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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 spec-
troscopy is motivated by the long-term vision that it has impact on science
and society in the several di�erent following ways:

� Search for extreme clock performance is advancing hand in hand with
exploration in physics and better understanding of atomic systems. In-
creased 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 uni�ed 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), time-
keeping 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 oscil-
lators. Also, it creates knowledge necessary to de�ne 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.
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� Increasing clock performance leads to new applications. For instance,
clock comparisons with uncertainties of 10�18 foreseen with the new
generation of optical clocks enable chronometric geodesy for Earth sci-
ences, i.e. the use of clock as a new type of sensor for the measurement
of Earth gravitational potential di�erences.

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).

The manuscript is organized as follows:

Chapter 1 is the present Introduction.

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

Chapter 3 entitled Ultra-stable oscillators describes developments of ultra-
stable oscillators which are key to the progress of atomic frequency
standards while having their own interest. Three di�erent topics are
treated. First, the realization of ultra-stable microwave reference sig-
nals based on cryogenic sapphire oscillators and their applications.
Then, the development of ultra-stable lasers. Finally and brie�y, gen-
eration 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
rede�nition of the second of the international system of units based on
optical transition(s).

Chapter 5 entitled Fundamental tests reports on several tests of fundamen-
tal physical laws making use of ultra-stable oscillators and atomic fre-
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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 continua-
tions of the work reported in previous chapters. Prospect of develop-
ing 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

2.1.1 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 hyper�ne levels of the electronic ground states. The corre-
sponding frequencies, indicated in Fig. 2.1, are 9.192631770 GHz and
6.834682610 GHz for Cs and Rb respectively. Atomic fountain clocks op-
erate in a sequential manner. Atoms are �rst gathered in an optical molasses
(2), 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 up-
ward moving frame, to a temperature of � 1 �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 mF = 0 Zeeman
sub-state of the lower hyper�ne level, thanks to a combination of microwave
interaction, applied in the state selection cavity (4) and a push laser beam
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8 CHAPTER 2. CLOCK PHYSICS

(5). Next, atoms interact with the interrogation microwave �eld, which is fed
into the interrogation cavity (6). Interactions occur one time of the way up
and a second time on the way down, forming the well-known Ramsey interro-
gation sequence. The separation in time between the up and down passages
is typically � 0:6 s. When the interrogation �eld frequency matches the hy-
per�ne frequency, atoms are promoted to the upper hyper�ne 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 (8)
where the two hyper�ne levels are detected independently by laser-induced
�uorescence. From the number of atoms in the two hyper�ne 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
hyper�ne transition. Typically, 106 atoms are detected. Stringent control of
any �eld seen by the atoms in the interrogation region (7). 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 con�guration of
FO2 is described in [2][3]. Con�gurations of other fountains can be found,
for instance, in [4][5][6][7][8][9][10][11][12].

2.1.2 Development of a dual Rb/Cs atomic fountain

One important aspect of the work reported here is development of the dual
Rb/Cs fountain con�guration of FO2. The use of 87Rb in atomic fountains
originates from the prediction [13] that the cold collision shift for 87Rb would
be more than one order of magnitude smaller than the large shift measured
in 133Cs [14][15]. The initial work focused on testing this prediction in a
preliminary implementation of a 87Rb fountain. After thorough investigations
of atom number dependent shifts both at Yale University [16] and at SYRTE
[17][18] con�rming the minute cold collision shift in 87Rb, the implementation
of the dual fountain con�guration was undertaken. Most likely, the minute
cold collision shift was also one of the motivations for the United States
Naval Observatory (USNO) to choose 87Rb for their atomic fountain ensemble
[19][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 con�guration, i.e. the 11 dichroic collimators and the dual Ramsey
cavity.

In the FO2 fountain, 87Rb and 133Cs atoms are gathered at the same
location, in overlapped optical molasses, loaded from two 2D magneto-optic
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Figure 2.1: Level diagram of Cs and Rb atoms. Schematic view of an atomic
fountain.

traps. This is made possible by dichroic collimators where the 780 nm and
852 nm laser lights, for 87Rb and 133Cs respectively, are brought by two
polarizing optical �bers, superimposed with a dichroic beam splitter and col-
limated with an achromatic lens. These collimators have to match, for both
wavelengths, stringent requirements needed for atomic fountains, i.e. align-
ment of laser beam axes with respect to a reference surface of the mechanical
part to � 100 �rad, divergence of < 100 �rad and centering of the intensity
pro�les to 1 mm for a diameter of 26 mm. Designing, fabricating, tuning and
characterizing these collimators turned out to be a demanding task which is
described in [21].

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 10 mK. Consequently, the 87Rb and 133Cs 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
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Figure 2.2: Schematic view of the FO2 dual Rb/Cs fountain. Pictures of
dichroic collimators and of Rb/Cs Ramsey 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 non-
magnetic, 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 [3] and [2].

Dichroic collimators and the dual Ramsey cavity enables truly simulta-
neous operation with 87Rb and 133Cs. To this end, fountain cycles of the
87Rb and 133Cs are made synchronous. 87Rb and 133Cs are �rst gathered
simultaneously is the optical molasses. The 2 species are then launched with
at slightly di�erent times and with slightly di�erent upwards velocities, such
that the two atomic cloud move apart from each others during the ballis-
tic �ight, thereby avoiding interspecies interactions. Typically, parameters
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Figure 2.3: Left: trajectories of the 87Rb and 133Cs atomic clouds in FO2.
Right: Experimental time of �ight signals observed for simultaneous opera-
tion with the two species.

are chosen such that the 87Rb and 133Cs 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 con�guration, the 2 clouds reach the detection
region at di�erent times, which provides the mean of detecting 87Rb and
133Cs 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 con�guration
is reported in [22]. The dual fountain con�guration proved being a powerful
setup for time and frequency metrology and its applications. Several exam-
ples are given in the present report. The FO2 dual fountain also o�ers 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 con�guration could also
be used to extend the Lorentz local invariance tests performed with Cs [23].

2.1.3 Interrupted adiabatic passage to control atom num-
ber dependent frequency shifts

Frequency shift induced by cold collision are known to be large in 133Cs since
the early stages of atomic fountains [14][15]. One approach to mitigate this
e�ect 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
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 = 4
hyper�ne state are populated with approximatively equal populations. A
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microwave excitation done in the state selection selectively drives the jF =
4;mF = 0i ! jF = 3;mF = 0i transition. The selective excitation is
enabled by a vertical magnetic �eld in the range of a few 100 nT to a few
10 �T, lifting the frequency degeneracy between all possible F = 4! F = 3
transitions. A laser beam, resonant with the F = 4 ! F 0 = 5, pushes away
atoms remaining in the F = 4 level, leaving an almost pure jF = 3;mF = 0i
state for the interrogation.

The number of jF = 3;mF = 0i can be varied by changing the characteris-
tics 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 = 4;mF = 0i.
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. Typi-
cally, the �eld amplitude can vary by 20% 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 num-
ber 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 �(t) and amplitude 
0(t)
of the microwave �eld are modulated as shown in Fig. 2.4. In the Bloch
vector picture, the e�ective magnetic �eld

�!

(t) = �(t)�!z + 
0(t)

�!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 �!z ,
remains aligned with the e�ective magnetic �eld. As long as the adiabatic
approximation is ful�lled for all atoms, one can see that the �nal transition
probability is 1 after a complete adiabatic transfer. Similarly, when the
adiabatic transfer is abruptly interrupted when the detuning is zero, the
�nal transition probability is 1=2 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 1 and 1=2, 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 1=2. 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
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Figure 2.4: State selection in atomic fountains and interrupted adiabatic
passage method.

method is limited by the degree to which the transfer remains adiabatic,
given the number of constraints related to the fountain con�guration. 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 � 4 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 � 18 �T is pulsed to push the closest strongly coupled jF = 4;mF =
�1i ! jF = 3;mF = �1i transitions �126 kHz away from jF = 4;mF =
0i ! jF = 3;mF = 0i, and the marginally coupled jF = 4;mF = 0i ! jF =
3;mF = �1i transitions �63 kHz away. The strength of this magnetic �eld
pulse is limited by the amount of perturbation that can be a�orded 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 �(t), the accuracy of which was
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limiting the accuracy of the interrupted adiabatic passage to several 10�3.
Later, an arbitrary waveform generator was used. This enables adiabatic
transfer accuracy of < 10�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 �(t) = 0 at interruption.

