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The dissemination of atomic clocks with fiber-based techniques finds application in the fields of
metrology, fundamental physics, navigation, and spectroscopy but is a challenge in terms of reliability,
maintenance, and performance. Here, we describe the realization of a 1023-km-long fiber link between
the metrological institutes of Italy and France that shares the infrastructure with the Internet traffic and
exploits segmentation in shorter, cascaded spans to fight optical losses exceeding 280 dB. With four
months of quasicontinuous operation of this link, we compared the Cs, Rb, and Yb atomic clocks at
our laboratories, highlighting the potential of this tool to assess the clock uncertainty budgets, characterize
advanced satellite techniques, and develop optical timescales. The integration of the metrological, fiber-
based infrastructures in the two countries, connecting photonics and spectroscopy laboratories as well as
telescope facilities, provides the research community with a physical layer over which applications can be

built on.

DOI: 10.1103/PhysRevApplied.18.054009

I. INTRODUCTION

Precision spectroscopy of atoms or ions is an impor-
tant resource for timekeeping, navigation, and fundamental
science. The second, unit of time in the International Sys-
tem, is defined upon the ground-state hyperfine transition
of the 33Cs atom, and its best realizations achieve an
uncertainty in the low 107'® [1-11]. For a few years
now, atomic clocks based on optical transitions of neu-
tral atoms or ions demonstrated an even lower uncertainty
in the 10~'® range [12—15]. The comparison of different
atomic clocks led to the recommendation of secondary
representations of the second, in view of a future redefi-
nition on a single or a set of optical transitions [16—18].
Before this redefinition becomes possible, independent
interlaboratory comparisons of optical clocks both against
other optical and primary clocks must be demonstrated.
Interspecies atomic clock comparisons, particularly those
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involving microwave and optical transitions, are also at the
heart of physics measurements that constrain the possible
variations of fundamental constants [19,20].

In this frame, a network comprising clocks developed
by different teams at different institutions leverages the sci-
entific opportunities beyond those of the single laboratory
[21,22], but until recently, the instability of satellite-based
time-and-frequency transfer techniques was a significant
limitation. For instance, the Bureau International des Poids
et Mesures (BIPM) maintains the coordinated universal
time (UTC), which is the current standard for global
timekeeping, from data including both primary and sec-
ondary frequency standards and satellite comparisons [23].
Atomic clocks contributing to UTC are routinely compared
using the data that appear in the BIPM Circular T bulletin.
However, only a few bilateral fountain [24] and opti-
cal clock [25-29] comparisons have been performed. The
coherent transfer of optical signals across phase-stabilized
fibers [30—37], now covering distances of up to thousands
of kilometers, represented a breakthrough in this respect,
enabling clock comparisons where the space separation no
longer contributes to the final uncertainty [5,12,32,38-40].

In this work, we present the permanent 1023-km phase-
stabilized fiber link that connects the French and Italian
National Metrology Institutes LNE-SYRTE in Paris and
INRIM in Torino. We report on the comparisons between
three species of atomic clocks among those available at the

Published by the American Physical Society
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two institutes, namely two Cs fountain clocks [8,10], a Rb
fountain clock [9,10], and an optical Yb lattice clock [41].
Our clock comparison covered four months, demonstrating
the degree of maturity achieved by long-haul optical-
fiber links in terms of maintenance and uptime. This link
is among the few examples of thousand-kilometer-scale
optical connections [32-35] and is intended as a tool
for scientific tasks that require the regular and long-term
comparison of atomic clocks, among which are the peri-
odical assessment of frequency standards, the validation of
advanced satellite techniques [28,42,43], the generation of
optical timescales [44—48], and tests of relativity [22].

This paper is organized as follows. Section II presents
the description of the optical link and its characterization.
Section III discusses the result of the clock comparison
between the two Cs fountain clocks, the Rb fountain clock,
and the optical Yb lattice clock. A conclusion is given in
Sec. IV.

