Chapter 1 Introduction

Researches presented here deal with the development and the use of atomic clocks with extreme stability and accuracy. This search for ever increased level of performance of atomic clock and more generally in atomic spectroscopy is motivated by the long-term vision that it has impact on science and society in the several dierent following ways:

Search for extreme clock performance is advancing hand in hand with exploration in physics and better understanding of atomic systems. Increased clock performance reveals new phenomena and provides means to investigate them.

Clocks with extreme level of performance are a tool of choice to test the structure of space-time and fundamental laws of nature. They provide experimental inputs to the quest for a unied theory of gravitation and quantum mechanics.

Clocks with extreme level of performance are key to major applications with large impact in science and society, which are the realization of the base unit of time of the international systems of units (SI), timekeeping via the elaboration of the international atomic time (TAI) and the realization of master clock of global navigation satellite systems (GNSS).

Search for extreme clock precision is a steady driver for innovation in multiple areas such as lasers, low noise electronics, ultra-stable oscillators. Also, it creates knowledge necessary to dene tradeo between performance and other requirements for applicability. This knowledge is often applicable not only to novel clocks but also extents to other classes of atom-based instruments.

Increasing clock performance leads to new applications. For instance, clock comparisons with uncertainties of IH 18 The manuscript is organized as follows:

Chapter 1 is the present Introduction. Chapter 3 entitled Ultra-stable oscillators describes developments of ultrastable oscillators which are key to the progress of atomic frequency standards while having their own interest. Three dierent topics are treated. First, the realization of ultra-stable microwave reference signals based on cryogenic sapphire oscillators and their applications.

Then, the development of ultra-stable lasers. Finally and briey, generation of ultra-low noise microwave signals using optical frequency combs.

Chapter 4 entitled Metrology deals with applications of atomic frequency standards in metrology, i.e. with the realization of frequency and time references, with comparisons between them and with the determination of reference values for atomic frequency ratios. One aspect of this work is to contribute some of the necessary steps toward a possible redenition of the second of the international system of units based on optical transition(s).

Chapter 5 entitled Fundamental tests reports on several tests of fundamental physical laws making use of ultra-stable oscillators and atomic fre-quency standards. These tests include tests of the stability of natural constants, tests of Lorentz invariance and search for dark matter.

Chapter 6 entitled Conclusions and prospects looks at possible continuations of the work reported in previous chapters. Prospect of developing novel application of atomic frequency standards to Earth's science, named chronometric geodesy, is mentioned.

Chapter 2 Clock physics

A key aspect in the development of atomic clocks with extreme performance lies in the understanding the physics of processes impacting the interrogation of the clock transition. The present chapter is devoted to studies of these aspects in the case of the dual Rb and Cs fountain FO2 and in a mercury lattice clock.

2.1

Atomic fountains

Principle of operation of atomic fountains

In this section, we provide a reminder of basic principles of operation of atomic fountains, which is necessary to understand the more advanced topics discussed later. Note that a description of atomic fountains and of the work done with them at SYRTE, written in French, can be found in [1].

A level diagram of Cs and Rb atoms and a schematic view of an atomic fountain is shown in Fig. 2.1. The clock transition is the M1 transition between the two hyperne levels of the electronic ground states. The corresponding frequencies, indicated in Fig. 2.1, are 9.192631770 GHz and 6.834682610 GHz for Cs and Rb respectively. Atomic fountain clocks operate in a sequential manner. Atoms are rst gathered in an optical molasses [START_REF] Bize | Tests fondamentaux à l'aide d'horloges à atomes froids de rubidium et de cesium[END_REF], made of set of 6 laser beams (1), with the proper geometry. The same laser beams are used to launch atoms upwards and to cool them, in the upward moving frame, to a temperature of $ I K. The subsequent steps of the clock sequence occur during the ballistic ight of the atomic sample in the ultra-high vacuum chamber. Atoms are selected in the m F a H Zeeman sub-state of the lower hyperne level, thanks to a combination of microwave interaction, applied in the state selection cavity (4) and a push laser beam [START_REF] Gerginov | Uncertainty evaluation of the caesium fountain clock ptb-csf2[END_REF]. Next, atoms interact with the interrogation microwave eld, which is fed into the interrogation cavity [START_REF] Szymaniec | Evaluation of the primary frequency standard npl-csf1[END_REF]. Interactions occur one time of the way up and a second time on the way down, forming the well-known Ramsey interrogation sequence. The separation in time between the up and down passages is typically $ H:T s. When the interrogation eld frequency matches the hyperne frequency, atoms are promoted to the upper hyperne level. On their way down, atoms cross the state selection and molasses region where all the elds (microwave and lasers) are o. They fall into the detection region [START_REF] Jeerts | Accuracy evaluation of NIST-F1[END_REF] where the two hyperne levels are detected independently by laser-induced uorescence. From the number of atoms in the two hyperne levels, one can estimate the transition probability, which in turn serves, during the clock operation, as a signal to lock the frequency of the interrogation eld to the hyperne transition. Typically, IH 6 atoms are detected. Stringent control of any eld seen by the atoms in the interrogation region [START_REF] Szymaniec | First accuracy evaluation of the npl-csf2 primary frequency standard[END_REF]. This includes static electric and magnetic elds, microwave elds, light from lasers and thermal radiation. To this end, the interrogation region is surrounded by several layers of magnetic and thermal shields. The exact conguration of FO2 is described in [START_REF] Bize | Tests fondamentaux à l'aide d'horloges à atomes froids de rubidium et de cesium[END_REF] [START_REF] Sortais | Construction d'une fontaine double à atomes froids de 87 Rb et de 133 Cs, étude des eets dépendant du nombre d'atomes dans une fontaine[END_REF]. Congurations of other fountains can be found, for instance, in [START_REF] Weyers | Uncertainty evaluation of the atomic caesium fountain CSF1 of the PTB[END_REF][5] [START_REF] Szymaniec | Evaluation of the primary frequency standard npl-csf1[END_REF][7] [START_REF] Jeerts | Accuracy evaluation of NIST-F1[END_REF][9] [START_REF] Levi | Accuracy evaluation of ITCsF2: a nitrogen cooled caesium fountain[END_REF][11] [START_REF] Ovchinnikov | Accurate rubidium atomic fountain frequency standard[END_REF].

Development of a dual Rb/Cs atomic fountain

One important aspect of the work reported here is development of the dual Rb/Cs fountain conguration of FO2. The use of 87 Rb in atomic fountains originates from the prediction [START_REF] Kokkelmans | Predictions for laser cooled Rb clocks[END_REF] that the cold collision shift for 87 Rb would be more than one order of magnitude smaller than the large shift measured in 133 Cs [START_REF] Gibble | A laser cooled Cs frequency standard and a measurement of the frequency shift due to ultra-cold collisions[END_REF] [START_REF] Clairon | A cesium fountain frequency standard: recent results[END_REF]. The initial work focused on testing this prediction in a preliminary implementation of a 87 Rb fountain. After thorough investigations of atom number dependent shifts both at Yale University [START_REF] Fertig | Measurement and cancellation of the cold collision frequency shift in an 87 Rb fountain clock[END_REF] and at SYRTE [17][18] conrming the minute cold collision shift in 87 Rb, the implementation of the dual fountain conguration was undertaken. Most likely, the minute cold collision shift was also one of the motivations for the United States Naval Observatory (USNO) to choose 87 Rb for their atomic fountain ensemble [START_REF] Peil | An ensemble of atomic fountains[END_REF][20] aimed at improving the stability of the USNO Master Clock used for GPS.

On the left, Fig. 2.2 shows a schematic view of the FO2 dual fountain.

On the right, it shows the pictures of the two key systems enabling the dual fountain conguration, i.e. the 11 dichroic collimators and the dual Ramsey cavity.

In the FO2 fountain, 87 Rb and 133 Cs atoms are gathered at the same location, in overlapped optical molasses, loaded from two 2D magneto-optic traps. This is made possible by dichroic collimators where the 780 nm and 852 nm laser lights, for 87 Rb and 133 Cs respectively, are brought by two polarizing optical bers, superimposed with a dichroic beam splitter and collimated with an achromatic lens. These collimators have to match, for both wavelengths, stringent requirements needed for atomic fountains, i.e. alignment of laser beam axes with respect to a reference surface of the mechanical part to $ IHH rad, divergence of < IHH rad and centering of the intensity proles to I mm for a diameter of PT mm. Designing, fabricating, tuning and characterizing these collimators turned out to be a demanding task which is described in [START_REF] Chapelet | Fontaine atomique double de Césium et de Rubidium avec une exactitude de quelques IH 16 et applications[END_REF].

Another feature of FO2 is the interrogation region shared by the two species. In order to keep the blackbody radiation shift under control, the temperature of the interrogation region must be homogenous to a high degree, typically to a few IH mK. Consequently, the 87 Rb and 133 Cs Ramsey cavities cannot be independently tuned to their respectively atomic frequencies by their temperatures. Given this constraint, choice was made to make a single mechanical assembly comprising both cavities. The tuning of one cavity relative to the other, as required by the atomic frequencies is ensured by the precision to which mechanical parts are machined and assembled. In addition to this stringent dimensional requirement, the dual cavity has to match all other requirements for high accuracy, among which being completely nonmagnetic, having no microwave leaks, having low and homogeneous wall resistive losses and having balanced coupling strengths for the 2 opposing microwave feeds. The implementation of the dual cavity assembly for FO2 was a challenging task which is described in [START_REF] Sortais | Construction d'une fontaine double à atomes froids de 87 Rb et de 133 Cs, étude des eets dépendant du nombre d'atomes dans une fontaine[END_REF] and [START_REF] Bize | Tests fondamentaux à l'aide d'horloges à atomes froids de rubidium et de cesium[END_REF].

Dichroic collimators and the dual Ramsey cavity enables truly simultaneous operation with 87 Rb and 133 Cs. To this end, fountain cycles of the 87 Rb and 133 Cs are made synchronous. 87 Rb and 133 Cs are rst gathered simultaneously is the optical molasses. The 2 species are then launched with at slightly dierent times and with slightly dierent upwards velocities, such that the two atomic cloud move apart from each others during the ballistic ight, thereby avoiding interspecies interactions. Typically, parameters are chosen such that the 87 Rb and 133 Cs clouds cross their respective Ramsey cavity simultaneously, both on their way up and on their way down, as shown in Fig. 2.3. In such a typical conguration, the 2 clouds reach the detection region at dierent times, which provides the mean of detecting 87 Rb and 133 Cs separately with a uorescence collection and photodiode system which does not distinguish 780 nm and 852 nm light. An example of time of ight signal is given in Fig. 2.3.

The rst high-accuracy operation of FO2 in the dual Rb/Cs conguration is reported in [22]. The dual fountain conguration proved being a powerful setup for time and frequency metrology and its applications. Several examples are given in the present report. The FO2 dual fountain also oers several yet unexplored possibilities. For instance, the synchronization of the Rb and Cs part can be adjusted to overlap the two clouds during the interrogation in order to investigate Rb-Cs collisions. The dual conguration could also be used to extend the Lorentz local invariance tests performed with Cs [23].

Interrupted adiabatic passage to control atom number dependent frequency shifts

Frequency shift induced by cold collision are known to be large in 133 Cs since the early stages of atomic fountains [14][15]. One approach to mitigate this eect is to realize precise atomic density ratios which, in turn, enables precise extrapolation to zero atomic density of the clock frequency. This can be done The number of jF a Q; m F a Hi can be varied by changing the characteristics of the microwave interaction. The most simple case is to drive a resonant Rabi oscillation. The duration and amplitude of the microwave pulse can be chosen to maximize the number of selected atoms, which corresponds to a Rabi opping angle close to for all atoms initially in jF a R; m F a Hi.

Instead, the amplitude can be lowered to induce a small Rabi opping angle and select a smaller number of atoms. This simple method of varying the atom number does not produce precise atomic density ratio, because of the distribution of the microwave eld inside the state selection cavity. Typically, the eld amplitude can vary by PH7 between the center and the edge of the region seen by the atoms. The spatial distribution of Rabi opping angles and therefore of the transition probabilities vary when the atom number is changed. Consequently, atom density changes are not proportional to atom number changes, which prevents practical realization of accurate atom density ratios.

An alternative approach is to use adiabatic population transfer instead of Rabi opping. To this end, the frequency detuning @tA and amplitude 0 @tA of the microwave eld are modulated as shown in Fig. 2.4. In the Bloch vector picture, the eective magnetic eld 3 @tA a @tA 3 z C 0 @tA 3 x has the time evolution shown in Fig. 2.4. Within the adiabatic approximation, the Bloch vector representing the atomic state, which is initially aligned with 3 z , remains aligned with the eective magnetic eld. As long as the adiabatic approximation is fullled for all atoms, one can see that the nal transition probability is I after a complete adiabatic transfer. Similarly, when the adiabatic transfer is abruptly interrupted when the detuning is zero, the nal transition probability is I=P independently of small changes of the eld amplitude. In these two cases, the distribution of transition probability across the atomic cloud is precisely equal to I and I=P, respectively. This can be used to realize two atomic samples for which both the atom number and the atomic density ratio are precisely equal to I=P. Practically, this is done by interleaving measurements at full density and at half density, with typical durations of 50 to 100 fountain cycles for each of the two cases.

