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Abstract

The last decade has witnessed tremendous progress in research on optical
frequency metrology. Optical frequency standards using optical lattice and
single-ion trap technologies have reached levels of stability and accuracy that
surpass the performance of the best Cs fountain atomic clocks by orders of
magnitude. Optical frequency standards are also used for various applications
including length metrology. Optical frequency measurement and links using
optical frequency combs and optical fibres play important roles in the
development of optical frequency standards. This article introduces optical
frequency standards recommended by the International Committee for Weights
and Measures (CIPM) along with updates provided by recent research results.
Frequency ratio measurements and remote frequency comparisons are addressed
in relation to the work whose goal is to redefine the second. Optical frequency

standard and optical frequency comb applications are also described.
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1. Introduction

Optical frequency metrology [1] is of great interest for a wide range of applications,
including the fundamental science and technologies that support broadband
communication networks and navigation with global positioning systems (GPSs).
Research on optical frequency standards has progressed from spectral lamps to
frequency-stabilized lasers using Doppler-free laser spectroscopy with improved
frequency stability and reproducibility [2]. The invention of optical frequency
combs [3, 4] has revolutionized the field of optical frequency measurement and
further stimulated research on optical frequency standards. Today, optical
frequency standards using cold atoms or ions provide much lower uncertainties
than the primary cesium (Cs) frequency standards that provide the present
definition of the ‘second’. These research activities helped to advance the entire
field of frequency metrology, especially in the optical area, which includes optical
frequency standards, measurement, comparisons, and transfer.

Figure 1 shows the technologies used in high-resolution laser spectroscopy.
The main 1ssue here is to observe atomic and molecular spectra without the
inhomogeneous broadening caused by the Doppler shifts of atoms or molecules
with different velocities. In saturation absorption spectroscopy, at high laser
intensities the population difference between two levels is reduced as atoms are
excited to the upper level. A weak laser beam is subsequently used to probe the
saturation dip in the population difference, which has a homogeneous width about
three orders of magnitude narrower than the Doppler width. In two-photon
spectroscopy, when an atom absorbs two photons to drive the transition from each
of the counter-propagating laser beams, then the Doppler shifts are cancelled out
in the rest frame of the atom. With the atomic beam method, the laser beam
intersects the atomic beam at right angles thus reducing the Doppler effect.
When inhomogeneous broadening is reduced, attention must be paid to
homogeneous broadening, which is affected by the interaction time between atoms
and light, and that is usually limited by the collision between atoms and the
transition lifetime. One way to reduce the collision between atoms and thus
increase the interaction time with light is to cool the atoms with laser radiation.

There are two systems capable of increasing the interaction time between atoms
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and light. One such experiment was carried out using a single ion with a
sufficiently long transition lifetime that was trapped by electric fields and then
laser cooled [5]. Another system uses laser cooled atoms confined in optical
lattices, again with a long transition lifetime [6].

Figure 1 also shows the applications of high-resolution spectroscopy.
Frequency-stabilized lasers have long been used to realize the definition of the
“meter” [7, 8]. Recent developments on optical frequency standards have
encouraged time applications and accelerated work on the redefinition of the
second [9, 10]. In terms of fundamental physics, optical clocks can be used to
demonstrate relativistic effects in daily life and to verify the constancy of
fundamental constants [11, 12]. In practice, high-resolution laser spectroscopy
can provide new tools for improving telecommunication systems [13-14] and
medical diagnostics systems [15]. High performance optical clocks are expected
to open the door to new research frontiers such as relativistic geodesy [16].

Figure 2 shows the standards and measurement tools involved in optical
frequency metrology. With the laser cooling technique, the uncertainty of Cs
atomic clocks has been reduced to the 1016 level [17, 18]. On the other hand,
state-of-the-art experiments have achieved an uncertainty of 101® with optical
clocks [19-22]. Optical frequency combs are used to measure and compare optical
and microwave clocks [23]. A frequency comb based on a Kerr-lens Ti‘sapphire
laser can cover more than one octave of optical frequencies from 500 to 1100 nm [3,
4]. Furthermore, a frequency comb based on an Er-doped mode-locked fibre laser
[24-26] can cover more than one octave of optical frequencies from 1000 to 2200
nm. A detailed description of fibre-based optical frequency combs can be found
elsewhere [27]. The frequency combs are able to link optical and microwave
frequencies with uncertainties of 1017-1018 [28, 29] and to link optical frequencies
with uncertainties of 1019-102' [30, 31]. A microwave frequency can be
transferred using either a global positioning system (GPS) link or a carrier-phase
two-way satellite time and frequency transfer (TWSTFT) with uncertainties of
10°15-10°17 [32-35], while an optical frequency can be transferred using an optical
fibre link with uncertainties of 10-18-1021 [36-39]. A transportable optical clock can

also be used to compare optical frequency standards located in different places
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with an uncertainty limited by that of the transportable clock [40].

In Section 2, we present an overview of optical frequency standards
recommended by the International Committee for Weights and Measures (CIPM)
updated in 2015. We then review the recent development of secondary
representations of the second, which constitutes part of the CIPM
recommendations, in Section 3. In section 4, we present other CIPM
recommended optical frequency standards together with some standards that
have not been recommended by the CIPM but that are widely used. In Section 5,
we introduce optical frequency ratio measurement and also advanced time and
frequency transfer technologies, together with some discussion of the issues
related to the redefinition of the second. Finally, section 6 describes the prospects

for applications of optical frequency standards and optical frequency combs.

2. Overview of optical frequency standards recommended by the International
Committee for Weights and Measures (CIPM)
Optical frequency standards are established by observing atomic or molecular
transitions using high-resolution laser spectroscopy and stabilizing the laser
frequency using the observed spectral lines. Following the equation 4 = dv;,
where A 1s wavelength, cis the speed of light and vis optical frequency, an optical
frequency standard can be used as a wavelength standard for length
measurements when its frequency is measured based on the Cs frequency
standard. This was the main application of optical frequency standards in the
last century. With improved accuracy, optical frequency standards are now used
as both a wavelength standard and a time standard (time period 7'= 1/v). For
those optical frequency standards with lower uncertainties compared with the Cs
frequency standard, they have a potential to provide a new definition of the
second.

Table 1 shows a list of optical frequency standards drawn from the CIPM
recommended standard frequencies for applications including the practical
realization of the metre and secondary representations of the second [41]. This

list only includes the optical frequency standards that are being actively studied
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or are in practical use. To make the applications clear, in this article we divide
the list into three parts:

1) Secondary representations of the second (SRSs);

2) Standards that are mainly aimed at establishing a time standard (time);

3) Standards that are used for length and other applications.

