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In this article, we report on the work done with the LNE-SYRTE atomic clock ensemble
during the last 10 years. We cover the progress made in atomic fountains and in their
application to timekeeping. We also cover the development of optical lattice clocks based
on strontium and on mercury. We report on tests of fundamental physical laws made with
these highly accurate atomic clocks. We also report on work relevant to a future possible
redefinition of the SI second.
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RESUM E

Dans cet article, nous rapportons le travail réalisé avec les horloges atomiques du LNE-
SYRTE au cours des dix derniéres années. Nous décrivons les progrés accomplis en
matiére de fontaines atomiques et leur application a la mesure du temps, ainsi que le
développement des horloges a réseau optique basées sur le strontium et le mercure. Nous
décrivons les tests des lois physiques fondamentales réalisés avec ces horloges atomiques
trés précises. Nous faisons également le point sur des travaux se rattachant a une possible
future redéfinition de la seconde SI.

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Research on highly accurate atomic frequency standards and on their applications is making fast and steady progress.
The quest for ever-increased accuracy is advancing hand in hand with advances in quantum physics, with better under-
standing and manipulation of atomic systems, with exploration of fundamental laws of nature and with the development
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of important services and infrastructures for science and society. The quest for increased accuracy is also a powerful incen-
tive to innovation in such areas as lasers, laser stabilization, low-noise electronics, stable oscillators, low-noise detection of
optical signals, fiber devices and cold-atom based instrumentation for ground or space applications. Finally, in addition to
enhancing existing applications, improved accuracy leads to new applications.

This article focuses on key achievements and trends of the last 10 years. Over this period of time, the first generation
of laser-cooled standards, using the atomic fountain geometry, reached maturity and had a large impact on international
timekeeping. The typical accuracy of these frequency standards, 2 parts in 106, is now permanently accessible both locally
and globally. At the same time, a new generation of optical clocks showed tremendous and steady improvement, gaining
more than two orders of magnitude in a decade. To date, an accuracy of 6.4 x 10~'8 [1] was reported. Similarly, major
improvements occurred in many other aspects of optical frequency metrology, notably in optical frequency combs and
optical fiber links.

In this article, we will report on developments of the LNE-SYRTE atomic clock ensemble (see Fig. 1) since our 2004
report in the thematic issue of the Comptes rendus de I’Académie des sciences on Fundamental Metrology [2]. This work exem-
plifies many of the above-mentioned features of research on highly accurate atomic frequency standards. We will focus on
frequency standards and their impact on timescales and timekeeping, on clock comparisons, including optical-to-microwave
comparisons with combs, and their applications. Several other aspects of our research are covered by other articles of the
present dossier of the Comptes rendus Physique, i.e. the space mission PHARAO/ACES [3], fundamental tests with clocks [4],
development of technologies for space optical clocks [5] and optical fibers links [6].

2. Atomic fountains

Atomic fountains are the first generation of laser-cooled atomic frequency standards. They use the fountain geometry
where the spectroscopy of the clock transition is performed onto a free-falling sample of laser-cooled atoms that is be-
forehand launched upwards vertically (see, for instance, [7] and references therein). To date, atomic fountains using cesium
provide the most accurate realization of the SI second. One important aspect of the last 10 years was to better understand
systematic shifts limiting the accuracy of these devices.

Distributed cavity phase shift - In atomic fountains, the Ramsey interrogation is realized by the up-going and down-going
passages of the atomic sample through the microwave Ramsey cavity. The spatial phase variations of the field inside the
cavity, when sampled by the moving atoms, induce a frequency shift, which can be described as a residual Doppler shift. For
a long time, there was a lack of both a complete and agreed model for this effect and of experiments to test it. Consequently,
this effect was one of the main sources of uncertainty in atomic fountains. In [8,9], a new approach was proposed to
compute the cavity phase distribution. We performed measurements of these shifts in FO2-Cs, which enabled the first
quantitative comparison between theory and experiment [10]. This study validated the theoretical model and lowered the
distributed cavity phase uncertainty for FO2-Cs to 10716, It also defined a method to determine this uncertainty, which was
then adopted in [11,12] and for other SYRTE fountains.

