency instability is expressed in terms of the Allan deviation
(0y(7)) [56] as a function of the averaging time 7. Clock frequency instability is often studied in
three regions according to the averaging timescales. The first region is the short-term timescales of
T between 1 and 100 s, when the clock stability is predominantly limited by the signal-to-noise
ratio of the detection (dominated by the white frequency noise). The second region corresponds to
medium-term timescales of 7 ranging from 100 to 10’000 s and the third region corresponds to
long-term timescales of 7 > 10* s up to 1 day (86’400 s). On medium- and long-term timescales,
the main sources of clock frequency instability originate from the slow fluctuations of the sensi-
tive parameters that perturb the atomic transition frequency via the physical effects reviewed in
section 1.5. The impact of the fluctuating parameters is quantified by the sensitivity coefficient
of the clock frequency with respect to the parameter and the amplitude of the fluctuations of the
parameter (cf. section 1.6.3). On long-term timescales, the clock stability may additionally be
limited by the aging processes yielding a frequency drift.

In this thesis, we study the limitations of the clock stability that arise on the short-term timescales
from various noise sources (cf. chapter 5) and on the medium-to-long term timescales from the
slow fluctuations of the systematic frequency shifts (cf. chapter 3). This section first presents
the statistical tool used for the clock stability analysis: (overlapping) Allan deviation. Secondly,
the instability sources degrading the clock stability on the short-term timescales are described.
Then, the medium-to-long term clock stability limitations due to the systematic frequency shift
fluctuations are outlined.
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1.6. Atomic clock frequency instability

1.6.1 Overlapping Allan deviation

The statistical tool to characterize the frequency instability of an atomic clock is the Allan deviation
[56], which is the square root of the two-sample variance, or Allan variance 0?,(1). The characteri-
zation of the clock frequency instability is based on the measurement of its fractional frequency
fluctuations y(f) in time. This frequency data can be divided into equal time intervals of duration
T = tj+1 — t;. The fractional frequency fluctuation averaged over the time interval 7 is written as

1 tiv1
yi = ;[ y(ndt. (1.53)
t,

i

For N samples y; averaged over time intervals of 7, the Allan deviation is calculated with [87]

N-1

Z(N l:l(y’“ i) (1.54)

0y(7)

Rather than drawing the frequency samples consecutively, the use of overlapping samples increases
the statistical confidence of the frequency instability estimation. Indeed, the most commonly used
frequency instability measure for atomic frequency standards is the overlapping Allan deviation.
For N frequency samples acquired with the measurement time 7, the overlapped samples are
considered for the averaging time 7, which is an integer multiple of 7( such that 7 = m 7o. The
overlapping Allan deviation is written as [87]

1 N-2m+1 (j+m-1 ] 2
7y{7) 2mZ(N-2m~+1) ,; ( FZ] (yi+’"_yi)) ' (1:5%)

We use the overlapping Allan deviation to evaluate the instability of the frequency standards and
those of the physical parameters that impact the clock frequency stability. We also use the Théo-
hybrid (ThéoH) statistic [88], in particular in chapter 3 where the long-term clock instability sources
are evaluated up to one-day timescale. The ThéoH statistic combines the overlapping Allan, used
for short- and medium-term averaging times, and Théo1, used for long-term averaging times, and
includes a bias removal algorithm [89] to correct the bias from Théol with respect to the overlapping
Allan variance, which can exist for the noise types except white FM noise [87]. The Théo1 statistic
provides an analysis up to an averaging time of 75 % of the full measurement duration, where
the measurement sampling time (7) is separated from the statistical averaging time 7 such that
T =0.75 m 1¢. Therefore, the Théol statistic allows to extend the analysis to a larger averaging time
and get significantly more information on the stability level of a fluctuating parameter than the
overlapping Allan statistics while using the same data set. The ThéoH statistics is extensively used
in chapter 3 to analyze the instability of the clock frequency stability and of the various physical
parameters impacting the long-term clock stability.
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Chapter 1. Basic principles of DR vapor-cell clocks based on laser optical pumping

1.6.2 Short-term clock frequency instability

On short-term timescales (1 to 100s), the clock frequency instability is governed by the signal-to-
noise ratio of the detection signal. In addition, the noise of the optical and microwave sources
degrades the clock frequency stability via different effects depending on the interrogation scheme.
Chapter 5 presents a detailed evaluation of the various noise contributions to the short-term clock
stability of a CW-DR clock using a frequency-doubled laser for optical pumping and detection. In
the following sections, we provide an overview of the noise contributions to the short-term clock
instability with an emphasis on the CW-DR interrogation scheme.

1.6.2.1 Optical detection noises

In vapor-cell clocks based on optical pumping and detection, both the laser and detector noises
contribute to the measured clock frequency instability. The short-term clock frequency stability
limited by the signal-to-noise ratio of the detection signal is given by [90]

S _
Osne(T) = m#T 1/2y (1.56)
s VRb

where S, is the optical detection noise power spectral density and D; is the discriminator slope of
the detected signal. Under typical laser operation conditions (well above the threshold current),
the clock detection noise is proportional to the applied optical power and is dominated by the
laser noise. Nevertheless, the clock detection noise is only weakly sensitive to the variations of
the microwave power (see Appendix A for more information). The detected optical power of
the CW-DR signal is associated with the background level B®" defined in section 1.3.2.1. The
discriminator slope of the error signal concurrently depends on the optically detected signal and
on the waveform and properties of the reference signal used for synchronous detection. Assuming
a square-wave modulation signal applied with a modulation depth corresponding to a third of the
optically detected signal’s FWHM (fa = 0.3 W), the discriminator slope is proportional to the
ratio Dy =K AT where K is a factor depending on the modulation signal waveform and properties.

Wew

Thus, SNR limited clock stability gy o f)_'i o is inversely proportional to the figure-of-merit

1
FoM®W
defined in equation (1.20) for specific experimental conditions. It is therefore useful to optimize
the clock operational parameters to maximize the FoM of the optically detected signal in order to

improve short-term clock frequency stability.

The photodetector noise in the absence of light S;.; determines the floor level of noise and should
not limit the optical detection signal. The shot-noise S0 noise = V2 € Ipc at detection sets the
ultimate physical limit for achievable short-term clock frequency stability. While laser intensity
noise, or amplitude modulation (AM) noise, Sz, contributes directly to the optical detection noise,
its frequency modulation (FM) noise is converted across the atomic vapor to AM noise Sgp/—anm
[90, 91]. In fact, the atomic vapor in the cell acting as a frequency discriminator transfers the optical
frequency modulation into amplitude modulation (see Figure 1.11). The atomic discriminator, the
rate of the FM-to-AM noise conversion, is defined as the local slope Dgjps—4pr at the specific laser
frequency and depends on experimental conditions such as laser intensity and cell temperature.
This phenomenon is called FM-to-AM noise conversion and forms the dominant contribution to
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Figure 1.11 — Laser frequency-modulation conversion to amplitude-modulation via an atomic frequency
discriminator; Drpj_apm = AL

m .
the optical detection noise in many hot vapor-cell clock experiments [44, 45, 92]. The individual
noise processes are considered independent and are added, as reported in Appendix A.

1.6.2.2 Light shift effects

Laser intensity and frequency fluctuations also contribute to the clock frequency instability via the
light-shift effects (see section 1.5.5). On short-term timescales, the laser noise contribution to the
optical detection noise in the CW-DR scheme is scaled with the associated light-shift coefficient
(af%§ or B%). The contribution of the laser intensity noise to the short-term clock instability via the
intensity LS effect expressed in terms of relative intensity noise (RIN) is given by [93]

aps 1L VSrN o172

y (1.57)
V2vpp

O-OCLS (T) =

where af' is the intensity LS coefficient (absolute, in Hz/uW), Py is the optical power, and Sgin =
2

S . . .

% is the laser RIN (in Hz™!) determined for the measured AM noise S,y of the photodetector
DC

current Ipc (cf. section 2.1.1.1). The contribution to short-term clock instability of the laser

frequency noise via the frequency LS effect is given by [93]

SFMm ﬁ%z 1/2
o, .(1) = —=71""°, (1.58)
Prs \/5 VRb

where i"g is the frequency LS coefficient (absolute, in Hz/MHz) and Sr)y is the laser frequency
noise power spectral density (in Hz2/Hz, see section 2.1.1.1). Assuming independent and uncorre-
lated effects, the total impact of the light-shift effects is estimated as follows:

05(1) = \/U?st(THU,ZsLS(T)- (1.59)
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1.6.2.3 Microwave phase noise

The resonance frequency of the vapor cell is detected using the synchronous detection method. The
optical detection signal is demodulated at the modulation frequency of the microwave frequency
interrogating the atoms. Under closed-loop clock mode, the demodulated signal is used to stabilize
the frequency of an external local oscillator. The phase noise of the LO contributes to the clock
noise due to the microwave frequency modulation via intermodulation effects [94, 95]. In the
CW-DR scheme, the contribution of the phase noise of the LO output modulated at ;¥ , to the
clock instability is given by [96]

o0
O[T = \/Z C3,Sp@nf Y712, (1.60)
n=1
where
2 CW
Con n mod (1.61)

T en-1en+tl) vay

and Sy(2n ffn"; d) is the microwave phase noise spectral density of the 2n)th-harmonic. The clock
stability limit caused by the LO phase noise depends on the microwave modulation frequency. The

LO phase noise and the modulation conditions are presented in section 2.3 for the CW-DR clock.

1.6.2.4 Short-term clock instability budget

The short-term frequency stability of a vapor-cell clock based on optical detection is ultimately lim-
ited by the shot noise in the detection. However, the noise of the employed optical and microwave
sources degrade the achievable short-term clock stability via the effects described in the previous
sections (from section 1.6.2.1 to 1.6.2.3). Given that the noise contributions are independent from
each other, the total short-term clock frequency instability can be estimated by the quadratic sum
of all individual noise contributions as

oy(1) = \/UENR(THUES(THUEO(T). (1.62)

The short-term clock stability limits arising from the independent noise sources can be evaluated
in a budget as the one presented in Table 1.5. The short-term budget of Table 1.5 is given based on
the previous work [80] using a CW-DR clock similar to the one studied in this work (cf. section 2.3).
The primary difference between the two clocks is the optical source. In [80], the clock employs
a 780-nm laser diode, while in this work, frequency-doubled telecom lasers initially emitting at
1560 nm are used for optical pumping and detection. The short-term stability optimization and the
analysis of the different noise contributions for the CW-DR clock based on the telecom laser are
presented in chapter 5.
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Table 1.5 — Short-term instability budget at T = 1 s for the state-of-the-art CW-DR Rb clock. The budget is based
on a similar CW-DR clock [80] to the CW-DR clock studied in this thesis. A laser diode emitting at 780 nm
stabilized to |2) hyperfine component transitions is used.

Estimated clock

j  Noise source Remark Noise instability
1 Detector noise 0.36 pA/vHz 2.5-10714
2 Shot-noise limit 0.71 pA/vVHz 4.9-10714
3 Microwave noise 0.74 pA/vVHz 5.1-10714

Laser noises
4 1.46 pA/VHz 1.0-10713
(AM & FM-t0-AM) P

5 SNRlimit including j=1,3,4 1.68 pA/vHz 1.2-10713
6 Dick effect 0.74 pA/vVHz 7.5-10714
7 Intensity LS a®W=1.0-10""2/% 3-10° % 3.0-1071
8 FrequencyLS Ww=12-10"""/MHz  3.0-107° MHz 3.6-1071

requency ity 15 0TI 1400

1.6.3 Medium-to-long term clock instability

Fluctuations in environmental and experimental parameters degrade the clock frequency stability
on the medium-to-long term timescales. The sensitive parameters include the laser intensity and
frequency, microwave and static magnetic field amplitudes, cell and stem temperatures, and exter-
nal pressure and humidity. The physical effects through which the parameter fluctuations perturb
the clock frequency are characterized by the sensitivity coefficients, as described in section 1.5. The
clock stability limit of each sensitive parameter p; can be estimated using

0Av; |
oi(r) = %opi(r), (1.63)
l

where the first term represents the clock frequency sensitivity coefficient associated with one of the
effects and the second term represents the fractional fluctuations of the specific sensitive parameter.
Assuming that the parameter fluctuations are independent, the total long-term clock frequency
variance can be estimated as the sum of the squares of all of the independent contributions such
that the total Allan deviation is given by

oy(@) =  [}oi@). (1.64)
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The total clock instability can be evaluated in a clock instability budget that lists all of the different
clock instability contributions. Table 1.6 details the preliminary long-term instability budget at
7 =10* s of our POP-DR clock as estimated at the beginning of this thesis. The total clock stability
limit is estimated at 2.1-107!* at 7 = 10* s after adding the contributions in lines 1 —7. The impact
of the SE and CP effects are assumed to be included in the experimentally determined cell TC,
barometric coefficient, and MPS coefficient. The sensitivity coefficients on lines 1-3 and 8—-13 are
calculated as described in section 1.5. The sensitivity coefficients of lines 4,5,6,7 were measured or
estimated in the previous work [51, 75] as well as the fluctuations of all physical parameters. The
parameter fluctuations and the long-term instability budget of our POP-DR clock are consolidated
in the detailed analysis presented in chapter 3.

1.7 Conclusion

This chapter provided an overview of the basic physics required to understand the principle of
double-resonance atomic frequency standards. First, the chapter detailed the atomic structure of
Rb and introduced the simplified three-level model. The optical and microwave double-resonance
interaction was described for two schemes: continuous wave operation and pulsed-optically
pumped operation. Furthermore, the effects perturbing the Rb structure and thus leading to shifts
in the clock frequency from the unperturbed Rb transition frequency were presented. Finally, the
chapter introduced the clock frequency instability characterization tool, the Allan variance, and
described the instability contributions on different timescales. In addition, the preliminary clock
frequency instability budgets were presented for short and medium-to-long terms for two different
clock prototypes, CW-DR and POP-DR. The basic principles reviewed in this section are critical for
understanding and evaluation of the results obtained in this thesis. The preliminary clock instability
budgets are consolidated in the studies presented in the subsequent chapters.
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Experimental setups

This chapter presents the key properties of the experimental setups for the optical and microwave
frequency standards studied in this thesis: the optical sources, (microwave) local oscillators, the
physics package (PP) assemblies accommodating the Rb vapor cell, and the microwave cavity.
The optical sources include a compact laser head (LH-CW) for the CW-DR clock and a second
compact laser head (LH-POP) with an integrated AOM for the POP-DR clock. The LHs make use of
a distributed-feedback (DFB) laser diode emitting at 780 nm and a 87Rb vapor cell that provides
atomic frequency references to stabilize the laser frequency. These LHs were designed and mounted
at LTF [58], and the vapor cells were produced at LTF [97]. In this thesis, two additional laser systems
are studied (cf. chapters 4 and 5), which are based on laser diodes emitting in the telecom window
C-band at 1560 nm. Frequency-doubling technology enables the use of such lasers in experiments
that deal with or benefit from the Rb resonances. The first frequency-doubled (FD) laser systems
is based on a DFB laser diode (FD-DFB), which was previously studied in a different setup for
space-borne CO, detection applications [51, 98, 99]. The second FD laser system studied and
optimized in this thesis makes use of an external cavity laser (ECL) formed by a gain medium and
a Bragg grating integrated on a planar light circuit (FD-ECL) [100]. The PPs used in the CW-DR
clock (PP-CW) and in the POP-DR clock (PP-POP) comprise a vapor cell containing 87Rb and buffer
gases [97] and a compact magnetron-type microwave cavity, which was designed and developed
in the framework of a collaboration project [75, 80]. The local oscillators are based on a 5 or
10-MHz crystal oscillator (XO) and a frequency multiplication chain to reach the 8’Rb ground-state
hyperfine splitting frequency near 6.835 GHz. Two different LOs are used in this thesis: the LO
dedicated to the CW-DR clock (LO-CW) is a commercially available frequency synthesizer, and the
LO dedicated to the POP-DR clock (LO-POP) is integrated in the clock control electronics developed
by C. Calosso (INRIM) in the framework of a collaboration project [101]. The frequency instability
characterization of optical or microwave frequency standards consists of comparing the frequency
output to a frequency reference with a better and known frequency stability.

In the following sections, we first present the optical sources and physics packages. Then, the key
properties of the CW-DR and POP-DR vapor-cell clocks studied in this thesis are reviewed. Finally,
the methods used to characterize the frequency instability of the vapor-cell clocks and the optical
sources are described.
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Chapter 2. Experimental setups

2.1 Laser systems

This section reviews the laser systems that are used as optical frequency references in this work:
LH-CW, LH-POP, FD-DFB, and FD-ECL. The laser systems comprise a semiconductor laser diode, a
87Rb vapor cell used to frequency stabilize the LD on atomic frequency references, and the fiber or
free-space optical components. In this section, we review the spectral properties of the LH-CW and
LH-POP based on LDs emitting at 780 nm that have an impact on the performance of Rb vapor-cell
clocks. For the laser systems based on frequency-doubled telecom lasers, FD-ECL and FD-DFB, we
describe in this section the properties of the experimental setups for which the detailed spectral
characterization and evaluation are presented in chapter 4.

2.1.1 Laser heads based on 780-nm laser diodes

Compact laser heads include a LD emitting at 780 nm, a 8“Rb vapor cell, optics, and photodetectors
with pre-amplification electronics [58]. Two different laser heads are used in this work: LH-CW and
LH-POBP shown in Figures 2.1 and 2.2, respectively. The main difference between the two LHs is
the AOM integrated in the LH-POP, which is required to pulse the output light. The integration of
the AOM degrades the frequency and intensity instability of the output light at all timescales (cf.
Table 2.1) and increases the overall volume compared to LH-CW.

LHs employ a DFB laser diode (from eagleyard Photonics) mounted in a TO3 package and tempera-
ture controlled via a thermo-electric cooler. The LD emits linearly polarized light at the wavelength
of 780.24 nm (384.231 THz), coinciding with the 87Rb D, line. The temperature and the drive
current of the LD are controlled via home-built electronics exhibiting a current source noise of
1 nA/v/Hz. The laser frequency is stabilized on a Rb transition using the Doppler-free absorption
spectrum of a 8Rb cell and a lock-in amplifier. The laser current is modulated with a 50-kHz
reference signal, and the photo-detected absorption signal is demodulated using the reference
signal to generate the error signal through synchronous detection. A proportional-integral (PI)
servo controller is used to apply the feedback to the laser drive current.

The 8"Rb vapor cell used to stabilize the laser frequency to Rb transitions, shown in Figure 2.6a, is
referred to as reference Rb cell in this work. It also constitutes the heart of the frequency reference
units (FRUs) employed in FD laser systems (cf. section 2.1.2). The reference Rb cell consists of
a cylindrical glass cell with a 10-mm diameter and 19-mm length filled with ’Rb vapor. The
temperature of reference Rb cells is stabilized at 40°C. Magnetic coils surround the cell to apply a
stabilized magnetic field and two-layers of p-metal shields in order to reduce the coupling of the
environmental static magnetic field inside the cell. The baseplate carrying the LD, the vapor cell,
and the optics for the Doppler-free spectroscopy are temperature stabilized at 28°C.

The LH-CW is an optical frequency reference at 780 nm based on the Doppler-free absorption
spectroscopy (cf. section 1.2.2) using a reference 87Rb cell, as presented in Figure 2.1. The LD
output light is split into two beams. One beam reaches a photodetector to monitor the reference Rb
cell input light, while the other splits into two. One part of the latter is retro-reflected through the
vapor cell and the Doppler-free absorption spectrum is detected using the second PD. The second
part is the output light at 780 nm. The LH-CW has a volume of 0.63 dm? and a mass of 0.6 kg [80].
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2.1. Laser systems

The LH-POP, shown in Figure 2.2, exhibits a similar configuration to the LH-CW for the Doppler-free
absorption scheme using a reference 8'Rb cell and additionally includes an AOM. The LD output is
split into two parts. One part is sent to the Doppler-free absorption scheme and the other part to
the AOM. The AOM is used in double-pass configuration, whereby the light passes through twice
and then is directed to the output of the LH-POP. The AOM is driven by a radio frequency (RF)
source at 75 MHz, leading to a total frequency shift of —150 MHz at the output light with respect to
the LD output light. The AOM also serves as an optical switch for the pulsed clock operation. An
extinction ratio of > 40 dB and a rise/fall time of 4.5 us are measured [75, 102]. The LH-POP has a
volume of 2.3 dm® and a mass of 1.4 kg [80].
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Figure 2.1 — Photography of the continuous-wave optical source: LH-CW. PD: photodetector.
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Figure 2.2 — Photography of the pulsed optical source: LH-POP, including an AOM. PD: photodetector.
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Chapter 2. Experimental setups

2.1.1.1 Laser spectral characterization

The spectral properties of the laser used for optical pumping and detection in vapor-cell clocks are
crucial for the clock performance and require a thorough characterization. The emission frequency
of the LD can be tuned across the optical transition frequencies by varying the drive current or
the LD temperature. The single-mode emission is characterized by a side-mode suppression
ratio (SMSR), which is defined by the ratio of the lasing mode power (P;,;) with respect to the
522’; ) The narrow linewidth (LW) of
the laser emission is important to resolve the Doppler-free spectral features used to frequency

next strongest mode power (P,g;), given by SMSR = 10 log(

stabilize the LD. The laser LW of 1 - 2 MHz is measured using the heterodyne beat-note method (cf.
section 2.5.2). As an alternative, the beta-line method [103], which is used in section 4.2.4, can also
be applied to the FM noise spectra of the lasers.

Random fluctuations of the laser intensity and frequency, referred to as noise, may become dom-
inant factors in the clock detection noise (cf. section 1.6.2.1). Laser noise can be described by
a power spectral density (PSD) as a function of the Fourier frequency (normalized for a 1-Hz
bandwidth). Laser intensity noise is measured using a photodetector that generates a photocurrent
(Ipc) proportional to the detected optical power, which is subsequently converted into a voltage.
The fluctuations of the electrical signal are processed using a fast Fourier transform (FFT) spectrum
analyzer to provide the noise PSD (S,,) of the electrical signal voltage in V/v/Hz or in terms of the
photocurrent in A/v/Hz. The photodetector should operate in the linear response regime so that
the measured noise effectively represents the laser intensity noise. Laser intensity noise is often
expressed in relative intensity noise (RIN), which is defined by the optical power noise normalized

2
to the average optical power (Sgin = ISZ—”).
DC

The measurement of laser frequency noise requires a frequency discriminator to convert the FM
noise into AM noise that can be measured using a photodetector. For this purpose, in this thesis
we make use of the atomic absorption obtained through a vapor cell (cf. Figure 1.11). Subtracting
the laser AM noise off-resonance of the vapor cell from the in-resonance noise PSD yields the
contribution of the FM-to-AM noise conversion, which is then converted to FM noise PSD using
the atomic frequency discriminator. Laser intensity fluctuations on longer timescales are measured
via the detected optical power fluctuations expressed in relative [%], while frequency fluctuations
are obtained from the heterodyne beat-note frequency measurements using a frequency counter
referenced to H-maser (cf. section 2.5.2). More details on laser spectral characterization in view of
high-performance vapor-cell clock applications are given in chapter 4 and [104].

The spectral properties of the LHs summarized in Table 2.1 are measured in the CW operation
mode, i.e., for the LH-POP, the measurements are performed at the AOM output while the RF power
to the AOM is continuously applied. The double passage through the AOM, even in CW operation
mode, degrades the light intensity and frequency stabilities by one order of magnitude compared
to the LH-CW output (without AOM). The LH-CW is used as the optical frequency reference for the
evaluation of frequency-doubled laser systems in chapter 4. The LH-CW is also used in the CW-DR
clock described in section 2.3). The LH-POP is employed as the pulsed light source in the POP-DR
clock described in section 2.4.
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2.1. Laser systems

Table 2.1 - Spectral characteristics of the LH-CW (see Figure 2.1) and LH-POP (see Figure 2.2). The results for
the LH-CW are essentially presented in chapter 4 and in [105] for the LH-POP data. The LH-POP parameters
are measured at the AOM output operated in CW mode.

Parameter Remark Unit LH-CW LH-POP
Current coeff. [GHz/mA] -1 -1
Temperature coeff. [GHz/K] -25 -30
SMSR [dB] > 40 > 40
RIN f=100Hz [Hz 1] <1-1071! <2-10711
FM noise f=100Hz [Hz?/Hz] <1-10° <1-10°
Linewidth [MHz] 2.1 1.7
Intensity 7<100s [%] <1-1072 4-1071
instability 100<7<10%s [%] <2-1072 <5-107!
Frequency 7<100s — <5-10712 1.5-107!
instability 100<7<10%s — <1-1071 <1-1071

2.1.2 Frequency-doubled laser systems

This section presents the optical frequency references based on a laser diode emitting at the telecom
C-band and a nonlinear crystal that is used to double the laser frequency in order to reach Rb D, line
transitions around 780 nm [106, 107]. Two frequency-doubled (FD) laser systems described in this
section are thoroughly characterized in chapter 4 and evaluated in the CW-DR clock in chapter 5.
The first laser system, labeled in this thesis FD-ECL, employs a gain medium and a planar waveguide
including a Bragg grating (from RIO) to form a compact ECL. The second laser system, labeled
FD-DFB, employs a DFB LD (from EMCORE). The LDs are mounted in a 14-pin butterfly package
with a fiber-coupled output. The temperature and the drive current of the LDs are controlled via
home-built laser control electronics (noise level of 1 nA/vHz). The planar ECL technology allows a
single-mode emission exhibiting in particular a lower FM noise and a narrower linewidth compared
to DFB lasers while preserving a smaller volume compared to other ECL technologies [100].

