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Motivation for time/frequency dissemination
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Outline

I. REFIMEVE network
— Quick reminder on active noise compensation
— REFIMEVE equipment
— Network development
— Results and performance

II. A few applications
— International clocks comparison
— High resolution molecular spectroscopy
— Earthquakes sensing
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Quick reminder about optical links

= Transferred signal: the frequency of an ultrastable laser

= Round-trip propagation noise detected with a strongly unbalanced
Michelson interferometer

= — Doppler noise compensation or active noise compensation

Optical fiber

Mirror

Mirror
Ultrastable

laser

Accumulated

photodiode 1+ @ .= -D, phase noise
Frequency o, Experiment
standard N

. - e
detection Length L

Link input end Delay t » User Lab

= Assumption : Forward noise = %2 Round-trip noise
— corrects only reciprocal noise See Newbury OL 2007



Long-distance optical links

= Fiber noise power increases: «L with large variations depending on
fiber location (factor>100) (see for instance Clivati, Optica 2018)

» Attenuation due to fiber loss and connectors
> bidirectional optical amplifiers

» and/or signal regeneration

Local

— Link is divided into a few segments — cascaded link
— shorter delay and better noise rejection

end

Repeater station N : send
back signal to station N-1,
amplify and filter, correct the

«—BF— Laser <B— Laser <BJ—> Laser <8I

e

Repeater

Station

noise of next link N

See Lopez, Opt Exp 2010; Chiodo, Opt Exp 2015; Akatsuka, Opt. Exp 2020

Repeater Repeater

Remote
end

Station Station /

Bidirectional amplifiers

(between station) for fiber

loss compensation
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The REFIMEVE optical fiber network

French metrological network with an European vocation
Dissemination of time/frequency reference from LNE-SYRTE all around France

TEDDINGTON BRAUNSCHWEIG . .
NPL @ & J:3 = Mainly using a
- dark channel of
N @BRUSSELS
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Time/frequency signals distributed with REFIMEVE

Qo -

Time/frequency signals generated at LNE-SYRTE

Optical frequency reference
— Ultrastable laser actively dedrifted versus H-maser/cryogenic oscillator
— Fixed frequency at £1 Hz (with cryogenic oscillator) or £10 Hz (H-maser)
— Stability@1s ~ 101> (0,5 Hz BW)
— Uncertainty a few 101> (potentially a few 10-16)

White Rabbit

— Currently only in Paris region to all main universities (>10 labs)
— See P.E Pottie poster

Future : ultra-stable timing signal

18/10/2023



REFIMEVE network equipment

o
e {Qilmuquans)
In-line extraction station

noise detection/correction at extraction point

e
Ve

e

Repeater Repeater . Extraction _, Hub .~ Repeater _ _
Station Station I Station Station
| User
f User Repe.ater e —
Multibranch station Station

Repeater Laser
station

Signal regeneration
Link noise correction
User output

Automated - Remotely controlled

Signal regeneration ‘
with multiple outputs User
Link noise correction

Residual noise assessment

Commercially available — Can be installed in telecom hub 8



Hub station = Multi-branch laser station (MLS)

Phase/Frequency a Same robust
Counter design than RLS

0
|
|

4

J--l

: Link 1
Balanced ! I
multi-arm 30 5: m
interferometer \@W U

L (1)
PD
‘ o DOWN

3-4-5 links... Cantin et al 2021
| New J. Phys.




Network real-time supervision

= Throughout the network, a parallel downlink is implemented to assess link
performance — out-of-loop detection of the transferred signal

= — upper value of up-link stability & uncertainty

Hub station Laral FEee

PD
I Link stability I‘-C

up-link
_, Repeater

9|é Laser

Station

down-link

= Supervision of all equipment (RLS, amplifiers...)

= through RENATER supervision
network

centralized system

with data processing
(automatic plots, flags..)

with data backup
future : more alarms, smarter

processing ... e (Clil

Link / sites pRefimeve SunervisiovAL
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Dissemination to >10 labs in Paris region

‘ Legend )
LPL ‘ E> ‘
Ultrastable RF White

laser Modulation Rabbit

PARIS

REGIONA

SYRTE O

— National
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26 km ,-** )
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APC-MPQ
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Dissemination to >10 labs in Paris region

—— SYRTE - LPL
10716 —}— SYRTE - Jussieu - UPCité
—}— SYRTE - Orsay
10—17 Lin 0,4><10_20
E uhc 0,6x10-20
12x10 k .
' ~2x50 km 2%10-20
E 10—18
=
10—19
10-20
10—21