Microwave lensing shift - The microwave field inside the Ramsey cavity not only excites the transition between the two
internal clock states but also modifies the motion of atomic wave packets, leading to a frequency shift [13,14]. In [15], a new
approach to compute the shift was proposed. It was then used in a complete model of the effect, taking into account all
features of the interaction such as atomic velocity and space distributions and detection non-uniformities [11,12]. This same
method was applied to LNE-SYRTE fountains, for which shifts are reported in Table 2 of [7].

Blackbody radiation shift — In 2004, conflicting measurements and calculations of this shift induced by thermal radiation
bathing the atoms were reported. This led us to revisit our early accurate measurements of the Stark coefficient [16]. Our
new measurements at lower electric fields have been found to be in excellent agreement [17]. The theory of the Stark shift
developed in the 1960s turned out to have a sign error for the tensor part. This led to a small change of the blackbody
radiation shift correction of 7 x 10~17 [7]. Two independent high-accuracy ab initio calculations further agreed with the
blackbody radiation shift correction derived from our Stark measurements.

Microwave leakage and synchronous phase perturbations - Interaction of atoms with unintended residual microwave field
and synchronous perturbation of phase of the probing field can produce shifts. We developed microwave synthesizers that
can be switched without introducing phase transients and a phase transient analyzer with 1 prad-s~! resolution [18]. Using
these tools, we lowered the uncertainty related to these putative frequency shifts to less than 1016,

Our approach to deal with other systematic shifts remained as described in our last report in the Comptes rendus [2].
Table 1 gives, as an example, the accuracy budget of FO2-Cs as of 2014.

Another important achievement was the simultaneous operation with 87Rb and 133Cs of the dual fountain FO2. This was
done by implementing dichroic collimators overlapping 780 nm (for Rb) and 852 nm (for Cs) radiations for all laser beams,
and by adopting a time sequence enabling a time-resolved selective detection of the two atomic species [19]. Further notable
improvement relates to reliability and capability for long-term unattended operation. Using 2D magneto-optic traps to load
the optical molasses suppressed residual background vapor and enhanced the lifetime of the alkali sources. Also, we devel-
oped an automatic data processing system that monitors the status of all fountains, oscillators and internal links in quasi-real
time. This system allows rapid detection of failures. It also performs automated fountain data processing, taking into account
all systematic corrections, and it continuously generates frequency measurements at the nominal uncertainty of the foun-
tains. This capability has had major impact on timekeeping and other applications of atomic fountains (see Sections 5 and 6).
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Table 1

Typical uncertainty budget of the FO2-Cs primary frequency standard (left). Uncertainty budget of the Sr1 optical lattice clock as of July 2011 (right). The
tables give the fractional frequency correction and its Type-B uncertainty for each systematic shift, in units of 10~'6. The total uncertainty is the quadratic
sum of all uncertainties.

FO2-Cs
Physical origin of the shift Correction Uncertainty Srl
Quadratic Zeeman —1919.9 03 Physical origin of the shift Correction Uncertainty
Blackbody radiation 168.4 0.6 Quadratic Zeeman 19.7 0.2
Collisions and cavity pulling 201.2 1.5 Blackbody radiation 53.8 0.8
Distributed cavity phase -0.9 1.2 Collisions -0.2 0.5
Microwave lensing —-0.7 0.7 AC Stark shift lattice 1st order —0.5 0.1
Spectral purity & leakage 0 0.5 AC Stark shift Lattice 2nd order 0 0.1
Ramsey & Rabi pulling 0 0.1 DC Stark shift 0 0.01
Relativistic effects 0 0.05 Line pulling 0 0.5
Background collisions 0 1.0

Total 72.8 1.0
Total —1551.9 2.5

3. Optical lattice clocks

In optical lattice clocks (OLCs), a set of neutral cold atoms, dipole-trapped in an optical lattice, are interrogated by an
ultra-stable “clock” laser. Because they involve probing an optical transition of a large (typically 10%) number of tightly
confined atoms, they combine an excellent ultimate frequency stability—only limited by the Quantum Projection Noise
(QPN)—and a high accuracy. Proposed in 2001 [20,21], OLCs made tremendous progress in the last decade. OLCs have
demonstrated unprecedented frequency stabilities of a few 10~'6/,/T and a record accuracy below 10~'7 [1], overcoming
the best ion clocks [1,22-25]. With current improvement in laser stabilization, OLCs are expected to reach a QPN limited
stability on the order of 10~17/,/T within a few years, thus enabling an even better characterization of systematic effects.
OLCs with Sr, Yb, Hg and more prospectively Mg have been demonstrated. Among these atomic species, Sr is currently the
most popular choice because of the accessibility of the required laser wavelengths, the possibility to cool Sr down to sub-pK
temperature using the narrow 'Sq — 3P inter-combination line, and the possibility it offers on the control of systematic
effects, most notably concerning the high-order perturbation by the trapping light and cold collisions.