LDs emitting at 1560 nm are implemented in two nominally identical fiber-coupled optical setups
for frequency doubling and stabilization on Rb frequency references. Figure 2.3 presents the
schematic of the FD laser systems. The 1560-nm output of the laser is injected into a periodically-
poled lithium niobate (PPLN) waveguide (from NTT Electronics) for second-harmonic generation
(SHG). The PPLN output light at 780 nm is then coupled in the frequency reference unit. Two
fiber-coupled beam splitters (BSs) give access to two Rb-stabilized frequency reference outputs,
one each at 1560 and 780 nm. The BS at 1560 nm is primarily used for spectral characterization
(chapter 4) and is removed for Rb clock applications (chapter 5). All of the fiber components are
based on single-mode (SM) polarization-maintaining (PM) fiber optics.
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Y
Telecom
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780-nm output

Figure 2.3 — Schematic of the FD laser system stabilized on Rb frequency reference. Red lines: 1560-nm fiber.
Blue lines: 780-nm fiber. Dashed black line: electrical. BS: fiber-coupled beam splitter. PPLN: periodically-
poled lithium niobate. FRU: frequency reference unit.
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Figure 2.4 — Photography of the frequency reference unit: FRU. Red line shows the optical path. PD: Photode-
tector. SM: single-mode.

The FRU, depicted in Figure 2.4, accommodates a Doppler-free absorption scheme using a reference
cell filled with 8’Rb vapor (cf. Figure 2.6a), which is similar to the design of the LHs. The light at the
fibered input of the FRU is coupled into free space via a collimation lens, and is then split into two
parts using a free-space beam splitter. One part reaches a first photodetector (PD1) for reference
cell input light monitoring, whereas the second part is retro-reflected through the reference 8’Rb
cell and reaches a second photodetector (PD2). A third photodetector (PD3) can also be placed to
monitor the Doppler-broadened transmission.

The optical power of the second harmonic at 780 nm (i.e., PPLN output power P7gp;), is the
quadratic function of the 1560-nm input power Pjsg07m, Via

Pzgonm = 1 P%560nm ) 2.1

where 7 is the conversion efficiency, which depends on the waveguide temperature. The conversion
efficiency of the PPLN at the optimized temperature of 49°C (cf. Figure 2.5) is n =2.87 /W.
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Figure 2.5 — PPLN output optical power as a function of the input power for different PPLN temperature. Black
dashed line shows the expected output power at 780-nm output, calculated using equation (2.1).

2.2 Physics packages

At the heart of each DR clock prototype is the physics package [75] that holds the glass cell filled with
Rb and buffer gases and the compact microwave cavity. A copper solenoid placed around the cavity
and driven by a DC current (C-current) generates the so-called C-field parallel to the cell symmetry
axis. The C-field lifts the degeneracy of the hyperfine ground states, allowing to address the clock
transition, and sets the quantization axis. The optical electric field and the microwave magnetic
field are aligned orthogonally and parallel, respectively, to the C-field orientation to realize the DR
interrogation scheme. The laser beam at the PP input is expanded by a diffuser and focused by a
bi-convex lens. The enlarged laser beam, with a diameter of 19 mm, traveling along the vapor cell
ensures coverage of a large portion of the atoms inside for a high-contrast signal. At the end of the
vapor cell, the beam is collimated on the photodetector, generating an electric current proportional
to the optical power, which is then measured as a voltage at the output of a pre-amplification circuit.
To reduce the coupling of the external magnetic-field and temperature fluctuations to the vapor
cell, p-metal magnetic shielding and thermal insulation layers surround the cell-cavity assembly.
The assembled PPs have a volume of 0.8 dm3 and a mass of 1.4 kg [80]. The next sections describe
the common components and the principal characteristics of the PPs implemented in the CW-DR
and POP-DR clocks. The dissimilarities of individual PPs and their implementation in distinct clock
setups are reviewed in sections 2.3 and 2.4 for the CW-DR and the POP-DR clock, respectively.
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(a) Reference RbD cell. (b) Clock RbD cell. (c) Magnetron-type cavity (d) Magnetron-type cavity and cell as-
alone. sembly.

Figure 2.6 — Photography of the vapor cell (a) and (b) and the magnetron-type microwave cavity (c) and
(d). Reference RD cell (a) is implemented in LHs and FRU for laser frequency stabilization. Clock Rb cell (b)
containing buffer gases is is one of the key component used in the PPs of CW-DR and POP-DR clocks.

2.2.1 Buffer-gas cell

The Rb cells used in clock prototypes, which are filled with Rb and buffer gases, are referred to as
clock Rb cells in this work. The buffer gas cells depicted in Figure 2.6b are made of a 25-mm-long
borosilicate glass tube with an external diameter of 25 mm. Flat windows of 1-mm thickness are
sealed at both ends. A stem reservoir of 7.5 mm in length is located at one side. The buffer gas,
produced at LTF [97], contain Ar and N as buffer gases with a partial pressure ratio of r = 5—1’\‘/; =16
and a total pressure of 32.54 hPa. The buffer-gas density shift effect is the primary clock frequency
shift source in vapor-cell clocks (cf. Table 1.4). Hence, it also couples the clock frequency to the
fluctuations of the vapor-cell temperature and internal pressure. As such, we actively stabilize the
cell and stem temperatures, which is discussed in section 2.2.4.

2.2.2 Magnetron-type cavity

The microwave cavities implemented in both PPs are based on a magnetron-type resonator [57, 108],
also known as a loop-gap resonator [109], which allows reducing the volume of the resonator cavity
in comparison to simple cylindrical forms. In this way, they enable compact and reliable solutions
for high-performance vapor-cell clocks destined for ground-based or in-space applications [22,
80, 110]. The magnetron-type cavity has a cylindrical shield, where six electrodes are placed in
rotational symmetry [57]. Photographs of the cavity alone and assembled with the Rb- and buffer
gas-filled clock cell are presented in Figures 2.6c and 2.6d, respectively. Cut-off tubes of 20-mm
diameter are fixed at both ends to reduce the microwave power loss from the openings required for
light propagation.

In DR vapor-cell clocks, the microwave signal resonant with the clock transition |F=1,mp =0) <
|F =2, mp = 0) is generated by the LO. The microwave cavity is used to apply the microwave field
to the atoms residing in the buffer gas cell that is inserted in the cavity. For the magnetron-type
cavity, the resonant mode coinciding with the atomic transition frequency is obtained with a TEq;;-
like mode; the magnetic field is aligned in the axial direction parallel to the C-field and the light
propagation vector, while the electric field is confined between the electrodes. The quantization
axis determined by the applied static magnetic field (C-field) is defined along the z-axis parallel to
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2.2. Physics packages

Table 2.2 - Key parameters of the simulated microwave performance of the magnetron cavity [80].

Mode - TEo11
Resonance frequency Vcav 6.831 GHz
Filling factor n 0.136
Field orientation factor ¢ 0.877
Volume Veav 0.044 dm3
Q-factor (unloaded) Qu 488
Q-factor (loaded) Qy 185

the cell symmetry axis. The microwave (magnetic) field H should be parallel to the quantization
axis along the cell length in order to have a high-contrast signal. Furthermore, the field amplitude
should be homogeneous throughout the cell volume in order to maximize the number of atoms
experiencing the same microwave interaction and thereby reduce the position-dependent shifts
in the buffer gas cell [83]. The distribution of the microwave magnetic field inside the cavity is
characterized by the filling factor 7', which is defined as the efficiency ratio of the magnetic field
energy coupled in the vapor cell and that is useful for the clock transition with respect to the total
energy stored inside the cavity [61]. The homogeneity of the microwave field orientation along the
z-axis inside the vapor cell is characterized by the field orientation factor (FoF) denoted by ¢ [57].
The FoF is defined as the ratio of the microwave magnetic field component parallel to the z-axis
H,, which is useful to drive the clock transition (Ampg = 0), to the total field energy inside the vapor
cell (including both parallel and orthogonal components to the z-axis). The FoF is experimentally
determined from the atomic response via the Zeeman spectrum [57], where the transitions for
Ampg =0 (1) or Amp = 1 (0) are governed respectively by the parallel or orthogonal orientation of
the microwave magnetic field with respect to the quantization axis.

The quality factor (Q-factor) of a resonator represents the ratio between the average energy stored
in the cavity and the energy losses, for example, due to the coupling circuit, cavity walls, and
glass cell. The unloaded Q-factor Q, is defined for the cavity alone (i.e., without the glass cell),
whereas the loaded Q-factor Q; takes into account the glass cell body containing the Rb and buffer
gases. A high Q-factor may present a limitation in the medium-to-long-term clock frequency
stability due to the increased sensitivity coefficient of the cavity-pulling effect (cf. section 1.5.7)
compared to a low Q-factor, such as for the magnetron-type cavity. Table 2.2 outlines the simulated
microwave performance of the magnetron-type cavity employed in our DR clock prototypes. For
more information on the microwave performance simulations, one may refer to the references [57,
80]. The experimental characteristics determined for the individual cavities used in the CW-DR and
POP-DR clocks are presented in sections 2.3 and 2.4.
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2.2.3 C-field coils and magnetic shielding

To ensure a uniform magnetic field inside the cell, a solenoid surrounds the cell-cavity assembly.
The static magnetic field applied to the cell can be determined from the applied current amplitude
via Ampere’s law for the solenoid configuration of our PPs. This method relies on the core geometry
and the accuracy of the applied current value and may not represent the actual field coupled in the
cell. Alternatively, the actual strength of the C-field residing in the vapor cell can be deduced from
the atomic response via the Zeeman spectrum. The frequency shifts between the transmission
peaks associated with the Zeeman transitions (cf. section 1.1) offer a more accurate measure of the
C-field felt by the atoms in the vapor cell. Therefore, in this thesis we deduce the applied C-field
from the experimental Zeeman spectra and determine the conversion factor in order to assess the
C-field actually felt by the atoms from the C-current applied to the solenoid.

The C-current responsible for the C-field inside the vapor cell is stabilized via control electronics
and the cell-cavity assembly is placed in two layers of cylindrical u-metal shielding to isolate the
vapor cell from the environmental magnetic field. The two-layers of u-metal present a longitudinal
shielding factor of 3067, which corresponds to a 70-dB attenuation [80]. The fluctuations of the
C-field inside the vapor cell may become an important clock instability source in the medium-to-
long term via the second-order Zeeman effect, which is studied in chapter 3 for the POP-DR clock
presented in section 2.4.

2.2.4 Temperature control

As reviewed in sections 1.5 and 1.6.2, temperature fluctuations in the cell or stem, and also of the
cavity, may have an important degrading impact on the clock stability performance. We stabilize
the temperature in the PPs at three sensitive locations: the cell-cavity assembly, the stem, and
the external shielding. The temperature at these locations is measured by a negative temperature
coefficient (NTC) thermistor and stabilized via a servo controller acting on a resistive heater. NTCs
used in our PPs generally have an accuracy of +0.2°C. In addition, polyethylene or polystyrene
foam layers surround the cell-cavity assembly to insulate from the environmental temperature
fluctuations.

The PP implemented in the CW-DR clock setup has additional NTCs for monitoring that are
installed on the outer surface of the microwave cavity. We use one NTC on the front (where the
light enters the cell) and one on the back (where the light hits the photodetector) of the cavity,
disposed as depicted in Figure 2.7, to assess the temperature fluctuations of the cell-cavity assembly.
Temperature fluctuations simultaneously measured in the PP environment and by these two
monitoring NTCs on the cavity at 60°C are reported in Figure 2.8. Due to the insulation layers,
peak-to-peak temperature variations above 0.4°C measured in the PP external environment are
attenuated by more than three orders of magnitude as measured on the cavity close to the apertures
for light propagation. The measured temperature instability of 0.5 mK over one day (in terms of
Allan deviation) is one order of magnitude lower than the previously estimated values (between 5
and 10 mK) for similar PPs [51, 75, 80], corresponding to a clock stability limit that is one order of
magnitude lower (cf. preliminary long-term budget shown in Table 1.6).
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2.3 CW-DR Rb vapor-cell clock

This section presents the CW-DR Rb clock setup that is used to evaluate the frequency-doubled laser
systems. The schematic of the CW-DR Rb vapor-cell clock is illustrated in Figure 2.9. The CW-DR
clock setup is formed from three parts: the laser system (FD-ECL or FD-DFB), the physics package
(PP-CW), and the local oscillator (LO-CW). The following paragraphs review the characteristics of
the main components of the CW-DR clock setup.

2.3.1 Optical sources (FD-ECL, FD-DFB, LH-CW)

The CW-DR clock exploits the two FD laser systems (FD-ECL and FD-DFB) based on fiber-coupled
laser diodes emitting at 1560 nm (cf. section 2.1.2). We also use the LH-CW, based on a DFB laser
diode emitting at 780 nm, (cf. section 2.1.1) in the CW-DR clock to assess the performance of the
FD laser systems. As described in section 2.1.2, the 1560-nm output of the laser diode is frequency
doubled using a PPLN. One part of the 780-nm output of the PPLN is used to stabilize the laser
frequency via the FRU (cf. Figure 2.4) and the other part is guided to the PP-CW for optical pumping
and detection. For CW-DR clock applications, the BS at 1560 nm depicted in Figure 2.3 is omitted.
The components of the FD laser system (fibered laser, PPLN, and FRU) used in the CW-DR clock
occupy in total a volume of 2.0 dm?® and have an estimated mass of 1.2 kg. The detailed spectral
characterization of the two FD laser systems is presented in chapter 4 and their application in the
CW-DR Rb clock is presented in chapter 5.

2.3.2 Physics package (PP-CW)

The physics package of the CW-DR clock comprises two key elements: the clock Rb cell and the
magnetron-type microwave cavity. The microwave signal resonant with the 8’Rb ground-state
hyperfine splitting frequency is generated by the local oscillator (LO-CW described in the next
paragraph) and fed into the cavity. The laser light reaching the photodetector at the end of the
cell is used to stabilize the LO-CW'’s frequency via a lock-in amplifier and a servo controller, which
closes the clock loop. The general description of the PPs implemented in clock setups is given in
section 2.2. This paragraph outlines the specific characteristics of the PP-CW.

The cell temperature is stabilized at 60°C and the stem at 45°C, optimizing the optical absorption
of the buffer gas cell. The transmitted light intensity as a function of laser frequency at the end of
the buffer gas cell is reported in the top plot of Figure 2.10. The Doppler-free absorption spectrum
obtained using the reference Rb cell is illustrated in the bottom plot. The laser frequency is stabilized
on one of the optical frequency references provided by the Doppler-free peaks of the direct or cross-
over transitions of the two ground states |Fg = 1) and |Fg = 2). The labels indicated on the plot for
the optical frequency references are extensively used in the next chapters. The optical transmission
spectrum of the clock Rb cell is shifted and broadened by collisional effects. The laser frequency
fluctuations are converted into intensity fluctuations through the clock Rb cell and the optical
transmission spectrum acts as a frequency discriminator (see section 1.6.2.1). The optical frequency
references, corresponding to different frequency discriminators, are used to evaluate the impact of
the laser noise on the short-term clock frequency stability in chapter 5.
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Figure 2.9 — Schematic of the CW-DR clock setup employing the frequency-doubled laser system, PP-CW, and
LO-CW. PPLN: periodically-poled lithium niobate. BS: fiber-coupled beam splitter. PD: Photodetector. Black
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sub-Doppler resolution of the optical transitions obtained through the reference cell serve to stabilize the
laser frequency. The labels for the transitions used in this thesis as frequency references are given. On the
transmission signal of the clock cell traces of the isotope % Rb absorption are notable.

The solenoid used to apply the C-field to the vapor cell is 47-mm long and is made of a 0.25-mm
diameter wire making 334 turns. The Zeeman spectrum reported in Figure 2.11 is measured using
the FD-ECL for a C-current of 0.25 mA. The frequency shifts between the Zeeman transition peaks
indicate that an average C-field amplitude of 2 uT is applied to the vapor cell, corresponding to a
conversion factor of 8.1-1072 T/A between the applied C-current and the actual C-field inside the
vapor cell of the PP-CW.

The microwave cavity holding the clock Rb cell used in the CW-DR clock is a magnetron-type cavity
(cf. section 2.2.2). The resonance frequency of the cavity is fine tuned to coincide with the atomic
transition frequency at 6.835 GHz. We deduce the FoF of ¢.x, = 0.89 (89 %) for the magnetron-type
cavity of the PP-CW from the Zeeman spectrum depicted in Figure 2.11 (cf. section 2.2.2). The
resonance of the cavity has a FWHM of 90 MHz, yielding a loaded quality factor of 80 determined
at a cavity temperature of 65°C [75]. The measured temperature sensitivity of the cavity resonance
frequency is —33 kHz/K. The sensitivity of the cavity resonance frequency has an impact on the
clock frequency stability via the cavity-pulling effect (cf. section 1.5.7). The contribution to clock
instability of the CP effect may become a limiting factor, for example, in the case of a high Q-
factor or a large frequency detuning between the cavity resonance and the atomic transition. The
temperature sensitivity of the cavity resonance frequency with the low Q-factor and small frequency
detuning of our cavity yield a CP shift coefficient of —5.7-107!* /K [75].

2.3.3 Local oscillator (LO-CW)

The microwave signal fed into the microwave cavity in CW-DR clock experiments is generated
by a commercial frequency synthesizer (RB-1 from SpectraDynamics [111]). The LO-CW has two
low-noise quartz oscillators at 5 and 100 MHz in the multiplication chain to reach the 6.835 GHz
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Figure 2.11 — Zeeman spectrum measured using the PP-CW and the FD-ECL. Laser frequency is tuned to the
cross-over peak CO10-11 with an optical power of 65 uW. Microwave power is —36.4 dBm and the C-field
amplitude, determined from the detuning between Zeeman peaks, is 2 uT.

signal resonant with the atomic transition frequency. The 10-MHz output of the LO-CW is obtained
by multiplying the 5-MHz reference signal by two. The 100-MHz signal serves as a reference in the
multiplication chain of the 6.835 GHz. The frequency of the output signal around 6.835 GHz can
be modulated, via the multiplication chain, in a range of +3 MHz with 1-pHz resolution, which
covers the clock frequency shift and full Zeeman spectrum measurements (for C-field amplitudes
up to 0.1 mT). LO-CW can be operated in two configurations via a computer interface: open
loop and closed loop. In the first case, the LO-CW frequency is either only swept or swept and
modulated for CW-DR spectroscopy studies, whereas in the second case, the LO-CW frequency
is modulated and stabilized to an atomic transition by demodulation of the clock signal. The
frequency sweep is achieved with a minimum step size of 1-puHz. The frequency is modulated
applying a square-wave signal at the modulation frequency f  and depth + ", obtained from
an external waveform generator. The optically detected CW-DR signal is demodulated by phase-
sensitive detection using a lock-in amplifier. The resulting error signal can be approximated by
the derivative of the Lorentzian CW-DR signal and the atomic transition frequency at the center
of the CW-DR signal is deduced from the error signal. The slope at the center of the error signal
is maximized for f{" = 0.3 W (cf. Appendix B). The modulation frequency must not be faster
than the atomic relaxation rates 7y 2 in order to have a DR interrogation in quasi-static conditions
[61]. In this work, the optimal microwave modulation frequency and depth are in the order of
70 Hz and +70 Hz for the typical CW-DR signal with a FWHM of ~ 200 Hz. The frequency shift
of the LO-CW with respect to the atomic transition frequency detected using the error signal is
corrected using a PI servo controller and acting on the quartz oscillator that has a tuning coefficient
of 0.5 Hz/V. The clock output constitutes the 10-MHz signal of the LO-CW operated in a closed
loop (i.e., frequency-stabilized on the atomic transition frequency).
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Figure 2.12 — Phase noise measured at the 6.835 GHz output of the LO-CW. Courtesy of C. Affolderbach, LTF

Figure 2.12 depicts the phase noise measured at the 6.835-GHz output of the LO-CW. The phase
noise of the LO-CW contributes to the short-term clock frequency instability via the Dick effect (in
CW-DR scheme) according to the equation (1.60). In the case of the CW-DR clock scheme used
in this research (fo" , =70 Hzand f{ = +70 Hz), the clock stability limit due to the Dick effect
and with the employed LO-CW is 1.6-10~'3 when taking into account the even harmonics of the
modulation frequency up to 10 kHz.

2.4 POP-DR Rb vapor-cell clock

In the pulsed-optically pumped scheme, the microwave interrogation and the optical pumping and
detection phases are separated in time in order to reduce the impact of the AC Stark shift effect (cf.
section 1.3.3). Figure 2.13 illustrates the schematic of the POP-DR Rb vapor-cell clock. The three
main parts of the POP-DR clock are the laser system (LH-POP), the physics package (PP-POP), and
the local oscillator (LO-POP). The principal difference of the POP-DR clock compared to the CW-DR
clock (cf. Figure 2.9) is the AOM implemented as an optical and a RF switchs to realize the pulsed
interrogation. The optical powers in the pump and detection pulses can be individually adjusted via
the RF power injected into the AOM. The timing of the pulses is controlled by the switches for the
AOM and microwave cavity input powers using the pattern indicated on a computer interface. We
evaluate the frequency instability sources and limitations on the long-term timescale of the POP-DR
clock in chapter 3. In the next paragraphs, we review the characteristics of the main components of
the POP-DR clock.

2.4.1 Optical source (LH-POP)

The optical source of the POP-DR clock prototype is the LH-POP with the integrated AOM. The
LH-POP is described and characterized in section 2.1.1.
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Figure 2.13 — Schematic of the POP-DR clock setup employing the 780-nm LH-POP as the optical source.
One part of the 780-nm laser output is frequency stabilized via the reference ®” Rb-vapor cell, while the other
part, following the double-passage through the AOM is guided to the PP-POP. LO-POP used to generate the
6.835-GHz signal, the clock stabilization loop (lock-in amplifier and servo controller), and the pulsed pattern
control are integrated within the clock control electronics [101], which is used to apply the pattern shown
in Figure 2.15 using the RF switches. The optically detected POP-DR (Ramsey) sighal serves to stabilize the
LO-POP frequency.
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2.4.2 Physics package (PP-POP)

The physics package of the POP-DR clock, PP-POBP is nominally identical to the PP-CW (cf. sec-
tion 2.3.2). Section 2.2 provides the general description of the PP-POP, which contains the clock
Rb cell and the microwave cavity. In this paragraph, we outline the key parameters of the PP-POP.
In order to reduce the clock frequency sensitivity to cell temperature variations (cf. section 3.3.2),
we stabilize the temperature of the cell volume at 62.16°C and the stem temperature is stabilized
at 59.22°C. The solenoid of 48-mm in length and formed by a 0.30-mm diameter wire making
284 turns is used to apply a C-field of 10.7 uT to the vapor cell of the PP-POP. The corresponding
conversion factor between the applied C-current and the C-field strength in the cell is 6.7-1073 T/A,
in agreement with previously reported data on the same PP [75]. This conversion factor is used to
determine the actual C-field in the cell for various C-currents (e.g. in Figure 3.2). The preliminary
measurement of the long-term C-field fluctuations performed using the PP-POP reports an instabil-
ity of 5-107!! T for averaging times of 10* s [51]. The contribution of the C-field fluctuations inside
the vapor cell to clock frequency instability, via the second-order Zeeman shift effect, is further
studied and optimized in section 3.3.1.

In the pulsed scheme the clock signal can be detected in two modes: either via the optical transmis-
sion through the vapor cell or via the decay signal of the excited Rb atoms, which can be detected
in the microwave domain [69]. In the latter case, the atomic decay signal is coupled out of the
cavity through the coupling loop used to couple the microwave field into the cavity. Thus, the
microwave detection scheme requires a cavity with a high-quality factor in order to achieve a suffi-
ciently strong SNR. Furthermore, the cavity resonance frequency detuning from the unperturbed
atomic transition frequency induces a clock frequency shift via the cavity-pulling shift effect (cf.
section 1.5.7). The impact of the latter effect is proportional not only to the frequency detuning,
but also to the loaded Q-factor of the cavity. The optical detection method relaxes the requirement
of a high Q-factor, which moreover yields a reduced impact of the cavity-pulling shift effect. In
our POP-DR clock, we use the optical detection method and the magnetron-type cavity with a low
(loaded) Q-factor (< 200).

The resonance frequency and the loaded Q-factor of the microwave cavity are experimentally
determined from the input reflection coefficient, also known as the S;; parameter. We measure
the S;; parameter (see Figure 2.14) for the magnetron-type cavity of the PP-POP using a network
analyzer under experimental conditions optimizing the long-term clock stability (cf. Table 3.6). The
resonance frequency is detected by the power drop of the cavity input reflection. The detuning
from the unperturbed Rb ground-state hyperfine frequency is Av.,, = 1.87 MHz. The FWHM of
the cavity resonance is W;,, = 51 MHz. The loaded quality factor of the cavity containing the glass
cell filled with Rb and buffer gases is given by the ratio Q; = % =~ 140. The FoF is experimen-
tally determined from the Zeeman spectrum, as described in section 2.2.2 and demonstrated in

section 2.3.2 for the case of the PP-CW. The experimental FoF is {exp = 0.92 (i.e., 92 %) [75].
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Figure 2.14 — Microwave cavity resonance under optimized clock operating conditions (cf. Table 3.6).

Table 2.3 — Environmental sensitivity coefficients of the resonance frequency v.q, of the magnetron-type cavity
implemented in PP-POP. Parameter fluctuations are given for averaging time of 10* s: Cavity temperature
instability from section 3.3.2.2, chamber internal pressure instability from section 3.3.3, and environmental
humidity instability provided by MeteoSwiss'. @ [75]. @ [51].

