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Introduction

 Progress of atomic frequency standards

 For optical clocks, see e.g.

 Optical standards surpass Cs standards
 By 2 orders of magnitudes

Ludlow A. et al., Rev. Mod. Phys. 87, 637 (2015)
Bize S., C.R. Physique, special issue on new SI (2019)



3

Fountains and TAI

 Status
 Accuracy: 1-3x10-16, several systems with high operability, use for timescales,

local timescale steering (USNO, VNIIFTRI, PTB, SYRTE, etc.), etc.

 A few new devices (NRC, NPL, METAS) and a few more under development
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 A reference transition in the optical domain
 Frequency ~1015 Hz

 Forbidden transitions with natural linewidth <<1 Hz

 Laser-cooled & tightly bound ion / atoms
 To mitigate motional effects

 Two types

 (single) ion clocks

 optical lattice clocks

 Probed with ultra-stable laser light
 Fundamental signal: the phase of laser light

Principle of optical frequency standards

Rev. Mod. Phys. 87, 637 (2015)
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Realization of optical frequency standards

NIST, McGrew et al., 
Nature 564 (2018) 87–90

RIKEN/UT, NIST, LNE-SYRTE, PTB, JILA, etc. 
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 Progress of optical standards seen by reported measurements
 Used by CIPM/CCL-CCTF WGFS

 2020: 105 measurements. 33 optical frequency ratios, 72 absolute frequencies.

 2017: 69 measurements. 11 optical frequency ratios, 58 absolute frequencies.

 Stability
 1x10-16 at 1 s or even better

 Measurement to 1x10-18 in 104 s

Status of optical frequency standards



7

Transition Accuracy Year Reference Link Frequency

40Ca+ 3,00E-18 2021 Huang et al., arxiv https://arxiv.org/abs/2103.08913

87Sr 5,50E-18 2020 Takamoto et al., Nat. Photon. 14, 411 (2020) https://doi.org/10.1038/s41566-020-0619-8

171Yb+(E3) 2,70E-18 2019 Sanner et al., Nature 567, 204 (2019) https://doi.org/10.1038/s41586-019-0972-2

27Al+ 9,40E-19 2019 Brewer et al., Phys. Rev. Lett. 123, 033201 (2019) https://doi.org/10.1103/PhysRevLett.123.033201 

87Sr 2,00E-18 2019 Bothwell et al., Metrologia 56, 065004  (2019) https://doi.org/10.1088/1681-7575/ab4089

171Yb 1,40E-18 2018 McGrew et al., Nature 564, 87 (2018) https://doi.org/10.1038/s41586-018-0738-2

171Yb+(E3) 3,20E-18 2016 Huntemann et al. PRL 116,063001 (2016) https://doi.org/10.1103/PhysRevLett.116.063001

40Ca+ 3,40E-17 2016 Huang et al., Phys. Rev. Lett. 116, 013001 (2016) https://doi.org/10.1103/PhysRevLett.116.013001

87Sr 2,10E-18 2015 Nicholson et al., Nat. Com. 6, 6896 (2015) https://doi.org/10.1038/ncomms7896

87Sr 4,80E-18 2015 Ushijima et al. Nat. Photon. 9, 185 (2015) https://doi.org/10.1038/nphoton.2015.5

199Hg 7,20E-17 2015 Yamanaka et al., Phys. Rev. Lett. 114, 230801 (2015) https://doi.org/10.1103/PhysRevLett.114.230801

87Sr 6,40E-18 2014 Bloom et al., Nature 506, 71 (2014) https://doi.org/10.1038/nature12941

171Yb+(E2) 1,10E-16 2014 Tamm et al., Phys. Rev. A 89, 023820 (2014) https://doi.org/10.1103/PhysRevA.89.023820

88Sr+ 2,00E-17 2012 Madej et al., PRL 109, 203002 (2012) https://doi.org/10.1103/PhysRevLett.109.203002

H(1S-2S) 4,20E-15 2011 Parthey et al., Phys. Rev. Lett. 107, 203001 (2011) https://doi.org/10.1103/PhysRevLett.107.203001

27Al+ 8,60E-18 2010 Chou et al., Phys. Rev. Lett. 104, 070802 (2010) https://doi.org/10.1103/PhysRevLett.104.070802 

171Yb 3,40E-16 2009 Lemke et al., Phys. Rev. Lett. 103, 063001 (2009) https://doi.org/10.1103/PhysRevLett.103.063001

