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Optical lattice clock

m Atoms loaded from a MOT to an optical lattice

o formed by a 1D standing wave

m Probing a narrow optical resonance with an
ultra-stable “clock”™ laser

MOT

m Stabilize the clock laser on the narrow

resonance macroscopic oscillator

Ultra-stable
o experiments co-funded by nano-K > Cf

COMBINE SEVERAL ADVANTAGES:

correction

m Optical clock Atoms
m Lamb-Dicke regime N m Record frequency stability
insensitive to motional effects m Record accuracy

m Large number of atoms
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Sr Optical lattice clock

= Cold 87Sr trapped in optical lattice
= 1S0-3PO forbidden transition

= Ultra stable laser @ 698 nm,
sub Hz linewidth

1,0
.
e = N = Rabi 250 ms
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Locking the clock laser to the atomic transition

Fractional Allan deviation
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= Atoms vs cavity = <5 s:limited by the atoms (Dick effect) | x 107!5/+/T

= > 55 :limited by the thermal noise of the cavity 6.5 x 107'¢
= Srvs Sr clock comparison = 1.5 x 107!5/4/T

= resolution in the low 107!/
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Atomic clocks performances over 70 years
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Means to compare clocks
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Means to compare clocks
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Optical fiber links

m Seminal works: Primas et al, Proc 20" PTTI, 1988, Ma et
al., OL 1994

m Active noise compensation after one round-trip

m Strong hypothesis : noises forth and back are the same

m 2 ends at the same place (for link stability measurement)

Local end FM D, Remote end

Ultrastable

FM
1.542 m laser Accumulated )
Phase noise / B
Atomic optical | S . / D +Dp=0
clocks P |
\ et
Link instability e
measurement(“m‘ """"""" Optical coupler
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Motivations (in a nutshell)

” Satellite links don’t meet
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A International / national clocks comparisons below 10-'¢

B Relativistic geodesy, fundamental physics
@ Frequency standard dissemination (for research labs: REFIMEVE++)
O. Lopez et al., «kF&T transfer for metrology and beyond (...)», C. Rendus Physique, Comptes Rendus Physique 16 (5),459-586 (2015)
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http://www.sciencedirect.com/science/journal/16310705
http://www.sciencedirect.com/science/journal/16310705

Optical Frequency transfer projects in Europe
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http://www.refimeve.fr
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Challenges for long haul fiber links
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Challenges for long haul fiber links

® Fiber availability !
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Challenges for long haul fiber links

® Fiber availability !
Partnership with NRENs / Contract with private Cie

B RENATER  GEANT

connect ® communicate ® collaborate

Consortium Y/
GARR PDNIER@ - FUNET GasLINE
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Challenges for long haul fiber links

® Fiber availability ! M RENATER  GEANT

P ~ - N
- cConsortium M
0 N

GARR PONERES)  + FUNET  GasLINE
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Challenges for long haul fiber links

@ Fiber availability ! M RENATER  GEANT ' KK
N ¢ ¢ Consortium N\
B Attenuation *>GARR oonErES)  + FUNET  GasLINE
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Challenges for long haul fiber links

® Fiber availability ! M RENATER  GEANT

P ~ - N
- cConsortium M
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Challenges for long haul fiber links

® Fiber availability ! M RENATER  GEANT [GEY
s ¢ £ Consortium &/
A Attenuation *>GARR oonErES)  + FUNET  GasLINE

2 to0 .29 dB / km
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Challenges for long haul fiber links

® Fiber availability ! M RENATER  GEANT
s ¢ ¢ Consortium &/
H Attenuation g ,;:SG ARR PIONIERQ + FUNET GasLINE

2 to .29 dB / km
1020 for 1000 km
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Challenges for long haul fiber links

® Fiber availability ! M RENATER GEANT GO
: ¢ ¢ Consortium &
B Attenuation ' >GARR oonErES)  + FUNET  GasLINE

2 to0 .29 dB / km

1029 for 1000 km
® Bi-directional amplification (10<G<20 dB)
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Challenges for long haul fiber links

®@ Fiber availability ! M RENATER  GEANT

. &7

B Attenuation (Cl,] An['{[“{ oonErES)  + FUNET  GasLINE

2 to .29 dB / km
1020 for 1000 km

® Bi-directional amplification (10<G<20 dB)
® Fiber Brillouin amplification (<60 dB)
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Challenges for long haul fiber links

