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Abstract. The Virgo interferometer is one of the big observatories aimed at
detecting gravitational waves. This report will describe the Virgo+ upgrades and the
commissioning work performed between the first (VSR1) and the second Virgo Science
Run (VSR2). Some first results of VSR2 will be discussed, which was recently started
with a good duty cycle and a inspiral range for the detection of binary neutron-star
inspirals of 10 Mpc. To conclude, an outlook will be given on some future upgrades of
the detector.
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Introduction

Virgo [1] is one of the large-scale, Earth based interferometers aimed at detecting
gravitational waves that are now operating [2, 3, 4]. It is located at the site of
the European Gravitational Observatory in Cascina, close to Pisa. Many years of
construction and commissioning finally resulted in the first Virgo Science Run (VSR1),
in which data was acquired non-stop from May till October 2007. Analysis of the
obtained data is still ongoing, but some first results have already been submitted for
publication. The commissioning work carried out before and during VSR1 has already
been reported earlier [5]. This report will focus on the the activities carried out since
the end of VSR1 up to the beginning of the second Virgo Science Run (VSR2), which
started in July 2009.

Immediately after VSR1, about half a year was spent on the optimization of the
control system, the mitigation of scattered light problems and some minor upgrades.
After that, the interferometer was shut-down for about half a year to install some major
upgrades in the injection system, the electronics and infrastructure, which were part of
the so-called Virgo+ upgrade. In parallel to the upgrades, a lot of work was spent to
recover from a vacuum failure. After that, another half year was spent on commissioning
the interferometer at high input power and to prepare for VSR2. The rest of this report
will discuss the various upgrades and some relevant commissioning activities, some first
results of VSR2 and will finally give a short overview of planned future upgrades.

1. Detector upgrades

1.1. Vacuum incident recovery

In May 2008, the Virgo interferometer suffered from a serious failure in its vacuum
system. While pumping out the North-End tower after work inside the tower, one
of the vacuum view-ports used for the local-control system imploded, which basically
sandblasted the mirror with glass fragments. Fortunately, the big valve connecting the
tower to the long arm was still closed, so damage was limited to a single payload and
some minor parts of the tower.

The root cause of the failure has been found in a weak design of the view-port,
which leads to high stress on the glass/metal interface. Using finite-element analysis
and destructive testing, a much safer model of view-port has been identified. As a
precaution, close to 100 existing windows in the interferometer have been replaced with
this safer model. A new payload was constructed using a spare mirror, which was already
polished but still needed to be coated. Although the recovery costed considerable time
and effort, the incident had only limited effect on the the commissioning schedule since
it happened shortly before a long, planned shut-down to installing various upgrades.

When the interferometer could finally be restarted, some clear changes in its working
point were observed. The contrast defect had worsened by a factor 3 and a bi-stability
of the control system at the beginning of the lock-acquisition had disappeared. Finally,
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the main modulation frequency had to be changed by as much as 700 Hz to recover a
good sensitivity. The cause of these changes has not been understood completely, but
might be related to the slightly different properties of the new North-End mirror.

1.2. Injection system

The main focus of the Virgo+ upgrade was the increase of the laser power sent into the
interferometer. This was done to improve the sensitivity at high frequencies, where shot-
noise dominates. For this purpose, a new laser amplifier was installed that can deliver
up to 60 W, of which 25 W remains at the input of the interferometer. A new pre-
mode-cleaner was installed in a small vacuum tank on the laser bench. This is a short
triangular cavity that helps reducing the laser intensity noise at high frequencies (around
the modulation frequency of 6MHz) and performs spatial filtering of the beam before
it is sent into the vacuum system. A remotely tunable in-vacuum Faraday Isolator was
installed on the suspended injection bench. This allows the fine-tuning of its rejection
ratio, which changes due to thermal effects in vacuum [6]. Finally, the end-mirror of the
triangular, 144m long input mode cleaner was changed with a heavier one. This should
cure some problems in the control of the mirror, which suffered from radiation pressure
effects that would have gotten worse with the increase of power.