199Hg+ 1,90E-17 2008 Rosenband et al., Science 319, 1808 (2008) https://doi.org/10.1126/science.1154622

27Al+ 2,30E-17 2008 Rosenband et al., Science 319, 1808 (2008) https://doi.org/10.1126/science.1154622

87Sr 1,50E-16 2008 Ludlow et al., Science 319, 1805 (2008) https://doi.org/10.1126/science.1153341

 Best reported accuracy
 For several species and versus time

Optical frequency standards: accuracy
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 Best reported accuracy
 For same species comparisons

 At same institute: 5E-18. Between institutes: 5E-17

Optical frequency standards: comparisons

Transition Stat Unc Diff Overall Unc Year Reference Link Frequency

87Sr 4,00E-17 5,00E-17 2016 Lisdat et al., Nat. Commun. 7, 12443 (2016) https://doi.org/10.1038/ncomms12443

87Sr 1,20E-16 1,50E-16 2013 Le Targat et al., Nature Commun. 4, 2109 (2013) http://dx.doi.org/10.1038/ncomms3109 

171Yb+(E3) 2,80E-18 4,20E-18 2019 Sanner et al., Nature  567, 204 (2019) https://doi.org/10.1038/s41586-019-0972-2

171Yb 5,00E-19 7,00E-19 9,40E-19 2018 McGrew et al., Nature 564, 87 (2018) https://doi.org/10.1038/s41586-018-0738-2

87Sr 2,00E-18 1,10E-18 4,80E-18 2015 Ushijima et al. Nat. Photon. 9, 185 (2015) https://doi.org/10.1038/nphoton.2015.5

87Sr 4,70E-18 2020 Takamoto et al., Nature Photonics 14, 411 (2020) https://doi.org/10.1038/s41566-020-0619-8

87Sr 1,00E-18 3,40E-18 2016 Takano et al., Nature Photonics  10, 662 (2016) https://doi.org/10.1038/nphoton.2016.159

27Al+ 7,00E-18 1,80E-17 2,50E-17 2010 Chou et al., Phys. Rev. Lett. 104, 070802 (2010) https://doi.org/10.1103/PhysRevLett.104.070802

87Sr 6,40E-18 2,70E-17 5,40E-17 2014 Bloom et al., Nature 506, 71 (2014) https://doi.org/10.1038/nature12941

40Ca+ 1,90E-17 3,20E-17 5,50E-17 2016 Huang et al., Phys. Rev. Lett. 116, 013001 (2016) https://doi.org/10.1103/PhysRevLett.116.013001

171Yb+(E2) 3,80E-16 6,10E-16 2005 Schneider et al., PRL 94, 230801 (2005) https://doi.org/10.1103/PhysRevLett.94.230801

171Yb+(E3) 1,60E-16 2,00E-16 2020 Riedel et al., Metrologia 57, 045005 (2020) https://doi.org/10.1088/1681-7575/ab6745

171Yb+(E3) 2,00E-17 3,50E-16 2020 Riedel et al., Metrologia 57, 045005 (2020) https://doi.org/10.1088/1681-7575/ab6745
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 Best reported accuracy
 For optical frequency ratio measurements

 Combs are involved

Optical frequency standards: ratios

Transition1 Transition2 Fractional uncertaintyYear Reference Link Ratio

171Yb+(E3) 171Yb+(E2) 3,43E-17 2021 Lange2021 https://doi.org/10.1103/PhysRevLett.126.0111020.932829404530965376

171Yb 87Sr 2,80E-16 2021 Pizzocaro et al., Nat. Phys. 17, 223 (2021)https://doi.org/10.1038/s41567-020-01038-61.20750703934333805

171Yb 87Sr 2,50E-16 2021 Pizzocaro et al., Nat. Phys. 17, 223 (2021)https://doi.org/10.1038/s41567-020-01038-61.20750703934333738

27Al+ 171Yb 6,01E-18 2021 Beloy2021 https://doi.org/10.1038/s41586-021-03253-42.162887127516663703

27Al+ 87Sr 8,04E-18 2021 Beloy2021 https://doi.org/10.1038/s41586-021-03253-42.611701431781463025

171Yb 87Sr 6,79E-18 2021 Beloy2021 https://doi.org/10.1038/s41586-021-03253-41.2075070393433378482

