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SNSF Sinergia: Precision molecular spectroscopy
Precision molecular spectroscopy using a network for distribution of the Swiss primary frequency standard

Open questions to be adressed: 

H2 , H2
+: Proton-charge radius

N2
+: possible time variation of the proton-to-electron mass ratio, molecular clock experiments

Frequency resolution requirement: 
Δ𝜈

𝜈
= 10−14
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Problem

• Precision spectroscopy groups need reference frequencies to measure 

the frequency of their spectroscopy lasers

• Current GPSD rubidium oscillators are not good enough

• Fractional frequency uncertainty of 10−11 at 1 s integration time 

and 10−13 ultimate limit

Solution

• Profit from atomic clocks at METAS as frequency standards …

• …providing ~10−13 at 1 s integration time and ~10−15 ultimate limit

• … by the means frequency dissemination over optical fibers …

• … using the Swiss academic network provided by SWITCH.

Frequency Metrology

Rydberg atoms

(F. Merkt)
Molecular ions

(S. Willitsch)

Sinhal et al. Science, https://doi.org/10.1126/science.aaz9837



Overview

1. Frequency metrology and the SI second

▪ How are the Second and Hertz realized?

2. Frequency dissemination

▪ From satellite techniques to the need of optical fiber networks.

3. Swiss realization of a phase-stabilized frequency network

▪ Spectral considerations, noise cancellation, characterization

4. Establishing SI-traceability in a user laboratory

▪ How much the new reference frequency helps for accuracy

5. Conclusion
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Theodor W. Hänsch – Nobel Lecture. NobelPrize.org. Nobel Prize Outreach AB 2021. 

Tue. 5 Oct 2021. https://www.nobelprize.org/prizes/physics/2005/hansch/lecture/

https://www.bipm.org (CC BY-ND 2.0)

Système international d’unités

Definition of the second

Δ𝜈Cs : Transition between the two hyperfine 

levels of the unperturbed ground state of the 
133Cs atom.

Definition: SI-traceability

measurement trace to a realization of the second, 

with known uncertainty for each step

Frequency metrology: intro



Universal Time Coordinated UTC: Realization of the second
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UTC(k)

Data of about 450 atomic clocks are 

continuously compared worldwide

EAL (Echelle Atomique Libre)

Free, uncalibrated time scale

TAI (Temps Atomique International)

UTC = TAI + N leap seconds

UTC(CH)

Clocki – UTC(k)

Clocki – UTC(CH)

Monthly Analysis with 

ALGOS Algorithm

Calibration with Cs Primary standards

BIPM

Bureau International des

Poids et Mesures (Paris)

• H-Masers

• Commercial Cs



Universal Time Coordinated UTC: Realization of the second
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UTC(k)

Data of about 450 atomic clocks are 

continuously compared worldwide

EAL (Echelle Atomique Libre)

Free, uncalibrated time scale

TAI (Temps Atomique International)

UTC = TAI + N leap seconds

UTC(CH)

Clocki – UTC(k)

Clocki – UTC(CH)

Monthly Analysis with 

ALGOS Algorithm

Calibration with Cs Primary standards

BIPM

Bureau International des

Poids et Mesures (Paris)
Circular T

Monthly published

UTC(k)

Epoch

UTC – UTC(k) / ns

METAS: UTC(CH)
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Data of about 450 atomic clocks are 

continuously compared worldwide

EAL (Echelle Atomique Libre)

Free, uncalibrated time scale

TAI (Temps Atomique International)

UTC = TAI + N leap seconds

Clocki – UTC(k)

Clocki – UTC(CH)

Monthly Analysis 

with ALGOS 

Algorithm

Calibration with Cs Primary standards

BIPM

Bureau International des

Poids et Mesures (Paris)

FoCS-2 the Swiss Primary 

Frequency Standard

Universal Time Coordinated UTC: calibration of time interval



Participation of frequency standards to realization of TAI/UTC
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https://webtai.bipm.org/database/show_psfs.html, 24.06.2022

https://webtai.bipm.org/database/show_psfs.html
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Source: BIPM, https://webtai.bipm.org/ftp/pub/tai/other-products/maps/planisphere-2021.png

How to compare clocks between different NMIs?

