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Gravitational-wave interferometer: 
Detection principle 

Fabry-Perot 
cavity  

λ= 1064 nm Recycling 
mirror Photodiodes 

Laser 

Variation of distance between free-falling masses → mirrors suspended 

Interference 
fringes 

Interferometer sensitivity limited by shot noise: 
- Recycling cavity to amplify the power (P) 
- Fabry-Perot cavities to amplify the effective optical length (L) 
 
Control systems to keep cavities at resonance and Michelson at dark fringe 
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Global network 

aLIGO - LA 
Advanced Virgo 

GEO-HF 

KAGRA 

aLIGO - India 

aLIGO - WA 
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Ground-based interferometers 
 1st generation interferometric detectors 

•  Initial LIGO, Virgo, GEO600  
  Virgo commissioning started in 2003  
   1st science run in 2007 

• Enhanced LIGO, Virgo+ (2008 - 2011) 

 2nd generation detectors 
• Advanced LIGO, Advanced Virgo, GEO-HF, KAGRA, LIGO-India 
   Advanced Virgo planning: 
    Construction: 2011-2015 
    Commissioning of full interferometer starts in 2015 
     
    First observation run in 2016 with intermediate config. 
    2016-2021: commissioning and observations runs 
     → progressing towards nominal sensitivity 

x 10 in sensitivity 

Validation of technologies for ground-based 
interferometers 

x 10 

Unlikely detection 

Science data taking 

First rate upper limits 

Set up network observation 

Lay ground for multi-messenger astronomy 

Likely detection 
Beginning of routine observations 

→ GW astronomy 4 
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The Advanced Virgo project 

APC Paris  
ARTEMIS Nice  
EGO Cascina  
INFN Firenze-Urbino  
INFN Genova  
INFN Napoli  
INFN Perugia  
INFN Pisa  
INFN Roma La Sapienza  
INFN Roma Tor Vergata  
INFN Trento-Padova  
LAL Orsay – ESPCI Paris  
LAPP Annecy  
LKB Paris  
LMA Lyon  
NIKHEF Amsterdam  
POLGRAW(Poland)  
RADBOUD Uni. Nijmegen  
RMKI Budapest  

5 European countries  
19 labs, ~200 authors  • Advanced Virgo: upgrade of the Virgo interferometric detector 

of gravitational waves 
 Sensitivity improved by a factor 10 
 → volume of observable universe x 1000 
 
• Participated by scientists from Italy and France (former 

founders of Virgo), The Netherlands, Poland and Hungary 
 
• Funding approved in Dec 2009 
 
• Technical Design Report released in spring 2012 

 
• Construction in progress: 

o Started in fall 2011 
o End of installation foreseen in fall 2015 

 
• Expect to join Advanced LIGO for science data taking in 2016 

 

50th Rencontres de Moriond - Gravitation - Status of the Advanced Virgo gravitational wave detector 5 



26/03/2015 

Early configuration 

Late configuration(s) 

Virgo+ 

Sensitivities 
AdV main fundamental noises: 
•  Quantum noise: 

o Shot noise: f > 300 Hz 
o Radiation pressure noise:

  f = 20 - 40 Hz 
• Thermal noise (mostly mirrors 

coating): f = 40 - 300 Hz 
• Gravity Gradients: f < 20 Hz  
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Dominated by thermal noise of mirrors and 
suspensions 
 
Improved with: 
• Optical configuration: larger beam spot  
• Test masses suspended by fused silica 

fibers (low mechanical losses)  
• Mirror coatings engineered for low losses  

Technologies: 
Improving the low/medium frequency range  

Frequency region affected by environmental noise 
coupling: 
→ Improved with: 
• Photodiodes on suspended benches under vacuum 
• Baffles to shield mirrors, pipes, vacuum chambers 

exposed to scattered light 
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Technologies: 
Improving the high frequency range  

Dominated by laser shot noise 
 
Improved with: 
• Higher laser power: 125 W injected 
• Higher finesse of the arm cavities 
 → 700 kW in the arm cavities 
• Optical configuration: signal recycling 
• DC detection 
 