® Fiber availability ! M RENATER GEANT GO
S ¢ £ Consortium ¥
B Attenuation ' >GARR oonErES)  + FUNET  GasLINE

2 to0 .29 dB / km

1029 for 1000 km
® Bi-directional amplification (10<G<20 dB)

® Fiber Brillouin amplification (<60 dB)
® Optical regeneration (repeater laser station) : 2dBm output

P

* Specific scientific equipment .
* Knowledge transfer

o e Remote comparisons Sr-Sr OLC
@Vaowe with a long haul optical fiber link
GdR ATF/Nano-k - Paris, November 5, 2015




Challenges for long haul fiber links

B Fiber availability ! X RENATER  GEANT
(] -~ C ..\\I'l\( wroum I w
2 Attenuation "SGARR  monerf®)  + FUNT  GasLive

2 to0 .29 dB / km

1029 for 1000 km
® Bi-directional amplification (10<G<20 dB)
® Fiber Brillouin amplification (<60 dB)
® Optical regeneration (repeater laser station) : 2dBm output
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Challenges for long haul fiber links

® Fiber availability ! M RENATER  GEANT ROUnc
: ¢ ¢ Consortium &/
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Challenges for long haul fiber links

® Fiber availability ! M RENATER  GEANT

) &7

A Attenuation (Cl,]An[l{f{ oonErES)  + FUNET  GasLINE
B Accumulated noise ’

Noise scale as sqrt(Length of link)

More noise in urban area
20to 45 dBc/ Hz @ | Hz
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Challenges for long haul fiber links

Fiber availability ! X RENATER  GEANT

Attenuation : (dA”[“{”[]i oonErES)  + FUNET  GasLINE
Accumulated noise |
Finite time of propagation
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Challenges for long haul fiber links

Fiber availability ! B RENATER  GEANT
- CConsortium I \Q—’/_//

Attenuation *>GARR oonErES)  + FUNET  GasLINE
Accumulated noise |
Finite time of propagation

Noise scale as sqrt(Length of link)
More noise in urban area

20 to 45 dBc / Hz @ | Hz Ll

86 km
580 Hz limit
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—
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Cascaded optical fiber links

Input
. -
Station

Repeater
Station
N-1

span-N-1
ey

@ Shorter delay and better noise

rejection

B Remote control and monitoring

Station N-1

Polar
Control

Temperature
Control Box

Station N

span-N

Repeater
Station
N

e

—>
Link

Repeater
Station
N+1

N

k-

Output
Station

@ Automatic operation

A polarisation control

B No stable RF oscillator

PD1 /) AR )\ pD2

m

PD \¥/

Local Link

Link N+1

O. Lopez et al., Optics
Express 18 16849-16857
(2010)

O. Lopez et al, «Cascaded
optical link(...), Proc. OPTO,
Photonic West (2015)
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Optical fiber links with | data traffic

& French optical link is using a @ Cascaded optical link with
dedicated frequency channel of repeater laser stations
the academic network & Pin on the network <2 mW
ﬁ RENATER & High gain (up to 60 dB)
& Parallel data traffic A Narrow band, tunable
A& Optical Add-Drop Multiplexer a User output
& Used to go on/off the
network. Data Center Shelter #1 Shelter #2
m Additional optical losses of Am "fhs‘
~1.6 dB/span — 1 e
) i D

Am i RLS i
\ 4 1 : ----- e e T e
=l]= span-1 span-2
N km N km
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Inter-connexion FR-DE links

& Two-way frequency comparison
between the RLS

& Optical beat note vs GPS-disciplined
ultra-stable oscillator

B Remote control and monitoring FBA
and RLS

X o ¥
& SN +
Q® A cf‘o Strasbourg 7
N
l’@valo?re RLS
' ' Karlisruhe
Reims Giessen
Frequency
counters
GPS disciplined oscillator
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RLS

' ' Karlsruhe
Giessen

Reims

Frequency
counters

|

GPS disciplined oscillator
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8 Frequency combs, coherent regime

l'.@valo?re

RLS

‘ ' ' Karilsruhe
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Frequency
counters

|

GPS disciplined oscillator
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8 Frequency combs, coherent regime