A rst implementation of this scheme is reported in [24]. Ultimately, this method is limited by the degree to which the transfer remains adiabatic, given the number of constraints related to the fountain conguration. The available time for implementing the state selection is primarily limited to a few ms, due to the upward motion of the atomic cloud (at $ R m.s 1 ) and the size of the state selection cavity, taking into account that the interaction of the entire atomic cloud must be limited to central part of the state selection cavity where the amplitude is the highest and has less variations. Another limitation comes the neighboring transitions which must not be excited by the state selection interaction. Practically, for a proper implementation of the interrupted adiabatic passage method, an additional static vertical magnetic eld of $ IV T is pulsed to push the closest strongly coupled jF a R; m F a ¦Ii 3 jF a Q; m F a ¦Ii transitions ¦IPT kHz away from jF a R; m F a Hi 3 jF a Q; m F a Hi, and the marginally coupled jF a R; m F a Hi 3 jF a Q; m F a ¦Ii transitions ¦TQ kHz away. The strength of this magnetic eld pulse is limited by the amount of perturbation that can be aorded inside the magnetic shields of the fountain. If too strong, this magnetic eld pulse can perturb the control of the quantization axis after the state selection and cause permanent or transient perturbations inside the interrogation region, which is detrimental to the accuracy. The accurate implementation of the interrupted adiabatic passage also relies upon the degree to which the resonant condition is met when the interaction is switched o. Initially [24], a voltage controlled oscillator was used for the frequency sweep @tA, the accuracy of which was limiting the accuracy of the interrupted adiabatic passage to several IH 3 .

Later, an arbitrary waveform generator was used. This enables adiabatic transfer accuracy of < IH 4 . At this level, the second order Zeeman shift from the biasing magnetic eld must be taken into account to properly meet the resonant condition @tA a H at interruption.

The realization of accurate density ratios is, in practice limited by the spurious residual atomic populations in the lower hyperne states jF a Q; m F T a Hi. These spurious populations come by two dierent channels. One channel is from atoms which are left in the F a Q states after launch. In FO2-Cs, we found that the fraction of launched atoms in F a Q states is about IH 4 , which gives a fraction of about IH 3 of the atomic sample after the state selection. A second channel is from atoms which are pumped from F a R to F a Q by the push beam. The amount of such atoms increases when the push beam power is increased. It is therefore desirable to minimize the amount of push beam light yet preserving the eectiveness of the push beam.

In FO2-Cs, we found that in optimal condition, atoms pumped by the push beam in F a Q could represent a few IH 3 of the atomic sample after state selection. The presence of these spurious jF a Q; m F T a Hi atoms led us to study their eect in detail and to the observation of low ultra-low magnetic eld Feshbach resonance related to these states (see 2.1.4).

Other approaches exist to control atom number dependent frequency shifts. Reference [START_REF] Gibble | Fountain clock accuracy[END_REF] proposes using a detuned state selection Rabi pulses at microwave amplitude which maximizes the transition probability. At zero detuning, this is identical to the usual pulses which transfers all atoms from jF a R; m F a Hi to jF a Q; m F a Hi. For a detuned pulse, the transferred fraction is less than 1, providing the mean to vary the number of atoms in jF a Q; m F a Hi. Because the microwave amplitude is at an extremum, the transfer eciency is highly homogeneous over the atomic sample, despite the spatial variation of the microwave eld amplitude. Like the (interrupted-)adiabatic passage, this provides the mean to realize accurate atomic density ratios [START_REF] Gibble | Fountain clock accuracy[END_REF]. Since 2014, this method is used in FO2-Rb. It is also planned to use it in the cold atom space clock PHARAO. Another approach to mitigate the large collision shift of 133 Cs is described in [26][27]. The method is based on reducing the eective collision temperature to reach conditions where the contribution of the two clock states to the collision shift have opposing signs and similar values. In such conditions, the collision shift becomes smaller and it can further tuned to zero by adjusting the ratio of the two states using < =P Ramsey pulses. In practice, the eective collision temperature is reduced by reducing the initial atomic cloud size, using a tight magneto-optic trap.

Feshbach resonance at ultra-low magnetic elds in Cs

As explained in the above subsection, the presence of spurious atomic populations in jF a Q; m F T a Hi led us to study clock shifts due to these states.

This work is reported in [28]. For the purpose of this study, an additional microwave eld enables state selection of both usual clock level jF a Q; m F a Hi and any chosen jF a Q; m F i. These two simultaneous excitations are done using adiabatic passage such that the space and velocity distributions of the two selected states are as similar as possible. Fig. 2.5 shows atomic populations after launch, the dual microwave excitation used for the state selection, atomic populations after state selection and the Ramsey interrogation, in the presence of jF a Q; m F i population. To minimize the impact of uncertainties and uctuations of the eective atomic density, a interleaved sequence of 3 congurations is used. The two rst congurations correspond to the normal clock congurations with full and half densities of jF a Q; m F a Hi, the third conguration corresponds to the full density of both jF a Q; m F i and the chosen jF a Q; m F i. As explained in [28], mean frequencies (1) 0 , (1=2) 0 and (1) 0;m f and mean detected atom number N 0 , N 0 =P and N 0 CN m f in these three congurations can be used to compute the ratio: R m f ;0 @BA a (1) 0;m f (1) 0

@N 0 C N m f A N 0 ¢ N 0 N 0 =P (1) 0 (1=2) 0 : (2.1)
This quantity is independent of the detected atom numbers and is as close to intrinsic collisional properties as possible in our experiment. It represents, at a given magnetic eld B, the ratio between clock shifts per eective density of the clock states and of jF a Q; m F i. R m f ;0 @BA was measured for each of the jF a Q; m F T a Hi states and for magnetic elds ranging from 0 to 10 T (100 mG). Here, we remind that the typical bias eld in atomic fountains is < PHH nT. Over the explored range of magnetic eld, we observe no change of the usual clock shift with B. Instead, as shown in Fig. 2.6, large variations of R m f ;0 @BA are observed due to interactions of the additional jF a Q; m F i with the clock states jF a Q; m F a Hi and jF a R; m F a Hi. These variations are due to molecular Feshbach resonances [START_REF] Chin | Feshbach resonances in ultracold gases[END_REF]. R m f ;0 @BA span almost the entire range from I to CI which means that the shift due to jF a Q; m F i can be as large as the usual clock shift. In the experiment, this amounts to fractional shifts in the range ¦IH 13 for eective densities of $ P ¢ IH 7 cm 3 and detected atom numbers of N m f $ P ¢ IH 6 .

Experiment data of Fig. 2.6 exhibit narrow features, i.e. large change of the shift for changes of a few IHH nT only, and high signal-to-noise ratio, One output of this computation is to give the eective collision temperature, $ WHH nK. The calculation computes in average shift from elementary pairwise collision shifts modelling a single Feshbach resonance. More details about this model can be found in [28]. This computation highlighted that, indeed, asymmetric line shapes are expected when the collision kinetic energy dominates over the strength of the coupling between the molecular bound state causing the resonance and the continuum states. Also, in the case of such asymmetric line shapes, the computation shows where to nd the resonant eld, namely at the extremum of the sharp feature. Fig. power is fed into the cavity at the two feeds. This power is owing towards the cavity walls where it is dissipated. This power ow corresponds to spatial variations of the phase of the microwave eld, which therefore departs from a pure standing wave eld. The phase distribution is unevenly sampled by the atomic cloud, which leads to a residual rst order Doppler shift, also called distributed cavity phase shift.

To highlight the signicance of this shift and its dependence on many factors, Fig. 2.9 shows measurements of the fraction clock frequency dierence between congurations where the cavity is fed from either of the two cavity feeds, as a function of the tilt of the fountain along cavity feeds and for several microwave amplitudes =P, Q=P, S=P, and U=P. The dependence with tilt changes sign with the microwave amplitude and it almost reaches 5 parts in IH 14 . ) tilt along the cavity feeds (mrad) Figure 2.9: Distributed cavity phase shift for asymmetric feeds as a function of tilt along the cavity feeds.

After our rst measurement of the tilt dependence [START_REF] Chapelet | Investigation of the distributed cavity phase shift in an atomic fountain[END_REF], we engaged into a thorough investigation of the distributed cavity phase shift which eventually gave, with no free parameter, the rst stringent test and quantitative conrmation of the key behavior of this shift. This work is described in [34].

Here, we highlight the main aspects and main conclusions.

Computing the phase distribution inside the cavity is a challenging task.

Notably, the eld has large variations over the scale of the skin near depth (H:U m) at the edge of the holes letting atoms through. This precludes 3D nite element calculations. Instead, with the azimuthal symmetry of the cavity, the dicult 3D problem can be decomposed into a series of 2D problems [START_REF] Li | Phase variations in microwave cavities for atomic clocks[END_REF]. Furthermore, the atomic cloud interact with the cavity eld only near its axis of symmetry, such that only the three lowest order terms of the azimuthal decomposition contribute signicantly of the shift. In this approach, the magnetic eld H@rA inside the cavity assumed to be tuned at its resonance is written as follows.

H@rA a H 0 @rA C ig@rA g@rA a X m g m @; zA os@mA (2.2)

H 0 @rA is the unperturbed eld, corresponding to perfectly conduction walls and no feed. g@rA is the perturbation of the eld introduced by walls with nite conductivity and by feeds. For convenience, we may separate even and odd terms: g@rA a g even @rA C g odd @rA. We have g m @; zA G m . And because the atom trajectory are restricted to small values of , m a H; I8P terms are enough to describe the distributed cavity shift in atomic fountain.

Another key aspect is the geometry of cloud expansion in the fountain.

The initial atomic cloud space and velocity distribution are experimentally known with CCD camera to image to initial cloud and with the time of ight signals used to measure the transition probability. Additional information about the initial cloud center is also needed, which is also done with the camera looking upwards through the fountain and using neighbouring structures of the vacuum systems as references for the mechanical center of the fountain. Our investigation of the distributed cavity phase shift also highlighted the importance of the inhomogeneous spatial response of the detection. An atom falling o the center of the detection sees less detection light and emits its uorescence light away from the optical axis of the light collection system leading to a smaller contribution to the signal than an atom at the center.

This eect impacts the eective atomic distribution which interacts with interrogation cavity and nally, the distributed cavity phase shift. In order to quantify this eect, and more generally, to constrain the fountain geometry used to compute the distributed cavity phase shift, we measured the Rabi oscillation as a function of the microwave power injected into the cavity for three dierent cases [START_REF] Guéna | Quantitative evaluation of distributed cavity phase shifts to improve the accuracy of SYRTE FO2[END_REF]. The rst case is the nominal Ramsey conguration (interaction on upwards and downwards passages), the second case is an interaction only on the way up (obtained by switching the microwave o during the downwards passage) and the third case is an interaction only on the way down. The result of this measurement is shown by data points in the odd part of the eld perturbation g odd @rA which, for its impact on the fountain can be reduced to the m a I term: g 1 @; zA. The clock frequency shift is translated into a perturbation of the transition probability P via the slope of the Ramsey fringe at the operation point, dP=d to give the plotted curve [34]. The magnitude of this odd term is inversely proportional to the loaded quality factor Q. With no free parameter, agreement in found between theory and model. Additional features of g odd @rA were further tested, such as the dependence on the feed relative phase and on cavity detuning. Understanding g odd @rA also led us to revisit and improved our feed balancing methods in order to optimize zeroing of odd terms for the nominal clock operation [34].

Eectively zeroing odd terms also opens the possibility to measure the much smaller eects of even terms. The result of this measurement is shown in Figure 2.11a. Here, the clock frequency is measured against other clock, for a null tilt and as a function of the microwave amplitude. Again, the perturbation of the transition probability P is used on the plot. Measurements are compared to the model for the m a H term which is enough given the measurement uncertainties. This data set corresponds to a series of frequency measurements with uncertainties a few IH 16 only, with congurations far from optimal clock parameters. All systematic shifts must be control at the best possible level. For instance, the collision shift needs to be measured and taken into account for each point, etc. Again, with no free parameter agreement is found between model and experiment. We note that in our cavity, the model predicts an extremely small m a H shift (R ¢IH 19 ) is the nominal clock condition.

Finally, while being unresolved in the m a H experiment, the m a P term still produces a shift that must be taken into account in accuracy budget of the most accurate clocks. The m a P term, computed based on our validated model, is shown in Fig. 2.11c. The estimated correction for this term is @ U:S¦S:SA¢IH 17 . Physically, this term arises from the quadrupolar component of the phase distribution that is present in a two feed cavity. It gives a non vanishing shift when the fountain geometry also has a quadrupolar component that can be due, for instance, to an o-centered initial cloud position or from quadrupolar inhomogeneity of the detection response.

Overall, for FO2-Cs, the correction and uncertainty for the distributed cavity phase shift is @ H:W ¦ H:WA ¢ IH 16 . This study established a protocol for a complete evaluation of uncertainty for the distributed cavity phase shift [34], which was then applied to other fountains at SYRTE [37] and also in other institutes [38][39]. In addition to experimentally validating the approach and the model of [35][40] for the cavity phase distribution, this study contributed deeper understanding of the shift for designing better cavity geometries [START_REF] Li | Evaluating and minimizing distributed cavity phase errors in atomic clocks[END_REF][41].

Improving stability

As we shall see in Chapter 4, accuracy of atomic fountains are in the low IH 16 . Studying systematic shifts at this level require the capability to measure with such resolution within a reasonable amount of time. IH 16 statistical uncertainty is typically reached within one day, and the full study of a particular systematic eect one to several months of actual measurement time. Consequently much eort was devoted to getting and maintaining the best possible short term stability. The short term fractional frequency instability of the fountain can be expressed as follows.

y @A a

I Q at ¢ P 2 N det N 2 det C I N det C I N det n ph C 2 det C 2 IO 1=2 ¢ r T C (2.3)
Here, we have assumed that Ramsey fringes are perfectly contrasted, which is almost the case in atomic fountains, as can be seen in Fig. 2.10, where the transition probability at resonance is H:WVS for =P pulses. Q at is the atomic quality factor, nominally Q at a I:I ¢ IH 10 in FO2-Cs. T C is the fountain cycle time. is the measurement time. N det is the detected atom number.

The rst term represents the detection noise noise level expressed in terms of its equivalent cycle-to-cycle atom number uctuation per channel N det . In FO2-Cs, this noise is determined by the detection photodiode electronic noise and it amounts to $ RSH. The second term represents the atomic quantum projection noise. The third term represents the photon shot noise. It is negligible given a typical number of detected photons per atom n ph $ QPH.

The fourth term det represents the transition probability measurement noise oor. The fth and last term IO corresponds to the limit introduced by the aliasing of the interrogation oscillator known as the Dick eect [START_REF] Dick | Local oscillator induced instabilities in trapped ion frequency standards[END_REF][43] [START_REF] Santarelli | Frequency stability degradation of an oscillator slaved to a periodically interrogated atomic resonator[END_REF].

