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This article describes the recent progress of optical lattice clocks with neutral strontium
(87sr), ytterbium ('7'Yb) and mercury ('**Hg) atoms. In particular, we present frequency
comparison between the clocks locally via an optical frequency comb and between two
Sr clocks at remote sites using a phase-stabilized fibre link. We first review cryogenic Sr
optical lattice clocks that reduce the room-temperature blackbody radiation shift by two
orders of magnitude and serve as a reference in the following clock comparisons. Similar
physical properties of Sr and Yb atoms, such as transition wavelengths and vapour pressure,
have allowed our development of a compatible clock for both species. A cryogenic Yb
clock is evaluated by referencing a Sr clock. We also report on an Hg clock, which shows
one order of magnitude less sensitivity to blackbody radiation, while its large nuclear
charge makes the clock sensitive to the variation of fine-structure constant. Connecting all
three types of clocks by an optical frequency comb, the ratios of the clock frequencies
are determined with uncertainties smaller than possible through absolute frequency
measurements. Finally, we describe a synchronous frequency comparison between two Sr-
based remote clocks over a distance of 15 km between RIKEN and the University of Tokyo,
as a step towards relativistic geodesy.

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

RESUME

Cet article décrit les progrés récents des horloges optiques a réseau avec des atomes
neutres de strontium (87Sr), ytterbium (17'Yb) et mercure ('9°Hg). Nous présentons en
particulier une comparaison locale des fréquences entre des horloges en utilisant un peigne
de fréquences et entre deux horloges a Sr distantes a l'aide d'un lien fibré stabilisé en
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phase. Nous commencons par une revue des horloges optiques a Sr cryogéniques qui
réduisent le décalage de fréquence dd au corps noir a température ambiante de deux
ordres de grandeur et servent de référence dans les comparaisons d’horloges qui sont
décrites ensuite. Les propriétés physiques similaires du Sr et Yb, telles que les longueurs
d’onde de transition et les pressions de vapeur saturante, nous ont permis de développer
une horloge compatible avec les deux espéces. Une horloge a Yb cryogénique est évaluée
par référence a une horloge a Sr cryogénique. Nous décrivons aussi une horloge a mercure
qui présente une sensibilité au rayonnement du corps noir a température ambiante dix fois
plus faible, alliée a une charge nucléaire élevée qui rend I'horloge sensible aux variations
de la constante de structure fine. En connectant les trois types d’horloges avec un peigne
de fréquences optiques, les rapports de fréquences sont mesurés avec des incertitudes plus
faibles que ce qui est possible avec des mesures de fréquences absolues. Finalement, nous
décrivons une comparaison de fréquence synchrone entre deux horloges a Sr distantes de
15 km entre RIKEN et I'université de Tokyo, une étape vers la géodésie relativiste.

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

1. Introduction

Optical lattice clocks [1]| benefit from a low intrinsic quantum-projection noise (QPN) limit [2] due to the simultaneous
interrogation of a large number of atoms, which are trapped in an optical lattice operated at the “magic wavelength” to
largely cancel out light shift perturbation in the clock transition [3]. Taking full advantage of the clock stability either with
interrogation lasers stabilized to ultra-stable optical resonators [4] or by rejecting the laser noise through the application of
synchronous interrogation schemes [5], optical lattice clocks have reached instabilities on the level of 10~16 at one second
[6-8]. Such stabilities allow achieving 10~'® uncertainty in a few hours of clock operation, which expedites investigation of
systematic uncertainties, such as collisional shift [6], multipolar and higher order light shifts in the optical lattice [9], and the
blackbody radiation shift [10]. These evaluations have allowed optical lattice clocks to reach inaccuracies approaching 1018
[10,11]. Although the primary caesium standards still continue their development and now state systematic uncertainties
as low as 1.1 x 10716 [12], it is now the uncertainty of the SI second itself, that restricts the measurement of the absolute
frequencies of optical standards [13,14]. Direct optical comparisons [6-11,13-20] are the only way for optical clocks to
investigate their superb performance beyond the SI limit.