The list is in order of wavelength and contains information about the atomic or
molecular transition, the spectroscopic method, and the frequency and the
uncertainty of each standard. The frequency and uncertainty values were where
necessary updated in 2015 and will be further updated in the future based on new
research results.

In principle, all the standards in the list may be used for the practical
realization of the metre. This is performed by using an optical frequency
standard (as a wavelength standard) in the interferometric measurement for
determining the length of a practical length standard, for example a gauge block.
SRSs, listed in the first part of Table 1, are candidates for the future redefinition
of the second and can already be used as time standards for the calibration of the
International Atomic Time (TAI). Standards that are mainly intended to become
time standards but that have not yet qualified as an SRS are given in the second
part of the list. In the third part of the list, iodine- or Rb-stabilized lasers are
shown as practical wavelength standards for length applications. The 1.54-um
acetylene-stabilized laser is used as a wavelength standard for telecommunication
applications [13, 14, 42]. Since the light source of the 778-nm 85Rb-stabilized
laser can be either a direct 778 -nm diode laser or a frequency-doubled laser using
a 1.56-um diode laser, this optical frequency standard can be used for either
length applications at 778 nm or telecommunication applications at 1.56 um.
The 3.39-um CHy-stabilized He-Ne laser played an important role historically and
1s still a significant standard in the mid infrared wavelength region.

All the standards for the SRSs are developed using either a trapped and
laser-cooled single ion [5] or laser-cooled atoms in an optical lattice [6]. Other
standards with the potential to become time standards also use the same methods
except for the 243-nm 'H and the 657-nm 4°Ca standards, where a cold atomic
beam with two-photon absorption and cold atoms are used, respectively. Optical
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frequency standards used for length and other applications are based on the
saturation absorption method except for the 778-nm 8Rb standard, where the
two-photon absorption method is used to observe Doppler-free signals.

The recommended frequencies and uncertainties of the SRSs and other time
standards (clocks) are calculated using the least-squares analysis of clock
frequency comparison data including absolute frequencies (frequencies referenced
to the SI second) and frequency ratios of different optical clocks [43]. The
frequency uncertainties of the SRSs range from 101 to 1016, while the
uncertainties of other time standards range from 1013 to 1016, The Hg optical
lattice clock with an uncertainty of 6x10716 will be considered for adoption as an
SRS in the near future. The uncertainties of standards for length and other
applications range from 1010 to 1012, Since the uncertainty of an interferometric
measurement is at a level of about 10 and limited by the variation in the
refractive index of the air, the uncertainties of the wavelength standards are
usually good enough for length applications. In telecommunication applications,

the required uncertainty of the standard is more relaxed.

3. Secondary representations of the second (SRSs)

The SRSs are recommended by the CIPM for research, comparison and discussion
during the preparation of a future redefinition. They can be either optical or
microwave frequency standards, provided that their uncertainty is well evaluated
and is close to or smaller than the Cs uncertainty. In Table 1, seven optical
frequency standards are listed as SRSs, while a total of eight SRSs are
recommended by the CIPM. An SRS based on the ground-state hyperfine
quantum transition of 8’Rb at 6.8 GHz is excluded because microwave frequency
standards are not the within the scope of this review. In this section, 87Sr and
171Yb optical lattice clocks are described with some experimental details, while
others are introduced only with measurement results. This is because 87Sr and
171YDh optical lattice clocks are studied by a large number of groups worldwide and
the experimental details could be of interest to a large number of readers.

1) 87Sr optical lattice clock



An “optical lattice clock” was proposed with the aim of realizing high stability
and accuracy simultaneously [44]. The scheme uses millions of neutral atoms
trapped in an optical lattice, where the light field perturbation is cancelled out by
properly designing the light shift potentials [45, 46]. The light shift cancellation
is realized by setting the lattice laser at a particular wavelength (magic
wavelength) so that the upper and lower states of the clock transition provide an
equal light shift [6, 47]. The subwavelength localization of the atoms in each
lattice site suppresses the first-order Doppler-shift [48] and collisional shift, while
it provides a long interrogation time.

Figure 3 shows the relevant energy level diagram of 87Sr. The 5s2 1So(F = 9/2)-
5s5p 3Po(F =9/2) transition at 698 nm has a natural linewidth of 1 mHz and is
used as a clock transition. The ultracold atoms for confinement in an optical
lattice can be prepared by using first- and second-stage magneto-optical traps
(MOTs). Firstly, by using the strong dipole-allowed transition (1S — 12;; 461 nm,
natural linewidth of 30 MHz), we can decelerate 87Sr atoms in an atomic beam (to
~ 1 K) with a Zeeman slower. The atoms are then loaded into the first stage
MOT using the same transition. A compact light source at 461 nm can be
developed using a single-pass periodically poled LiNbOs waveguide for
second-harmonic generation from a 922-nm extended cavity diode laser [49]. The
atoms are then cooled further in the second stage MOT using a spin-forbidden
transition (1So — 3P1; 689 nm, natural linewidth of 7.6 kHz). The Sr atoms were
cooled to mK and uK levels, in the first and second stage MOTs, respectively. The
ultranarrow 1So— 3Py clock transition of 87Sr was first observed in 2003 by groups
in Paris and Tokyo [50, 51]. The Paris group (SYRTE) [50] investigated the
transition by employing saturated absorption spectroscopy in free space, while the
Tokyo group (UT) [51] observed the transition with a linewidth of 700 Hz in an
optical lattice tuned to the magic wavelength. In 2005, a Sr optical lattice clock
was established and its absolute frequency was measured at UT in cooperation
with NMIJ [6, 33]. In 2006, three groups (UT-NMIJ [34], JILA [52] and SYRTE
[53]) measured the absolute frequency of their Sr optical lattice clocks
independently. The weighted average of the frequencies measured by the three

groups gave an average frequency with a standard deviation of 3.2 Hz (relatively
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7.5%10°15), which indicates good agreement between the measurement results of
the three groups. Based on these results, in 2006 the CIPM decided to adopt the
Sr lattice clock as an SRS [54].