Larger power requires: 
• New laser amplifiers 
• Heavy, low absorption optics (substrates, 

coatings) 
• Smart systems to correct for thermal 

aberrations  Laser 

125W 

Signal recycling 

Larger finesse: 
F ≈ 450 

Arm Effective length = 850 km 
700 kW 
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Advanced Virgo configuration in 2015 

Early configuration PR 25W 

Main goal: join aLIGO for early science  
→ Advanced Virgo was funded ~2 years after aLIGO 
 
• Start in 2015 with a simplified configuration, similar 

to Virgo+: likely to reduce commissioning time  
 No signal recycling (reduce locking complexity)  
 Use Virgo+ laser (up to 60W)  
 Low power (reduce risks with thermal effects and 

high power laser) 
 
• Target BNS inspiral range: >100 Mpc  
 
• Configuration upgrade schedule to be discussed 

with the partners  
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• MAIN CHANGES wrt Virgo+ 
 larger beam 
 heavier mirrors (x2): 42 Kg 
 higher quality optics 
 larger finesse (x3): F ≈ 450 
 Improved thermal control of aberrations 
 photodiodes under vacuum 
 DC detection → new OMC cavity 
 Upgraded vacuum in the arms 
 200W fiber laser 
 signal recycling 

 
• Vibration isolation by Virgo super-attenuators 

 performance demonstrated 
 large experience gained with commissioning at low frequency 
 Upgrade needed for heavier payloads / better control of the suspension 

 
• Monolithic suspensions: 

 Test masses suspended with fused silica fibers as in Virgo+ 
 Improvement of silica-steel interface at the upper stage 
 New payload design adapted to new mirrors and baffles 

 

installation 
postponed 

Detector design 
Large cryotraps 
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Impact of large beams 
Larger beam: 
 required new vacuum links 
 re-design of input & ouput benches, telescopes 
 large Beam Splitter (55cm) 

Recycling cavities: same Virgo design but higher degeneracy 
 sidebands high order modes are nearly resonant 
 Degeneracy of the sidebands very sensitive to thermal 
effects, substrate defects 
 
Design choice constrained by super-attenuator geometry, 
infrastructure (budget and schedule) 
Requires proper management of aberrations 
 Optics quality 
 Active aberrations control 
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Aberrations 
• Focus on the recycling cavities, where several kinds of aberrations play a role: 

 Inhomogeneity of the optics in transmission 
 Imperfections of the numerous surfaces 
 Thermal lensing in the IM due to absorption of laser power 
 

• CHALLENGE: get an aberrations free interferometer with correction of “cold” and 
“hot” defects 

REQUIREMENT: total Optical Path Length 
distortions in rec. cavities < 2nm 
(constrained by the sidebands recycling gain) 

PR 

NI 
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Thermal Compensation 
• Optical aberrations measured with two complementary sensors : phase cameras and 

Hartmann wavefront sensors 
• Mirror radius of curvature adjusted with heating ring 
• Thermal lensing and other cylindrically symmetric defect compensated with CO2 laser 

shined on an auxiliary optics: the compensation plate 
• If needed: a scanning laser at lower power will compensate for defects with arbitrary 

geometry (first tested by R Lawrence) → promising results in lab 
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Construction highlights 
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Mirror production 
Polishing completed, coating of large mirrors  nearly completed 

Test mass prepared 
for gluing ears 
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Mirror characterization 
• Mirror figures are better than the specifications 
→ Risk reduction for aberrations & scattered light 

 
• Using maps into simulations to predict 

interferometer behavior and anticipate 
commissioning issues 
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Payload assembly: beam splitter 

Large beam splitter integrated in December 2014 
New payload concept thoroughly tested 
Superattenuator/payload precommissioning completed 
Tower in vacuum 
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Payload assembly: test mass 

• WI payload ready for the integration of test mass 
& compensation plate with final suspension 

• Silica fibers produced 
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Injection system installation 

Towards interferometer 

New suspended bench 
not yet installed 

Upgrades of the input optics:  - providing up to 200 W of laser power 
    - better beam positionning & power stabilization 
    - telescope suitable for larger beam in recycling cavity 

