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Italian Quantum Backbone steps

2014 650 km Link

2015 8th Symposium on Frequency Metrology

2016 Remote SI traceability for spectroscopy

// Remotely enabling quantum simulation

2018 Chronometric Levelling (Relativistic Geodesy)

// Submarine Cables and Earthquake sensing

2017- 2020 1850 km optical link // Radioastronomy

2021 1000 km White Rabbit Timing

2022 Atlantic cable - seabottomsensing 

//Clock comparisons 

//Quantum Communication 

2023 Seismic permanent Observatory
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Italian Quantum Backbone: exploring applications 
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Absolute frequency reference dissemination and comparisons
C. Clivati et al., Opt. Express 24, 11865 (2016)

L. Livi, et al. Phys Rev Lett 117,  220401   (2016)

S. Borri et al, Sci. Rep. 7, 12780 (2017)

C. Clivati et al, Phys. Rev. Applied 18, 054009 (2022)

Relativistic geodesy
J. Grotti et al., Nature Physics (2018)

Radioastronomy (Very Long Baseline Interferometry) 
C. Clivati et al., Sci. Rep. 7, 40992 (2017) 

C. Clivati, et al. Optica 7, 1031-1037 (2020)

M. Pizzocaro, et al. Nature Physics, 17, 2, (2020)

Seismology/Geophysics
G. Marra et al., Science 361 (2018)

C. Clivati et al. Optica (2018)

G. Marra, et al. Science, 376, 6595 (2022) 

Quantum Communication
S. Wengerowsky, et al., PNAS 116, .6684-6688 (2019)

D. Bacco, et al. EPJ Quantum Technology, 6, 1(2019)

S. Wengerowsky, et al. 6, 1 Nature PJ Quantum Information (2020)

D. Bacco, et al. Advanced Quantum Technologies 4, 7 (2021)

C. Clivati, et al. Nature Communnications, 13, 1 (2022)

¸ INRIM IQB: 1850 km fibre research infrastructure

¸ 7 public research laboratories/institutes, 3 industrial companies connected

¸ Primary frequency metrology (comparison and dissemination)

¸ Certified atomic time and frequency

¸ Platform for quantum metrology and communication 

¸ Coherent Fibre Sensing
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Coherent laser interferometry

Basic principles:

¸ interference between coherent light

¸ optical phasemeasurement

¸ Ultrastablelasers ςlaser noise  <  fiber noise

¸ Doppler noise cancellation

Interferometry over the fiber network:

¸ compatible with telecom infrastructure

¸ coexistence with internet data traffic

¸ high sensitivity and linearity

¸ long range, can be amplified + high coherence
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Coherent laser interferometry

Faraday 
Mirror

Real Fibre 
(with data

Interferometer

Detection

Ultrastable
Laser
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Optical Fiber Links: a worldwide snapshot

1 Fiber Link in use

9SFM - Kingscliff AUS - October 20th, 2023



9SFM - Kingscliff AUS - October 20th, 2023

Remote frequency measurements



Via optical link INRiM-SYRTE:

1023 km long      ό ρ ρπ

Yb vs fountains at SYRTE (Paris)

Remote frequency measurement

Optical comparison between INRIM and

SYRTE (Systèmes de Référence Temps-Espace)

+ LPL (Laboratorie de Physique des Lasers)

C. Clivati et al., 2022 Phys. Rev. Applied 18, 054009 9SFM - Kingscliff AUS - October 20th, 2023



Ongoing optical clocks comparisons

Two European optical clock comparisons

Å ROCIT campaign (March 2022): 

- 11 optical clocks involved

- 7 different countries linked via GPS

- INRiM, SYRTE and PTB connected via

fiber link

- NPL, VTT, UMK and NMIJ connected via GPS

Å 2023 campaign (March and April 2023): 

- INRiM, SYRTE, PTB and NPL connected

via fiber link

- 6 optical clocks involved 

- 2 transportable clocks developed at PTB and

RIKEN hosted at NPL 

9SFM - Kingscliff AUS - October 20th, 2023



INRiMςCs fountain
Accuracy: 1.7·10-16

Stability: 1.5·10-13 @ 1 s
F. Levi, et al., Metrologia,  51, 270 (2014); 

INRiMςYbclock
Accuracy: 2·10-17

Stability: 2·10-15 @ 1 s
M. Pizzocaro, et al., Nature Phys 17, 2 (2021) 

INRiMςSr clock
Accuracy: 1·10-14

Stability: 8·10-14 @ 1 s
Barbiero, M et al. , IEEE Trans I&M, 71, 1501509 (2022)

INRIM AFS



INRIM AFS

INRiMςYbclock ITYb1
Accuracy: 2·10-17

Stability: 2·10-15 @ 1 s

IT-Yb1 contributed to TAI real-time for 16 
months

M. Pizzocaro, et al., Nature Phys 17, 2 (2021) 

I. Goti et al., Metrologia 60, 035002 (2023) 



Instability of clocks comparisons

Stability:

