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Frequency comparison via optical fibers

Optical fiber links in a nutshell

Frequency comparisons of optical clocks

A future European network?

Summary
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Why use (better) clocks? J

* Clocks are ideal sensors to measure
tiny effects with high precision.

* This mostly requires a frequency
comparison between two clocks.



Clock comparison

over without losing
performance?




Local comparison of frequency standards

Reference v, Frequency comb

A

local comparison versus common reference v,
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TRANSFER of an OPTICAL CARRIER
from location Ato B

local
comparison at

Frequency standard

Transfer laser

A
const = Voptl V1(A) B V. =const
vV, A V2( ) vopt2 B



Technical requirements for optical link

« Stimulated Brillouin Scattering SBS -
keep input power below threshold: 5 mW

« Coherence of transmitted frequency -
use highly stable cw laser

« High isolation against environmental noise (thermal, acoustic,
seismic, etc.) 2
use fiber buried under ground

« Optical path length changes AL -
compensate AL by Af using AO frequency shifter
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Fiber Noise Cancelation

>
Laser frequency in

roundtrip
contains
2% noise!

Optical fiber
(~ 1000 km) Partial
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Fiber Noise Cancelation

Solution:

reference path _ _
S short as possible, isolate

¢
Reference path

FIBER NOISE

fiber
‘ Laser
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Solution:
Avoid “noisy” links / divide total link

Solution:
Stabilize laser, so that the coherence length > twice the length of fiber

|4 <] J » [ williams et al., JOSA B25,1284 (2008)
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Frequency dissemination: two approaches

Network with Data transmission “Dark Fiber”

Access to the same “dark channe Access to the same “dark channe
two fibers of the same bundle two fibers of the same bundle
» Bi-directional in-line amplifiers » Bi-directional in-line amplifiers

Additional channel for remote control + remote control (same fiber 1.3um)

Observatoire de Paris Internet traffic -
S WAN
A (renaren)
‘ Reference laser ‘ —~ -
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Evaluation of a Mg frequency standard
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Clock laser comparison
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\Q\S Satellite |

Frequ.y comb

73 km fiber link 1,5 pm

Clock laser ' Mg Laser
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Improving an optical clock laser

Mg-clock at 1Q, LUH 74[[& PTB, Braunschweig
m

Fiber from PTB
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Characterization of remote clock laser
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A. Pape etal., OPTICS EXPRESS 18, 21477 (2010)
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1S, — 3P, clock transition of 24 Mg vs. remote CSF1

v(*Mg :'S) — °P;) = 655 659 923 839 730 (48) Hz.
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‘Some details of the 920 km link 113

n~1.4681 at 1550 nm

A~ 0.23 dB/km AN
CD~18 ps/(nmkm)
—DFN_

Deutsches ‘@‘r

Forschungsnetz GEELINE
 Total fiber length 920 km

* Total one way loss >200 dB
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Bi-directional amplifiers - EDFA

1542nm

Fiber1 Fiber2




Feb. 2010: first light through 900 km

Beat note between NIRpz and NIRypq
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Experimental Setup

DFB Fiber e g
Laser

Abs. Frequency Measurement

Fiber
Stabilization

Local Frequency Standard

- AredALT

Abs. Frequency Measurement I; L‘
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Faraday Mirror
| Carrier Phase Measurement

Heterodyne Frequency

K. Predehl et al.,

Science, 336, 441 (2012)




Link Instability & Clock Comparisons

K. Predehl et al.,
Science, 336, 441 (2012)
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integration time = (S)

Accuracy: (vou ¢ —Vin) / vi, < 0.7 (3.7)x101° (<100 pHz)

[1] Chou et al., PRL 104, 070802 (2020)



1S-2S Frequency measurement

35() = _;";; ;':I :{; L |
[1] PRL 84, 5496, 2000
[2] PRL 92, 230802, 2004
[3] PRL 107, 203001, 2011
[4] submitted March 2013
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EFTF student contest
< 2010 | 2011

« ¥ X TFOM
Opt. frequency standards
Uwe Sterr
Christian Lisdat
Stefan Falke
Thomas Legero

Opt. cavities & stable Lasers
Thomas Legero
Thomas Kessler
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Giorgio’s Dream around 2006 / 07
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JRP-Coordinator

PTB, Germany PTB

Funded JRP-Participants

BEV, Austria INRIM, Italy

MIKES, Finland - MIKES  NPL, United Kingdom
OBSPARIS, France '@ " sp, sweden

UFE, Czech Republic I.-lfe VSL, The Netherlands
Unfunded JRP-Participants Meirogy

CESNET, Czech Republic w
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LW IS4 NEAT-FT Participants

European Association of National Metrology Institutes

All fiber links are operated In
collaboration with NRENSs




Braunschweig - Paris Link via Frankfurt

Contract with GasLine Company g - pr8 R
Lhas been signed last week!!! NEYEs |
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Fiber links in Europe via GEANT

LGoogle |

“Sichthdhe 149559 km




Comparisons between Cs clocks and
recommended secondary representations

e x v’ Test of fundamental physics
A a e Consistency checks
Hg* X X
B 2 GEANT NPL /SYRTE / PTB
Yb*(E2) X O X
- R e PTB / QUEST
P JRP ITOC 2013-16
Sr X O Ooxx X X oD ¢ recent work at PTB
Rb (MW) X X
R ta- Al*  Hg* Srt Yb* Yb* Yb Sr Rb
= R e
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Result: Mg Frequency standard

1 "‘6\ " Mg vs. Agilent 5071A |
;’ 11 O\ J. Friebe et.al. Phys.Rev. A78, 033830,(2008)
= ] O.
o) ] 0-0-0.
© . o
+— 1 ‘O
7)) 10-12 | .O~O i
> 3 O ~
] . O.
g Mg vs. H7IQO OO O'O :
%J . . Aglient 5071A
). ;
=3 10790, MgIQovs.
| - ] ’~
= clock laser
Q PTB
2 10-14 . = "4 ]
E ~?’.’— passive Maser H7
[ LN
= - fiber link
10-15 o TR TR \'" | ror TR ] ror T
0,01 0,1 1 10 100 1000 10000

integration time < (s)

| <€ < J > >l



Installing Equipment
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