II. THE OPTICAL LINK
A. Setup description

The present link connects the Italian Quantum Backbone
(IQB) [34] and the French National Research Infrastruc-
ture REFIMEVE [49,50], both of which provide frequency
references to scientific users in the two countries, serving
high-precision atomic and molecular spectroscopy, quan-
tum physics and photonics laboratories [51-54], radio
telescopes [25,55], and the national space agencies cam-
puses [34]. Time and rf-frequency transfer to companies
and satellite navigation facilities is also being developed,
using the White Rabbit technique [56,57]. In addition, via
the REFIMEVE network, cross-border connections to the
National Metrology Institutes of Germany (PTB) and UK
(NPL) are possible [35]. A sketch of the Paris to Torino
network is shown in Fig. 1(a). It is composed of a 1023-
km cascaded link, in which the optical length of the fibers
is actively stabilized using the Doppler noise cancelation
technique [58]. An ultrastable radiation at 1542.14 nm is
generated at SYRTE by frequency locking a diode laser
to a high-finesse optical cavity. Its frequency is constantly
measured and steered to a local H maser by an optical
frequency comb, thus providing a connection to the local
frequency standards. This optical signal is distributed via a
stabilized fiber to INRIM, where it is frequency measured
against the local H maser using another optical comb.

The link is established using installed telecom fibers
provided by the French academic network RENATER
and the regional network AMPLIVIA on the French side,
and by Consortium TOPIX on the Italian side. These
fibers implement dense- and coarse-wavelength-division
multiplexing, where channel 44 of the International
Telecommunication Union grid, corresponding to a cen-
tral wavelength of 1542.14 nm, is reserved for frequency
dissemination, and the others are used for data traffic.

The coherent radiation is periodically extracted from the
shared fiber to bypass the standard network equipment
that does not sustain the bidirectional operation required
for the Doppler noise cancelation, and then injected back.
The link is split into six segments with intermediate ter-
minals located in Paris (datacenter TH2), Lyon, Grenoble,
Modane, and Frejus tunnel (across the Alps on the Italy-
France border) and lengths of 11, 597, 118, 143, 7, and
147 km respectively. Each terminal hosts a repeater laser
station (RLS) or a multibranch laser station (MLS), where
the metrological signal is regenerated by phase locking
a diode laser to the incoming radiation, and phase stabi-
lization of the subsequent segments is performed. MLSs
implement star connections that allow the simultaneous
stabilization of links to multiple terminals [59]. RLSs and
MLSs are engineered in such a way that the transmitted
signal is independent of the local rf oscillator, relaxing the
need for an accurate and stable rf reference. In addition,
11 bidirectional erbium-doped fiber amplifiers are utilized
to partly recover from the signal attenuation on more lossy
segments. The segmentation approach, described in detail
in Refs. [30,34,37,49,59], is necessary to support the link
operation, as the overall one-way power loss exceeding
280 dB could not be compensated using fiber amplifiers
only. It also improves the link phase noise suppression
by reducing the radiation round-trip delay as compared
to a nonsegmented link. The amplifiers and intermediate
terminals are operated remotely.

B. Characterization

The noise affecting the distributed frequency signal
results from a partially unsuppressed fiber noise, whose
cancelation is limited by the link delay that reduces the
control bandwidth [58], as well as temporary loss of
coherence due to failures of the stabilization electron-
ics (cycle slips), and other uncontrolled effects causing
long-term instability or a potential deviation from the
nominal frequency. While the instability due to the delay-
unsuppressed noise averages down as the inverse of the
measurement time, the other effects result in significant
frequency bias if affected points are included in the mea-
surement. Synchronously to the link operation it is hence
important to validate its performances, detect and remove
invalid points. To this end, we established independent
phase-stabilized links using the second fiber of the pair,
which is always provided by the network operators. By
phase comparing the disseminated light on a suitable com-
bination of the two links, it is possible to derive an upper
limit for the frequency dissemination uncertainty con-
tributed by each one. In detail, we adopted the scheme
shown in Fig. 1(b) to separately characterize the segments
SYRTE-TH2, TH2-Modane, and Modane-INRIM.

