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Interferometers as GW detectors

A. A. MichelsonR. Weiss

Å First proposed by Gertsenshtein and Pustovoit - Sov . Phys.

JETP 878 16, 433 (1962) 879

Å First built by Forward at Hughes Research Laboratories - G . E.

Moss, L. R. Miller, and R. L. Forward, Appl. Opt. 880 10, 2495

(1971)

Å First study of the noise and performance of such detectors - R.

Weiss, Electromagnetically coupled broadband gravitational

antenna, Tech. Rep. (MIT, 1972) Quarterly report of the

Research Laboratory for Electronics. https://dcc.ligo.org/LIGO

P720002/public
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Optical configuration of 2G GW detectors

Fabry-Pérot cavities to 

increase effective arm 

length and enhance 

scale factor 

Power recycling 

mirror to increase 

circulating optical 

power and reduce 

shot noise

Signal recycling 

mirror to increase 

detector bandwidthInput and output mode-cleaner optical 

resonators to remove high-order modes

Å Doubly recycled Michelson interferometer with arm 
cavities

Å km long arms to optimise scale factor to strain

Å High power , ultrastable CW lasers (10Ǆ100 W)

Å Suspended mirrors (~40 kg)

Å Under ultra -high vacuum

Å Quantum squeezing for shot noise mitigation
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Optical configuration of 2G GW detectors

Å Auxiliary optical benches

Å Beams in transmission or from secondary 
reflections from most core optics are 
detected with photodiodes or position -
sensitive devices

Å Goal: active control of 

Å relative position of core optics to sub -
pm precision

Å relative alignment of core optics to nrad 
precision
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Noise sources

Fundamental and technical noise sources limit the sensitivity of our instruments
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Seismic noise - seismic isolation

The Virgo Superattenuator, used for the main interferometer optics:

Å Test masses;

Å Beam splitter;

Å Recycling (power and signal) mirrors

10
14

For N pendula in cascade, above the 

last resonance frequency

The Virgo collaboration, The seismic 

Superattenuators of the Virgo gravitational 

waves interferometer. Journal of Low Frequency 

Noise Vibration and Active Control  30, 63-79 

(2011)
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Quantum noise

The shot noise contribution is proportional to P-1/2 while the radiation pressure to P1/2. We see here the

uncertainty principle in action. The situation is conceptually similar to the Heisenberg microscope.

We are using photons to measure the position of an object. The photons impart non-deterministically a

recoil to the object, here in the form of fluctuations of the radiation pressure, and this recoil disturbs the

measure that we are performing.

A stochastic force (Radiation Pressure) is originated by the

fluctuation of the number of photons hitting the mirror

Displacement noise due to the fluctuation of power on the

detection photodiode (Shot-Noise)

Quantum noise is produced by vacuum fluctuations entering the open ports

Vacuum fluctuations have equal uncertainty in phase and amplitude:

ẆPhase: Shot-Noise

ẆAmplitude: Radiation Pressure Noise

LAS

ER Coherent vacuum 

State
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Quantum noise mitigation ïfilter cavities

ÅIf squeezed light should reduce shot noise and 
radiation pressure noise, you need a frequency 
dependent squeezing angle:
ÅPhase squeezing at high frequencies.
ÅAmplitude squeezing at low frequencies

ÅFilter cavity method for frequency dependent 
squeezing ellipse rotation

Pictures from: S. Chelkowski, PhD thesis, Leibniz 

Universität Hannover/AEI Hannover (2007).

2005: first demonstration in MHz region, cavity length L=0.5 m
Chelkowski et al. Phys. Rev. A 71, 013806 (2005)

2015: first demonstration in kHz region, cavity length L=2 m
Oelker et al. Phys. Rev. Lett. 116, 041102 (2016)

2020: first demonstration below 100 Hz, cavity length L=300 m 

(TAMA) and L= 16 m (LIGO) with different finesse
Zhao, Yuhang, et al., Phys. Rev. Lett. 124, 171101 (2020)

McCuller, L., et al. Phys. Rev. Lett. 124, 171102 (2020)
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1st generation GW detectors