B Two independent Sr-lattice clock

A «All-optical» frequency comparison

&
& b‘@g\{. ng +
Q’b' AT ‘:‘o Strasbourg A &
N
l'.@valo?re RLS
‘ ' ' Karlsruhe

L “H“Illn. Reims Giessen

T Frequency

counters
GPS disciplined oscillator
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The |Ist Sr-Sr comparison by

long haul fiber links

8 Frequency combs, coherent regime
B Two independent Sr-lattice clock

A «All-optical» frequency comparison

09 Q &
N )
Q& W+"‘ (:‘OQ Strasbourg
09
AV

l’@valo?re RLS
' ' Karlsruhe
Giessen
Frequency
counters

|

GPS disciplined oscillator

Kassel
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An optical methodology

Counting the RF of the beat notes
- with the fs combs

: Sr
 F4 F5
----------- F3 :I: BRI SEERN
Comb |R ......... : Comb
| A H : A
Lt "““Inn._ : : < Ll ||||||I|m.
{UTC(OP) ' GPS time | : UTC(PTB)

@PTB Absolute frequency difference without SI-Hz
LPL
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Experimental results : raw trace
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Experimental results : raw trace

B Combination of Sr/Combs/
link at both side
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Experimental results : raw trace

B Combination of Sr/Combs/
link at both side

Data150606
4 ’ .
A two runs: P16
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- Link beatnote
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Experimental results : raw trace

B Combination of Sr/Combs/
link at both side

A two runs:
B 3 days in March 2015
a 25 days in June 2015

Raw data Sr(SYRTE) - Sr(PTB)

< o
. L 4! o 5
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Sr-clocks comparison SYRTE-PTB

" Run:March 2015
Run Il : June 2015

& Combined link
contribution

1E-15 |
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total Allan deviation oy(t)
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Sr-clocks comparison SYRTE-PTB

E2P1B

Clock accuracy budget

Clock uncertainty Sr lattice clock Paris  Sr lattice clock Braunschweig
Effect ( x1017) Correction Uncertainty Correction Uncertainty
Residual lattice light shift 0 25 -1.1 1.0
Black-body radiation 515.5 1.8 492 .9 1.3
Black-body radiation oven 0 1.0 09 0.9
Density shift 0 0.8 0 0.1
Quadratic Zeeman shift 134 .8 1.2 3.6 0.15
Line pulling 0 20 0 << 0.1
Lock error 0 0.3 0 0.2
DC Stark shift 0 0.5 0 << 0.1
Tunneling 0 << 0. 0 0.1
Probe light shift 0 << 0. 0 << 0.1
Totalclocks (x 10°17) 650.3 4.1  496.4 1.9

! Remote comparisons Sr-Sr OLC
Il@mo're with a long hzul optical fiber link
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Sr-clocks comparison SYRTE-PTB

E2P1B

Clock accuracy budget

Clock uncertainty Sr lattice clock Paris  Sr lattice clock Braunschweig
Effect ( x1017) Correction Uncertainty Correction Uncertainty
Residual lattice light shift | 0 25 -1.1 1.0
Black-body radiation 515.5 1.8 492 .9 1.3
Black-body radiation oven 0 1.0 09 0.9
Density shift 0 0.8 0 0.1
Quadratic Zeeman shift 134 .8 1.2 3.6 0.15
Line pulling 0 20 0 << 0.1
Lock error 0 0.3 0 0.2
DC Stark shift 0 0.5 0 << 0.1
Tunneling 0 << 0. 0 0.1
Probe light shift 0 << 0. 0 << 0.1
Tota clocks (x 10°17) 650.3 4.1  496.4 1.9
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Sr-clocks comparison SYRTE-PTB

E2P1B

Clock accuracy budget

Clock uncertainty Sr lattice clock Paris  Sr lattice clock Braunschweig
Effect ( x1017) Correction Uncertainty Correction Uncertainty
Residual lattice light shift | 0 25 -1.1 1.0
Black-body radiation 515.5 1.8 492 .9 1.3
Black-body radiation oven 0 1.0 09 0.9
Density shift 0 0.8 0 0.1
‘Quadratic Zeeman shift 134 .8 1.2 3.6 0.15
Line pulling 0 20 0 << 0.1
Lock error 0 0.3 0 0.2
DC Stark shift 0 0.5 0 << 0.1
Tunneling 0 << 0. 0 0.1
Probe light shift 0 << 0. 0 << 0.1
Total clocks (x 10-17) 650.3 4.1  496.4 1.9
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Il@"aw're with a long hzul optical fiber link

GdR ATF/Nano-k - Paris, November 5, 2015



Sr-clocks comparison SYRTE-PTB

Clock comparison accuracy budget

Ratio SrpTB/SrSYRTE Run | Run I
Uncertainty ( x 10-17)