Figure 4 shows absolute frequency measurement results and the CIPM
recommendation value of the 1Sy - 3Py transition in 87Sr. The absolute frequency
results include the measurements made by SYRTE in 2008 [55], JILA in 2008 [56]
and UT-NMIJ in 2009 [57] that contributed to the CIPM recommendations in
2009, 2013 and 2015; the measurements of PTB in 2011 [58] and NICT in 2012
[59] that contributed to the CIPM recommendations in 2013 and 2015; the
updated results from SYRTE in 2013 [60], PTB in 2014 [61], NMIJ in 2014 [62],
NIM in 2015 [63], NICT in 2015 [64], and NMIJ in 2015 [65] that contributed to
the CIPM recommendations in 2015; and one new PTB result [66] that was
published after the CIPM recommendation in 2015. The vertical solid line and the
dashed lines, respectively, indicate the absolute frequency and the uncertainty
(one sigma in each side) of the CIPM recommendation in 2015. The absolute
frequency results agree with each other and also the recommended frequency.
Since the frequency uncertainty of a Sr optical lattice clock is usually much
smaller than that of microwave standards, the uncertainty of the absolute
frequency results reflects that of the SI second realized by each institute.

Sr optical lattice clocks are being developed in many institutes and are the
most investigated of all the optical clocks. The uncertainty of the CIPM
recommended frequency (5x10716) is the lowest among all the optical clocks and is
limited by the SI second. The frequency uncertainty of a Sr optical lattice clock
can be as low as 1018, and is limited by the lattice light shift and the density shift
[19, 20]. The low uncertainty of the Sr optical lattice clock was validated by
using cryogenic optical lattice clocks in the same laboratory [19]. An international
comparison of two Sr optical lattice clocks at PTB and SYRTE was undertaken
using a 1415-km-long optical fibre network to confirm that the two clocks agreed
at an uncertainty of 5x10°17 [39].

2) 171YDb optical lattice clock
171Yb has attracted considerable attention because it has a reasonable natural

abundance of 14% and a simple #'= 1/2 spin system, which means we could avoid
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the need for an extra optical pumping process in the experiment. Figure 5 shows
the relevant energy level diagram of 17'Yb. The 6s2 1Sy (F = 1/2) - 6s6p 3P (F = 1/2)
transition has a natural linewidth of 44 mHz and is used as a clock transition. A
clock laser at 578 nm can be generated using the sum-frequency generation of a
1319-nm laser and a 1030-nm laser [67, 68], or the second-harmonics generation
(SHG) of a 1156-nm diode laser [69], with a PPLN waveguide device [70]. 171Yb
can be trapped and cooled by using first- and second-stage MOTs. The first-stage
MOT uses a strong dipole-allowed transition (1So—3Po; 399 nm, natural linewidth
of 29 MHz), while the second-stage MOT uses the spin-forbidden transition
(1S0—3P1; 556 nm, natural linewidth of 182 kHz). The Yb atoms were cooled to mK
and 10 uK levels, in the first- and second-stage MOTs, respectively. The 399 and
556-nm light sources can be generated by using the SHG of a 798-nm diode laser
[71] and a 1112-nm fibre laser [72], respectively, with a PPLN waveguide device.

An Yb optical lattice clock was established and its absolute frequency was
measured at NMIJ [73]. The measurement results were reported to the CIPM in
June 2009 for a discussion of new frequency standards. This has led to the first
recommendation of a 7'Yb optical lattice clock by the CIPM. Figure 6 shows the
frequency measurement results and the CIPM recommendation value for the 1S -
3Py transition in !"'Yb. The results include the measurements obtained by NMIJ
in 2009 [73], which contributed to the CIPM recommendations in 2009, 2013 and
2015; the measurements reported by NIST in 2009 [74] and by NMIJ in 2012 [75],
which contributed to the CIPM recommendations in 2013 and 2015; the updated
results from KRISS in 2013 [76], from NMIJ in 2014 [77, 78], and from
RIKEN/UT in 2015 [79], which contributed to the CIPM recommendation in 2015;
and one new INRIM result [80] that was published after the CIPM
recommendation in 2015. Since the frequency uncertainty of an Yb optical lattice
clock is usually smaller than that of the microwave standards, the uncertainty of
the absolute frequency results (NIST09, NMIJ12, KRISS13 and INRIM16)
reflects that of the SI second realized in each institute. The absolute frequency
results provided by NMIJ14 and RIKEN/UT15 were calculated from frequency
ratio measurements of Yb and Sr optical lattice clocks.

The Yb optical lattice clock was recommended by the CIPM as an SRS in 2013
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[81]. Yb optical lattice clocks have been developed in five institutes and are being
actively investigated in the optical clock community. The uncertainty of the CIPM
recommended frequency (2x10715) is slightly large compared with other SRSs and
comes from the discrepancy in the frequency ratio measurement of Yb and Sr
optical lattice clocks [77-79]. We will come back to this point in section 5. The
frequency uncertainty of an Yb optical lattice clock can be as low as 1017, and is
presently limited by the lattice light shift [82]. The low uncertainty of the Yb
optical lattice clock can be validated by comparing two Yb optical lattice clocks in
the same laboratory or remotely by using optical fibre links. An alternative
validation method is to measure and compare the frequency ratio of Yb and Sr
optical lattice clocks in different laboratories.
3) 171Yb* single-ion clock (quadrupole transition)

171Yb* single-ion clocks using the 6s 2Si2 (F=0) — 5d 2Dgs» (F=2) quadrupole
transition are being developed by PTB [83] and NPL [84]. The CIPM
recommended the !"'Yb* single-ion clock (quadrupole transition) as an SRS in
2006 [54]. Figure 7 shows the frequency measurement results and the CIPM
recommendation value of the 2Si2 — 2D32 transition in 177Yb*. The results include
measurements obtained by PTB in 2005 [85] and 2009 [86] and by NPL in 2010
[87] that contributed to the CIPM recommendations in 2013 and 2015; the
updated results from NPL in 2014 [84] and PTB in 2014 [83] that contributed to
the CIPM recommendation in 2015. The absolute frequency results agree with
each other and also the recommended frequency. The uncertainty of the CIPM
recommended frequency is 6X10716, which is the second smallest among SRSs. The
frequency uncertainty of a 17'Yb* single-ion clock (quadrupole transition) can be
as low as 1X1016, and is presently limited by the blackbody radiation shift and the
residual quadrupole shift [83, 84].
4) 1Yb* single-ion clock (octupole transition)

