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Lisa Requirements @ Qbservatoire PS| %

U Space large interferometer, based on 1064,49Nd YAG
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Lisa Requirements Observatoire PSL %

de Paris

U Space large interferometer, based on 1064,49Nd YAG
lasers.
A On each satellite : 2 lasers @ ~ 1064.49 nm (+ 2 backups)
A Emission laser 2 Watt. Reception ~ 0

CCTP POUR LES ACTIVITES DE TESTDU | Réf:  LISA-PRO-SOW-0114-CNES

DEMONSTRATEUR D’INTERFEROMETRE )
Lisa s ZERODUR «ZIFO » AULAM— | D2te: 2600712022
P LABORATOIRE SYRTE Edition : 1.0

Non sensible Page: 7/9

1. OBJET DU DOCUMENT

Ce document constitue le Cahier des Clauses Techniques Particuliéres relatif a la participation du
laboratoire SYRTE aux activités de test du démonstrateur interférométrique Zerodur dénommeé
« ZIFO » prévues pour étre réalisées en utilisant les infrastructures de test sous vide du laboratoire
LAM.

2. CONTEXTE

LISA est la mission L3 de 'ESA, pour I'observation des ondes gravitationnelles. Dans ce cadre, outre
la participation scientifique, les principaux éléments de la contribution frangaise sont les suivants :

1. Définition des tests de performance MOSA et réalisation des moyens de test optiques
complexes associés (projet OTS du consortium)

2. Activités d’AIVT du systéme interférométrique (projet IDS du consortium)

3. Développement du DDPC incluant la simulation des données

4. Participation aux travaux relatifs au modele de performance mission

La contribution frangaise est assurée par la communauté LISA-France, avec la participation et la
coordination du CNES, et la participation de nombreux laboratoires. L’organisation LISA-France et
son role au sein du consortium est précisée dans le plan de management [DAO1].

Les contributions relatives aux projets IDS et OTS nécessitent certains développements
technologiques préparatoires. Parmi ces développements, la communauté LISA-France a lancé dés
la phase A le développement d’'un démonstrateur de banc optique Zerodur avec optiques adhérées.
Ce développement technologique a notamment les objectifs suivants :

Accroitre la connaissance des équipes en métrologie hétérodyne de haute précision
Caractériser 'impact de l'environnement de test sur les précisions de mesure
(température, vibrations, pression)
Mesurer les performances de stabilité interne du banc dans la bande passante de
LISA, en particulier [30 mHz, 1 Hz].
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Lisa Requirements Qbservatoire | PSL

de Paris

U Space large interferometer, based on 1064,49Nd YAG
lasers.
A On each satellite : 2 lasers @ ~ 1064.49 nm (+ 2 backups)
A Emission laser 2 Watt. Reception ~ 0

CCTP POUR LES ACTIVITES DE TESTDU | Réf:  LISA-PRO-SOW-0114-CNES

DEMONSTRATEUR D’INTERFEROMETRE )
Lisa s ZERODUR «ZIFO » AULAM— | D2te: 2600712022
P LABORATOIRE SYRTE Edition : 1.0

Non sensible Page: 7/9

1. OBJET DU DOCUMENT

Ce document consetitiia la Mahiar dae Clanecac Tarhninniae Particiiliadrae ralatif 4 la narticinatinn A

e - Mesurer les performances de stabilite interne du banc dans la bande passante de
LAM. . .
LISA, en particulier [30 mHz, 1 Hz].

2.

coordingition du CNES, et la participation de nombreux laboratoires. L’organisation LISA-France et
son rolg au sein du consortium est précisée dans le plan de management [DAO1].