1.3. Thermal compensation system

One issue that gets more critical with the increase of input power is absorption of the
input test masses. This leads to thermal lensing, which can prevent a stable operation of
the interferometer. The chosen solution is to use a thermal compensation system (TCS),
which consist of annular-shaped beam of a high-power CO2 laser that are projected onto
the input test masses. This shape creates a negative thermal lens that compensates the
effect of the main beam [7]. To always keep the mirrors at the same temperature, also
a central heating beam was implemented, which should replace the heat of the normal
laser beam in case of an unlock.

When the system was first installed, evidence was found that the intensity noise
of the CO2 lasers can couple to the gravitational wave signal, probably via a thermo-
elastic effect in the mirrors. To solve this problem, a power stabilization system has
been installed recently. First results show a reduction of the noise by a factor of 10.

1.4. Phase camera

One new diagnostic tool that was installed is the so-called phase-camera, which was
inspired by a similar device used at LIGO [8]. In this system, one of the optical beams
coming out of the interferometer is scanned over a pinhole-detector. Using a complex
demodulation scheme, the optical phase and amplitude can be obtained for the carrier
and both modulation side-bands individually. From these signals, phase and amplitude
images can be reconstructed in software. The camera was used extensively for the
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fine alignment of the TCS, for the characterization of the mirror absorption and for
determining the thermal lensing of the input test masses as a function of TCS power.

1.5. Other upgrades

During the shut-down, an important part of the electronics was replaced. This was
done partly to replace obsolete parts and partly to gain a lot in processing power. New
real-time optical fiber links were installed, which can be used to send any signal to
any place within the experiment. Some of the real-time processors were changed from
propriety systems to commodity PC’s running real-time Linux. Most importantly, the
analog-to-digital converters used for acquiring the photo-diode signals were upgraded
from 16-bit to 18-bit systems.

Finally, a lot of invasive maintenance on the infrastructure has been performed
during the shut-down, such as a complete re-wiring of the power distribution cables
and the replacement of tubing for the heating system. Some machines were replaced or
doubled to provide greater redundancy. The speed of the air-conditioning machine was
reduced to lower the seismic and acoustic noise in the experimental hall.

2. Commissioning activities

2.1. Control noise reduction

The longitudinal motion of the mirrors of the interferometer is controlled in 4 degrees-
of-freedom, of which the differential length of the long cavities (DARM) contains the
gravitational wave signal. Since there is a non-zero cross-coupling between the different
degrees of freedom, noise in the auxiliary control loops can pollute the important DARM
loop. This problem has been solved with a noise feed-forward technique [9]. Further
reduction of the noise has been achieved by using control filters with optimized high-
frequency roll-off, careful balancing of actuator responses and finding the lowest-noise
signals for controlling the auxiliary degrees of freedom.

Similarly, the noise of the alignment system have been optimized by choosing the
lowest noise error signals, optimizing the control filters, improving the electronics and
covering the optical benches to reduce air-turbulence. The coupling of alignment noise
to the longitudinal degrees-of-freedom has been reduced by careful centering of the beam
on the mirrors. Both longitudinal and alignment control noise are currently not limiting
the sensitivity above 10 Hz, see Fig. 1.

2.2. Scattered light

Once the control noise was reduced, it became apparent that the sensitivity at low
frequencies was limited by scattered light. This can form a problem when spurious
beams hit a seismically excited component and then scatter back into the main beam.
The phase modulation of even a tiny amount of scattered light is enough to spoil the
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Figure 1: Projection of control noise to the sensitivity (a) Auxiliary longitudinal degrees
of freedom (MICH, PRCL and CARM) (b) Angular loops

optical signal that probes the length between the seismically isolated test-masses. This
problem was largely reduced by careful dumping of spurious reflections on the optical
benches, by cleaning of optical components and by the damping of mechanical resonances
of optical mounts and supports of optical benches. In case of high micro-seism, however,
this noise can still dominate the low-frequency sensitivity.

2.3. High power operations

A large part of the commissioning time was dedicated to operating the interferometer
with more input power. The power was increased in several steps from 8W during
VSR1 to 17TW now. Many parameters of the lock-acquisition procedure had to be
retuned, but no major problems with the stability of the lock were encountered. The
increased thermal lensing of the input test masses has been compensated using the
thermal compensation system. Some control loops of the alignment system did become
more critical due to radiation pressure effects. A further increase of the input power was
foreseen up to 25 Watt, but this was not possible due to thermal effects in the injection
system, which caused problems in the mode-matching of the monolithic reference cavity.