The realization of accurate density ratios is, in practice limited by the spu-
rious residual atomic populations in the lower hyper�ne states jF = 3;mF 6=
0i. These spurious populations come by two di�erent channels. One channel
is from atoms which are left in the F = 3 states after launch. In FO2-Cs,
we found that the fraction of launched atoms in F = 3 states is about 10�4,
which gives a fraction of about 10�3 of the atomic sample after the state
selection. A second channel is from atoms which are pumped from F = 4
to F = 3 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 e�ectiveness of the push beam.
In FO2-Cs, we found that in optimal condition, atoms pumped by the push
beam in F = 3 could represent a few 10�3 of the atomic sample after state
selection. The presence of these spurious jF = 3;mF 6= 0i atoms led us to
study their e�ect 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 [25] 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 = 4;mF = 0i to jF = 3;mF = 0i. For a detuned pulse, the transferred
fraction is less than 1, providing the mean to vary the number of atoms in
jF = 3;mF = 0i. Because the microwave amplitude is at an extremum, the
transfer e�ciency 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 [25]. 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 133Cs is described in [26][27]. The method is based
on reducing the e�ective 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 us-
ing < �=2 Ramsey pulses. In practice, the e�ective collision temperature is
reduced by reducing the initial atomic cloud size, using a tight magneto-optic
trap.
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2.1.4 Feshbach resonance at ultra-low magnetic �elds in
Cs

As explained in the above subsection, the presence of spurious atomic pop-
ulations in jF = 3;mF 6= 0i led us to study clock shifts due to these states.
This work is reported in [28]. For the purpose of this study, an additional mi-
crowave �eld enables state selection of both usual clock level jF = 3;mF = 0i
and any chosen jF = 3;mF 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 popula-
tions 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 = 3;mF i population. To minimize the impact of uncertainties
and �uctuations of the e�ective atomic density, a interleaved sequence of 3
con�gurations is used. The two �rst con�gurations correspond to the normal
clock con�gurations with full and half densities of jF = 3;mF = 0i, the third
con�guration corresponds to the full density of both jF = 3;mF i and the
chosen jF = 3;mF i. As explained in [28], mean frequencies �(1)0 , �(1=2)0 and
�
(1)
0;mf

and mean detected atom number N0, N0=2 and N0+Nmf
in these three

con�gurations can be used to compute the ratio:

Rmf ;0(B) =
�
(1)
0;mf

� �
(1)
0

(N0 +Nmf
)�N0

� N0 �N0=2

�
(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 e�ective density
of the clock states and of jF = 3;mF i. Rmf ;0(B) was measured for each of
the jF = 3;mF 6= 0i 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
< 200 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
Rmf ;0(B) are observed due to interactions of the additional jF = 3;mF i with
the clock states jF = 3;mF = 0i and jF = 4;mF = 0i. These variations
are due to molecular Feshbach resonances [29]. Rmf ;0(B) span almost the
entire range from �1 to +1 which means that the shift due to jF = 3;mF i
can be as large as the usual clock shift. In the experiment, this amounts to
fractional shifts in the range �10�13 for e�ective densities of � 2� 107 cm�3

and detected atom numbers of Nmf
� 2� 106.

Experiment data of Fig. 2.6 exhibit narrow features, i.e. large change of
the shift for changes of a few 100 nT only, and high signal-to-noise ratio,
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Figure 2.5: State selection for the measurement of the clock shift due to
jF = 3;mF 6= 0i 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 = 4 states. (3) Populations
during the Ramsey interrogation.

which enables stringent comparisons with theory. One of goal is to explain
the striking asymmetric shape of resonances. Another goal is to reproduce
the resonant magnetic �eld values. To this end, a model of clock shift in the
fountain con�guration was developed. This model is based on a Monte-Carlo
computation of the clock shift averaged over ballistic �ight of the atomic
cloud and the Ramsey interrogation, taking into account of space and veloc-
ity distributions and truncation of the atomic cloud by the microwave cavity.
One output of this computation is to give the e�ective collision tempera-
ture, � 900 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, in-
deed, 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 res-
onant �eld, namely at the extremum of the sharp feature. Fig. 2.7 shows
results of this computation. The �rst graph shows shapes of the resonance
for di�erent coupling strengths. The second graph shows a �t of the model
to the mF = 3 resonance. A second part of the theoretical work is to predict
positions of resonances from the molecular Hamiltonian. In a �rst attempt
done at the time of the experiment (2003), theory predicted resonances at
low magnetic �eld, in the vicinity of the experimental window B = 0 to
B = 10 �T . However, this theoretical prediction was far from agreement
with experiment within the experimental resolution. Later (2012), knowl-
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Figure 2.6: Measured collision frequency shift ratio Rmf ;0(B), exhibiting
Feshbach resonances at ultra-low magnetic for mF = 3, mF = 2 and mF = 1.
The e�ective temperature is 900 nK. Vertical lines show theoretical resonant
�eld values (for a vanishing collision energy E).

edge of molecular properties and their modelling had made great progress.
A new calculation was made showing excellent agreement with experiment.
In Fig. 2.6, graphs on top of each experimental curves display the real and
imaginary part of the scattering length from theory. Vertical bars show
the position of resonances predicted by theory. A continuation of this work
would be to combine the two approaches, i.e. use the theoretically calcu-
lated scattering lengths as function of the magnetic �eld in the Monte-Carlo
computation of the fountain geometry. This would potentially enable more
accurate determination of the resonant �eld.

For the uncertainty of collision shift in a Cs atomic fountains, measure-
ments in Fig. 2.6 provides inputs to deal with shifts from spurious atoms left
in jF = 3;mF 6= 0i states after state selection. The two mechanisms lead-
ing to these spurious atomic populations were described in 2.1.3. Generally,
they give a velocity distribution which di�ers from the velocity distribution
of purposely selected atoms, whether in jF = 3;mF = 0i (as for normal clock
con�guration) or in jF = 3;mF i (as for the above experiment). In princi-
ple, this, together with the exact distribution of spurious atoms among the
jF = 3;mF 6= 0i states, should be taken into account to model the shift. In
practice, the above measurements show that at the nominal magnetic �eld
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Figure 2.7: Model of collision shift around a Feshbach resonance in atomic
fountains. The �rst graph shows a series of cases where the coupling strength
between the resonant molecular state and the continuum C0 is changed while
all other parameters are the same. The second graph shows a �t of this model
to the experimental mF = 3 resonance.

(200 nT in FO2), theRmf ;0(B) collision shift ratio does not exceed 0:3 and has
both positive and negative values depending on mF . Also, jF = 3;mF 6= 0i
spurious populations are approximately equally distributed. With the above
factors taken into account, the uncertainty due to collisions with spurious
populations in jF = 3;mF i states can be taken as the collision shift times
the fraction of spurious atoms, which typically amount to 3 � 10�3. This
term typically amount to 10�16 in FO2-Cs.

In [30][31][32], these resonances and resonances connected to the F = 4
level are studied also in a fountain geometry. In this work, two clouds of
jF;mF = 0i and jF;mF 6= 0i atoms are made to collide with each other.
The scattered part of the wavefunction is isolated in the time of �ight signal,
which enable determining the phase di�erence between the scattered part and
the unscattered part directly. Measuring the change of this phase di�erence
versus magnetic �eld and collision velocity yields accurate determination of
atomic scattering properties, independent of an accurate determination of
atomic densities.
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2.1.5 Distributed cavity phase shift

Atomic fountains are impacted by the �rst order Doppler e�ect. 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 3 m.s�1, the scale of the
fractional shift is extremely large: 10�8. The shift is however largely sup-
pressed 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 signi�cant impact of this e�ect on the uncertainty budget of mi-
crowave clocks, there was for long a lack of precise quantitative comparisons
between experiments and models of this e�ect. Below, we describe the work
done to tackle this issue.

Figure 2.8: Schematic of the microwave cavity used in FO2-Cs atomic foun-
tain.

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 TE011 mode resonating
at the Cs hyper�ne frequency of 9:2 GHz. It is made of high purity oxygen-
free 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 = 7000. The unloaded quality factor, determined only by losses in
copper walls of �nite conductivity is Q0 � 27500. As displayed on Fig. 2.8 b,
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
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atomic cloud, which leads to a residual �rst order Doppler shift, also called
distributed cavity phase shift.

To highlight the signi�cance of this shift and its dependence on many
factors, Fig. 2.9 shows measurements of the fraction clock frequency di�er-
ence between con�gurations 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 �=2, 3�=2, 5�=2, and 7�=2. The dependence
with tilt changes sign with the microwave amplitude and it almost reaches 5
parts in 1014.
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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 [33], we engaged into
a thorough investigation of the distributed cavity phase shift which eventu-
ally gave, with no free parameter, the �rst stringent test and quantitative
con�rmation 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
(0:7 �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 di�cult 3D problem can be decomposed into a series of 2D
problems [35]. 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 signi�cantly of the shift. In this
approach, the magnetic �eld H(r) inside the cavity assumed to be tuned at
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its resonance is written as follows.

H(r) = H0(r) + ig(r)

g(r) =
X
m

gm(�; z) cos(m�) (2.2)

H0(r) is the unperturbed �eld, corresponding to perfectly conduction walls
and no feed. g(r) 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(r) = geven(r) + godd(r). We have gm(�; z) / �m. And because
the atom trajectory are restricted to small values of �, m = 0; 1&2 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 cam-
era looking upwards through the fountain and using neighbouring structures
of the vacuum systems as references for the mechanical center of the foun-
tain. 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 e�ect impacts the e�ective atomic distribution which interacts with in-
terrogation cavity and �nally, the distributed cavity phase shift. In order to
quantify this e�ect, 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 di�erent cases [36]. The �rst case is the nominal Ramsey con�gura-
tion (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
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 di�erence for the Ramsey cavity feed
from either side, like these already shown in Fig 2.9, are directly related to
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Figure 2.10: Rabi oscillation as a function of the microwave power injected
into the cavity for three di�erent cases. The �rst case is the nominal Ramsey
con�guration (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).

the odd part of the �eld perturbation godd(r) which, for its impact on the
fountain can be reduced to the m = 1 term: g1(�; z). Figure 2.11b shows
the comparison between model and experiment for this term. Measurements
are made at a tilt of 1:6 mrad for several microwave amplitudes of the �eld.
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 factorQ. With no free parameter,
agreement in found between theory and model. Additional features of godd(r)
were further tested, such as the dependence on the feed relative phase and on
cavity detuning. Understanding godd(r) 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].