Å LIGO, Virgo and GEO600 operated operated for about one decade, reaching design sensitivities

Å Demonstrated a reliable technology

Å duty cycle up to 80%

Å good knowledge of limiting noise sources

Å No detections, but clear path towards 2 nd generation antennas
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Network of 2G GW detectors

A. Rocchi - MWP2021

GEO600

KAGRA

GEO600

KAGRA

Virgo

LIGO Livingston

LIGO Hanford

ÅWhy a network
ÅCoincidence detection

ÅSky localization

Credits: Caltech/LIGO Lab

Credits: Caltech/LIGO Lab

Credits: ICRR, Univ. of Tokyo

Credits: https://www.geo600.org/

Credits: Virgo Coll/EGO

ñTwinò detectors

4 km arms

Cryogenic & 
underground

3 km arms

High-tech 
facility

0.6 km arms

LIGO India (approved)
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2nd generation GW detectors

Å ~10 x sensitivity improvement over 1st generation detectors
Å ~10 x increase of detection horizon
Å ~1000 x increase of observation volume
Å >200 GW detections from coalescence of binary systems
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From 2G to 3G

Å Einstein Telescope (ET: EU) & Cosmics Explorere (CE: USA)

Å Target: 10 times more sensitive than second-generation detectors;

Å ET features

Å underground location reduce seismic and Newtonian noise;

Å 10÷15 km long arms increase optical response and low-frequency sensitivity;

Å Cryogenic mirrors to reduce thermal noise;

Å Xylophone configuration: two co-located interferometers, one optimized for operation 
below 30Hz and one optimized for operation at higher frequencies;

GW below 30 Hz: higher mass mergers, tidal effects on 

NSs, BHs close encounters, stochastic background.
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From 2G to 3G

Two geometrical configurations to allow source localisation

1. Triangle: 3 co-located xylophone detectors (i.e. 6 interferometers in a single site) with arms at 60°

2. 2L: two distant xylophone detectors (i.e. 4 interferometers in two separate sites) with arms at 90°

Å Einstein Telescope (ET: EU) & Cosmics Explorere (CE: USA)

Å Target: 10 times more sensitive than second-generation detectors;

Å ET features

Å underground location reduce seismic and Newtonian noise;

Å 10÷15 km long arms increase optical response and low-frequency sensitivity;

Å Cryogenic mirrors to reduce thermal noise;

Å Xylophone configuration: two co-located interferometers, one optimized for operation 
below 30Hz and one optimized for operation at higher frequencies;
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ET challenges & sustainability

Å Underground civil infrastructure

Å arm cavity tunnel length 

Å corner caverns size

Å Technical infrastructure

Å Cryogenics supplies

Å Electrical power supplies

Å Ventilation and cleanliness

Å Safety

Å Noise 

Å Ə

Å Detector

Å Vacuum system

Å Seismic isolation system
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Underground civil infrastructure

Motivation: reduce seismic and Newtonian noise limiting the sensitivity below 10 Hz 
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Underground civil infrastructure

Volume claims for underground civil infrastructure from optical layout and detector layout 
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Underground civil infrastructure & detector layout

2025 Task Force: baseline detector layout

Task Force mandate 

Å Adapt detector layouts of ET towards an acceptable 

preliminary costing for the civil infrastructure (which 

is expected to dominate the total cost of ET)

Å for both Triangle and 2L geometries equally and 

independently

Å while maintainingETôs scientific performance

Task Force main updates to detector layout

Å optics reshuffling in vertex

Å filter cavities relocation in main arm tunnels

Å reduction of input mode cleaner lengths

Å and many other
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Underground civil infrastructure & detector layout

ÅCavern height depends on seismic isolation system + 

hoisting

Å Cavern width depends on number and position of 

suspended optics + logistics 

Å Tunnel length depends on arm cavity length 

(driven by sensitivity target)

Å Tunnel diameter depends on number of 

vacuum pipes + logistics + technical services
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Detector 

layout

2024 reference
new baseline design from Task Force:
~25% volume reduction

Task force action
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Austenitic stainless steel

(AISI 304L)

Excellent

Excellent

Excellent

Good

High
(requires heat treatments 

in air or in vacuum)