Frequency/Time comparison and dissemination



Universal Time Coordinated UTC: comparison methods
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UTC(k)

Data of about 450 atomic clocks are 

continuously compared worldwide

UTC(CH)

Clocki – UTC(k)

Clocki – UTC(CH)

BIPM

Bureau International des

Poids et Mesures (Paris)

• Comparison with Satellite techniques (GNSS, TWSTFT)

• Best performances reach the ns level



Time and frequency dissemination

• Satellite techniques (GNSS, TWSTFT)

• Based on RF (few GHz) frequencies

• Time comparison: limit ~ few ns

• Frequency comparison: limit ~10−16, reached after days

Established, but reaching their limits

• Networks-based techniques (NTP, PTP) to realize time transfer

• Limits (100 ms, 1µs)
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Do these techniques meet today and future's needs?

https://en.wikipedia.org/wiki/Network_Time_Protocol



New requirements for the Time and Frequency domain
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F. Riehle, Comptes Rendus Physique, Volume 16, Issue 5, June 2015, Pages 

506-515

https://doi.org/10.1016/j.crhy.2015.03.012

Cs Primary Frequency Standard 

Optical clocks

Limit of satellite comparison

• New definition of the second: optical clocks

2 orders of magnitude better

⇒ New methods are required to compare this new generation of 

atomic clocks and to change the definition of the second



State of the art

• Satellite techniques (GNSS, TWSTFT)

• Based on RF (few GHz) frequencies

• Time comparison: limit ~ few ns

• Frequency comparison: limit ~10−16, reached after days

With optical fiber networks, we can push those limits

• Optical fiber networks

• Based on optical telecom (190 THz) frequencies

• Limit ~10−19, reached after hours

• Limit ~1 ps level

• Redundancy to satellite techniques

• New method/protocol (White Rabbit (WR), ELSTAB, 

Phase cancellation)
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Time and frequency networks: Situation in Europe
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H. Schnatz: Towards a European fiber network
ESA ACES Workshop, Zürich, June 2017

Jochen Kronjäger, ROCIT Workshop October 2022

France: REFIMEVE

Réseau fibré métrologique à vocation européenne

Dissemination of metrological frequencies for:

• precision spectroscopy

• clock comparisons

• quantum technologies

Italy: IQB

Italian Quantum Backbone

• Time and frequency over fiber

• Precision spectroscopy

• Twin-field QKD

• Seismology

• VLBI radio telescope synchronization



New requirements for the Time and Frequency domain
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• Astronomy

• Very Long Base Interferometry

• Particle physics

• At CERN with White Rabbit

• Spectroscopy

• Need better frequency reference

• Traceability

• Quantum communication

• Networks for quantum physics

• Quantum time transfer

• QKD

• Geodesy

• 1 m accuracy means 10−16

• 1 cm means 10−18



So what is happening in Switzerland?
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Cantin et al., New J. Phys. 23 (2021) 053027



Swiss frequency metrology network: numbers

Item Value

Operating wavelength 1572.06 nm

ITU-T Channel CH07

Total length 456 km

# Segments 3

# Bidir EDFA 2 / 2 / 3

# Regeneration stations 2 (Basel, Zurich)
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Network implementation: practical aspects
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• Dedicated (dark) fibers are difficult to obtain

• Share fibers with existing data network infrastructure

• The canonical C-band is exhausted by telecom 

application

• L-band DWDM channel as versatile alternative, 

needs validation as it was never tested before

SWITCH fiber network backbone

What wavelength?Fibers Telecom L-band: 𝝀 = 𝟏𝟓𝟕𝟐. 𝟎𝟔 nm



Environmental noise

• Fibers act as microphones …

• … picking up noise from environment (temperature, acoustic vibrations)

• Causes variation of optical path length and thus phase

• Distorts the stable frequency at the recipient end

• → Requires phase noise read-out and compensation
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Phase noise cancellation
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Michelson-Interferometer

FM FM

Local Remote

X km

Self-heterodyne detection of phase noise

Frequency 

correction

• Coherent detection of round-trip phase noise

• Frequency correction acting on acousto-optic modulator

• Cancellation of Doppler-induced phase noise

• Bandwidth limited by round-trip delay time (∼ 500 Hz for 100 km)

• AOM for spectral marking at remote end

Local

Remote
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Laboratory side: implementation