Strontium optical lattice clocks — LNE-SYRTE developed two OLCs using strontium atoms. The design of these clocks uses
an optical cavity to enhance the optical lattice light, giving access to large trap depths. It enabled us to explore systematic
effects induced by the trapping laser light. These effects are specific to OLCs, and we have demonstrated that they can
be controlled to better than 10~'7, even with a significant trapping depth [26,27], thus validating the concept of OLCs.
In particular, we have determined the precise value of the “magic wavelength” for which the impact of the trapping light
is canceled at the first order, and resolved or upper-bounded a number of higher order effects. Because OLCs use a large
number of atoms in a tightly confined space, they are subject to a significant density-dependent systematic frequency shift.
Some groups have resolved a density shift on the order of 10~1¢ with both Sr and Yb. However, the loading technique
chosen at LNE-SYRTE leads to a lower atomic density, thus dramatically reducing this effect below 10~17. The blackbody
radiation shift has remained the dominant contribution to the accuracy budget, with an uncertainty around 5 x 1017 for
both Sr and Yb, assuming a 1-K uncertainty on the temperature of the environment. Recently, precise measurements of the
static polarizability of Yb and Sr, together with carefully crafted environments for the atoms has enabled a few groups to
drastically reduce this uncertainty, down to the 10~'8 range.

Comparisons between clocks are necessary to confirm their accuracy budget. The first comparisons between remote
Sr OLCs were achieved by comparing to cesium clocks (see Section 5), but they were soon limited by cesium accuracy.
LNE-SYRTE published the first comparison between two local OLCs that confirm that the accuracy budget of the clocks is
better than that of the cesium fountains, involving two Sr clocks with a frequency difference smaller than their combined
accuracy budgets of 1.5 x 10716 [22]. This resolution is obtained after less than one hour of integration. Table 1 gives the
accuracy budget of one of the Sr OLCs at the time of this comparison.

Mercury optical lattice clock - SYRTE also started the development of a mercury OLC. Hg has the advantage of low sensitiv-
ity to blackbody radiation and to electric field (30 times lower than Sr, 15 times lower than Yb). For the 19°Hg isotope, clock
levels have a spin 1/2 for which the tensor light shift sensitivity is absent. Also, because of its high vapor pressure, it does
not require an oven and enables the use of a 2D magneto-optic trap as the initial source of atoms. Hg is also interesting for
fundamental physics and atomic physics, because of a quite high sensitivity to a variation of « (see Section 5) and its seven
natural isotopes. The main challenge of using Hg lies in the need for deep UV laser sources. When the potential of Hg for a
highly accurate optical lattice clock arose, Hg had never been laser cooled.

In the last years, we made all the steps leading to the demonstration, for the first time, of a Hg lattice clock. Laser cooling
on the 254 nm 'Sqg — 3P; intercombination transition was demonstrated and studied [28-30]. A clock laser system with
a thermal noise limited instability of 4 x 10~'® was developed [31,32]. We performed the first direct laser spectroscopy of
the clock transition, firstly on atoms free-falling from a magneto-optic trap [33] and secondly on lattice-bound atoms, with
linewidth down to 11 Hz (at 265.6 nm or 1128 THz). We performed the first experimental determination of the “magic
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Fig. 2. (Color online.) Principle of the transfer of spectral purity (left): the optical beatnotes of the comb with a master laser on the one hand, and with a
slave laser on the other hand, are rescaled and mixed before being compared to a stable synthesizer. The feedback on the offset-locked slave transfers the
spectral purity of the master to the slave laser. The modified Allan deviation (right) of the noise added by the transfer itself has a level of only 2 x 108
at 1's, and averages down to 2 x 10729 after 1000 s.

wavelength” [34], for which our best value is 362.5697 £+ 0.0011 nm. We performed initial measurements of the absolute
frequency of the '9°Hg clock transition down to an uncertainty of 5.7 parts in 10'> [35].

So far, the advancement of the Hg optical lattice was mainly hindered by the poor reliability of the 254-nm laser-cooling
and by the modest lattice trap depth. Recent work enabled large improvements to overcome these two limitations, opening
the way to in-depth systematic studies and higher accuracies.