171Yb* single-ion clocks using the 6s 2S12 (F=0) — 4f136s2 2F7 (F=3) octupole
transition are being developed by NPL [84] and PTB [88]. An important feature of
the 1"1Yb* single-ion clock is that the quadrupole and octupole transitions have an
exceptionally large differential sensitivity to time variations of the fine structure

constant, which makes it possible to undertake important tests in fundamental
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physics [84, 88]. The CIPM recommended the 7'Yb* single-ion clock (octupole
transition) as an SRS in 2013 [81]. Figure 8 shows the frequency measurement
results and the CIPM recommendation value of the 2S1» —2F72 transition in 171Yb™.
The results include the measurements obtained by NPL in 2009 [89] and 2012
[90] and by NPL in 2012 [91] that contributed to the CIPM recommendations in
2013 and 2015; the updated results from NPL in 2014 [84] and PTB in 2014 [88]
that contributed to the CIPM recommendation in 2015. The absolute frequency
results agree with each other and also the recommended frequency. The
uncertainty of the CIPM recommended frequency is 6x1016, which is also the
second smallest one in SRSs. The frequency uncertainty of a "'Yb* single-ion
clock (octupole transition) can be as low as 3.2x1018 and is presently limited by
the quadratic Stark shift induced by thermal radiation at room temperature [21].
5) 88Sr+ single-ion clock

88Srt single-ion clocks using the 5s 2Si2 — 4d 2Ds; transition are being
developed by NPL [92] and NRC [93, 94]. The CIPM recommended the 8Sr+
singlesion clock as an SRS in 2006 [54]. Figure 9 shows the frequency
measurement results and the CIPM recommendation value of the 2Si2 —2Ds2
transition in #Sr*. The results include the measurements reported by NPL in
2004 [95] and by NRC in 2005 [96] and 2013 [92, 94] that contributed to the CIPM
recommendations in 2013 and 2015; the updated results from NPL in 2014 [92]
that contributed to the CIPM recommendation in 2015. The absolute frequency
results agree with each other and also the recommended frequency. The
uncertainty of the CIPM recommended frequency is 1.6X1015, which was enlarged
by a factor of 3 [41], by the CIPM, taking into account that the uncertainty
obtained by least-squares analysis [43] is dominated by one result [92] with a
much lower uncertainty than any of the others. The frequency uncertainty of an
88Sr+ single-ion clock can be as low as 5X1017, and is currently limited by the
blackbody radiation shift [92].
6) 199Hg* and 27Al* single-ion clocks

A 199Hg* single-ion clock using the 5d1°6s 2S12 (F=0) — 5d9%6s? 2Dsx (F=2)
transition and a 27Al* single-ion clock using the 3s2 1Sg — 3s3p 3Py transition are

being developed by NIST [11, 22, 97]. The 27Al* single-ion clock is realized using
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the quantum logic spectroscopy (QLS) method [98], where an auxiliary ion (for
example, 9Be*) takes over the laser cooling and state detection requirements for
27Al*. The CIPM recommended 9Hg* and 27Al* single-ion clocks as SRSs in 2006
[54] and 2013 [81], respectively. The current CIPM recommendations for 199Hg*
and 27Al* single-ion clocks were updated in 2013 using the measurement results
obtained for 199Hg* in 2007 [99] and for 27Al* in 2007 [100] and 2008 [97],
respectively. The 27Al* measurement in 2008 was a frequency ratio measurement
between 27Al* and 199Hg* clocks with a much smaller uncertainty than that of the
Cs clock [97]. The uncertainty of the CIPM recommended absolute frequencies for
the 199Hg* and 27Al* single-ion clocks are 1.9x1015, which was enlarged by a factor
of 3 [41] taking into account that the uncertainty obtained by least-squares
analysis [43] is dominated by one result (absolute frequency of 1*Hg* measured in
2007) [99] without validation from other laboratories. The frequency uncertainty
of 199Hg* and 27Al* single-ion clocks can be as low as 1.9x1017 [97] and 8.6x1018
[22], respectively, and is presently limited by a residual quadrupole shift [97] and

excess micromotion [22], respectively.

4. Non-SRS optical frequency standards

4.1 Standards mainly designed for time standard applications
In Table 1, there are six optical frequency standards that are non-SRS that are
mainly designed for time standard applications. Here we focus on three standards
(199Hg, 40Ca*, 'H) that are being actively studied and that were updated in 2015
and we describe their measurement results. 15In*, 40Ca and 88Sr were updated in
2003, 2005 and 2009, respectively. Although the last update of the 2In* single-ion
clock was in 2003, some new research activities have been reported toward the
quantum logic spectroscopy [101] and a multiple-ion clock [102] of In*.
1) 199Hg optical lattice clock

199Hg optical lattice clocks using the 5s2 1Sy — 5s5p 3Py transition have been
developed by RIKEN/UT [103] and SYRTE [104]. Figure 10 shows frequency

measurement results for a 199Hg optical lattice clock. The results include the
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measurements reported by SYRTE in 2012 [105, 106] and by RIKEN/UT in 2015
[103], that contributed to the CIPM recommendation in 2015; and one new result
from SYRTE [104] that was published after the CIPM recommendation in 2015.
The absolute frequency results agree with each other and also the recommended
frequency. The uncertainty of the CIPM recommended frequency is 6X1016, which
is much lower than that of some of the SRSs. The 199Hg optical lattice clock should
be considered for adoption as an SRS in the near future. The frequency
uncertainty of the 199Hg optical lattice clock can be as low as 7.2X1017, and is
presently limited by the lattice light shift [103].
2) 9Ca* single-ion clock

40Ca* single-ion clocks using the 4s 2Si9 — 3d 2Dspz transition have been
developed by Innsbruck [107], NICT [108] and WIPM [109]. Figure 11 shows
frequency measurement results for a 40Ca* single-ion clock. The results include
the measurements reported by Innsbruck in 2009 [107], WIPM in 2012 [110] and
NICT in 2012 that contributed to the CIPM recommendations in 2013 and 2015
(except for the 2012 WIPM); the updated results reported by WIPM in 2016 [109]
that contributed to the CIPM recommendation in 2015. The 2012 WIPM result
has been withdrawn by the authors due to an underestimation of the uncertainty
contributed by ion micromotion [41]. As shown in Fig. 11, despite the withdrawal
of WIPM12, there is still a discrepancy between the measurement results. The
uncertainty of the CIPM recommended frequency is 1.2x101'4, which was
increased by a factor of 10 [41], by the CIPM, taking into account that the
uncertainty obtained by least-squares analysis [43] is calculated using
inconsistent data from different institutes. The frequency uncertainty of a 40Ca*
single-ion clock can be as low as 5X10717, and is presently limited by the shifts of
excess micromotion and blackbody radiation [109]. We expect further research to
clarify the cause of the discrepancy of the measurement results from different
institutes.
3) H

The 'H optical frequency standard using the 1S — 2S 2-photon transition was
developed by MPQ [111]. A cold atomic beam of 'H with two-photon absorption

spectroscopy was employed in the experiment. A recent frequency measurement
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result [111] has an uncertainty of 4.5x1015, and is mainly limited by the second
order Doppler effect in the spectroscopy. The uncertainty of the CIPM
recommended frequency is 9x1015, which is based on two previous measurements

reported by MPQ [111, 112] that include a slight drift in the frequency values.