The SYRTE-Modane link is built by delivering the
ultrastable radiation from SYRTE to TH2, where a MLS
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Geographical layout of the infrastructure, with the link between SYRTE, Paris (France) and INRIM, Torino (Italy) charac-

terized in this work highlighted as a thick line. The map also shows the other branches of the REFIMEVE network in blue and the
Italian Quantum Backbone (IQB) in red. Cross-border connections of this infrastructure to the National Metrology Institutes NPL in
the UK and PTB in Germany are indicated in orange and green. Repeater laser stations (RLS or MLS) and link terminals are repre-
sented with open circles. (b) The scheme used for the link characterization: blue paths indicate phase-stabilized links on the two fibers.
At SYRTE, local reference light is sent to a photodiode together with the light disseminated through the loop SYRTE-TH2-SYRTE
and phase compared to a local rf reference, to evaluate the overall uncertainty of the SYRTE-TH2-SYRTE link (similarly for the
path to Modane). The green arrow represents a free-running link whose noise is removed offline. This is detected by heterodyning
local radiation at INRIM with light traveling the path INRIM-Modane-INRIM (orange line). The Modane-INRIM link is evaluated by

comparing light disseminated through the two fibers.

distributes it further to Modane through cascaded RLSs
located in Lyon and Grenoble. A part of the regenerated
signal in TH2 is instead sent back to SYRTE using the sec-
ond fiber of the pair, independently stabilized in the MLS,
and here compared to the reference input light (actively
stabilized paths are indicated by blue arrows in the figure).
This provides a measurement of the frequency distributed

along the whole SYRTE-TH2-SYRTE loop, and allows
deriving an upper limit to the SYRTE-TH2 dissemination
uncertainty. Similarly, from TH2, the regenerated light is
sent to Modane via phase-stabilized fiber segments also
including intermediate RLSs in Lyon and Grenoble. In
Modane, the radiation is regenerated, partly sent back to
TH2 using the second fiber, and there compared to the
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FIG. 2. Measured and expected instability of the link: the
orange continuous line corresponds to the end-to-end link insta-
bility of the SYRTE-Modane-SYRTE link; the blue solid line
shows the measured instability of the INRIM-Modane segment,
dominated by that of the validation link (see the text); these
instabilities are calculated from four months of data as overlap-
ping Allan deviation and shaded regions denote the uncertainty;
the blue dashed line represents the expected instability of the
Modane-INRIM link from delay-unsuppressed noise.

reference light to characterize the TH2-Modane segment.
The resulting end-to-end instabilities of the SYRTE-TH2-
SYRTE and TH2-Modane-TH2 links are quadratically
summed to derive the overall instability of the SYRTE-
Modane-SYRTE link, as shown in Fig. 2 (orange line).
In the short term, it is limited by the delay-unsuppressed
noise of the forward and return links. Short optical paths
whose length cannot be fully stabilized, mainly contained
in the TH2 multibranch station [59], contribute an addi-
tional instability that emerges at averaging times of a
few thousand seconds and is at the level of 1x10~'°. No
deviation from the nominal frequency is observed at this
level, and we assume this value as the ultimate uncertainty
contribution for the SYRTE-Modane segment.

The characterization of the Modane-INRIM segment
follows a different scheme, as it is not possible to install
any counting equipment in Modane. In Modane, the local
regenerated light is split into two parallel links to INRIM,
one of them being actively noise canceled to disseminate
the signal to INRIM, the second one being used for the
uncertainty and instability assessment. The first exploits
two RLSs in Modane and the Frejus tunnel [actively sta-
bilized paths are indicated by blue arrows in Fig. 1(b)].
At INRIM the incoming radiation is regenerated and
distributed locally. The noise of the second link [green
arrow in Fig. 1(b)] is instead continuously recorded and
removed offline [60,61]. This is achieved by sending local
ultrastable radiation from INRIM to Modane and back,
comparing it with the reference light at INRIM [orange

arrow in Fig. 1(b)]. The residual noise of the Modane-
INRIM segment is then computed by comparing the light
distributed through the two independent links.