Comparison of two clocks referring to the same atomic transition gives null-measurements, which facilitate investiga-
tion of systematic uncertainties as well as the clocks’ stability [10,11,16]. When measuring the same clocks between two
distant laboratories connected through fibre links [21,22], general-relativistic frequency shifts make such clocks a probe for
the gravitational potential [23], which promise new applications such as relativistic geodesy [24,25]. On the other hand,
comparisons of optical clocks based on different atomic elements have been performed by utilizing optical frequency-comb
technique [26,27], which may determine a frequency ratio [15] with higher precision than absolute frequencies based on
the SI second. Such a frequency ratio can be shared with full accuracy and tested in any laboratory across the world. To
collect the measured frequency ratios, the Consultative Committee for Time and Frequency (CCTF) of the International Com-
mittee for Weights and Measures (CIPM) has proposed the creation of a “frequency matrix” [28] to complement the list of
secondary representations of the second that has been maintained since 2006. Such a matrix would allow the calculation
of optimal synthetic values for frequency ratios that have not yet been measured directly, as well as improved consis-
tency checks. These efforts should be an essential step towards a redefinition of the SI second. In addition, a collection of
frequency ratios over time will provide an invaluable resource in the search for a temporal variation of the fundamental
constants [15,19,29,30].

In this article, we describe recent progress of optical lattice clocks with neutral strontium (Sr), ytterbium (Yb) and mer-
cury (Hg) atoms and present frequency comparisons between them. We also describe remote comparisons between Sr clocks
located at RIKEN and the University of Tokyo over a 30-km-long phase-stabilized fibre link. In particular, we emphasize that
synchronous comparison between optical lattice clocks [1,8] allows accessing reduced uncertainties in shorter averaging
time, facilitating the gain of useful information from frequency comparisons.

2. Cryogenic strontium optical lattice clocks as a frequency anchor with 7 x 1012 uncertainty

One of the most serious obstacles for optical lattice clocks with 87Sr to attain an uncertainty at low 10~!8 has been
the ac Stark shift due to the blackbody radiation (BBR). This introduces a fractional frequency shift of a few times 10~1°
in a room temperature environment, which is orders of magnitude larger than that of Al* ion-clocks [31]. The BBR shift
for the 1Sg-3Pg clock transition of Sr was calculated [3,32,33], and experimentally evaluated to be —2.2778(23) Hz at T =
300 K [34]. Similar evaluations have also been performed for Yb atoms [35,36]. Such investigations should allow correcting
the room-temperature BBR shift within uncertainties of 5 x 10~!® for Sr [33,34] and 1 x 10~!® for Yb [37]. However,
accurate determination of the ambient temperature is an experimental challenge, as the temperature needs to be measured
and controlled to within AT =14 mK for Sr and AT =30 mK for Yb to achieve clock uncertainty of 1 x 10~18.
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Fig. 1. (Colour online.) (a) A schematic for a cryogenic optical lattice clock. A moving lattice transfers the atoms into the cryogenic chamber through the
aperture. Partial reflector (PR) attached on a beam-splitter cube (BSC) works as a reference for the Doppler cancellations for the clock and lattice lasers.
The system is compatibly-designed for Sr and Yb optical lattice clocks and the atom source for Sr-2 includes both Sr and Yb. Ec, Er, and E, show the
electric field vectors for clock, lattice and pumping lasers. PD, photo diode; PMT, photomultiplier tube. (b) A photograph of a cryogenic optical lattice clock.
(c) Temperature dependence of the BBR shift for Sr. The inset shows the clock spectra observed at T =95 K (circles) and T, =296 K (triangles). The
frequency difference Av(95 K, T,) is measured by varying the temperature T,, while keeping the temperature T =95 K. The line shows the fit to the
data points to obtain a dynamic contribution of vgy, = —0.1480(26) Hz. (d) The averaged frequency difference between the two Sr cryo-clocks. Error bars
represent the 1o statistical uncertainty for each measurement. Dashed line and shaded region represents the averaged frequency and the total uncertainty
of the measurements, respectively.