10° 10t 102  10°  10* @ 10°
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Frequency transfer over 2x3800 km of optical links

Relative frequency fluctuations (1s/point) with time

x10°14
Paris-Lille-Paris é
(2 X 340 km) -1 .2X10-14 |

Paris-Strasbourg- (1) : T
Paris (2x650 km) _q " - e

Paris-Modane-
Paris (2x900 km)

Lyon-Marseille-  1uiakédd Uptime 85% il
Lyon (2x440 km) _? Y, RPN

1L
0
-1

Link on, but no end-to-end measurement

Uptime 73%

. ] 3 T
par!s Orsay : New link installed . ]
Paris (2x50 km) -1{ on October 2022

0 10 20 30 40 50 60 70

/3 days (september-november 2022)
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Residual link unstability and uncertainty

Up- & down link residual unstability

Lo-15. 2340 km
2x900 km
1016/ N 2x440 km
2x50 km
10—17_
>
Ll
g 10—18_
10—19_
10—20_

Paris -
Paris -
Paris -
Lyon -

Paris

Lille
Strasbourg
Modane
Marseille

- Orsay

on

o 3x10-20

3x10-20
8x10-20
1x10-20

Uncertainty
transferred
frequency

100

18/10/2023 Averaging time (s)
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Up- and down links phase noise PSD

10°

| Length: 86 km|

End-to-end PSD
Beta-line
Noise compensation limit

Length: 22 km

Phase PSD [rad?/Hz]

Length: 680 km | l“‘l,'”f{:uﬁﬁr_-'
u Th?w* s

L P, )

e

107 10" 10' 10 107 10" 10’ 10
Fourier frequency [Hz] Fourier frequency [Hz]
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Link Grenoble-CERN-Grenoble (2 x 200 km)

155 km
<+<— Torino

Nty on
ed frequency
<1019

Marseille 500 k Cern
440 km m
600 km 0 X 120 km 1 145 km
Paris < > Lyon < » Grenoble «—> Modane
| —}— Grenoble-CERN-Grenoble MDEV
10-15. —j- Bestrange
X
107+ 5 days Uncertai
= | transferr
L N 0 :
% _ y 97,5% uptime 1 4+4.23
10717, \
| 7 hours \
| 99,9%
10-18] uptime
100 10r 102 10°  10° 109
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Noise study/processing at yearly scale (M. Tgnnes PhD)

= 5 years data on the 2x700 km Paris-Strasbourg link

= Stability estimated with various processing method
— Concatenation of data
— Replacement of missing data by simulated data

1.00 10°"°
0.75 (a) -16 (b)
é 0.50 10 Stability estimated on
i 5 ' 0" 1-year integration time
o1 0.25 - 1
& S <
y— o
8 5 0.00 9 == _8
= »
o = -0.25 = 107"
> .
= 2, Short-term evaluation
0 -0.50 -20 All data, concatenated
& 10 -!- Data stacks with 100 % uptime, concatenated
-0.75 All data, replaced with noise
1 0_21 —&— Data stacks with 100 % uptime, replaced with noise
-1.00
10' 10° 10° 10
T [s]

M. Tannes et al., Metrologia. 18, 054009 (2022)



Outline

I. REFIMEVE network
— A few reminders on active noise compensation
— REFIMEVE equipment
— Network development
— Results and performance

II. Recent applications
— International clocks comparison
— High resolution molecular spectroscopy
— Earthquakes sensing

18/10/2023
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Optical fiber links for clocks comparison in Europe

&" FSM : 15t european clocks comparison by optical fiber link, SYRTE
and PTB Sr clocks, with gravity potential correction

2015-2023 : many campaigns, including ROCIT campaigns

.__.]. : b Aveh ] > T&F r_n(_et_rology,
S I Ve, X redefinition of
il : second
C SRC > Chronometric

geodesy (Lisdat et al,
Nat. Comm 2016)

» Test of special
relativity (Delva et al,
PRL2017), search for

: ‘ dark matter (Roberts
* et al, NJP2020) ...