4.2 Standards used for length and other applications
In Table 1, there are eight optical frequency standards that can be used for length
and other applications. Here we concentrate on two standards that have been
newly added to the 2015 CIPM recommendations, namely the 531-nm diode laser
stabilized to 12713 and the 780-nm diode laser stabilized to 8’Rb, and describe their
measurement results. Other standards were updated until 2007, because they are
quite mature and there is no new measurement reported. Among them, the
633-nm iodine-stabilized He-Ne laser is characterized as the most popular
standard for length applications, and the 3.99-um CHjy-stabilized laser is being
studied using new light sources [113, 114].
1) 531-nm iodine-stabilized diode laser

The frequency of a 531-nm iodine-stabilized diode laser was newly
recommended by the CIPM in 2015. Iodine absorption lines near 532 nm [115,
116] are much stronger than those near 633 nm. With high-resolution laser
spectroscopy [117], iodine-stabilized Nd:YAG lasers were developed with excellent
laser frequency stability [2] and reproducibility [118]. Accurate hyperfine
constants of molecular iodine near 532 nm were obtained based on detailed
measurements of the hyperfine structures of molecular iodine [115, 119-125].
For practical length applications, the 532-nm i1odine-stabilized Nd:YAG laser was
expected to replace the 543-nm 1odine-stabilized He-Ne laser since the former
produces a much higher output power at the green wavelength region than the
latter. As a new wavelength standard, the frequency reproducibility of the laser
was validated through international comparisons [126-129]. The 532-nm
iodine-stabilized Nd:YAG laser turned out to be a perfect laser source for length
applications except that it is very expensive for practical applications. The
recommendation of the 531-nm iodine-stabilized diode laser will make up for the

shortcomings of the Nd:YAG laser.
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The 531-nm iodine-stabilized diode laser uses a low-cost coin-sized light source
consisting of a 1062-nm distributed-feedback diode laser and a frequency-doubling
element that provide 20 mW of green output power. To perform Doppler-free
spectroscopy of molecular iodine using the 531-nm laser module, a simple and
compact iodine spectrometer that employs saturated absorption was developed
using a short iodine cell operated at room temperature and without using any
expensive optical components such as an electro-optic modulator [130]. A
frequency stability at the 1012 level and a frequency uncertainty at the 101! level
have been achieved with the compact iodine-stabilized diode laser. The
uncertainty of the CIPM recommended frequency is 1X1019, which was larger by a
factor of 7 than the experimentally measured uncertainty [130]. This was due to
the fact that the iodine vapour pressure used was much higher than with other
iodine-stabilized lasers, and also that the result comes from a single laboratory
without validation from other laboratories [41]. Recently, a 531-nm
1odine-stabilized diode laser has been successfully applied to long gauge block
measurements [131].

2) 780-nm Rb-stabilized laser

The frequency of a 780-nm Rb-stabilized laser was newly recommended by the
CIPM in 2015. This is to meet a request from the length community, although the
stabilized laser was not newly developed. This laser is attractive for length
applications because it uses a commercially available external-cavity diode laser
and a simple and compact spectroscopic configuration, and has a high optical
power output [132]. The laser frequency is stabilized to the Doppler-free Rb Do
line 5812 — 5P3e (F’=2 — F=2/F"=2 — F=3 crossover line) by using a
third-harmonic technique. The relative frequency uncertainty was 4.3xX1010 for a
0.01-s averaging time. The uncertainty of the CIPM recommended frequency is
5x10719, which is based on two previous measurements reported by JILA [133] and

NMIJ [129].

4.3 Other CIPM-recommended standards
CIPM-recommended optical frequency standards also include an unstabilized

He-Ne laser, an OsOy-stabilized CO2 laser, spectral lamps and iodine-stabilized
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lasers operating at other wavelengths that are not listed in Table 1. The lamps
and the iodine-stabilized lasers were summarized in 2001 in category 2 of the
CIPM recommendation [7]. They are #Kr, 198Hg and 14Cd spectral lamps and
1odine stabilized lasers operating at 515, 576, 612 and 640 nm. Although they are
not currently being actively studied, some of them are still in use. Of these only
the frequency of the 515-nm iodine stabilized laser was updated by the CIPM

recommendation in 2003 [8].

4.4 Other optical frequency standards

There are some optical frequency standards that have not been recommended
by the CIPM but that are widely used for various applications. For example,
HCN-stabilized lasers emitting at 1.5 um [134] are used as a wavelength standard
for telecom applications as well as the acetylene-stabilized laser. Moreover, a
single-mode optical-fibre-coupled absorption cell containing acetylene gas is used
as a simple wavelength standard based on Doppler-limited frequency references
of acetylene [135]. Iodine-stabilized lasers are investigated across visible
wavelengths including 502 nm [136], 578 nm [67, 137] and 660 nm [138]. In
addition to Rb-stabilized lasers, Cs-stabilized lasers are also used as optical
frequency standards in the near infrared region [139]. Furthermore, the
absorption spectra of 130Tes provide suitable wavelength references at blue and
green regions [140, 141]. For astronomical spectroscopy calibration, Th-Ar hollow
cathode lamps [142, 143] are widely used as a wavelength standard in

observatories.

5. Optical frequency ratio measurement and advanced frequency links

Optical clocks are now approaching uncertainties of 1018, which are orders of
magnitude lower than the SI second. Consequently, optical frequency ratios
between optical clocks give much more detailed frequency descriptions than
absolute frequency measurements. The validation of clock uncertainties based
on frequency ratio measurement can confirm clock consistency and are an

essential step towards the redefinition of the second [9, 10]. Furthermore,
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accurate frequency ratio measurement plays an important role in fundamental
physics for verifying the constancy of fundamental constants [11, 12]. On the
other hand, optical frequency links using optical fibre networks and transportable
optical clocks can assist with progress on frequency ratio measurements by
establishing a clock network between laboratories on a continental and even
inter-continental scale. The validation of clock consistency between different
laboratories is especially important in terms of the redefinition of the second.
Furthermore, accurate comparisons of optical clocks in different places provide
direct information about geopotential measurements [15]. Finally, we conclude

this section by discussing certain issues related to the redefinition of the second.