We therefore take a straightforward approach of interrogating the atoms inside a cryogenic environment as assumed
in Ref. [3]. As the energy density (E2)ggr of BBR varies as T* following the Stefan-Boltzmann law, the BBR shift
veRr ~ —(1/2) Aa(E2)gpr reduces as T# for the surrounding temperature T [38], where A« is the difference of dipole
polarizability in the clock transition. Consequently, temperature sensitivity of the BBR shift reduces as T3, which signifi-
cantly relaxes the accuracy of temperature measurement for lower temperature. For Sr atoms, when operating at T =95 K,
with a corresponding BBR shift correction of 5 x 10717, the fractional uncertainty due to the BBR shift can be reduced to
1 x 10~ '8 by controlling the temperature to within AT =0.5 K.

The cryogenic environment is realized by surrounding the region for clock spectroscopy with a cold chamber of volume ~
6 cm? [Fig. 1(a)]. The cryo-chamber is cooled down to 95 K by a Stirling refrigerator, which is actively temperature-stabilized
to within a few mK. Ultracold 87Sr atoms [39], which are loaded into a one-dimensional lattice at the magic wavelength
of Amer = 813.4 nm outside the cryo-chamber, are transported over 23 mm into the middle of the chamber by a moving
lattice. The chamber has two apertures with diameters of ¢1 = 0.5 mm and ¢, =1 mm to introduce atoms and lasers.
Inside the chamber, atoms are spin-polarized and subsequently excited by a Rabi pulse on the 1Sy-3 Py clock transition at
698 nm. Then, the atoms are transported back to the loading position to measure the excitation probability of the clock
transition, which is used to steer the clock laser frequency.

Two cryo-clock setups, Sr-1 and Sr-2, are equipped with temperature-controlled chambers kept at T; and T,. From the
frequency difference Av(Tq, T2) = v2(T2) — v1(T1) of these two clocks, we have evaluated the BBR shift. In order to mea-
sure the frequency difference of two clocks precisely in a short averaging time, we operate the clocks synchronously by
interrogating the clock transitions with probe pulses from a common clock laser during the same time period. Such syn-
chronous operation of two clocks allows common-mode rejection of clock laser phase noise and facilitates the evaluation of
the clocks’ frequency difference, as demonstrated in Ref. [8]. The inset in Fig. 1(c) shows the spectra of the clock transitions
obtained by scanning the clock laser frequencies simultaneously for Sr-1 and Sr-2. The blue circles show the spectrum of
Sr-1 at T; =95 K and the orange triangles show that for Sr-2 at T, =296 K, which resolve the room-temperature BBR shift
of 2 Hz. Red circles in Fig. 1(c) shows the temperature dependence of the BBR shift Av(95 K, T,) by varying the tempera-
ture of Sr-2 from T, =95 K to 296.2 K, where the temperature of Sr-1 is fixed at T; =95 K as a reference. The temperature
dependence of the BBR shift is given by

vgBR(T) = Vstat (T /To)* + vayn (T /T0)® + O(T /To)®

where Vsear and vgy, are the static and dynamic contributions at To =300 K [32]. The data points follow the temperature
dependence of Av(95 K, T) = vgpr(T) — vr(95 K). The red line is the fitted curve to the data points with vgy, as the fitting
parameter. Applying Vs, = —2.13023 Hz taken from the measured differential static-polarizability A« of the clock transi-
tion [34], the best fitting is obtained for vgy, = —0.1480(26) Hz [10], which agrees with the values derived by theoretical
calculations in Ref. [33,34] within 1o uncertainty.

Operation of both the clocks at 95 K allows us to evaluate the cryo-clocks’ systematic uncertainties. The Allan deviation
of the frequency difference of two clocks in a synchronous operation reduces with the integration time 7 as oy (7) =1.8 x
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Fig. 2. (Colour online.) A schematic for frequency comparison of Hg, Yb, and Sr clocks at 266 nm, 578 nm and 698 nm located at RIKEN and the University
of Tokyo. By using an Er-doped frequency comb, all clock lasers are referenced to a single master laser locked to a 40-cm-long cavity. ECDL, external-cavity
diode laser; SHG, second-harmonic generation; FS, frequency shifter; PD, photo diode; PMT, photomultiplier tube; EMCCD, electron-multiplying CCD camera;
FNC, fibre noise canceler.

