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Fibers vs satellite atomic clock comparison

Clock comparison uncertainty

10-14

10—15

Yb/Yb+ — Leute UFFC (2016)

Cs/Sr/Yb+/Rb — Riedel, Metrologia (2020)

Q

Yb/Sr — Pizzocaro, Nat. Phys.(2021)  sp/TAI — Hachisu Sci.Rep. (2014)

Cs/Cs — Fujieda, Metrologia (2014)
Sr/Sr — Yamaguchi, Appl. Phys. Expr. 4 (2011)

Sr/Sr — C. Lisdat. Nat. Comm. (2016)

Sr/Yb/Al+ — Beloy, Nature (2021)

Sr/Yb/In*,Sr*,Yb*... — Lindvall, Optica (2025)

Sr/Sr — Takano, Nat. Photon. (2016)
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Fibers and the redefinition of the Second

OC accuracy budgets & frequency ratios
Validation of OC accuracy budgets & ratios
Continuity with Cs

Regular contribution to TAI

Sustainable technigues for comparisons

Access to realization of new definition
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Fulfillment
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N. Dimarcq et al., Metrologia 61, 012001 (2024)
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2. Concept
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Comparing distant optical clocks
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uW Clk

H-maser
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Modulated carrier

O. Lopez et al Applied Physics B 98, 723 (2010)
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Comparing distant optical clocks
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Comparing distant optical clocks
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Comparing distant optical clocks
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Comparing distant optical clocks
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Important notes:

1. Optical phase has ambiguities (1=1550 nm): we can transfer frequency, not

time (i.e. phase variations, not absolute phase)
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Comparing distant optical clocks

*

Opt. C
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Important notes:

1. Optical phase has ambiguities (1=1550 nm): we can transfer frequency, not
time (i.e. phase variations, not absolute phase)

2. Bidirectional vs unidirectional fiber? Unidirectional not better than 1016
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3. Making long optical links
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Long optical links: validation

= Laser source: high coherence length (narrow linewidth)

Lo ||| WY
Laser IN Link OUT
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Long optical links: validation

= Laser source: high coherence length (narrow linewidth)
= Bypass unidirectional equipment ( = use dedicated bidirectional optical amplifiers)
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Links for optical Links for
frequency metrology: telecommunications:
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Long optical links: validation

= Laser source: high coherence length (narrow linewidth)
= Bypass unidirectional equipment ( = use dedicated bidirectional optical amplifiers)
= Optical signal regeneration (Repeater Laser Stations)

U-Hm{ﬁ@—gm{ﬁ@_ WV pagy || @M @@ W

Laser IN Link OUT New Laser IN Link OUT

<
Up to ~ 700-1000 km

N. Chiodo et al.,Opt. Expr. 23, 33927 (2015)
F. Guillou-Camargo, Appl. Opt. 57, 7203 (2018)
T. Akatsuka et al. ,Opt. Exp. 20, 9186 (2020)

NRIM

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA




Long optical links: validation

= Laser source: high coherence length (narrow linewidth)

= Bypass unidirectional equipment ( = use dedicated bidirectional optical amplifiers)

= Optical signal regeneration (Repeater Laser Stations)

Duplicate for «out-of-loop» uncertainty measurement (end-to-end or loopback schemes)

1 cycle lost in 1000 s > 1 mHz or 5-107!8 bias
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Long optical links: validation

= Laser source: high coherence length (narrow linewidth)

= Bypass unidirectional equipment ( = use dedicated bidirectional optical amplifiers)

= Optical signal regeneration (Repeater Laser Stations)

Duplicate for «out-of-loop» uncertainty measurement (end-to-end or loopback schemes)

L] @pem W fep [m]] l@pem  @pg@

Laser IN Link OUT New Laser IN Link OUT
Out-of-loop measurement l

wmﬁmgmﬁmﬂ-ﬂﬁ I @@ [ e ]

Link OUT Laser IN Link OUT New Laser IN




Typical performances
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Typical performances
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4. Comparing clocks using fibers
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Comparing clocks using fibers
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Comparing clocks using fibers
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Building a protocol
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= Many different teams & type of data