The instability of the processed signal is shown in
Fig. 2 (blue line). Unlike the end-to-end characterization,
this scheme partly rejects the delay-unsuppressed noise
because the two links are established between the same
starting and ending points and because the two fibers are
housed in the same cable, so their noise is mostly cor-
related [62,63]. The short-term instability is thus lower
than the instability expected for this link from delay-
unsuppressed noise (dashed line in Fig. 2) [64]. For inte-
gration times longer than 10 s, the measured instability is
higher than the SYRTE-Modane segment and the delay-
unsuppressed noise contribution for this span. This is due
to about 3 m of uncompensated fibers exposed to temper-
ature variations in Modane, which could not be avoided
due to space constraints at this terminal. This contribution
will be reduced in the future by modifying the interfer-
ometer design inside the RLS in Modane. Uncompensated
fibers are present only on the link used for validation and
not on the one used for the actual dissemination: we thus
expect the dissemination link to exhibit a lower instabil-
ity, comparable to that observed on the SYRTE-Modane
span. Overall, this configuration enables us to spot long-
term effects, frequency bias, and cycle slips both in the
optical phase-locked loops and in the noise-cancelation
loops. Even considering the reported results as an upper
limit to the dissemination on the Modane-INRIM segment,
the instability reaches 6x 107! and no deviation from the
nominal frequency is observed at this level. We assume this
value as the ultimate uncertainty for this link. The uncer-
tainty of the optical link between SYRTE and INRIM is
thus < 1 x 10~'3, which is suitable for the comparison of
state-of-the-art optical clocks.

This setup has been operated almost continuously for
four months. To ensure a high level of uptime and
autonomous operation, all terminals are equipped with
automated control of the polarization of incoming radi-
ation, relock algorithms to recover from failures, and
operator alert systems. Figure 3 shows the link uptime
as a function of the modified Julian date (MJD), cal-
culated daily, over the period from MJD 59514 (Octo-
ber 27, 2021) to MID 59634 (February 24, 2022). The
figure shows the uptime of each stage, including the trans-
fer laser frequency measurements at the two combs and
local distribution links between laboratories at SYRTE
and INRIM. Downtimes are mostly due to unlocks caused
by nonstationary events on the long deployed fiber,
such as fast polarization changes or human interventions
along the link, or temporary interruptions of end-to-end
measurements. The combined uptime of the full chain,
shown in the lowermost panel, is 57% on average over
the full period, including winter holidays, and reaches 72%
on the month between MJD 59583 and 59614 (January
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FIG. 3. The daily uptime of individual segments and the com-

bined uptime of the whole link over the four months from
October 27, 2021 to February 24, 2022.

4 to February 4, 2022), highlighting the remarkable level
of reliability achieved for this infrastructure, also thanks
to the automated supervision of the fiber network and
terminals.

III. CLOCK COMPARISONS
A. Cs and Rb fountain clocks

As an application, we performed a comparison of the
microwave fountain clocks SYRTE FO2 and INRIM IT-
CsF2. SYRTE FO2 is a dual fountain that operates with
Cs and Rb atoms simultaneously [9,10]. The two parts of
FO2, named FO2-Cs and FO2-Rb, are independent fre-
quency standards: FO2-Cs is a primary frequency standard
and FO2-Rb, based on the hyperfine transition of ¥’Rb,
is a secondary representation of the second [18,65]. The
systematic uncertainty of these two fountains is between
2x107'¢ and 3x107'%. Their local oscillator is a cryo-
genic sapphire oscillator, phase locked to a H maser: it
grants a stability of 3.2x107'%/,/t/s for FO2-Cs and
2.9x107*//t/s for FO2-Rb, T being the measurement
time, in full density mode. The density shift is evaluated in
real time by alternating full and half density modes: with
this measurement protocol, most of the uncertainty due to
zero-density extrapolation averages down as /7 and con-
tributes to the statistical uncertainty [66]. After density

correction, systematic uncertainty becomes dominant after
34d.

IT-CsF2 is the Italian primary frequency standard [8].
It is a cryogenic Cs fountain clock with a 2x 107'¢ stated
uncertainty. The local oscillator for this clock is a BVA
quartz phase locked to a H maser, contributing a short-term
instability of 2x 10713/ /T/s.