Parameter Sensitivity
Parameter . .

fluctuations coefficient
Temperature 5-107*K —40-103 Hz/K @
Pressure 3-1072 hPa -1.6-10° Hz/hPa ®
Humidity 0.4 g/m3 —37.5-10% Hz/(g/m?%) ®

The resonance mode and frequency of a cavity are sensitive to the environmental parameters
via the electrical properties (i.e., dielectric constant) of the medium that fills the cavity’s internal
volume [86]. For our clock prototype operated in air under ambient conditions, the glass cell with
Rb atoms, together with the air filling the cavity, undergoes changes in the dielectric constant
arising from fluctuations of the environmental parameters. The measured temperature sensitivity
coefficient of the cavity resonance frequency is —40-10° Hz/K [75]. The pressure and humidity
sensitivity coefficients calculated for our microwave cavity according to [86] are —1.6-10% Hz/hPa
and —37.5-10% Hz/ (g/ m?), respectively [51]. The environmental sensitivity coefficients of the cavity
resonance frequency are collected in Table 2.3 for the magnetron cavity implemented in the POP-PP
and typical parameter fluctuations at 10*s.

1 Acknowledgments to MeteoSwiss, the Swiss Federal Office of Meteorology and Climatology for the environmental
parameters data.
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Figure 2.15 - Pulsed interrogation pattern of the POP-DR clock. Left axis: optical pump (red) and detection
(green) power. Right axis: microwave (blue) applied to the vapor cell.

2.4.3 Local oscillator (LO-POP)

The local oscillator of the POP-DR clock, LO-POB is integrated with the clock control electronics,
which are used to control the pulsed operation and the clock stabilization loop. The 6.835-GHz
signal is generated from a 10-MHz oven-controlled XO (OCXO) via a frequency multiplication chain
[101]. A computer interface enables to operate the LO-POP in open- or closed-loop configurations
(similarly to those in section 2.3.3) with a customizable pattern for the applied fields. The error
signal is derived from the optically detected Ramsey signal and the microwave frequency correction
is applied via the PI servo controller. The 10-MHz output of the LO-POP, provided by the OCXO, is
used for the metrological and instability characterization of the POP-DR clock (cf. section 2.5).

In the POP-DR interrogation scheme, a Ramsey interrogation scheme is applied in the time domain
to the atomic vapor confined in the vapor cell (cf. section 1.3.3). First, a strong optical pulse is
applied to optically pump the atoms and reduce the residual microwave coherence. Secondly, two
microwave pulses are applied separated in time by a dark Ramsey time, when the atoms evolve
freely before the second microwave pulse. Thirdly, a weak optical pulse is applied to probe the
atoms and detect the clock signal. The pulse timing pattern shown in Figure 2.15 is optimized in
order to improve the short-term stability of the POP-DR clock [75]. One cycle of the pattern has
aperiod of ¢ =4.74 ms. For the Ramsey signal, the pattern is applied iteratively while sweeping
the LO-POP frequency with a minimum step size of 1 yHz and in a range of 1.5 GHz. The LO-POP
frequency is modulated at each iteration cycle such that the modulation frequency is given by
= % ~ 211 Hz, with a modulation depth of f{°" = +£80 Hz. The clock frequency stability limit
of the Dick effect in this case is estimated as 1.8-107 137712 [51].
The microwave power fluctuations are measured using a power detector at the 6.835-GHz output
of the LO-POP operated in CW mode [51]. In this case, the microwave power instability is 2 nW
(0.01 % relative) at 10* s averaging time. The fluctuations of the microwave power coupled into
the cavity contribute to the clock frequency instability via the microwave power shift effect (cf.
section 1.5.6). Therefore, it is important to determine the actual microwave power fluctuations that
the atoms feel inside the vapor cell in the pulsed interrogation scheme. To this end, we make use of
the atoms and their sensitivity to microwave power fluctuations in this thesis. This measurement
and the impact of the MPS on the long-term clock frequency instability are evaluated in chapter 3.
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2.4.4 Hermetic chamber

The properties of the key components of the Rb vapor-cell clock are sensitive to variations in
environmental parameters, which leads to a coupling between the parameter instability and the
clock frequency instability. The long-term stability of vapor-cell clocks is primarily limited by
fluctuations in sensitive parameters, which impact clock frequency via different physical effects.
In particular, pressure fluctuations perturb the clock frequency via the cavity-pulling shift effect
due to the sensitivity of the microwave cavity’s resonance frequency to pressure. The impact of
this effect is reduced with a low-Q cavity. An additional effect coupling the pressure fluctuations to
clock frequency via the vapor cell (volume and pressure variations) is the barometric effect, which
may become a dominant limiting factor of the clock stability [60]. The barometric sensitivity of
the vapor cell can be optimized based on the cell dimensions, glass material, or buffer gas mixture.
Placing the microwave cavity and clock Rb cell in a vacuum environment would drastically reduce
the clock sensitivity to pressure fluctuations, but makes the system bulky and power consuming in
some applications.

In this thesis, we employ a hermetic chamber to passively stabilize the pressure fluctuations external
to the clock cell. We place only the PP-POP, which principally comprises the microwave cavity
and the clock Rb cell (cf. section 2.4.2), on a baseplate in the hermetic chamber. The chamber
door is tightly closed by an initial pumping to half atmospheric pressure (around 500 hPa) then
the pump is stopped. Following a degassing period, the hermetic chamber’s internal pressure is
stabilized around 535.3 hPa. The temperature of the baseplate, where the PP-POP is placed, is
actively stabilized at 27°C. A pressure sensor (Baratron) is used to monitor the internal pressure
of the hermetic chamber and an NTC hanging on top of the PP-POP to monitor the internal
temperature. Figure 2.16a presents the pressure fluctuations measured simultaneously inside the
hermetic chamber and the atmospheric pressure data provided by MeteoSwiss? at a similar altitude
as our laboratory (~ 485 m). The hermetic chamber reduces the peak-peak pressure variations by
more than a factor of 10 (and two orders of magnitude over one day in terms of Allan deviation
of pressure fluctuations, cf. Figure 3.7a). Due to the reduced pressure fluctuations external to the
clock Rb cell, the clock stability limitation via the barometric effect is reduced to few 1071° at one
day, and allows the evaluation of the other stability limitations at the level of 107! or below (see
chapter 3) on long-term timescales (up to one day).

The internal temperature of the hermetic chamber and the external temperature (i.e., measured
in the laboratory) are shown in Figure 2.16b. External temperature peak-peak variations of 0.5 K
are attenuated by a factor of five in the chamber compared to temperature fluctuations in the
laboratory. The internal pressure fluctuations are clearly correlated with the internal temperature
fluctuations (0.02 K over one day), which represents the main limitation of the hermetic chamber
pressure instability. The internal pressure data are reported in Figure 2.17 as a function of internal
temperature, with the color map indicating the measurement time scale. According to the ideal
gas law, the slope of the linear fit applied to the curve is linearly proportional to the air density
inside the hermetic chamber (p.j) by a factor equal to the gas constant R = 287.05]/(kg.K). We
estimate the air density inside the chamber to be p.j, = 0.5+ 0.1 kg/m? for an average temperature

2 Acknowledgments to MeteoSwiss, the Swiss Federal Office of Meteorology and Climatology for the environmental
parameters data.
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Tavg,int =24.8+0.1 °C and Pgyg ins = 535.3 £0.1 hPa, which is in agreement for dry air density
(~0.6 kg/ m3) at half atmosphere and 25°C temperature.
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Figure 2.16 — Temperature and pressure fluctuations measured inside and outside the hermetic chamber.
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Figure 2.17 — Chamber internal pressure fluctuations as a function of chamber internal temperature fluc-
tuations. Chamber internal mean temperature Tgygins = 24.8+0.1 °C and mean pressure Pgyg int =
535.3+0.1 hPa. The air density inside the chamber deduced from the linear fit slope using R = 287.05 J/(kg.K)
is pen =0.5+0.1 kg/m®.
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2.5 Frequency instability characterization methods

The frequency instability of a frequency standard can only be characterized through comparison to
a frequency standard with similar or better and known stability [17] used as the frequency reference.
The following sections review the frequency stability characterization methods for microwave and
optical frequency standards studied in this thesis.

2.5.1 Microwave frequency standards

At LTE the frequency reference is provided by an active H-maser (iMaser3000 from T4Science [40])
monitored against the GPS time to correct the long-term frequency variations. The frequency
reference is delivered to each post of the laboratory via a low-noise frequency distribution system
(from SpectraDynamics). This equipment available at LTF enables (relative) frequency instability
measurements with high precision, i.e., <1-107!3 at 1 s averaging down to few 10~'® over one day.
The black dotted curve in Figure I3 depicts the typical frequency stability measurement limit given
by the performance of the active H-maser. The frequency instability of the microwave frequency
standards is characterized at the output of the LO, which is stabilized on the atomic transition
frequency against the frequency reference. A low-noise phase comparator (from Miles Design)
detects the relative phase (or frequency) difference of the clock output with respect to the frequency
reference provided by the AHM. The measurement limit given by the phase comparator residual
noiseis 1-107!3 at 1 s and around 1-107!% over one day.

2.5.2 Optical frequency standards

For the instability characterization of the optical frequency standards, such as LHs and FD laser
systems, we apply the heterodyne beat method [17]. In this case, as illustrated in Figure 2.18a, one
part of the frequency-stabilized lights of two laser systems are overlapped via a fiber-optic beam
combiner. When the two laser lights with slightly different frequencies and parallel polarization
states are superimposed spatially on a fast photodetector, the photodetector delivers the beat-
note signal at a frequency equal to the difference of the two optical frequencies. We stabilize the
frequency of the lasers on different atomic frequency references that are obtained using reference Rb
cells, as presented in Figure 2.10. The beat-note frequency corresponds to the frequency detuning
between two frequency references (cf. Figure 1.2), typically in the RF region. The frequency
instability of the beat note is measured using a frequency counter. In this scheme, the H-maser’s
10-MHz signal provides a reference for the frequency counter. The LH-CW, with a known frequency
instability, provides the reference to evaluate the performance of the two laser systems under study.

Assuming uncorrelated frequency fluctuations between the laser systems, the frequency instability
of the beat note corresponds to the sum of squared variances of each laser system’s frequency
fluctuations. Thus, if one of the lasers is more stable than the other, the beat-note instability is
dominated by the worse laser stability. An alternative beat-note scheme, depicted in Figure 2.18b,
is based on the simultaneous measurement of three beat notes established between three laser
systems at three different frequencies. In this case, the three-cornered hat [112] method can in
principle be used to assess the frequency fluctuations of the individual laser systems under the
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Beat 1

(a) Two beat-notes configuration. (b) Three beat-notes configuration.

Figure 2.18 — Schematics of beat-note measurement setups, including two lasers or three lasers.

condition that the three beat-note measurements are performed simultaneously and laser systems
exhibit independent frequency fluctuations at similar levels. However, considering the laser systems
studied in this thesis in chapter 4 the analysis using the three-cornered hat method did not lead
to reasonable results. The reason for that is that one of the laser systems under study (FD-ECL)
exhibits one to two orders of magnitude lower frequency instability compared to the other two laser
systems (FD-DFB and LH-CW).

The beat-note method is also employed for laser linewidth measurements (cf. section 4.2.2) in the
configuration shown in Figure 2.18b. In this case, instead of a frequency counter, an RF spectrum
analyzer scans the spectral distribution of the beat-note signal of two laser outputs. Assuming
uncorrelated frequency noise, the beat-note signal linewidth corresponds to the square root of the
sum of squared linewidths of the individual laser systems.

2.6 Conclusion

In this chapter, we described the experimental apparatus employed within this thesis. Two distinct
clock prototypes are presented: the CW-DR clock and the POP-DR clock. Both involve a buffer
gas cell and a magnetron-type cavity, and both use a frequency-stabilized laser system for optical
pumping and detection. The main difference between the two clocks is the laser system. The
POP-DR clock employs the LH-POP, which is based on a laser diode emitting directly at the Rb
D, line at 780 nm and is operated in pulsed mode. Meanwhile, the CW-DR clock employs the
frequency-doubled laser system, which is based on a laser diode emitting in the telecom C-band
region at 1560 nm.

The metrological and stability properties of Rb clocks and laser systems presented in this chapter are
studied in the next chapters. First, we analyze the effects perturbing the POP-DR clock frequency
and evaluate the arising limitations of the clock stability at the level of 107'* up to 1 day (in
chapter 3). The spectral properties of the frequency-doubled laser systems, FD-ECL and FD-DFB,
are then extensively characterized as regards their implementation in high-precision applications
at 780 and 1560 nm (in chapter 4). Finally, we evaluate the exploitation potential of the FD-ECL
and FD-DFB in high-performance Rb clocks using the CW-DR clock and study the short-term
clock stability limitations arising from the laser noise (in chapter 5). The LH-CW is also used in the
CW-DR clock to assess the performance achieved with FD laser systems.
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Evaluation of long-term instabilities in
a POP-DR Rb cell clock

The frequency stability of vapor-cell clocks on long-term timescales is mostly governed by fluc-
tuations of the experimental and environmental parameters via the physical effects reviewed in
section 1.5). The impact of the perturbing effect is characterized by the clock frequency sensitivity
coefficient to the varying physical parameter. The instability contributions of the independent
effects are evaluated in an instability budget, which serves to identify the dominant contributions
limiting the clock stability. In this chapter, we present an analysis of the limitations and a detailed
budget of the long-term instability for our compact POP-DR Rb vapor-cell clock (cf. section 2.4).

The preliminary long-term clock instability budget of our POP-DR clock, presented in Table 1.6
based on previous studies [51, 75], indicates the main instability sources as the second-order
Zeeman shift effect and the stem temperature coefficient. In view of improving the long-term clock
stability, the limitations of these two effects are analyzed and their contributions are reduced and
consolidated. In addition, we evaluate the instability contributions of all important physical effects
and quantify the resulting clock stability limits on long-term timescales. The fluctuations of the
involved parameters are measured, via the atomic response when possible, and the clock frequency
sensitivity coefficients are evaluated under optimized conditions.

First, this chapter discusses the Ramsey signal parameters and the optical-pump frequencies in view
of improving the long-term clock stability. Secondly, the contributions of the different processes
to the long-term clock instability are evaluated. We then present the comprehensive long-term
instability budget for our POP-DR clock, including all known physical effects relevant on timescales
from 10* sup to 10° s (one day) of averaging time. Finally, we present and discuss the measured
clock frequency instability. Sections 3.3 and 3.4 are essentially based on our article [113]. The text
and figures in these two sections are adapted from [113].
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3.1 Ramsey signal

Figure 3.1 shows the measured Ramsey signals for the POP-DR scheme with microwave pulse areas
of 6 =0.56 1 and 6 = n/2. The frequency shift of the central fringe central frequency (v jocx) from
the unperturbed Rb ground-state hyperfine splitting frequency vgp, induced via the physical effects
reviewed in section 1.5, is largely dominated by the buffer-gas density shift of Avpg =4247.4 Hz
(cf. Table 1.4). The key parameters of the central fringes of the two Ramsey signals are outlined in
Table 3.1. The signal amplitude and thus the contrast are decreased by ~ 2 % for microwave pulse
areas slightly different than 6 = n/2. At the end of the microwave interrogation using 8 = 0.56 =
pulses, the population is not entirely inverted and yields a residual coherence at the beginning of
the optical detection phase, which is described by the Bloch vector representation in Figure 1.7c.
The contrast of the Ramsey central fringe has an impact on the clock performance on short-term
timescales (cf. section 1.6.2.1). The short-term clock stability degradation induced by the ( ~ 2 %)
reduced signal contrast is estimated in the order of ~5 %. Nonetheless, microwave pulse areas of
0 = 0.56 7 lead to an optimized MPS coefficient, reducing the long-term clock stability limit of the
microwave power fluctuations by approximately one order of magnitude [51].
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Figure 3.1 — Ramsey spectra measured for microwave pulses of 0 = n/2 and 6 = 0.56 w by varying the applied
microwave power for fixed pulse duration of 0.3 ms and the Ramsey time is 3 ms. All other experimental
conditions are kept identical.

Table 3.1 — Key parameters of the central Ramsey fringes measured for 6 = n/2 and 6 = 0.56 & pulses. The
parameters are deduced from the signals shown in Figure 3.1 applying the fit function of the equation (1.28).

Signal parameters Unit 0=m/2 0=056m
Amplitude [nA] 89.1 87.5
Contrast (%] 45.6 44.3
FWHM [Hz] 146.5 146.5
Approx. Dg [nA/Hz] 1.5 1.4
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3.2 Trade-off between short- and long-term clock stability

The experimental parameters (optical, microwave, and C-field amplitudes and cell and stem
temperatures) impact the clock frequency stability at all timescales. A trade-off usually is necessary
to optimize the clock performance given the timescale of interest. The SNR-limited short-term
stability of the POP-DR clock was optimized through considering the duration and amplitude of the
applied fields [75]. In the present work, the emphasis is on long-term timescales up to 1 day. The
MPS-limited long-term instability of our POP-DR clock is optimized for the laser frequency tuned
to 5281/, F = 2) ground-state transitions and microwave pulses of 6 = 0.56 7 [84]. This results in a
weak loss in the signal contrast and degrades the short-term stability by ~5 % (cf. section 3.1).

In the short term, one of the main instability contributions arises from the optical detection noise,
comprising laser intensity noise and FM noise converted to AM noise through the atomic vapor (cf.
section 1.6.2.1). The contribution of the FM-to-AM noise conversion [90, 91], which is quantified
by the frequency discriminator slope obtained from the atomic absorption line, depends on the
experimental conditions: laser intensity and frequency and vapor cell temperature. Table 3.2
summarizes the frequency discriminators of the FM-to-AM noise conversion associated with the
direct or cross-over resonances obtained between the |52S;,2, F = 2) ground state and the excited
states on D line, measured at an optical power of 14 yW and a cell temperature of 62.16°C. Under
unchanged experimental conditions (except for the laser frequency) and assuming equivalent laser
intensity and frequency noises for the three optical frequencies, the optical detection noise is mainly
affected by the frequency discriminator slope associated with the FM-to-AM noise conversion
phenomenon. The converted noise adds quadratically to the laser intensity and detector noises (cf.
Appendix A), yielding the total clock optical detection noise.

In the long term, the laser frequency has an impact on the clock instability via light-induced
effects (cf. section 1.5.5). The intensity LS coefficient of the POP-DR clock is minimized for
the laser frequency tuned to the CO21-23 cross-over resonance (cf. Table 3.3). The instability
contribution of the LS effect adds quadratically to the contributions of the other effects (studied in
the next section 4.3). In order to improve the long-term clock stability, the laser frequency CO21-23
(minimizing the LS contribution) is used, which results into a short-term clock stability degradation
by a factor of two compared to the use of CO22-23. This drawback may be avoided by using a lower
FM noise laser source.

Table 3.2 — Discriminator slope (Dpn— apm) of the FM-to-AM noise conversion via the clock Rb cell for laser
frequency tuned to one of the |5 S 2, F = 2) ground-state transitions.

Laser frequency Dgpi—am [INA/MHz]
CO21-23 -0.44
C0O22-23 -0.13

F23 0.28
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3.3 Analysis of long-term clock instability sources

The vapor-cell clock frequency is sensitive to fluctuations of the experimental and environmental
parameters [47] via different physical processes [67] characterized by the respective sensitivity
coefficients. In this section, we evaluate the impact of these processes (see section 1.5) on our
clock’s stability performance on long-term timescales and discuss the related limitations.

3.3.1 Second-order Zeeman shift

The magnetic field fluctuations inside the vapor cell contribute to the clock frequency instability
via the second-order Zeeman effect. The clock frequency sensitivity coefficient being linearly
proportional to the C-field amplitude (cf. section 1.5.1) can be reduced by decreasing the C-field
strength B applied to the vapor cell. The second-order Zeeman effect was identified as one of
the dominant instability sources that limits the long-term stability performance of our POP-DR
clock [51] (cf.preliminary budget shown in Table 1.6). The applied C-field amplitude was 10.7 uT,
corresponding to a second-order Zeeman shift coefficient of 1.8-107% /T (1.2-10% Hz/T) that
was deduced from the linear fit locally applied to the quadratic function of clock frequency shift
depicted in Figure 3.2. A reduction® of the applied C-field to 3.5 uT (by a factor of three) yielded
a second-order Zeeman shift coefficient of 5.8-107° /T (4.0-10° Hz/T) and the clock instability
contribution decreased by a factor of three given unchanged field fluctuations. Meanwhile, the
absolute clock frequency shift induced by the second-order Zeeman shift Avz, was also reduced to
0.7 Hz from 6.6 Hz corresponding to the C-field amplitude of 10.7 uT (cf. Table 1.4).

To assess the magnetic field fluctuations inside the PP-POP vapor cell, we exploit the atomic
response to magnetic field variations. To do so, we increase the second-order Zeeman shift sen-
sitivity of the clock frequency by stabilizing the LO-POP frequency on the Zeeman transition
15281/2, F =1, mp = —1) < |5281/2, F' =2, mp = —1). The transition frequency between Zeeman sub-
levels with mp # 0 is sensitive to magnetic field variations in the first order (cf. equation (1.3)).
In such a configuration, the clock frequency fluctuations are dominated by the magnetic field
fluctuations via the sensitivity coefficient given by (mf:::1 + m;:z) 7-10% Hz/T. The measured C-
field fluctuations are reported in Figure 3.3 along with those of the typical external magnetic field
measured outside of the PP-POP using a fluxgate sensor. Figure 3.3 also demonstrates the C-current
applied to the solenoid around the clock cell, expressed in terms of magnetic field fluctuations (left
axis). The right axis scales the corresponding clock stability limit estimated with the sensitivity
coefficient for a C-field of 3.5 uT). On short-term timescales, magnetic field fluctuations in the clock
cell are limited by the noise of the current source. On long-term timescales, field fluctuations in the
clock cell are on the level of 20 pT, limited by the external field fluctuations that are attenuated by
the magnetic shielding factor of ~ 300 deduced from simultaneously measured field variations.

IThe high C-field amplitude of 10.7 T was initially chosen to avoid the superimposition of neighboring sigma
transitions on the clock transition ( |5281/2, F=1mp=0)«~ |52SI/2,F’ =2, mr =0)), which may occur in a case where
the sigma transition lines are largely broadened due to field inhomogeneities. For the microwave cavity of our POP-DR
clock, the microwave field has a high uniformity along the quantization axis defined by the C-field (FoF of 92 %, cf.
section 2.4.2). The narrow Zeeman transition lines allow to decrease the C-field such that the clock transition frequency
sensitivity to second-order Zeeman effect reduces while avoiding the superimposition of neighboring Zeeman (sigma)
transitions in the clock transition.
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Figure 3.2 — Clock frequency shift as a function of the applied C-field, the second-order Zeeman shift Av z,.
Figure adapted from [113].
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analysis performed using ThéoH statistics (cf. section 1.6.1); filled markers: overlapping Allan deviation; empty
markers: Théol. Figure adapted from [113].

3.3.2 Buffer-gas density shift

Fluctuations of the cell volume temperature perturb the clock frequency through the temperature-
dependent buffer-gas pressure shift [76] and fluctuations of the stem temperature perturb the
clock frequency via the buffer-gas density change resulting from the temperature gradient between
the cell volume and stem [77]. Furthermore, the fluctuations of the cell volume induced by the
barometric effect also act on the buffer-gas density via cell internal pressure variations (cf. sec-
tion 3.3.3). The temperature-dependent spin-exchange shift effect [72, 78] and its impact on the
clock frequency stability is discussed in section 3.3.4. In this section, we focus on the temperature
sensitivities of the cell volume and stem due to the buffer-gas collisions and the induced clock
frequency instabilities (cf. section 1.5.2).
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3.3.2.1 Cell and stem temperature coefficients

The buffer-gas mixture of argon and nitrogen with a ratio of r = 53; = 1.6 of the clock Rb cells
reduces the first-order cell temperature coefficient (TC) (cf. Table 1.1). The clock frequency shift
measured as a function of the cell temperature while keeping the stem temperature constant at
59.22°C is reported in Figure 3.4. The cell temperature that minimizes the first-order cell TC is
obtained at the inversion temperature (Tj;,) of the quadratic fit applied the data and the associated
first-order cell TC is obtained with its derivative evaluated at Tj,,. The inversion temperature for
our clock cell is 62.16 +0.2°C and the first-order cell TC evaluated in the interval of Tj;, +0.25 Kis
+2.3-10712 /K.

The clock frequency sensitivity to stem temperature variations, which cause a buffer-gas density
change in the vapor cell, is measured while keeping the cell volume temperature constant. Figure 3.5
presents the clock frequency shift as a function of the stem temperature; the stem TC determined by
the slope is 1.2-107!2 /K. Each data point is the average of the clock frequency shift measurement
of 100 s at varied stem temperatures. According to [80], on these fast timescales, it is mainly
the buffer-gas density change in the cell volume that dominates in the case of vapor cells with a
stem, while the Rb density change contributes only weakly. Furthermore, the contribution of the
spin-exchange shift effect is included in principle in the experimentally determined temperature
coefficients of our clock cell.
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Figure 3.5 — Clock frequency shift as a function of the stem temperature.

3.3.2.2 Temperature fluctuations

In order to estimate the contribution to the clock instability of the buffer-gas density shift, we study
the temperature fluctuations of the vapor cell and stem. In principle, temperature fluctuations
inside the vapor cell can also be assessed by measuring the clock frequency fluctuations using a cell
temperature corresponding to an increased cell TC. Nevertheless, for temperature fluctuations to
become the dominant clock instability source, the cell temperature should change by more than
+5°C, which is impractical in our clock. Instead, we make use of NTCs implemented in the PPs to
assess the cell and stem temperature fluctuations.