4. Optical frequency combs

The development of optical frequency standards of the kind presented in the previous section is aimed at producing
a laser electromagnetic field of extremely stable and accurate frequency. To realize a complete metrological chain that
allows comparison with other standards operating at different wavelengths in the optical domain or in the microwave
domain (such as primary frequency standards), it is necessary to use a specific device. The method of choice nowadays
is the optical frequency comb based on mode-locked femto-second laser, that provides a phase coherent link spanning
across the optical and microwave domains. Recently, SYRTE focused on a technology of comb based on erbium-doped fiber
lasers, whose foremost asset is the capability to function for months with a very limited maintenance while performing
state-of-the-art measurements. Tight phase locking (bandwidth ~ 1 MHz) of such a comb onto a 1.5 pm ultra-stable laser
sets it in the narrow-linewidth regime where beatnotes with other ultra-stable light at other wavelengths are typically
~ 1 Hz linewidth. This provides high-performance simultaneous measurements of the various ultra-stable optical frequency
references at SYRTE in the visible and near-infrared domain.

The comb also behaves like a frequency divider: the repetition rate of the comb, frep, results from the coherent division of
the 1.5-pm laser frequency v;. By photo-detecting the train of pulses and filtering out one specific harmonic of the repetition
rate, one can generate a microwave signal whose phase noise is that of the cw optical reference, divided by the large
frequency ratio (typically 20,000) between a 1.5-pm wavelength cw laser and a 10-GHz microwave signal. 10 GHz signals
with phase noise of —100 dBc/Hz at 1 Hz Fourier frequency and —140 dBc/Hz white noise plateau are now straightforward
to produce. This low phase noise level is comparable with that of cryogenic sapphire oscillators and is thus sufficient to
operate state-of-the-art microwave atomic fountains (Section 2) with a short-term stability limited only by atomic quantum
projection noise. We have realized proof-of-principle experiments of such a scheme [36] and are now progressing toward
implementing it in an operational system. We further demonstrated several advanced techniques [37-39] to reduce the
imperfection of the frequency division and photo-detection processes. We have shown that it is now becoming possible
to generate microwave signals with phase noise as low or lower than any other technology for a large range of Fourier
frequencies. Applications of such extremely low noise microwave signals can be found in RADAR (civil and military) as well
as very long baseline interferometry.

Finally, the comb-based transfer of spectral purity between different wavelengths recently led to exciting results. This
application is crucial for the future development of optical lattice clocks, whose short-term stability is currently limited
by the spectral purity of the ultra-stable clock laser probing the atomic transition. Several competing technologies are be-
ing explored, notably at SYRTE, to improve the performance of these lasers, all of them very challenging, some of them
wavelength-specific. Being able to utilize the performance of an extremely stable laser at a given wavelength and to dis-
tribute its performance to any wavelength within reach of the frequency comb is an important milestone for the future
developments of optical lattice clocks. We demonstrated such transfer from a master to a slave laser with an added insta-
bility of no more than a few 10718 at 1 s (see Fig. 2, right), well within the requirements expected for the next several
years [40].
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Fig. 3. (Color online.) Top left: Temporal record of fractional variations of the vg,/vcs hyperfine frequency ratio. The error bars are the total 1 o uncertainties,
dominated by the systematic uncertainties. The solid red line is the weighted fit to a line with inverse quadratic weighting. The origin of the vertical axis
corresponds to the 87Rb secondary representation of the SI second recommended in 2012, with a recommended uncertainty 1.2 x 10~1° (gray area) [41]. Top
right: International comparisons of the vs;/vcs frequency ratio. A fit shows an upper bound on a drift of this ratio, as well as on a variation synchronized
with the Earth’s orbit around the Sun. Bottom: Results of the global analysis of accurate experimental determinations of variations of atomic frequency
ratios, available as of October 2014. The table gives constraints on temporal variations and on couplings to gravitational potential for the three fundamental
constants: o, (t =me/mp and mq/Aqcp. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

5. Fundamental physics tests

One exciting scientific application of atomic clocks with extreme uncertainties is to contribute to testing fundamen-
tal physical laws and searching for physics beyond the Standard Model of particle physics. The frequency of an atomic
transition relates to parameters of fundamental interactions (strong interaction, electro-weak interaction), such as the fine-
structure constant o, and to fundamental properties of particles, like for instance the electron mass, m.. Repeated highly
accurate atomic clock comparisons can be used to look for a putative variation with time or with gravitational potential of
atomic frequency ratios, and, via suitable atomic structure calculations, of natural constants. Clocks provide laboratory tests,
independent of any cosmological model, that constrain alternative theories of gravity and quantum mechanics, thereby
contributing to the quest for a unified theory of the three fundamental interactions.