Les fontributions relatives aux projets IDS et OTS nécessitent certains développements
techgfologiques préparatoires. Parmi ces développements, la communauté LISA-France a lancé dés
la pjfase A le développement d’'un démonstrateur de banc optique Zerodur avec optiques adhérées.
Cejliéveloppement technologique a notamment les objectifs suivants :

Accroitre la connaissance des équipes en métrologie hétérodyne de haute précision
Caractériser 'impact de l'environnement de test sur les précisions de mesure

ion)

Mesurer les performances de stabilité interne du banc dans la bande passante de
LISA, en particulier [30 mHz, 1 Hz].
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TheZerodurinterFerOmeter Observatoire P S L

de Paris

ZIFO: An heterodyne interferometry demonstrator

Some of the Main Objectives :
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Non Stabilized.aser

Observatoire
de Paris

PSLx

ASDs from /lisa/Data_ZIFO/ZIFO_C_DO_1/T2/2023-07-26T13:32:12.00372.phms1-4_FiltSync_Decim_Join.h5

cycle/sqrt(Hz)

—— Int_IFO1_MeanFreq_ASD
Int_IFO2_MeanFreq_ASD
Int_IFO3_MeanFreq_ASD

- Int_IFO2/1_MeanFreq_ASD
Int_IFO3/1_MeanFreq_ASD

Individual interferometers

10 pm/VHz specification

Amplitude spectral density of the
optical pathlenght stability
measurement

1077
Frequency [Hz]

—— Int_IFO3/2_Meanfreq_ASD
Req (10 pm *u(f))
Freq. noise cont. (0.2 m, 4e+04/f Hz/sqrt(Hz)
Freq. noise cont. (0.4 m, 4e+04/f Hz/sqrt(Hz)

20 kHz Laser frequency
noise modelisation

10°
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Lisa Requirements @ Qbservatoire | DG | g

U Space large interferometer, based on 1064,49Nd YAG
lasers.
A On each satellite : 2 lasers @ ~ 1064.49 nm (+ 2 backups)
A Emission laser 2 Watt. Reception ~ 0

U To reach the LisaMission requirement, the residual frequency noise should be 30
Hz / ‘hithe frequencybandof interest

U Needl frequencyreferenceembeddedon eachsatellite

U Nominalfrequencyreferencefor the LISAmission ultrastableoptical cavity

U Thebackup solution,stabilizationon a hyperfinetransition of lodine @ 532.245nm lodine cell
U The groundtest operation of the LISAmissionwould be led in severallaboratory all
over Francewhichis not suitablewith the useof an ultrastablecavity

U Basedon the long developmentof iodine-based frequency reference, the LTEhas
provideda solution: a compacttransportable Nd:YAGLasertandem phaselock on an
lodine frequencyreference

AGIFirst TE(2025 9



A

C A Compaciiransportable lodine Stabilized Laser Setup

AGIFirst TE(2025 10



Source Laser Telecom

0

The reference laser is a
frequency tripled telecom fiber
laser at 159673 nm, frequency
stabilized against the a;
component of the R 56 [32-0]
127, line at 532.245nm.

The frequencygap between the
IR and green rangesis bridged
usingatandemof PPLNcrystals:
(SHGw +w © 2w)and
(SFGw+2w © ).

(D) goeeieto" | PSL*

Frequency stabilization

o

|

1596.7 nm
Telecom laser

N\

lodine cell

532 nm
Frequency 30 mW
tripling
process

-

Nd: YAG

‘[ Frequency J

doubling process

AGIFirst TE(2025

11




Source Laser Telecom @ 82,%2’,}’ft°ire PSL %

®

v
LASER 2E U Frequencymodulation could be done with
|20 EOMfor 3 order derivative
SFG U Frequencylock is realizedon the AOM and
l . PZTof the Laser

U FiberedErbiumdopedlaserlinewidth <1kHz

SHG (w + W 2w) LINbO3 PPLIWG (NEL /Japoh
L=34mm, 10 x 10 pm?

h ~90% W

500 mW a 1596 nm220 mW @ 798 nm

SFG (w 2w © 3w) LINbO3 PPLN Cristaulkfrom Covesion (UK)

L=40 mm, I=5 mm, h=0.5 mm

1W a 1596 nm220 mW @ 798 n 31 mW @ 532nm (after fiber coupling
h ~4.5% W.cnr! Kylia / EXAIL (statef-the-art)
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Source Laser Telecom @ gglggfr\i’gtoife PSL %

U The whole setup fit in a 15 L aluminum red case
U Every component are fibered, such as 1t didn’t

’. .
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' Observatoire g
lodineSpectroscopgcheme @ Sepor ' PSL

U The modulation is made on the pump AOM1@0)kHz
U The spectroscopy setup is in frepace without mechanical part.