18/10/2023  Schioppo et al, Nat. Comm. 2022 ; Clivati et al, Phys. Rev. Appl. 2022 19




Towards more frequent comparison campaigns

= Uncertainty better than 10-18
even for longer links

= Robustness improved by
automatisation as required for
long campaign / multiple links
(3 links >700 km in France)

= Example : SYRTE(Paris) —
INRIM(Torino) link with 4
months campaign (2021-
2022)

—Uptime 56 % on the full
campaign (with combs)
—Up to 72 % over 1 month

1

Fractional uptime
RO

=O

O_

SYRTE(comb)

SYRTE -» TH2

—Oo
1

—Oo
L |

Modane — INRIM
n 1
INRIM (comb)

TH2 — Modane

Total

0 20 40 60 80 100 120
MJD - 59514

18/10/2023 Clivati et al, Phys. Rev. Appl. 2022 20



High resolution molecular spectroscopy
using REFIMEVE signal at LIPHY L hﬂ

730 km from SYRTE, user output on the link to Italy

= M ‘

T Methane R2 dip center stability Lo

N’

= (~1550nm-200THz)

3

- 1 ] 3 FEMTO-ST STRA

D) 1 N 3 uTINAM @

O ' ;

-D \‘-.“\ * I\ﬁODANE
™ LIPHY ®

B\:I “\‘u\\ . CNES-LCAR-LAA.S .

S \

(@) —— with REFIMEVE cal. See O. Votava. S.

= —o— with Rb+GPS cal. Kassi A C '

S white noise averaging A assl, A. _ampargue,

Q 0,11 D. Romanini, PCCP

c 2022

gv] T T T

f— 100 1000 10000

<

Averaging time (s)
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High precision measurement in the mid-Infrared

SYRTE

Optical frequency

VREFIMEVE

RF frequency reference

White Rabbit

= REFIMEVE signa
Quantum Cascac

» QCL noise red

LPL

stabilisation

REFIMEVE _
_[Near IR Iaser]_[ Photonics ]

m’ Jptic High resolution
QCL
26 km que 10 um molecular
comk H spectroscopy

stability and accuracy is copied to the
e Laser (~10 um or 30 THz) at LPL

uction — better resolution

» QCL frequency traceable to SYRTE primary standards

n
VocL= <V REF + other known terms

N

Santagata et al, Optica 2018 22



Precision molecular spectroscopy

Fabry-Perot cavity

Frequency _ Photo-
control QCL 63 detector

Work performed by N. Cahuzac, Y. Liu, O.
Lopez, M. Manceau, B. Darquié

J{J Methanol (CH,OH)

: — Bc002.33) — » Molecule of interest for

' ] atmospheric studies & fundamental
molecular spectroscopy

> Also for improving test of m,/m,
spatial variation in milky way,

limited by lab data, Ap/p<2x1078

> Line center uncertainty 0,6 kHz,
limited by systematic shifts

:_IPlrelssulrel 006Pa W'
100 -50 0 50 100
Frequency (kHz)
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Earthquakes sensing with fiber links

> Fiber links are sensitive to seismic vibrations — they act as seismometers

1600 i
PO o o e

Link B

Link E

Distance away
from epicenter [km]

0.0 25 5.0 Fif) 10.0 125 15.0
Time since earthquake [min]

Detection of an Mw 5.7 earthquake in
Bosnia (from M Tagnnes, PhD thesis, 2022)

See next talk of D Calonico




Outlook

TEDDINGTON BRAUNSCHWEIG
PTB ¢

= REFIMEVE infrastructure
— +15 labs connected in France

- ClOCkS COmparISOn Wlth UK, 3 FEMTO-ST. STRASBOURG
Germany, Italy tonal Y
BORDEAUX CERN {@.
? ,MODANE
= Current development ST

— Extension to > 30 labs in France
— Extension to RF and time transfer

= Applications beyond metrology

— Search for fundamental constants variation or for dark matter, sea
level monitoring with chronometric levelling...

— Earthquakes sensing, synchronization for astrophysics (VLBI) or
high-energy physics ... 5



Thank you for your attention

Co-Fundings

* Région
“IedeFrance

18/10/2023

EURAMET; QuanliP)

Domaine de Recherche et d'Innovation Majeur
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Link budget

sShift Statistical | Systematic
Remote frequency reference 1.7-100-% [ 1.0- 107" -
Desynchronization of counters 20.107% [ 26-107" -
Desynchronization of computers 24107 | 36-107 | 3.7-10=
Uncompensated fiber noise, LinkB | 1.7-10—" [ 45-10~" | < 1.10~"
Uncompensated fiber noise, LinkC | 1.1-10~*" | 14-10*" | < 1.10~"
Total 1.7-100°% [ 11- 10" [ «1.4. 107"

TaBLE 5.1: Uncertainty budget of the French network for the

clock comparison between SYRTE and PTB in March 2022,



Paris-Torino link

SYRTE TH2 Lyon Grenoble Modane E rr"fln " INRIM
MLS —F MLS =3 RLS —3 RLS — RLS —"> RLS —% R
L |L| RLS RLS < .

