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Gravitational wave detectors
instrumental developments

Angélique Lartaux
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Short introduction on gravitational waves
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What are gravitational waves?

What is the observable?

• ripples in the spacetime curvaturepredicted by Albert Einstein in 1916
• emitted by accelerating masses: binarycompact coalescence, supernovae, etc.
• propagate at the speed of light
• amplitude observable h ~ 10-23-10-14 atfrequencies f ~ 103 - 10-10 Hz

• differential deformation of spacetime
with



Ground based interferometric gravitational wave detectors
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Advanced Virgo Einstein Telescope



But also other type of detectors on Earth or in space
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LISA

EPTA

MIGA

And more in projects
Presentation at GdR Ondes Gravitationnelles

Presentation at GdR Ondes Gravitationnelles

https://indico.in2p3.fr/event/32821/contributions/140704/attachments/85728/128584/Pr%C3%A9sentation GDR OG DD.pdf
https://indico.in2p3.fr/event/32821/contributions/138457/attachments/85706/128486/Talk_Squeezing_GDR_OG.pptx


Quantum noise in Advanced Virgo in a nutshell

25/06/2024 GdR DI2I 5/19

⸻ Total noise⸻ Quantum noise⸻ Seismic, Newtonian and
thermal (suspensions and mirrors) noise
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• Quantum noise is limiting sensitivityat high frequencies
• shot noise due to laser phase noise

• and close to limiting noises at lowfrequencies
• radiation pressure noise due tolaser amplitude noise
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Squeezed states of light
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can be used to reduce quantum noise
Take advantage of quantumproperties of light
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• Heisenberg uncertainty relation:
• It is possible to reduce noise in one

quadrature (phase or amplitude) at the
cost of increasing noise in the other one

2-photon Frequency IndependentSqueezing (FIS) productionvia nonlinear interaction

Squeezing ellipse angle:

Ω<<ω0

• A pair of entangled infrared photons is
created from a single green photon

• A Fabry-Perot cavity is then used to obtain
Frequency Dependent Squeezing (FDS)



Developments on Quantum Noise Reduction
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State of the art

Presentation at GdR Ondes Gravitationnelles

• Up to ~6 dB quantum noise reduction athigh frequencies in LIGO using FDS with a300-m filter cavity and starting from a FISsource of 17 dB
• 3-4 dB quantum noise reduction at highfrequencies in Virgo using a FIS source of8.5 dB
• 285-m filter cavity commissioned in Virgofor FDS

Goals
• 10 dB squeezing in Virgo_nEXT and EinsteinTelescope
• Reduce loss sources

On-going R&Ds
• In-vacuum squeezing source @IJCLab

• Reduction of anti-reflective coatings @LMA
• New output mode cleaner @LAPP
• Adaptive matching telescopes @APC
• Filter cavity design:

• Variable finesse @IJCLab
• Topology for LF @APC

https://indico.in2p3.fr/event/32821/contributions/138456/attachments/85699/128476/GdR_squeezing_Virgo_ET.pdf


Quantum noise is not the only problem
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ET-HF sensitivity ET-LF sensitivity
• The example of Einstein Telescope (but this is also true for Virgo upgrade):



Examples of R&D developments – High quality mirrors
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Slide from C. Buy

Improvement of optical properties of the mirrors
• Low defects

• Point absorbers (thermal effects)
• Point scatterers (optical losses)

• Measurement of the wavefront (reflected and transmitted) during the process
• Metrology / Characterization
• Study of new material: sapphire



Examples of R&D developments – Coatings
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Slide from C. Buy

Reduction of thermal noise
• Amorphous coatings

• LMA is the leading laboratory for amorphous coatingson large optics for GW detectors (Virgo, LIGO)
• Dedicated chamber for R&D on materials
• Deposition process on the Grand Coater
• Improvement of the control of coating layer thickness

• Crystalline coatings
• Production and characterization of crystalline coatings
• Demonstration of process on small sample
• Process to be developped on larger samples:Collaboration with industry, Thermal noise measurement



Examples of R&D developments – Suspended benches and auxiliary optics
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Reduction of scattered light
• Characterization of optical elements
• Improved optical elements
• Dedicated bench at Institut Fresnel(presentation at workshop R&D)

Development of suspended benches
• Project to innstall atLAPP an optical benchsuspended undervacuum fordevelopments andtests in optics,mechanics andelectronics of the nextdecade (presentationat workshop R&D)
• Develop test benchesin laboratories

https://indico.in2p3.fr/event/31841/contributions/133850/attachments/83234/123805/2024 Virgo ET R&D Workshop_Lequime.pdf
https://indico.in2p3.fr/event/31841/contributions/133844/attachments/83100/123598/LAPP_R&D_opticalBench_20240305_Gouaty.pdf
https://indico.in2p3.fr/event/31841/contributions/133844/attachments/83100/123598/LAPP_R&D_opticalBench_20240305_Gouaty.pdf
https://indico.in2p3.fr/event/31841/contributions/133844/attachments/83100/123598/LAPP_R&D_opticalBench_20240305_Gouaty.pdf