5.1 Optical frequency ratio measurements
Figure 12 shows the relationship between the optical frequency standards and the
SI second. All the optical frequency standards have been measured with reference
to the SI second, except for the 27Al* single-ion clock. Optical frequency ratio
measurements have been performed between an 87Sr optical lattice clock and
several other clocks, 27Al* and 9Hg* single-ion clocks, and "'Yb* (quadrupole)
and 171Yb* (octupole) single-ion clocks.
1) Frequency ratio of 27Al* and 19°Hg* single-ion clocks
The frequency ratio of the 27Al* and 199Hg* single-ion clocks was measured at
NIST in 2008 [97]. The uncertainty of the measured ratio was 5.2x10717, which
comprises a statistical measurement uncertainty of 4.3x101!7, and systematic
uncertainties of 1.9X1017 and 2.3x1017 in 199Hg* and 27Al* clocks, respectively.
This was the first frequency ratio measurement between optical clocks to go
beyond the Cs limit. The frequency ratio was used to determine the absolute
frequency of a 27Al* clock using the absolute frequency of a 199Hg* clock [99].
Repeated measurements over more than one year yielded a preliminary
constraint on the temporal variation of the fine-structure constant o’/a =
—1.6(2.3)x1017/year [99].
2) Frequency ratio of 177Yb* (quadrupole) and 17'Yb* (octupole) single-ion clocks
The frequency ratio of 17'Yb* (quadrupole) and "'Yb* (octupole) single-ion

clocks was measured at NPL in 2014 [84]. The uncertainty of the measured ratio
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was 3.3x1016, which was mostly limited by the uncertainty of the 17'Yb*
(quadrupole) clock. In this experiment, both the frequency ratio and the absolute
frequency of each 17'Yb* clock were measured simultaneously based on the Cs
fountain clock at NPL. These results provided an important self-consistency check.
The measurements have led to a threefold improvement in the constraint on the
time variation of the proton-to-electron mass ratio p’/in = 0.2(1.1)x1016/year, along
with an improved constraint on the temporal variation of the fine-structure
constant a’/a = —0.7(2.1)x1017/year.
3) Frequency ratio of 17Yb and 8Sr optical lattice clocks

The frequency ratio of 17'Yb and 87Sr optical lattice clocks is being measured at
NMIJ [77, 78] and RIKEN/UT [79, 82]. Figure 13 shows the frequency ratio
measurements obtained by NMIJ in 2014 [77, 78] and RIKEN/UT in 2014 [79]
and 2016 [82]. The measurements RIKEN/UT14 and RIKEN/UT16 agree with
each within their measurement uncertainties, but disagree with the
measurement result NMIJ14. The difference between NMIJ14 and
RIKEN/UT16 1s 2.9x1015, while their individual uncertainties are 1.4X101% and
4.6x1017, respectively. The recent absolute frequency measurement of the 171Yb
optical lattice clock with an uncertainty of 5.4x10716 together with the CIPM
recommendation of the 87Sr optical lattice clock provide additional information on
the 171YDb/87Sr ratio as shown in Fig. 13. We expect further research to clarify the
cause of this discrepancy.
4) Frequency ratio of 199Hg and 87Sr optical lattice clocks

The frequency ratio of 199Hg and 87Sr optical lattice clocks is being measured at
RIKEN/UT [103] and SYRTE [104]. Excellent agreement has been obtained
between the two measurements. The difference between the two measurements
is 1.7x1016, while their individual uncertainties are 8.4x1017 (RIKEN/UT) and
1.8x10°16 (SYRTE). This is the first result comparing frequency ratios that has an
agreement better than the Cs clock accuracy. With this kind of frequency ratio
comparison, it is possible to validate the consistencies of optical clocks in different
laboratories beyond the Cs limit, especially when we can close the loop of the ratio
measurement (for example, by measuring the ratios of 171Yb/87Sr, 87Sr/199Hg and

19Hg/171Yb, and multiply the ratios to obtain the result of 1 for checking the
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consistency of the measurements).
5) Frequency ratio of 4°Ca* single ion and 87Sr optical lattice clocks

The frequency ratio of the 4°Ca* single ion and 87Sr optical lattice clocks was
measured at NICT in 2012 [108]. The uncertainty of the measured ratio was
2.3x1015, which was mostly limited by the uncertainty of the 4Ca* clock. This
experiment was performed mainly to check the consistency with the absolute
frequency measurement of the 4Ca* clock, since there were two published values
[107, 110] that are inconsistent with the NICT’s measurement.
6) Frequency difference between 8Sr and 87Sr optical lattice clocks

The frequency difference between the 88Sr and 87Sr optical lattice clocks was
measured at the University of Tokyo in 2008 [144]. The frequency difference was
measured instead of the frequency ratio because the frequency difference between
the two clocks is only about 62 MHz, and it is much easier to deal with the
frequency difference in this case. The uncertainty of the measured frequency
difference was 3x1015, which was mostly limited by the uncertainty of the 88Sr
clock.

5.2 Advanced frequency links
The precision of the conventional frequency transfer using microwave signals
needs to be improved so as to meet the high stability requirement of optical clocks.
The ubiquitous fibre optic network enables us to transfer frequencies with an
extremely low phase noise [145, 146]. There are two methods for transferring
frequencies using optical fibres: 1) microwave frequencies transmitted over a
modulated optical signal; 2) an optical carrier signal with the optical phase
information to achieve stability that is several orders of magnitude higher than
that of microwave modulation signals. In both cases, active phase noise
cancellation is necessary because of the additional phase noise resulting from the
optical length fluctuations of the delivering fibres caused by mechanical or
temperature variations.