10~18(z /s)~1/2 and reaches 2 x 1018 for T = 6000 s, as shown in Fig. 3. The obtained Allan deviation is about 1.6 times the
QPN limit for 300-ms-long interrogation time and N = 103 atoms. With the systematic evaluations as summarized in Table 1,
we have achieved a fractional systematic uncertainty of 7.2 x 10~'8 for a single independent clock. After averaging 11
separate measurements over a month (Fig. 1(d)), the two clocks have reached an agreement to Av/vy = (—1.1+£2.0(stat) &
4.4(sys)) x 10718 [10], after including systematic corrections.

3. Frequency comparisons among optical lattice clocks based on different atomic elements
3.1. Overview of the local frequency link using an Er-fibre based frequency comb

A frequency comb provides convenient access for comparing clock transitions at 266 nm (Hg), 578 nm (Yb) and 698 nm
(Sr) as described here. We use a multi-branch Er-doped fibre comb developed at NMIJ [40,41], which features a high feed-
back control bandwidth of 1 MHz by an intra-cavity electro-optic modulator to achieve stability better than 1 x 10~1° at
1 s. Fig. 2 shows schematics for the clock comparisons.

An external cavity diode laser (ECDL-1) at 698 nm, locked to a 40-cm-long cavity with a spacer made of Asahi Glass
AZ, serves as a master laser for the system. An ECDL-2 at 1397 nm, which is the sub-harmonic wavelength of the master
laser, is frequency-doubled and phase-locked to the master laser. A beat note between ECDL-2 and the nearest comb line
is used to stabilize the repetition rate frp of the comb. By stabilizing the carrier-envelope offset frequency fcgo using the
self-referencing technique [42], we fix frequencies of all comb lines as v, = fcgo + nfrep for n-th longitudinal mode. Any
frequency in the spectral range from 1000 nm to 2100 nm can be determined by measuring the beat signal with the comb
line v,, which is related to the Sr clock frequency vs; via the ECDL-1 and 2.

Clock lasers for Yb and Hg clocks are derived from an ECDL-3 at 1156 nm and a fibre laser at 1063 nm respectively,
whose wavelengths are conveniently phase-locked to the Er-comb. This stabilization transfers the stability of the master laser
to Yb and Hg clock lasers [43], allowing synchronous operation to partially cancel out the laser frequency noise in frequency
ratio measurements [8]. Frequency shifters inserted in each clock laser allow independent control of their frequencies to be
stabilized to the clock transitions. These frequency offsets contribute less than 10~ to the total optical frequencies. To allow
ratio measurements with instabilities in the 10~'8 range, we use a GPS-disciplined BVA-quartz oscillator with an instability
below 10~!1 to provide a reference signal for the DDSs (direct digital synthesizers) that drive the frequency shifters.

3.2. A cryogenic optical lattice clock with ytterbium

Compared with 87Sr that has nuclear spin of I =9/2, 71Yb with I = 1/2 significantly reduces the number of Zeeman
substates and is free from the tensor light shift. In addition, its sensitivity to BBR is smaller than that of Sr. Optical lattice
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Table 1

Typical corrections applied for systematic effects and their uncertainties for the Sr, Yb and Hg clocks, given in units of 10~'8 fractional frequency.
Effect 87gr 171yp 199Hg

Correction Uncertainty Correction Uncertainty Correction Uncertainty
Quadratic Zeeman shift 117.0 0.9 69 10 61 9
Blackbody radiation shift 54.2 0.9 26 1 161 33
Lattice light shifts 0 4.6 185 237 36 61
Probe light shift 0.047 0.023 -1 5 0 <1
AOM chirp and switching 0 <0.2 0 <1 0 10
Servo error 0 35 0 1 —4 3
Density shift 0.9 42 7 15 16 16
Systematic total 172.3 7.2 287 238 269 72
Yb/Sr Hg/Sr

Differential gravitational redshift 0 <1 -5 1
Laser transfer instability 0 20 0 20
Total uncertainty 239 84

clocks with Yb atoms are now operated [44-46] or being developed [47,48] by multiple groups, and a pair of such clocks
has recently demonstrated an instability of 1.6 x 1018 [7].