Initially, the stability of atomic fountain was limited by the interrogation oscillator noise IO coming from quartz oscillators used at start of the microwave synthesis. It was then shown that the quantum projection noise limit could be reached when using cryogenic sapphire oscillator [START_REF] Santarelli | Quantum projection noise in an atomic fountain: A high stability cesium frequency standard[END_REF], yielding stabilities of R ¢ IH 14 at 1 s. Further work was then devoted to develop microwave synthesis schemes with lower IO and to implement a fully operational ultra-low noise reference signal based on a continuously operated cryogenic oscillator. This work will be mentioned in Chapter 3. Figure 2.12 shows the best short term stability observed as the result of this work. Black points correspond to a detected atom number N det 9 S ¢ IH 6 , for which the short term stability is I:T ¢ IH 14 at 1 s. Red points correspond to a detected atom number divided by two. The ratio of stabilities at N det and IO . This term amounts to $ W ¢ IH 15 at 1 s, while the quantum projection noise alone corresponds to $ I:Q ¢ IH 14 at 1 s for N det . From the independent characterization of the latest microwave synthesizers [46], one can determine that IO gives a limit in the low IH 15 at 1 s range. This leads to the conclusion that det is signicant at this level. It is therefore interesting to think about the possible phenomenon causing this limit. A contribution comes from the detection laser frequency and intensity noise. Because of a time delay of $ R ms between the detection of the two hyperne states, laser noises cause the two states to be detected with dierent and uctuating eciencies leading to an atom number independent oor in the measurement of transition probability. Estimation of this contribution is a few IH 15 at 1 s or less, too small to explain alone the observed limit [START_REF] Bize | Tests fondamentaux à l'aide d'horloges à atomes froids de rubidium et de cesium[END_REF]. A second contribution comes from what could be named atomic cross-talk, more precisely, uctuations of atomic cross-talk. In FO2-Cs, the F a R atomic state is detected in the upper detection beam. Atoms in this state are then pushed away. The F a Q atomic state is detected in the lower detection beam. In practice, F a R atoms are not pushed perfectly and a small fraction, typically IH 2 , of them reach the lower detection. Fluctuations of this unpushed fraction give uctuations of the transition probability which does not depend on N det . Such uctuations can be induced by uctuations of the detection laser or uctuations of the magnetic eld aecting marginal trajectories of unpushed atoms. Fluctuations of a few percent of the fraction are enough to cause uctuations of IH 4 of the measured transition probability, and a stability limit of $ W ¢ IH 15 at 1 s. A third contribution may come from spurious atoms which were depumped into F a Q by the state selection push beam, as already mentioned in Sec. 2.1.3. Fluctuations of the depumped fraction can also give a limit to the stability which does not depend on N det .

2.2

Mercury optical lattice clock

Motivations

Since 2000 and the demonstration of optical frequency combs [START_REF] Hall | Nobel lecture: Dening and measuring optical frequencies[END_REF][48], optical frequency metrology and optical clocks are developing at a high pace. In 2001, the idea of trapping atoms in a non-perturbing lattice dipole trap for making an optical clock [START_REF] Katori | Spectroscopy of strontium atoms in the Lamb-Dicke connement[END_REF][START_REF] Katori | Ultrastable optical clock with neutral atoms in an engineered light shift trap[END_REF] initiated the development of optical lattice clocks, rst with Sr [START_REF] Takamoto | Spectroscopy of the sI pQ clock transition of srVU in an optical lattice[END_REF] and Yb [START_REF] Barber | Direct excitation of the forbidden clock transition in neutral 174 atoms conned to an optical lattice[END_REF]. From the beginning, it was already known that the largest frequency shift in Sr and Yb lattice clocks is the blackbody radiation shift. The shift caused by the thermal electromagnetic background is $ S:Q ¢ IH 15 in Sr and P:R ¢ IH 15 in Yb at 300 K.

Like Sr and Yb, Hg has an alkaline-earth-like electronic structure where the intercombination transition 1 S 0 3 P 0 is well-suited for the optical lattice clock scheme. One interesting feature of Hg is its smaller blackbody radiation shift of I:T ¢ IH 16 [START_REF]Pal'chikov, private communication[END_REF][54], about 30 times smaller than Sr and 15 less than Yb. The same ratios apply to the sensitivity to stray static electric eld [START_REF] Lodewyck | Observation and cancellation of a perturbing dc stark shift in strontium optical lattice clocks[END_REF]. Hg has 7 isotopes, 2 fermionic and 5 bosonic. 6 of them have a natural abundance greater than T7. Only the 196 Hg bosonic isotope has a small abundance of H:IS7. The 199 Hg fermionic isotope has a nuclear spin I=P for which the 1 S 0 3 P 0 clock transition has no tensor light shift and therefore a simplied dependence to shifts induced by the lattice trap.

Hg has a comparatively high vapor pressure at room temperature, which removes the need of using a high temperature oven and makes it possible to implement a 2 dimensional magneto-optical trap has high ux source of precooled atoms. For applications to fundamental physics tests (see below Chap. 5), Hg has a fairly high sensitivity to a variation of the ne-structure constant : = a H:VI ¢= [START_REF] Angstmann | Relativistic eects in two valence-electron atoms and ions and the search for variation of the ne-structure constant[END_REF]. At the start of the experiment, Hg had never been laser-cooled. Its properties were therefore unexplored in the cold and ultra-cold regime. The transition used for laser cooling and detecting is the 1 S 0 3 P 1 at 254 nm. The wavelength at which the dipole lattice trap does not shift the clock transition, the so-called magic wavelength, is at 362.6 nm.

In the following, we describe the main steps taken toward the demonstration of a highly accurate optical lattice clock using Hg.

Note that a synthetic account of this work in French can be found in [57]. More details on the vacuum system can be found in [START_REF] Petersen | Laser-cooling of neutral mercury and laserspectroscopy of the 1s0-3p0 optical clock transition[END_REF]. Another key element for laser cooling of Hg is the laser source to address the 1 S 0 3 P 1 transition at 254 nm. The natural linewidth of this transition is =P a I:P MHz and the saturation intensity IHI W.mm 2 . The requirement for the source is to be continuous, single frequency, frequency stabilized and yet dynamically tunable, with a linewidth much lower than the natural linewidth of the transition and with a power of about 100 mW. A schematic of the source developed to meet these demanding requirements is shown in This 254 nm laser source enabled investigations and results reported below. Nevertheless, it was also the main limiting factor of the experiment because of its poor reliability. In the last few years, a new system was developed based on 1015 nm extended cavity diode laser, amplied using a Ybdoped ber amplier, and frequency doubled to the visible in a single-passed periodically-poled lithium niobate crystal. This approach reliably gives up to 2 W of optical power at the visible wavelength of 508 nm, removing the main impediment to the progress of Hg clock. More can be found about this laser source can be found in [59]. A third key element is the detection system. Hg atoms are detected using the uorescence of the for sub-Doppler cooling. Fermionic isotopes 199 Hg and 201 Hg have spin I=P and Q=P respectively in their ground state. The higher degeneracy in 201 Hg is expected to yield lower temperatures [START_REF] Castin | Monte carlo wave-function analysis of 3d optical molasses[END_REF], as observed. The lowest observed temperature is $ QH K. These values are conrmed by the Doppler width measured in the spectroscopy of the clock transition made on atom released from the MOT (see below and reference [62]). This study of the Hg magneto-optical trap characteristics can be found in [63].

Laser-cooling of Hg

First laser spectroscopy of the Hg clock transition

At the start of this Hg optical lattice clock experiment, the frequency of the1 S 0 3 P 0 clock transition was known indirectly from the accurate wavelengths of spectral lines in Hg vapor lamps, with uncertainties of about SHH MHz, except for 198 Hg for which the uncertainty was IP MHz [START_REF] Burns | Interference measurements in the spectra of neon and natural mercury[END_REF][65] [START_REF]Energy levels and wavelengths of the isotopes of mercury -198 and -202[END_REF][67] [START_REF] Saloman | Wavelengths, energy level classications, and energy levels for the spectrum of neutral mercury[END_REF].

An important step in the development of a Hg optical lattice clock was the rst laser spectroscopy of the clock transition reducing these uncertainties by more than 4 orders of magnitude for the two fermionic isotopes 199 Hg and 201 Hg.

For this experiment, we used an ultra-stable interrogation laser source at 265.6 nm referenced to primary frequency standards which is described next in Chap. Typically, the magneto-optic trap phase lasts for 50 ms and the probing phase for 5 ms. Under this cycle, which is faster that magneto-optical trap dynamics (see Fig. 2.17), the trap reaches its steady state equilibrium which again depends on losses induced by the probe. Also, to minimize Doppler shifts due to an initial velocity of atoms released from the magneto-optic trap and to their fall under gravity, a retro-reected probe was used. As displayed in Fig. 2.20, spectroscopy made in this conguration shows Doppler-free recoil doublet [START_REF] Hall | Direct optical resolution of the recoil eect using saturated absorption spectroscopy[END_REF]. The two components of the doublet are shifted by ¦ recoil with respect to the unperturbed frequency of the transition. The recoil frequency is recoil a ¢ @h=Pmc 2 A, where h is Planck's constant, c the speed of light and m the atomic mass. Here, recoil a IR:P kHz. We veried that the experiment was in agreement with this expectation. We also veried, when changing parameters of the sequence and in particular the probe time, that the doublet center was unchanged with respect to a stable frequency reference within ¦I kHz. As shown in Fig. 2.20b, we observed that the width of the each peak has tendency to increase linearly with the probe duration , in a way which is well explained by the change of Doppler shift ¢g=c due to the free fall under gravity. For a SHH s, this Doppler induced chirp is IV kHz.

We quantied possible shifts due to the Zeeman eect and the probe light shift. As a result, of these experiments, we determined the absolute frequency of the 1 S 0 3 P 0 clock transition for 199 Hg and 201 Hg with uncertainties of S:T kHz and S:Q kHz, which corresponds to 5 parts in IH 12 . More details can be found in [62]. 

Lattice trapping and determination of the magic wavelength

At the start of this Hg optical lattice clock experiment, Hg had never been trapped in a dipole trap and theoretical estimations of the magic wavelength for the 1 S 0 3 P 0 clock transition spread from QRP nm to QTS nm. The lattice cavity is aligned such that its waist coincides with the center of the magneto-optical trap. It is left on continuously and, with the depth achieved so far, it is as no signicant eect on the magneto-optic trap. After gathering atoms, the laser detuning and the magnetic eld gradient of the magnetic optical trap are changed to maximize density and minimize temperature. After this compression phase of 25 ms, the magneto-optic trap laser beams after switched o. Atoms from the magneto-optic trap start to expand and fall, except for those whose initial position and velocity enable them to be conned in the dipole lattice trap. In early experiments, lattice trap depth was about U 0 a IH ¢ E R which correspond to the temperature U 0 =k B a Q:U K. Eciency of transfer from magneto-optic trap to lattice was limited to IH 3 and the number atoms in the lattice less than PHHH. In more recent experiment, we have observed up to IH 4 lattice bound atoms. We have observed lattice lifetime up to RPH ms, mainly limited by background gas collisions at pressures of a few IH 7 Pa. 

Lamb-Dicke spectroscopy and clock operation

Lattice-bound Lamb-Dicke spectroscopy was improved step by step, both in terms of linewidth and in terms of transition probability measurement noise.

An example is given in Fig. 2.23b. Here, atoms were rst state selected into one of the two Zeeman sublevels of 3 P 0 in 199 Hg by means of a clock laser pulse on the j 1 S 0 ; m F i 3 j 3 P 0 ; m F i in the presence of magnetic eld of $ QHH T and of a cooling light pulse clearing 1 S 0 atoms away. In this example, a PTH ms probe laser pulse is applied and atoms brought back into 1 S 0 are detected. The spectrum of the clock transition has full width at half maximum of Q:R Hz, which gives an atomic quality factor of Q:R ¢ IH 14 . 3). The stability quickly reaches the icker frequency noise oor of the cavity of R ¢ IH 16 . The 199 Hg optical clock short term stability is estimated to be I:P ¢ IH 15 1=2 . The Dick eect from the aliasing of the probe laser high frequency noise is estimated to R ¢ IH 16 1=2 . The additional noise which determines the stability has approximately equal contributions from the detection noise and from initial atom number uctuations, the latter arising from the lack of normalized detection. The experiment still has much room for further improvement of the short term stability. One way for improvement is the implementation of normalized detection combined with a further optimization of the CCDimage-based detection. A second one is the use of the 2D-MOT. As reported in Sec. 2.2.2, a 2D-MOT was already operated on the same setup, but weaknesses of the rst generation 254 nm laser source did not allow routine use of this sub-system. The better laser source recently implemented on the experiment [59] shall nally make it possible to benet from the 2D-MOT.

With the 2D-MOT, the loading time should be greatly reduced and the clock duty cycle largely improved. Short term stabilities near IH 16 at 1 s shall be possible, with the existing ultra-stable laser. Even better stability will come from a new generation of ultra-stable lasers developed at SYRTE, combined with transfer of spectral purity via optical frequency combs [START_REF] Nicolodi | Spectral purity transfer between optical wavelengths at the IH 18 level[END_REF].

Measurement of systematic shifts

Systematic shifts were measured at several stages of development of the Hg optical lattice clock [62][73] [59]. So far, the overall fractional frequency uncertainty was improved down to I:U ¢ IH 16 . Here, we will not give a full account this work, and rather discuss the prominent facts. One advantage of Hg is its low sensitivity to thermal radiation and to static electric elds.