As demonstrated in Figure 3.6, the typical temperature instability of the PP-CW under ambient
laboratory conditions, measured using the monitoring NTCs placed on the microwave cavity of the
PP-CW (cf. Figure 2.7), is below 0.5 mK over one day. In the PPs, the cell (or stem) temperature is
detected using two NTCs in a Wheatstone bridge configuration and stabilized with a feedback on
the heater current. In order to determine the cell temperature fluctuations using an independent
NTC whose response is not included in the feedback loop, we modify the Wheatstone bridge into
two separate and simpler resistance measurement circuits. One of the NTC measurements serves
to stabilize the cell temperature and the other serves to monitor the temperature fluctuations
independently from the feedback loop. These modifications were performed on the cell and stem
temperature control circuits of the PP-POP in order to assess the temperature fluctuations more
precisely. The cell and stem temperature instability measured using the independent NTCs using
PP-POP placed in the hermetic chamber are depicted in Figure 3.6. A stability level below 10 uK
over one day is determined for both cell and stem, which would lead to a clock stability limit
well below 107! due to the buffer-gas collisions. The right axis in Figure 3.6 presents the clock
stability limit estimated using the cell TC of 2.3-107!2 /K determined in the previous section 3.3.2.1.
In view of operating our POP-DR clock under ambient laboratory conditions, the temperature
instability measured using the PP-CW offers a reliable estimation of the upper limit of cell and stem
temperature fluctuations. Thus, given the temperature fluctuations of the POP-DR clock cell at the
level of 0.5 mK, the estimated clock stability limits using the cell and stem TCs are < 107! for the
one-day timescale.

73



Chapter 3. Evaluation of long-term instabilities in a POP-DR Rb cell clock

1
10 .- ], 13 =
3 , ®-0 00 %% 4 o049 809 10 \:}

10 ) >
2 10 107 8
g 4 S ﬁ* %; 2
5 10 ¥ ad 410" 3
= 'S VY VYV Y vy 10 %)
S 10° *ou, g
£ -17
Ei o IR -85 5 |10 3
@®
5 10-6 ® Chamber external ; - z i 18 g
s & PP-POP cell o
© 17| ®™ PP-POPstem 3
- PP-CW NTC front -10"° ©

8| w PP-CW NTC back
10
10t 102 10° 10 10°

Averaging time [s]

Figure 3.6 — Temperature fluctuations measured on the cell and stem of the PP-POP (placed in the hermetic
chamber) and on the microwave cavity of the PP-CW (placed outside the chamber). PP-CW temperature
fluctuations are shown in Figure 2.8. Left axis: temperature fluctuations in K. Right axis: estimated relative
clock stability limit. Stability analysis performed using ThéoH statistics (cf. section 1.6.1); filled markers:
overlapping Allan deviation; empty markers: Théol. Figure adapted from [113] and includes additional data.

3.3.3 Barometric effect

In the POP-DR clock, the dominant contribution is the barometric effect due to the variation of the
buffer-gas pressure in the cell, which is induced by the bending of the cell windows in response to
varying external pressure [60] (cf.section 1.5.3). Typical atmospheric pressure fluctuations can reach
3 hPa (in terms of Allan deviation) over one day and result in a clock instability contribution at a
level of 2-107!3 (see Figure 3.7). In order to decrease the barometric effect-induced clock stability
limit below 2-10~!* over one day, we must reduce the barometric sensitivity coefficient of the vapor
cell, which depends on the glass cell’s dimensions and material [51], by a factor of ten. For example,
increasing the glass wall thickness by a factor of 2.2 or decreasing the cell diameter by a factor of
1.8 would lead to an approximately ten times lower barometric sensitivity. As an alternative, we
employ a hermetic chamber in this thesis to passively stabilize the pressure fluctuations in the
PP-POP vapor cell environment (cf. section 2.4) while keeping the same cell.

Figure 3.7 presents the simultaneously measured internal and external chamber pressure and
temperature fluctuations in terms of overlapping Allan deviation. In this case, the pressure fluc-
tuations in the PP-POP vapor cell environment (internal chamber pressure) are reduced by two
orders of magnitude (to 0.03 hPa, see Figure 3.7) and the induced clock stability limit is reduced to
2-1071° up to a one-day timescale. The internal temperature of the chamber is controlled via an
actively stabilized baseplate temperature in the short term; on long-term timescales, it is governed
by the residual external temperature fluctuations transferred inside the chamber. The pressure
fluctuations inside of the chamber are limited by the internal temperature fluctuations via the ideal
gas law. The simultaneously measured chamber temperature and pressure fluctuations presented
in Figure 2.16 (bottom plots of the two graphs) present highly correlated variations.
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Figure 3.7 — Chamber internal and external pressure and temperature fluctuations. Figures adapted from
[113] and (b) includes additional data (Chamber baseplate temperature).

The clock frequency fluctuations measured following the chamber pressure change (see Figure 3.8a)
demonstrate an equilibration process with a time constant of 1.2 +0.2 days. The chamber pressure
(see Figure 3.8b) presents a stabilization period with a time constant of 1.71+0.01 days due to the
degassing process. The clock frequency variation during the pressure stabilization in the chamber is
notably dominated by the pressure variation in the chamber, which occurs via the barometric effect.
The peaks of the measured clock frequency and the oscillations of the pressure appear to originate
from temperature fluctuations. The barometric sensitivity coefficient of the clock frequency is
deduced from the linear fit depicted in Figure 3.9. The coefficient of (6.6+0.2)-10~!4 /hPa measured
under reduced pressure conditions is slightly lower than the coefficient ((8.1+0.7) - 10~'* /hPa)
measured under atmospheric pressure [51].
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3.3.4 Spin-exchange shift

The temperature-dependent Rb density and velocity variations contribute to the clock frequency
instability via the spin-exchange effect (see section 1.5.4). In vapor-cell clocks, the clock frequency
sensitivity to cell temperature variations is dominated by the buffer-gas density shift effect (see
Figure 3.4). The spin-exchange shift contributes linearly to the quadratic buffer-gas density shift,
which has an impact on the linear fit parameter. Thus, in vapor-cell clocks, the experimental
determination of the SE coefficient is limited by the buffer-gas density shift effect, though it can
be calculated (cf. section 1.5.4) assuming ideal optical pumping and homogeneous microwave
field application. Taking into account the optimized clock experimental conditions (optical-pump
frequency on |2) — |3) transitions and microwave pulses of 0 = 0.56 =), the calculated clock
frequency sensitivity coefficient is < 6.0-107!2 /K. This coefficient is at the same level as that
reported for a similar vapor cell with a larger stem volume where the CW-DR scheme is applied
[80]. The clock stability limit of the spin-exchange shift due to the cell temperature fluctuations
< 0.5 mK over one day (see Figure 3.6) is estimated below 3-1071°,

76



3.3. Analysis of long-term clock instability sources

3.3.5 Light-induced shifts

In the POP-DR scheme where the optical and microwave interactions are separated in time, the
impact of the AC Stark shift effect is strongly reduced compared to the case where the CW-DR
scheme is applied (cf. section 1.5.5). However, light-induced clock frequency shift (Avygs) is not
fully suppressed and the remaining sensitivity results from a combination of different processes
that correspond to each phase of the interrogation scheme: residual coherence due to non-ideal
optical pumping in the vapor cell [69] and the residual light during the microwave interrogation
due to non-perfect light extinction, via the AC Stark shift effect [75].

Figure 3.10 reports on the clock frequency shift as a function of the optical pump and detection
powers, varied by the same ratio in all phases of the POP-DR interrogation scheme, for the laser
frequency tuned to the sub-Doppler peaks from |52S;,,, F = 2) ground state. In the optical power
region corresponding to the typical clock operation conditions (14 mW optical pump power),

the clock frequency varies linearly with light intensity. The clock frequency sensitivity to light

POP
LS

through applying the linear fit illustrated for CO22-23 in Figure 3.10. Figure 3.11 presents the clock
frequency shift as a function of the laser frequency detuning from |52S;/,, F = 2) — [52S/2, F' = 3)

intensity fluctuations characterized by the a'% coefficient is deduced for a fixed laser frequency

measured for fixed optical pump and detection powers. The S} coefficient characterizing the
clock frequency sensitivity to laser frequency fluctuations is deduced from the slope of the linear
fit in Figure 3.11). Table 3.3 summarizes the experimental LS coefficients. Both coefficients are
reduced by one order of magnitude compared to the CW-DR [45] and CPT [114] interrogation
schemes and are of the same order of magnitude as the ones reported for similar pulsed DR [44]
and CPT schemes [52].
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Figure 3.10 - Clock frequency shift as a function of the optical pump and detection powers for laser frequencies
tuned to the |5%S)/,, F = 2) ground-state transitions. Red solid line: linear fit to deduce the intensity LS
coefficient at a fixed laser frequency. Figure adapted from [113].
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Table 3.3 — Light —intensity and frequency— induced clock frequency sensitivity coefficients. The coefficients
are deduced from the data shown in Figures 3.10 and 3.11, for optical-pumping from the |5%S1/,F = 2)
ground-state transitions. Table adapted from [113].

Parameter a’iy [1%] s [/MHz]
C021-23 <23-10714

C022-23 (7+2)-1071 (-1.5+0.1)- 10713
F23 (1.6+£0.1)-10713

Figure 3.12 presents the relative optical power fluctuations measured at the clock cell input under
pulsed operation conditions of the POP-DR interrogation (cf. Figure 2.15). For this measurement,
we used the residual transmitted light at the back of a dielectric mirror, which conducts the light
to the clock cell of the PP-POP. The optical power fluctuations are below 0.7 % at one day. For the
as coefficients listed in Table 3.3, the clock stability limit of the intensity LS effect is at the 1074
level. In the POP-DR clock, the laser intensity is not actively stabilized and its fluctuations represent
the main instability source on long-term timescales. Laser intensity fluctuations are affected by
environmental parameters such as the temperature, pressure, or humidity, which can affect the
AOM, optics, and electronics. The laser frequency-stabilization loop can also contribute to light
intensity fluctuations, as it acts on the laser current to regulate its frequency. Active laser intensity
stabilization is required in order to reduce these long-term instability contributions due to light
intensity fluctuations and can be implemented, for example, by acting on the laser temperature
or via the AOM drive power. Given that the relative laser intensity fluctuations can be drastically
reduced to the level of 2-107° at 7 = 10* s using a temperature-stabilized AOM, as demonstrated in.
[115], with a stabilization loop via the RF power of the employed AOM, our clock’s stability limit of
the intensity LS effect would decrease by more than three orders of magnitude to 5-107".
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Figure 3.12 - Left-hand axis: Relative optical power fluctuations measured at the clock cell input in the pulsed
operation mode. Right-hand axis: estimated clock frequency stability limit via the intensity LS effect. Courtesy
of E Gruet, LTE

In addition to decreasing the laser intensity fluctuations, detailed investigation of the processes
that contribute to the light shifts in the POP scheme, particularly in view of reducing the residual
coherence via a stronger optical pumping [69], would help to improve the clock stability limits
due to this effect. Moreover, composite interrogation protocols based on the time-domain Ramsey
scheme [52, 116], which have been widely exploited to reduce the light-shift effects in recent high-
performing CPT-based vapor-cell clock demonstrations, may also be an interesting alternative to
consider in future studies.

The frequency instability of the LH-POP is 4 kHz at one day (< 10~!! in relative, cf. Table 2.1)
and leads to a clock stability limit below the 107! level when taking into account the measured

15 coefficients. This laser frequency instability measurement was performed at the LH output in
the CW operation mode (AOM does not function as an optical switch, but continuously). When
operating the LH-POP in the pulsed mode according to the scheme of Figure 2.15, the switching
of the AOM could degrade the frequency stability at the LH-POP output (similarly to the intensity
stability degradation in the pulsed operation). In this case, the estimated clock stability limit from

the laser frequency fluctuations may be underestimated and requires validation in future work.

3.3.6 Microwave-power shift

The microwave-power shift [47] arises from the inhomogeneity of the applied microwave field
amplitude across the clock cell and in the case of spatially varying frequency shifts of the Rb atoms
that are effectively localized in the buffer gas [83]. For the POP-DR clock, numerical studies have
identified the greatest contribution to the MPS effect as the inhomogeneity of the light shift caused
by the residual coherence [51, 59]. The clock stability limit of the microwave power fluctuations via
the cavity-pulling effect is further discussed in section 3.3.5.
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The clock frequency shift measured as a function of the pulse area 6 = bg-t;, o< /Py - t,y, for optical-
pump frequencies tuned to the sub-Doppler peaks from |5%S;,, F = 2) ground state is reported
in Figure 3.13. The microwave Rabi frequency is proportional to the square root of the microwave
power, Py, applied during the pulse. Thus, the microwave pulse area is varied by changing the
applied microwave power Pj; at a constant pulse duration t,,. The product 0 = /Py - t;;, is scaled
via the Rabi oscillation measurement under the assumption that the maximum contrast in Rabi
oscillation is obtained for 8 = 7/2 [59]. At a microwave pulse area of 6 = 0.56 7, slightly larger than
the m/2 pulses, the clock frequency sensitivity to microwave power fluctuations is reduced by one
order of magnitude (< 4-107!3 /uW). Nevertheless, 8 = 0.56 7 pulses result in a slightly reduced
central fringe contrast, as discussed in section 3.1, and shifts the clock frequency by < 25 mHz
compared to the case of ideal 7/2 pulses.

In order to measure the microwave power fluctuations in the vapor cell, we make use of the atomic
response. To do so, we operate the clock with 8 = 0.8 pulses, corresponding to an enhanced MPS
coefficient of 6-10712 /uW. During the measurement shown in Figure 3.14, the intensity light-shift
contribution is estimated to be lower than the MPS effect by more than a factor of two and all other
effects are at least one order of magnitude lower. Deduced microwave power fluctuations, as shown
on the left axis of Figure 3.14, are below 1.5-1072 uW (0.08 %) up to one day. The right-hand axis of
Figure 3.14 presents the clock stability limit estimated for our POP-DR clock operation conditions
using microwave pulses of 8 = 0.56 7. The MPS induced clock instability remains below 6-107° up
to one day and does not currently represent a dominant instability source. Furthermore, an active
microwave power stabilization scheme that can benefit from the pulsed interrogation approach
and from the atoms’ response may be useful to decrease the microwave power fluctuations [117].
In this case, not only the contribution of the MPS effect, but also that of the cavity-pulling effect
(see section 3.3.5) via fluctuations of 6 would be reduced.
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Figure 3.14 — Microwave power fluctuations and clock stability limit via MPS effect. Stability analysis per-
formed using ThéoH statistics (cf. section 1.6.1); filled markers: overlapping Allan deviation; empty markers:
Théol. Figure adapted from [113].

3.3.7 Cavity-pulling shift

The clock frequency is coupled to the physical parameters — such as the cavity temperature, pressure,
and humidity — via the CP shift effect (cf. section 1.5.7). The sensitivity of the microwave cavity
resonance frequency v,y to these parameters is characterized by the tuning coefficients listed in
Table 2.3. The instability contribution of the CP shift effect may become the main clock stability
limitation, for example, for high Q-factor cavities [118]. Due to the low Q-factor of the magnetron-
type cavity Q; = 140 and the small detuning of the resonance frequency from the atomic transition
frequency Av.q, = 1.87 MHz (cf. section 2.4), the impact of the CP shift effect in our POP-DR clock
remains a negligible contribution.

The fluctuations of the sensitive parameters at one day and the cavity-pulling shift coefficients
calculated for the PP-POP’s magnetron-type cavity for the optical-pump frequency tuned to the
cross-over |52S;/2, F =2) — |52P3/,, F = 1,3) and microwave pulse areas of 6 = 0.56 & are listed
in Table 3.4. The estimated clock stability limit due to the cavity-pulling effect is dominated by
the humidity sensitivity of the cavity and the microwave power fluctuations that is one order of
magnitude lower than the MPS effect. The remaining instability contributions via the cavity-pulling
effect are negligible. Even under ambient laboratory conditions, the clock instability contribution
arising from atmospheric pressure fluctuations of 3 hPa via the CP shift effect is negligible at
6-10716 and results in a (total) CP shift limit at 2.2-10712,
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Table 3.4 - Cavity-pulling shift coefficients and estimated clock stability limits for the experimental parameter
fluctuations. Microwave power instability is determined in section 3.3.6, cavity temperature instability in
section 3.3.2.2, chamber internal pressure instability in section 3.3.3, and environmental humidity instability
provided by MeteoSwiss®. Table adapted from [113].

4 5 CP shift Parameter Clock instability
7=10"to 10° s . . L
coefficient fluctuations contribution

Microwave power 5.6-1071 /uw 1.5-1072 uyW 8.3-10716
Temperature -5.1-1071% /K 5-1074K 2.6-10718
Pressure —2-107'6 /hPa 3-1072 hPa 6-10718

Humidity —4.8-1071% /(g/m3) 0.4 g/m3 1.9-10715
Total 21-10715

3.3.8 Other shifts

In this section, we evaluate two additional effects that induce a shift of the atomic energy levels
and thereby contribute to the clock instability, although at negligible levels. First, the blackbody
radiation (BBR) shift Avggg for 8’Rb is given in relative terms by [119]

Av Toorr |
ﬂ:—l.%-m‘“(ﬂ) , 3.1)
Vrb 300

where T,.;; is the vapor-cell temperature. The resulting sensitivity coefficient at the cell temperature
of 62.16°C is calculated as —2.3-107'¢ /K. Considering the cell temperature fluctuations at the
level of 0.5 mK (see section 3.3.2.2), the clock stability limit of the BBR shift effect is estimated as
1.2-107'Y at one day. For temperature fluctuations up to 1K, the clock stability limit is well below
10715,

Secondly, a static electric field applied on the atomic vapor shifts the energy levels through the DC
Stark shift effect. For the clock transition of 'Rb, the DC Stark shift is given by [120]

Av
DC _ _1g.107'6 Ey?, 3.2)

VRb

where Ej is the electric field strength expressed in Volt per centimeter. For our cm-scale vapor cell,
taking into account an environmental electric field up to 3 V/cm, the impact of the DC Stark shift
effect is below 1.1-10713,

2 Acknowledgments to MeteoSwiss, the Swiss Federal Office of Meteorology and Climatology for the environmental
parameters data.
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3.4 Long-term clock instability budget

Table 3.5 summarizes the principal physical effects that impact the long-term frequency stability of
our POP-DR Rb-cell clock with experimental sensitivity coefficients and parameter fluctuations
under optimized clock operation conditions (i.e., in the hermetic chamber), as listed in Table 3.6.
The impact of the SE and CP effects are assumed to be included in the experimentally determined
cell TC, barometric coefficient, and MPS coefficient. Thus, the total clock stability limit is the
quadratic sum of the contributions of lines 1 - 7 given for averaging times from 10* to 10° s (one
day). The clock instability of 1.7-107!* is estimated, in reasonable agreement with the measured
instability (cf. Figure 3.15).

The long-term clock stability was initially optimized by optimizing the experimental parameters,
such as the optical-pump frequency and the applied microwave pulse areas. The instability contri-
bution of the MPS effect is reduced by optimizing the sensitivity coefficient for microwave pulses
areas of 0.56 m, at the expense of a slightly increased clock frequency shift and reduced contrast of
the central Ramsey fringe characterized in section 3.1. The barometric effect is reduced employing
the hermetic chamber to isolate the clock Rb cell from atmospheric pressure fluctuations. Further-
more, the dominant contribution of the second-order Zeeman shift effect is diminished due to
the reduced clock frequency sensitivity coefficient. The simultaneous cell and stem temperature
measurements are used to consolidate the clock stability limits of the buffer-gas density shift effect.
Thus, their contributions, along with those induced by the cavity-pulling and spin-exchange effects,
currently remain at the level of 107! or below.

According to the budget in Table 3.5, the dominant clock instability contribution arises from
laser optical power fluctuations. All of the parameter fluctuations are assessed using the POP-
DR scheme under the optimized clock parameters outlined in Table 3.6 (i.e., in the hermetic
chamber), except the laser frequency instability measured in the CW mode. The experimental
validation of the instability in the pulsed operation mode of the POP-DR clock is required to
further confirm the long-term clock budget. We suspect that the contribution of the frequency
light-shift effect may be underestimated in this budget. In addition, the optical power could not
be simultaneously measured with the clock frequency and is necessary to confirm its limitation.
Given the contributions from all other known effects consolidated in this work, we suspect that the
observed bump in Figure 3.15 around 10* s arises from the light-shift effects. In order to overcome
the limitation due to the laser intensity fluctuations, one straightforward solution is to implement
an active stabilization loop, for example, acting on the laser chip temperature or on the RF power of
the AOM.

Reducing the optical power fluctuations by a factor of three will be sufficient for reachinga < 1074
clock stability level at one day. Alternatively, detailed analyses of the light-induced clock frequency
sensitivities in the POP-DR scheme will help to identify the physical processes at the origin of
this dominant contribution and to reduce the sensitivity coefficient. Solutions that employ a
second laser light to reduce the light-shift effect, as demonstrated in [121], could ultimately present
an effective approach to efficiently pump the atoms in the cell and reduce the light-induced
sensitivities as well as the sensitivities related to the residual coherence.

83



Table 3.5 — Long-term instability budget at T = 10* to 10° s for the POP-DR clock. Microwave pulses of 8 = 0.56 & and optical pumping from Fg =2 ground state
with the PP-POP placed in the hermetic chamber at 535 hPa. The clock sensitivity coefficients and the physical parameter instability (o (7)) are presented and
discussed in the previous section 3.3. The total clock stability limit is estimated taking into account the effects in lines j = 1—7, assuming uncorrelated effects. @
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contributions of these effects are included in another effect associated to the same sensitive parameter, e.g. temperature, pressure, or microwave power.

. . Sensitive Sensitivity Relative sensitivity Parameter Clock instability
j  Physical effect . . . .
parameter coefficient coefficient fluctuations contribution
1 2™_order Zeeman shift C-field 4.0-10° Hz/T 5.8-107° /T 2-107°1T 1.2-1071°
2 Buffer-gas density shift Teell +1.6-1072 Hz/K +2.3-10712 /K 5-1074 K 1.2-1071
3 Stem TC Tstem 8.2-103 Hz/K 1.2-10712 /K 5-1074K 6.0-10716
4 Barometric Peyxs 4.5-107* Hz/hPa 6.6-1071* /hPa 3-1072 hPa 2.0-1071°
5 Intensity light shift Liaser +1.6-10"* Hz/% +2.3-1071 /% 0.7 % 1.6-10714
6 Frequency light shift Viaser —-1.0-1073 Hz/MHz -1.5-10"1 /MHz 4-1073 MHz 6.0-10716
7 Microwave power shift Py 2.7-1073 Hz/uW 4.0-10713 /uw 1.5-1072 yW 6.0-1071°
8 Spin-exchange shift @ Teell 4.0-1072 Hz/K 5.9-10712 /K 5-1074 K 3.0-10715
9 Cavity-pulling shift @ 13, 3.8-107* Hz/uw 5.6-1071 /uwW 1.5-1072 uyW 8.3-10716
10 Cavity-pulling shift @ Teav -3.5-10"% Hz/K -5.1-1071% /K 5-107* K 2.6-10718
11 Cavity-pulling shift @ Poxt —1.4-10"% Hz/hPa —2.1-107'6 /hPa 3-1072 hPa 6.0-10718
12 Cavity-pulling shift @ Heyr -3.3-107° Hz/(g/m%®  -4.8-107!% /(g/m?) 0.4 g/m3 1.9-10715
. . oy _ % m _ ‘N N
Total estimated clock frequency instability at 7 =10 to 10° s 0y(T) =4 \M\.uH QKS 17.10-14

0 = 0.56 7, optical pumping from Fg = 2, hermetic chamber at 535 hPa

includinglines j=1to 7
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3.5 Measured long-term clock instability

This section presents the measured long-term clock frequency instability and the simultaneously
measured parameter fluctuations. The experimental parameters used to operate the clock, which
are optimized as presented in previous sections, are outlined in Table 3.6. Under these conditions,
the measured clock frequency instability is reported in Figure 3.15. The measurement has a duration
of three days; the full range of data is analyzed using the Théo-H statistic [88], which combines the
overlapping Allan (filled circles) and Théo1 (empty circles) variances (cf. section 1.6.1).

The short-term instability of 4.8-10713 7712 is limited by the SNR of the optical detection [51]. The
linear drift of —4.3-1071° /day, well below the measured instability at one day, is not removed from
the data shown in Figure 3.15. The measured clock instability remains < 2-107!* at the averaging
times of 10* —10° s, in agreement with the estimated clock instability according to the budget in
Table 3.5.

Table 3.6 — Clock experimental parameters in view of optimized long-term stability performance.

Laser frequency (CO21-23) 384.227903 THz
AOM frequency shift -2-75MHz
Optical pump pulse tp =0.4ms Py =14 mW
Optical detection pulse t;=0.7ms Py =150 yW
Microwave pulses (0.56 ) L, =0.3ms Py =20 uyW
Free evolution time tr =3.0ms

Total cycle time tc=4.74ms

LO-POP modulation frequency fmoa =211 Hz
LO-POP modulation depth fa=+80Hz
C-field 3.5uT
Cell temperature 62.16°C
Stem temperature 59.22°C
Chamber average pressure 535.3 hPa
Chamber average temperature 24.86°C
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Figure 3.15 — Measured long-term clock frequency instability. The drift of —4.3-10~' /day is not removed.
Stability analysis performed using ThéoH statistics (cf. section 1.6.1); filled markers: overlapping Allan
deviation; empty markers: Théol. Figure adapted from [113].