Systematics SrgyRTE 4.1 4.1
Systematics SrpTp 2.1 1.9
Statistical uncertainty 3 2
fs combs 0.1 0.1
Link uncertainty <.1 <0.1
Counter synchronization 10 0.1
Gravity potential corr. 0.4 0.4
Total clock comparison 11.4 5.0

Laborstolrs de
physigue des lasers
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@Vaowe with a long haul optical fiber I| " PTB
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November 5



Sr-clocks comparison SYRTE-PTB

Clock comparison accuracy budget

Ratio SrpTB/SrSYRTE Run | Run I
Uncertainty ( x 10-17)

Systematics SrgyRTE 4.1 4.1
Systematics SrpTp 2.1 1.9
Statistical uncertainty 3 2
fs combs 0.1 0.1
Link uncertainty <.1 <0.1
Counter synchronization 10 0.1
Gravity potential corr. 0.4 0.4
Total clock comparison 11.4 5.0
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Sr-clocks comparison SYRTE-PTB

ax10™ [ "
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Flrst run : 6000 S segments -
oqoel 7 Second run : 125 000 s segments
= 1x10°F 9 4 ! -
O o
2 o 7
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date of measurement (MJD - 57092)
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Sr-clocks comparison SYRTE-PTB

m Frequency instability SrPTB-SrSYRTE
2x10-17 (5000 to 50000 s)

M Accuracy : SrPTB-SrSYRTE agreement
(4.7+5)x10°17
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Sr-clocks comparison SYRTE-PTB

m Frequency instability SrPTB-SrSYRTE
2x10-17 (5000 to 50000 s)

M Accuracy : SrPTB-SrSYRTE agreement
(4.7+5)x10°17

A Two fully independent system in agreement within the statistical error bars.
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Sr-clocks comparison SYRTE-PTB

m Frequency instability SrPTB-SrSYRTE
2x10-17 (5000 to 50000 s)

M Accuracy : SrPTB-SrSYRTE agreement
(4.7+5)x10°17

A Two fully independent system in agreement within the statistical error bars.

& Black body shift, light shift, AC Stark shift and collisions well controled on
two different setups
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Sr-clocks comparison SYRTE-PTB

m Frequency instability SrPTB-SrSYRTE
2x10-17 (5000 to 50000 s)

M Accuracy : SrPTB-SrSYRTE agreement
(4.7+5)x10°17

A Two fully independent system in agreement within the statistical error bars.

& Black body shift, light shift, AC Stark shift and collisions well controled on
two different setups

A Optical links demonstrates their ability to compare clock with superior abilities
to any other methods
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Sr-clocks comparison SYRTE-PTB

m Frequency instability SrPTB-SrSYRTE
2x10-17 (5000 to 50000 s)

M Accuracy : SrPTB-SrSYRTE agreement
(4.7+5)x10°17

A Two fully independent system in agreement within the statistical error bars.

& Black body shift, light shift, AC Stark shift and collisions well controled on
two different setups

A Optical links demonstrates their ability to compare clock with superior abilities
to any other methods

A Gravitational redshift is taken into account. Confirm the proper correction of
relativistic effects and results from precise levelling campaign of the clocks
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Outlook

& A world first ! Optical clock comparison SYRTE-PTB
B <3x107'7 statistical uncertainty @1day

lllllll

& Comparison uncertainty below
the Sl limit
& QOutperform by order of magnitudes

the abilities of satellite based methods
@ Open a new era of clock’s comparisons

& Linking NMiIls with fiber links on going

B Precise frequency measurements will be pc
stability and accuracy. &

B The french touch : parallel to data traffic
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A large collaboration

PTB Team (Sr clock, combs and links)
SYRTE Team (Sr clocks, combs and links),
LPL Team (links), LP2N (links)
RENATER, Université de Strasbourg (network),

are .

M.Abgrall, A. Al-Masoudi, A. Amy-Klein, E. Bookjans, S. Bilicki, E. Camisard, C.
Chardonnet, N. Chiodo, S. Dorscher, C. Grebing, G. Grosche, S. Hafner, A.
Koczwara, S. Koke, A. Kuhl,Y. Le Coq, T. Legero, R. Le Targat, C. Lisdat, J.
Lodewyck, M. Lours, O. Lopez, F. Meynadier, B. Moya, D. Nicolodi, P.-E. Pottie, N.
Quintin, S. Raupach, J.-L. Robyr, G. Santarelli, C. Shi, H. Schnatz, F. Stefani, U. Sterr,

F.Wiotte
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Teleport

Successful

Thanlzﬁyou for attention !