So far, the estimation of the blackbody radiation shift relied upon a theoretically determination of the dierential Stark shift between the two clock levels [START_REF] Hachisu | Trapping of neutral mercury atoms and prospects for optical lattice clocks[END_REF], which gives a fractional shift of I:TH ¢ IH 16 at QHH K, with an estimated uncertainty of IH7 of this value. The sensitivity to temperature of this shift is only P:IQ ¢ IH 18 K 1 at QHH K. As a result, even a basic control of the thermal environment, the blackbody radiation shift was so far a small, non-limiting source of uncertainty of $ P parts in IH 17 [59]. Future work toward realizing the full potential of Hg will require experiments to better ascertain the dierential Stark shift and the dynamical polarizability term and to better control the thermal environment.

At the start of the project, no prediction for the collision shift of the Hg lattice clock was available, but it was expected to be small and not limiting factor. At the same time, the case of the hyperne transition in Cs (see Sec. 2.1.3 and 2.1.4) shows that peculiarly large shift do occur. Such accidentally large shift would depend on the specic isotope. Much attention was paid to measured the collision shift. Our recent measurement of this shift for the 199 Hg isotope gave collision shift of @ T:S ¦ U:VA ¢ IH 20 per atom, consistent with zero, and a corresponding fractional frequency correction of @ S:P ¦ T:RA ¢ IH 17 [59]. The measured collision shift refers to our experimental conditions: a one dimensional lattice trap with a depth of $ SH ¢ E R corresponding to $ IV K, a waist of TW K and an atomic distribution resulting from loading from the RH K magneto-optic trap. In these conditions, there are approximately 2.5 atoms per lattice site and the peak mean density is approximately R ¢ IH 8 cm 3 . At the start of the interrogation, atoms are selected in a single j 3 P 0 ; m F i state. This measurement indicates that the collision shift shall not be an obstacle to uncertainties of IH 18 or less.

Here, one should note that collisions in optical lattice clock have, in general, complex behaviors with respect to clock parameters [START_REF] Gibble | Decoherence and collisional frequency shifts of trapped bosons and fermions[END_REF] Another key systematic shift is the lattice light shift. Figure 2.26 shows a recent measurement of lattice light shift in Hg. The corresponding overall uncertainty related to this shift is I:R¢IH 16 [59]. This uncertainty is mainly limited by the statistical uncertainty of measurements needed to ascertain the magic wavelength and by the uncertainty to which the lattice wavelength is controlled, here with a high-resolution wavemeter. On-going work will help overcoming these limits by improving the clock stability and by referencing the frequency of the lattice light to an optical frequency comb. Another source of uncertainty relates to non-linear light shifts. At the present level of uncertainty, measurements do not show non-linear dependencies, which is expected from theoretical estimations [START_REF] Katori | Strategies for reducing the light shift in atomic clocks[END_REF]. The non-linear light shift is currently estimated to be @ T ¦ Q:TA ¢ IH 17 . Observing and controlling these terms will be an important aspect of future work.

Chapter 3

Ultra-stable oscillators Ultra-stable oscillators are key to time and frequency metrology. There are essential to clocks and have a direct impact on their stability. There are also indispensable for timekeeping and for dissemination time and frequency references. They also have their own interest whether in fundamental science, like for instance in fundamental physics tests, or in applications, such as ultralow noise microwave generation for radars. In this chapter, we describe work related to the development of several kinds of such ultra-stable oscillators both in the microwave domain and in the optical domain.

3.1

Ultra-stable references based on a cryogenic sapphire oscillator Section 2.1.6 described how cryogenic sapphire oscillator gave the best stability ever reported for an atomic fountain. Given the tremendous benets that come from such stability, a signicant eort was devoted to obtaining the best from the cryogenic sapphire oscillator available at SYRTE and to making this performance benet several experiments. Altogether, these developments yield an ultra-stable metrological reference, which has been in use for almost 2 decades. Next, we give an overview of the architecture that enabled this extended use. We also mention an experiment made in collaboration with the femto-st institute (UMR 6174) to test using a transportable, pulsed-tube based cryogenic oscillator with atomic fountains. A forth one is to connect, via UTC(OP), these same standards to remote time and frequency transfer systems which makes it possible for them to contribute to the elaboration of the international atomic time (TAI) and to be compared to similar standards developed in other institutes worldwide. As shown in Fig. 3.1, the cryogenic sapphire oscillator itself is left freerunning which avoids degradations of it characteristics that means of controlling it directly may introduce. Instead, an external II:WV GHz signal, digitally-controlled nely-tunable (microhertz resolution corresponding to $ IH 16 ), is synthesized from the oscillator output. This II:WV GHz signal is divided to generate a number of other signals, in particular at 1 GHz and 100 MHz. The 100 MHz signal is mixed to the 100 MHz from a hydrogen maser to provide a measurement of the phase dierence between these two signals. This phase dierence is digitalized and used to implement a computer controlled digital phase locked loop which stabilized the phase of the 100 MHz derived from the cryogenic oscillator to the 100 MHz from the maser by tuning the frequency of the II:WV GHz. This control system ensures long term coherence between the II:WV GHz and all signals derived from it with the oscillation of the hydrogen maser. This, all reference signals, i.e.

the II:WV GHz and all signals derived from it, have the ultra-low phase noise and short term stability of the cryogenic sapphire oscillator (augmented with some synthesis noise) and the mid-and long-term frequency stability of the maser. Also, via the hydrogen maser, they are connected to the UTC(OP)

timescale. The digital phase locked loop has a time constant of $ IHHH s, which corresponds to the time scale at which the cryogenic sapphire oscillator instability (predictable frequency drift removed) crosses the hydrogen maser instability. The II:WV GHz has a fractional frequency instability below P ¢ IH 15 between 1 s and 2000 s. Above 4000 s, it has the same stability as the maser, < IH 15 at IH 4 s and Q R ¢IH 16 at 1 d for high-performance active hydrogen masers use at SYRTE. Reference [86] gives further description and characterisation of this ultra-stable reference.

From LNE-SYRTE ultra-stable metrological reference, low noise interrogation microwave signals are synthesized for atomic fountains. Examples of such synthesis can be found in [46]. The phase noise power spectral density at W:P GHz is WU dBrad 2 .Hz 1 at a Fourier frequency of 1 Hz. This ultralow phase noise signal enables quantum projection noise limited operation in atomic fountains, yielding record stability as shown in Fig 2 .12. Operating LNE-SYRTE ultra-stable metrological reference for almost 2 decades also yield long term monitoring of the cryogenic oscillator against atomic references. It contributed characterizing long term behavior of sapphire resonator cryogenic oscillators, as reported in [87]. Applications to fundamental physics tests will be described in Chap. 5.

The femto-st institute (UMR 6174) developed a pulsed-tube based cryogenic oscillators including a transportable version [START_REF] Grop | ELISA: A cryocooled 10 GHz oscillator with IH 15 frequency stability[END_REF][89] [START_REF] Grop | Uliss: A mobile cryogenic ultra-stable oscillator[END_REF]. One of these oscillators was moved to SYRTE for a few months, enabling the parallel operation of two ultra-stable references. These two references were compared directly, making possible to measured the phase modulation eect due to the pulse tube operation. They were also used to operated two fountains independently, which in turn were compared to each others, in order to specically test using the transportable oscillator with atomic fountains [91], a conguration similar to the one used to test the ight model of the PHARAO cold atom space clock [START_REF] Laurent | The ACES/PHARAO space mission[END_REF]. The latest implementation of this pulsed-tube based cryogenic oscillator is described in [START_REF] Fluhr | A low power cryocooled autonomous ultra-stable oscillator[END_REF].

ULTRA-STABLE LASERS

Ultra-stable lasers

Ultra-stable lasers are needed for optical clocks and have direct impact on their stability. Making ultra-stable lasers that enable quantum projection noise limited operation of optical lattice clocks was a challenge over the last 2 decades and it continues to be so. Together with the development of the Hg optical lattice clock described in Sec. 2.2, we developed a state-of-the-art ultra-stable laser at 1062.5 nm, which we describe next.

Shortly before this work was started, it was shown by the gravitational wave detector community that laser frequency stabilization to rigid Fabry-Perot cavities was limited by thermal brownian noise [START_REF] Numata | Thermal-noise limit in the frequency stabilization of lasers with rigid cavities[END_REF]. Thermal noise has three contributions from the spacer, mirror substrates and mirror coatings.

It gives length uctuations with a I=f power spectral density, f being the Fourier frequency. It is related to dissipation of mechanical perturbations in materials. Noise in cavities made of broadly used ultra-low expansion glass is dominated by contribution from mirror substrates. With this in mind, we opted for a design based on fused silica mirror substrates. The much larger thermal expansion coecient and sensitivity subsequent to this choice is mitigated with high level of active and passive protection against environment temperature variations. Note that another great mitigation approach is to use ultra-low expansion compensation rings [START_REF] Legero | Tuning the thermal expansion properties of optical reference cavities with fused silica mirrors[END_REF]. We chose a 10 cm long cylindrical geometry, vertically mounted next to its mid-plane, a conguration which nominally gives a vanishing sensitivity to vibration.

The exact shape was further optimized to take into account realistic support points and to null vibration induced mirror tilting, which keeps the sensitivity small even for an oset optical axis. Further description of the design can be found in [96]. This ultra-stable cavity design was the basis for a rigidly mounted transportable device developed with the space industry as a rst step toward space qualied ultra-stable lasers [97]. It was followed by a second version described in [98].

In [70], the 1062.5 nm ultra-stable laser is described with some details and results of vibration sensitivity and temperature sensitivity measurements are given. Also, the eectiveness of passive shields is tested and shown to have a time constant of $ R days providing reduced temperature uctuations (< IH nK) of for the cavity on timescale shorter than 1000 s. Figure 3.2 shows a schematic of the ultra-stable cavity and measurements of the 1062.5 nm ultra-stable laser against other ultra-stable references. The measurement of the frequency stability against another 1062.5 nm laser based on an horizontal cavity (see [96]) shows a icker noise oor of S:U ¢ IH 16 [75]. In this measurement, it is reasonable to assume that the two lasers contribute equally which places the icker oor of a single laser near R ¢ IH 16 , which is consistent with what was observed later with the Hg clock (see Fig. 2.25 of Sec. 2.2). This is the state-of-the-art for a 10 cm long cavity and it matches estimations based on equations of reference [START_REF] Numata | Thermal-noise limit in the frequency stabilization of lasers with rigid cavities[END_REF]. The stability against LNE-SYRTE ultra-stable metrological reference is below 2 parts in IH 15 For its use with the Hg optical clock, the 1062.5 nm ultra-stable laser is amplied and frequency doubled twice in resonant cavities to reach the frequency of the 1 S 0 3 P 0 clock transition. This is described in [70]. The 1062.5 nm ultra-stable laser was also used for titanium:sapphire laser stabilization, for low noise microwave generation (see Sec. 3.3 below) and for transfer of spectral purity experiments [START_REF] Nicolodi | Spectral purity transfer between optical wavelengths at the IH 18 level[END_REF].

Microwave generation

Microwave signals with ultra-low phase noise can be generated by detecting the repetition rate of an optical frequency comb locked to an ultra-stable laser. Even if the goal is the measurement of optical frequencies, locking frequency comb to an ultra-stable laser and using it as a frequency divider toward the microwave domain is benecial. It makes the entire comb ultrastable and thereby greatly extend its capability and readiness to measure other optical frequencies with the same device. In [70], we describe the implementation of this approach to a titanium:sapphire comb. In this work, the carrier-envelop oset is classically detected with a f Pf interferometer. It is then electronically mixed out of each beatnote between the comb and lasers to be measured. Virtually, this give access to a comb free of the carrier-envelop oset, therefore with a single degree of freedom to control: the repetition rate. Closing a single stabilization phase-locked loop to the 1062.5 nm ultra-stable laser then makes this virtual carrier-envelop free comb ultra-stable and generates low noise microwave which is measured against LNE-SYRTE ultra-stable metrological reference. Microwave signals generated with this system was already had much better phase noise at I Hz than achievable with the best quartz oscillator based synthesis [70].

Fiber-based optical frequency combs at 1.5 m oer a much higher reliability than titanium:sapphire based combs. They are therefore much better suited for a wide range of applications. With this in mind, SYRTE developed ultra-low noise microwave generation with ber combs. In [99], we report such work where the above described method is again used to stabilize the comb. Microwave signal generated in this way is transmitted by an optical ber link and compared to the LNE-SYRTE ultra-stable metrological reference. A fractional frequency instability of 3 parts in IH 15 

3.4

Personal publications relevant to chapter 3

Chapter 4

Metrology

Atomic frequency standards and ultra-stable oscillators like the ones described in Chap. 2 and 3 nd one of their main applications in the eld of pure time and frequency metrology. In this chapter, we describe the work done in this direction.

Comparison of primary frequency standards

In Chap. 2, we reported studies of systematic shifts in microwave and optical frequency standards. A comprehensive study of systematic shifts in a given device establishes an uncertainty budget for this particular standard.

Comparisons between highly accurate frequency standards provides the mean of challenging and validating uncertainty budgets. They check that actual realization of frequency reference is done with all systematic shifts under control over a planed period of use. They are key to the credibility and the advancement of the eld. $ IH 16 such that the overall uncertainty is fully dominated by systematic uncertainties. In general, over almost two decades of developments, the results of such comparisons showed agreement and supported uncertainty budget established for atomic fountains. In some case, comparison showed statistically resolved non vanishing dierence between two fountains (dierence of S:U ¢ IH 16 for an overall uncertainty of T:H ¢ IH 16 ) [37].

Atomic fountain frequency standards are used to calibrate and steer TAI (see next). In turn, the process by which the BIPM realizes TAI provides the mean of comparing fountains worldwide. References [102][103][104] [START_REF] Petit | Comparison of frequency standards used for TAI, Instrumentation and Measurement[END_REF] report on such comparisons. Here also, statistically signicant dierences are found in some cases but these dierences are well consistent with stated accuracies of standards. In these comparisons, instability of satellite time transfer methods used for linking atomic fountains to TAI is dominant at short time.

However, cumulated eective comparison time (hundreds of days) is sucient to average down this noise contribution to the point where systematic uncertainties of standards dominate the overall uncertainty (see, for instance, [START_REF] Panlo | A theoretical and experimental analysis of frequency transfer uncertainty, including frequency transfer into tai[END_REF]).

