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The Virgo interferometer, a detector for gravitational waveslocated near Pisa in Italy, will soon
be upgraded to become the next-generation detector Advanced Virgo. Advanced Virgo will
be approximately ten times more sensitive than Virgo, with a design strain sensitivity better
than 10_23/\/5 near 100 Hz. This is expected to enable regular detections of gravitational
waves and to yield significant astrophysical results. Many of the components of the detector
will be changed for this upgrade. These changes include new core optics, a more powerful laser
system, the signal-recycling technique, the use of homodyne detection at the output port, and
an improvement of the vacuum system. The existing seismic isolation system in Virgo will be
re-used. Advanced Virgo will form part of a global network of advanced gravitational wave
detectors along with Advanced LIGO, GEO HF, and LCGT.

1 Introduction

Interferometric gravitational wave (GW) detectors of the first generation (Virgo', LIGC?, GEO60C?
have successfully completed their first long-duration data taking runs and are installing signif-
icant upgrades. Advanced Virgo is the project to upgrade the Virgo detector to a second
generation instrument. Even though it will be hosted in the same infrastructures as Virgo, the
Advanced Virgo sensitivity will be better by one order of magnitude over most of the detection
band, and thus will increase by a factor of 1000 the accessible volume of the Universe when
compared to initial Virgo. This paper provides a brief overview of the challenges that must be
overcome to achieve this sensitivity increase, and the solutions designed to meet those challenges.
The Advanced Virgo detector will be based on the same basic principles of the Virgo detector,
an electromagnetically coupled broadband gravitational wave antenna based on a Michelson
interferometer with Fabry-Pérot cavities in the arms (cf. figure 1). The seismic isolation system
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Figure 1: Optical layout ot the Advanced Virgo interferometer. The input (1TM) and end (ETM) test mass

mirrors are 42 kg and 35cm in diameter. The beamsplitter (BS) is 55cm in diameter. The interferometer

has both power (PRM) and signal (SRM) recycling mirrors, the 3km arm cavities are bi-concave, and thermal
compensation plates (CP) are located between the ITMs and the BS.
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(the superattenuator, cf. figure 2), will remain the same, as it already meets the requirements
for Advanced Virgd'.

_ Advanced Virgo will form part of a worldwide network of interferometric gravitational wave
detectors, along with Advanced LIGO?, LCGT®, and GEO600, with all the detectors operating in
coincidence, having comparable sensitivities, and co-operating on analysis of data. The expected
event rate for the network for neutron star-neutron star inspiral and mergers will be around 40
events per year 8,

2 The path to Advanced Virgo

Figure 3 shows the expected (design) sensitivity curves of Virgo and Advanced Virgo, with
contributions from several important noise sources. Each of the noise sources in Virgo that
are larger than the designed Advanced Virgo sensitivity must be lowered, and we will briefly
describe the technologies used to achieve this for each noise source.

3 Suspension thermal noise

At low frequencies (below 40 Hz) the Virgo sensitivity was limited by suspension thermal noise
(shown in violet traces in figure 3), which arises from mechanical losses in the suspension wires'®;
the relationship between the mechanical losses and the thermal noise is given by the fluctuation-
dissipation theorem. This noise will be reduced in Advanced Virgo by using so-called monolithic
suspensions!, where the optics are suspended by fused silica fibers rather than the steel wires
used in Virgo. Much of the technology for these monolithic suspensions, including the pulling
and bonding of the fused silica fibers, has already been demonstrated in Virgo+MS (Virgo+
with monolithic suspensions), an intermediate upgrade of the Virgo detector that is currently
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Figure 2: The superattenuator system employed in Virgo already meets the seismic isolation requirements for

Advanced Virgo. On the left are measured upper limits on the seismic isolation transfer function of a superat-

tenuator, shown with Virgo, Advanced Virgo, and Einstein Telescope9 requirements. On the right is a rendering
of a superattenuator.
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Figure 3: A comparison o f the expected Virgo (dashed lines) and Advanced Virgo (solid lines) design sensitivities

(in blue), shown as a strain-equivalent amplitude noise spectral density; contributions to the total noise from

various specific noise sources are also shown . The noise contributions to the Virgo sensitivity which lie above the
Advanced Virgo sensitivity are the principal targets of the upgrade technologies.
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taking data with a modestly increased sensitivity compared to Virgo. The fibers themselves
have an optimized geometry, with thick end points and a thinner middle section (approximately
300 pm in diameter), to minimize the thermal noise for a given maximum tensile load. Figure 4
shows a side view of a monolithic suspension from Virgo+MS, where the fiber thickness profile
can be seen.