@ [Eg] LP2N wrevarer BEDTB
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A 4-span cascaded link

Germany

VILLETANEUSE
(by PARIS)

France €) STRASBOURG

& Start and End at LPL, Paris area & Second link of 1480 km reaching

A First link of 1100 km reaching Strasbourg and back
Nancy and back A Shift Start and End to SYRTE

N. Chiodo et al, «Cascaded optical fiber link using the Internet network for remote clocks comparisony,
submitted (2015)
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Relative frequency instability

107" pr——rrrr———rm T
- i | LPL-Nancy 1100 km —@— 1
[ ~ LPL-Strasbourg 1500 km —li—
10'15 EN 3

10 ew E

T E

Modified Allan Deviation

el e

-19 ; ,,,,,,,,,,,,,,,,,,,,,,,,,,,, 77777777777777777777777777777 77777777777777777777777777777 > o -1 . - :
10 = \-counting, | -s gate time ?

10720 F T T B R B
1 10 100 1000 10000

Integration time (s)

i i Remote comparisons Sr-Sr OLC
@Vaowe with a long haul optical fiber link
GdR ATF/Nano-k - Paris, November 5, 2015




Relative frequency instability
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Relative frequency instability

107" pr———rr———rm e
- i LPL-Nancy 1100 km —@— :
‘ ‘ LPL-Strasbourg 1480 km —ll— -

B SYRTE:Strasbourg 1420 km —— -
6L Ny M ovefromLPLtoSYRTE eeeeeeeeeeeeeeeeeeee _
. 2 MDEVfrom4to 20 E- 16 @1s @

M N

ok R

Modified Allan Deviation

a0l S S T . '
10 /\ countlng, | -s gate. time

1 10 100 1000 10000

Integration time (s)

i i Remote comparisons Sr-Sr OLC
@vaowe with a long haul optical fiber link
GdR ATF/Nano-k - Paris, November 5, 2015




Relative frequency instability
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Relative frequency instability
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Long-haul fiber links with FBA

= Braunschwei <
RO

local

S r
Ay
L8
=2\

\\l-@ R Strasbourg

-55 MHz \,O S
*HN %
| @ =D N\ / X\ /r X\ / )| 2 x | 14km
S IR, <4 L | 9c_k,|a ! Loss~ 54 dB

,remote” |Z"— i wZHZ_%E]L \ 4/ \> 4/ \» 4/ \»

Kassel Giessen Karlsruhe

90%

© GESINE GROSCHE, PTB
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Long-haul fiber links with FBA @PTB

g PTB Braunschweig Q|

e &8

\\l-é\ R Strasbourg

local

é 4 2 x | 14km
____@is_M_H_Z _______ 5 eaa. "BA | Loss~ 54 dB
T el IPANIANIAN
Hz

Kassel Giessen Karlsruhe

90%

18 MHz
@ PHYSICAL REVIEW A 92, 021801(R) (2015)

S

Brillouin amplification supports 1 x 10~?° uncertainty in optical frequency transfer
over 1400 km of underground fiber

Sebastian M. F. Raupach,* Andreas Koczwara, and Gesine Grosche
Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, D-38116 Braunschweig, Germany
(Received 20 March 2015; published 24 August 2015)

© GESINE GROSCHE, PTB
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2-span cascaded link with FBA

IPIB

A Insert a Regeneration Laser Station in Strasbourg to the FBA-based link

—
o
=

& worked within 1 day!

@ Advantage : RLS has a stable user output, thanks to its balanced
interferometric setup

v PrB Braunschweig Strasbourg

local

R I & VAl Ve Vi

Wi%@ TN TN TN

— Kassel Giessen Karlsruhe
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2-span cascaded link with FBA

IPIB

A Insert a Regeneration Laser Station in Strasbourg to the FBA-based link

—
o
=

& worked within 1 day!

@ Advantage : RLS has a stable user output, thanks to its balanced
interferometric setup
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2-span cascaded link with FBA PTB

A Insert a Regeneration Laser Station in Strasbourg to the FBA-based link

& worked within 1 day!