IT-CsF2 ςȢχ ρπ Ⱦ†Ⱦί

FO2-Cs τȢτ ρπ Ⱦ†Ⱦί

IT-Yb1 ςȢσ ρπ Ⱦ†Ⱦί

C. Clivati et al., 2022 Phys. Rev. Applied 18, 054009 

I. Goti et al., 2023 Metrologia 60 035002

IT-Yb1/FO2-Cs

f(Yb)= 518 295 836 590 863.61(17) Hz

IT-Yb1/FO2-Rb

f(Yb)/f(Rb)=75833197.545114168(24)

Results in agreement

with value recommended

by CIPM
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Towards the redefinition of the second

In 2022 the CCTF proposed a roadmap toward a redefinition

with clear criteria and quantitative conditions

GOAL: Redefinition by 2030

Uncertainty

< 2x10-18

Continuity with the definition

based on Cs < 3 x ρπ

Validation of frequency ratios

< 5 x ρπ

Regular contribution

to TAI

@ 2 x ρπ

Access to the realization

of the new definition

N. Dimarcq et al., arXiv preprint arXiv:2307.14141 (2023) 9SFM - Kingscliff AUS - October 20th, 2023

1.The 2022 and 2023 campaigns in Europe demonstrated

the maturity of the comparison process

2. In 2023, first involvement of a transportable optical clock in 

intercontinenal comparisons

3. Given 6 years 2024-2030: 2 campaigns/yr means 12 

campaigns

4. This should a very good pace for demonstrating solid

numbers (i.e. consistency)

https://arxiv.org/abs/2307.14141


9SFM - Kingscliff AUS - October 20th, 2023

Radioastronomy
Geodesy



VLBI Common clock via optical fibre

C. Clivati, et al. Optica 7, 1031-1037 (2020)
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VLBI Common clock via optical fibre

C. Clivati, et al. Optica 7, 1031-1037 (2020)

Dissemination of better clocks for

¸ Better mm-VLBI: above 80 GHz, 
H-Masers are the main limit to 
resolution
M. Rioja, et al. Astron. J., vol. 
144, no. 4, art. no. 121, 2012.
B. Nikolic, et al. Astron. 
Astrophys., vl. 552, art. no. A104, 
Apr. 2013.
M. Rioja and R. Dodson, Astron. 
J., vol. 141, no. 4, art. no. 114, 
2011

¸ In Geodesy VLBI, accuracy is 
relevant and 1-mm positioning 
accuracy requires clocks 
uncertainties at 1e-16.
A. Neill, et al. Report of Working 
Group 3 to the IVS Sep. 
2005.Directing Board

¸ Study of compact radio sources 
(better angular resolution) and 
interstellar molecular clouds

¸ Studying Pulsar through absolute 
accurate time (1E-15 stability 
@years)

¸ Improve atmospheric models



VLBI for intercontinental OFS comparisons

M. Pizzocaro, et al. Nature Physics, 17, 2, (2020)



Chronometric levelling 

J. Grotti et al., Nature Phys. 14, 2018

¸ How to translate this into a ñreal instrumentò?

Ÿ Transportable optical clocks + fibre link

A proof-of-principle geodesy experiment on the Alps 
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Earthquakes



Earthquake monitoring with subsea fibers

Å Underwater cables:

¸ unmonitored seafloors

¸ important for early warning

¸ deep seas are
quiet environments

¸ ideal for sensing
(earthquakes, waves, tides...)
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The experimental setup (today)
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In-field installation:

¸ transportable ultrastable lasers
at data centers

¸ standard fiber with internet traffic

vacuum
pump

cavity

laser diode

control and electronics internet operator data rack
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L2
L1

Ragusa Pozzallo

UniMalta

Submarine Earthquakes detection

C. Clivati et al., Optica 14 (2018)

G. Marra et al., Science 361 (2018)

Two testbeds in the Mediterranean Sea, 

Sicily to Malta:

¸ A 96.4 km telecom cable 

(fiber only, buried 1 m below sand)

¸ A 117 km cable along  electrical interconnection  

(fiber + HV power, 1 m below sand)
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Submarine Earthquakes detection

9SFM - Kingscliff AUS - October 20th, 2023G. Marra et al., Science 361 (2018)
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Submarine Earthquakes detection
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¸ Submarine fibers have up to 20 dB lower noise than terrestrial fibers

¸ High SNR achievable even on transoceanic links

C. Clivati et al., Optica 14 (2018)

40 dB
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C. Clivati et al., Optica 14 (2018)
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Geo-sensing: sea-bottom seismic noise

Generated by wind-sea interaction,
propagates down to seabed
Characteristic peaks at 0.1 Hz< f < 0.2 Hz
(twice the wave's frequency)
Affected by wind, coasts, water depth...

C. Clivati et al., Optica 14 (2018)
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Submarinecables: from 200 km to 2x6000 km
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Submarinecables over the Atlantic: geophysics and earthquakes
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G. Marra et al., Science (2022