At RIKEN, one of the Sr-clock systems described in Section 2 is used to operate a cryogenic Yb-clock. By loading the
atomic oven with a mixture of Sr and Yb metals, we selectively laser-cool and trap target atoms (Sr or Yb) by switching be-
tween two sets of lasers. This is a straightforward process that does not require any realignments of the chamber-side optics
and takes less than two hours. The operating scheme for the 71Yb-clock is similar to that described in Ref. [44]. Typically
N ~ 1200 71yb atoms are trapped in a near-vertical optical lattice at Ameyb) = 759.4 nm with a potential depth of 110 E,
where E; = (h/1)2/(2m) is the photon recoil energy for the lattice wavelength A = Amcyb) and the atomic mass m. Using a
moving lattice, the atoms are transported to the centre of the cryogenic chamber, where they are spin-polarized by optical
pumping on the 1So-3P; transition and optionally sideband-cooled to the vibrational ground state by exciting the !Sg-3Pg
clock transition followed by quenching on the 3Py-3D; transition at 1388 nm. After interrogation by a 160-ms-long Rabi
pulse, the atoms are transported back to the loading region for detection. A series of images taken by an EMCCD (electron-
multiplying CCD) camera determine ground state and excited state population as well as background counts, in order to
deduce the excited state fraction and servo-control the clock laser. Systematic shifts are evaluated by operating the clock in
an interleaved mode, where the investigated parameter is changed after every two clock cycles. These measurements show
an instability that falls as 2 x 10~'°(7/s)~1/2 and reaches 5 x 1017 after 7 = 2000 s.

The uncertainty budget for the Yb clock is shown in Table 1. The quadratic Zeeman shift and the probe light shift
are determined from the values published in Ref. [44]. The residual BBR shift inside the cryo-chamber and its uncertainty
are calculated based on the evaluation of incident radiation performed for the Sr cryo-clock [10] in conjunction with the
resulting ac Stark shift analysed in Ref. [36]. The narrow range of accessible lattice depths, limited to a minimum of 70
E; by excessive loss of atoms and to a maximum of 110 E; by the available laser intensity, complicates the evaluation of
lattice light shifts. Systematic effects resulting from a change in the lattice intensity are magnified by the extrapolation
to the full trap depth and the accompanying uncertainties form the dominant contribution to the systematic uncertainty.
Our investigation finds a magic frequency at vmyp) = 394 798 274(54) MHz, where a variation of the lattice intensity does
not result in a significant change in the measured clock frequency. The stated light shift correction also accounts for the
hyperpolarizability (based on the coefficient determined in Ref. [49]) and for multipolar effects. The latter are investigated
using the relation Avpp o (n+ 1/2)1'/2 based on the model presented in Ref. [50]. Sideband cooling allows us to lower the
average vibrational quantum number from (n) = 1.3 to (n) = 0.3 and set a limit on the magnitude of the effect. To measure
the collisional shift, we vary the atom number by changing the duration of the atom loading time into the MOT. At an
interrogation time T; = 160 ms, no statistically significant frequency shifts have been observed over repeated measurements
at an uncertainty of 3 x 10~17. For typical operating parameters, we estimate the overall systematic uncertainty of the Yb
clock to be ogysyp) = 2.4 x 10716

3.3. Mercury optical lattice clock

An order of magnitude smaller sensitivity to the BBR compared to Sr and Yb clocks [31] makes !°°Hg (nuclear spin
I =1/2) a promising candidate for optical lattice clocks [51-53] in spite of the required wavelengths in UV region which
are relatively difficult in terms of generation and handling. Moreover, because of its large nuclear charge Zyg = 80, the clock
transition is relatively sensitive ~ (¢Z)? to the variation of the fine-structure constant & among the potential candidates
of optical lattice clocks. Clock frequency measurement of Hg referencing an «-insensitive anchor such as Sr may reveal
Aa/a =13Av/vyg [54], where Av/vyg is the fractional change of Hg transition frequency.