In Recently, coherent optical ber link [START_REF] Lisdat | A clock network for geodesy and fundamental science[END_REF] between SYRTE and PTB (Physikalisch-Technische Bundesanstalt, Germany) enabled remote fountain comparisons. In this experiment, the link instability has negligible contribution and fountains are compared remotely just as well as if they were next of one another. This gave stringent comparisons between 4 primary frequency standards. The largest dierence is P:U ¢ IH 16 with an overall uncertainty of S:H ¢ IH 16 . Other dierences are closer to zero and the lowest overall uncertainty is R:P ¢ IH 16 [START_REF] Guéna | First international comparison of fountain primary frequency standards via a long distance optical ber link[END_REF]. With atomic fountains and optical lattice clocks at SYRTE, we perform some of the most accurate absolute frequency measurements to date. Using FO2-Rb and Cs fountains, we performed a series of highly accurate absolute frequency measurements of the 87 Rb hyperne frequency. Based on the earliest of these measurements (with uncertainty I:P ¢ IH 15 for the best one) [START_REF] Bize | High-accuracy measurement of the 87 Rb ground-state hyperne splitting in an atomic fountain[END_REF][112][85] [84], this transition became the rst secondary representation of the second recognized by the CIPM. Later on, we performed many more measurements while uncertainties of both FO2-Rb and Cs fountains was improved [22][37], bringing the uncertainty on 87 Rb hyperne frequency down to R:R ¢ IH 16 [113]. The already mentioned optical ber link comparison provided the opportunity to further improve to Q:I ¢ IH 16 [START_REF] Guéna | First international comparison of fountain primary frequency standards via a long distance optical ber link[END_REF].

We performed absolute frequency measurements of the 88 Sr [START_REF] Baillard | Accuracy evaluation of an optical lattice clock with bosonic atoms[END_REF] and 87 Sr optical lattice clocks [115] [116][117]. For the latter, we made some of the most accurate measurements with uncertainties down to 2.8 parts in IH 16 .

These measurements, together with measurements made at PTB [?](and a few other institutes but with signicantly worse uncertainties), provide the most stringent link to date between optical and microwave domains.

We performed absolute frequency measurements of the 201 Hg and 199 Hg 1 S 0 3 P 0 optical clock transitions observed on free-falling laser-cooled atoms released from a magneto-optical trap (see Sec. 2.2.3) [62]. Later on, we made measured the 199 Hg transition in the optical lattice clock conguration [73][59] to an uncertainty of Q:V ¢ IH 16 , which led this transition to enter the CIPM list of recommended values and to later become a secondary representation of the second.

We performed 87 Sr/ 87 Rb [117] and 199 Hg/ 87 Rb [59] optical-to-microwave frequency ratio measurements. Finally, we performed an optical-to-optical frequency measurement (for the rst time at SYRTE) of 199 Hg/ 87 Sr, with an uncertainty of I:V ¢ IH 16 limited by Hg [59]. The measurement is in agreement with another measurement of the same quantity (uncertainty V:R¢ IH 17 ) made at RIKEN (Japan) [START_REF] Yamanaka | Frequency ratio of 199 rg and 87 r optical lattice clocks beyond the SI limit[END_REF]. This ratio is one of the few optical frequency ratios measured independently at two dierent institutes and with uncertainties beyond the realization of the SI second.

Altogether, with the above measurements, SYRTE had a large contribution to the CIPM list of recommended values, to linking the optical and the microwave domain and to advancing toward a possible redenition of the SI second.

Contribution to timekeeping

International Atomic Time (TAI) and Coordinated Universal Time (UTC) are global resources of high importance for science and society. Approximately 400 commercial clocks from many institutes worldwide are used by the BIPM, together with satellite time transfer data, to construct the free atomic timescale (EAL). EAL alone has high stability and reliability but poor accuracy. The frequency of EAL is steered based on calibrations of its scale interval by primary frequency standards so as to realize TAI with a scale interval nominally coinciding with the SI second (see for instance [START_REF] Petit | International atomic time: Status and future challenges[END_REF]).

16 primary frequency standards, among which 14 Cs atomic fountains, contributed in recent years, from 10 institutes. The vast majority of primary calibrations comes from 3 or 4 institutes only. LNE-SYRTE fountain ensemble was developed taking into account demanding requirements for providing TAI calibrations. This includes capability of stand-alone operation for long period of time, at least 5 days but more typically months, while maintaining and ascertaining the nominal accuracy, via real-time measurements of frequency shifts (collisions) and of key parameters. This includes also capability to deliver nalized measurements of month long data taking within a few days, according to the TAI calibration reporting scheme. This also includes devoting extended periods of time to this applications and not only to investigating a specic frequency shift or performing other experiments.

Over the last 15 years, LNE-SYRTE fountains provided more than 200 TAI calibrations, which represents more than RH7 of all calibrations worldwide.

Calibrations reports and their use in TAI are publicly available on the BIPM website, in particular in Circular T [119].

After the 87 Rb hyperne transition was adopted by the CIPM as a secondary representation of the second (see above), we supplied TAI calibrations made with FO2-Rb. For the rst time, TAI started being calibrated and steered using a SRS [113]. Given the limited number of standards actually and eectively contributing to the elaboration of TAI, this additional possibility was signicant and FO2-Rb provided many calibrations. Also this enabled setting up rules and processes for standards based on SRS to contribute to TAI. Another important aspect of timekeeping is the realization of real-time physical representations of UTC. At Observatoire de Paris, LNE-SYRTE is realizing such a timescale called UTC(OP). Since October 2012, UTC(OP) is making use of frequency measurements from atomic fountains. Specically, one or several fountains are used to measure the frequency of a hydrogen maser whose output is used a generate UTC(OP). Fountain data are collected and processed automatically to determine mean frequency of the hydrogen maser over a day. The algorithm then use these data point to determine, on a daily basis, frequency osets to be applied to the compensate for frequency uctuations of the hydrogen maser and for steering the frequency and phase of UTC(OP) to UTC, based UTC(OP)-UTC time differences published in Circular T on a monthly basis. The process is made robust against gaps in fountain data and enables, when necessary, switching to another fountain. This new realization of UTC(OP) using atomic fountain frequency standards is described in [121]. It improved the stability of UTC(OP) which became one of the best realization of UTC, together with a few other institutes using fountains to generate their timescales [START_REF] Bauch | Generation of UTC(PTB) as a fountain-clock based time scale[END_REF] 

4.4

Personal publications relevant to chapter 4 [START_REF] Guéna | First international comparison of fountain primary frequency standards via a long distance optical ber link[END_REF] First international comparison of fountain primary frequency standards via a long distance optical ber link.

J. Guéna et al., Metrologia 54, 348 (2017).

[59] Comparing a mercury optical lattice clock with microwave and optical frequency standards.

Chapter 5

Fundamental tests

As mentioned in the Introduction, accurate atomic frequency standards nd applications in testing fundamental physical laws. Physics is based on two fundamental theories : general relativity and the standard model of particle physics. These two theories are extremely successful in describing a huge number of observations. Nonetheless, these two theories do have some difculties. One is to require the introduction of dark energy and cold dark matter, representing WS7 of the energy and mass in the Universe, to match the observed accelerating expansion and rotation curves of galaxies, in the so-called £CDM cosmological model of the Universe. A second diculty is that the standard model is a quantum eld theory whereas general relativity is not, giving an heterogeneous picture of the 3 fundamental interactions.

In this context, accurate atomic frequency standards provide laboratory tests, complementary to geophysical and astronomical observations, to investigate the pending question in modern physics of elaborating a unied theory of gravitation, electroweak and strong interactions. They could be one way to reveal physics beyond general relativity and the standard model.

One of the interest of these tests is that their interpretation is independent of any particular cosmological model and that they provide information at the present epoch. In this chapter, we report on some fundamental tests done with atomic frequency standards. These experiments provide tests of Overview of tests of fundamental laws, including tests not based on clocks, tests on geological an cosmological timescale, etc. can be found in [131][132].

A more complete view on testing general relativity with clocks can be found in [START_REF] Reynaud | Testing general relativity with atomic clocks[END_REF].

Local position invariance: stability of natural constants

The frequency of atomic transitions A can, in principle, be expressed as a function of fundamental constants of the standard model, in the following generic manner :

A a R I c ¢ f A @; £ QCD ; m e ; m u ; m d ; :::

A (5.1)
where the dimension is given by the Rydberg constant expressed in frequency units R I c and where f A is a dimensionless function of parameters of fundamental interactions and of elementary particles. is the ne structure constant, £ QCD the mass scale of quantum chromodynamics, m e the electron mass, m u the up quark mass, etc. Atomic frequency ratios are experimentally accessible quantities which depends on fundamental constants as : B = A a f B @; £ QCD ; m e ; m u ; m d ; :::A=f A @; £ QCD ; m e ; m u ; m d ; :::A: (

Function f A is, by far, not know as accurately as atomic transition can be realized and compared in highly accurate clock. But, derivatives of f A with respect to parameters can be computed with small enough uncertainties for the purpose of tests discussed here (see e.g. [START_REF] Flambaum | Dependence of nuclear magnetic moments on quark masses and limits on temporal variation of fundamental constants from atomic clock experiments[END_REF][135] [136][137]). Also, for these tests, one can restrict the analysis to 3 leading parameters : , m e =£ QCD and m q =£ QCD . Alternatively, one can choose , a m e =m p , m q =£ QCD . Despite the fact that m p is not an elementary, this choice is convenient because naturally appears as a scale factor when expressing atomic frequencies. In this framework, a given atomic transition A is characterized by its sensitivities k A , k A and k q A , such that :

d A A a k A ¢ d C k A ¢ d C k q
A ¢ d@m q =£ QCD A @m q =£ QCD A :

(5. A provides unam- biguous information to constrain a given theory or class of theories. Here, we will briey mention one type of theories, where it is assumed that an addition eld ' adds to the metric tensor g of general relativity as a mediator for long range interactions between masses, and that some of parameters of the [START_REF] Reinhold | Indication of a cosmological variation of the protonelectron mass ratio based on laboratory measurement and reanalysis of hP spectra[END_REF]) and, overall, test the proposed theory. The whole approach becomes even more relevant when including several other observation also constraining the value of constants over geological or cosmological timescale (see the review [START_REF] Uzan | Varying constants, gravitation and cosmology[END_REF]). Within the same framework, variations correlated with the Earth motion can be described due to the modulation of ' at the clock position with respect to the
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source of ': the Sun, the galaxy. In some case, ' and the overall alternative theory can be itself an eective manifestation in the 4-dimensional space-time of a more fundamental overlaying theory (see e.g. [START_REF] Damour | The string dilaton and a least coupling principle[END_REF][144]), etc.

Over the years, we applied high accuracy atomic frequency standard comparisons to testing the stability of natural constants. In [112], we pioneered using laser-cooled atomic fountains of 87 Rb and 133 Cs. The Rb/Cs ratio is sensitive to the combination of constant g Rb =g Cs 0:49 where g Rb and g Cs are the nuclear g-factors [START_REF] Flambaum | Dependence of nuclear magnetic moments on quark masses and limits on temporal variation of fundamental constants from atomic clock experiments[END_REF]. When further adding inputs from nuclear structure models, one can nally relate this atomic hyperne frequency ratio to 0:49 @m q =£ QCD A 0:021 [START_REF] Dinh | Sensitivity of hyperne structure to nuclear radius and quark mass variation[END_REF]. In [START_REF] Guéna | Improved tests of local position invariance using 87 and 133 gs fountains[END_REF][128], we presented an updated version of this test where both time variation and coupling to gravity are considered. Variations of the Rb/Cs frequency ratio are constrained at the level of d ln@ Rb = Cs A=dt a @ II:T ¦ T:IA ¢ IH 17 yr 1 and c 2 d ln@ Rb = Cs A=dU a @U:R ¦ T:SA ¢ IH 7 , which are some of the tightest constrains to date for any frequency ratio, if not the tightest. This tested is supported by a large data set spanning more than 15 years and cumulating more than 1000 days of measurements. The same constraints apply to 0:49 @m q =£ QCD A 0:021 .

As described previously in Sec. 3.1 and Sec. 4.3, one or several hydrogen masers are permanently used as part of the LNE-SYRTE ultra-stable reference and of UTC(OP) timescale generation. Hydrogen masers are based on the hyperne transition in hydrogen at 1.4 GHz. In [START_REF] Tobar | Testing local position and fundamental constant invariance due to periodic gravitational and boost using longterm comparison of the syrte atomic fountains and h-masers[END_REF], we exploit the Cs/H and Rb/H frequency ratio measurements over 8 yr and 5 yr respectively to perform two other null redshift tests : jc 2 d ln@ Cs = H A=dUj < R:V ¢ IH 6 and jc 2 d ln@ Rb = H A=dUj < IH 5 . Cs/H and Rb/H frequency ratios are sensitive to 0:83 @m q =£ QCD A 0:102 and 0:34 @m q =£ QCD A 0:081 respectively. Here, the lack of accuracy and long term stability of hydrogen masers prevent using these comparisons for searching for time variations of natural constants. Instead, redshift tests rely upon searching for periodic modulation at specic frequencies (annual and sidereal) such that other part of the spectrum (e.g. diurnal period) can be used bound the inuence of systematic biases and instabilities in masers.

In [START_REF] Bize | Testing the stability of fundamental constants with the 199 Hg + single-ion optical clock[END_REF], we reported a series of absolute frequency measurements of the 199 Hg + single ion optical clock against a Cs fountain, an experiment done at NIST (Boulder, USA). At the time, this experiment gave the most accurate absolute frequency for an optical transition, with an uncertainty of 1 part in IH 14 almost entirely limited by the 199 Hg + clock. Measurements were used to test the stability of constants. We found jd ln@ Cs = Hg +A=dtj < U ¢ IH 15 yr 1 , which constrains 5:77 @m q =£ QCD A 0:002 to the same level. Here, we see the quite high sensitivity of this comparison to a putative variation of .