U The signal is detected using a laokamplifier @ the modulation frequency.
Frequencynodualtion@ 170kHz

1==7 Phase Locloop === 7" " T T T T T T T T T m s s —mmmmm e 2
: I e UMD e S
i ump :
: K AOM1 ——— Collimator = |,4ine
| - v
__________ e | Probe Cell
: : — AOM2 Collimator —+~ - ---- - -

: ; —
| >

. |
' TripleFrequencylaser W?A_I—-— Reference
| | AOM3 [ Collimator ]
I

uonoaldq F------

_ Nd:YAG
%' Laser

PLL
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lodine Spectroscopy Setup

i i e i e -

Two counter propagating beams

Orthogonal polarization for pump and probe beams
Beam diameters ~ 2.4 mm, Rayleigh parameter >2 m
lodine absorption length 120 cm with 8 passes

lodine cell dimensions: 15 x 8 x4 cm

D

Observatoire ‘ PSL

de Paris

Dump ~—

POL4

~ 100 pW

______

4- Photodiodes

M3

Pump

AGFirst TE(2025
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A

U Thewholesetup fit in a 15 L aluminiufmue case
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depans o | PSL
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A

C Laser Characterization Using #r@guency Chain
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Clockensemble at TE @ Qbservatoire | DG | g

: optical o
\.iiﬂ:’:’ﬁ.‘iﬁl( I \‘hécleock E 7 clocksat SYRTE:
3 Sr2 optical o
fattice clock 3xCs(pwave, 9.2 GHz)

E
forcall u— E 1xRb(pwave, 6.8 GHz)
An . ﬁ/@ E 2xSr(opt, 429TH2
oY E 1xHg(opt, 1129TH2
E Newprojects: 1xvb(opt, 519TH2 and1xSr(opt,
J 429TH2
%5@ °°°°°° C’E@? E Optical Frequency Combs allow us to measure optical
o s [ o frequencies :
ej‘ J E Continuous measurement of frequenawtios
1 1 1 E Sampling rate : 1pt/s
»_ . ,. E At SYRTE: 2 Erbiuitber laserbasedcombs
' ’;‘ .“ B .it E  Thel542 nm sourcés critical
..’ /L S -,’ L S .,’ L S E Ercombslockedto this optical reference
K4 . ) K . ) K R ) =
[ ‘/i ( - /i ( - / E Source for the REFIMEVE network
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LTH-requencychain

Simplified scheme
of the LNE-SYRTE
frequency chain

Mercury clock
laser (1062,5 nm

CS0 : Cryogenic Sapphire
Oscillator (Ulirastable
Microwave Reference)

CUS : Ultrastable Laser
Reference (Cavité
UltraStable)

OFC : Optical Frequency
Comb

1542 nm

(Optical Add and
Drop Multiplexer)

S

Ccus

RIO diode
(1542 nm)

' Dedrift

x 200

To laser stabilized to iodine

Laser [ Sa=

Link first il*
Istation = To the fiber link

it
i.
strontium clock
aser (698 nm)
Ve
r r 9
MASER —{ CSO - Dead
| 10MHz | time free
Reference | cqunter
36 % frep
/”9GHZ ~ 8,985 GHz
uv\fave ;
mixer Fountains

Modified Allan Deviation

10—14_

10—15_

10—16_

Observatoire
de Paris

PSLx

Modified Allan Deviation

i o T 1
- I J+_
KX
)
MDev Sr Laser vs |IRef
+ MDev Maser vs |Ref
il i Lol Ll i i iodob il i i A4l |.|P(| A4l il
10° 101 10% 103 104 10° 10°
Time (s)

U Syf): 30HzMHz => Adev @1s :<8e-14
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Connection to th& TH-requencyChain ggggfr‘i’:toife ' PSL