= Universal formalism for combining data

[Lodewyck, PR Research (2020), code:

github.com/INRIM/optical-link-data-format]
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4 LUH In+ 1

Building a protocol
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Summary of 2022 campaign

No. Value of frequency ratio Fractional  Link Clock 1 Clock 2
uncertainty

1 1.973 773 591 557 215 789(10) 5.0 x 10~®  Fibre LUH In+ PTB Yb+(E3)
2 2.445 326 324 126 950 199(59) 2.4 x 10717  Fibre LUH In+ INRIM Yb

3 2.952 748 749 874 860 909(16) 5.3 x 10718 Fibre LUH In+ PTB Sr

4 2.952 748 749 874 861 331(71) 2.4x 10717 Fibre LUH In+ SYRTE Sr

5 1.072 007 373 634 205 468(29) 2.7 x 1077 Local PTB Yb+(E2) PTB Yb+(E3)
6 1.238 909 231 832 259 569(26) 2.1 x 10~'7 Fibre PTB Yb+(E3) INRIM Yb

7 1.495 991 618 544 900 525(36) 2.4 x 1077 Fibre NPL Yb+(E3) NPL Sr

8 1.495 991 618 544 900 659(8) 5.6 x 10~  Fibre PTB Yb+(E3) PTB Sr

9 1.495 991 618 544 900 897(32) 2.1 x 107" Fibre PTB Yb+(E3) SYRTE Sr

10 1.207 507 039 343 337 793(27) 2.2 x 1077 Fibre INRIM Yb PTB Sr

11 1.207 507 039 343 337 981(36) 3.0 x 1077  Fibre INRIM Yb SYRTE Sr

12 1.000 000 000 000 000 146(21) 2.1 x 107! Fibre PTB Sr SYRTE Sr

Lindvall, Optica 12, 843 (2025)
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Fibers and the redefinition of the Second (again)

OC accuracy budgets & frequency ratios =R
Validation of OC accuracy budgets & ratios = 3
Continuity with Cs

Regular contribution to TA|l e

Sustainable technigues for comparisons
Access to realization of new definition =
0% 50% 100%
Fulfillment
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Fundamentals & Implementation variants

Williams, JOSA B 25, 1284 (2008)

Droste, Phys. Rev. Lett. 111, 110801 (2013)
Bercy, Phys. Rev. A 90, (2014)

Calosso, UFFC 63, 646 (2016)

Optical clock comp. & GNSS:

Lindvall, Optica 12, 843 (2025)
Beloy, Nature 591, 564 (2021)
Takamoto, Comptes Rendus. Phys. 16, 489 (2015)

Fundamental physics, cronomethric levelling

Grotti et al., Nat. Phys. 14, 437 (2018)
Takamoto Nat. Photonics 14, 411 (2020)
Delva, PRL 118, 221102 (2017)

Sanner, Nature 567, 204 (2019)

Lange, PRL 126, 011102 (2021)

Sherrill, New J. Phys. 25, 093012 (2023)
Kobayashi, PRL 129, 241301 (2022)

Filzinger, Phys. Rev. Lett. 130, 253001 (2023)

High-resolution spectroscopy
= Santagata et al., Optica 6,411 (2019)
= Sinhal, Molecular Physics 121, 17 (2022)

Referencing VLBI radiotelescopes

= Y.Heetal., Optica5, 138 (2018)

= P.Krehlik et al. A&A 603, A48 (2017)

= (. Clivati et al., Optica 7, 1031 (2020)

= M. Pizzocaro et al., Nat. Phys. 17, 223 (2021)

Earthquakes sensing

= G. Marra, Science 376, 874 (2022)

= Noe, Sci. Rep. 13, 13983 (2023)

= Donadello, Comm Earth & Env. 5, 178 (2024)

Quantum Communication

= (Clivati, Nat. Comm. 13, 157 (2022)

= Hreibi, Meas. Sensors, 38 Supp. 101777 (2025)
= Meda Sci. Rep. 15, 13419 (2025)

= Pittaluga, Nature 640, 911 (2025)
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