Operation of Hg optical lattice clock proceeds as follows: 19°Hg atoms are laser-cooled and trapped on the 'Sg-3P;
transition at 254 nm [51,55]. Then, the atoms are loaded into a vertically oriented optical lattice at the magic wavelength
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Fig. 3. (Colour online.) Instability of clock comparisons. Red diamonds: Taking advantage of the synchronous interrogation technique, the Sr/Sr comparison
shows an instability that falls as oy (7) =1.8 x 10~'6(z/s)~1/2 with averaging time t. The Hg/Sr (blue squares) and Yb/Sr (green circles) comparisons are
limited by uncorrelated laser noise introduced in imperfect stability transfer and show instabilities falling as oy (1) ~ 3 x 10-">(z/s)~1/? and oy (1) ~
1 x 1071 (7 /s)~1/2, respectively.

of AmHg) = 362.6 nm. The optical lattice is formed inside a power build up cavity with an enhancement factor of ~
10 to provide a trap potential depth of ~ 40 E;. The cavity mirrors are placed outside the vacuum chamber to avoid
UV-degradation of the mirror coating occurring in vacuum. We use Brewster windows to provide optical access into vacuum,
which allow polarization-selective enhancement of the lattice laser power. In the optical lattice, more than 95% of atoms
are spin-polarized into the clock ground state. The Hg-clock laser at 266 nm is superimposed on the lattice laser. The clock
laser’s optical path length is fixed by referencing one of the mirrors of the power build-up cavity that determines the
trapped atom position to reduce the Doppler noise. We excite the clock transition by a 120-ms-long ;v pulse to obtain a
Fourier-limited linewidth of 7.4(4) Hz (FWHM), which corresponds to quality factor Q ~ 1.5 x 104, The excited fraction is
determined by the laser induced fluorescence on the !Sg-3P; transition and is used to stabilize the clock laser. The overall
systematic uncertainty of the Hg clock is evaluated to be osysHg) = 7.2 X 10~17 [56].

3.4. Frequency ratio measurements of Yb and Hg clock referenced to an Sr clock

We have performed individual measurements of both the Yb/Sr and the Hg/Sr frequency ratios. Fig. 3 shows Allan
standard deviations for both comparisons with fractional instabilities around 1 x 10~13(z/s)~1/2 and 3 x 10~ 13(z/s)~1/2,
respectively. The predicted instability contributions from QPN [2] are =~ 5 x 10~6(t/s)~1/2 for the Hg clock and =~ 2 x
10~18(z/s)~1/2 for both Yb and Sr clocks when operated at interrogation times of T; =40 ms for Hg and T; = 160 ms
for Yb and Sr. Thus, the QPN is not the dominant contribution to the instability in the frequency comparisons of clocks
consisted of different atomic elements. The major contributor is the Dick effect [57] that is induced by the periodic in-
terrogation of the clock transitions by lasers with residual phase noise. For the Yb/Sr comparison we partially cancel the
noise contribution from the master laser by synchronized application of the interrogation pulses [8]. In order to reduce the
additional phase noise induced by the optical path length fluctuations, we apply interferometric phase noise cancellation
[58] to many free-space optical paths and to the optical fibres. However, one of the residual phase noise sources is found
in the frequency comb setup: Based on measurements of the phase noise between the individual branch amplifiers, we
estimate the instability contribution of the frequency comb as ~ 1 x 10~13(z/s)~1/2 for typical interrogation cycles. This is
consistent with the instability as low as 1 x 1071>(t/s)~1/2 observed in synchronous measurements of the Yb/Sr frequency
ratio. Since the Hg clock is normally operated with an interrogation period of only 40 ms and the clock frequencies differ
by a factor of 2.6, synchronous interrogation offers less benefit for an Hg/Sr comparison [8]. For asynchronous operation, we
typically observe an instability of &3 x 10~1>(r /s)~1/2.

For the Yb/Sr frequency ratio, we used a dataset covering 7100 s of measurement time. After correcting for systematic
shifts and including a statistical uncertainty of g = 1.7 x 10717, we find vy,/vs; = 1.207 507 039 343 337 76(29),
corresponding to a fractional uncertainty of 2.4 x 10716, Our measurement is well within the uncertainty of the ratio
calculated from the CIPM recommended values [59] as (vyp/Vsr)ciem = 1.207 507 039 343 339 9(35), but deviates from the
ratio of (vyp/vsy)nmy = 1.207 507 039 343 340 4(18) recently measured at NMIJ [45] by 1.5 times their stated uncertainty.
Future measurements should either confirm our current result or clarify the source of this deviation.