4000
(+ cost of heat treatment)

Limited by hight temperature 

degassing treatment
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Ferritic stainless steel

(AISI 441/444)

Good

Good

Challenging

Good

Low
(See next slides)
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Vacuum system ïarm cavity beam tube

New structural 

material
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Vacuum system ïarm cavity beam tube

Impact of the use of ferritic stainless 

steel

[4] Brisson V. et al., Vacuum 60 (2001)

With AISI 441/444 (off-the-shelf):

Low H2 outgassing rate 

=

no need of high temperature treatment 

= 

Faster production, lower energy consumption, 

lower emissions for beampipe production.

And

fewer/smaller pumps needed for equal final 

pressure requirement. 

[3] Scarcia C., Bregliozzi G., Chiggiato P., Wevers I. J. Vac. Sci. Technol. B 43, 044203 (2025)
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Vacuum system ïarm cavity beam tube

Cleaning facility design

In situ cleaning plant design:

Optimisation of material flow, 

design as zero-waste facility,

minimise risk of contamination due to transport 

(production site Ÿ cleaning Ÿ installation site) 

~76 m

~18 m

ET pipe

Sas

ISO 9 area 

Process tanks

ISO 8 area

Laminar flow wall

ISO 6 area ISO 6 processing 

Rail tracks Services room(s)
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Vacuum system ïarm cavity beam tube

Bakeout 

optimisationOptimisation of the energy consumption vs vacuum 

performance:

Water partial pressure prediction after bakeout 

via adsorption isotherm studies

Main pumping group : 700 l/s turbomolecular pump every 2000 m.

Example from AISI 441 steel.[5]

[5] Scarcia C., The Einstein Telescope beam pipe vacuum system: Exploring novel techniques and materials for a cost-effective design solution, Doctoral thesis, 2025

Sustainable thermal insulation development:

A1 graded thermal insulation shells made with furanic foam and 

cork (recycled product)

Thickness 10 cm ïɚ (@ 20°C) å 0.05 W m-1 K-1

Partnerships with PIEP and UMinho 
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Vacuum system ïarm cavity beam tube

UHV pumping station 

optimisation
Redesign of the UHV pumping stations: 

minimal volume claim (within beam tube occupancy), 

no tunnel recesses, 

minimal power consumption (only sputter ion pump), and maintenance.

2020: UHV pumping stations (every 500 m)[2] Now: UHV pumping stations (every 1000 m)[5]
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Vacuum system ïarm cavity beam tube

Einstein Telescope Pilot Sector (ET-PS) 

@CERN

The first ET-PS beamline.

The pilot sector aims to test the design, 

fabrication, installation, and 

commissioning  of the proposed 

beam tubes and support system, and 

to assess the feasibility of selected 

technical options.

First AISI 441 beamline (43 m)

Tests ongoing
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Vacuum system ïarm cavity beam tube

The ET beam tube vacuum system TDR(s) 

Q1 2025

Pre-TDR

Q1 2026

Extended TDR

ET beam tube

vacuum system 

Extended TDR

ET beam tube

vacuum system 

Final TDR

Q4 2027

Final TDR

Description of the system, 

materials, assembly, 

commissioning and risks 

identification

Detailed chapters, in-depth reports.

Logistics and sustainability further investigated. 

Preliminary cost estimation. 

Integration with civil engineering.

Final version with optimal solutions. 

Full integration with civil engineering

considering all the other services 

(HVAC, fire safety, é). 

https://drive.google.com/file/d/1ypvv6e6dRM4Y6LfZCDzgWYLPdw668Y6N/view
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Cryogenics
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Technical infrastructure ïcryogenic supplies

Multiple use: 

Å cryostat to cool test masses 

Å cyopumps to 

Å achieve HUV level in cryogenic test masses

Å shield cryogenic test masses from radiative 
heating

Å target ~ 10 K for both
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Technical infrastructure ïcryogenic supplies

Potential issues with sustainability

Å Liquid He compressor noise (on surface)

Å electrical power (mostly on surface)

Å ~20 l/hour liquid He

Å ~40 m3 He gas/hour 


