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France

24Institut de Physique de Rennes, CNRS, Université de Rennes 1, F-35042 Rennes, France
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The Advanced Virgo project was funded in 2009 with the aim of improving the sensitivity
of the Virgo interferometric detector for gravitational waves by a factor of ten, which
corresponds to an increase in the detection rate by about three orders of magnitude. The

upgrade is now close to completion: the new interferometer will enter its commissioning
phase in 2016. The new detector will be hosted in the same infrastructure as Virgo, but
many technological upgrades have been put in place to reach the sensitivity goal. In this
paper the detector design and the observational perspectives are discussed.

Keywords: Gravitational waves; detectors.

1. Introduction

Advanced Virgo (AdV) is a second generation interferometer (ITF) for the search of

Gravitational Waves (GW). Its design sensitivity will allow to detect astrophysical

sources of gravitational radiation such as binary neutron stars (1.4 solar masses

each) up to 140 Mpc or 30 solar masses coalescing binary black holes as far as

1 Gpc. AdV will be part of the international network of GW interferometers: in

2014 a Memorandum of Understanding for full data exchange, joint data analysis

and publication policy with the LIGO Scientific Collaboration was renewed, thus

strengthening the world-wide network of second generation detectors.

2. Detector overview

The hosting infrastructure for AdV is the same as for Virgo,
1
but relevant modifica-

tions have been implemented to make it compliant with the requirements of AdV.

In particular, large cryotraps at the ends of the 3 km pipes have been installed,

in order to lower the residual pressure by a factor of about 100, and acoustically

isolated clean rooms have been built to host the laser, the input optics and the

detection system. Many other important changes in the detector have been intro-

duced in order to improve its sensitivity by a factor of ten. In the following, the

main features of Advanced Virgo are presented. A more exhaustive description can

be found in the AdV Technical Design Report
2
and in a recent review.

3

2.1. Interferometer configuration

The optical configuration of AdV has been defined to get the best possible sen-

sitivity, compatibly with the Virgo infrastructure: Fabry-Perot (FP) arm cavities

3 km long and recycling cavities ∼ 12 m long. AdV will be a dual-recycled ITF

where, besides the power recycling (PR) cavity, a signal-recycling (SR) cavity will

be present (see Fig. 1). The tuning of the SR parameter allows to change the shape

of the sensitivity curve and optimise it for different astrophysical sources.

The design of the arm cavities aims to reduce the mirror coating thermal noise

which limits the detector sensitivity in the mid-frequency range. To this purpose,

the beam size on the input test masses has been increased from 2 cm to 5 cm,

corresponding to clipping losses less than 1 ppm on the 350 mm mirror diameter.
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Fig. 1. A schematic view of the Advanced Virgo optical layout.

The arm cavities mirrors have a concave RoC slightly larger than half the arm-

cavity length to ensure cavity stability and the beam waist is placed almost half

way between the input and end mirrors.

The recycling cavities are marginally stable. In this configuration, conceptually

similar to the one used in Virgo, the Gouy phase accumulated during the free-space

propagation inside the cavity is not sufficient to separate the high-order modes

from the fundamental one. Moreover, the increased beam size further reduces the

round-trip Gouy phase and hence increases the degeneracy. The degeneracy makes

the recycling cavity extremely sensitive to optical aberrations, arising from optics

defects and from heating of the optics themselves, due to absorption of a tiny (or-

der of ppm) fraction of the stored power. These aberrations detrimentally affect

interferometer performance since they, by definition, represent a change in the in-

terferometer optical system from the ideal design. To reduce the impact of these

effects on the detector performances, an adaptive correction system (named Ther-

mal Compensation System) has been implemented.
4
The system includes Hartmann

sensors and phase cameras to measure the aberrations, ring heaters (RH) around

several suspended optics to change the radius of curvature, and CO2 laser projec-

tors, which shine on dedicated compensation plates (CP), to correct thermal lensing

and optical defects.
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2.2. High power laser, input and output optics

The Advanced Virgo design comprises for its final configuration a 200W continuous-

wave laser, for the reduction of the shot noise in the high frequency range, resulting

in 125 W at the interferometer input. The corresponding optical power stored in

the Fabry-Perot cavities, for a finesse of 450, will be around 700 kW, a factor of

about 35 higher with respect to Virgo. The laser has to be stabilized in frequency,

intensity and beam pointing, in order to bring its technical noises down to a level

where they no longer spoil the detector sensitivity. The laser frequency fluctuations

cannot exceed a few μHz/
√
Hz, the power fluctuations must be in the range of

10
−9/

√
Hz and the beam pointing has to be below 10

−11
rad/

√
Hz. The 200 W

laser, based on fiber amplifiers, will be installed after 2018, while during the first

years of operation a medium-power laser will be used: an Nd:YVO4 (neodymium-

doped yttrium orthovanadate) oscillator amplifying a 20W injection-locked laser to

deliver around 60W.

The laser light is injected into the interferometer through a system of optics that

have to provide a beam with the required power, geometrical shape, frequency and

angular stability. The input optics for AdV must be compliant with the increased

optical power. To this purpose, custom electro-optic modulators and Faraday iso-

lators have been developed and a DC readout scheme will be used, requiring a new

design of the output mode cleaner of the detection system. Another upgrade of

the detection system concerned the suspension under vacuum of the output mode

matching telescope and of the photodetectors to be used in science mode, in order

to minimise the impact of scattered-light noise introduced into the ITF through the

displacement of the optics.