Typically, a measurement time of one month is neces-
sary to reduce the statistical uncertainty of IT-CsF2 below
the level of systematic. Here we extended the comparison
to four months, since all the blocks of the measurement
chain can be operated with only minor human intervention.
The data processing was performed in two steps. In the
first step, following the procedure explained in Ref. [67],
the frequency ratio between the two remote H masers was
obtained by combining the transfer oscillator frequency
measurements on the two remote combs with the link data,
excluding points where any of the measurements showed
anomalous values or cycle slips. To this end, acquisitions
at the counting terminals (SYRTE, TH2, and INRIM) were
synchronized to better than 1 s. The synchronization sig-
nal was based on local realizations of UTC [UTC(IT) and
UTC(OP) at INRIM and SYRTE], while in TH2 it was
delivered via a White Rabbit link [56]. In the second step,
validated data were averaged in bins with nominal duration
of 864 s. Only bins with more than 50% valid data were
considered. Fountain data, representing measurements of
the H masers with the local microwave clocks, were sam-
pled to the same 864-s grid and combined with the former.
Data were processed as fractional frequency ratios y =
r/ro — 1, where r is the physical frequency ratio (or abso-
lute frequency) and 7y is an arbitrary reference ratio (or
reference absolute frequency). This is a common technique
to avoid computational problems with numbers with many
digits and to linearize equations [67].

Figure 4(a) shows the fractional frequency deviations
of FO2-Cs/IT-CsF2 and FO2-Rb/IT-CsF2 obtained via
the link, as well as the local measurement FO2-Rb/FO2-
Cs at SYRTE, averaged over 864 s. For Rb, we chose
the reference frequency to be consistent with the sec-
ondary representation of the second for the Rb transition
of 6 834 682 610.904 312 6 Hz, which has an uncertainty of
3.4x 10719, as established by the Consultative Committee
for Time and Frequency, CCTF, in 2021 [65]. Figure 4(b)
shows in full-color symbols the same data averaged in the
periods corresponding to the Circular T bulletins n. 407
to n. 410 (from November 2021 to February 2022) [68].
The averages are for 30, 35, 30, and 25 d respectively. The
shaded areas represent the =10 confidence region for the
average fractional frequency ratios over the entire cam-
paign. Open symbols represent the remote comparisons
FO2-Cs/IT-CsF2 and FO2-Rb/IT-CsF2 obtained from data
that appeared in the Circular T bulletins, which are consis-
tent but have a larger uncertainty coming from the satellite
comparison as calculated by the BIPM. All uncertainties
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FIG. 4. (a) The fractional frequency ratios FO2-Cs/IT-CsF2,

FO2-Rb/IT-CsF2 obtained via the link, as well as the local FO2-
Rb/FO2-Cs at SYRTE as a function of the modified Julian date
(MIJD); each point represents an average over 864 s. (b) Colored
points represent the average of the remote and local ratios in the
periods of four Circular T bulletins (30, 35, 30, and 25 d, respec-
tively); the colored shaded regions represent the averages over
the entire campaign; open gray points show the remote ratios
as deduced from data in the Circular T bulletins. All uncertain-
ties correspond to £+ 1o and include the systematic uncertainty of
the fountains. (c¢) Corresponding instabilities of the three ratios
as overlapping Allan deviations; the solid gray line represents
the white noise contribution of IT-CsF2 (2.8x 10713 at 1 s); the
dashed gray line represents the short term combined white noise
contribution of FO2-Rb/FO2-Cs (6x10~'* at 1 s). For FO2-Rb
and FO2-Cs, the contribution due to zero-density extrapolation
shows up in the Allan deviation for averaging times longer than
the period used to calculate the density shift (gray dotted line)
and is expected to be 1.6 x 107!3/,/7/s from historical data.

include the systematic uncertainties of the fountains. The
instabilities of the fiber comparisons are shown in Fig. 4(c)
as overlapping Allan deviations. The remote comparison is
limited by the instability of IT-CsF2 (2.3 x 10713//T/s).
The instability of the local comparison at SYRTE is 6 x
10~'4//t/s in the short term. For averaging times 7 >
1 d, the instability is expected to be 1.6 x 10713//T/s
because of the protocol used to extrapolate data at zero
density, as calculated from historical data (ten-years-
long dataset). The comparison results are summarized in
Table 1. The average frequency deviation between FO2-
Cs and IT-CsF2 is y(FO2-Cs/IT-CsF2) = —5.5(3.7) x
1016, Here the statistical uncertainty is 1.3x 107! with
56.1 d of measurement time derived from the instabili-
ties shown in Fig. 4(c). The result for FO2-Rb/IT-CsF2 is
y(FO2-Rb/IT-CsF2) = —1.5(3.8) x 107! where the sta-
tistical uncertainty is 1.3x 107! with 60.1 d of measure-
ment time. This corresponds to an absolute frequency of
Rb of 6834682610.9043114(26)Hz. In these compar-
isons, the uncertainty of the link contributes negligibly
with an uncertainty lower than 6x10~'°. The local com-
parison at SYRTE FO2-Rb/FO2-Cs in the same period
results in an average of y (FO2-Rb/FO2-Cs) = 3.7(3.5) x
10716, which corresponds to an absolute frequency of
Rb of 6834 682 610.904 315 1(24) Hz. The interlaboratory
comparison confirms and validates the stated uncertainties
of the clocks.