E�ectively zeroing odd terms also opens the possibility to measure the
much smaller e�ects 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 per-
turbation of the transition probability �P is used on the plot. Measurements
are compared to the model for them = 0 term which is enough given the mea-
surement uncertainties. This data set corresponds to a series of frequency
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Figure 2.11: Distributed cavity phase shift m = 0, m = 1 and m = 2 terms.
Comparison between model and experiments.

measurements with uncertainties a few 10�16 only, with con�gurations 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 agree-
ment is found between model and experiment. We note that in our cavity,
the model predicts an extremely small m = 0 shift (4�10�19) is the nominal
clock condition.

Finally, while being unresolved in the m = 0 experiment, the m = 2 term
still produces a shift that must be taken into account in accuracy budget
of the most accurate clocks. The m = 2 term, computed based on our
validated model, is shown in Fig. 2.11c. The estimated correction for this
term is (�7:5�5:5)�10�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
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position or from quadrupolar inhomogeneity of the detection response.
Overall, for FO2-Cs, the correction and uncertainty for the distributed

cavity phase shift is (�0:9� 0:9)� 10�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 [40][41].

2.1.6 Improving stability

As we shall see in Chapter 4, accuracy of atomic fountains are in the low
10�16. Studying systematic shifts at this level require the capability to mea-
sure with such resolution within a reasonable amount of time. 10�16 statis-
tical uncertainty is typically reached within one day, and the full study of
a particular systematic e�ect one to several months of actual measurement
time. Consequently much e�ort 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(�) =
1

�Qat
�
�
2�2�Ndet

N2
det

+
1

Ndet
+

1

Ndetnph
+ 2det + 2IO

�1=2

�
r
TC
�

(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 0:985 for �=2 pulses. Qat is the atomic
quality factor, nominally Qat = 1:1 � 1010 in FO2-Cs. TC is the fountain
cycle time. � is the measurement time. Ndet 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 ��Ndet

. In
FO2-Cs, this noise is determined by the detection photodiode electronic noise
and it amounts to � 450. 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 nph � 320.
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 e�ect [42][43][44].

Initially, the stability of atomic fountain was limited by the interroga-
tion oscillator noise IO coming from quartz oscillators used at start of the
microwave synthesis. It was then shown that the quantum projection noise
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limit could be reached when using cryogenic sapphire oscillator [45], yielding
stabilities of 4 � 10�14 at 1 s. Further work was then devoted to develop
microwave synthesis schemes with lower IO and to implement a fully op-
erational 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 Ndet ' 5 � 106, for which
the short term stability is 1:6 � 10�14 at 1 s. Red points correspond to a
detected atom number divided by two. The ratio of stabilities at Ndet and
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Figure 2.12: Short term stability obtained with FO2-Cs.

Ndet=2 is close to
p
2, which indicates (once other factors are independently

determined) that the main limitation is the quantum projection noise. One
can further estimate the contribution of 2det + 2IO. This term amounts to
� 9 � 10�15 at 1 s, while the quantum projection noise alone corresponds
to � 1:3 � 10�14 at 1 s for Ndet. From the independent characterization of
the latest microwave synthesizers [46], one can determine that IO gives a
limit in the low 10�15 at 1 s range. This leads to the conclusion that det is
signi�cant 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 � 4 ms be-
tween the detection of the two hyper�ne states, laser noises cause the two
states to be detected with di�erent and �uctuating e�ciencies leading to an
atom number independent �oor in the measurement of transition probabil-
ity. Estimation of this contribution is a few 10�15 at 1 s or less, too small
to explain alone the observed limit [2]. A second contribution comes from
what could be named atomic cross-talk, more precisely, �uctuations of atomic
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cross-talk. In FO2-Cs, the F = 4 atomic state is detected in the upper de-
tection beam. Atoms in this state are then pushed away. The F = 3 atomic
state is detected in the lower detection beam. In practice, F = 4 atoms are
not pushed perfectly and a small fraction, typically 10�2, of them reach the
lower detection. Fluctuations of this unpushed fraction give �uctuations of
the transition probability which does not depend on Ndet. Such �uctuations
can be induced by �uctuations of the detection laser or �uctuations of the
magnetic �eld a�ecting marginal trajectories of unpushed atoms. Fluctua-
tions of a few percent of the fraction are enough to cause �uctuations of 10�4

of the measured transition probability, and a stability limit of � 9 � 10�15

at 1 s. A third contribution may come from spurious atoms which were
depumped into F = 3 by the state selection push beam, as already men-
tioned in Sec. 2.1.3. Fluctuations of the depumped fraction can also give a
limit to the stability which does not depend on Ndet.

2.2 Mercury optical lattice clock

2.2.1 Motivations

Since 2000 and the demonstration of optical frequency combs [47][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 [49, 50] initiated the development of optical lattice
clocks, �rst with Sr [51] and Yb [52]. 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 � �5:3 � 10�15 in Sr and �2:4 � 10�15 in Yb at 300 K.
Like Sr and Yb, Hg has an alkaline-earth-like electronic structure where the
intercombination transition 1S0�3P0 is well-suited for the optical lattice clock
scheme. One interesting feature of Hg is its smaller blackbody radiation
shift of �1:6 � 10�16 [53][54], about 30 times smaller than Sr and 15 less
than Yb. The same ratios apply to the sensitivity to stray static electric
�eld [55]. Hg has 7 isotopes, 2 fermionic and 5 bosonic. 6 of them have
a natural abundance greater than 6%. Only the 196Hg bosonic isotope has
a small abundance of 0:15%. The 199Hg fermionic isotope has a nuclear
spin 1=2 for which the 1S0 �3 P0 clock transition has no tensor light shift
and therefore a simpli�ed 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
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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 �: ��=� = 0:81���=� [56]. At the start of the experiment, Hg had
never been laser-cooled. Its properties were therefore unexplored in the cold
and ultra-cold regime.
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Figure 2.13: Low energy levels of Hg.

The main challenge of Hg lies in the need for deep UV laser sources. Fig-
ure 2.13 shows the lowest energy levels of Hg. The 1S0�3 P0 clock transition
is at 265.6 nm. The transition used for laser cooling and detecting is the
1S0 �3 P1 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].

2.2.2 Laser-cooling of Hg

Figure 2.14 shows key elements of the ultrahigh vacuum chamber speci�-
cally 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 10�7 Pa. The 2 dimensional magneto-
optic trap side is pumped by a second getter pump. Hg vapor source made



28 CHAPTER 2. CLOCK PHYSICS

of 1 to 2 grams of Hg kept at �40oC to �60oC maintains a pressure of Hg
of 10�5 to 10�4 Pa. Windows are made of UV grade fused silica with dielec-
tric anti-re�ection coatings for the 254 nm cooling light. They are glued to
vacuum chamber parts made of titanium, whose one advantage is to have a
low expansion coe�cient, better suited than other materials to the expan-
sion coe�cient of fused silica. This con�guration seems to be quite durable,
especially with respect to exposure to Hg vapor. The same vacuum system
has been in use for more than 10 years without showing sign of degradation.
More details on the vacuum system can be found in [58].

1

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 assem-
bly. 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 �40oC to �60oC with in-vacuum Peltier
thermoelectric cooler.

Another key element for laser cooling of Hg is the laser source to address
the 1S0 �3 P1 transition at 254 nm. The natural linewidth of this transition
is �=2� = 1:2 MHz and the saturation intensity 101 �W.mm�2. The require-
ment 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
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 genera-
tion. 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
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absorption spectrum of the 1S0 �3 P1 transition obtained in a room temper-
ature, 1 mm thick Hg vapor cell. Measurements indicate that the linewidth
at 254 nm of this laser is less than 100 kHz. Acousto-optic modulator AOM1
is used to dynamically change the main output detuning as required for the
several phases of the atomic cloud manipulation and detection.

This 254 nm laser source enabled investigations and results reported be-
low. 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 devel-
oped based on 1015 nm extended cavity diode laser, ampli�ed using a Yb-
doped �ber ampli�er, 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].
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Figure 2.15: Overview of the laser source at 254 nm used to laser cool Hg
atoms.

A third key element is the detection system. Hg atoms are detected using
the �uorescence of the 1S0�3P1 transition at 254 nm. At this deep UV wave-
length, it is still possible for have Si photodiodes with fairly high quantum
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e�ciency of 50% and electron multiplied, backside illuminate, thermoelectri-
cally cooled CCD camera with quantum e�ciency of 33%. Figure 2.16a is
a schematic of the Hg detection system based on such camera. 106 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 opti-
mize detection noise. Figure 2.16b shows a measurement of the atom number
detection noise for optimized parameters: detection duration of 5 ms and a
laser detuning of �1 � �. The single shot detection noise is equivalent to
� 40 atoms.

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.

With the above systems, we have observed, optimized and characterized
magneto-optical trapping and laser cooling of Hg. Figure 2.17 shows on
the left a magneto-optical trap loading curve for the 202Hg isotope. On the
right, in logarithmic scale, the graph shows the lifetime of the magneto-
optical 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
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limited by background gas collisions and by cold atom density e�ects. With
low Hg pressure setting in the 2D-MOT, time constants as low as 2:5 s
were observed, for a residual background pressure of about 3� 10�7 Pa [60].
Number of atoms in the MOT was estimated in two di�erent 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 107 trapped
atoms were observed for 202Hg.