Heavy atoms and ions with tend to have high relativistic corrections, yielding high sensitivity to . The Sd 10 Ts 2 S 1=2 Sd 9 Ts 2 2 D 5=2 electric quadrupole transition in 199 Hg

+ also has a negative sensitivity to , which is rather unusual. The large negative sensitivity of Hg + k Hg + a P:WR combines with a high positive sensitivity of hyperne transition ( 2 and relativistic correction factor) k Cs a CP:VQ to give a tight constraint on putative variation.

Absolute frequency measurements of the 87 Sr like the one described in Sec. 4.2 can be used in a similar manner [START_REF] Blatt | New limits on coupling of fundamental constants to gravity using 87 Sr optical lattice clocks[END_REF]. In [START_REF] Targat | Experimental realization of an optical second with strontium lattice clocks[END_REF][128], we report constraints using both latest high accurate measurements made at SYRTE and measurements made by other institutes. In this case, given the many institutes running Sr optical lattice clock experiments, it is benecial and relevant to combine from all places. We had d ln@ Cs = Sr A=dt a @P:Q¦I:VA¢IH 16 yr 1 and c 2 d ln@ Cs = Sr A=dU a @I:Q ¦ I:SA ¢ IH 6 . The same constraints apply to 2:77 @m q =£ QCD A 0:002 . These results will for sure improve signicantly in a near future, given the continuing eorts of many institutes to develop highly accurate Sr optical lattice clocks and to link them to primary frequency references [START_REF] Grebing | Realization of a timescale with an accurate optical lattice clock[END_REF][117] [START_REF] Hachisu | SI-traceable measurement of an optical frequency at the low IH 16 level without a local primary standard[END_REF].

The work done with LNE-SYRTE fountain ensemble included comparing with the transportable fountain FOM with FO2 and participating to improving FOM. The transportable was moved several times to Max-Planck-Institute for Quantum Optics (Garching, Germany) to measure the frequency of the 1S-2S transition in hydrogen [START_REF] Niering | Measurement of the hydrogen 1S-2S transition frequency by phase coherent comparison with a microwave cesium fountain clock[END_REF], which yielded yet another of test based on the Cs/H(1S-2S) ratio [START_REF] Fischer | New limits on the drift of fundamental constants from laboratory measurements[END_REF]. In 2004, the constraint was at the level of @Q:P ¦ T:QA ¢ IH 15 yr 1 . New realizations of this measurement and of the subsequent test can be found in [152][153]. Incidentally, it worth noting here that highly accurate absolute frequency measurements of the 1S-2S transition in hydrogen are key to determining the Rydberg constant R I and the proton charge radius r p [START_REF] Mohr | Codata recommended values of the fundamental physical constants[END_REF], which gives another important input of highly accurate atomic frequency measurements to physics. The inputs are not only for establishing reference values of key natural constants. They are also for deeper understanding atomic and nuclear properties, here for unveiling and investigating the proton size puzzle [START_REF] Pohl | The size of the proton[END_REF][156] [START_REF] Pohl | Deuteron charge radius and rydberg constant from spectroscopy data in atomic deuterium[END_REF].

All the above tests becomes more robust when combined together. In [START_REF] Guéna | Improved tests of local position invariance using 87 and 133 gs fountains[END_REF], we gave such analysis an concluded that putative fractional variations of , and m q =£ QCD are constrained at the level of @ P:S¦P:TA¢IH 17 yr 1 , @I:S ¦ Q:HA ¢ IH 16 yr 1 and @U:I ¦ R:RA ¢ IH 15 yr 1 respectively for time variations, and at the level of @H:S ¦ P:UA ¢ IH 6 , @ H:R ¦ I:SA ¢ IH 5 and @ H:S¦P:VA¢IH 5 for variations with the gravitational potential. Progress of clocks in the last few years and progress to come will signicantly improved upon these values and increase the diversity and redundancy of experiments.

Also, it should be noted here that even if most tests of the type discussed here are using clocks with the highest accuracy, it is also possible to use atomic transitions selected not for their potential for high accuracy but for their extreme sensitivity. Competitive tests using Dysprosium are using this approach [START_REF] Leefer | New limits on variation of the ne-structure constant using atomic dysprosium[END_REF], i.e. RF transitions used in Dy make very poor atomic frequency standards and the sensitivity is orders of magnitudes higher jk Dy j $ IH 6 IH 7 .

Largely enhanced sensitivity can appear for transitions between accidentally quasi-degenerate states of dierent conguration compositions. In Dy, these are two electronic levels of dierent parities. Proposals ave been made to exploit coincidences between hyperne and rotational energies in diatomic molecules [START_REF] Flambaum | Enhanced eect of temporal variation of the ne-structure constant in diatomic molecules[END_REF]. The isomeric nuclear transition in 229 Th [START_REF] Peik | Nuclear laser spectroscopy of the 3.5 ev transition in th-229[END_REF] is another example where accidental quasi-degeneracy yields magnied sensitivity [START_REF] Flambaum | Dependence of nuclear magnetic moments on quark masses and limits on temporal variation of fundamental constants from atomic clock experiments[END_REF].

Highly charged ions can also support transitions with enhanced sensitivities by this mechanism and other factors [START_REF] Berengut | Enhanced laboratory sensitivity to variation of the ne-structure constant using highly charged ions[END_REF]. All these promising alternative

approaches are yet to be brought into reality.

Search for dark matter

Highly accurate atomic frequency ratio measurements can also be used to search for dark matter [162][163][164] [START_REF] Arvanitaki | Searching for dilaton dark matter with atomic clocks[END_REF]. Here, we will focus on the case of massive scalar eld as a model of dark matter. In the previous section 5.1, we mentioned alternative theories where an additional scalar eld ' is introduced. Such eld, if massive, can be a candidate for dark matter which exhibits oscillatory behaviour at frequency m ' c 2 =h, where m ' is the mass characterizing the eld. Under the further assumption that ' has a non-zero coupling to standard model elds, oscillatory behaviour of , £ QCD , m e , m u , m d ,... will be induced (see [START_REF] Arvanitaki | Searching for dilaton dark matter with atomic clocks[END_REF][166] and references therein). And in turn, an oscillation of atomic transition frequency ratios will emerge, whose amplitude relates to the k A , k A and k q A of transitions, to the couplings parameters between ' and the standard model and to the local density of dark matter DM ( % H:R GeV.cm 3 ), which is given by galaxy rotation curves and mass models here specically applied to the Milky Way [START_REF] Mcmillan | Mass models of the milky way[END_REF].

Owing to their high lling factor over the last 6 years, measurements of the Rb/Cs frequency ratio made with FO2 support the determination of the power spectral density of uctuations of this ratio. Within the above described framework, a bound to couplings between dark matter and standard model elds can be deduced, as a function of the scalar eld mass. The result of this analysis is displayed in Fig. 5.1. Couplings constants between light scalar dark matter are tests for IH 24 eV< m ' < IH 17 eV, a range of mass determined by the range of frequencies reached by the measurements, itself determined by corresponding to the durations (bin time and overall dura-tion). The Rb/Cs tests both the coupling with the electroweak interaction via the ne-structure constant @'A and the couling with the strong interaction via m q @'A=£ QCD @'A. The level of the constraint goes from IH 8 to IH 4 depending on the mass [START_REF] Hees | Searching for an oscillating massive scalar eld as a dark matter candidate using atomic hyperne frequency comparisons[END_REF]. This test provides is both complementary and competitive with the previous similar test using RF spectroscopy of Dy isotopes [START_REF] Van Tilburg | Search for ultralight scalar dark matter with atomic spectroscopy[END_REF].

In [START_REF] Stadnik | Improved limits on interactions of low-mass spin-0 dark matter from atomic clock spectroscopy[END_REF], the same experiments are analyzed in a modied theoretical framework where couplings of light scalar dark matter with Higgs boson, with photon and with light quark are considered and tested. In [174] give insight on the nature of the possible fundamental overlaying theories.

In [175][176], our experiment is analyzed in the standard model extension framework and compared to an experiment based on rotating pairs of optical resonators [START_REF] Müller | Modern michelson-morley experiment using cryogenic optical resonators[END_REF]. Our experiment is sensitive to 7 parameters out of 19 of the photon sector. A summary of Lorentz violation tests in the standard model extension framework is given in [191][192]. Zeeman shift and therefore are sensitive to magnetic eld uctuations. To limit their impact on the test, FO2-Cs was set to run 3 interleaved congurations measuring +3 , 3 and 0 , the frequency of the usual clock transition jF a Q; m F a Hi 6 jF a R; m F a Hi. The quantity c a +3 C 3 P 0 can then be extracted and correlated with the orientation of the quantization axis. This quantity is immune to the rst order Zeeman shift and to frequency uctuations of the reference hydrogen maser. It largely minimises two of the main sources of noise and biases in the test. We ran two sessions of measurements of 21 and 14 days respectively. We analyzed and bounded potential biases in the test, in particular, biases that could come from unperfect cancellation of the rst order Zeeman eect, due to non-identical space and velocity distributions of m F a CQ and m F a Q atoms and to magnetic eld gradients. As a result, sidereal and semi-sidereal modulations of c could be bound at the level of TH Hz (which is equivalent to the fT level in terms of magnetic eld and to the IH 28 GeV range in terms of energy).

The test was analyzed within the already mentioned standard model extension framework. Here, the matter sector is addressed. The complete interpretation of the test requires to determine its sensitivity to parameters pf standard model extension describing violations for dierent elementary particles. In [196], such sensitivities are calculated. The quantity of interest in this test +3 C 3 P 0 connects to Lorentz violating terms via the momentum quadrupole moment of the nucleons in the 133 Cs nucleus. With the Schmidt model of the nucleus, only the valence shell proton contributes and our test constrains standard model extension parameters of the proton solely [23]. Recently, this analysis was revisited based on state-of-the-art nuclear structure models (Self-Consistent Relativistic Mean Field, see [START_REF] Pihan-Le Bars | Lorentz-symmetry test at planck-scale suppression with nucleons in a spin-polarized 133 gs cold atom clock[END_REF] and references therein), which gave a more accurate value for the sensitivity to proton parameters and showed that the experiment has a non zero sensitivity to neutron parameters. Sensitivity coecients are p a V:QP ¢ IH 4 and n a I:UT ¢ IH 5 . Within a factor close to 1, these dimensionless coecients relate modulations of c express in energy, i.e. h c , to standard model extension parameters also expressed in energy. As a result, our experiment provided constraints on 9 Lorentz violating parameters, at levels as low as IH 24 GeV for the proton and IH 22 GeV for the neutrons [START_REF] Pihan-Le Bars | Lorentz-symmetry test at planck-scale suppression with nucleons in a spin-polarized 133 gs cold atom clock[END_REF]. For several parameters, this experiment provides the most stringent constraint by many (up to 13) orders of magnitudes [23][197]. See the summary of Lorentz violation tests in the standard model extension framework is given in [191][192].
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Personal publications relevant to chapter 5 [START_REF] Pihan-Le Bars | Lorentz-symmetry test at planck-scale suppression with nucleons in a spin-polarized 133 gs cold atom clock[END_REF] Lorentz-symmetry test at Planck-scale suppression with nucleons in a spin-polarized 133 gs cold atom clock. [166] Searching for an Oscillating Massive Scalar Field as a Dark Matter Candidate Using Atomic Hyperne Frequency Comparisons.
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Conclusions and prospects

We will now discuss possible continuations of the above described researches.

In the coming years, the ACES space mission is scheduled to y between the second half of 2018 and the end 2021. During this period of time, having the best possible realization the Cs hyperne transition on ground is key, in particular, for the gravitational redshift test. To this end, LNE-SYRTE fountain ensemble will be run continuously at its best level of performance.

Before that, additional systematic shifts studies shall be considered, if time allows. These are relevant both for fountain standards but also specically for the PHARAO cold Cs atomic clock onboard ACES. For instance, experiments on microwave lensing and background gas collision shifts would have high value to build condence and possibly reduce stated uncertainties [START_REF] Peterman | Microwave lensing frequency shift of the pharao laser-cooled microgravity atomic clock[END_REF]. Elaboration of the UTC(OP) experiments and connecting it to the ACES ground terminal will be just as important for all objectives of the mission. Of course, these tasks are compatible with most other applications of fountain standards, which will continue during the ACES mission.

The Hg experiment oers many possibilities. Developing the setup as a highly accurate optical frequency standard will remain one of the main directions. Realizing the full potential of this atom is far from being done. One of key enabling step, yet to be accomplished, will be to make the 2 dimensional level. The 2D-MOT will also allow increased atom number for collision studies. It will yield reduced the background of hot Hg atoms, which is turn will increase the lifetime of atoms in the lattice and lower the background gas shift. Currently, the blackbody radiation sensitivity of Hg comes from theory [START_REF] Hachisu | Trapping of neutral mercury atoms and prospects for optical lattice clocks[END_REF]. To bring the uncertainty down to IH 18 , it is necessary to address this eect experimentally. One approach would be to do precise Stark shift determination and possibly additional measurements as in [START_REF] Sherman | High-accuracy measurement of atomic polarizability in an optical lattice clock[END_REF][204] [START_REF] Middelmann | High accuracy correction of blackbody radiation shift in an optical lattice clock[END_REF].

Another approach would be to set up cryogenic environment. The blackbody radiation shift of Hg is less than IH 18 at liquid nitrogen temperature (77 K). Measurements at cryogenic temperature and room temperature could be use to determine the room temperature shift. The sensitivity of blackbody shift of Hg at room temperature is only P:Q ¢ IH 18 K 1 . A moderately demanding control of the environment would then enable high reproducibility and accuracy. One key aspect to study will be lattice induced light shifts.

On the positive side, the 199 Hg isotope has a spin 1/2 and therefore no tensor light shift sensitivity. On the down side, theory points toward comparatively higher non-linear light shifts in Hg [80][206]. Measuring these eects will help conrming theoretical predictions (which dier signicantly between [START_REF] Katori | Strategies for reducing the light shift in atomic clocks[END_REF] and [START_REF] Ovsiannikov | Higher-order eects on the precision of clocks of neutral atoms in optical lattices[END_REF]). They might dene the ultimate accuracy achievable with Hg. We can expect that this limit will be in the low IH 18 or less.