B. Measurements with IT-Yb1

During the campaign, INRIM operated the optical clock
IT-Ybl [41,69] for 7 d from MJID 59563 to 59570 (Decem-
ber 15-21, 2021). IT-Ybl is a neutral-Yb lattice clock with
instability of 2 x 107'%/,/7/s and uncertainty 2.1x 1077,
For this measurement, the 1156.84-nm ultrastable laser,
subharmonic of the 578.42-nm clock-transition wave-
length, was sent to the optical comb at INRIM and com-
pared to the 1542.14-nm laser signal received from the
fiber link, using the comb as a transfer oscillator [70].
The comb contribution to the measurement uncertainty
was brought to <1x10~!® by operating in a single branch
configuration, where both the 1156- and 1542.14-nm laser
beams were compared to the same, broadband comb out-
put spanning the full 1- to 2-um spectrum. The analysis
followed the same procedure as in Sec. III A. Figure 5
shows the measured instability for the two remote ratios
IT-Yb1/FO2-Cs and IT-Yb1/FO2-Rb and the local ratio
IT-Yb1/IT-CsF2. The instabilities are dominated by the
contribution of the fountains: 4 x 107'4/,/T/s for FO2-
Cs and FO2-Rb and 3.2 x 10713/,/7/s for IT-CsF2. For
this measurement, the instability of IT-CsF2 was slightly
higher than for the entire campaign.

For this analysis, we take as reference the secondary
representation of the second for the Yb transition of
518295836590863.63 Hz, which has an uncertainty
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TABLE I. Summary of the remote and local comparisons between INRIM and SYRTE. Here y is the fractional frequency deviation
of the ratio (for Rb and YD relative to the CCTF 2021 recommendations;); u is the total combined uncertainty; u, is the statistical
uncertainty of the measurement, derived from the measured instability and including the contribution from density shift uncertainty for
FO2-Cs and FO2-Rb; and ug, and ug, are the systematic uncertainties of each standard. The last column reports the total measurement

time.

y u Uy up1 upy Meas. time

(x10719) (x10719) (x10719) (x10716) (x10716) (d)
Remote comparisons
FO2-Cs/IT-CsF2 -55 3.7 1.3 2.1 2.4 56.1
FO2-Rb/IT-CsF2 -15 3.8 1.3 2.5 2.4 60.1
IT-Yb1/FO2-Cs —0.4 3.0 2.1 0.2 2.1 3.9
IT-Yb1/FO2-Rb —42 32 1.9 0.2 2.5 4.0
Local comparisons
FO2-Rb/FO2-Cs 3.7 35 0.6 2.5 2.1 99.7
IT-Yb1/IT-CsF2 —49 5.9 53 0.2 2.4 43

of 1.9x107!%, as established by CCTF in 2021. The
result for the comparison between IT-Ybl and FO2-Cs
is y(IT-Yb1/FO2-Cs) = —0.4(3.0) x 10~'¢ with a statisti-
cal uncertainty of 2.1x 107! for a total measurement time
of 95 h, including the contribution from the zero-density
extrapolation of FO2-Cs. Accordingly, the absolute fre-
quency of Yb is 518295836 590 863.61(17) Hz. The result
for IT-Yb1/FO2-Rb is y(IT-Yb1/FO2-Rb) = —4.2(3.2) x
10716 with a statistical uncertainty of 1.9x10~!¢ for
a total measurement time of 95 h, including the con-
tribution from the density extrapolation of FO2-Rb.
The corresponding ratio between Yb and Rb frequen-
cies is 75833 197.545 114 168(24). The local comparison
at INRIM between IT-Ybl and IT-CsF2 in the same
period results in an average of y(IT-Ybl/IT-CsF2) =

ITYb1/FO2-Cs
ITYb1/FO2-Rb

10-14 \ g

== S~ ITYb1/IT-CsF2
TN
> . \
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FIG. 5. [Instabilities of the ratios between IT-Ybl and FO2-
Cs, FO2-Rb and IT-CsF2 as overlapping Allan deviation. The
solid gray line represents the white noise contribution of IT-CsF2
(3.2x 10713 at 1 s for this shorter measurement); the dashed gray
line represents the short-term instability of FO2-Rb and FO2-Cs
(4.3x107 % at 1 s).