0 2 4 6 8 10 12 14 16 18
-0.01

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

F
lu

or
es

ce
nc

e 
(a

.u
.)

Temps (s)
0 2 4 6 8 10 12

10-4

10-3

10-2

10-1

F
lu

or
es

ce
nc

e

Temps (s)

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.

The temperature and size of Hg cloud release from the MOT were mea-
sured by analysing its ballistic expansion. With setup of Fig. 2.16, a series
of image of the cloud are taken for several ballistic expansion duration after
switching o� the MOT. Images are analyzed to determine the initial size and
the temperature. Figure 2.18 shows temperature as a function of the laser
detuning for several isotopes. For 200Hg and 202Hg, measurements agree with
the model based on the theory of Doppler cooling. For 199Hg and 201Hg, tem-
perature much lower are observed which indicates that sub-Doppler cooling
mechanisms are e�ective. These behaviors are expected. Bosonic isotopes
200Hg and 202Hg have no degeneracy in their 1S0 ground state to leave room
for sub-Doppler cooling. Fermionic isotopes 199Hg and 201Hg have spin 1=2
and 3=2 respectively in their ground state. The higher degeneracy in 201Hg is
expected to yield lower temperatures [61], as observed. The lowest observed
temperature is � 30 �K. These values are con�rmed by the Doppler width
measured in the spectroscopy of the clock transition made on atom released
from the MOT (see below and reference [62]).

We have measured atomic cloud sizes as low as 100 �m (root-mean-square
of the distribution in one direction) and estimated densities up to 1:8 �
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Figure 2.18: Temperature of the Hg atom cloud released for the MOT as a
function of laser detuning and for 4 di�erent isotopes.

108 mm�3, a fairly high value, favorable for loading the optical lattice trap.
This study of the Hg magneto-optical trap characteristics can be found in
[63].

2.2.3 First laser spectroscopy of the Hg clock transition

At the start of this Hg optical lattice clock experiment, the frequency of the
1S0�3P0 clock transition was known indirectly from the accurate wavelengths
of spectral lines in Hg vapor lamps, with uncertainties of about 500 MHz,
except for 198Hg for which the uncertainty was 12 MHz [64][65][66][67][68].
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 199Hg and
201Hg.

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. 3 and in [69][70]. This �rst laser spectroscopy of the clock transition
was performed on cold atoms from the magneto-optical trap. During the
initial search, the magneto-optical trap is left on continuously and reaches
its stationary state. A vertical probe beam at 265.6 nm of a few milliwatts
is sent through the trapped atomic cloud. When the probe beam hit the
resonance with the clock transition, a fraction of 1S0 atoms are excited into
3P0 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 modi�ed by this additional loss
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mechanism. In this way, spectroscopy of the clock transition is done by
measuring the steady state magneto-optical trap �uorescence as a function
of the probe laser frequency. Figure 2.19 shows one of the �rst spectra
obtained with this method. At resonance, the e�ect on the magneto-optical
trap is strong. Reduction of the steady state �uorescence by a factor of up
to 10 were observed. In this measurement, the probe light is on concurrently
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Figure 2.19: One of the �rst laser spectroscopy of the Hg 1S0 �3 P0 optical
clock transition. The plot shows the steady state magneto-optical trap �uo-
rescence as function of the probe laser detuning inducing additional losses.

with the 254 nm light for the magneto-optic trap. Spectroscopy is therefore
impacted by the 254 nm light shift. In this experimental case, this light shift
can be as high as � 1 MHz and it is inhomogeneous. It is one likely source of
the broad linewidth and asymmetry in the spectrum of Fig. 2.19. For more
accurate measurements, another sequence was used where the 254 nm light
is periodically switched o� when the probe is switched on and vice versa.
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-re�ected probe was used. As displayed
in Fig. 2.20, spectroscopy made in this con�guration shows Doppler-free recoil
doublet [71]. The two components of the doublet are shifted by ��recoil with
respect to the unperturbed frequency � of the transition. The recoil frequency
is �recoil = � � (h�=2mc2), where h is Planck's constant, c the speed of light
and m the atomic mass. Here, �recoil = 14:2 kHz. We veri�ed that the



34 CHAPTER 2. CLOCK PHYSICS

experiment was in agreement with this expectation. We also veri�ed, 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 �1 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 � = 500 �s, this Doppler induced chirp is 18 kHz.
We quanti�ed possible shifts due to the Zeeman e�ect and the probe light
shift. As a result, of these experiments, we determined the absolute frequency
of the 1S0 �3 P0 clock transition for 199Hg and 201Hg with uncertainties of
5:6 kHz and 5:3 kHz, which corresponds to 5 parts in 1012. More details can
be found in [62].
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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 199Hg and 201Hg. b) right: Variation
of the width recoil doublet peaks as a function of the probe duration.

2.2.4 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 1S0�3P0 clock transition spread from 342 nm to 365 nm. Figure 2.21
shows the experimental setup developed for dipole lattice trapping of Hg
and for measuring the magic wavelength. The laser source is based on a
frequency doubled titanium:sapphire laser that provides tunability for the
magic wavelength search and fairly high output power. The �rst series of
experiment were made with 140 mW at 362 nm. A second notable feature
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of the setup is an in-vacuum Fabry-Perot cavity at 362 nm for the dipole
lattice trap. This con�guration is required to make a deep enough lattice
trap, given the wavelength, the available power and the comparatively small
polarizability which is a counterpart to the small blackbody radiation shift.
The relevant scale for the dipole lattice trap depth is the recoil energy, ER =
~
2k2lattice=2m. klattice is the lattice light wave vector klattice = 2�=�lattice.
For Hg, reaching a lattice trap depth of 100 � ER for trap waist of 100 �m
requires a laser circulating power of 20 W at �lattice � 362 nm. The in-
vacuum Fabry-Perot cavity avoids vacuum windows placed inside the cavity
and therefore permits high �nesse and high build-up factor (see Fig. 2.21).
In the �rst experiments, the lattice trap had a waist of 120 �m and a �nesse
of � 300. Degradation of the cavity optics at high power limited the trap
depth to the modest value of 10 � ER. Later, a new implementation was
made with a waist of 69 �m and a �nesse of 360. It gave access to trap depth
higher than 100� ER.
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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.

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 signi�cant e�ect 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 tem-
perature. After this compression phase of 25 ms, the magneto-optic trap
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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 con�ned in the dipole lattice trap. In early experiments, lattice
trap depth was about U0 = 10 � ER which correspond to the temperature
U0=kB = 3:7 �K. E�ciency of transfer from magneto-optic trap to lattice
was limited to 10�3 and the number atoms in the lattice less than 2000. In
more recent experiment, we have observed up to 104 lattice bound atoms. We
have observed lattice lifetime up to 420 ms, mainly limited by background
gas collisions at pressures of a few 10�7 Pa. Figure 2.22 shows an example
of lattice lifetime measurement.
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Figure 2.22: Measurement of the lifetime of Hg atoms trapped in a dipole
lattice trap near the magic wavelength.

Figure 2.23: Spectroscopy of the 199Hg optical clock transition on lattice
bound atoms.

For lattice-bound spectroscopy, a downward-going laser beam at 265.6 nm
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from the ultra-stable light source described next in Chap. 3 is overlapped
with the lattice trap axis. In the initial phase, atoms were typically probed
with a laser power of 200 �W and a probe pulse duration of 20 ms. When
the frequency of this beam is resonant with 1S0 �3 P0 clock transition, we
detect the decrease of 1S0 signal of the CCD camera (see Fig. 2.16). This
setup enabled the �rst lattice-bound spectroscopy of the Hg optical clock
transition. Figure 2.23 gives an example such spectrum. For determining
the magic wavelength, we measured the center frequency of such spectra
against a stable reference monitored by atomic fountains (see Chap. 3) for
two trap depths of 10:1 � ER and 6:8 � ER, and for a number of values
of the lattice trap wavelength �lattice. The result of these measurements is
displayed in Fig. 2.24. These measurements give a determination of the magic
wavelength for the 1S0�3P0 clock transition in 199Hg. A second determination
was also made based on analyzing spectra asymmetrical broadening which
appears when the lattice wavelength departs from the magic wavelength [51].
Altogether, this work gave the �rst experimental determination of the magic
wavelength for the 1S0 �3 P0 clock transition in 199Hg: �magic = 362:53 �
0:21 nm. It is reported in [72]. Subsequent work gave greatly improved
magic wavelength determinations for Hg [73][74][59]. Best determination at
SYRTE gives �magic = 826 855 539 � 17 MHz [59]. It is in agreement with
the determination made at RIKEN: �magic = 826 855 534� 9 MHz [74].
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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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2.2.5 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 3P0 in 199Hg by means of a clock
laser pulse on the j1S0;mF i �! j3P0;mF i in the presence of magnetic �eld
of � 300 �T and of a cooling light pulse clearing 1S0 atoms away. In this
example, a 260 ms probe laser pulse is applied and atoms brought back into
1S0 are detected. The spectrum of the clock transition has full width at half
maximum of 3:4 Hz, which gives an atomic quality factor of 3:4� 1014.