Many other possible studies could be done the Hg experiment. One could investigate methods to further cool and manipulate atoms in the lattice trap, for instance, using side-band cooling with the optical clock transition. One could measure lifetime of atomic levels and contribute narrowing down atomic structure calculations. These studies would likely benet the lattice clock.

Collisions and photo-associative collisions with the many isotopes of Hg in the laser-cooled regime are little explored. Studying is relevant for the lattice clock and would help dening the best route toward quantum degenerate gases of Hg and cold molecules. Investigating potential specic interest of other isotopes than 199 Hg for the clock could be done as well, and yield highly accurate isotope shifts. In turn, advancing knowledge in atomic properties of laser cooled Hg will allow better dening whether and how to undertake other research, for instance to detect the nuclear anapole moment of Hg via light shift measurements [START_REF] Bouchiat | Linear stark shift in dressed atoms as a signal to measure a nuclear anapole moment with a cold-atom fountain or interferometer[END_REF].

One major prospect in the eld of optical frequency metrology is to further develop and exploit optical ber links [START_REF] Lisdat | A clock network for geodesy and fundamental science[END_REF]. One benet will be to enlarge the number and diversity of atomic frequency ratio that can be mea-sured accurately and used for fundamental physics tests. In this respect, Hg is particularly attractive because it is at the same a candidate of extreme accuracy, a frequency standard with high sensitivity of variations and an atomic species not used elsewhere in Europe for frequency standards. European optical ber links will give access to several yet unmeasured optical frequency ratios involving Hg, like for instance Hg/Yb + (E3), Hg/Yb + (E2), Hg/ 88 Sr + . Adding this new ratios will enhance fundamental physics tests by making them more stringent and more robust.

Atomic frequency standards emerged as a tool to search for dark matter.

Tests like the one reported in Section 5.2 will continue and improve as a result of developments considered previously. They will enrich as a result of progress in accuracy and operability made by optical frequency standards and optical ber links. With theorists, new investigations will be considered to exploit all possibilities oered by the clock ensemble at SYRTE, by its optical ber link connections and by the original conguration of the dual Rb and Cs fountain. One could see how dierent types of hypothetical dark matter could be tested or constrained.

Optical frequency standards surpass atomic fountain primary frequency standards by up to 2 orders of magnitude in terms of stability and uncertainty. A redenition of the second of the international system of units based on optical transition(s) is therefore logical and desirable. For such a redefinition to be agreed upon and implemented, criteria others than the pure best performance achieved by a particular standard must be accounted for.

Continuity between the current and the new denition must be guaranteed.

Equivalence of realizations based on the new denition must be checked and means to check on regular basis must be durable. Capability to continue realizing TAI at the same level or better must be proven. Suciently wide dissemination of realizations based on the new denition shall be eective, possibly through measurements beforehand of optical frequency ratios. Dedicated eorts will be made with the SYRTE clock ensemble to contribute fullling these requirements and to prepare for after the redenition. Of course, only the sum of coordinated eorts of a wide community will bring readiness for redenition. In its strategy document, the consultative committee for time and frequency (CCTF) of the international committee for weights and measures (CIPM) anticipates that redenition could be possible at the 2026 general conference on weights and measures (CGPM) at the earliest.

Accuracy of atomic frequency standards and of means of comparing them remotely is such that eects of Earth's gravity on space-time must be taken into account in most applications. The rst and foremost eect is Einstein's gravitational redshift [START_REF] Einstein | Über den einuÿder schwerkraft auf die ausbreitung des lichtes[END_REF]: two identical frequency standards located in dif-ferent gravitational potentials appear to have dierent frequencies when compared remotely [START_REF] Pound | Apparent weight of photons[END_REF]. This eect can be understood as coming from the fact Conversely, remote comparisons of frequency standards near the Earth's surface can be viewed as a way to gain knowledge on the gravitational potential. This leads to the idea of chronometric geodesy [START_REF] Vermeer | Chronometric levelling[END_REF] and of using frequency standards as sensors for Earth sciences. The advent of optical frequency metrology at the IH 18 level means the possibility to reach I cm resolution in height. One interesting prospect of the eld is therefore to assess the potential of this novel approach and to further develop it into a method of observation for geodesy and Earth sciences. With these ideas in mind, SYRTE initiated a collaboration with Laboratoire de recherche en géodésie (LAREG) de l'Institut national de l'information géographique et forèstière (IGN). Joint work led to one of the rst quantitative study of how chronometric geodesy can improve high spatial resolution gravity eld models [START_REF] Lion | Determination of a high spatial resolution geopotential model using atomic clock comparisons[END_REF]. More studies of this type will help dening cases of highest interest for pilot future experiments. On the experimental and instrumental side, several group worldwide started developing transportable optical frequency standards [212][213]. Coherent optical ber links provide means to compare optical frequency standards to better than IH 18 up to continental scales.

They recently enabled proof-of-principle experiments [108][214]. Fiber links will be crucial to further advance chronometric geodesy. They nevertheless will always remain restricted in their geographic coverage. It would therefore be of high interest to develop means of comparing to IH 18 everywhere. Free space ground-air-ground optical links [215][216] bridging distances of a few 100 km and extending the capability of ber links would be a way forward.

  foreseen with the new generation of optical clocks enable chronometric geodesy for Earth sciences, i.e. the use of clock as a new type of sensor for the measurement of Earth gravitational potential dierences. The work presented in this manuscript will give examples for several of these aspects. It mainly relates to the development of two experimental setups which are a dual atomic fountain clock, hereinafter called FO2, and a mercury optical lattice clocks, both developed at SYRTE. A third setup is a single mercury ion clock on which I worked during my postdoctoral stay in the team of J. Bergquist, in the ion trapping group, led by D. Wineland, at National Institute of Standards and Technology (NIST) in Boulder, CO (USA).

Chapter 2 entitled

 2 Clock physics describes work undertaken to develop atomic frequency standards, to understand their physics and to improve their stability and uncertainty. Selected studies are related to two experiments : a dual Rb and Cs fountain and a Hg optical lattice clock.

E n t e r r o g a t i o n s é l e c t i o n c a p t u r e d é t e c t i o n 1 Figure 2 . 1 :

 121 Figure 2.1: Level diagram of Cs and Rb atoms. Schematic view of an atomic fountain.

Figure 2 . 2 :

 22 Figure 2.2: Schematic view of the FO2 dual Rb/Cs fountain. Pictures of dichroic collimators and of Rb/Cs Ramsey cavity.

Figure 2 . 3 :

 23 Figure 2.3: Left: trajectories of the 87 Rb and 133 Cs atomic clouds in FO2. Right: Experimental time of ight signals observed for simultaneous operation with the two species.

Figure 2 . 4 :

 24 Figure 2.4: State selection in atomic fountains and interrupted adiabatic passage method.

Figure 2 . 5 :

 25 Figure 2.5: State selection for the measurement of the clock shift due to jF a Q; m F T a Hi states. (1) Populations after launch and transitions excite for the state selection. (2) Populations at the end of the state selection process, i.e. after a push laser beam removed F a R states. (3) Populations during the Ramsey interrogation.

2. 1 . 5

 15 Distributed cavity phase shiftAtomic fountains are impacted by the rst order Doppler eect. The scale of the fractional shift is v=c where v is the atomic velocity and c the speed of light. In atomic fountains, for a typical velocity of Q m.s 1 , the scale of the fractional shift is extremely large: IH8 . The shift is however largely suppressed by the reversal of the atomic trajectories due to gravity and by the high purity of the standing wave eld in the interrogation microwave cavity.Despite the signicant impact of this eect on the uncertainty budget of microwave clocks, there was for long a lack of precise quantitative comparisons between experiments and models of this eect. Below, we describe the work done to tackle this issue.
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 28 Figure 2.8: Schematic of the microwave cavity used in FO2-Cs atomic fountain.

Figure 2 .

 2 Figure 2.8 a shows a schematic view of the interrogation cavity used in FO2-Cs. The cavity is designed and tuned to have its T E 011 mode resonating at the Cs hyperne frequency of W:P GHz. It is made of high purity oxygenfree high thermal conductivity copper. The microwave is fed by two irises located on the cavity midplane. The cavity is over coupled with a quality factor of Q a UHHH. The unloaded quality factor, determined only by losses in copper walls of nite conductivity is Q 0 $ PUSHH. As displayed on Fig. 2.8 b,
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 210 Fig. 2.10. On the same plot, lines show the result of model. The excellent agreement is achieved with only minor tuning of the initial cloud position and of the detection response curvature in one direction. All other inputs to the model are measured values. This Rabi oscillation test provides a independent constraint to the fountain geometry which is crucial to the validation of the distributed cavity phase shift model. Measurements of clock frequency dierence for the Ramsey cavity feed from either side, like these already shown in Fig 2.9, are directly related to
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 210 Figure 2.10: Rabi oscillation as a function of the microwave power injected into the cavity for three dierent cases. The rst case is the nominal Ramsey conguration (R1R2, interaction on upwards and downwards passages), the second case is an interaction only on the way up (R1, obtained by switching the microwave o during the downwards passage) and the third case is an interaction only on on the way down (R2).

Figure 2 .

 2 11b shows the comparison between model and experiment for this term. Measurements are made at a tilt of I:T mrad for several microwave amplitudes of the eld.
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 211 Figure 2.11: Distributed cavity phase shift m a H, m a I and m a P terms. Comparison between model and experiments.
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 212 Figure 2.12: Short term stability obtained with FO2-Cs.
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 213 Figure 2.13: Low energy levels of Hg.

Figure 2 .

 2 Figure 2.14 shows key elements of the ultrahigh vacuum chamber specically developed for laser cooling of Hg. The vacuum chamber comprises a magneto-optic trap and a 2 dimensional magneto-optic trap, separated by a low conductance section. The magneto-optic trap side is pumped by a getter pump and an ion pump, down to a few IH 7 Pa. The 2 dimensional magnetooptic trap side is pumped by a second getter pump. Hg vapor source made

1

 1 

Figure 2 . 14 :

 214 Figure 2.14: Ultrahigh vacuum chamber for the Hg optical lattice clock. On the left, a picture of the vacuum system at an early stage of assembly. One can see the magneto-optical trap area (octagonal shape) and the 2 dimensional magneto-optical trap (2D-MOT) area with rectangular shaped windows. On the right, a 3D schematic of the Hg source which is connected to the 2D-MOT, at the picture. 1 to 2 grams of Hg are held in a copper receptacle which cooled down to RH o C to TH o C with in-vacuum Peltier
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 2 Fig. 2.15. The source is based on a 1015 nm thin disk laser whose output is frequency doubled two times by cavity enhanced second harmonic generation. A fraction of the 254 nm light is frequency shifted by two acousto-optic modulators and used to lock the thin disk laser frequency to the saturated

Figure 2 . 15 :

 215 Figure 2.15: Overview of the laser source at 254 nm used to laser cool Hg atoms.

1 S 0 3

 3 P 1 transition at 254 nm. At this deep UV wavelength, it is still possible for have Si photodiodes with fairly high quantum eciency of SH7 and electron multiplied, backside illuminate, thermoelectrically cooled CCD camera with quantum eciency of QQ7.

  Figure 2.16a is a schematic of the Hg detection system based on such camera. IH 6 atoms give about 1 nW of 254 nm light onto the CDD camera. Fluorescence light is detected along the same direction as one of the MOT beam and separated from it as shown in Fig. 2.16a. When operating the clock, the copropagating MOT beam is not used for detection in order to minimize stray light and optimize detection noise.Figure 2.16b shows a measurement of the atom number detection noise for optimized parameters: detection duration of S ms and a laser detuning of I ¢ . The single shot detection noise is equivalent to $ RH atoms.

Figure 2 .

 2 Figure 2.16: a) on the left: Detection of Hg atoms using a CCD camera. b) on the right: Measurement of the atom number detection noise.

Figure 2 .

 2 17 shows on the left a magneto-optical trap loading curve for the 202 Hg isotope. On the right, in logarithmic scale, the graph shows the lifetime of the magnetooptical trap observed when turning o the 2D-MOT after reaching the MOT steady state. The lifetime curve is well described by a pure exponential decay whose time constant is identical to the loading curve time constant. These observations indicate that the MOT lifetime and atom number is mainly limited by background gas collisions and by cold atom density eects. With low Hg pressure setting in the 2D-MOT, time constants as low as P:S s were observed, for a residual background pressure of about Q ¢ IH 7 Pa [60]. Number of atoms in the MOT was estimated in two dierent manners, one based on the uorescence and one based on absorption of a probe beam. The two methods agreed to better than a factor of 2, which is reasonable for this type of measurements. Based on these measurements, up to IH 7 trapped atoms were observed for 202 Hg.

Figure 2 .

 2 Figure 2.17: a) on the left: MOT loading curve. b) on the right: MOT deloading curve obtained when turning o the 2D-MOT after reaching the MOT steady state.

Figure 2 .

 2 18 shows temperature as a function of the laser detuning for several isotopes. For200 Hg and 202 Hg, measurements agree with the model based on the theory of Doppler cooling. For199 Hg and201 Hg, temperature much lower are observed which indicates that sub-Doppler cooling mechanisms are eective. These behaviors are expected. Bosonic isotopes200 Hg and 202 Hg have no degeneracy in their 1 S 0 ground state to leave room

  Figure 2.18: Temperature of the Hg atom cloud released for the MOT as a function of laser detuning and for 4 dierent isotopes.
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 219 Figure 2.19: One of the rst laser spectroscopy of the Hg 1 S 0 3 P 0 optical clock transition. The plot shows the steady state magneto-optical trap uorescence as function of the probe laser detuning inducing additional losses.

Figure 2 .

 2 Figure 2.20: a) left: Recoil doublet observed in the spectroscopy of the clock transition made on atoms released from a magneto-optic trap. Measurements were taken for the two fermionic isotopes 199 Hg and 201 Hg. b) right: Variation of the width recoil doublet peaks as a function of the probe duration.