Simultaneous measurement of the experimental and environmental parameters along with the
clock frequency is crucial to confirm the dominant contribution to the clock frequency fluctuations
through a correlation analysis. Figure 3.16 reports the clock frequency and the simultaneously
measured parameters such as: chamber pressure; the LH-POP reference-cell transmission signal
obtained in the Doppler-free configuration; and the temperature fluctuations of the cell, stem, and
laboratory. The recorded data are smoothed with a moving average algorithm in order to reveal the
underlying form of the fluctuations. The chamber pressure is measured using a pressure sensor.
The LH-POP reference signal corresponds to the Doppler-free absorption signal used to stabilize
the laser frequency. Before entering the PP, the frequency-stabilized laser output travels through
several more passive optical elements and the AOM in double-pass configuration. The cell and
stem temperatures are measured using the monitoring NTCs (in open loop). For the temperatures
of the cell, stem, and laboratory, the absolute fluctuations around the respective mean values are
indicated (T,e;; = 62.1°C, Tsrem = 59.2°C, and Ty, = 21.3°C). The accuracy bias of the mean
values measured by the monitoring NTCs from the temperatures indicated in Table 3.6 is in the
uncertainty limit of the employed NTCs (£0.2°C).

The evident correlation of the chamber pressure with the laboratory temperature fluctuations is
aresult of the heat transfer through the chamber walls, which was characterized in section 2.4.4.
In fact, for the clock frequency fluctuations, no clear correlation with any other recorded signal is
observed, indicating that the clock frequency instability is dominated neither by the barometric
effect nor the temperature sensitivities. However, the optical power was not measured simultane-
ously at the PP input but at that of the reference Rb cell of the LH-POP. Thus, even though this data
does not correspond to the light entering the PP-POB, it is still useful to estimate the fluctuations
at the PP input given that the additional optical components, and particularly the AOM (even in
continuous-wave operation), degrade the long-term laser intensity stability (in relative) by one
order of magnitude (cf. Table 2.1). Taking into account this factor of ten, the relative optical power
fluctuations level at the PP-POP input APpp is qualitatively estimated from the relative optical
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power fluctuations measured before the AOM in the LH-POP APy using

AP AP
PP~ jo=tH (3.3)
Ppp Pru

The induced clock frequency stability limit is subsequently estimated using the a'% light-shift
coefficient (cf. Table 3.3) and presented (with the blue triangles) in Figure 3.17. For other sensitive
parameters, whose fluctuations are directly recorded in parallel to the clock frequency, the stability
limits are estimated using the corresponding sensitivity coefficients. The calculated clock frequency
fluctuations are presented in Figure 3.17. The estimated clock instability contribution from the light
shift effects due to the laser intensity fluctuations reaches the 10~!* level at the averaging times
>10% s. For an ultimate validation of the long-term clock stability limitation due to the intensity
LS effects, the optical power at the PP-POP input should be measured simultaneously with the
clock frequency. In this case, we would expect to observe a significant correlation between the two
simultaneously recorded data.

The LH-POP, placed in a thermal isolation box in the laboratory, operates under atmospheric
conditions. Therefore, light intensity and frequency may suffer from variations of the environmental
parameters via the reference cell, AOM, or optical elements. Figure 3.18 reports the LH-POP
reference cell signal along with the atmospheric pressure and humidity variations recorded in
Neuchatel® and the temperature fluctuations in its environment. The detected optical power
fluctuations appear to be correlated with those of the atmospheric pressure and humidity, whereas
no significant correlation with the temperature can be distinguished. In particular, the optical
power detected via the photodetector current (—0.33 A/W) through the reference Rb cell of the
LH-POP reveals a linear sensitivity coefficient to the fluctuations of the atmospheric pressure
~ —0.01 puW/hPa (~ 3.3 nA/hPa). The sensitivity of the optical power to the fluctuations of the
environmental parameters may originate at different stages of the LH-POP, for example optical
components’ reflectivity, air’s refractive index, or reference cell temperature. Further investigations
are required to identify the dominant contribution and thus to reduce the laser intensity fluctuations
while still operating the LH-POP under ambient atmospheric conditions.

3 Acknowledgments to MeteoSwiss, the Swiss Federal Office of Meteorology and Climatology for the environmental
parameters data.
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Figure 3.16 — Relative clock frequency and simultaneously measured experimental parameters: chamber
pressure, LH-POP Doppler-free absorption, and temperature fluctuations of the cell, stem, and in the laboratory.
Mean temperatures for cell, stem, and in the laboratory are T.p;; = 62.1°C, Tstem =59.2°C, Tjqp =21.3°C,
respectively. The relative clock frequency and the cell and stem temperature data are smoothed over 3'000 s,
the chamber pressure and LH-POP signal data are smoothed over 1'000 s, and the laboratory temperature
data is smoothed over 7'000 s.
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Figure 3.17 — Estimated clock frequency fluctuations induced by the temperature, barometric, and light
intensity sensitivities. The clock frequency sensitivity coefficients are applied to the simultaneously recorded
parameters to estimate the contributions to the clock frequency fluctuations. Stability analysis performed using
ThéoH statistics (cf. section 1.6.1); filled markers: overlapping Allan deviation; empty markers: Théol.
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Figure 3.18 - Absolute fluctuations of the LH-POP Doppler-free absorption, the atmospheric pressure and
humidity, and the temperature in the LH-POP surroundings.
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3.6 Conclusion

In this chapter, we analyzed the long-term stability limitations in our compact Rb vapor cell
clock where the POP-DR interrogation scheme is applied. We evaluated and optimized the clock
frequency sensitivity to experimental parameter fluctuations in view of improving the long-term
clock stability. A clock instability below 2-1071* at 7= 10* to 10° s timescales was demonstrated
under optimized experimental conditions. The instability contribution of the second-order Zeeman
effect, which was one of the principal clock stability limits, was reduced by decreasing the clock
frequency sensitivity at a lower C-field. The impact of clock Rb cell temperature fluctuations on the
long-term clock instability via buffer-gas density shift and spin-exchange shift effects are assessed
through simultaneous monitoring of the temperature at the level of 1071 or below.

We evaluated the various contributions in the long-term clock instability budget. The clock fre-
quency sensitivity coefficients were experimentally determined under optimized experimental
parameters. The fluctuations of the parameters were measured using the atomic response when
possible and under similar conditions to the clock operation (see Table 3.6). The dominant instabil-
ity contribution to the measured clock frequency instability was estimated at the level of 1.6-107'4
arising from variations of the light intensity through the LS effects. The second highest contribution
was the microwave power shift effect at the level of 6.0-107!5. For all other relevant effects, the
contribution remained well below 5.0-107'5.

In our POP-DR clock, the laser intensity is not actively stabilized. The laser frequency is stabilized
via the laser drive current, and therefore may lead to light intensity variations if the intensity is
not stabilized in a separate loop. The laser intensity fluctuations can be reduced through an active
stabilization loop via the AOM [115] up to three orders of magnitude, yielding a clock stability
limit below 10718, Nevertheless, adding a servo loop on each parameter would make the system
relatively more complicated and power consuming. In view of clock prototype with a small SWabP, it
is more interesting to identify the origin of high intensity fluctuations and have a better control of
the light intensity stability while keeping the number of servo loops to a minimum. Our preliminary
results suggest that the Doppler-free absorption signal used to frequency stabilize the laser light
appears sensitive to the variations of the environmental pressure and humidity. In this case, such
environmental parameters may perturb the light intensity by different means, for instance through
the optical components’ reflectivity, air’s refractive index, or reference cell temperature. Moreover,
frequency-stabilized laser light, serving for the optical pumping and detection in the clock, passes
through additional components (e.g., AOM) before reaching the clock Rb cell, and therefore is
expected to be more sensitive to such environmental parameters’ variations than the Doppler-free
signal. Further investigations are required in order to identify the main origin of the dominant
contribution and then implement an adequate stabilization servo loop if necessary.

Finally, the long-term clock instability budget consolidated in this thesis includes the sensitivity
coefficients and parameter fluctuations measured under similar experimental conditions to the
clock instability measurement, except for the laser frequency. The laser frequency fluctuations
measured at the PP-POP input in CW operation mode may be underestimated for the pulsed
operation mode of the POP-DR clock and should be further studied.
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In laser-pumped vapor-cell clocks, the LD emission used to optically pump the atoms often also
serves to detect the atomic resonance resulting from the microwave interrogation. In this case, one
of the main clock instability contributions on short-term timescales is the detection signal-to-noise
ratio (cf. section 1.6.2.1). While the signal properties largely rely on the atomic density, interrogation
scheme, and other experimental parameters (e.g. optical and microwave powers, cell temperature),
the optical detection noise is dominated by the laser noise (AM and FM-to-AM conversion noise).
Furthermore, the fluctuations of the light intensity and frequency degrade the clock frequency
stability via the LS effects (cf. section 1.5.5) and may become a serious long-term clock instability
source. The requirements on the laser spectral properties for such applications in order to reach a
clock frequency stability of 10713 at 7 =1sand 107'* at 7 = 10* s (1 day) are the following:

* Collimated and single-mode emission at the wavelength of the 8’Rb D; or D, line with a
mode-hop free tuning range covering several GHz across the optical resonances from the hy-
perfine ground states and a linewidth below 5 MHz to resolve the Doppler-free spectroscopy
of the excited states;

¢ In the CW-DR scheme, an optical power in the order of a few hundreds of yW; in the POP-DR
scheme, typically 15to 20 mW for optical pumping and a few hundreds of yW for detection;

* Relative intensity noise of 10~!! Hz™! at Fourier frequencies corresponding to the modulation
frequency of the clock detection, typically between 50 Hz and 500 Hz;

* Frequency noise below 10'° Hz?/Hz at Fourier frequencies corresponding to the modulation
frequency of the clock detection, typically between 50 Hz and 500 Hz;

* Given the LS coefficients measured in the CW-DR scheme (reported in Table 3.3 of reference
[75]), the relative laser frequency, and intensity instabilities <3-10712 and <3-107* over
one day, and considering those measured in the POP-DR scheme (global a and g light-shift
coefficients reported in Tables 3.6 and 3.7 of reference [51]), relative frequency and intensity
instabilities of <3-1071%and <7-107%.

DFB laser diodes emitting at 780 nm that are employed in Rb vapor-cell clocks typically provide
a mode-hop free tuning range of several GHz and an optical power of several tens of mW while
exhibiting a linewidth in the order of a few MHz (cf. section 2.1.1). Meanwhile, the progress in the
telecommunications resulted in an extensive research and development of optical sources and
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components operating in the telecom spectral regions, among which the so-called conventional
(or erbium) window (known as the C-band around 1560 nm) is the most widely used window for
optical fiber communications. This is because in this spectral region the losses are the lowest in
silica fibers and the fiber lasers and amplifiers based on erbium are available, which offer high
performances and especially for long-distance transmission. Working at larger wavelengths, around
1560 nm instead of 780 nm, has also a practical advantage in the processing of frequency selective
structures at the wavelength scale, which are used in single-mode (DFB, DBR, or external cavity)
lasers and to narrow the laser linewidth. Working with Rb atoms offers the possibility to benefit
from the superior spectral properties and higher reliability of optical sources and components at
1560 nm, which coincides with the twofold optical transition wavelengths of 8Rb atoms at 780 nm.

In this chapter, we investigate two frequency-doubled telecom lasers based on different laser chip
technologies (cf. section 2.1.2) for their potential exploitation in high-performance Rb vapor-cell
clocks. First, we present an overview of high-precision applications that benefit from such laser
systems. Then, we study in detail the spectral properties and long-term fluctuations of the laser
systems based on frequency doubling. Finally, we discuss their implementation in Rb vapor-cell
clocks in view of short- and long-term clock frequency instability. The following sections, except
for sections 4.2.1 and 4.6, are essentially based on our article [122] with the inclusion of additional
studies and discussion. The text and figures are adapted from [122].

4.1 Telecom lasers in atomic physics

Frequency-stabilized 780-nm optical sources play a crucial role in many high-precision applications
in metrology [67], atomic physics and spectroscopy [123], atmospheric sensing [124], and optical
telecommunication [125]. Advances in scientific research and industrial development in these fields
reflect the increasing interest in compact, reliable, and highly stable laser sources satisfying stringent
spectral requirements specific to each application. For semiconductor laser diodes emitting at
780 nm, a widely used frequency stabilization technique is based on the atomic frequency references
obtained through a rubidium vapor cell to generate the correction signal [126]. Improved laser
frequency stabilities are achieved by resolving the 8’Rb atomic transition lines close to their natural
linewidths in Doppler-free spectroscopy schemes [127, 128].

At twice the wavelength of the 780-nm Rb D, line, corresponding to the telecommunication C-band
at 1560 nm, reliable and low-cost components are available (e.g. low-noise laser diodes, amplifiers,
modulators). Thus, thanks to the second harmonic generation [106, 107], telecom lasers emitting
at 1560-nm can also benefit from the Rb atomic frequency reference stability at 780 nm. This
concept has been largely exploited in the last two decades for optical frequency references in optical
telecommunication applications at 1560 nm [129, 130]. Numerous applications at 780 nm have
also leveraged this idea: the use of the frequency-doubled laser systems is demonstrated in Rb
fountain clocks [131], in compact Rb clocks based on 778-nm two-transition transition [132], in
laser cooling for atom interferometry [133-136], in space-borne applications [137-139], in ground-
based gravimeters [140], and in manipulation of the Rb with short pulses [141]. High-precision
applications require reliable and reproducible low-noise optical sources with a long lifetime. The
availability of such lasers emitting directly at 780 nm presents a limitation for the industrialization
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of laser-pumped Rb clocks. The LDs of the telecom C-band thus present attractive alternatives to
780-nm LDs owing to the availability of reliable and reproducible high-performance components
in this wavelength region.

Our group has previously developed compact and robust optical sources based on a DFB LD
emitting directly at 780 nm and Doppler-free stabilization, such as the LH-CW and LH-POB,
for applications in high-performance Rb vapor-cell clocks [58]. These optical sources exhibit a
frequency instability below 107! up to one day of averaging time. Our group has also previously
demonstrated a compact laser system based on a frequency-doubled 1560-nm LD stabilized to a
Rb cell reference for space-borne CO, detection at 1572 nm [98, 99]. In this thesis, we address the
application potential of telecom lasers in Rb vapor-cell atomic clocks and evaluate two frequency-
doubled laser systems that are frequency-stabilized on Rb transitions (cf. section 2.1.2). One of
these laser systems (FD-DFB) is based on a DFB laser diode emitting at 1560 nm [98] and the other
laser system (FD-ECL) employs an external cavity laser based on planar waveguide technology [100].
The spectral properties of the home-built and well-established LH-CW (cf. Table 2.1) are accounted
as reference. The presented analysis provides a comprehensive evaluation of the frequency-doubled
lasers in view of their use in many high-precision applications.

4.2 Spectral characterization of FD laser systems

This section reports on the spectral characterization of the frequency-doubled laser systems. We
first discuss the basic characteristics of the laser emission, followed by the intensity and frequency
noise and the linewidth.

4.2.1 Basic spectral properties of FD laser systems

In this section, we focus on the basic properties of the laser emission. The dependence of the output
power of the FD-ECL is measured as a function of the drive current at the LD output at 1560 nm
and at the PPLN output at 780 nm (cf. section 2.1.2 and Figure 2.3) for different LD temperatures,
as illustrated in Figure 4.1. The lower optical power at 780 nm agrees with the quadratic second
harmonic generation process (cf. equation (2.1)) and no other significant power losses are noted.
Mode jumps are observed with abrupt changes in the output power and exhibit hysteresis. As the
planar ECL is implemented together with the gain medium in the packaging, the temperatures of
the two parts are controlled simultaneously. The laser emission frequency can thus be tuned either
via the drive current or the LD temperature, as reported in Figure 4.2.

The operational parameters of the FD-ECL allowing the highest output power at the Rb resonance
frequency with a mode-hop free frequency tuning range up to 6 GHz and the output characteristics
are gathered in Table 4.1 together with those of the FD-DFB and LH-CW. All three laser diodes
operate using similar drive currents and LD temperatures. The relatively low optical powers at the
780-nm output of the FD laser systems (200 and 500 W) compared to that of the LH-CW (6 mW) are
sufficient for their implementation in DR clocks in the CW scheme, but require amplification for the
POP-DR scheme to guarantee an efficient optical pumping of the Rb atoms before the microwave
interrogation. The current and temperature sensitivity coefficients of FD-ECL lasing frequency are
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—0.05 GHz/mA and -3.2 GHz/K, respectively, corresponding to optical power changes of 3 pyW/mA
and 20 yW/K at the 780-nm output. The frequency tuning of the FD-ECL (where a planar ECL
is integrated with the gain medium on the same temperature controller unit) is at least 10 times
less sensitive to the drive current and temperature than the laser systems based on a DFB laser
diode (FD-DFB and LH-CW). The side mode suppression ratios (cf. section 2.1.1.1) measured for
all three laser systems using an optical spectrum analyzer (OSA) are also reported in Table 4.1 for
780-nm and 1560-nm lights. The SMSR of the LD emission is comparable for different laser chip
technologies. At the 780-nm output of the FD laser systems, the SMSR is significantly improved by

20 dB via the quadratic power dependence of the SHG process.
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Figure 4.1 — Optical power at the 1560 and 780-nm of the FD-ECL versus the drive current for different LD
temperatures. Filled markers: increased current. Empty markers: decreased current. Solid black line: linear fit
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Table 4.1 - Spectral properties of the three laser systems. For the FD laser systems, the optical powers and the
SMSRs are given for the 1560 and 780-nm outputs.

Parameter Remark Unit FD-ECL FD-DFB LH-CW
Drive current [mA] 150 184 121
LD temperature [°C] 24.3 25.8 23.6
Optical power at 1560 nm [mW] 15 27 -
Optical power at 780 nm (uW] 200 500 6000
Current coeff. GHz
at 780 nm [ﬁ] —0.05 -0.6 -1

of frequency
T t ff.

ermperatire coe at 780nm (Sl 3.2 25 25
of frequency
SMSR at 1560 nm [dB] > 54 > 44 -
SMSR at 780 nm [dB] > 62 > 60 > 40

4.2.2 Relative intensity noise of FD laser systems

The laser intensity noise, often given by the RIN (cf. section 2.1.1.1), is measured using a photode-
tector that converts the incident optical power into an electrical current. Using an FFT spectrum
analyzer, we measured the power spectral density of the associated electrical voltage fluctuations
for Fourier frequencies up to 100-kHz. The RINs measured at the 1560 and 780-nm outputs of the
FD-ECL system are depicted in Figure 4.3, as well as those of the 780-nm outputs of the FD-DFB
and LH-CW. The specification for Rb vapor-cell clock applications to reach a short-term stability
of 210713 ¢71/2 given at all Fourier frequencies (dashed line) is particularly relevant around the
modulation frequency of the clock detection, typically between 50 Hz and 500 Hz. The noise peaks
(at 50 Hz and its harmonics and at high frequencies above 15 kHz) observed on the RIN of the
LH-CW are due to the power source and intrinsic noise of the free-space photodetector!.

Due to the quadratic process of the second harmonic generation (cf. equation (2.1)), the optical
power fluctuations at the 1560-nm PPLN input are increased by a factor of 2 at the 780-nm
output of the FD laser systems (i.e., 0 P7gonm = 2 1 P1560nm 0 P156onm). As for the RIN specifying
the power noise normalized to the average power when described by a power spectral density as
L (cf. section 2.1.1.1), the factor of 2 increase is squared and becomes 22. The RIN of the

2
P780nm

1560-nm output of the FD-ECL is in agreement with previously reported measurements using a
similar ECL laser diode [100]. A ratio of 4.1 + 1.3 is measured between the RINs of the 780-nm
and 1560-nm outputs of the FD-ECL system, which indicates that no significant additional noise is
introduced at this stage. The RIN of the 780-nm output of the FD-ECL at the Fourier frequencies
of interest for Rb clock applications is below 107'2 Hz™1, i.e., more than one order of magnitude
lower than for the other two laser systems based on a DFB LD. All three laser systems satisfy the RIN

IThe RIN of the fiber-coupled laser systems are measured using battery-powered photodetectors.
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Figure 4.3 — Relative intensity noise spectrum for the three laser systems. Figure adapted from [122].

specification for excellent short-term stability in Rb vapor-cell clocks. Nevertheless, the low-noise
FD-ECL represents a more attractive candidate compared to the DFB lasers emitting at 780 nm for
high-precision spectroscopy applications.

4.2.3 Frequency noise of FD laser systems

To measure the frequency noise of the laser outputs, we make use of the absorption line of a
reference Rb cell acting as a frequency discriminator to convert the FM noise into AM noise, which
can be detected using a photodetector. The FM noise PSD is deduced from the AM noise PSD
measured via the voltage fluctuations of the photodetector circuit using an FFT spectrum analyzer
(cf. section 2.1.1.1). The FM noise spectra for the three laser systems measured at the 780-nm
outputs with similar optical powers (31.5 + 1.5 uW) entering the reference Rb cell are presented in
Figure 4.4. For the two laser systems based on a DFB LD, the FM noise is measured in the same
order of magnitude; in contrast, for the FD-ECL, the FM noise of the 780-nm output is two to three
orders of magnitude lower. The FM noise spectrum of the FD-ECL is limited by the laser current
source and corresponds to the equivalent in FM noise of the laser current source noise (1 nA/vHz
drive current noise multiplied by the laser’s frequency-current tuning coefficient). Nevertheless,
it agrees with the order of magnitude of the FM noise spectra reported for a similar ECL LD at
1560 nm [100] (which would degrade by a factor of 22 for the second harmonic at the 780-nm
output of the PPLN).

We stabilize the laser frequency using the optical frequency references of a Rb vapor cell in order
to reduce the FM noise at low Fourier frequencies corresponding to the modulation frequency of
the clock detection, which is typically between 50 Hz and 500 Hz. We measure the FM noise for
the frequency-stabilized lasers at 780 nm. In this case, for the two laser systems based on the DFB
laser, the FM noise is reduced below 108 Hz?/Hz for Fourier frequencies up to the stabilization loop
bandwidth of each system, which is between 2 to 5 kHz. Nevertheless, for the FD-ECL system, the
FM noise in free-running mode (i.e., stabilization servo loop is open) being already limited by the
employed current source noise, no substantial gain is acquired.
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Figure 4.4 — FM noise spectra measured at the 780-nm outputs of the three laser systems in free running (not
frequency stabilized). Figure adapted from [122].

4.2.4 Laser linewidth measurements

We determine the linewidth of the 780-nm outputs of the laser systems using two different methods
and report the results in Table 4.2. The first method consists of measuring the linewidth of the beat
note between two independent laser beams using a photodetector using an RF spectrum analyzer.
We exploit the three laser systems to establish three simultaneous beat notes, as schematized in
Figure 2.18. The individual laser LWs are deduced from the three-equation system and the error
bars are determined by standard uncertainty propagation. In this case, the LW measurements for
the FD-ECL are dominated by the larger IWs of the FD-DFB and LH-CW. To avoid modulation
effects on the measured linewidths, the laser current modulation is switched off, leaving the lasers
in free-running mode (open-loop conditions). The laser frequency fluctuations in this mode lead
to the relatively large error bars (see Table 4.2), which present a limitation for this method. The
LW measurement for the FD-ECL using the beat-note method can be improved if a more stable
optical frequency reference with a narrower LW that that of the FD-ECL is employed instead of the
free-running DFB laser.

In the second method, we exploit the beta-separation line [103] based on the measured FM noise
spectra illustrated in Figure 4.4. The LW measurement of the FD-ECL in this case is characterized
by lower uncertainty, but is limited by the FM noise measurement due to the current source noise.
A linewidth of 2.6 kHz was reported for the 1560-nm output of a similar ECL in [142]. Assuming no
additional noise in the frequency-doubling system, the LW of the 780-nm output of the PPLN would
increase by a factor of two due to the SHG process. For the LH-CW and FD-DFB, the measured
IWs are in good agreement with previously reported values in similar systems in [58] and [143],
respectively. The error bars for the beta-line method are based on a statistical uncertainty where
the errors arising from the FM noise spectra measurements are not included. The IWs measured
using the two methods are essentially consistent within the error bars.

97



Chapter 4. Optical sources for Rb clocks based on frequency-doubled telecom lasers

Table 4.2 — Linewidth of the three laser systems measured at 780-nm output. Method 1 estimates the laser
linewidth from the beat-note signals and method 2 using the beta-line method. Table adapted from [122].

Method 1 Method 2
Laser system .
(Beat-note) (Beta-line)
FD-ECL 0.57+1.1/-0.57 MHz 0.154+0.02 MHz
FD-DFB 1.95+1.10 MHz 3.20+0.32 MHz
LH-CW 2.10+1.10 MHz 2.244+0.22 MHz

4.3 Frequency instability measurements at two wavelengths

To evaluate the laser frequency instability, we measure the heterodyne beat signals realized with
three laser systems in the configuration presented in Figure 2.18 using a fast photodetector and a
frequency counter referenced to a H-maser (cf. section 2.5.2). Using a lock-in amplifier and a (PI)
servo controller, each laser system is frequency stabilized to a different optical frequency reference
corresponding to the Doppler-free features of the reference Rb cell (cf. Figure 2.10). The modulation
and servo gain parameters of laser stabilization loops, which have a direct impact on the SNR limit
of the laser frequency stability, are optimized for each laser system separately. The laser systems
and the reference transitions used to stabilize their frequency for the three beat-note signals are
summarized in Table 4.3. The beat-note frequency repeatability is assessed by five consecutive
900-s (= 15-min) frequency measurements, for which the laser drive currents were switched off
then on to their nominal value. The obtained beat-note frequency repeatability ranges between 10
and 100 kHz for different reference transitions used to stabilize the laser frequencies.