IMC end mirror payload 

Input telescope bench 

In-air bench with seismic isolation 

• 90% of hardware installed 
• Commissioning on-going  
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Injection system commissioning 
Main goals: 
• Control the various degrees of freedom of the injection system : 

 Beam pointing control 
 Input Mode Cleaner (IMC) cavity angular alignment and longitudinal controls 
 Pre-stabilization of the laser frequency on Reference Cavity length 
 Power stabilization in transmission of the IMC cavity 

• Identify  noise sources limiting performances of the system = noise hunting 
 
A few results: 
• First IMC lock achieved in June 2014 ! 
• First  lock of the laser frequency on RFC in Mid-November 2014 
• Power stabilization loop put in operation in February 2015 
• Noise budget for IMC length noise 
 
→ Gaining experience and training for  
AdV interferometer commissioning  
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OMC bench 
• New Output Mode Cleaner developed for DC detection 

→ must filter out high order modes and « control beams » (modulation side bands) 
→ made of two monolithic cavities in series 
→ cavity length thermally controlled + PZT 

• OMC tested and integrated on its optical bench with output telescope 
• OMC bench inserted in its tower 
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New vacuum chambers & suspended benches 
• 3 vacuum chambers (out of 5) with suspension system installed → will host photodiodes 

benches 
• Suspensions being pre-commissioned with dummy mass 
• Assembly of optical benches started 
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Vacuum links in central interferometer 
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Advanced Virgo installation: ‘’recap’’ 

Suspension 
completed 

• Production nearly completed 
• Full set of mirrors available 
• Suspensions:  
            installation ≈ 50% completed 
• Payloads: 
            integration done  in 4 towers 
• 1st test mass payload ready for 

installation 
• 1st new suspended bench to be 

installed in May 
• 78% of total budget cost 

committed as of Jan 2015 
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Advanced Virgo planning 
• Main top level milestones: 

 Assembly & Installation completed in October 2015 
 1st lock in Jan 2016 

 
• Commissioning: 

 Already started with injection/laser system 
 Commissioning of partial interferometer (power recycling cavity, one arm) 

scheduled during the summer 
 Anticipate as many tests as possible to save time later 
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6 years / 7 orders of magnitude 
to reach Virgo design sensitivity Warnings: 

• Reaching designed sensitivity is 
  a long term effort 
• Increasing detector complexity with 
  Advanced Virgo 

 
 

 
 
Positive outcomes: 
• A lot of experience gained 
• Several instrumental weaknesses identified and fixed 
 → improved payload design, new thermal compensation system, specifications on 
 the mirrors 
• Actions taken to mitigate environmental noise coupling 
 → improved seismic isolation, stray light control 
• aLIGO is experiencing a much faster commissioning : 67 Mpc reached in ≈270 days ! 
 
→ Advanced Virgo commissioning will be speeded up by what we have learned 
But a few years will be needed to reach AdV nominal sensitivity at full power, full config 

Lessons learned from Virgo commissioning 
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Advanced Virgo observing scenario 
Projected evolution of targetted sensitivity for Advanced LIGO & Advanced Virgo  
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Squeezing 
• There is room for further detector upgrades with the existing AdV infrastructures 
• Example: implementation of a vacuum squeezed light source 
  → High power risk mitigation 
  → Sensitivity enhancement at high frequency (shot noise reduction) 
 
• Squeezing working group formed in the collaboration in June 2014: 
→ writing a technical design for the construction of a frequency independent squeezer 
→ squeezer prototype being developped 
 
• In the long term: investigations on the possible use of filter cavities for a frequency 

dependent squeezing → allow better shot noise reduction without spoiling low freq. 
 

Preliminary optical layout of a squeezer bench 
Space foreseen in the AdV detection lab to host a 
suspended squeezer bench 
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Conclusions 

• Advanced Virgo assembly and installation expected to be completed by 
the end of 2015 
 

• Commissioning activity progressively getting momentum 
 

• Expect to join Advanced LIGO second observation run in 2016 
 

• R&D effort for possible further sensitivity upgrades and risk mitigation 
 

• High expectations on  detector sensitivity in the coming few years 
 
→ Stay tuned for the first detection ! 
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SPARES 
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Expected sensitivity with squeezing 
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Monolithic suspension design 
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