87Rb vs 133Cs comparisons - The improvements of atomic fountains described in Section 2 enabled major enhancement
in the number and in the quality of Rb/Cs hyperfine frequency ratio measurements since our last report in the Comptes
rendus [2]. Measurements have been performed almost continuously since 2009. The left side of Fig. 3 shows the temporal
record of the variations of this ratio. Measurements extending over 14 years give stringent measurements of a putative
variation with time and gravity of the Rb/Cs ratio, as reported in [42]. Taking into account out most recent data, we get
dIn(vgp/ves)/dt = (—11.6 £6.1) x 10~17 yr~! for the time variation. For the variation scaled to the annual change of the
Sun gravitational potential on Earth U, we get c2d In(vgp/vcs)/dU = (7.4+6.5) x 10~7, which provides a differential redshift
test between Rb and Cs twice more stringent than [43].

878r vs 133Cs comparisons - Frequency ratios between optical and microwave clocks offer a different sensitivity to natural
constants than hyperfine frequency ratios. International absolute frequency measurements of strontium optical lattice clocks
against Cs fountain primary frequency standards over a decade (Fig. 3, right-hand side) give the linear drift with time
of the vs;/vcs ratio: dIn(vs;/vcs)/dt = (—2.3 £ 1.8) x 10716 yr=!, and of the variation with the gravitational potential:
c2dIn(vs;/ves)/dU = (—1.3 + 1.5) x 1078, Because the accuracy of these measurements has improved considerably over
time, these bounds will be significantly improved by future measurements.

Combining with other comparisons — Each pair of atoms has a different sensitivity to variations of three fundamental
constants o, @ = me/mp and mq/Aqcp. To set independent limits to variations of these three constants with time, one
can perform weighted least-squares fit to all accurate experimental determinations of variation with time of atomic fre-
quency ratios, available as of October 2014. This includes the above Rb/Cs result (see Section 5), frequency measurements of
H(1S-2S) [44], YbT [45], Hg™ [46], Dy [47] and Sr (see above, and [22] and references therein) against Cs, and the optical-
to-optical ion clock frequency ratio Al*/Hg" [48]. The fit yields independent constraints for the three constants given in
the first row of the table in Fig. 3. The constraint relative to « is mainly determined by the Al™/Hg" comparison. In this
fit, only the Rb/Cs comparison disentangles variations of @ and of mq/Aqcp. It is therefore essential to constrain mq/Aqcp.
This stems from the fact that optical frequency measurements are all performed against the Cs hyperfine frequency, except
Alt[Hgt.
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Similarly, we perform a global analysis for the variation with the gravitational potential exploiting all available com-
parisons as of October 2014 [43,46,47] and the above Rb/Cs and Sr/Cs results. The least-squares fit to these results yields
independent constraints for the three couplings to gravity given in the second row of the table in Fig. 3.

The number of atomic systems contributing to improve these tests will continue to grow, e.g. with 83Sr+ [49,50] and
171yb [51], thanks to the steady efforts of many laboratories worldwide in the field of optical frequency metrology.

6. Advanced timekeeping

TAI calibration with atomic fountains — The International Atomic Time (TAI), which is based on approximately 400 atomic
clocks, now gets its accuracy from some ten atomic fountain clocks worldwide (see, e.g., the article by G. Petit in this dossier
of the Comptes rendus Physique [52]). In the last decade, the number of calibrations of TAI with atomic fountains has grown
from approximately 10 per year to 4 to 6 per month in 2014, while simultaneously the accuracy improved from several
10~1> to a few 10716, improving TAI a lot. Combining a tremendous number of monthly calibrations and a high accuracy,
LNE-SYRTE atomic fountains are providing the largest contribution to the accuracy of TAI Between 2007 and August 2014,
they provided 197 calibrations out of a total of 407 fountain-based calibrations worldwide, a weight of nearly 50%. The left
side of Fig. 4 shows these calibrations as published in Circular T, and the SI second (red line), which is the average over
all primary calibrations computed by the BIPM on a monthly basis. This illustrates how research on laser-cooled atomic
fountain started 25 years ago led to improving an important service and infrastructure for science and society.