The fractional frequency fluctuations of the three beat-note signals are presented in Figure 4.5 with
the reference LH-CW frequency instability measured separately by beating with a second identical
LH-CW and the specification for high-performance Rb clock applications. The SNR limit of short-
term laser frequency stability estimated from the associated lock-in error signal and detection noise
are also presented for the FD-DFB (2-107'2 t~V/2) and LH-CW (4-107'2 771/2), The SNR limit of
the FD-ECL frequency stability is estimated one order of magnitude lower <3-10713 771/2, which
falls below the y-axis scale. The measured frequency instability at 1 s for Beat 1 (FD-ECL and
LH-CW) and for Beat 2 (FD-DFB and LH-CW) is in reasonable agreement with the SNR limit of the
LH-CW frequency stability. Meanwhile for Beat 3 (FD-ECL and FD-DFB), the measured frequency
instability aligns with the SNR limit of the FD-DFB frequency stability. These results indicate that
short-term frequency instability measurements for the FD-ECL using heterodyne beat are limited
by the instability of the reference laser. This limitation can be tackled through employing a similarly
or less noisy reference laser than the FD-ECL itself (e.g. beat between two identical FD-ECLs).
The FD-DFB frequency stability of 2.5-10712 at 7 = 1 s measured with Beat 3 is improved by a
factor of two due to the improved SNR of the detection signal, compared to the 5.2-10"'2 at T=1
s instability previously measured at the 1560 nm against a stabilized commercial Er:fiber comb
referenced to an H-maser [51].
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Table 4.3 — Three beat notes between the three laser systems (cf. Figure 2.18b). Each laser is frequency stabilized
to a different optical frequency reference transition shown in Figure 2.10.

Beat Laser output Laser system no 1: Laser system no 2:

label wavelength Name Ref. transition Name Ref. transition
Beat 1 at 780 nm FD-ECL C0O21-23 LH-CW F23

Beat 2 at 780 nm FD-DFB C022-23 LH-CW F23

Beat 3 at 1560 nm FD-ECL C021-23 FD-DFB C022-23
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Figure 4.5 - Frequency instability of the beat-note signals between three laser systems (see Table 4.3). Frequency
instability of the LH-CW (blue triangles) obtained from a separate beat-note measurement between two
identical LHs is given as a reference. SNR ratio limit of laser frequency stability is estimated from the lock-in
error signal and detection noise. For FD-ECL, the estimated SNR limit is below the y-axis scale (< 3-10713 t71/2),
The specification for a high-performance CW-DR Rb vapor-cell clock is given with black dashed line. Figure
adapted from [122].

For averaging times 7 = 10 s, fully overlapping Beat 2 and Beat 3 Allan deviations (see Figure 4.5)
predominantly exhibit the frequency instability of the FD-DFB. The degraded medium-term fre-
quency stability of the FD-DFB is attributed to the fluctuations of the residual reflections in the
fiber-coupled system due to environmental temperature variations, which, by superimposing the
absorption signal from the reference Rb cell, induce laser frequency fluctuations [51]. The first
bump rising to 3-107!! at 100 s is mainly related to the cyclical temperature variations in the
laboratory (period of ~ 1.2-10? s), whereas the second bump on longer timescales at a similar
level corresponds to the day-night temperature variations. Figure 4.6 presents the Beat 2 and Beat
3 frequency measurements, the simultaneously measured reference cell input and absorption
signals, and the laboratory temperature. Both beat frequency fluctuations (Beat 2 and Beat 3) are
strongly correlated with the FD-DFB reference cell input and absorption signals. The positive (or
negative) correlation of the Beat 3 (or Beat 2) frequency with the reference cell signal of the FD-DFB
can be explained by the positive (or negative) impact of the FD-DFB frequency shifts on the beat
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Figure 4.6 — Beat 2 and Beat 3 frequencies, reference Rb cell input and output signals of the FD-DFB laser
system, and laboratory temperature.

frequency. The power fluctuations on the reference cell, originating from the fiber-coupled system
due to the environmental temperature fluctuations, are transferred to the sub-Doppler absorption
signal through the reference cell. As a result, the sub-Doppler features used as frequency references
suffer a frequency shift due to the fluctuating Doppler background. A better thermal control of
the fiber-coupled system, e.g., using a thermally stabilized baseplate, is necessary. Alternatively,
the subtraction of the input power fluctuations from the sub-Doppler absorption signal would
eliminate the instabilities originating before the reference cell.

The medium-term stability of Beat 1 frequency, which is dominated by the frequency instability of
the fiber-coupled FD-ECL, remains below 1-10~!' up to 1 day. The bump at 100 s is also attributed
to the fluctuations of the optical power at the reference cell input of the FD laser system due to
environmental temperature variations. On long-term timescales (up to 1 day), the Beat 1 frequency
and reference cell signals of the FD-ECL or LH-CW do not present a consistent correlation, as
depicted in Figure 4.7. We further evaluate Beat 1 frequency sensitivity to changes of the most
relevant experimental parameters: the input optical power, the temperature of the reference Rb
cell, and the C-field. Table 4.4 outlines the Beat 1 sensitivity coefficients and the instability of these
parameters at the averaging time of 10* s that we use to estimate the contributions of variations
of these parameters to the Beat 1 frequency instability. The C-field instability is deduced from the
measured C-current instability via Ampere’s law. The measured sensitivity coefficients are in the
same order of magnitude as those reported in [128] for an ECL formed by a LD chip and an external
grating. The impact of the power fluctuations at the reference cell on the frequency stability has a
lower impact for the FD-ECL system than for the FD-DFB system. The dominant contribution to FD-
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Figure 4.7 - Beat 1 frequency, reference Rb cell output signals of the two lasers systems forming the beat (FD-ECL
and LH-CW), and laboratory temperature.

ECL frequency instability in the long term arises from the reference cell temperature fluctuations as
outlined in Table 4.4. Both parameters primarily affect the Doppler background, where the sub-
Doppler features used as frequency references are superimposed. The Doppler background may
induce a frequency shift upon the sub-Doppler features with respect to their absolute frequencies
[51], especially to the cross-over transitions located on the slope of the Doppler background (cf.
Figure 2.10). Thus, the stabilized laser frequency is coupled to fluctuations of the reference Rb cell
parameters via the Doppler background sensitivity. In addition to better thermal control of the
fiber-coupled system, in this case, the subtraction of the Doppler background from the reference
cell signal would reduce the impact of the parameter fluctuations on the laser frequency stability.

Table 4.4 — Measured Beat 1 frequency sensitivity coefficients due to variations of FD-ECL experimental
parameter and estimated stability limitations at T = 10% s.

Parameter Parameter Beat 1 sensitivity Beat 1 rel. Estim. Beat 1
(FD-ECL) fluctuations coeff. sensitivity coeff. instab. contrib.
Optical power 0.53 % 1.65-10° Hz/% 4.3-10712 /% 2.3-10712
Cell temp. 0.16 K ~1.44-10* Hz/K -3.75-10711 /K 5.9-10712
C-field 1.64-10714T 6.0-10" Hz/T 1.6-1077/T 2.6-107%
Estimated Beat 1 frequency instability (7 = 10* s) 6.3-10712
Measured Beat 1 frequency instability (7 = 10* s) 7.0-10712
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systems. The measurement is carried out simultaneously with that of the frequency shown in Figure 4.5.
The specification for a high-performance CW-DR Rb vapor-cell clock is given with black dashed line. Figure
adapted from [122].

4.4 Evaluation of the optical power fluctuations

The relative intensity fluctuations at the 780-nm outputs of the laser systems are evaluated with
optical power measurements at the input of reference Rb cells of FRU for FD laser systems and
of LH-CW, see section 2.1. This configuration makes possible the simultaneous measurement
of the optical power fluctuations with the beat-note frequency instability evaluation. Figure 4.8
presents the relative optical power instability of three laser systems in terms of the overlapping
Allan deviation. The FD laser systems based on fiber-coupled components exhibit highly degraded
power stability from the averaging time of 7 =5 s compared to the LH-CW based on free-space
optics. On long-term timescales, the optical power instability of FD laser systems reaches 0.5 % at
the averaging time 7 = 10* s, while the LH-CW output power stability remains below 0.02 % up to
7=10%s, i.e., more than one order of magnitude better. The degraded optical power stability of the
three laser systems at 7 = 10* s is attributed to the daily temperature variations of the laboratory,
for which strong correlations were noted in Figures 4.6 and 4.7. The optical power instability of
the FD laser systems is measured at the same level as the output power stability of the LH-POP
with the integrated AOM (see Figure 3.12). The optical power instability of 0.5 % presents a serious
limitation for the laser systems’ use in high-performance vapor-cell clocks in the CW-DR scheme.
In the POP-DR scheme, the AOM required for optical switching would further degrade the output
power stability by about one order of magnitude (see Table 2.1). Therefore, an active optical power
stabilization should be considered to restrain the limitations to clock stability, with a potential of
several orders of magnitude improvement in power stability [115], thus the clock stability limit for
unchanged intensity LS coefficient.

To identify the origin of the high power stability in the FD laser systems, we measure the optical
power fluctuations at each stage of the FD-ECL system illustrated in Figure 2.3. The relative power
fluctuations in terms of the overlapping Allan deviation are presented in Figure 4.9 for the 1560-nm
and 780-nm outputs along with the FRU’s reference cell input and absorption signals. According
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Figure 4.9 — Relative optical power fluctuations measured at different stages of the FD-ECL laser system. The
specification for a high-performance CW-DR Rb vapor-cell clock is given with black dashed line. Figure
adapted from [122].

to our results, the fiber-coupled beam splitter does not induce significant additional fluctuations.
However, the degradation at the frequency-doubling process to the relative power stability is
increased to a factor of 10 in particular in the long term instead of the expected factor of 2 due to
the quadratic process (a factor of 22 degradation of RIN illustrated in Figure 4.3). The correlation
between the variations of the laboratory temperature and the variations of the optical power at the
FRU reference cell input, reflected in Figure 4.7, indicates that thermal effects are likely to be at the
origin of the measured power instabilities.

4.5 Application to Rb vapor-cell clocks

In this section, we analyze the application potential of the frequency-doubled laser systems in Rb
vapor-cell clocks. We estimate the clock SNR limit arising from laser AM and FM noise and the
clock stability limitations due to the light-shift effects on medium-to-long-term timescales.

4.5.1 Impacton short-term clock stability

In Rb clocks based on optical detection, the clock detection noise comprises the transmitted laser
AM noise and the FM noise converted into AM noise through the clock Rb cell [90, 91]. The impact
of the FM-to-AM noise conversion depends on the atomic absorption through the cell (i.e., on the
atomic density, laser frequency, cell temperature, buffer-gas pressure). In Table 4.5, we estimate the
contributions of the measured laser AM and FM noise to the clock detection noise using the method
presented in Appendix A. We then estimate the SNR limited short-term clock stability using the
equation (1.56) and the error signal discriminator reported for a CW-DR clock in [80]. The RIN and
FM noise of the stabilized laser systems are given at the Fourier frequency 70+5 Hz, corresponding
to a microwave modulation frequency for a CW-DR signal with a FWHM of 200 —220 Hz. Two
cases of FM-to-AM noise conversion through the clock Rb cell are investigated: low (0.3 nA/MHz)
and high (3 nA/MHz) conversion rates. These noise conversion rates typically correspond to two
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Table 4.5 - Estimated SNR limit of short-term clock stability from laser intensity and frequency noise of the
three laser systems. Two cases are investigated, a low and a high noise conversion rate.

Parameter Unit FD-ECL FD-DFB LH-CW
Laser RIN /Hz 3.5-10713 8.2-10712 3.3-10712
Laser FM noise HZz?/Hz 1.2-10° 1.1-107 2.3-10°

Low FM-to-AM noise conversion

Conversion rate nA/MHz 0.3 0.3 0.3
AM noise contrib. pA/Hz!/? 2.3 4.0 2.2
FM-to-AM noise contrib. pA/Hz!? 0.3 1.0 0.5
Tot. clock detection noise ~ pA/Hz!/? 2.3 4.1 2.2
Clock SNR limit 7712 1.6-10713 2.8-10713 1.5-10713

High FM-to-AM noise conversion

Conversion rate nA/MHz 3.0 3.0 3.0
AM noise contrib. pA/Hz!/? 2.3 4.0 2.2
FM-to-AM noise contrib. pA/Hz!/? 3.3 9.8 4.5
Tot. clock detection noise pA/Hz!/? 4.1 10.6 5.0
Clock SNR limit 7712 2.8-10713 7.2-10713 3.4-10713

different laser frequencies for a given Rb vapor cell at a fixed temperature (= 60°C).

The dominant laser noise contribution to the clock detection noise largely depends on the FM-to-
AM noise conversion strength through the clock Rb cell. Under weak FM-to-AM noise conversion
conditions, the laser AM noise contribution to the clock detection noise is the dominant factor.
Meanwhile, under conditions yielding a high noise conversion, the noise contribution arising
from the laser FM noise becomes the dominant limiting factor of the short-term clock stability.
The FD-ECL exhibiting low AM and FM noise presents an advantage for its implementation in
Rb vapor-cell clocks compared to DFB laser systems, particularly in terms of clock operational
parameters that may yield a high FM-to-AM noise conversion rate. Excellent short-term clock
stability at the level of 2 —3-107137~1/2 that is weakly affected by noise conversion conditions is
estimated for all considered laser reference frequencies, if the FD-ECL is used in the CW-DR Rb cell
clock.

4.5.2 Impacton long-term clock stability

The long-term laser intensity and frequency fluctuations degrade the clock stability via light-
induced shift effects (cf. section 1.5.5). In the CW-DR scheme, the main light-induced shift arises
from the AC Stark shift effect, whose contribution is significantly reduced in the POP-DR scheme
[144]. The impact of the laser intensity and frequency fluctuations on the clock stability via the
LS effects is quantified by the associated LS coefficients (cf. section 1.5.5). We estimate the long-
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4.5. Application to Rb vapor-cell clocks

term clock stability limits resulting from the intensity and frequency fluctuations of the three laser
systems at T = 10% s, shown in Figures 4.5 and 4.8, for a CW-DR and a POP-DR clock. For the
estimations presented in Table 4.6, we use the experimental LS coefficients of a CW-DR clock
reported in [80] and for the POP-DR clock case, we use the coefficients reported in section 3.3.5.

For both interrogation schemes, the intensity instability of the FD laser systems is the dominant
limiting factor of the clock stability: > 107!% in the CW-DR scheme and > 10~!# in the POP-
DR scheme. In the case of the LH-CW, the estimated clock stability limit of the intensity LS effect
remains below 1-10713 in the two schemes. The estimated clock instability contribution of 0.4-107!3
from frequency fluctuations of the FD-ECL and LH-CW in the CW-DR scheme presents an important
instability source. Nevertheless, the reduced frequency LS coefficient in the POP-DR scheme results
in a clock instability contribution at a negligible level < 1-10~1° for the FD-ECL and LH-CW. As
the frequency fluctuations measured for the FD-DFB are 10 times higher, the frequency LS effect
remains a significant clock instability source in both schemes. Thus, the frequency instability of the
FD-DFB presents a serious limitation for its implementation in high-performance Rb vapor-cell
clocks. The intensity instability is the dominant limiting factor for the FD laser systems as regards
their application in high-performance Rb clocks. Meanwhile, for the LH-CW, laser intensity and
frequency instability contribute equally to the long-term clock instability.

Table 4.6 — Estimated limitations of long-term clock stability from intensity and frequency fluctuations of the
three laser systems via intensity LS (ILS) and frequency LS (FLS) effects, respectively. Laser relative intensity
and frequency fluctuations are measured at T = 10* s (cf. Figures 4.5 and 4.8). @ LS coefficients measured in
CW-DR scheme are extracted from [80]. ® measured LS coefficients for the POP-DR clock were presented in
section 3.3.5.

Parameter (1=10% s) Unit FD-ECL FD-DFB LH-CW
Laser rel. intensity fluct. % 0.5 0.5 0.02
Laser frequency fluct. kHz 3 10 3
CW-DR scheme

ILS coefficient, |a&| @ 1% 1.0-10712 1.0-10712 1.0-10712
ILS clock stability limit 5.0-10713 5.0-10713 0.2-10713
FLS coefficient, || @ /kHz 1.2-1071 1.2-1071 1.2-1071
FLS clock stability limit 0.4-10713 1.2-10713 0.4-10713
Tot. LS clock stability limit 5.0-10713 5.1-10713 0.4-10713

POP-DR scheme

ILS coefficient, || ®) 1% 2.3-10714 2.3-1071 2.3-1071
ILS clock stability limit 11.5-1071° 11.5-1071° 0.5-1071°
FLS coefficient, |pro7| ® /kHz 1.5-10716 1.5-10716 1.5-10716
FLS clock stability limit 0.5-1071 1.5-1071° 0.5-1071°
Tot. LS clock stability limit 11.5-1071° 11.6-1071° 0.6-1071°
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4.6 Conclusion

In this chapter we reported on the performance evaluation of two frequency-doubled and Rb-
stabilized 1560-nm laser diodes based on different chip technologies as an alternative to 780-nm
lasers. The RIN and FM noise of the FD-ECL, measured at 780 nm, is more than one order of
magnitude lower than the reference laser (LH-CW) based on a LD emitting directly at 780 nm.
These results make the FD-ECL a compelling candidate for implementation in high-performance
Rb vapor-cell atomic clocks. Furthermore, the low frequency instability, better than 107! at all
timescales, of the FD-ECL leads to a highly stable double-wavelength optical frequency source for
many high-precision applications at both wavelengths (780 and 1560 nm). However, the frequency
instability in the medium-to-long term of the FD-DFB is not suitable for high-performance Rb clock
applications. The optical power instability for both frequency-doubled laser systems, transferred
to the clock instability via the intensity light shift effect, currently presents a serious limitation for
their use in Rb vapor-cell atomic clocks with 10714 stability over one day. Nevertheless, particularly
in the CW-DR scheme, the impact of the optical power fluctuations on the clock frequency via the
intensity LS effect could be corrected through post processing of their simultaneous measurements
and knowing the intensity LS coefficient under the specific clock operation conditions.

The heterodyne beat measurements of the linewidth and the short-term frequency instability for
the FD-ECL are currently limited by the worse performance of the reference laser used to realize
the beat note. To overcome this limitation, a reference laser with similar or lower noise should
be employed. Moreover, the Grosslambert crossvariance analysis [145, 146] could, in principle,
provide the individual laser system frequency instability from simultaneous measurements of more
than two oscillators, such as in the configuration illustrated in Figure 2.18b. However, in our case,
with one lower-noise laser (FD-ECL) compared to two similarly noisy lasers (FD-DFB and LH-CW),
such analysis did not produce meaningful results, and should be considered in future studies with
oscillators exhibiting similar noise levels.

The measured spectral properties and frequency instability for the FD-ECL system are very promis-
ing in view of high-performance Rb vapor-cell clocks. Nevertheless, given the long-term clock
instability, the optical power fluctuations of the laser system must be reduced at least by one order
of magnitude for both the CW and POP-DR schemes. The output power level at 780 nm is currently
sufficient for CW-DR clock applications. In fact, the next chapter evaluates the realization of a
CW-DR clock using the FD laser systems and experimentally compares this case to the use of the
LH-CW emitting directly at 780 nm. However, the POP-DR scheme requires higher optical power
at 780 nm of few tens of mW in order to guarantee an efficient optical pumping and an optical
switching means, e.g. an AOM. To get a higher optical power at 780 nm from a FD telecom laser,
one can use an optical amplifier. The optical amplifiers in the 780 nm spectral region are not
as well developed as in the 1560 nm spectral region. Hence, by working in the telecom C-band
(around 1560 nm) one can benefit from the high performance and reliability of erbium-doped fiber
amplifiers (EDFA) operating at 1560 nm. Alternatively, a PPLN waveguide with a higher doubling
efficiency or using a cascade of two PPLN waveguides such as demonstrated in [133] could increase
the optical power at 780 nm.
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Figure 4.10 - Laser frequency instability and requirements for high-performance Rb-cell clock applications at
780 nm and for CO, detection at 1572 nm. The colored zones represent the fractional frequency instability of
the three laser systems evaluated with beat-note frequency measurements; green: red: FD-ECL, FD-DFB, and
blue: LH-CW.

Fiber-coupled lasers emitting at 1560 nm and benefiting from Rb atomic frequency references
present many advantages towards compact and reliable optical sources with high-frequency stabil-
ity for applications at both 1560 and 780 nm. The requirements for the frequency instability of
optical sources in space-borne CO, detection applications at 1572 nm and Rb clock applications at
780 nm are presented in Figure 4.10 along with the frequency instability of the FD-ECL. Neverthe-
less, the sensitivity of the fibered systems to thermal and mechanical perturbations may represent
an important drawback for applications requiring light with a highly stable frequency and intensity.
The next chapter evaluates the potential of improving the short-term clock stability using a low-
noise laser diode for optical detection. The requirements for other potential applications at both
wavelengths are less stringent than those for Rb vapor-cell clocks, which makes frequency-doubled
low-noise telecom lasers stabilized on Rb attractive candidates for implementation.
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n CW-DR Rb vapor-cell clock realization
using telecom lasers

In the telecom C-band, laser diodes with better spectral properties (e.g. low noise, narrow linewidth)
and higher reliability are more easily available than in the wavelength region corresponding to
the Rb optical transitions (around 780 nm). Several high-precision applications dealing with Rb
atoms have previously explored the potential of frequency-doubled telecom lasers stabilized using
Rb frequency references [131, 134, 139] (see section 4.1 for more details). In this work, we employ
frequency-doubled telecom lasers that are frequency stabilized using a Rb frequency reference in
a CW-DR Rb vapor-cell clock for optical pumping and detection. The two FD laser systems (one
based on an ECL, the other on a DFB LD) characterized in the chapter 4 as well as the LH-CW
based on a DFB LD emitting directly at 780 nm are evaluated using the CW-DR clock described
in section 2.3. In particular, the FD-ECL exhibiting low (AM and FM) noise has great potential for
improving the short-term stability of Rb vapor-cell clocks by reducing the clock detection noise (cf.
Table 4.5).

In the following sections, we evaluate the laser systems using two optical-pump frequencies leading
to different FM-to-AM noise conversion rates through the clock Rb cell. First, the CW-DR signal
is optimized for a high signal-to-noise ratio of clock detection as a function of the applied optical
and microwave powers. Second, we quantitatively evaluate the independent contributions to the
clock detection noise from the laser AM noise transmitted to the clock detection noise and the FM
noise converted into AM noise through the clock Rb cell. In addition, we discuss the laser noise
contributions via the light-shift effects and the LO-CW phase noise via the intermodulation effect.
The comprehensive clock noise budgets are then established for the three laser systems. Finally,
we present the measured short-term clock instabilities and discuss the impact of laser frequency
and intensity fluctuations on the medium-to-long term clock stability. Sections 5.3 and 5.4 are
essentially based on our article [147]. Nevertheless, these sections also include additional results
on the evaluation of a third optical source (FD-DFB) and further discussion. The text and figures
are adapted from [147].
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Chapter 5. CW-DR Rb vapor-cell clock realization using telecom lasers

5.1 FM-to-AM noise conversion via the atomic vapor cell

The optical detection noise in vapor-cell clocks includes the laser AM noise and the FM noise
converted into AM noise via the Rb vapor cell acting as a frequency discriminator [43, 91]. The
impact of this phenomenon is quantified by a FM-to-AM noise conversion rate, which is defined
as the local slope of the vapor cell absorption line at the laser frequency. To analyze the impact
of the laser FM noise on the short-term clock instability, we study the clock operation using the
laser frequency stabilized on four reference transitions (labeled CO10-11, F12, F23, and CO21-23)
obtained from the FRU or the reference module integrated in the LH-CW. The reference transitions
demonstrate a substantial difference in their FM-to-AM noise conversion rates. The Doppler-free
absorption signals denoting the reference transition frequencies and the linear absorption of the
clock cell are illustrated in Figure 5.1, expressed in terms of photodetector current. The (direct or
crossover) reference transitions with associated FM-to-AM conversion rates are outlined in Table 5.1.
For the same experimental conditions (cell temperature, C-field, optical power, and microwave
power), the change of the optical-pump frequency is expected to have a direct impact on the
short-term clock instability due to the laser FM noise via the FM-to-AM conversion phenomenon
[43, 91]. In the next sections, the analyses focus on the two optical frequencies CO10-11 and F12.
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Figure 5.1 - Left axes: Doppler-free absorption signals of the reference Rb cell of LH-CW. Right axes: Linear
absorption signals of the clock RbD cell of PP-CW. The signals are give in terms of the photodetector current. Red
lines: local linear fit to deduce the local slopes corresponding to the FM-to-AM conversion rates.
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5.2. Double-resonance clock signal optimization

Table 5.1 - Reference transition labels, frequency detunings from F12, and the corresponding frequency dis-
criminators obtained via the clock RD cell.