For the Hg/Sr comparison, the atomic height difference of 5 cm between the Hg and Sr clocks gives a correction of
—5(1) x 10718 to account for the gravitational redshift. The Hg/Sr ratio is given as Vhg/Vsr = 2.629 314 209 898 909 60(22),
corresponding to a fractional uncertainty of 8.4 x 10~17, including a statistical uncertainty of osr = 3.7 x 1017, which is
reported in detail in Ref. [56]. Using an earlier absolute frequency measurement performed at LNE-SYRTE [52,60], a syn-
thesized ratio of (VHg/Vsr)syrte = 2.629 314 209 898 927(15) is obtained, where the uncertainty is dominated by that of
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Table 2

Frequency ratio matrix showing y = v,/v), and the respective fractional uncertainties for 87Sr, '71Yb and '9?Hg clocks determined in this work. A synthetic
ratio vyg/vyp (set in angle parentheses) is calculated from the ratios measured for vyg/vs; and vyy/vsr. uc is the measurement uncertainty. The CIPM
recommended frequencies are also given for reference.

Numerator v,

8751. 171Yb 199Hg
Denominator vy 87sr (1) 1.207 507 039 343 337 76(29) 2.629 314 209 898 909 60(22)
uc/y=24x10"16 uc/y=8.4x10""
171yp - (1) [2.177 473 194 134 565 07(54)]
[uc/y =2.5x 10716]

199Hg _ _ (1)
CIPM s~ ! 429 228 004 229 873.4(4) 518 295 836 590 865.0(1.4) 1 128 575 290 808 162(19)
Ref. [59] uc/vsy =1.0 x 10713 uc/vyp =27 x 10712 Uc/vyg = 1.7 x 10714
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Fig. 4. (Colour online.) Schematic of synchronous operation of two distant clocks at RIKEN and UTokyo via a 30-km-long optical fibre link. The laser at
1397 nm is sent to share the clock laser frequency at 698 nm. The laser at 1550 nm is used to send a timing signal for synchronous operation between
the distant clocks. FNC, fibre noise canceler; WDM, wavelength division multiplexer.

the Hg measurement. The results are tabulated in Table 2, together with the CIPM recommended frequencies and with a
synthetic ratio calculated for the Hg/Yb frequency ratio that we did not yet measure directly.

4. Frequency comparison between two distant Sr clocks via a 30-km-long optical fibre link

According to general relativity, for two clocks with a height difference of Ah, the higher clock runs faster by Av/vg =
gAh/c* ~ 1.1 x 10716 m~1Ah, where vy is the clock frequency, g is the gravitational acceleration, and c is the speed of
light. Such gravitational redshift was investigated as early as 1960 [61] and its application to geopotential measurements
was discussed in 1985 [25]. Applying high-precision optical-clocks, 30-cm height difference has been observed [23] inside
a laboratory. Frequency comparison of remote optical clocks has been demonstrated between institutes separated by up to
24 km [24,62]. Relying on the reproducibility of cryogenic Sr optical lattice clocks demonstrated in Section 2, it may be
possible to resolve a relative frequency difference of 2 x 10~!8 for an averaging time of 6000 s, which corresponds to a
height difference of 2 cm. Networking such clocks allows mapping and monitoring of the temporal variation of gravitational
potential, serving as a new tool for relativistic geodesy.

This section describes frequency comparisons between cryogenic Sr clocks operated at RIKEN and the University of Tokyo
(UTokyo), separated by 15 km and with a clocks’ height difference of about 15 m. In particular, we focus on the high stability
of frequency comparisons enabled by optical lattice clocks. While usual optical-clock comparisons [21,24,62-64| employ
frequency combs that convert clock laser frequencies to a telecommunication frequency at around 200 THz (1.5 pm), we
directly linked two Sr clocks at 2As; = 1397 nm [65], the sub-harmonic of the Sr-clock transition wavelength As; = 698 nm,
to avoid the stability degradation due to the optical frequency comb. As a result, clocks at both sites are driven by the same
clock laser, which allows suppression of the Dick effect by synchronous interrogation.