Figure 2.25: Fractional frequency instability of the Hg optical lattice clock.

Operation of the experiment as a clock by locking the probing laser to
the atomic transition was achieved, and the frequency stability measured
and gradually improved [75]. Figure 2.25 shows an example of such mea-
surement. Conditions of this measurement are similar to the one described
above for the narrow-line Lamb-Dicke spectroscopy, i.e. atoms are initially
state selected in one of the 3P0 sublevels. The probe time is 100 ms and the
cycle time 700 ms. The stability is measured against the ultra-stable refer-
ence cavity of the clock laser (see Chap. 3). The stability quickly reaches
the �icker frequency noise �oor of the cavity of 4 � 10�16. The 199Hg opti-
cal clock short term stability is estimated to be 1:2 � 10�15��1=2. The Dick
e�ect from the aliasing of the probe laser high frequency noise is estimated
to 4 � 10�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 de-
tection. The experiment still has much room for further improvement of
the short term stability. One way for improvement is the implementation
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of normalized detection combined with a further optimization of the CCD-
image-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 weak-
nesses 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 bene�t 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 10�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 [76].

2.2.6 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 un-
certainty was improved down to 1:7 � 10�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 theo-
retically determination of the di�erential Stark shift between the two clock
levels [54], which gives a fractional shift of �1:60� 10�16 at 300 K, with an
estimated uncertainty of 10% of this value. The sensitivity to temperature
of this shift is only �2:13 � 10�18 K�1 at 300 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 � 2 parts in 1017 [59]. Future
work toward realizing the full potential of Hg will require experiments to
better ascertain the di�erential 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 hyper�ne transition in Cs (see
Sec. 2.1.3 and 2.1.4) shows that peculiarly large shift do occur. Such acci-
dentally large shift would depend on the speci�c isotope. Much attention was
paid to measured the collision shift. Our recent measurement of this shift
for the 199Hg isotope gave collision shift of (�6:5 � 7:8) � 10�20 per atom,
consistent with zero, and a corresponding fractional frequency correction of
(�5:2 � 6:4) � 10�17 [59]. The measured collision shift refers to our experi-
mental conditions: a one dimensional lattice trap with a depth of � 50�ER

corresponding to � 18 �K, a waist of 69 �K and an atomic distribution re-
sulting from loading from the 40 �K magneto-optic trap. In these conditions,
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there are approximately 2.5 atoms per lattice site and the peak mean den-
sity is approximately 4� 108 cm�3. At the start of the interrogation, atoms
are selected in a single j3P0;mF i state. This measurement indicates that
the collision shift shall not be an obstacle to uncertainties of 10�18 or less.
Here, one should note that collisions in optical lattice clock have, in general,
complex behaviors with respect to clock parameters [77][78][79], including
non-linearity with respect to density or atom number.

Figure 2.26: Measurement of the lattice light shift in a Hg optical lattice
clock.

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 1:4�10�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 [80]. The non-linear light shift is
currently estimated to be (�6 � 3:6) � 10�17. Observing and controlling
these terms will be an important aspect of future work.
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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 ultra-
low 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 sta-
bility ever reported for an atomic fountain. Given the tremendous bene�ts
that come from such stability, a signi�cant e�ort was devoted to obtaining
the best from the cryogenic sapphire oscillator available at SYRTE and to
making this performance bene�t several experiments. Altogether, these de-
velopments 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 collabo-
ration with the femto-st institute (UMR 6174) to test using a transportable,
pulsed-tube based cryogenic oscillator with atomic fountains.

Figure 3.1 is a schematic showing the architecture of LNE-SYRTE ultra-
stable metrological reference. This setup is designed to serve several pur-
poses. 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
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stability of a hydrogen maser. A second purpose is to serve as a pivot for
local high performance clock comparisons. A third one is to connect pri-
mary frequency standards (Cs fountains) and other highly accurate clocks
(Rb fountain, Sr and Hg optical lattice clocks) to the local real-time physical
representation of the coordinated universal time, the UTC(OP) timescale.
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.

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

As shown in Fig. 3.1, the cryogenic sapphire oscillator itself is left free-
running which avoids degradations of it characteristics that means of con-
trolling it directly may introduce. Instead, an external 11:98 GHz signal,
digitally-controlled �nely-tunable (microhertz resolution corresponding to
� 10�16), is synthesized from the oscillator output. This 11:98 GHz sig-
nal 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 hydro-
gen maser to provide a measurement of the phase di�erence between these
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two signals. This phase di�erence 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 11:98 GHz. This control system ensures
long term coherence between the 11:98 GHz and all signals derived from it
with the oscillation of the hydrogen maser. This, all reference signals, i.e.
the 11:98 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 � 1000 s,
which corresponds to the time scale at which the cryogenic sapphire oscil-
lator instability (predictable frequency drift removed) crosses the hydrogen
maser instability. The 11:98 GHz has a fractional frequency instability below
2� 10�15 between 1 s and 2000 s. Above 4000 s, it has the same stability as
the maser, < 10�15 at 104 s and 3�4�10�16 at 1 d for high-performance ac-
tive 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 interro-
gation microwave signals are synthesized for atomic fountains. Examples of
such synthesis can be found in [46]. The phase noise power spectral density
at 9:2 GHz is �97 dBrad2.Hz�1 at a Fourier frequency of 1 Hz. This ultra-
low phase noise signal enables quantum projection noise limited operation
in atomic fountains, yielding record stability as shown in Fig 2.12. Oper-
ating 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 res-
onator 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 cryo-
genic oscillators including a transportable version [88][89][90]. One of these
oscillators was moved to SYRTE for a few months, enabling the parallel op-
eration of two ultra-stable references. These two references were compared
directly, making possible to measured the phase modulation e�ect due to the
pulse tube operation. They were also used to operated two fountains indepen-
dently, which in turn were compared to each others, in order to speci�cally
test using the transportable oscillator with atomic fountains [91], a con�gu-
ration similar to the one used to test the �ight model of the PHARAO cold
atom space clock [92]. The latest implementation of this pulsed-tube based
cryogenic oscillator is described in [93].
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3.2 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 [94]. Thermal noise has
three contributions from the spacer, mirror substrates and mirror coatings.
It gives length �uctuations with a 1=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 coe�cient 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 [95]. We chose a
10 cm long cylindrical geometry, vertically mounted next to its mid-plane,
a con�guration 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 o�set 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 quali�ed 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 e�ectiveness of passive shields is tested and shown to
have a time constant of � 4 days providing reduced temperature �uctuations
(< 10 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 hori-
zontal cavity (see [96]) shows a �icker noise �oor of 5:7 � 10�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 4� 10�16, which is
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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 [94]. The stability against LNE-
SYRTE ultra-stable metrological reference is below 2 parts in 1015 up to
1000 s, once a linear drift of � �6� 10�17 s�1 is removed. This veri�es the
e�ectiveness of thermal shields. Long term observation of the ultra-stable
laser frequency indicates an isothermal creep of � �6� 10�17 s�1 [75].
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Figure 3.2: Left: Schematic of the 1062.5 nm ultra-stable cavity. Left: Com-
parison of the 1062.5 nm to other ultra-stable lasers. In the comparison
with the LNE-SYRTE ultra-stable metrological reference based on a cryo-
genic oscillator and a hydrogen maser a linear drift of � �6 � 10�17 s�1 is
removed.

For its use with the Hg optical clock, the 1062.5 nm ultra-stable laser
is ampli�ed and frequency doubled twice in resonant cavities to reach the
frequency of the 1S0 �3 P0 clock transition. This is described in [70]. The
1062.5 nm ultra-stable laser was also used for titanium:sapphire laser sta-
bilization, for low noise microwave generation (see Sec. 3.3 below) and for
transfer of spectral purity experiments [76].

3.3 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 bene�cial. It makes the entire comb ultra-
stable and thereby greatly extend its capability and readiness to measure
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other optical frequencies with the same device. In [70], we describe the im-
plementation of this approach to a titanium:sapphire comb. In this work,
the carrier-envelop o�set is classically detected with a f � 2f interferome-
ter. 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 o�set, therefore with a single degree of freedom to con-
trol: 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 1 Hz
than achievable with the best quartz oscillator based synthesis [70].

Fiber-based optical frequency combs at 1.5 �m o�er a much higher relia-
bility than titanium:sapphire based combs. They are therefore much better
suited for a wide range of applications. With this in mind, SYRTE devel-
oped ultra-low noise microwave generation with �ber combs. In [99], we
report such work where the above described method is again used to stabi-
lize 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 1015 is observed at
1 s. The comb generated signal is then used to operation an atomic foun-
tain 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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Chapter 4

Metrology

Atomic frequency standards and ultra-stable oscillators like the ones de-
scribed 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.

4.1 Comparison of primary frequency standards

In Chap. 2, we reported studies of systematic shifts in microwave and op-
tical 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.