Figure 4: Side view of a monolithic suspension used in Virgo+MS. The pair of fused silica fibers used to suspend
this mirror can be seen, along with the mechanism to attach the fibers to the test mass. In Advanced Virgo the
test masses will be the same diameter (35cm) but twice as thick: 20 cm instead of 10 cm.

The suspension thermal noise is also reduced by having heavier test masses, which for Ad-
vanced Virgo are 42 kg, twice as much as in Virgo and Virgo+MS. Further significant increases in
this mass are limited by the weight carrying capacity of the superattenuator, which will remain
unchanged. )

For Advanced Virgo, the complete suspension design must be further upgraded to accom-
modate the thermal compensation plates (cf. figure 1 and section 5.1) which will be suspended
from the same superattenuators as the input mirrors, while maintaining the superior thermal
noise performance.

4 Mirror thermal noise

In the middle of the detection band, both Virgo and Advanced Virgo are limited by the mirror
thermal noise (shown in black traces in figure 3) which arises due to thermal fluctuations of either
the substrate or the multi-layer dielectric coating. Mirror thermal noise can be combatted with
a combination of higher quality, lower loss materials for the mirror components, which directly
reduces the thermal noise in the detection band, and with larger beam sizes, which average more
of the fluctuating mirror surface and thus reduce their impact on the detector sensitivity. Both
of these techniques will be used in Advanced Virgo, which will use lower loss materials and have
larger beams than Virgo.

4.1 Beam size

In Advanced Virgo the beam size on the arm cavity end mirrors (ETM) will be approximately
6 cm (radius to 1/e? in intensity) and on the arm cavity input mirrors (and thus also the
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beamsplitter) it will be approximately 5 crti. The beam waist size is less than 1 cm, located near
the midpoint of the arm cavities. This is in contrast to Virgo, where the beam size on the end
mirror was 5 cm and on the input mirror it was 2 cm, with the waist at the input mirror.

4.2  Substrate thermal noise

Mechanical losses in the substrate material determine the quality factor of mechanical reso-
nances, and this determines the level of broadband thermal noise arising from the substrate.
Virgo was limited by thermal noise in the mirror substrates. For Advanced Virgo, a higher
quality of fused silica with lower mechanical losses will be used for the test mass substrates, and
thermal noise from the substrates should no longer be a limiting noise source.

4.8 Coating thermal noise

The mechanical losses in the dielectric coating (alternating layers of silica and tantala) determine
the quality factor of the mirror and as a consequence the displacement of the mirror surface due
to its thermal vibration!?2. A research program has been undertaken at the Laboratoire des
Matériaur Avancés (LMA) to improve the mechanical performances of these coatings without
degrading the optical performances, by studying the properties of dielectric coatings composed of
differing materials and constructed with varying recipes. Titanium doped SiO3/Ta,Os coatings
developed at LMA are the best solution known so far'3, and are currently the baseline solution
for Advanced Virgo.

5 Quantum noise

In laser interferometric gravitational wave detectors, only the quantum noise of the light (shot
noise and radiation pressure noise, both of which arise from the particle nature of the laser
light) is important, while the quantum noise of the masses is not significant. In Virgo, the
only important quantum noise was the shot noise, which dominates above 200Hz. In Advanced
Virgo, which will operate with a signal recycling mirror, the distinction between shot noise and
radiation pressure noise is not as clear, and so both are considered together as quantum noise
(shown as red traces in figure 3).

5.1 Higher laser power

At the higher frequencies of the detection band, where photon shot noise dominates, the shot
noise limited signal to noise ratio scales inversely with the square root of the input laser power.
To reduce this noise source, a higher power laser will be used (with 125W of 1064 nm laser light
expected at the interferometer input, after the suspended input mode cleaning cavity). The ref-
erence solution to achieve such a high power is a master-oscillator power amplifier configuration,
with a fiber-coupled NPRO as the master oscillator followed by two stages of fiber amplification
from a commercial system.

The higher circulating laser power brings two complications: larger thermal effects from
optical absorption, and the effects of optical rigidity.