Results have been reported for tests on coherent optical frequency transfer
with residual frequency instabilities of 1x1017 through a 32-km fibre [36] and of

2x%10°16 through a 251-km fibre [37] at 1 s. The precision frequency measurement
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of a Sr optical lattice clock was demonstrated on the basis of an optical carrier
transfer over a 120-km long-haul fibre network composed of installed rural and
urban telecom fibres [38, 57]. Stable optical fibre links were used to compare two
optical clocks without degrading their stability and accuracy [147, 148]. A
920-km-long optical fibre link for frequency metrology has been established
between Braunschweig and Miinchen in Germany with uncertainties of 5x1017 1s
and 4x10!° for long integration times [149]. A 642-km-long optical fibre link was
established in Italy to link atomic clocks in INRIM, Turin and LENS [150].
Recently, a 1415-km telecom fibre link has been established for comparing optical
clocks in Paris and Braunschweig [39]. The link reached an uncertainty of 3x1017
after an averaging time of 1,000 s, which is ten times better and more than four
orders of magnitude faster than previous long-distance clock comparisons. It has
been confirmed that the two 87Sr optical lattice clocks at SYRTE and PTB agree
with each other at an uncertainty of 5x1017 limited by the instability and
uncertainty of the strontium lattice clocks themselves. This is the first
international long-distance optical clock comparison to validate clock uncertainty
at a level well below the Cs limit. On the other hand, a recent short-distance clock
comparison using a telecom fibre has achieved geopotential measurements with
an uncertainty of 5 cm (5x10°18) [16].

Earth tide is a displacement of the earth's solid surface caused by the gravity
of the Moon and other effects including the Sun. The main components of a tide
are a period of about 12 hours and an amplitude of about 40 cm. This means that
all the clocks on the earth experience this effect and their frequencies are
modulated at a level of about 4x1017. When we compare clocks at the same
location, the tide effect i1s eliminated. However, when we compare clocks
separated by a long distance, we will need to confirm and remove the variation in
the signal caused by the tide effect to observe other smaller signals of the
gravitational potential. Consequently, optical clocks linked with fibres may
serve as a direct sensor for gravitational potential with dynamic responses at a cm
uncertainty level.

Other advanced time and frequency transfer technologies include a

transportable optical clock [40], the Atomic Clock Ensemble in Space (ACES)
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project [151] and carrier-phase two-way satellite frequency transfer [35]. In 2015,
the Consultative Committee for Time and Frequency (CCTF), one of the
consultative committees under the CIPM, recommended that national metrology
institutes and other relevant international bodies vigorously support the research
and development of time and frequency transfer techniques matching the stability

and uncertainty of the most advanced optical clocks [152].

5.3 Issues related to the redefinition of the second

Optical clocks have demonstrated orders of magnitude smaller uncertainty and
better reproducibility than the current best Cs fountain clocks. One of these clocks
may finally lead to a new definition of the second. Discussions on the roadmap for
the redefinition of the second are ongoing at CCTF and CIPM [9, 10]. We need to
consider the next issues.

1) Evaluating the uncertainty of optical clocks is important. When providing a
new definition of the second, an optical clock must have a smaller uncertainty
than a Cs clock. At present, the 87Sr optical lattice clock [19, 20], the 171Yb*
single-ion clock (octupole transition) [21], and the 27Al* single-ion clock [22] have
been evaluated as having an uncertainty at the 1018 level, which is about two
orders of magnitude better than that of the current best Cs fountain clocks.

2) It is better if multiple national institutes work on the same type of clock. This is
important as regards confirming the equality of the clocks and also their
reliability. Currently, a number of national institutes are investing their research
resources into 87Sr optical lattice clocks. Fibre links have been established to
confirm the agreement between two 87Sr optical lattice clocks at PTB and SRYTE
at a level of 1017 [39] and two 87Sr optical lattice clocks at RIKEN and UT at a
level of 10718 [19]. A transportable 87Sr optical lattice clock with an uncertainty of <
1017 is under development at PTB [40].

3) The frequency ratio measurement of optical clocks with an uncertainty smaller
than the SI second would also be useful for validating the reproducibility of the
optical clocks. Furthermore, after the redefinition of the second, information on
the frequency ratio could be used to realize a new SI second by using other optical

clocks. The frequency ratios of 27Al*/199Hg+ [97], 17'Yb/87Sr [82], and 199Hg/87Sr
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[103, 104] have already been measured at the 1017 level, with the ratios of
199Hg/87Sr also being confirmed at the 1017 level by two independent institutes
[103, 104]. The 1"'Yb/87Sr frequency ratio at the lowest uncertainty level [82]
should be able to be confirmed by NMIdJ or at Boulder by NIST and JILA. The
171Yb*(quadrupole)/17'Yb*(octupole) frequency ratio is also promising with respect
to reaching the 1017 uncertainty level.

4) We need to consider the contribution of the secondary representations to TAL
This will take the form of a report to BIPM detailing the experimental results
obtained in a particular reporting period including the uncertainty budget and
references. As an SRS, the Rb fountain clock has already started to contribute to
TAI On the other hand, reliable frequency measurement results of optical clocks
based on Cs fountain clocks are still necessary if we are to obtain the best link

between the new and the present definitions.

6. Outlook

Both the uncertainty and the reliability of an optical clock are very important in
terms of redefining the second. It has been demonstrated recently at PTB that an
87Sr optical lattice clock, with a time coverage of 46 % over 25 days, is now able to
maintain a local timescale with a time error of less than 200 ps, which is superior
to one based on even the best Cs fountain clock [153]. It has also been recently
demonstrated at SYRTE that an 87Sr optical lattice clock can be reliably operated
over time periods of several weeks, with a time coverage exceeding 80 % [154].
Research along this line is increasing rapidly.

Efforts are still being made to further reduce the systematic uncertainty of
optical clocks to < 1x10°18, either by improving the current optical clocks [155] or
by starting new clock schemes using a nuclear clock transition in 229Th [156, 157]
or highly charged ions [158, 159]. But it may take a long time since some of these
experiments are very complicated. Furthermore, the geoid of the earth is not well
defined at the 10718 level. Fibre-linked and transportable optical clocks may
improve our knowledge regarding geoids, but the beat of the earth will finally

limit the reproducibility of optical clocks on earth. An optical clock in space may
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experience more uniform and stable gravitational potential compared to one on
the earth, and thus have a higher clock stability and reproducibility. A
space-based gravitational wave detector consisting of optical lattice atomic clocks
has recently been proposed [160]. Also, there has been a proposal to search for
dark matter using optical clocks [161]. Again, this will take a long time to realize,
and we need to consider how significantly we can improve measurement on earth
by using clocks in space. Therefore, it may not be long before we decide to change
the definition of the second and proceed to applications.

It is very important to find killer applications for optical clocks. At present, an
optical clock as a direct sensor of gravitational potential with dynamic responses
appears quite promising for applications to geology, dynamic ocean topography,
and seismology. We may expect more applications for optical clocks in the future,
such as GPS navigation systems using microwave clocks.