❋❖✶ ❋❖✷�❈s ❋❖▼ ❋❖✷�❘❜

◗✉✁✂✄✁☎✆✝ ✞✟✟✠✁✡ s☛✆☞☎ ✌✶✷✍✎✏✑ ✒ ✓✏✎ ✌✶✔✶✑✏✔ ✒ ✓✏✕ ✌✕✓✑✏✖ ✒ ✶✏✷ ✌✕✎✖✑✏✑ ✒ ✓✏✍

❇✗✁✝❦❜♦✂❞ ✄✁✂✆✁☎✆♦✡ ✶✍✷✏✖ ✒ ✓✏✖ ✶✖✘✏✓ ✒ ✓✏✖ ✶✖✑✏✖ ✒ ✓✏✖ ✶✷✷✏✘ ✒ ✶✏✕

❈♦✗✗✆s✆♦✡s ✁✡✂ ✝✁✈✆☎❞ ②✉✗✗✆✡✙ ✍✓✏✑ ✒ ✶✏✎ ✶✶✷✏✓ ✒ ✶✏✷ ✷✘✏✖ ✒ ✑✏✓ ✷✏✓ ✒ ✷✏✑

❉✆s☎✄✆❜✉☎✟✂ ✝✁✈✆☎❞ ②☛✁s✟ s☛✆☞☎ ✌✶✏✓ ✒ ✷✏✍ ✌✓✏✔ ✒ ✓✏✔ ✌✓✏✍ ✒ ✶✏✖ ✓✏✎ ✒ ✶✏✓

❙②✟✝☎✄✁✗ ②✉✄✆☎❞ ✁✡✂ ✗✟✁❦✁✙✟ ❁✶✏✓ ❁✓✏✑ ❁✎✏✓ ❁✓✏✑

❘✁✠s✟❞ ✁✡✂ ❘✁❜✆ ②✉✗✗✆✡✙ ❁✶✏✓ ❁✓✏✶ ❁✓✏✶ ❁✓✏✶

▼✆✝✄♦✇✁✈✟ ✗✟✡s✆✡✙ ✌✓✏✍ ✒ ✓✏✍ ✌✓✏✍ ✒ ✓✏✍ ✌✓✏✔ ✒ ✓✏✔ ✌✓✏✍ ✒ ✓✏✍

❙✟✝♦✡✂�♦✄✂✟✄ ❉♦②②✗✟✄ s☛✆☞☎ ❁✓✏✶ ❁✓✏✶ ❁✓✏✶ ❁✓✏✶

❇✁✝❦✙✄♦✉✡✂ ✝♦✗✗✆s✆♦✡s ❁✓✏✕ ❁✶✏✓ ❁✶✏✓ ❁✶✏✓

❚♦☎✁✗ ✌✶✓✕✕✏✶ ✒ ✕✏✑ ✌✶✖✕✍✏✑ ✒ ✷✏✶ ✌✶✶✕✏✓ ✒ ✖✏✔ ✌✕✕✎✶✏✓ ✒ ✕✏✕

Figure 4.1: Uncertainty budget of LNE-SYRTE atomic fountain frequency
standards as of 2012, reproduced from [37].
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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
� 10�16 such that the overall uncertainty is fully dominated by systematic un-
certainties. 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 statisti-
cally resolved non vanishing di�erence between two fountains (di�erence of
5:7� 10�16 for an overall uncertainty of 6:0� 10�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][105]
report on such comparisons. Here also, statistically signi�cant di�erences are
found in some cases but these di�erences are well consistent with stated accu-
racies 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 e�ective comparison time (hundreds of days) is su�-
cient to average down this noise contribution to the point where systematic
uncertainties of standards dominate the overall uncertainty (see, for instance,
[106]).

In 2004, a dedicated and coordinated remote comparison campaign was
organised between PTB, NIST, NPL, INRIM and LNE-SYRTE using satel-
lite methods TWSTFT, GPS TAI P3 and GPS CP. About 20 days of foun-
tain comparisons could be cumulated between NPL-CsF1, INRIM-CsF1 and
LNE-SYRTE-FO2-Cs leading to a link uncertainty of less than 10�15. FO2-
Cs and NPL-CsF1 were found in agreement with an overall uncertainty of
1:7 � 10�15. INRIM-CsF1 was found to di�er for the two others by two
standard deviations [107].

Recently, coherent optical �ber link [108] between SYRTE and PTB
(Physikalisch-Technische Bundesanstalt, Germany) enabled remote fountain
comparisons. In this experiment, the link instability has negligible contribu-
tion 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 di�erence is 2:7 � 10�16 with an overall uncertainty
of 5:0 � 10�16. Other di�erences are closer to zero and the lowest overall
uncertainty is 4:2� 10�16 [109].
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4.2 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 hyper�ne
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 de-
�ned secondary representations of the seconds (SRS) as atomic transitions
that are measured with uncertainties close the accuracy of the primary fre-
quency standards. The CIPM, via the CCTF and the BIPM, maintains a
list of recommended values for such SRS [110], as a preparation for possible
rede�nition of the second. Highly accurate absolute frequency measurements
contribute building this list and linking the optical and the microwave do-
mains at the best possible level. It is also a mean of checking consistency of
independent measurements and of consolidating progress of the �eld.

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 87Rb hyper�ne frequency. Based on the ear-
liest of these measurements (with uncertainty 1:2 � 10�15 for the best one)
[111][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 im-
proved [22][37], bringing the uncertainty on 87Rb hyper�ne frequency down
to 4:4 � 10�16 [113]. The already mentioned optical �ber link comparison
provided the opportunity to further improve to 3:1� 10�16 [109].

We performed absolute frequency measurements of the 88Sr [114] and
87Sr 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 1016.
These measurements, together with measurements made at PTB [?](and a
few other institutes but with signi�cantly worse uncertainties), provide the
most stringent link to date between optical and microwave domains.

We performed absolute frequency measurements of the 201Hg and 199Hg
1S0�3P0 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 199Hg transition in the optical lattice clock con�gura-
tion [73][59] to an uncertainty of 3:8 � 10�16, which led this transition to
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enter the CIPM list of recommended values and to later become a secondary
representation of the second.

We performed 87Sr/87Rb [117] and 199Hg/87Rb [59] optical-to-microwave
frequency ratio measurements. Finally, we performed an optical-to-optical
frequency measurement (for the �rst time at SYRTE) of 199Hg/87Sr, with
an uncertainty of 1:8 � 10�16 limited by Hg [59]. The measurement is in
agreement with another measurement of the same quantity (uncertainty 8:4�
10�17) made at RIKEN (Japan) [74]. This ratio is one of the few optical
frequency ratios measured independently at two di�erent institutes and with
uncertainties beyond the realization of the SI second.

Altogether, with the above measurements, SYRTE had a large contribu-
tion to the CIPM list of recommended values, to linking the optical and the
microwave domain and to advancing toward a possible rede�nition of the SI
second.

4.3 Contribution to timekeeping

International Atomic Time (TAI) and Coordinated Universal Time (UTC)
are global resources of high importance for science and society. Approxi-
mately 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 [118]).
16 primary frequency standards, among which 14 Cs atomic fountains, con-
tributed in recent years, from 10 institutes. The vast majority of primary
calibrations comes from 3 or 4 institutes only. LNE-SYRTE fountain ensem-
ble 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 maintain-
ing and ascertaining the nominal accuracy, via real-time measurements of
frequency shifts (collisions) and of key parameters. This includes also ca-
pability 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 speci�c frequency shift or performing other experiments.
Over the last 15 years, LNE-SYRTE fountains provided more than 200 TAI
calibrations, which represents more than 40% of all calibrations worldwide.
Calibrations reports and their use in TAI are publicly available on the BIPM
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website, in particular in Circular T [119].
After the 87Rb hyper�ne transition was adopted by the CIPM as a sec-

ondary representation of the second (see above), we supplied TAI calibra-
tions made with FO2-Rb. For the �rst time, TAI started being calibrated
and steered using a SRS [113]. Given the limited number of standards ac-
tually and e�ectively contributing to the elaboration of TAI, this additional
possibility was signi�cant and FO2-Rb provided many calibrations. Also
this enabled setting up rules and processes for standards based on SRS to
contribute to TAI. Figure 4.2 shows data from Circular T and highlights
calibrations from LNE-SYRTE fountain ensemble.

The increase of TAI calibrations by atomic fountains from less than 1 per
month to 4-5 per months over the last 15 years yield signi�cant improvement
of TAI and UTC long term stability and accuracy [105][118]. Via the elabo-
ration of TAI, the long term stability and accuracy of atomic fountains are
made accessible to users and applications. For instance, it enables highly
accurate SI-traceable frequency measurements without a local primary fre-
quency [120].
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Figure 4.2: Calibration of TAI with primary and secondary frequency stan-
dards.

Another important aspect of timekeeping is the realization of real-time
physical representations of UTC. At Observatoire de Paris, LNE-SYRTE is
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realizing such a timescale called UTC(OP). Since October 2012, UTC(OP)
is making use of frequency measurements from atomic fountains. Speci�-
cally, one or several fountains are used to measure the frequency of a hy-
drogen 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 o�sets to be applied to the compen-
sate for frequency �uctuations of the hydrogen maser and for steering the
frequency and phase of UTC(OP) to UTC, based UTC(OP)-UTC time dif-
ferences 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 foun-
tain 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 [122][20].
The time di�erence |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, contribu-
tions 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 activ-
ities of the Réseau National de la Métrologie Française coordinated by LNE
(Laboratorie National de Métrologie et d'Essais). High performance realiza-
tions 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 mis-
sion [92][126][127].
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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 dif-
�culties. One is to require the introduction of dark energy and cold dark
matter, representing 95% 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 di�culty 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 in-
vestigate the pending question in modern physics of elaborating a uni�ed
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
Einstein's equivalent principle which one of the founding principle of gen-
eral 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.