YL / < A Socjé‘té,.'q\eg‘Gen;s de
£l _Associa‘filan.fNotre g 7= 2 LettresidelFrance
" Damelde Joye o R A/ ) /)
/ —40
Y Hotel deMassa g £
#
7~
® Le Gall Christian E -45
WA M
; A Sy i CNRS=INSERM... e
I'Observatoire def‘ar‘ls o \ S Y ~— -501
‘ ‘/‘/' ¢ T = (e))
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de Sgin_tgﬁoseph)éé Cluny, O
o
E ~60
_65 ]
HTi- Ecole AT > 4
e Toufisme 5 ual Le Méridien de Paris &
@ @ Sanisette —701
m O
g 4 > : ! ‘ ! ‘ ! |
"=Bd Arago GilbertRamus —-150 -100 -50 0 50 100 150

Bd Arago BdArac?,o e 7 P .
cogie 4 RelativeFrequencykHz)

A 200 m un compensated fibered link
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Measurement of the stability of the link @ ggggrr\i;otoire PSL %

le—14

o
wn

-15] =

-requency
L e e
w o

Modified AllanDeviation

=
w

N
o

10—16_

10000 20000 30000 40000 50000 60000 70000 80000 10° 10! 102 103 104
Time (s) Time (s)

U Adev@ls :3e1l5 <8e14

The link is below thdlisa mission specification so it will not limited the comparison between the comb and the laser
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Measurement at 1596 nm @ Qbservatoire | DG | g

U Tracking Oscillator and 100kHzandpaséilter
U Measure/sLTE IR 1542 nm LaserAdev @1s :7-8e-14

U Syf) : 30HzMHz

Modified Allan Deviation of valid datapoints

§  MDev 1596 nm Laser stabilized on lodine
10-13} 10014 A
SR 1V
c I = ] vk Pk TR,
s I T |53 1 P 3 JULTE R T
: T 3 R
8 Q) : : :
5 * i 10 5 ! ‘ ‘ H ” m,.xllhli.i
E — “ﬁﬁﬁifﬁﬁﬁ%ﬁ Z,Zgiﬁ,ﬁ,ﬁ,ﬁ,ﬁZ;ﬁfﬁzﬁﬁﬁﬁfﬁﬁﬁf‘ﬁﬁﬁgﬁﬁﬁﬁijﬁf.ﬁﬁﬁﬁﬁﬁﬁﬁﬁiﬁ' : - : ”,ﬁ,i,iﬁ,ﬁ,i, ﬁ' il
© i I 2y 1. I K """""""" R N .
5 ¥ ' e Y
$ Py t | [ R SRR I
15 BRI [1 — 30 mHz] frequency band
14 3 . for ground tests
T LI  ; T T T T LI ) T T T T T I II'
1o-14] 1E-3 0,01 0,1
Frequency (Hz)

10° 101 102 103
Time (s)
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Measurementt 1064 nm @ ggggrr\i/:toire NE

~ 150

U TrackingOscillatorand 100kHABandpassilter
U MeasurevsLTE IR 1542 nm LaserAdev @1s :7-8e-14

U Sy(f) : 30 Hz/MHz

100

o 50
)
g
© 1034
b= 0
[«}]
: N
2 | T
& -50 |
3 | N
@ L
= v
g -100 o
o 3
g =
[ —_
102_
2000 4000 6000 8000 10000 12000 g'
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Re; ! WAV Al
2 el
©c e [\I M’I ’I‘H |\ i
S 1
2 | |
] |
o
w
10713 O
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© T (]
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10714
w1t e e
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CP) §exens o | PSLk:

C Interferometry Test under Vacuum at LAM (Marseillely€ September 2023
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Moving to Marseille Observatoire PSL %

de Paris

U Moving of the laser Setup to LAM ( Marseille)
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(D) goeeieto" | PSL*

U The reference laser and every different phase lock were operational in less than 2h at their nominal level

gt Somctrum Anahvan - Voret 14
Span 300.000000 kHz

' Phase lock: L16de

Phase lock on lodine ce

llllllll
[Span

Res BN

Phase lock: L2/L —~Q

ﬁrwv vivvare
[

e [ [

MARKER INSTR STATE

P -:» i . .
[ Tpp——
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(D) Ssenetor | PSLK