171Yb+(E3) 87Sr 3,30E-16 2020 Riedel2020 https://doi.org/10.1088/1681-7575/ab67451.495991618544900976

171Yb+(E3) 87Sr 2,70E-16 2020 Riedel2020 https://doi.org/10.1088/1681-7575/ab67451.495991618544901113

171Yb+(E3) 87Sr 3,50E-16 2020 Riedel2020 https://doi.org/10.1088/1681-7575/ab67451.495991618544900644

171Yb+(E3) 87Sr 2,00E-16 2020 Riedel2020 https://doi.org/10.1088/1681-7575/ab67451.495991618544900858

171Yb+(E3) 87Sr 2,50E-17 2020 Dorscher2020 https://doi.org/10.1088/1681-7575/abc86f1.495991618544900537

171Yb 87Sr 4,10E-16 2020 Hisai2020 https://doi.org/10.1088/1681-7575/abc1041.20750703934333858

171Yb 87Sr 6,20E-16 2020 Kobayashi2020 https://doi.org/10.1088/1681-7575/abc1041.20750703934333782

115In+ 87Sr 7,70E-16 2020 Ohtsubo2020 https://doi.org/10.1364/OL.4049402.9527487498748633

199Hg 171Yb 8,80E-17 2020 Ohmae2020 https://doi.org/10.1364/OE.3916022.17747319413456507

171Yb+(E3) 87Sr 2,70E-16 2020 Riedel2020 https://doi.org/10.1088/1681-7575/ab67451.495991618544900459

171Yb+(E3) 87Sr 2,30E-16 2020 Riedel2020 https://doi.org/10.1088/1681-7575/ab67451.495991618544900840

171Yb 87Sr 5,80E-16 2018 Fujieda2018 http://dx.doi.org/10.1109/TUFFC.2018.28211591.20750703934333790

88Sr 87Sr 2,80E-17 2018 Origlia2018 https://doi.org/10.1103/PhysRevA.98.053443 1.000000144883682831

171Yb 87Sr 2,82E-16 2018 Grotti2018 https://doi.org/10.1038/s41567-017-0042-31.20750703934333841

88Sr 87Sr 2,30E-17 2017 Takano2017 https://doi.org/10.7567/APEX.10.0728011,0000001448836827727

199Hg 87Sr 1,80E-16 2016 Tyumenev2016 2,62931420989890915

171Yb 87Sr 4,60E-17 2016 Nemitz et al., Nature Photon 10, 258 (2016)https://doi.org/10.1038/nphoton.2016.201,207507039343337749

199Hg 87Sr 8,40E-17 2015 Yamanaka2015 https://doi.org/10.1103/PhysRevLett.114.2308012,62931420989890960

Yb+(E2) Yb+(E3) 3,40E-16 2014 Godun2014 1,07200737363420630

171Yb 87Sr 1,40E-15 2014 Akamatsu2014 1,2075070393433412

87Sr 40Ca+ 2,40E-15 2012 Matsubara2012 1,0442433345296416 

27Al+ 199Hg+ 5,30E-17 2008 Rosenband2008 1,052871833148990438
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Transportable optical clocks

Transition year accuracy reference link scope institute

88Sr 2018 2,00E-17 Phys. Rev. A 98, 053443 (2018) https://doi.org/10.1103/PhysRevA.98.053443for space PTB and collaborators

40Ca+ 2017 7,80E-17 Appl. Phys. B https://doi.org/10.1007/s00340-017-6671-5transportable WIPM

87Sr 2017 7,40E-17 Phys. Rev. Lett. 118, 073601 (2017) https://doi.org/10.1103/PhysRevLett.118.073601transportable, space PTB

87Sr 2020 5,50E-18 Takamoto et al., Nature Photonics 14, 411 (2020)https://doi.org/10.1038/s41566-020-0619-8transportable RIKEN

 Accuracy

 Use and applications
 Proof-of-principle chronometric geodesy

 Gravitational redshift test
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Optical clocks and TAI

 A gap to bridge in terms of operability and “real-time” calibration
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Concluding remarks

 Further improvement will happen
 Fundamental limits not reached

 Ultra-stable lasers will progress

 Possibility to use quantum metrology (e.g. non-destructive detection) is
actively pursued

 Progress is on-going and needed to improve operability and
transportability

 CCTF white paper: Roadmap for the redefinition of the second
 In 2022
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