Ultrastable SI-traceable laser

• Stabilized to cavity for Hz-level linewidth

• ~0.1 Hz/s residual drift of cavity

• Stabilized to frequency comb for absolute reference

• Comb referenced to active maser

• Maser is part of UTC(CH)

• Maser is compared to TAI via UTC(CH)

>> SI-traceable 

 SI-traceable

Bern

DH et al., Optics Express

Vol. 29, Issue 16, 24592-24605, 2021

10.1364/OE.427921

https://doi.org/10.1364/OE.427921
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Laboratory side: implementation

 SI-traceable

Phase noise cancellation

• 2 AOMs for frequency shifting and correcting

• Bidirectional EDFAs for compensation of 

power losses

Regeneration laser

• Offset locked to incoming signal

• Used for local distribution

• Sent downstream into next fiber segment

 Phase-noise compensated

Bern

Basel

DH et al., Optics Express

Vol. 29, Issue 16, 24592-24605, 2021

10.1364/OE.427921

https://doi.org/10.1364/OE.427921
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Laboratory side: implementation

 SI-traceable

 Phase-noise compensated

 Verified on round-trip signal

Zurich

Bern

Basel

DH et al., Optics Express

Vol. 29, Issue 16, 24592-24605, 2021

10.1364/OE.427921

https://doi.org/10.1364/OE.427921


02.11.2022METAS 25

Long term stability: Allan deviation

Free-running link

MDEV

ADEV  -averaged

• 4.7 × 10−16 at 1 s
• 3.8 × 10−19 at 2000 s

Fractional frequency uncertainty

Satellite techniques

(After days of measuring)

Validation that the fiber link will not 

inject significant noise to the

metrological frequency
• Anthropogenic effects

• Decreased residual frequency noise at night and 

on weekends

• Seismic effects
• Sept 10, 2022: Earthquake Mag 4.7

DH et al., Optics Express, Vol. 29, Issue 16, 24592-24605, 2021

10.1364/OE.427921

Weekday

Weekend

https://doi.org/10.1364/OE.427921
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Phase noise: end-to-end

▪ Bandwidth ~ 100 Hz

▪ Noise suppression of around 50 dB at 1 Hz

▪ Limited by longest leg 

▪ Theoretical limit: residual delay-unsuppressed noise

Bern

Basel

Zurich

Theoretical limit: 𝑺𝒍𝒊𝒎 ∝ (𝒇𝝉)𝟐× 𝑺𝒇𝒊𝒃𝒆𝒓

Compensated

Uncompensated
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SI-traceable measurement of a laser in a remote lab

Bern

Basel
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SI-traceable measurement of a laser in a remote lab

METAS frequency

Basel (Prof. Willitsch)
Molecular spectroscopy lab

Measurement of Ca+, N2
+

• Spectroscopy laser (729 nm) locked to cavity

• Frequency comb locked to spectroscopy laser

• Frequency comb referenced by

a) GPSD rubidium clock

b) METAS frequency

GPSD Rb clock



02.11.2022METAS 29

SI-traceable measurement of a laser in a remote lab

un-steered

steered

Improvement of measurement uncertainty by 

two orders of magnitude!

Measured frequency uncertainty of a spectroscopy laser in Basel

Referenced against GPSD Rb clock

Referenced against METAS frequency

DH et al., Optics Express

Vol. 29, Issue 16, 24592-24605, 2021

10.1364/OE.427921

https://doi.org/10.1364/OE.427921


Dissemination of high accuracy timescales in Switzerland

▪ Demonstration of accurate, traceable and resilient time dissemination over fibre optic networks 

using White Rabbit technology.

▪ Synchronicity: ~ 100 ps

▪ Resilience through dedicated topology and redundant technologies 

▪ Switch network: L-band

▪ Wavelength around 1590 nm
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Time and Frequency dissemination with optical fiber networks pave the way to:

▪ Resilience to satellite T&F techniques,

▪ Dissemination of more accurate and more stable Time and Frequency signals for:

• Fundamental researches (variation of fundamental constants),

• Metrology (New definition of the second, new time scales),

• Industries (finance, telecom, …),

▪ Technology is generally compatible with telecommunication network architecture

▪ National fiber infrastructure for time and frequency dissemination in sinergy with

quantum communication networks is highly desirable. 

• Important step has been made in that direction, under coordination of Rob Thew

Conclusion



Thank you very much for your attention!
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