U We were able to operate all the Laser for all the duration of the test without any unwanted interruption
Phase-locked
[odine frequency stabilized Nd: YAG lasers

. suG | ~1064490m | 1
‘_ M""@""’M @) | Nd:YAG Laser [T
|

— — Iodine cell

reference laser
' ' ~1064,49 nm

___|, ~1596.73 nm Nd: YAG Laser | | "7 _

| Fiber laser s [ =
| w : e

X | =

S PLL .-

> Silicon oy II s

e W photodetector ) | 5

% |

w

..

|
|

| |
| |
| |
I |
I '
|

————% PLL —————————- '

0 L2RAYS CNBIljdzSyoe {aGlroAftAl SR
U  Same for the masteNd:YAGQ.aser (L1) phase lock on LO
From 06/07 to 13/07 (Installation Time)
From 26/08 to 08/09 PreleminaryTest)
From 10/09 to 28/09 MeasurementsCampaign)
U Phase lock of the Laser L2 on L1 : ON / OFF every 15 h for the need of the test
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Campaign Results @ ggggfr\i’:toife PS| %

U Measurementsaachieved at LAM by theonsortium: APCARTEMIS, CEANES, CPPMIE

—— Int_IFO1_MeanFreq_ASD —— Int_IFO3/2_MeanFreq_ASD
X (kopt / HZ) Int_IFO2_MeanFreq_ASD Req (10 pm *uif))
—— Int_IFO3_MeanFreq_ASD —— Req (1 pm *u(f))
—— Int_IFO2/1_MeanFreq_ASD Freq. noise cont. (0.2 m, 4e+04/f Hz/sqrt{Hz)
—— Int_IFO3/1_MeanFreq ASD Freq. noise cont. (0.4 m, de+04/f Hz/sqrt(Hz)
10+1
10-1

CYCLE NH;

10-3 TN
@)

1
10-5 10 p\m/\/Hz ‘
| L N |

10-3 10-4 103 10-2 10-1 / 00

Frequency (HZ)
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Conclusion ? @ doggg_\i?toire ‘ PSI_

U  We have developed a compact, fully fibered and
transportable optical frequency standard emitting at
1596 nm and 532 nm.

U  Atandem ofNd: YAG laser at 1064.49 nm are phase
locked to this iodine reference, using additional SHG
crystal and PLL.

U  The whole setup has been used successfully for ground
tests of the LISA space mission, led by the CNES agency.

U  Aindustrialtransfer withExallis in progress and will
need new characterization in 2026

U  Open a new path toward characterization of few 100Hz
to few kHz linewidth lasers using the optical frequency
chain at LTE
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Next development @ Qbservatoire | DG | g

U For the 2026 measurements, we investigate a new integrated HRRG&d solution : a Phasemeter with a tracking
oscillator proposed by Liquid Instrument via teku:Pro
U Bandwidth of 1 MHz for the loop

—— Signal du laser a caractériser
n — Signal acquit dans une bande de 1MHz

—10

J
/A
A
Amplitude (dBm)
b
(=]

I
w
o

-© 666 |66 6 6

T T T 1 T T T
5.650 5675 5.700 5725 5.750 5775 5.800

! !
5.825 5.850
Frequency (Hz) 1e7
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Fréquence (MHz)

Next development

@ Observatoire
de Paris

PSLx

U First results with the laser prototype showed a degradation of the performance possibly due to the multiple

transportations

Fréquence en fonction du temps

0.02 1

0.01+

0.00 4

—0.01+

-0.02 1

—-- Féguence

1=—-= residual drift= = 0.01 Hz/s

L
ey

10—10

10-11 4

g 107124 -

10-13 4

10—14

T T T T T
1072 1071 10° 10! 102

T T
2000 3000

Temps (s)

T
4000

T
5001 Temps (s)

U The acquisition of a dedicateédokuProhas been halfunded by First TF under the CARAMEL project
U Need to investigate more to find the cause of the degradation

T
103
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CP) §exens o | PSLk:

Thank you for your attention
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