Figure 2 . 21 showsFigure 2 .

 2212 Figure 2.21: Left: Laser system used for lattice trapping of Hg. Right: Schematic view of the in-vacuum Fabry-Perot cavity of the lattice trap. In green, the top curved mirror of Fabry-Perot cavity is also the vacuum window. It is attached to a titanium part with a indium seal. The blue spot represents the cold atom cloud which is crossed by the fundamental mode of the Fabry-Perot.
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 2222 Figure 2.22: Measurement of the lifetime of Hg atoms trapped in a dipole lattice trap near the magic wavelength.
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 223 Figure 2.23: Spectroscopy of the 199 Hg optical clock transition on lattice bound atoms.

Figure 2 . 24 :

 224 Figure 2.24: Measurements of the clock transition frequency for two trap depths as function of the lattice wavelength. These measurements yield the rst experimental determination of the magic wavelength of Hg.
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 225 Figure 2.25: Fractional frequency instability of the Hg optical lattice clock.

  [START_REF] Bishof | Resolved atomic interaction sidebands in an optical clock transition[END_REF][START_REF] Martin | A quantum many-body spin system in an optical lattice clock[END_REF], including non-linearity with respect to density or atom number.
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 226 Figure 2.26: Measurement of the lattice light shift in a Hg optical lattice clock.

Figure 3 .

 3 Figure 3.1 is a schematic showing the architecture of LNE-SYRTE ultrastable metrological reference. This setup is designed to serve several purposes. A rst one is to deliver to a variety of applications, a reference signal which has, as much as possible, the exquisitely low phase noise of the output of the cryogenic sapphire oscillator, combined with the mid-and long-term

Figure 3 . 1 :

 31 Figure 3.1: Architecture of LNE-SYRTE ultra-stable reference based on the cryogenic sapphire oscillator.

Figure 3 . 2 :

 32 Figure 3.2: Left: Schematic of the 1062.5 nm ultra-stable cavity. Left: Comparison of the 1062.5 nm to other ultra-stable lasers. In the comparison with the LNE-SYRTE ultra-stable metrological reference based on a cryogenic oscillator and a hydrogen maser a linear drift of $ T ¢ IH 17 s 1 is removed.

is observed at 1 s

 1 . The comb generated signal is then used to operation an atomic fountain is the quantum projection limited regime. SYRTE continued developing ultra-low noise microwave generation with ber-based comb to the point of outclassing any other microwave source [100][101].
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 41 Figure 4.1: Uncertainty budget of LNE-SYRTE atomic fountain frequency standards as of 2012, reproduced from [37].

Figure 4 .

 4 Figure 4.1 shows uncertainty budget of FO2-Cs and other LNE-SYRTE atomic fountains. Over the course of the development of these frequency standards, many comparisons where made with improving uncertainties. In doing so, availability of the cryogenic sapphire oscillator and of the LNE-SYRTE ultra-stable metrological reference described in Sec. 3.1 was a great advantage. It enabled high stability operation of atomic fountains and yielded stringent comparisons in a comparatively short time [83][37]. Typically, in such comparisons, cumulated measurement time yield statistical uncertainty

  2004, a dedicated and coordinated remote comparison campaign was organised between PTB, NIST, NPL, INRIM and LNE-SYRTE using satellite methods TWSTFT, GPS TAI P3 and GPS CP. About 20 days of fountain comparisons could be cumulated between NPL-CsF1, INRIM-CsF1 and LNE-SYRTE-FO2-Cs leading to a link uncertainty of less than IH 15 . FO2-Cs and NPL-CsF1 were found in agreement with an overall uncertainty of I:U ¢ IH 15 . INRIM-CsF1 was found to dier for the two others by two standard deviations [107].

4 . 2

 42 Absolute frequency measurements, optical frequency ratios and reference values Highly accurate absolute frequency measurements of microwave and optical atomic frequencies provide reference values for atomic transitions which can then be used in applications. A typical example are optical transitions used for practical realization of the meter. Another example is the Rb hyperne transition which is widely used in commercial frequency standards and in other type of atomic sensors. Since 2001, anticipating the development of optical frequency standards outclassing microwave standards, the CIPM dened secondary representations of the seconds (SRS) as atomic transitions that are measured with uncertainties close the accuracy of the primary frequency standards. The CIPM, via the CCTF and the BIPM, maintains a list of recommended values for such SRS [110], as a preparation for possible redenition of the second. Highly accurate absolute frequency measurements contribute building this list and linking the optical and the microwave domains at the best possible level. It is also a mean of checking consistency of independent measurements and of consolidating progress of the eld.
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 442 Figure 4.2: Calibration of TAI with primary and secondary frequency standards.

  [START_REF] Peil | Evaluation of long term performance of continuously running atomic fountains[END_REF].The time dierence |UTC(OP)-UTC| remains well below 10 ns and has a rms values of less than 3 ns. UTC(OP) is the legal timescale for France[123] and it is the basis for many applications and services, such dissemination via the French atomic time network (TA(F)) to demanding users, contributions to the development of the european GNSS GALILEO and to EGNOS (European Geostationary Navigation Overlay Service), etc. Many of these services are grouped under the Action Nationale d'Observation CNRS/INSU-Astronomie-Astrophysique-Horloges and under the time and frequency activities of the Réseau National de la Métrologie Française coordinated by LNE (Laboratorie National de Métrologie et d'Essais). High performance realizations of UTC are also a resource of assessing and pushing limits of remote time transfer methods [107][124][125].UTC(OP) and together with continuously operated highly accurate atomic fountains will be a key parts of the ground segment of the ACES space mission[START_REF] Laurent | The ACES/PHARAO space mission[END_REF][126][START_REF] Cacciapuoti | Atomic clock ensemble in space: Scientic objectives and mission status[END_REF].

Einstein's equivalent

  principle which one of the founding principle of general relativity. More specially, they test local position invariance and local lorentz invariance. The third component of Einstein's equivalence principle, the universality of free fall is not directly tested by clock experiments.

3 )A

 3 given frequency ratio is characterized by the corresponding sensitivity differences. Three well-chosen atomic frequency comparisons can test a putative change of the 3 parameters k A , k A and k q A , which tests both the strong and the electroweak interactions. More than three comparisons provide redundant and predictive tests in case of a non zero observation. Given the dramatic implications of such nding, this possibility and the possibility to redo the experiments are distinct advantages of this type of laboratory tests.For the purpose of these tests, electronic transitions are sensitive to only, hyperne transitions are sensitive of the 3 parameters, with sensitivity k hfs a I to (since hfs $ g ¢¢ 2 F @A with g the nuclear g-factor), molecular vibrational and rotational transitions are sensitive to with sensitivity 1/2 and 1 respectively, etc. Sensitivities are estimated from theory. kA co- ecients are determined from quantum electrodynamics (QED) calculations in atoms with uncertainties of I7 to IH7. k A are typically known to much better than I7. k q A coecients depend on quantum chromodynamics and on proton and nuclei structure calculations. They are the less well known, with uncertainties of IH7 to IHH7. One can search for two main types of variations, slow drift with time and variations correlated with the Earth motion. In the most basic interpretation of such variations, drift with time at present epoch is associated with evolution of the Universe at cosmological timescale. Variations correlated with time can be related to the variation of Sun gravitational potential at the clocks due the elliptic Earth orbit (the amplitude of this annual sinusoidal modulation of the potential is I:TS ¢IH 10 ). They can be described as a null gravitational redshift test between clocks in the gravitational potential of the Earth. They can also be described as a test for variation of fundamental constants with gravity. These variations can also be considered as variations (gradients) of fundamental constants in space, explored by the motion of the Earth around the Sun and of the Sun in the galaxy, with respect of a preferred frame, like the frame of the cosmic microwave background. Going one step further, such experiments can be analyzed to test alternative theories developed with the aim to tackle diculties of the framework dened by general relativity and the standard models. There are many dierent categories of such alternative theories, which can lead to dierent picture or explanation for variation of constants. The result of experiments stated in terms of variations or bound to variations of k A , k A and k q

Figure 5 . 1 :

 51 Figure 5.1: Search for dark matter using the Rb/Cs ratio measured with atomic fountain frequency standards: Constraint on coupling constants between a massive scalar eld and the standard model as a function of the scalar eld mass.
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 54 Local Lorentz invariance in the matter sector Highly accurate atomic spectroscopy can test isotropy of space and mass in modern versions of Hugues-Drever experiments[START_REF] Hughes | Upper limit for the anisotropy of inertial mass from nuclear resonance experiments[END_REF][194][195]. FO2-Cs atomic fountain was used to design and implement such a test. The experiment relies on measuring the frequency +3 and 3 of the jF a Q; m F a CQi 6 jF a R; m F a CQi and jF a Q; m F a Qi 6 jF a R; m F a Qi transitions and to search for variations of these frequencies correlated with changes of orientation of the quantization axis (dened by the vertical magnetic eld applied in the fountain) with respect to a supposedly preferred reference frame. As for previously described tests, changes of orientation are provided by the motion of the Earth . +3 and 3 have a rst order

H

  . Pihan-Le Bars, C. Guerlin, R.-D. Lasseri, J.-P. Ebran, Q. G. Bailey, S. Bize, E. Khan and P. Wolf, Phys. Rev. D 95, 075026 (2017).

  magneto-optical trap (2D-MOT) a permanent resource for experiments. The 2D-MOT shall give many advantages and possibilities. All other things being equal, it shall increase the loading rate of atom into the magneto-optic trap by a factor of at least 10. The most straightforward exploitation would be to largely reduce the cycle time and simultaneously improve the duty cycle of the clock sequence. Short term stability in the low IH16 at 1 s shall follow, with the same interrogation laser. With lasers under development at SYRTE, which are expected to match or surpass current state of the art[199][200][201][202], Hg lattice clock equipped with a 2D-MOT shall give stability < IH16 at 1 s needed for investigating individual shifts at the < IH18 

  that proper time at the two frequency standard locations is modied depending on the local value of the gravitational potential. The eect comes from the structure of space-time modied by massive object. It does not depend on the nature of the two identical frequency standards: 2 = 1 a I @U 2 U 1 A=c 2 where U 1 and U 2 refer to the gravitational potential at the two frequency standard positions. Near the Earth's surface the gravitational redshift amount to $ IH 16 m 1 . One readily sees that realization of global timescale such as TAI in the vicinity of the Earth is only possible in the framework of general relativity with the gravitational redshift precisely taken into account. Similarly so for global navigation satellite systems and for any comparison of frequency standards. This is one of the main goals of the ACES mission to measure the gravitational redshift with increased precision[START_REF] Laurent | The ACES/PHARAO space mission[END_REF][126][START_REF] Cacciapuoti | Atomic clock ensemble in space: Scientic objectives and mission status[END_REF].

  

  using the state selection of the fountain cycle. Phases of state selection are shown in gure 2.4. Right after launch, all Zeeman sub-levels of the F a R hyperne state are populated with approximatively equal populations. A microwave excitation done in the state selection selectively drives the jF a R; m F a Hi 3 jF a Q; m F a Hi transition. The selective excitation is enabled by a vertical magnetic eld in the range of a few IHH nT to a few IH T, lifting the frequency degeneracy between all possible F a R 3 F a Q transitions. A laser beam, resonant with the F a R 3 F H a S, pushes away atoms remaining in the F a R level, leaving an almost pure jF a Q; m F a Hi state for the interrogation.

  ; rms . In special relativity, rms a I=P; rms a I=P; rms a H. Also, in this framework, Michelson-Morley experiments test P MM a I=P rms C rms , Kennedy-Thorndike experiments test P KT a rms rms I and Ives-Stilwell experiments test P IS a rms C I=P. P MM , P KT and P IS are equal to zero in special relativity. Analyzed in this framework, our experiment tests both P MM and P KT . In the rst analysis [174], it matched the best previous Michelson-Morley experiment [182] and improved the best previous Kennedy-Thorndike experiment [183] by a factor of 30.

	tension framework [187][188][189]. One of the aim of this framework is to
	include all possible Lorentz violating terms for all standard model elds. A
	benet of this approach is to place many dierent experiments in single com-
	prehensive framework. In this way, dierent tests can be compared if they
	address the same sector. Also, untested sectors are better identied which
	can motivate new experiments to ll the gaps. As counterpart, the stan-
	dard model extension has a very large number of parameters and does not
	Analyzing longer data set [177] improved the Kennedy-Thorndike test by another factor of 8, giving P KT a @ R:V ¦ Q:UA ¢ IH 8 . To date, this experi-
	ment remains the most constraining Kennedy-Thorndike test by more than
	2 orders of magnitude. Therefore, it plays an important role in establishing
	the validity of special relativity. Our Michelson-Morley test was supersede by
	experiments using rotating pairs of cryogenic resonators allowing for faster
	averaging of the noise and better assessment of systematic biases [184][185]
	and then by rotating pairs of optical resonators [186].
	Another framework for analyzing this test is the Standard Model Ex-

[175]

[176]

[177], we analyse up to 6 years of quasi-continuous comparison. We assessed and bound perturbations (e.g. due to magnetic eld, temperature, atmospheric pressure, tilt, gravity) of the cryogenic oscillator and of hydrogen masers that could mimic the above signatures. A simple alternative framework for analyzing the experiment is the Robertson, Mansouri and Sexl framework

[START_REF] Robertson | Postulate versus observation in the special theory of relativity[END_REF]

[179]

[START_REF]A test theory of special relativity: Ii. rst order tests[END_REF]

[START_REF]A test theory of special relativity: Iii. second-order tests[END_REF]

, where modications of Lorentz transformation laws are introduced and mathematically described by 3 parameters rms ; rms

S 0 atoms are excited into 3 P 0 where they become insensitive to the magneto-optical trapping, start to accelerating under gravity, become detuned from the probe beam by the Doppler shift and nally fall out of the magneto-optical trap area. The steady state of the magneto-optical trap is modied by this additional loss
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