Compensation of thermal effects

The foreseen level of injected power will increase the total circulating power to 700kW in the
arm cavities and about 5 kW in the power recycling cavity. Such high circulating powers mean
that even with very low absorption optics, the heat absorbed by the mirrors and substrates
will cause sufficient thermoelastic and thermorefractive changes to severely degrade the optical
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performance of the interferometer. For this reason a thermal compensation system is necessary;
this system illuminates the compensation plates (cf. figure 1) with a 10 um laser projector with
a pattern complementary to that of the heat deposited by the main laser beam. As 10 um light
is strongly absorbed by fused silica, much less power (about 15 W) is needed in this system
than for the main laser light. In addition to this projector + compensation plate system, which
compensates for thermorefractive effects in the mirror substrates, annular heating elements
will surround the test masses to adjust the radii of curvature of these mirrors to counteract
thermoelastic deformation of the mirror surfaces caused by absorption in the mirror coatings.

Optical rigidity

The high circulating power means that the dynamics of the interferometer mirrors, particularly
in the arm cavities, are modified by the light fields due to radiation pressure. This results in
opto-mechanical resonances (i.e., optical springs) in the differential length degree of freedom !4,
which is the one sensitive to gravitational waves, and in the angular degrees of freedom!®. Such
opto-mechanical resonances are in general dynamically unstable, but appropriately designed
control systems can quench these instabilities.

5.2 Signal recycling

The use of the signal recycling technique permits a certain amount of flexibility in shaping
the spectrum of quantum noise; this allows optimization of the sensitivity in the presence of
other noise sources . The sensitivity plotted in figure 3 has been optimized for neutron star
binary inspirals, in the presence of suspension and mirror thermal noise. Small changes in the
parameters of the signal recycling cavity (such as a small change in the reflectivity of the signal
recycling mirror or even a microscopic, sub-wavelength adjustment of the signal recycling mirror
position) can modify the quantum noise, to maximize the sensitivity to another source (e.g., a
particular millisecond pulsar, or stellar mass black hole binaries).

5.8 DC readout

In place of the optical heterodyne technique used in Virgo, Advanced Virgo will use optical
homodyne detection in the form of the technique known as DC readout. This technique involves
a slight detuning of the differential arm degree of freedom (the one which is also sensitive to
gravitational waves) slightly from destructive interference to allow a small amount of light to
leak out the detection port to serve as a local oscillator. Because this light has been stored
in the interferometer, it has been passively filtered by the so-called coupled-cavity polé®. This
passive optical filtering, combined with the laser pre-stabilization system, means this light is a
very low noise optical local oscillator in the detection band. Furthermore, optical homodyne
detection has a lower level of shot noise than optical heterodyne detectiont”. To implement DC
readout an output mode cleaner (OMC in figure 1) is placed after the interferometer and before
the photodetector (Bl in figure 1).

5.4 Optical losses

The surface quality of the test mass substrates is an important factor in the optical performance
(i-e., the optical losses) of the interferometer, which can impact the quantum noise limited
sensitivity. To achieve an appropriately low level of surface figure error, a corrective coating
process has been developed at LMA. This process is expected to suppress surface figure errors
with spatial scale larger than 50m~!, which have a large effect on the optical performance of
km-scale cavities with large beam sizes. The apparatus for this corrective coating has been
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constructed, and the first tests of this process on large scale mirrors (i.e., the 35 cm diameter of
the Advanced Virgo substrates) will take place soon.

6 Residual gas noise

Residual gas in the 3km beam tubes can induce phase fluctuations in the laser light circulating
in the Fabry-Pérot arm cavities, resulting in noise in the interferometer output (the green traces
in figure 3). The current Virgo vacuum system operates at a residual pressure of about 1077
mbar; this level must be reduced to about 10~° mbar to meet the Advanced Virgo requirements.
This will be done by performing a vacuum bake-out of the beam tubes and installing cryotraps
at each end of each beam tube. The cryotraps will allow regular intervention into the vacuum
system at the mirror locations without spoiling the level of vacuum in the beam tubes through
water migration.

7 Conclusions

Achieving a factor of 10 sensitivity improvement over Virgo requires pushing the limits of technol-
ogy on several frontiers. The maturing Advanced Virgo design will meet these limits. Expected
to be online in 2015, Advanced Virgo will be a crucial part of the network of next generation
gravitational wave detectors that will usher in the era of gravitational wave astronomy.
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