UTC(OP): timescales using atomic fountain clocks - The UTC(OP) timescale, elaborated at SYRTE, in the Observatoire de
Paris, is the real-time realization of UTC for France. It is a continuously operated time reference used for multiple purposes:
definition of legal time disseminated in France, reference provided to French laboratories for synchronization applications,
pivot for French contributions to TAI, test of advanced time transfer methods, link to UTC of the EGNOS system, contribution
to the development of GALILEO, time reference for the ground-segment of the PHARAO/ACES space mission [53-55].

Progress in the accuracy and most importantly in the reliability of SYRTE atomic fountains (see Section 2) enabled a
new implementation of UTC(OP). A new UTC(OP) algorithm based on a hydrogen maser steered by atomic fountains was
developed and implemented in October 2012. The maser is predictable enough to reach a stability of ~ 10~1>. The atomic
fountains allow the maser frequency to be calibrated with an uncertainty in the 1016 range [7,56]. These features are
sufficient to maintain a phase deviation of a few ns over 1-2 months, which corresponds to the delay of publication of the
BIPM Circular T. This timescale is as autonomous and independent as possible, except a small long-term steering to remain
close to UTC, and does not rely on any other timescale available in real time such as GPS time or other UTC(k). A timescale
with these characteristics provides a powerful tool to understand current limits and eventually improve international time-
keeping.

Practically, UTC(OP) is realized using a microphase stepper fed by the reference maser. A frequency correction is updated
every day to compensate the maser frequency and maintain UTC(OP) close to UTC. This correction is the sum of two terms.
The main term corresponds to the current frequency of the maser as measured by the fountains. The value is estimated with
a linear extrapolation of the data covering the past 20 days to remain robust against possible interruptions of data provision
or of the automatic data processing. The second term is a fine steering to maintain UTC(OP) close to UTC, compensating the
frequency and phase offset between UTC(OP) and UTC. It is updated monthly at the BIPM Circular T publication. The steering
correction is usually of the order of 10~> or below.

The right part of Fig. 4 presents the comparison of three UTC(k) to UTC as published in Circular T since the implemen-
tation of the new UTC(OP). Over this period, UTC(OP) is one of the three best real-time realizations of UTC [57,58], with
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UTC(PTB), the pivot of time transfers for international contributions to TAI, and UTC(USNO), the laboratory providing the
largest number of clock data included in EAL computation. Departure between UTC(OP) and UTC remains well below 10 ns,
with a rms value of less than 3 ns. This is an improvement by a factor of about 5 compared to the previous realization
method of the timescale. On-going instrumental upgrades shall further improve the short-term stability of the timescale
and the robustness of the system.

7. Toward a redefinition of the SI second

Several optical frequency standards are now largely surpassing Cs atomic fountains, which realize the second of the
international system of units (SI) and define the accuracy of TAIL This opens the inviting prospect of a redefinition of the
SI second. In 2001, anticipating this situation, the Consultative Committee for Time and Frequency (CCTF) of the Comité
international des poids et mesures (CIPM) recommended that a list of secondary representations of the second be estab-
lished. Secondary representations of the SI Second (SRS) are transitions that are used to realize frequency standards with
excellent uncertainties, and that are measured in the SI system with accuracies close to the limit of Cs fountains. They are
part of the broader list of recommended values of standard frequencies produced and maintained by the CCL-CCTF Working
Group and adopted by the CIPM. Producing and maintaining these lists of recommended values is a vehicle to keep track of
measurements providing the most stringent connections between the optical domain and the SI second, and to verify the
level of consistency between these measurements. This is an important task to prepare for a possible redefinition of the SI
second.