The development of optical clocks is strongly linked with that of optical
frequency combs. For example, the realization of a narrow linewidth fibre comb
[162-164] has contributed to the frequency ratio measurement of optical lattice
clocks [103]. Here, it is worth noting two research fields related to optical
frequency combs that are being rapidly developed. Instead of using one comb
component as in frequency measurement and link experiments, both approaches
employ a large number of comb components simultaneously in an experiment.
Astro-combs are being introduced into observatories to calibrate astronomical
spectrographs as part of the search for extrasolar planets and for the direct
measurement of the universe's expansion history [165, 166]. Dual comb
spectroscopy [167, 168] is performed to observe the spectra of atoms and
molecules across a 140-THz-wide spectrum from 1.0 to 1.9 um [169]. This method
1s helpful for both basic spectroscopic research, such as understanding the
molecular line profile [170-172], and applications such as the multicomponent
analysis and investigation of the relaxation associated with several vibrational
states [173].

It is now an exciting period for researchers working on optical frequency
metrology. Rapid developments on optical clocks, frequency combs, and advanced

frequency links will open up new possibilities for research ranging from
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fundamental physics, and astrophysics, to aspects of engineering such as space

clocks and the remote sensing of the beat of our earth.
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Table 1. Laser frequency standards recommended by the International Committee for Weights and Measures (CIPM) in 2015. SRS is a
secondary representation of the second.

Application XA Laser and reference Spectroscopy Frequency Uncertainty
SRS 267 nm 27Al*, 3s2 1S — 3s3p 3Po Ton trap 1121015393207857.3 Hz 1.9x10°15
282 nm 199Hg+, 5d196s 2S1/2 (F=0) — 5d96s22Ds/2 (F=2) Ion trap 1064721609899145.30 Hz  1.9x10°15
436 nm  11Yb*, 6s 2S12 (F=0) — 5d 2Ds2 (F=2) Ton trap 688358979309308.3 Hz 6x10716
467 nm 171Yb*, 6s 2812 (F=0) — 413652 2F72 (F=3) Ion trap 642121496772645.0 Hz 6X10°16
578 nm 171Yh, 652 180 (F=1/2) — 6s6p 3Po (F=1/2) Optical lattice 518295836590864.0 Hz 2X10°15
674 nm 88Sr+, s 2812 — 4d 2Ds/2 Ton trap 444779044095486.6 Hz 1.6x10°15
698 nm  87Sr, 5s2 1Sy (F=9/2) — 5s5p 3Py (F=9/2) Optical lattice 429228004229873.2 Hz 5x1016
Time 237 nm 15In+, 52 1S — 5s5p 3Po Ton trap 1267402452899.92 kHz 3.6x10°13
243 nm 1H, 1S — 28, 2 photon Atomic beam, two photons 1233030706593514 Hz 9x1015
266 nm 199Hg, 6s2 1S — 6s6p 3Po Optical lattice 1128575290808154.8 Hz 6X10°16
657 nm 40Ca, 1S0—3P1, Amg=0 Cold atoms 455986240494140 Hz 1.8x10°14
698 nm 88Sr, 5s2 1So — 5s5p 3Po Optical lattice 429228066418012 Hz 1x10°14
729 nm 40Ca*, 4s 2S1/2 — 3d 2Ds2 Ton trap 411042129776398.4 Hz 1.2x10°14
Length & 531 nm  Diode laser, 1271, R(36)32-0:a; Saturation absorption 564074632.42 MHz 1x10°10
others 532 nm Nd:YAG laser, 12715, R(56)32-0:a10 Saturation absorption 563260223513 kHz 8.9x1012
543 nm He-Ne laser, 12715, R(106)28-8:b1o Saturation absorption 551580162400 kHz 4.5x1011
633nm  He-Ne laser, 12713, R(127)11-5:a16 Saturation absorption 473612353604 kHz 2.1x10°11
778 nm  #Rb, 5S12(F=3) — 5D5.2(F=5), 2 photon Two photons 385285142375 kHz 1.3x1011
780 nm 87Rb, 5S1/2 — 5P3/2, d/f crossover Saturation absorption 384227981.9 MHz 5x1010
1.54 pm  13C2Hs, P(16)(v1 + v3) Saturation absorption 194369569384 kHz 2.6X1011
3.39 um  He-Ne laser, CHy, n3, P(7), F2@ Saturation absorption 88376181600.18 kHz 3x1012
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Figure captions

Fig.1 Technologies used in high-resolution laser spectroscopy and their

applications.

Fig. 2 Standards and measurement tools involved in optical frequency metrology.
When optical clocks are compared with microwave clocks or other optical clocks in
the same laboratory, optical frequency combs are used to link different frequencies.
When clocks in different laboratories are compared, optical fiber, satellites or

transportable clocks are used for frequency link.

Fig. 3 Energy levels of 87Sr. Wavelengths and natural linewidths are indicated for

the relevant cooling, trapping, and clock transitions.

Fig. 4 Absolute frequency measurements and the CIPM recommendation value of

the 5s2 1S (F=9/2) - 5s5p 3Py (F=9/2) transition in 87Sr.

Fig. 5 Energy levels of 171Yb. Wavelengths and natural linewidths are indicated

for the relevant cooling, trapping, and clock transitions.

Fig. 6 Absolute frequency measurements and the CIPM recommendation value of

the 6s2 1S, (F=1/2) - 6s6p 3Py (F=1/2) transition in 171Yb.

Fig. 7 Absolute frequency measurements and the CIPM recommendation value of

the 6s 2S12 (F=0) - 5d 2D32 (F=2) quadrupole transition in 171Yb*.

Fig. 8 Absolute frequency measurements and the CIPM recommendation value of

the 6s 2812 (F=0) — 413652 2F7); (F=3) octupole transition in 171Yb*.

Fig. 9 Absolute frequency measurements and the CIPM recommendation value of

the 5s 2512 — 4d 2Ds52 transition in 88Sr+.
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Fig. 10 Absolute frequency measurements and the CIPM recommendation value

of the 6s2 1Sy — 6s6p 3Py transition in 99Hg.

Fig. 11 Absolute frequency measurements and the CIPM recommendation value of

the 4s 2S12— 3d 2Ds5/2 transition in 40Cat.

Fig. 12 Relation between the optical frequency standards and the SI second. Solid
lines indicate the absolute frequency measurement based on Cs atomic clocks,
while dashed lines indicate the frequency ratio measurement between optical

frequency standards.

Fig. 13 Frequency ratio of 1"'Yb and 87Sr optical lattice clocks.
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