Label Reference transition Frequency detuning Conversion rate
from F12 [MHz] [nA/MHz]
F12 152812, F=1) < |52P3/5, F=2) 0 2.99+0.06
CO10-11 15%281/2, F = 1) < |5%P3,2, F=0,1) —-193.054 0.38+0.03
F23 152812, F =2) < |5% P32, F = 3) —-6/568.031 3.39+0.05
C021-23 15%281/2, F =2) < |5%P3/2, F=1,3) —6/779.825 0.42 +0.06

5.2 Double-resonance clock signal optimization

The experimental parameters that determine the clock operation conditions impact the clock
frequency stability on all timescales. Moreover, the conditions for optimizing the short-term clock
stability may differ from those for optimizing the long-term stability (e.g. section 3.2). To study the
impact of the laser noise in this chapter, our main focus concerns the short-term clock instability,
for which one of the main limitations arises from the signal-to-noise ratio of the detection (cf.
section 1.6.2.1). In the CW-DR scheme, the signal-to-noise ratio limited clock stability is approxi-
mated by the equation (1.56) can be optimized via the clock signal parameters (amplitude, FWHM,
background, contrast, and FoM, cf. section 1.3.2.1). The measured CW-DR signal parameters
and estimated discriminator slopes for the optical-pump frequency on CO10-11 are illustrated in
Figures 5.2 and 5.3 as a function of the optical and microwave powers applied to the clock cell,
respectively. In addition, the LO-CW frequency modulation parameters (frequency and depth)
are optimized (see Appendix B) in order to improve the SNR limited short-term clock stability via
maximizing the discriminator slope D; of the error signal (cf. equation (1.56)).

The optimized CW-DR signal parameters are obtained for an optical power within the interval of
68 — 72 uW (depending on the laser system) and a microwave power of —36.4 dBm (0.23 uW) at the
cavity input. The CW-DR signals measured using the three laser systems tuned to CO10-11 and F12
are shown in Figure 5.4. Table 5.2 outlines the amplitude, FWHM, contrast, and discriminator slope
deduced from the Lorentzian fits of the CW-DR signal, and the frequency shift of the resonance
center from the unperturbed ' Rb hyperfine splitting frequency is derived from the demodulated
error signals depicted in Figure 5.5. As expected, the CW-DR signal parameters do not vary according
to the employed laser. The amplitudes of the CW-DR signals fall within the error bars. The offsets in
the background light are due to the discrete attenuation of the optical power at the PP-CW input
using neutral density filters depending on the used laser system. The difference in the optical power
with individual lasers leads to slight differences in the CW-DR signal line broadening (i.e., FWHM).
For the optical-pump frequency on CO10-11, higher contrasts are reached thanks to the higher
optical absorption compared to the absorption at F12. The central frequencies of the CW-DR clock
signals (v.jock) shift between the two optical-pump frequencies due to the frequency light-shift
effect with the coefficient 4.9-1072 Hz/MHz (7.2-1071? /MHz, see section 5.3.2).
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Figure 5.2 — CW-DR clock signal parameters as a function of the optical power at the PP-CW input. The laser
frequency is stabilized on CO10-11 and the microwave power is —36.4 dBm (0.23 uW) optimized as shown in
Figure 5.3.
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Figure 5.3 - CW-DR clock signal parameters as a function of the microwave power. The laser frequency is
stabilized on CO10-11 and the optical power at the PP-CW input is 69+4 uW, 68+4 uW, 72+4 uWrespectively
for ED-ECL, FD-DFB, and LH-CW, optimized for each laser system as shown in Figure 5.2.
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Figure 5.4 — CW-DR clock signals measured using the three laser systems for the two optical-pump frequencies.
Figure adapted from [147] and includes additional data (FD-DFB).

Table 5.2 - Optimized CW-DR signal parameters measured using the three laser systems for two optical-pump
frequencies. Amplitude, FWHM, contrast, and discriminator slope (D;) deduced from the fitting of CW-DR
signals and (Av¢iock = Veiock — VRb) central frequency detuning from the unperturbed hyperfine splitting
frequency deduced from error signals. Table adapted from [147] and includes additional data (FD-DFB).

(a) Optical-pump frequency tuned to CO10-11.

Parameter Unit FD-ECL FD-DFB LH-CW
Amplitude [HA] 0.21+0.01 0.18+0.01 0.20+0.01
FWHM [Hz] 212.2+0.7 183.8+1.0 210.2+0.8
Contrast (%] 15.7+0.1 12.7+0.1 15.1+0.1
Approx. Dg [nA/Hz] —-0.20+£0.01 —0.20+£0.01 —-0.19+£0.01
AV iock [Hz] 4233.5+0.1 4232.6+0.1 4233.3+0.1
(b) Optical-pump frequency tuned to F12.

Parameter Unit FD-ECL FD-DFB LH-CW
Amplitude [A] 0.21+0.01 0.18+0.01 0.19+£0.01
FWHM [Hz] 209.6+0.8 172.0+1.9 199.0+1.9
Contrast [%] 12.1+0.1 9.9+0.1 11.8+0.1
Approx. Dg [(nA/Hz] —-0.20+£0.01 —-0.21+£0.01 —-0.19+£0.01
AV iock [Hz] 4223.6+0.1 4225.9+0.1 4224.4+0.1

114



5.3. Noise contributions to the short-term clock instability

20 % — LHcw | 20 7\ — LHcw [
/ \ - - FD-ECL / \ FD-ECL

T wee- FD- T \ - FD-
T 1 / FD-DFB T £\ FD-DFB] |
= 0 \ /’ k=) 0 \ /’“—,_,‘— -
[ 7] |
2 10 e 10 \
1] \ L

-20 \/ -20 \/

4

3800 4000 4200 4400 4600 3800 4000 4200 4400 4600
Frequency detuning from vg, [HZ] Frequency detuning from vg, [Hz]
(a) Optical-pump frequency on COI10-11. (b) Optical-pump frequency on F12.

Figure 5.5 — Error signals measured using the three laser systems for the two optical-pump frequencies at the
lock-in detector output. Figure adapted from [147] and includes additional data (FD-DFB).

5.3 Noise contributions to the short-term clock instability

In CW-DR Rb vapor-cell clocks, the main instability contributions on the short-term timescales
generally arise from the optical detection noise, light-shift effects, and the LO-CW phase noise (cf.
section 1.6.2). The laser AM and FM noises affect the clock stability through two independent and
distinct processes: the detection signal-to-noise ratio and the light-shift effects. Meanwhile, the
LO-CW phase noise contributes via the intermodulation effect. In this section, we first study the
signal-to-noise limit of the clock stability and analyze various noise contributions to the optical
detection signal for two optical-pump frequencies (on CO10-11 and F12). Secondly, we evaluate
the short-term instability contributions of the laser intrinsic AM and FM noises via the intensity
and frequency LS effects, respectively. Thirdly, we discuss the microwave phase noise contribution
to the short-term clock instability. Finally, we establish the total short-term clock instability budget.

5.3.1 Signal-to-noise limit

In this section, we evaluate the different laser noise contributions to the SNR limit of the short-
term clock stability for the three laser systems studied in this thesis. The instability contributions
arising from the LS effects and the LO-CW phase noise are discussed in the next sections. The
short-term frequency stability of a CW-DR clock limited by the detection signal-to-noise ratio is
approximated by the equation (1.56) for the discriminator slope of the error signal (Ds) and the
clock detection noise PSD (S,,) at the microwave modulation frequency. In order to evaluate the
individual impacts of the laser AM noise and the FM-to-AM noise conversion through the clock
cell, we measure the clock detection noise at the end of the clock Rb cell for two different laser
frequencies corresponding to two known FM-to-AM noise conversion rates. We then calculate the
independent clock detection noise PSDs arising from the two laser noise contribution mechanisms
using the analysis presented in Appendix A. The clock detection noise PSDs measured at the end
of the clock cell for laser frequencies stabilized on CO10-11 and F12 (FM-to-AM noise conversion
rates in Table 5.1) are depicted in Figure 5.6. The peaks at the Fourier frequency of 70 Hz come
from the microwave frequency modulation.
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Figure 5.6 — Clock detection noise PSDs measured using the three laser systems for the two optical-pump
frequencies. Figure adapted from [147] and includes additional data (FD-DFB).

Tables 5.3a and 5.3b outline the total SNR limits of the clock stability estimated using the measured
error signals (cf. Figure 5.5) and clock detection noises (cf. Figure 5.6) and the limitations arising
from the laser AM noise and the FM-to-AM noise conversion calculated using the measured clock
detection noises (cf. Figure 5.6) and FM-to-AM noise conversion rates (cf. Table 5.1), as explained
above. The detector intrinsic noise is measured in the absence of light and includes the thermal and
dark current noises. The shot-noise limit of the clock stability is estimated using the equation (1.56)
from the shot-noise PSD given by Nghot-noise = \/m, where e is the electron charge and I4¢
is the measured photocurrent at the FWHM of the CW-DR signal (cf. Figure 5.4). The calculated
independent noise PSD contributions of the laser AM noise and the FM-to-AM noise conversion to
clock detection noise are in good agreement with our predictions based on the laser AM and FM
noise measured at the 780-nm output of the laser systems (cf. Table 4.5) and considering similar
noise conversion rates to those studied in this section.

Using the FD-ECL and optical-pump frequency corresponding to a low FM-to-AM noise conversion
rate, the estimated SNR limited clock stability of 1.3- 10713 is at the state-of-the-art level reported
for compact vapor-cell clocks (cf. Figure I3). Furthermore, under increased FM-to-AM noise
conversion conditions, the SNR limit is weakly impacted and is increased to 2.3 - 10713, This result
is highly promising for the use of the FD-ECL system in high-performance Rb vapor-cell clocks. In
the case of weak FM-to-AM noise conversion (i.e., laser frequency tuned to CO10-11), laser AM
noise is the dominant contribution to clock detection noise for all three laser systems. The noise
contribution due to the FM-to-AM conversion through the clock Rb cell becomes the dominant
clock detection noise for all three laser systems tuned to F12, i.e., conditions maximizing the FM-to-
AM conversion. Thanks to the low FM noise of the FD-ECL, the estimated SNR limit of the clock
stability is weakly impacted by the increased FM-to-AM noise conversion rate. Meanwhile, for laser
systems based on DFB lasers (FD-DFB and LH-CW), the SNR limit of the short-term clock stability
is increased by more than a factor of two due to their high FM noise. This aspect limits the clock
operational parameters that govern the noise conversion phenomenon through the clock Rb cell,
especially the laser frequency for a given vapor cell, for the use of the DFB laser systems in view of
achieving excellent short-term clock stability.
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5.3. Noise contributions to the short-term clock instability

Table 5.3 — Estimated SNR limit of the clock stability and the independent contributions of the laser AM noise
and the FM-to-AM noise conversion via the clock RDb cell to the measured clock detection noise for three laser
systems and two optical-pump frequencies tuned to CO10-11 and F12. Table adapted from [147] and includes
additional data (FD-DFB).

(a) Optical-pump frequency tuned to CO10-11.

FD-ECL FD-DFB LH-CW
Noise Noise Est. clock Noise Est. clock Noise Est. clock
source [pA/Hz!/?] instab. [pA/Hz!/?] instab. [pA/Hz!/?] instab.
Detector
_ 0.2 - 0.2 - 0.2 -
in dark
Shot-noi
not-noise 0.6 2.9.10714 0.6 2.9.10714 0.6 2.9.10714
limit
L
aser 2.9 1.2-10713 6.1 2.7.10°13 2.1 9.6-10"14
AM
Laser -14 -14 -14
0.6 2.5-10 1.8 7.7-10 1.3 5.8-10
FM-to-AM
Total
ota o 3.0 1.3-10713 6.4 2.8-10713 2.5 1.2.10°13
SNR limit - -
(b) Optical-pump frequency tuned to F12.
FD-ECL FD-DFB LH-CW
Noise Noise Est. clock Noise Est. clock Noise Est. clock
source [pA/Hz!'/?] instab. [pA/Hz!/?] instab. [pA/Hz!/?] instab.
Detector 0.2 0.2 0.2
in dark ’ ' '
Shot-noise
o 0.7 3.1-10714 0.7 3.1-10714 0.7 3.1-10714
limit
Laser
2.9 1.2-1071 6.1 2.5-10713 2.1 9.2-10714
AM
Laser
4.6 2.0-10713 13.7 5.6-10713 9.8 43-10713
FM-to-AM
Total
o 5.5 2.3-10713 15.0 6.2-10713 10.0 4.4.10713
SNR limit -
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Chapter 5. CW-DR Rb vapor-cell clock realization using telecom lasers

5.3.2 Light shift effects

Laser intensity and frequency noise at the clock Rb cell input degrade the clock frequency stability
on the short-term timescales via the intensity and frequency light-shift effects (cf. section 1.6.2.2).
The clock instability contributions of the LS effects are characterized by the sensitivity coefficients
defined in section 1.5.5. We measure the clock frequency shift as a function of the applied optical
power at the clock cell input for different optical-pump frequencies, using two reference transitions
from each hyperfine component (cf. Table 5.1). The LS shifts measured using the three laser systems
are presented in Figure 5.7. The intensity LS coefficient is deduced from the linear fit applied to the
clock frequency shift for fixed laser frequency, while the frequency LS coefficient is deduced from
the clock frequency shift as a function of the laser frequency for fixed optical power. The intensity
and frequency LS coefficients measured for our CW-DR clock are gathered in Table 5.4 and 5.5.
The frequency LS coefficients are determined for the input optical power (around 70 uW) of the
clock Rb cell while optimizing the short-term clock stability for optical-pump frequencies tuned
to F=1 transitions. In the case of an optical-pump frequency tuned to F=2 transitions, the optical
power (proportional to the optical Rabi frequency) required to optimize the CW-DR signal and the
short-term clock stability is higher than ~ 70 uW due to the higher optical absorption of the F=2
hyperfine component in comparison to the F=1. However, the frequency LS coefficient increases
linearly for higher optical power, as predicted by the AC Stark shift effect, in the CW-DR scheme
[79] and may become an important clock instability source in the case of optical-pump frequencies
tuned to F=2 transitions.

We estimate the impact of the light-shift effects arising from laser noise using the equations (1.57)
and (1.57) with the measured LS coefficients and laser RIN and FM noise measured at the clock cell
input (equivalent to the measurements depicted in Figures 4.4 and 4.3). In contrast to the clock
detection noises (see Figure 5.6), the laser RIN and FM noise are measured at the the clock Rb
cell input for frequency-stabilized laser output lights. The estimated limitations arising from the
intensity and frequency LS effects on the short-term clock stability (oo, and og,) are described in
Table 5.6 for two optical-pump frequencies. The clock instability contributions of the laser RIN and
FM noise via the LS effects are well below 1-107!3 at 7 =1 s, which is lower than the SNR limits
discussed in the previous section (cf. Table 5.3).

5.3.3 Microwave phase noise contribution

In addition to the instability contributions from the laser noise, via detection SNR and LS effects, the
LO-CW phase noise can also be an important source of clock instability on short timescales via the
intermodulation effect (cf. section 1.6.2.3). The clock stability limit due to the intermodulation effect
is decreased for low modulation frequencies (cf. equation (1.61)). In contrast, the discriminator
slope of the lock-in error signal is maximized for low modulation frequencies (see Appendix B).
Optimized frequency modulation frequency of f", =70 Hz and depth of f{"=0.3- W =70 Hz
are used to operate the CW-DR clock. Under these conditions, the clock stability limit estimated
using the LO-CW phase noise depicted in Figure 2.12 and equation (1.60) taking into account the
even harmonics of £, =70Hzupto 10 kHzis 0o.cy = 1.6 107 18¢71/2,
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Figure 5.7 — Intensity light-shift measurements using the three laser systems for all the four optical-pump
frequencies. Figure adapted from [147] and includes additional data (FD-DFB).

Table 5.4 - Intensity light-shift coefficients measured using the three laser systems and for the optical-pump
frequencies tuned to the four reference transitions (cf. Figure 5.1).

. FD-ECL FD-DFB LH-CW
Reference transition
(/%) (/%) [/ %]
F12 -2.1-1071 -2.0-1071 -2.0-1071
C010-11 —4.4.10712 —4.1-10712 —4.4-10712
F23 3.3.-1071 3.5-1071 3.3.-1071
C021-23 5.8-10712 7.1-10712 5.9.-10712

Table 5.5 — Frequency light-shift coefficients measured using the three laser systems for the laser frequency
tuned to the reference transitions of the hyperfine components F=1 and F=2. The coefficients are determined
from the fitted data in Figure 5.7 at a fixed optical power optimizing the CW-DR signal at the respective

optical-pump frequency.

Reference transitions Opt. pow. FD-ECL FD-DFB LH-CW
(hyperfine component) [UW] [/MHz] [/MHz] [/MHz]
F12, CO10-11 (F=1) 7246 uUW -7.0-10712 -7.2-10712 -6.5-10712
F23, C021-23 (F=2) 68+ 6 UW 4.3-10712 4.9-10712 5.6-10712
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Chapter 5. CW-DR Rb vapor-cell clock realization using telecom lasers

5.3.4 Total short-term instability budget

The limitations of the short-term clock stability evaluated in previous sections are summarized in
Table 5.6 for the three laser systems under study and the optical-pump frequencies on CO10-11
and F12. For independent noise contribution processes, the resulting clock stability limit is the
quadratic sum of individual contributions and is estimated using the equation (1.62). A short-term
clock instability of 2.1-107!3 is estimated for the FD-ECL frequency-stabilized on CO10-11 used
for optical pumping. In this case (i.e., a weak FM-to-AM noise conversion rate through the clock
Rb cell), the LO phase noise and the detection signal-to-noise ratio are the two dominant limiting
factors on the clock stability. This is also the case for the LH-CW. However, for the FD-DFB, which
exhibits higher AM and FM noise, the dominant limiting factor arises from the detection signal-to-
noise ratio. The light-shift effect contributions to the short-term clock stability are negligible for all
three laser systems.

Table 5.6 — Total short-term clock instability budget for the three laser systems and the two optical-pump
frequencies. Table adapted from [147] and includes additional data (FD-DFB).

(a) Optical-pump frequency tuned to CO10-11.

(T=1s) FD-ECL FD-DFB LH-CW

O i (T) 1.3-10713 2.8-10713 1.2.10713
O oy (T) 3.6-1071 1.2-1071 1.2-1071°
0 (T) 23-107M 7.2-1071 7.2-1071
O10-cw(T) 1.6-10713 1.6-10713 1.6-10713
Estimated o (7) 2.1-10713 3.3-10713 2.1-10713
Measured o () 2.4-10713 4.1-10713 2.3-10713

(b) Optical-pump frequency tuned to F12.

(T=159) FD-ECL FD-DFB LH-CW
Tsr(T) 23-1071 6.2-10713 44-10783
O a5 (T) 1.7-1071 5.5-1071 5.5-10715
05 (7) 23-1071 7.2-10714 7.2-10714
T10.cw(T) 1.6-10713 1.6-10713 1.6-10713
Estimated o (1) 2.9-10713 6.4-10713 4.8-10713
Measured o () 3.1-10713 8.5-10713 8.8-10713
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5.4. Measured short-term clock instability

In the case of strong FM-to-AM noise conversion through the cell (F12), while the LO-CW phase
noise contribution remains important, the short-term clock stability is predominately limited by
the detection SNR. The estimated SNR limit in this case is dominated by the FM-to-AM noise
conversion phenomenon for all three laser systems and is analyzed in detail in section 5.3.1 (cf.
Table 5.3). The reference transition F12 used as the optical-pump frequency increases not only the
FM-to-AM noise conversion rate, but also the intensity LS coefficient (cf. Table 5.4). Nevertheless,
the estimated clock stability limit due to the LS effects remain relatively negligible in each of the
studied cases.

The short-term clock instability budget established for the FD-ECL used for optical pumping (tuned
on CO10-11 or F12) estimates a slightly degraded clock stability by a factor of 2 —-2.5 compared to
the budget presented in Table 1.5 [80] based on a similar CW-DR clock where a free-space DFB laser
emitting at 780 nm is employed. The degradation is primarily due to the higher phase noise of the
LO-CW used in this work compared to that of the LO used in [80].

5.4 Measured short-term clock instability

We measure the clock frequency instability through employing the FD laser systems and the LH-CW
based on a LD emitting at 780 nm in the CW-DR clock, as presented in section 2.3. The short-
term clock frequency instabilities measured using two optical-pump frequencies (CO10-11 and
F12), which leads to different FM-to-AM noise conversion rates (by a factor of ten) through the
clock cell, are shown in Figure 5.8. The short-term clock stability limits estimated in the previous
section (cf. Table 5.6) are represented with dashed lines. In alignment with the predictions, the
short-term clock instabilities measured using the FD-ECL and LH-CW stabilized on CO10-11 are

137-12 which is comparable to the state-of-the-art performance

at a similar level below 2.5-10~
reported for a CW-DR Rb-cell clock based on a laser diode emitting directly at 780 nm (cf. Figure I3).
When using the optical-pump frequency on F12, which leads to an increased FM-to-AM noise
conversion by a factor of 10, the measured short-term clock frequency stability with the FD-ECL is
3.1-107'37-1/2_For the FD-ECL, the choice of the optical-pump frequency has little impact on the

clock performance thanks to its low FM noise.

The clock instabilities measured using the FD laser systems degrade at an averaging time of only
10 s. Taking into account the laser frequency instabilities discussed in section 4.3 and the frequency
LS coefficients measured for the CW-DR clock listed in Table 5.5, the clock frequency stability at 10's
is estimated to be below 107!3, even in the case of high (AM and FM) noise FD-DFB. The (relative)
optical power instabilities of 0.02 % at 7 =10 s at the FD laser outputs (cf. Figure 4.8), however,
yield the clock stability limit of 8.8-107* for optical-pump frequency on CO10-11 and 4.2-10713
on F12, via the intensity LS effect (cf. Table 5.4). These estimated instability contributions from the
optical power fluctuations in the fiber-coupled systems represent an important stability limitation
of the measured clock instabilities as early as 10 s and are further discussed in the next section.
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Figure 5.8 — Short-term clock instabilities measured using the three laser systems for the two optical-pump
frequencies. Dashed lines show the SNR limited clock instability estimated in Tables 5.3a and 5.3b. Figure
adapted from [147] and includes additional data (FD-DFB).

5.5 Discussion on the medium-long term clock instability

On medium-to-long term timescales, from 100 s up to 1 day averaging times, the fluctuations of the
relevant parameters impact the clock frequency via the different processes reviewed in section 1.5.
To evaluate the implementation of frequency-doubled telecom lasers, we first address the dominant
stability limitation arising from optical power fluctuations. In the CW-DR Rb clock (presented
in Figure 2.9), the 780-nm output lights of the three laser systems are transmitted to the clock
PP-CW, where resides the clock Rb cell, via a (thermally isolated) PM optical fiber. The optical
power instability is measured at the clock cell input (after the PM fiber) and depicted in Figure 5.9
for the optical-pump frequencies on CO10-11 and F12. The clock stability limits estimated using
the intensity LS coefficients of Table 5.4 are found on the right axes. The left axes in Figure 5.9 are
similarly scaled, but the right axes’ scales differ by one order of magnitude due to the higher LS
coefficient for F12.

The optical power instability measured at the clock cell input (after the PM fiber) using the fiber-
coupled FD-ECL system is at a similar level as that measured at the 780-nm output of the FD-ECL
(red diamonds in Figure 4.9) up to the averaging time of 500 s. In contrast for the LH-CW, which
is based on free-space emitting laser diode and components, the PM fiber used to guide the laser
light to the clock cell significantly deteriorates the optical power stability above 10 s of averaging
time. Thermal or mechanical perturbations on the PM fiber result in power variations at the end
of the fiber due to internal losses varying in time. The degraded optical power stability of the
fiber-coupled systems correlated with temperature variations in the experimental environment was
also discussed in the previous chapter (cf. section 4.4). Thus, the estimated clock stability limits
arising from the intensity LS effect reaching > 107!3 at 100 s represent a serious limitation to the
use of the FD-ECL to achieve high performance on long timescales unless an active stabilization is
employed. Alternatively, clock operation schemes such as pulsed-optical pumping [148], where the
light is switched off during the microwave interrogation, could significantly reduce the impact of the
LS effects. Indeed, the LS coefficients measured for the POP-DR clock (cf. section 3.3.5) are at least
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Figure 5.9 - Optical power fluctuations measured at the clock PP-CW input for lasers stabilized to CO10-11 and
F12. Left axes: Optical power fluctuations in terms of Allan deviation. Right axes: Clock frequency instability
contribution estimated using the LS coefficient measured for CO10-11 and F12.

one order of magnitude lower than those of the CW-DR clock. The long-term budget analyzed in
chapter 3 represents a reasonable estimation for the CW-DR clock stability, as the PPs are nominally
identical and the important effects perturbing the clock frequency stability are essentially the same
as for the POP-DR clock, with the primary exception of the LS effects. The impact of the additional
effects arising from pressure, temperature, microwave power, and magnetic field instabilities on
the long-term clock stability are therefore expected to remain below the dominant limitation via
the LS effects.

5.6 Conclusion

In this chapter, we demonstrated for the first time a Rb vapor-cell clock that employs frequency-
doubled 1560-nm telecom lasers as the optical pump and detection light source and evaluated
the limitations of the short-term clock frequency stability in the CW-DR scheme. We measured
a short-term clock frequency stability better than 2.5-107'3771/2 using the FD-ECL exhibiting
low AM and FM noise. This short-term clock stability is similar to those of state-of-the-art clock
performance demonstrated using vapor-cell clocks based on laser diodes emitting directly at the Rb
optical-pump wavelengths [44, 45, 48]. A second FD telecom laser based on a DFB LD, as well as the
LH-CW based on a DFB laser emitting at 780 nm, lead to a degraded short-term clock frequency
stability due to their relatively high laser AM and FM noises.