—4.9(5.9) x 1071, corresponding to an absolute fre-
quency of Yb of 518295836590863.38(31)Hz. The
results are summarized in Table 1. It should be noted that
these measurements, as well as the measurements between
fountains, are calculated only on the common uptime.
Alternatively, it would be possible to extrapolate over
dead time by using the H masers as flywheels [41,71,72]
increasing the measurement time at the expense of an extra
contribution of uncertainty. Our measurements are in good
agreement with the recommendations of secondary repre-
sentations of the second and previous measurements of the
absolute frequency of Yb and Rb [9,41,69,73] and their
ratios [74,75].

IV. CONCLUSIONS AND PERSPECTIVES

We describe the operation and long-term characteriza-
tion of the optical link between INRIM in Italy and SYRTE
in France, which also represents a cross-border connec-
tion between the national facilities REFIMEVE and Ital-
ian Quantum Backbone. The present connection showed
robust operation over the past four months and has been
used to compare the Cs and Rb microwave frequency stan-
dards at the two Institutes, confirming their uncertainties
at the 1071¢ level. It allowed independent evaluations of
the IT-Yb1/FO2-Cs and IT-Yb1/FO2-Rb ratios with uncer-
tainties at the 3x107'® level, limited by the microwave
clocks. These measurements contribute to the milestones
towards the redefinition of the second. Notably, the direct
measurement of the Yb/Rb ratio performed in this work is
consistent with the CCTF recommendation and improves
the preceding measurement performed using data in the
Circular T [74,75]. The link is planned to continue in
the next years, with periodical comparison campaigns also
involving other optical clocks at the two institutes, i.e., a
Hg and Sr neutral lattice clocks at SYRTE [76,77], as well
as a neutral lattice Sr clock under development at INRIM
[78,79].
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The interconnection between the infrastructures
REFIMEVE and Italian Quantum Backbone demonstrates
the integrability of national networks for frequency dis-
tribution at a European scale. Together with two other
fiber links to NPL (UK) and PTB (Germany) [35], it
opens the possibility of more composite clock compari-
son campaigns, including optical clocks based on different
atomic species, neutral atoms, and ions, from four national
metrology institutes. The richness of this network is an
important resource for metrology and could support the
computation of more accurate regional and global geode-
tic models [80—83] by providing centimeter-level precision
estimates of the gravitational potential using optical clocks
as probes [14,39,84], and the search for variations in fun-
damental constants and dark matter [21,22]. A prominent
feature of this infrastructure is the optical continuity of
the radiation between the two remote metrological insti-
tutes, which can be further exploited to investigate com-
bined interrogation schemes of remote clocks [35] and
support other research fields, such as long-distance quan-
tum communication [85] and frequency distribution to
telescope facilities [34]. The Italian Quantum Backbone
reaches the Medicina radio telescope, which is part of the
International Very Long Baseline Interferometry Network,
the Matera Space Geodesy Centre and Satellite Laser
Ranging facility, and the ground-based control station of
Galileo, the European Global Navigation Satellite System.
Beyond reaching the Laboratoire Souterrain de Modane
in Modane, REFIMEVE is planned to connect the French
Space Agency quarters in Toulouse, the lunar ranging and
geodetic station of Observatoire de la Cote d’Azur, and
the radiotelescopes of Observatoire de Paris-Nangay and
Institut de Radioastronomie Millimétrique in the French
Alps. The interconnection of such large facilities between
them and to European Metrological Institutes is relevant
to support Galileo itself and future European satellite mis-
sions such as ACES, and in perspective could stimulate
a more extended exploitation of high-accuracy time-and-
frequency references in geodesy, radio astronomy, and
navigation.
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