2.3. Mirrors

The AdV input and end mirrors have the same diameter as the Virgo mirrors

(35 cm) but are twice as thick (20 cm) and twice as heavy (42 kg). The beam

splitter is 55 cm in diameter and 6.5 cm thick. Power/signal recycling mirrors

(PRM/SRM) are 35 cm in diameter and 10 cm thick. A new material for the

input mirrors and the beam splitter substrates (Suprasil 3002/3001) has been used,

with very low optical absorptions (0.2 ppm cm
−1

at 1064 nm), in order to reduce

the thermal effects. The substrates of the other mirrors, which are less sensitive to

thermal effects, are made of Suprasil 312, a fused silica grade of lower optical quality

(and cost), with measured absorptions lower than 1 ppm cm
−1

. The polishing of

the mirrors has been done in order to guarantee the needed flatness and micro-

roughness. Both effects contribute to the scattering of light from the fundamental

mode to higher order modes and generate losses and extra noise. To meet the

round-trip losses requirement in the AdV cavities (75 ppm) a flatness requirement

of 0.5 nm rms on 150 mm diameter for the arm-cavity mirrors (IM, EM) was set.

The flatness specifications for all of the other optics were set to be lower than 2 nm

rms on a 150 mm diameter.
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The mirror coating makes use of Ta2O5 doped with Ti as the high refractive

index material that, together with the optimised layers thickness, improves the

mirrors mechanical losses. The coating must not spoil the flatness requirements set

for the polishing. In order to get the required uniformity on two large substrates

at the same time a planetary motion coupled to a masking technique has been

developed and applied to the AdV mirrors. Since an auxiliary green laser will be

used to lock the interferometer, the mirror coatings have been designed to have the

optical properties suitable for this purpose.

2.4. Mirror suspension and isolation

All the core optics of AdV are integrated in a complex isolation system, the so-

called Superattenuator (SA), a hybrid (passive-active) attenuation system, capable

of reducing seismic noise by more than 10 orders of magnitude in all six degrees

of freedom above a few Hz. The SA already implemented in Virgo was compliant

with the AdV requirements. For this reason, no conceptual changes in the mechan-

ical design have been introduced. The most relevant interventions concerned some

upgrades to increase the SA reliability in conditions of high seismicity, such as the

possibility to control the ground tilt, and a new design of the last seismic filter of

the SA chain, to make it compliant with the last stage comprising the mirror and its

position control system, known as the payload. This has been in fact redesigned to

take into account the necessity to host heavier mirrors and additional components:

the CP and the RH of the thermal compensation system, and the baffles for stray

light mitigation that could be in fact a significant limitation on detector sensitivity.

3. Present status and further evolution

At the time of writing (March 2016), the installation of the upgraded components

is in its final phase. Commissioning of some sub-systems already started and will

progressively evolve toward the commissioning of the full interferometer. The goal

of the AdV commissioning is to join the second observational run of LIGO (O2),

foreseen at the end of 2016.

AdV will not initially be operated in the final configuration. The increased com-

plexity of the detector will in fact require a step-by-step approach, corresponding

to steps of increasing complexity. Periods of commissioning will be alternated with

periods of data-taking and such plans will be coordinated with Advanced LIGO in

order to maximise the capabilities of the network.

Some reference steps have been identified, with a corresponding observing

roadmap.
5
The figure of merit considered to describe the detector sensitivity is the

binary neutron star (BNS) range, defined as the volume-and-orientation-averaged

distance at which a compact binary coalescence consisting of two 1.4 solar masses

neutron stars gives a matched filter signal-to-noise ratio (SNR) of 8 in a single

detector.
6
The sensitivity curves for the various AdV configurations are shown in

Fig. 2.
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Fig. 2. Planned evolution of the Advanced Virgo sensitivity over the next decade.

The two Advanced LIGO detectors had a first four months data taking run (the

O1 run) which ended on January 12, 2016. The detectors were not at full design

sensitivity, with both instruments running with a 60–80 Mpc BNS range. During

this run the first detection of GWs occurred.
7
The evolution of the observations

will see increasing duration and sensitivity runs.

A plausible scenario for the operation of the LIGO-Virgo network over the next

decade is the following:
5

• 2016–2017: (O2) A six-month run with the LIGO detectors at 80-120 Mpc

and AdV at 20–60 Mpc.

• 2017–2018: (O3) A nine-month run with the LIGO detectors at 120-170

Mpc and AdV at 60–85 Mpc.

• 2019+: Three-detector network with LIGO at full sensitivity of 200 Mpc

and Virgo at 65–115 Mpc.

• 2022+: Full network of the two LIGO detectors and AdV at design sensitiv-

ity (aLIGO at 200 Mpc, AdV at 130 Mpc), with other detectors potentially

joining the network. Including a fourth detector improves sky localiza-

tion.
8
More detectors are indeed expected to join the international network:

Kagra in Japan
9
is being built and LIGO India

10
has been recently ap-

proved.
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4. Conclusion

The upgrade of Virgo to its Advanced configuration is in the final stage. The inter-

ferometer is now starting the commissioning that will allow to enter data taking in

2016, joining Advanced LIGO in the second observational run (O2). The sensitivity

of the network of interferometric detectors will evolve over the next decade, opening

new perspectives and making GW astronomy an exciting and fruitful adventure.
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