Contributions to the list of recommended values - LNE-SYRTE provided several high-accuracy absolute frequency measure-
ments that contributed to the list of recommended values. The 87Rb hyperfine transition was measured repeatedly against
Cs fountains, as already shown in Fig. 3. This transition became the first Secondary Representation of the Second proposed
by the CCTF in 2004, based on our early measurements, and adopted by the CIPM in 2006. After further significant progress
visible in Fig. 3, the recommended value was revised by the 2012 CCTF and adopted in 2013. The origin of the vertical scale
of the graph is the recommended value of 2012 and the gray area represent the recommended uncertainty. The weighted
average of all data points (green line) gives (2.15 + 1.48) x 10~'¢ is consistent with zero within the smallest overall un-
certainty of the measurements (4.4 x 10~16), LNE-SYRTE also provided absolute frequency measurements that contributed
to the establishment of the recommended values for the 1Sy — 3Py of 87Sr [59], 88Sr [60] and '9°Hg [35]. Using the trans-
portable Cs fountain primary standard FOM, LNE-SYRTE also contributed to the establishment of the recommended value
for H(15-2S) (measured at the Max Planck Institut fiir Quantenoptik, Garching, Germany) [61] and 4°Ca™ (at the University
of Innsbruck, Austria) [62].

875y is currently the most widespread optical frequency standard. For this reason, a large number of groups measured
the absolute frequency of 87Sr against Cs with a remarkable degree of consistency, as can be seen in the right side of
Fig. 3. These measurements led the 2006 CCTF to recommend the 87Sr as a Secondary Representation of the SI second. The
recommended value was updated by the 2012 CCTF based on measurements from five institutes. It has a recommended
uncertainty of 1 x 107>, More recently, LNE-SYRTE reported a measurement of the 87Sr clock transition with an uncer-
tainty of 3.1 x 1016 limited by the accuracy of atomic fountains [22]. This is the most accurate absolute measurement
to date of any atomic frequency. One of the key factors for the measurement is the record stability between an opti-
cal and a microwave clock: 4.1 x 10714/,/T against Cs (and 2.8 x 10714/,/T against Rb). In 2014, PTB reported another
absolute frequency measurement with an uncertainty of 3.9 x 10716 [24]. These two last measurements are in excellent
agreement.

Using a secondary representation of second to calibrate TAI — One major application of primary frequency standards is to
calibrate and steer the scale interval of the widely used International Atomic Time TAL It is important to anticipate how a
possible redefinition of the second would impact the elaboration of TAI. We used the FO2-Rb fountain to investigate how
a secondary representation of second could participate in TAL The calibrations of the frequency of our reference hydrogen
maser were produced with FO2-Rb, in a similar way that absolute calibrations are done with primary frequency standards.
These data were then submitted to the BIPM and to the Working Group on Primary Frequency Standards. Following this
submission, the BIPM and the Working Group defined how frequency standards based on Secondary Representations will be
handled by the BIPM and how they will be included into the Circular T. The Working Group was renamed Working Group
on Primary and Secondary Frequency Standards and it was decided that calibrations produced by LNE-SYRTE with FO2-Rb
could be included into Circular T and, since July 2013, contribute to steering TAIL This was the first time that a transition
other than the Cs hyperfine transition was used to steer TAI [56].

Absolute frequency measurement against the TAl ensemble — More than 40 formal calibrations of TAI with FO2-Rb have been
sent, processed by the BIPM and published into Circular T. These data can be used to measure the frequency Rb hyperfine
transition directly against the second as realized by the TAI ensemble. This can be done with a statistical uncertainty of 1
part in 10716, and therefore at the accuracy limit of primary frequency standards defining the scale interval of TAI [56].
This illustrates how TAI provides a worldwide access to the accuracy of Cs fountains. This also shows how recommended
values of the secondary representation of the second based on optical transitions could be checked against the SI second as
realized by the TAI ensemble.
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8. Prospects

In the future, highly accurate atomic clocks and their applications will keep improving at a high pace. An important
milestone in the field will be the simultaneous availability of advanced timescales, of the new generation of optical clocks
and of the means to compare them remotely at unprecedented levels of uncertainty. In the coming decade, the ACES
mission will allow ground-to-space comparisons at the 10~1® level and ground-to-ground comparisons at the mid 10~17
level [3]. Optical fiber links will allow comparisons of the most accurate optical clocks at their limit: 10~'8 or better [6]. We
can confidently predict major improvements in all applications of highly accurate atomic clocks. The availability of clocks
and clock comparisons at the 10~!8 level can further enable new applications. Clock comparisons determine Einstein’s
gravitational redshift between the two remote clock locations. For a clock at the surface of the Earth, 10~'® corresponds to
an uncertainty of 1 cm in height-above-geoid, making the idea of clock-based geodesy realistic and potentially useful. Highly
accurate clocks could become a new type of sensors for applications in Earth science, illustrating once again the fertilizing
power of the quest for ever-increased accuracy.
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