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 [133].

60
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5.1 Local position invariance: stability of nat-

ural 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 = R1c� fA(�;�QCD;me;mu;md; :::) (5.1)

where the dimension is given by the Rydberg constant expressed in frequency
units R1c and where fA is a dimensionless function of parameters of fun-
damental interactions and of elementary particles. � is the �ne structure
constant, �QCD the mass scale of quantum chromodynamics, me the electron
mass, mu the up quark mass, etc. Atomic frequency ratios are experimentally
accessible quantities which depends on fundamental constants as :

�B=�A = fB(�;�QCD;me;mu;md; :::)=fA(�;�QCD;me;mu;md; :::): (5.2)

Function fA is, by far, not know as accurately as atomic transition can be re-
alized and compared in highly accurate clock. But, derivatives of fA with re-
spect to parameters can be computed with small enough uncertainties for the
purpose of tests discussed here (see e.g. [134][135][136][137]). Also, for these
tests, one can restrict the analysis to 3 leading parameters : �, me=�QCD and
mq=�QCD. Alternatively, one can choose �, � = me=mp, mq=�QCD. Despite
the fact thatmp is not an elementary, this choice is convenient because � nat-
urally 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 kqA, such that :

d�A
�A

= k�A �
d�

�
+ k�A �

d�

�
+ kqA �

d(mq=�QCD)

(mq=�QCD)
: (5.3)

A given frequency ratio is characterized by the corresponding sensitivity dif-
ferences. Three well-chosen atomic frequency comparisons can test a puta-
tive change of the 3 parameters k�A, k

�
A and kqA, which tests both the strong

and the electroweak interactions. More than three comparisons provide re-
dundant 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, hyper�ne transitions are sensitive of the 3 parameters, with sensitivity
k�hfs = 1 to � (since �hfs � g����2F (�) with g the nuclear g-factor), molec-
ular vibrational and rotational transitions are sensitive to � with sensitivity
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1/2 and 1 respectively, etc. Sensitivities are estimated from theory. k�A co-
e�cients are determined from quantum electrodynamics (QED) calculations
in atoms with uncertainties of 1% to 10%. k�A are typically known to much
better than 1%. kqA coe�cients depend on quantum chromodynamics and on
proton and nuclei structure calculations. They are the less well known, with
uncertainties of 10% to 100%.

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 evo-
lution 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 1:65� 10�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 alter-
native theories developed with the aim to tackle di�culties of the framework
de�ned by general relativity and the standard models. There are many di�er-
ent categories of such alternative theories, which can lead to di�erent 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 kqA provides unam-

biguous information to constrain a given theory or class of theories. Here, we
will brie�y 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
standard model (�;�QCD;me;mu;md; :::) becomes e�ective constants weakly
depending on '. Within such framework, the interpretation of slow drift
can be that the expectation value of ' at the clock is changing in relation,
for instance, the cosmological evolution, itself consistently modelled within
the alternative framework. Within such comprehensive theory, present epoch
variations can be related to variations at cosmological timescale tested by as-
tronomical observations (see e.g. [138][139][140][141][142]) 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 [131]). Within the
same framework, variations correlated with the Earth motion can be de-
scribed 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 e�ective manifestation in the 4-dimensional space-time
of a more fundamental overlaying theory (see e.g. [143][144]), etc.

Over the years, we applied high accuracy atomic frequency standard
comparisons to testing the stability of natural constants. In [112], we pi-
oneered using laser-cooled atomic fountains of 87Rb and 133Cs. The Rb/Cs
ratio is sensitive to the combination of constant gRb=gCs�

�0:49 where gRb
and gCs are the nuclear g-factors [134]. When further adding inputs from
nuclear structure models, one can �nally relate this atomic hyper�ne fre-
quency ratio to ��0:49(mq=�QCD)

�0:021 [135]. In [145][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 con-
strained at the level of d ln(�Rb=�Cs)=dt = (�11:6 � 6:1) � 10�17yr�1 and
c2d ln(�Rb=�Cs)=dU = (7:4� 6:5)� 10�7, which are some of the tightest con-
strains 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 cumulat-
ing more than 1000 days of measurements. The same constraints apply to
��0:49(mq=�QCD)

�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 refer-
ence and of UTC(OP) timescale generation. Hydrogen masers are based on
the hyper�ne transition in hydrogen at 1.4 GHz. In [146], 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 : jc2d ln(�Cs=�H)=dU j < 4:8� 10�6 and
jc2d ln(�Rb=�H)=dU j < 10�5. Cs/H and Rb/H frequency ratios are sensitive
to �0:83(mq=�QCD)

0:102 and �0:34(mq=�QCD)
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 speci�c frequen-
cies (annual and sidereal) such that other part of the spectrum (e.g. diurnal
period) can be used bound the in�uence of systematic biases and instabilities
in masers.

In [147], we reported a series of absolute frequency measurements of the
199Hg+ 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 1014 almost entirely limited by the 199Hg+ clock. Measurements were
used to test the stability of constants. We found jd ln(�Cs=�Hg+)=dtj < 7 �
10�15yr�1, which constrains �5:77�(mq=�QCD)

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
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high sensitivity to �. The 5d106s 2S1=2 � 5d96s2 2D5=2 electric quadrupole
transition in 199Hg+ also has a negative sensitivity to �, which is rather
unusual. The large negative sensitivity of Hg+ k�

Hg+
= �2:94 combines with a

high positive sensitivity of hyper�ne transition (�2 and relativistic correction
factor) k�Cs = +2:83 to give a tight constraint on putative � variation.

Absolute frequency measurements of the 87Sr like the one described in
Sec. 4.2 can be used in a similar manner [148]. In [116][128], we report con-
straints using both latest high accurate measurements made at SYRTE and
measurements made by other institutes. In this case, given the many insti-
tutes running Sr optical lattice clock experiments, it is bene�cial and relevant
to combine from all places. We had d ln(�Cs=�Sr)=dt = (2:3�1:8)�10�16yr�1

and c2d ln(�Cs=�Sr)=dU = (1:3� 1:5)� 10�6. The same constraints apply to
�2:77�(mq=�QCD)

0:002. These results will for sure improve signi�cantly in a
near future, given the continuing e�orts of many institutes to develop highly
accurate Sr optical lattice clocks and to link them to primary frequency ref-
erences [149][117][120].

The work done with LNE-SYRTE fountain ensemble included comparing
with the transportable fountain FOM with FO2 and participating to im-
proving 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 [150], which yielded yet another of test
based on the Cs/H(1S-2S) ratio [151]. In 2004, the constraint was at the level
of (3:2� 6:3)� 10�15yr�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 transi-
tion in hydrogen are key to determining the Rydberg constant R1 and the
proton charge radius rp [154], 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 [155][156][157].

All the above tests becomes more robust when combined together. In
[145], we gave such analysis an concluded that putative fractional variations
of �, � and mq=�QCD are constrained at the level of (�2:5�2:6)�10�17yr�1,
(1:5 � 3:0) � 10�16yr�1 and (7:1 � 4:4) � 10�15yr�1 respectively for time
variations, and at the level of (0:5 � 2:7) � 10�6, (�0:4 � 1:5) � 10�5 and
(�0:5�2:8)�10�5 for variations with the gravitational potential. Progress of
clocks in the last few years and progress to come will signi�cantly 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
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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 ap-
proach [158], i.e. RF transitions used in Dy make very poor atomic frequency
standards and the sensitivity is orders of magnitudes higher jk�Dyj � 106�107.
Largely enhanced sensitivity can appear for transitions between accidentally
quasi-degenerate states of di�erent con�guration compositions. In Dy, these
are two electronic levels of di�erent parities. Proposals ave been made to
exploit coincidences between hyper�ne and rotational energies in diatomic
molecules [159]. The isomeric nuclear transition in 229Th [160] is another ex-
ample where accidental quasi-degeneracy yields magni�ed sensitivity [134].
Highly charged ions can also support transitions with enhanced sensitivities
by this mechanism and other factors [161]. All these promising alternative
approaches are yet to be brought into reality.

5.2 Search for dark matter

Highly accurate atomic frequency ratio measurements can also be used to
search for dark matter [162][163][164][165]. 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 in-
troduced. 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, me, mu,
md,... will be induced (see [165][166] and references therein). And in turn,
an oscillation of atomic transition frequency ratios will emerge, whose ampli-
tude relates to the k�A, k

�
A and kqA of transitions, to the couplings parameters

between ' and the standard model and to the local density of dark matter
�DM ( � 0:4 GeV.cm�3), which is given by galaxy rotation curves and mass
models here speci�cally applied to the Milky Way [167].

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 de-
scribed 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 10�24eV< m' < 10�17eV, 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-
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tion). The Rb/Cs tests both the coupling with the electroweak interaction
via the �ne-structure constant �(') and the couling with the strong inter-
action via mq(')=�QCD('). The level of the constraint goes from 10�8 to
10�4 depending on the mass [166]. This test provides is both complementary
and competitive with the previous similar test using RF spectroscopy of Dy
isotopes [168].

In [169], the same experiments are analyzed in a modi�ed theoretical
framework where couplings of light scalar dark matter with Higgs boson,
with photon and with light quark are considered and tested.