@ Advantage : RLS has a stable user output, thanks to its balanced
interferometric setup

W)
Braunschweig Strasbourg

local

N VA Vo Vi

» user output

o] =7V Kassel Giessen Karlsruhe

Wi%@ TN TN TN

On interferometer noise, see : F. Stefani et al, «Tackling the limits of optical fiber linksy», JOSA B 32, 787-797
(2015)
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Relative frequency stability

107
= /\-counting, |-s gate time & Even better short term
% 10 ‘ stability due to the higher
é (g8 \-._\ bandwidth of correction
% ~ & Very stable signal
-7 >
= 10 '\“ m No cycle slips for days
g 107 “\-_ A & Robust, reliable
3 10" S
= - Preliminany
10° 10’ 107 10°

Integration time, 1, s

O. Lopez et al, «Towards international optical frequency transfer by fiber link between two metrology
institutes, PTB and LNE-SYRTEy, EFTF-IFCS poster presentation (2015).
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http://www.sciencedirect.com/science/journal/16310705
http://www.sciencedirect.com/science/journal/16310705

Experimental results

100 A I—

-15)

Frequency comparison of the two optical links signals
Linear drift is removed.
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Implementation du lien optique

Longueur d’'onde: 1542 nm

11 km 12 km
8dB -11d8
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Seminal works : Primas et al., 1988

STABILIZED FIBER OPTIC FREQUENCY DISTRIBUTION

SYSTEM*

Lori E. Primas
George F. Lutes
Richard L. Sydnor
Jet Propulsion Laboratory
Pasadena, California 91109

Passive stabilization: of fiber optic transmission links, such as burial of the cable, is not sufficient for
maintaining stabilities in the range required for many applications.
part in 10'® are required the link must be actively stabilized.

When stabilities higher than a

- Im-En AT

(e;ﬂ)-(erﬁ)
2 = Y1

62 = (G,I—ﬁ)—k

FIGURE 1. PHASE CONJUGATION AT INPUT TO OPTICAL FIBER

REFERENCE UNIT
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LOOP
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REMOTE UNIT

$0/50 MIRROR

U_*

FIBER OPTIC

§8;

FIGURE 3. FIBER OPTIC FREQUENCY DISTRIBUTION SYSTEM
L. E. Primas et al., Proc. 20th PTTI,Vienna,VA, 29 Nov - | Dec 1988(1988)
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Seminal works : Primas et al., 1988

STABILIZED FIBER OPTIC FREQUENCY DISTRIBUTION

SYSTEM*

B Active noise compensation after one round-trip

B Strong hypothesis : noise forth and back are the same

part in 101° are required the link must be actively stabilized.

REFERENCE UNIT
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Seminal works : Ma et al., 1994

November 1, 1994 / Vol. 19, No. 21 / OPTICS LETTERS 1777

Delivering the same optical frequency at two places:
accurate cancellation of phase noise
introduced by an optical fiber or other time-varying path

Long-Sheng Ma,* Peter Jungner,' Jun Ye, and John L. Hall*

Joint Institute for Laboratory Astrophysics, University of Colorado and
National Institute of Standards and Technology, Boulder, Colorado 80309-0440

Received May 12, 1994

Although a single-mode optical fiber is a convenient and efficient interface/connecting medium, it introduces
phase-noise modulation, which corrupts high-precision frequency-based applications by broadening the spectrum
toward the kilohertz domain. We describe a simple double-pass fiber noise measurement and control system,
which is demonstrated to provide millihertz accuracy of noise cancellation.

.......................................................................................................
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Seminal works : Ma et al., 1994

November 1, 1994 / Vol. 19, No. 21 / OPTICS LETTERS 1777

Delivering the same optical frequency at two places:
accurate cancellation of phase noise
introduced by an optical fiber or other time-varying path

Long-Sheng Ma,* Peter Jungner,' Jun Ye, and John L. Hall* r— T I

i ) |
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Joint Institute for Laboratory Astrophysics, University of Colorado and
National Institute of Standards and Technology, Boulder, Colorado 80309-0440

Received May 12, 1994

Although a single-mode optical fiber is a convenient and efficient interface/connecting medium, it introduces
phase-noise modulation, which corrupts high-precision frequency-based applications by broadening the spectrum
toward the kilohertz domain. We describe a simple double-pass fiber noise measurement and control system,
which is demonstrated to provide millihertz accuracy of noise cancellation.
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Fig. 2. Optical field spectrum at the output of a 25-m
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| 1.542 pm laser " correction HESE@{)\ . function. The signal arrives at the far end with a
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1.3 dB from (b) to (c) because of noise near the carrier.

25-m optical fiber link
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Experimental set up (Strasbourg, Kassel)
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Experimental set up (Strasbourg, Kassel)
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