A schematic of the synchronous frequency comparison between the two distant clocks via the fibre link is shown in
Fig. 4. At RIKEN, the transfer laser at 1397 nm, which is phase-locked to a clock laser at 698 nm after frequency doubling
(See Fig. 2), is sent to UTokyo, where a repeater laser is heterodyne-locked to the transfer laser and a part of the repeater
laser is sent back to RIKEN. At RIKEN, a fibre noise cancellation system [58] uses the beat signal of the transfer and repeater
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Fig. 5. (Colour online.) (a) Allan deviation of the frequency difference between the two clocks as a function of an averaging time in asynchronous (squares)
and synchronous (circles) operations. (b) Correlation diagram of the excitation fractions of the two clocks.

lasers to feedback-control the effective fibre length between the two sites. A propagation delay-time of 74 = 0.15 ms through
the 30-km-long fibre limits the servo bandwidth to be less than 1/(4t4) = 1.7 kHz. The typical phase noise added to light
propagating through the fibre is Sgee(f) =6 x 102(f /Hz)~2rad? /Hz for Fourier frequencies f < 100 Hz, which is suppressed

to Sfp“’b( fl=2x10"* rad? /Hz [65], in good agreement with the theoretical limit [66]. Assuming the phase noise of the clock
laser Sf;‘ser(f) =[0.15(f/Hz) 3 4 0.02(f /Hz) 2] radZ/Hz, which corresponds to 1 x 10~1> frequency stability, we achieve
Sfptab(f) < S}jser(f) for f <10 Hz. This means that the residual fibre noise has little effect on the frequency stability of the

Sr clock at UTokyo, as it is mostly the phase noise at f < Ti_1 that contributes to the Dick effect [57], where T; =0.3 s is
the interrogation time of the clock transition.

In order to synchronously interrogate the two remote clocks, we send a clock-trigger signal at 1550 nm, which is
superimposed on the transfer laser at 2is; = 1397 nm using a wavelength division multiplex (WDM) coupler at each end.
With this clock-trigger signal, the two distant clocks are synchronized including the propagation delay-time 74 of transfer
laser. The delay-time difference between 1397 nm and 1550 nm lasers due to fibre dispersion is as small as 0.2 ps, which
is negligible to share the low frequency laser noise at f < Ti’l.

At both ends, clock laser frequencies are independently stabilized to the centre of the clock transition by using frequency
shifters. The laser frequency and excitation fraction of the clock transition are recorded as a time series. The Allan deviation
of the frequency difference between the two distant clocks is shown in Fig. 5(a). In synchronous operation, the stability
improves as oy (1) = 1.2 x 10713(z /s)~1/2 for an averaging time T and reaches 2.2 x 10717 at T =3000 s, which is an order
of magnitude better than that in asynchronous operation. Fig. 5(b) shows the correlation diagram of the excitation fractions
of the two synchronized clocks. The correlation of the excitation fractions cancels out the Dick effect, which improves the
Allan deviation of frequency comparison in a synchronous operation.

5. Summary and outlook

We have reviewed current status of optical lattice clocks with neutral Sr, Yb and Hg atoms, and the frequency compar-
isons between the clocks. Connecting three types of clocks directly by an optical frequency comb, the ratios of the clock
frequencies are determined beyond the limitations of the SI second. Gathering the results of such comparisons in a matrix
table of clock frequency ratios allows the calculation of optimal synthetic values for frequency ratios that have not yet been
measured directly, as well as improved consistency checks. These efforts should be an essential step towards redefinition of
the SI second. In addition, the long-term monitoring of frequency ratio will provide an invaluable resource in the search for
a temporal variation of the fundamental constants. Further investigation of the systematic effects such as hyperpolarizability
and multipolar light shifts [67] and other sources of uncertainties will determine the best atomic species suitable for optical
lattice clocks.

Accurate clocks and a frequency link between them are the essential building blocks for relativistic geodesy. For a prac-
tical use in monitoring the temporal variation of the gravitational potential, speedy comparison between remote clocks
are required, which can be accomplished by synchronous comparison as demonstrated in Section 4. In parallel, we are
developing technologies to miniaturize optical lattice clocks, aiming at transportable clocks. Such an endeavour will allow
investigation of mapping resources, cavities and magma chambers underneath the earth’s crust by measuring the gravita-
tional redshift caused by the local change of gravitational potential. As a possible direction towards the clock miniaturization,
we have started the development of “fibre clocks” using a hollow-core photonic crystal fibre in which atoms are confined
by the magic wavelength lattice [68]. Such transportable ultraprecise atomic clocks will open the way of clocks’ application
to a gravitational potential meter.
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