Figure 5.1: Search for dark matter using the Rb/Cs ratio measured with
atomic fountain frequency standards: Constraint on coupling constants be-
tween a massive scalar �eld and the standard model as a function of the
scalar �eld mass.

5.3 Local Lorentz invariance in the photon sec-

tor

Accurate atomic frequency standards and ultra-stable oscillators also �nd
applications in testing local Lorentz invariance. These tests are modern ver-
sions of Michelson-Morley [170], Kennedy-Thorndike [171] and Ives-Stilwell
[172] experiments. Here, we used the LNE-SYRTE ultra-stable reference (see
Sec. 3.1) to compare the frequency of the ultra-stable cryogenic oscillator and
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the frequency of hydrogen masers. As already seen, the frequency of the hy-
drogen maser is connected to the 1:4 GHz hyper�ne transition is atomic
hydrogen. The frequency of the cryogenic oscillator instead is the frequency
of a particular mode of the electromagnetic �eld inside a sapphire resonator
kept at cryogenic temperature. The frequency of this mode (� 11:932 GHz)
is de�ned by the dimensions of this macroscopic object. The comparison
between the two frequencies is therefore a ratio between an atomic frequency
and the frequency de�ned by the propagation of the electromagnetic �eld
within boundary conditions de�ned by a macroscopic object. To test local
Lorentz invariance, one look for change of this frequency ratio correlated
with changes of velocity and orientation of the experiment with respect to
the supposedly preferred frame, a natural candidate being the frame of the
cosmic microwave background [173]. In our experiment, we rely on the Earth
motion to induce changes in velocity and orientation. Putative violations of
local Lorentz invariance induce sinusoidal modulations of the ratio, with spe-
ci�c phases, at speci�c frequency related to the sidereal angular frequency
!� and the angular frequency of the Earth orbital motion 
�.

In [174][175][176][177], we analyse up to 6 years of quasi-continuous com-
parison. 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 sim-
ple alternative framework for analyzing the experiment is the Robertson,
Mansouri and Sexl framework [178][179][180][181], where modi�cations of
Lorentz transformation laws are introduced and mathematically described
by 3 parameters �rms; �rms; �rms. In special relativity, �rms = �1=2; �rms =
1=2; �rms = 0. Also, in this framework, Michelson-Morley experiments test
PMM = 1=2 � �rms + �rms, Kennedy-Thorndike experiments test PKT =
�rms � �rms � 1 and Ives-Stilwell experiments test PIS = �rms + 1=2. PMM,
PKT and PIS are equal to zero in special relativity. Analyzed in this frame-
work, our experiment tests both PMM and PKT. 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.
Analyzing longer data set [177] improved the Kennedy-Thorndike test by
another factor of 8, giving PKT = (�4:8� 3:7)� 10�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-
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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
bene�t of this approach is to place many di�erent experiments in single com-
prehensive framework. In this way, di�erent tests can be compared if they
address the same sector. Also, untested sectors are better identi�ed 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
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 [190]. 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].

5.4 Local Lorentz invariance in the matter sec-

tor

Highly accurate atomic spectroscopy can test isotropy of space and mass
in modern versions of Hugues-Drever experiments [193][194][195]. FO2-Cs
atomic fountain was used to design and implement such a test. The exper-
iment relies on measuring the frequency �+3 and ��3 of the jF = 3;mF =
+3i $ jF = 4;mF = +3i and jF = 3;mF = �3i $ jF = 4;mF = �3i
transitions and to search for variations of these frequencies correlated with
changes of orientation of the quantization axis (de�ned by the vertical mag-
netic �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
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 con�gura-
tions measuring �+3, ��3 and �0, the frequency of the usual clock transition
jF = 3;mF = 0i $ jF = 4;mF = 0i. The quantity �c = �+3 + ��3 � 2�0
can then be extracted and correlated with the orientation of the quantiza-
tion 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 po-
tential biases in the test, in particular, biases that could come from unperfect
cancellation of the �rst order Zeeman e�ect, due to non-identical space and
velocity distributions of mF = +3 and mF = �3 atoms and to magnetic �eld
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gradients. As a result, sidereal and semi-sidereal modulations of �c could be
bound at the level of 60 �Hz (which is equivalent to the fT level in terms of
magnetic �eld and to the 10�28 GeV range in terms of energy).

The test was analyzed within the already mentioned standard model ex-
tension 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 di�erent elementary
particles. In [196], such sensitivities are calculated. The quantity of inter-
est in this test �+3 + ��3 � 2�0 connects to Lorentz violating terms via the
momentum quadrupole moment of the nucleons in the 133Cs 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 [197]
and references therein), which gave a more accurate value for the sensitivity
to proton parameters and showed that the experiment has a non zero sen-
sitivity to neutron parameters. Sensitivity coe�cients are p = 8:32 � 10�4

and n = 1:76� 10�5. Within a factor close to 1, these dimensionless coe�-
cients 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
10�24 GeV for the proton and 10�22 GeV for the neutrons [197]. 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 viola-
tion tests in the standard model extension framework is given in [191][192].
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Chapter 6

Conclusions and prospects

6.1 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 hyper�ne 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 speci�cally
for the PHARAO cold Cs atomic clock onboard ACES. For instance, ex-
periments on microwave lensing and background gas collision shifts would
have high value to build con�dence and possibly reduce stated uncertainties
[198]. Elaboration of the UTC(OP) experiments and connecting it to the
ACES ground terminal will be just as important for all objectives of the mis-
sion. Of course, these tasks are compatible with most other applications of
fountain standards, which will continue during the ACES mission.

The Hg experiment o�ers many possibilities. Developing the setup as a
highly accurate optical frequency standard will remain one of the main direc-
tions. 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
magneto-optical trap (2D-MOT) a permanent resource for experiments. The
2D-MOT shall give many advantages and possibilities. All other things be-
ing 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 cy-
cle of the clock sequence. Short term stability in the low 10�16 at 1 s shall
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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 sta-
bility < 10�16 at 1 s needed for investigating individual shifts at the < 10�18

level. The 2D-MOT will also allow increased atom number for collision stud-
ies. 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 the-
ory [54]. To bring the uncertainty down to 10�18, it is necessary to address
this e�ect experimentally. One approach would be to do precise Stark shift
determination and possibly additional measurements as in [203][204][205].
Another approach would be to set up cryogenic environment. The black-
body radiation shift of Hg is less than 10�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 2:3 � 10�18K�1. A moderately de-
manding 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 199Hg 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 e�ects will help
con�rming theoretical predictions (which di�er signi�cantly between [80] and
[206]). They might de�ne the ultimate accuracy achievable with Hg. We can
expect that this limit will be in the low 10�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 bene�t 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 de�ning the best route toward quantum degenerate
gases of Hg and cold molecules. Investigating potential speci�c interest of
other isotopes than 199Hg 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 de�ning whether and how to undertake
other research, for instance to detect the nuclear anapole moment of Hg via
light shift measurements [207].

One major prospect in the �eld of optical frequency metrology is to fur-
ther develop and exploit optical �ber links [108]. One bene�t will be to
enlarge the number and diversity of atomic frequency ratio that can be mea-
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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. Eu-
ropean 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/88Sr+. 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 o�ered by the clock ensemble at SYRTE, by its
optical �ber link connections and by the original con�guration of the dual
Rb and Cs fountain. One could see how di�erent 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 uncer-
tainty. A rede�nition of the second of the international system of units based
on optical transition(s) is therefore logical and desirable. For such a redef-
inition 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 de�nition must be guaranteed.
Equivalence of realizations based on the new de�nition 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. Su�ciently wide
dissemination of realizations based on the new de�nition shall be e�ective,
possibly through measurements beforehand of optical frequency ratios. Ded-
icated e�orts will be made with the SYRTE clock ensemble to contribute
ful�lling these requirements and to prepare for after the rede�nition. Of
course, only the sum of coordinated e�orts of a wide community will bring
readiness for rede�nition. In its strategy document, the consultative com-
mittee for time and frequency (CCTF) of the international committee for
weights and measures (CIPM) anticipates that rede�nition could be possi-
ble 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 e�ects of Earth's gravity on space-time must be taken
into account in most applications. The �rst and foremost e�ect is Einstein's
gravitational redshift [208]: two identical frequency standards located in dif-



6.1. CONCLUSIONS AND PROSPECTS 75

ferent gravitational potentials appear to have di�erent frequencies when com-
pared remotely [209]. This e�ect can be understood as coming from the fact
that proper time at the two frequency standard locations is modi�ed depend-
ing on the local value of the gravitational potential. The e�ect comes from
the structure of space-time modi�ed by massive object. It does not depend on
the nature of the two identical frequency standards: �2=�1 = [1�(U2�U1)=c

2]
where U1 and U2 refer to the gravitational potential at the two frequency stan-
dard positions. Near the Earth's surface the gravitational redshift amount
to � 10�16m�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. Sim-
ilarly 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 [92][126][127].

Conversely, remote comparisons of frequency standards near the Earth's
surface can be viewed as a way to gain knowledge on the gravitational po-
tential. This leads to the idea of chronometric geodesy [210] and of using
frequency standards as sensors for Earth sciences. The advent of optical
frequency metrology at the 10�18 level means the possibility to reach 1 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 mod-
els [211]. More studies of this type will help de�ning 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 10�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 10�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.
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