Examples of R&D developments – Electronic and data acquisition
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Slide from C. Buy

Reduce technical noises
• Analog electronics (photodiodes,...)
• Digital electronics
• Real time data treatment and acquisition
• Slow control

• Reduction of technical noises:
• Improved photodiode preamplifiers
• Move digital electronics outside vacuum tank

• White Rabbit timing distribution



Examples of R&D developments – Calibration and signal reconstruction
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Improve calibration to sub-percent sensitivities
• Photon calibrator: precise powermeters (under vacuum?) , electronics,upgrade of optical benches
• Newtonian calibrator: improved seismic isolation, upgraded rotors
• Signal reconstruction software: reduction of systematic uncertainties

Slide from C. Buy

Newtonian calibratorPhoton calibrator



Examples of R&D developments – High power lasers
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Slide from C. Buy

Have a 300-500W stabilized laser
• Fiber amplifiers technology to reach the goalpowers
• Tests this technology with Virgo: improve thenoise, the long term stability and use it for O5(mix fiber amplifier + solid state or home-made fiber amplifier)
• Technology scalable for ET and the only oneknown to reach 300-500W



Examples of R&D developments – Optical simulations
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Slide from C. Buy

Simulation to predict the behavior of complex systems andproviding guidance for commissioning
• Development of optical simulation software (OSCAR, DarkF, Finesse...)
• Design studies using optical simulation tools (Zemax, Optocad, OSCAR,...)
• Simulation studies for the understanding/anticipation of the interferometer behaviour:

• Impact of defects and optical losses
• Impact of high power
• Coupling of technical noises

• Simulation studies are (more and more) essential for:
• the understanding of Advanced Virgo+
• the design of Virgo_nEXT and ET (guided by AdV+ experience)



Examples of R&D developments – Vacuum
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Beam pipes
• Agreement with CERN to design thevacuum pipes (TDR + prototype)
• 4 vacuum tubes of 1m diameter pertunnel
• ~50 years lifespan expected
• Virgo as a baseline: 3 designs underconsideration
• Undergoing discussions with industry

Towers
• Design of ET-HF towersadapted from the Virgotowers
• Modal analysis undergoing
• Optimization of the weightand resonance frequency
• Design of ET-LF towersunder discussion withseveral propositionsdepending on suspensionchain and cryostat design
• Clean room infrastructurearound the towers



Examples of R&D developments – Cryogenics
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Cryostat
• Active cooling of the 2 external thermal shields
• Superfluid Helium-II cooling of inner shield

ET-LF Payload
• Design for heat extraction with low suspensionthermal noise
• Allow for large mirrors



Examples of R&D developments – LISA
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ZIFO (Zerodur InterFerOmeter)
• Development of an ultra-stable optical benchfor demonstrating the on-groundcharacterization capabilities
• Pathlength stability (few pm/sqrt(Hz))
• Organize the french community towards theMOSA OGSEs developments
• Identify and quantify the main noise sourcesin a relevant environment
• Evaluate the complexity of MOSAperformance tests

Slide from C. Buy

crédit : APC



Conclusion
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• There are lots of technological developments both for Virgo and LISA now and Einstein Telescopein the future (workshop on Virgo/ET R&D in March 2024)
• Several domains are of interest as quantum technologies, cryogenics, laser (from generation todetection through propagation), electronics, simulation at all levels, etc.
• Other projects of gravitational waves detection based on different principles are under study
• Instrumental development of all gravitational wave detectors are discussed at GdR OndesGravitationnnelles

https://indico.in2p3.fr/event/31841/timetable/#20240304
https://gdrgw.in2p3.fr/
https://gdrgw.in2p3.fr/
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Thank you for your attention



• FIS in phase enter the cavity => θ = 0

Theory of frequency dependent squeezing
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Filter cavity
linewidth

L = length ; F = Finesse of the cavity

ω0

Phase
squeezing

Amplitude
squeezing

Ω<<ω0

Squeezing angle

• After reflection on the filter cavity :
• If Ω >> √2γfc⇒ 2θ = 0 + 2π⇒ θ = π = 0 [π]
• If Ω = √2γfc⇒ 2θ = 3π/4 + 7π/4⇒ θ = 5π/4 = π/4 [π]
• If Ω = 0⇒ 2θ = 3π/2 + 3π/2⇒ θ = 3π/2 = π/2 [π]

Frequency Dependent Squeezing (FDS) is reflected