@® @)@

Ly Ly

LS
S ©
Yo
Fhase FPhase Phase
comp. comp. comp.



Paris-Modane-Torino link instability (upper value)

869 km Moda:te 154 km

Paris e Torino

10—15 ]
] Uncompengated fiber|paths in
Modane, only on down link

10—16 -

10717

Instability

f Expected instability

1 of Modane-Torino link
10-18 E

10—19 -

10° 10! 102  10®  10* 105 106
Averaging time (s)
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Link Grenoble-CERN-Grenoble (2 x 200 km)

Marseille 0k Cern
m
600 km 0 k’“\, 120 km 7 145 km 155 km
Paris < > Lyon < » Grenoble «— Modane <— Torino
le—14
0_

Phase fluctuations (s)
|
NaN

—81 1 —— Grenoble - CERN - Grenoble
Y I | — Best range
5 i 2 5 ] 5

Time (MJD) +6.0040000000€e4
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Link Grenoble-CERN-Grenoble (2 x 200 km)

Marseille 0k Cern
440 km m
600 km 0 \4 120 km 1 145 km 155 km
Paris < > Lyon < » Grenoble «— Modane <— Torino
x10-14
—— Grenoble - CERN - Grenoble
1.51 Best range
v  1.01
S
§ 0.5
S 1s gate time
= 0.0] A counting
>
c
g -05 5 days
o 97,5% uptime
L —1.0-
-1.5

18/10/202.

2 3 4
Time (M)D) (- 60040)
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National network
' s+ UK Lille

[ BN 2
lllll »

Germany

Cern
Bordeaux

Modane

Marseille Grenoble Italy
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Paris - Lille

Paris - Strasbourg

Paris - Modane

2 -
(bug compteur, relance a distance par I'hebergeur SFR) ' Instabilité du lien + delocks __

Lyon - Marseille

Paris - Orsay

18/10/2023

-1

Frequency fluctuations (Hz)

Maintenance MLS SYRTE Laser MLS SYRTE dead
Changement de carte Syrlinks retrofittée —— Bug compteur TH2 — Remplacement du convertisseur AC/DC

x10~-14

Bug des stations Reims
(stm32 freezé)

Probléme alim RLS Modane Bureau
Fusibles a remplacer

e 2

1
0

Pas de données compteurs

1
Instabilité du lign S
(bcp de sauts de cvcle},’ravaux?

Compteur K+K OFF (bug compteur) mais lien en fonctionn*ment
1

1
‘ ' ' delocks 1 '
11 ' I
0- Pas de liaison M "l' olnniapsien
-1 . -
: ' T T Maintenance MLS SYRTE
0 10 20 30_ 40 50 Modif rack E2E — plus de comptage
Time (MJD - 59835) mais lien en fonctionnement
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Link SYRTE-NPL (outside REFIMEVE) NPLE

Mational Physical Laboratory ___
. LPL NPL dark fibers
"@vmre YRTE NPL
Up-link Short link W Huang , J. O.
US laser 26 km Gaudron, N. Kaur,

Down-link

[J Kronjaeger]
SYRTE

Phase TW phase
comp comp
10—13,
» ~ 20% outliers: very noisy
10714 link, not stationary
L LPL-NPL » An intermediate
S 10 Preliminary regeneration would help
W 1016 with raw filtering
= N 16-21 March > Day—_c_lependent, Iong-te_lr?
10 85% uptime stability around or <10
» Uncertainty around or
10 N —+— Paris - London - Paris beIOW 10-18
10-19. Uplink noise

100 10! 102 103 104
T (s) 35



QCL (10 um) frequency stabilization

SYRT_E_QQQQQ VREFIMEVE
fiber link
LPL @
‘fo OFC 1.82 um 1.55 um
! rep
5// .||I|||H |||I||. //.lllll” ““In
7 7
qf;‘ep_l_f(‘) Y SFG Y pf;'ep_l_-fb
10.3 pm AgGaSe,
QCL —> —
A
:VQCL qf;'ep +fi)+VQCL é
|
——————— PLL pzy========22232==2>
@ vQCL (p q)frep

9-11 um tunability - 1,4 GHz continuous tunability

Step 1

Comb repetition rate
locked to SYRTE
frequency reference
(and fego RF-locked or
removed)

Step 2

QCL locked to comb
using sum-frequency
generation of comb
and QCL in a
nonlinear crystal

n
VocL = N VRer T A
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