We analyzed in detail the independent contributions to the clock detection noise arising from laser
AM and FM noise on short-term timescales. We demonstrated that, thanks to the low FM noise level
of the FD-ECL, the short-term clock stability using this laser is only weakly impacted by the choice
of the optical-pump frequency (i.e., by the FM-to-AM noise conversion rate through the clock Rb
cell). This result indicates the advantage of the use of FD-ECL compared to DFB laser systems,
which allows for setting the clock operation parameters more freely while avoiding deteriorating
the short-term clock stability via the FM-to-AM noise conversion. As for optical-pump frequencies
corresponding to a low FM-to-AM conversion rate, beyond the limitation due to the phase noise of
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the LO-CW, the dominant contribution on short-term timescales is the laser AM noise for all three
laser systems (based on ECL and DFB LDs).

For longer timescales, the estimated impact of the frequency LS effect remains well below 10713
up to the 1 day timescale for the FD-ECL. The intensity LS effect currently represents the main
limitation for high-performance clock applications. The high optical power fluctuations of the
frequency-doubled laser systems (based on fiber-coupled components) are one of the main limiting
factors of the clock frequency stability above 10713 at averaging times above 10 s. The power fluc-
tuations at the fiber-coupled laser system outputs are correlated with temperature fluctuations of
the experimental environment (cf. chapter 4). One may reduce the intensity LS effect contribution
to the medium-to-long-term clock instability by operating the clock in a pulsed-optical pumping
scheme, such as the POP-DR clock studied in chapter 3. In the latter case, the AC Stark shift effect
contribution is strongly reduced, leading to lower LS coefficients by more than a factor of 10. Such
an interrogation scheme requires adding a supplementary component as an optical switch, such as
an AOM, which also means introducing an additional noise source that could degrade the relative
optical power stability by a factor of 10. However, the AOM, besides optical switching, can also
serve to stabilize the light intensity at its output. A relative optical power instability of 2-1075 at
10* s is reported in [115] achieved by means of a temperature-stabilized AOM. In the case of our
CW-DR clock based on the FD-ECL, such power stability would reduce the clock stability limit due
to the intensity LS effect to below 6-107'%, depending on the laser frequency.
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This thesis contributes to the development of compact and high-performance Rb vapor-cell atomic
clocks and presents the metrological evaluation of their stability limitations. First, we studied
and optimized the long-term frequency stability of a Rb vapor-cell clock where the pulsed-optical
pumping (POP) scheme is applied using a laser source emitting at the 8Rb D, line (780 nm).
Secondly, we investigated laser systems based on a telecom laser diode (LD) emitting at 1560 nm,
whose emission frequency is doubled and stabilized on Rb transitions, in view of high-precision
applications at 1560 and 780 nm. We presented an in-depth analysis of the spectral properties of
the frequency-doubled (FD) telecom lasers. We then evaluated their exploitation potential in a Rb
vapor-cell clock where the continuous-wave double-resonance (CW-DR) scheme is applied.

C.1. High-performance POP-DR Rb clock

Rubidium vapor-cell clocks play a crucial role in GNSS applications thanks to their compact
volume (< 3 L) and low power consumption (< 20 W) combined with excellent long-term stability
performance < 10714 over one day. On these timescales, the clock frequency stability is mostly
degraded due to the fluctuations of the sensitive parameters that perturb the Rb hyperfine splitting
frequency via independent physical effects. We performed a systematic study of all the relevant
physical effects perturbing the clock frequency to characterize their impact on the clock frequency
stability. We established the exhaustive instability budget of our POP-DR Rb clock, which serves to
assess the limitations of long-term clock frequency stability and to identify the dominant factor(s) to
act on for further improvements. The measured long-term frequency stability of our POP-DR clock
is <2-107!* for averaging times up to 1 day. The instability contribution from the second-order
Zeeman effect, which was one of the dominant limitations, was reduced to 1.2-107!°. Moreover, the
instability contributions arising from the cell and stem temperature sensitivities were consolidated
at 1.2-1071% and 6.0-10716, respectively, thanks to the simultaneous assessment of temperature
fluctuations measured to be below 0.5 mK. While the estimated instability contributions are well
below the 1074 level for most of the effects in the budget, the measured long-term clock stability
is predominantly limited by the laser intensity-induced effects’ contribution of 1.6-10714. The
microwave power shift effect and the spin-exchange effect present the next highest instability
contributions at the level of 6-107!° and 3-107'%, respectively, over one day.
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According to the established budget, the principal limitation of the long-term stability arises from
the laser intensity fluctuations, which perturb the clock frequency through different processes in
the POP-DR interrogation scheme (e.g. the AC Stark shift effect and the residual coherence). To
quantify the total impact on the clock stability, we measured the clock frequency sensitivity to the
variation of the optical power (+2.3-107* /%) and the fluctuations of the optical power at the clock
cell input, which was at the level of 0.7 % over one day. Meanwhile, the results indicate that the
optical power variations may be affected by the variations of environmental pressure and humidity.
Further investigations are required to identify by which means these parameters degrade the light
intensity fluctuations to effectively reduce their impact. Eventually, the laser system can be placed
in a hermetic chamber, which would reduce environmental parameter fluctuations, but would
compromise the size and power consumption.

To evaluate the clock stability limitations in a budget, the budget should be established taking into
account the experimental parameters and the interrogation scheme that are applied to operate the
clock; i.e., clock frequency sensitivity and parameter fluctuations should be evaluated under the
closest possible conditions to the clock operation. For the presented clock instability budget, only
the impact of the frequency light-shift effect of 6-107'% was estimated from the laser frequency
fluctuations of 4 kHz that were measured in the CW scheme. The pulsed operation may however
degrade the laser output frequency stability and thus increase the clock instability contribution
of the frequency light-shift effect, which can be consolidated through a pulsed laser frequency
instability measurement in future work. Nevertheless, we expect that the impact of the frequency
light-shift effect on the long-term clock stability would still remain below 1074 level up to a
degradation by a factor of 20.

C.2. Optical frequency reference at two wavelengths (1560 and 780 nm)

The telecom C-band (1530 — 1565 nm) coincides with the twofold transition wavelengths of the op-
tical resonances of 8’Rb D, line (780 nm). The laser diodes emitting at the telecom C-band through
the frequency doubling of the laser emission provide an alternative to the LDs emitting directly at
780 nm for experiments manipulating 8’Rb atoms. We presented a thorough investigation of the
spectral properties of the frequency-doubled telecom lasers in view of high-precision spectroscopy
applications around 1560 or 780 nm. In particular, the FD laser system based on an external cavity
LD emitting at 1560 nm, whose output frequency is first doubled then stabilized through a Rb vapor
cell, exhibited excellent noise properties. The frequency noise measurement of the FD telecom laser
was limited by the employed current source at 10° Hz?/Hz and should be improved by employing a
lower noise current source. Table C1 compares the performance of the 780-nm output light of the
FD telecom laser to that of two laser heads (LHs) based on a DFB LD emitting at 780 nm. One of
the LHs incorporates an additional AOM that is used for the pulsed optical pumping in the POP-DR
clock studied in chapter 3. In particular for Rb vapor-cell clock applications, the low (intensity and
frequency) noise of the FD telecom laser represents a substantial advantage in view of improving
the short-term stability with respect to the laser diodes emitting directly at 780 nm.
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Table C1 - Performance of the frequency-doubled telecom laser compared to the laser heads based on a LD
emitting at 780 nm.

. FD telecom Laser head Laser head at
Parameter Unit i
laser at 780 nm 780 nm with AOM

- .

requency noise H2 /Hz <1-.10° <1-10° <1-10°
(f =100 Hz)
Rel. int it i

el. intensity noise ! <5.10-13 <5.10"12 <2-1071
(f = 100 Hz)
P . i

requency instability <2.10-12 <5-10712 <2-1071
(tr=15s)
F . i

requency instability <1.10-1 <1-10711 <1-1071
(r =1day)
Opt. instabili

pt. power instability % <001 <001 <0.7
(t=15s)
Opt. instabili

pt. power instability % 05 0.02 0.7

(r =1day)

We demonstrated a laser fractional frequency instability of 2-107'2 at 1 s of averaging time, which
remained below 107!! (equivalent to 4 kHz) on longer timescales up to 1 day. The optical power
fluctuations of 0.01 % at 1 s measured for the FD telecom laser was strongly degraded on longer
timescales reaching 0.5 % over one day. In fact, the FD system is based on fiber-coupled com-
ponents whereas the LHs use free-space laser diode and optical components. Mechanical and
thermal perturbations or residual back reflections along the fiber-coupled system degrade the
output power stability in the medium-to-long term. High frequency stability performance makes
the FD telecom laser an excellent candidate for high-performance Rb clock applications. In fact,
as illustrated in Figure C1, many applications at both wavelengths (780 and 1560 nm) can benefit
from the two-wavelength optical frequency references, which combine the telecom reliability with
the Rb atomic frequency stability. Nevertheless, the long-term optical power fluctuations may
present a serious limitation. An improved mechanical and thermal stabilization of the fiber-coupled
system is essential for reliable and high-performance industrial developments (e.g. placing all the
components on a compact and thermalized baseplate) or an active power stabilization.
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Figure C1 - Fractional frequency fluctuations of the optical frequency for the frequency-doubled telecom laser
and typical instability requirements for applications around 780 nm and 1560 nm.

C.3. CW-DR Rb clock using a telecom laser

We presented for the first time the realization of a CW-DR Rb vapor-cell clock where a frequency-
doubled telecom laser is used for optical pumping and detection. We demonstrated, regardless of
the clock operation conditions, similar or better short-term clock stability than that of a clock using
alaser emitting directly at 780 nm. The achieved short-term clock instability of 2.4-10713 771/2 is
at the state-of-the-art level for vapor-cell frequency standards as depicted in Figure C2 (the red full
line). Moreover, we studied the various contributions to the clock detection noise and established
the detailed noise budgets in two particular cases: low and high rates of FM-to-AM noise conversion
through the clock cell. We showed that if the FM-to-AM noise conversion is minimized, then the
laser intensity noise constitute the dominant contribution to the clock detection noise. However,
under the conditions yielding an increased rate of the noise conversion through the clock cell,
the laser frequency noise becomes an important factor of the clock detection noise and limit the
short-term clock stability. Nevertheless, thanks to the low frequency noise of the FD telecom
laser, the short-term clock instability was weakly affected by the change in the FM-to-AM noise
conversion rate and remained at 3-107'3 771/2, This aspect of the FD telecom laser offers less
stringent requirements to adjust the experimental parameters for optimizing the short-term clock
performance and shows great prospect in high-performance Rb vapor-cell clock applications.

The intensity light-shift (LS) effect was identified as a limiting factor of the medium-to-long term
stability of the CW-DR Rb clock, which employs the FD telecom laser relying on fiber-coupled
components. The high optical power fluctuations of the FD telecom laser degrade the clock stability
via the intensity LS effect already at 10 s of averaging time, which represent a serious limitation
for the use of the FD telecom laser in high-performance vapor-cell clocks. To reduce the intensity
LS limit, one solution would be to actively stabilize the optical power at the clock cell input to
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compensate for the fluctuations occurring all along the fiber-coupled path, for instance by acting
on the laser diode temperature. A reduction by a factor of 20 would improve the clock frequency
stability to < 5-107!* up to 500 s of averaging time. Alternatively, adopting the pulsed-optical
pumping scheme, by decoupling the optical radiation from the microwave interrogation, would
reduce the clock frequency sensitivity to the optical power fluctuations by two orders of magnitude
yielding a clock stability limit < 107'* up to 500 s. In this case, it is however required to add an
optical switch in the laser system, such as an AOM, to realize the pulsed light emission, which also
means introducing an additional instability source and necessitates further characterization.

C.4. Perspectives

The detailed analysis of the long-term instability sources of our POP-DR Rb clock indicates that
the principal limiting factor arises from the intensity light-shift effects (2-1071%). To reduce the
impact of these effects, two possibilities exist: the clock frequency sensitivity to light intensity
variations should be reduced, or the fluctuations of the light intensity should be decreased. In the
POP-DR scheme, the light intensity fluctuations perturb the clock frequency stability via different
processes such as the AC Stark shift or the residual coherence. Further numerical and experimental
studies are required first to quantify the independent contributions, then to evaluate the clock
frequency sensitivity to the light intensity fluctuations via the combination of these processes.
These studies would eventually allow to reduce the clock frequency sensitivity to the light intensity
fluctuations. Alternatively, we could directly act on the light intensity fluctuations by implementing
an active stabilization loop through a feedback on the laser diode temperature or the RF power
used to drive the AOM. For an efficient stabilization scheme, the light intensity should be detected
as near as possible to the input of the clock cell to compensate for the perturbations occurring
along the whole optical path. This implies splitting a part of the laser light before the clock cell, and
therefore reducing the available optical power to the clock cell, which is necessary in the POP-DR
scheme for an efficient optical pumping. In this case, an optical source with a high output power at
780 nm should be considered. For this purpose, frequency-doubled laser systems based on mature
telecom components present an attractive solution. Laser diodes and optical components (such
as amplifiers) with high reliability and excellent spectral properties are more easily available in
the telecom wavelength region and can be applied to vapor-cell clocks when combined with the
frequency-doubling technology. The results presented in this thesis show that frequency-doubled
telecom lasers indeed present interesting alternatives to lasers emitting at 780 nm, especially in
view of excellent short-term clock stability.

We demonstrated a fractional frequency instability < 107!* at 1 day for the compact Rb vapor-cell
clock operated in the POP scheme and without placing any component in a vacuum environment.
As shown in Figure C2, this stability performance positions among the state-of-the-art laboratory
vapor-cell clock performance and better or similar compared to that of the GNSS-grade industrial
RAFSs. For GNSS applications, besides an excellent frequency stability at 1-day timescale, the
size, weight, and power consumption of the deployed clock are crucial parameters. We report in
Figures C3a and C3b the frequency instability of the studied clocks as a function of the estimated
SWaP (expressed in this thesis by the single number of the product of the three parameters) in
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Figure C2 - State-of-the-art clock stability for laboratory and industrial clocks. This graph is an update of Figure I3 to highlight the results obtained in this work:
Short-term instability (red) of the CW-DR Rb vapor-cell clock optically-pumped using a telecom laser (cf. chapter 5) and long-term instability (blue) of the POP-DR
Rb vapor-cell clock optically-pumped using 780-nm laser diode (cf. chapter 3). State-of-the-art frequency instability demonstrated with compact atomic clocks.
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Figure C3 - Clock instability as a function of clock SWaP for industrial clocks and including the results of this
work. Blue: POP-DR Rb vapor-cell clock (cf. chapter 3). Red: CW-DR Rb vapor-cell clock optically-pumped
using a telecom laser (cf. chapter 5). 1: Spectratime space mini RAFS [33]. 2: Spectratime space RAFS [34]. 3:
Excelitas space RAFS [35]. 4: FEI space RAFS [36]. 5: OSA Cs beam [37]. 6: Microsemi Cs beam [38]. 7: SDI cold
RD clock [149]. 8: Muquans cold Rb clock [150]. 9: T4Science PHM [39]. 10: T4Science AHM [40].

comparison with compact and high-performance industrial clocks. To estimate the SWaP of the
studied clocks, we assume, based on the current industrial expertise, that the control electronics
can be miniaturized and integrated within the volumes of the laser system and the physics package.
Therefore, the SWaP of our clocks was estimated given the size and mass of the corresponding laser
system and physics package. In the case of the POP-DR clock (LH-POP + PP-POP), the volume was
< 3.1 L and the mass was < 2.8 kg, whereas for the CW-DR clock (FD-ECL + PP-CW), the volume
was < 2.8 L and the mass was < 2.6 kg. The demonstrated short-term clock stability performance
using the FD telecom laser was improved by a factor of 2 to 10 compared to the state-of-the art
industrial RAFSs. The long-term instability of our POP-DR clock consolidated in this thesis at the
level of 1071 is similar to that of the GNSS-grade RAFSs. Moreover, this long-term instability of our
POP-DR clock is only a factor of 2 to 3 higher than those of the PHM and the SDI cold Rb clock
while at a SWaP reduced by more than a factor of 100. These results show the high potential of the
POP-DR clock based on a compact microwave cavity and the Rb-referenced laser diode (emitting
at 780 nm or 1560 nm) for the development of the next generation of Rb frequency standards for
space applications.
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Optical detection noise

In this section, we discuss the various noise contributions to the clock detection noise. We make use
of the following analysis to evaluate the laser AM and FM noise contributions to the experimental
clock optical detection noise in chapter 5. The noise of the optically detected clock signal is
composed of the detector intrinsic noise and the AM noise of the detected laser light. The intrinsic
noise of the detector mainly includes its dark current noise and the thermal noise of the resistor,
whereas the detected light noise is the result of two mechanisms: the laser AM noise contributes
directly and the laser FM noise is converted into AM noise through the clock vapor cell. The optical
detection noise is ultimately limited by the shot noise resulting from the discrete nature of the
detected light, which is often dominated by the laser noise contributions to the optical detection
noise. Assuming the different noise sources are independent and uncorrelated, the power spectral
density of the optical detection noise is the quadratic sum of all of its contributions. Therefore, we
can write the total optical detection noise power spectral density as

_ 2 2
SNoo= V Sdet + Slaser ’ A

where Sge is the total detector intrinsic noise PSD and Sju¢er is the total laser light noise PSD,
expressed in the unit of A/Hz!/2. The detector intrinsic noise is experimentally determined in the
absence of light and becomes a negligible contribution in the presence of light. The total laser noise
arises from the laser AM noise and the laser FM-to-AM noise conversion and can be written as

Staser = \/Sam+ SAAM (A.2)

where Say and Spyam are the clock detection noise PSD contributions, in the unit of A/Hz!/2,

arising from the laser AM noise and the FM-to-AM noise conversion, respectively. The AM noise PSD
( Sam) is related to the laser RIN via the measured photocurrent (Ipc) through Sam =1/SrIN: I]%C.
The FM-to-AM noise conversion is quantified with the conversion rate Dgp-am (in [A/Hz]) deduced
from the local slope of the optical absorption line at the specific laser frequency (cf. Figure A.1).
The noise PSD contribution of the FM-to-AM noise conversion process Sgp-anm iS given by

Semam = \/Sv Diyanm (A.3)
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Figure A.1 — Typical transmission signal of the clock Rb vapor cell. Yellow and red lines: linear fits at two
different laser frequencies whose slopes correspond to the FM-to-AM noise conversion rates Denr.am, and
Dryv.am, through the vapor cell.

where S, is the laser FM noise at the clock cell input, expressed in the unit of Hz?/Hz. Combining
the equations (A.1) — (A.3), we write the total optical detection noise as

_ 2 2 2
Sno= \/Sdet+s +SEmoam

2 2 2
\/Sdet +Sim tSv Dinviam, 0 (A.4)

where Dpp-ay;, is the FM-to-AM noise conversion rate at the laser frequency v;.

In order to distinguish the individual contributions from laser AM and FM noise, one may take
into account the total optical detection noise for two different laser frequencies while keeping
all other parameters constant. The change of the laser frequency results in a different FM-to-AM
noise conversion rate measured using the optical transmission signal of the clock Rb vapor cell,
as depicted in Figure A.1. Knowing the associated FM-to-AM noise conversion rate, the total
optical detection noise at each configuration is given by the equation (A.4). For two different
conversion rates and assuming laser AM and FM noise at the clock cell input are constant in the
two configurations, we get a two-equation system with two unknowns that correspond to the noise
PSDs of the contributions arising from laser AM and FM noise (i.e., Sanm and Sgnv-am).

Sem-am is given by the equation (A.3) for the laser frequency noise S, calculated using

32 - 52
Sy = — 7 (A.5)
DFM -AM, DFM AM,

and Say is calculated with

— 2 2 2 2
Sam = \/S ~Sget =S FM AM, \/S = Sget =S FM AM, (A.6)
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Furthermore, when the laser is operated well above the threshold, the clock detection noise is
proportional to the optical power, as experimentally measured and reported in Figure A.2a. The
noise measurements are performed in the absence of microwave radiation and correspond to
the background level (i.e., the transmitted light in the absence of resonant microwave radiation).
Nevertheless, the optical detection noise is weakly sensitive to the applied microwave power, as

presented in Figure A.2b.
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Figure A.2 - CW-DR clock detection noise PSD (Sy) as function of the optical and microwave powers. The
noise PSDs are measured at Fourier frequency of 70 Hz (corresponding to the microwave modulation frequency
of the studied CW-DR clock).
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I \ppendix B
Error signal optimization for the clock

In this section, we present the optimization of the so-called error signal and the discriminator slope
of interest. The results of the following are used to optimize the short-term stability of the CW-DR
Rb vapor-cell clock presented in chapter 5.

Atomic clocks use an atomic resonance frequency to stabilize that of an external local oscillator [61].
To retrieve the precise location of the atomic resonance frequency, we modulate the frequency of
the interrogation field (i.e. microwave field in microwave clocks) at a modulation frequency f,,04
with a modulation depth fa. We detect the response of the atoms to the modulated microwave
frequency by synchronous detection using a lock-in amplifier to obtain the error signal that is
used to maintain the local oscillator’s frequency close to the atomic resonance frequency. We
assume a slow modulation such that the atoms reach a steady state at each microwave interrogation
frequency (i.e. a modulation frequency smaller than the atomic relaxation rates y1 ~ 300 s™! and
¥2 = 250571,

The clock signal in the CW-DR scheme that is detected through the transmitted light intensity at
the end of the cell is given by the equation (1.16). The atomic response yielding the information
on the reference transition frequency has a Lorentzian line shape with an amplitude A“Y and a
FWHM W< given by the equations (1.17) and (1.18), respectively. When a modulation signal h(t) is
applied, the instantaneous angular frequency of the frequency-modulated microwave field is

wpm(t) = wo+wah(D), (B.1)

where w is the mean angular frequency and wa =2 7 fa is the modulation depth. The function

h(t) describes the applied modulation signal and for a square-wave modulation and a modulation

period of Ty,0q = ﬁ is given by

+1 foro<r<Zit,
h(t) = T (B.2)
-1 for F<t<Ty.
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For an easy derivation of the error signal, we first assume a normalized Lorentzian line shape such
that the amplitude is 1 and the FWHM is 2. Then, we apply the results obtained for the normalized
error signal to the case of the CW-DR Rb clock. The normalized Lorentzian line shape function is

1
f(x) = sz. (B.3)

where x represents the normalized microwave frequency detuning. When a modulation described
by the function h(¢) is applied, the normalized frequency detuning x is in the form of

x(t) = xp+xa-h(D), (B.4)

where X is the mean normalized frequency detuning and xa is the normalized modulation depth.
Considering the CW-DR clock signal given by the equation (1.16) and the above equations, the
normalized quantities are written as

2Qm

X0 = W—u(;w , (B5)
2 WA

X3 = e (B.6)

where WSV =217 W is the linewidth of the CW-DR signal. For a better readability, the super-
script <V is omitted for the rest of this section and we consider the CW-DR scheme unless it is
indicated otherwise. The response to the frequency modulated input x(¢) is demodulated by
synchronous detection, which consists in multiplying the response signal by the demodulation
signal represented by the function h(f). The resulting error signal corresponds to the mean value
of the synchronous detector output over the modulation period and can be written as

2 Xp XA

%) = D+ oD

(B.7)

The error signal is a dispersive curve and serves to accurately locate the atomic resonance frequency
at the center of the Lorentzian signal, which corresponds to the zero crossing of the error signal.
Therefore, we are interested in the region where |xy| <« 1 and more importantly in maximizing the
slope in this region. In this case, the error signal can be approximated by

ZX() XA
dllxl<l) = ———. B.8
(1%l < 1) 172 (B.8)

The slope of the error signal close to the line center is obtained by the derivative of the equation (B.8)
evaluated at the zero crossing (|xg| <« 1) as

slxol < 1) = —Z—xAz. (B.9)
1+ x2)?
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Appendix B - Error signal optimization for the clock

The slope given by the equation (B.9) is maximized for xj = 1/v/3. Using the relation of the
equation (B.6), we deduce the modulation depth maximizing the error signal slope at the line center
is wa =0.29 Wy, (or fao =0.29 W).

In the case of the CW-DR Rb clock, the error signal at the synchronous detector output is generated
from the clock signal given by the equation (1.16) with an amplitude A given by the equation (1.17).
Using these two equations and (B.5), (B.6), and (B.8), the error signal for a small microwave detuning
Qp < W, is given by

Qp o 1
dpr Q< W,) = -8A Avf/zA —. (B.10)
w (1+%)

The slope of the error signals measured at the synchronous detector output of the CW-DR Rb clock
for different modulation depths and frequencies are reported in Figure B.1a. The slope of the error
signal is maximized at a modulation depth corresponding to one third of the FWHM of the CW-DR
signal, which is in this case W = 220 Hz. The optimal modulation depth is weakly affected by
the change of the modulation frequency. Furthermore, the maximized error signal slope depends
on the modulation frequency fy04, as illustrated in Figure B.1b. The sharp drops observed in
Figure B.1b around 50 and 100 Hz are due to the filtering of the lock-in amplifier around the power
line frequency and its harmonics. For fast modulation frequency approaching the ground-state
relaxation rates (y; =300 s~ and y, = 250 s7!), the signal is reduced significantly.
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(a) At two modulation frequencies: 10 and 70 Hz. (b) At fixed modulation depth of 70 Hz.

Figure B.1 — Discriminator slope of the error signal as function of microwave modulation depth fn and
frequency fp,. The FWHM of the CW-DR signal is W = 220 Hz.
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