2.3.1. Aberration free operation Experiments were carried out to increase the TCS
power so far that the thermal effects in the input test masses are compensated totally,
as if the interferometer were operated at low power. This cold state could be confirmed
by a higher optical gain, a more ideal transfer function of the fast frequency stabilization
loop and in the images of the phase camera, see Fig. 2. The required power to reach
this state was about 5W per mirror. At that time the noise of the TCS lasers was too
high to use so much power without spoiling the sensitivity. The standard configuration
is now around 1W per mirror, which keeps the interferometer in a state similar to 8W
of input power without TCS.
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Figure 2: Images of the phase camera, showing the optical amplitudes of the upper
sideband (USB), the carrier (CAR) and lower sideband (LSB) (a) without compensation
of thermal lensing (b) with full compensation of thermal lensing

2.4. Noise hunting

Parallel to the other activities, there is a continuous campaign to find environmental
noises that can couple to the gravitational wave signal. When such noise is discovered, a
two-way strategy is employed, trying either to reduce the coupling or to reduce the noise
(or both). In case of seismic noise, the coupling was reduced by mitigating scattered light
as described in section 2.2. The seismic noise itself was reduced by replacing machines
by less noisy ones or by seismically isolating the sources using springs. Another example
is magnetic noise, which can couple to the magnets glued to the mirrors. The coupling
has been reduced by replacing some magnets by weaker ones and totally removing those
that were not used. The noise itself has been reduced by displacing some sources away
from the main mirrors. A summary of all known noise sources is shown in Fig. 3.

3. Second Virgo Science Run

The second Virgo Science Run (VSR2) finally started on July 7 of 2009. An excellent
robustness of the lock was achieved, with many locks lasting more than 50 hours, with a
record of 143 hours. A science mode duty-cycle of over 90% was achieved during the first
two months of the run. These numbers are mainly limited by weekly maintenance breaks
and the occasional large earthquake, which causes one unlock per week on average.
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Figure 3: Noise budget of the Virgo detector during VSR2. The black curve shows the
measured sensitivity, while the pink curve is the incoherent sum of all the known noises.
At high frequencies, the sensitivity is above design due to increased shot-noise (less
input power) and frequency noise (caused by the loss asymmetry of the arm cavities).

3.1. Sensitivity and horizon

The sensitivity of the Virgo detector has greatly improved over the last years, and is
now close to its design. See Fig. 4 for the spectrum of the strain sensitivity of Virgo
compared to those of the two LIGO detectors. Due to its advanced seismic isolation
system [10], Virgo has currently the best sensitivity below 75 Hz. Between 100 and 300
Hz, the sensitivity of the LIGO detectors is a factor 2-3 better, which can be mainly
explained by the difference in finesse of the arm cavities and longer length of the cavities
(4km for LIGO and 3km for Virgo). Due to this difference trade-off, Virgo would be
better suited to detect gravitational waves originating from inspiral events of heavier
binaries and from low-frequency pulsars. The observed sensitivity is well understood,
which is shown by the close match of the predicted and measured sensitivities in Fig. 3.

One of the main figures of merit of a gravitational wave observatory is the horizon
or inspiral range, which is the distance to which an inspiral of binary stars with a typical
mass can be observed with sufficient signal-to-noise ratio. During VSR1, this horizon
fluctuated between 3 and 4.5 Mpc, while during the first months of VSR2, the horizon
ranged from around 8 to a maximum of 10 Mpc, see Fig. 5. Note that the detection rate
should scale with the volume of a sphere with a radius as large as the horizon, so for
a similar observation period, the chance of detection a gravitational wave during VSR2
would be an order of magnitude larger than during VSRI1.
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Figure 4: Strain sensitivity of the Virgo detector compared to the two LIGO detectors.
Data courtesy of the LIGO Scientific Collaboration [11].
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VSR2 .

4. Future upgrades of the detector

In the immediate future, the science run will continue and only some small upgrades will
be performed, such as the possible replacement of an output window with one that is
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anti-reflection coated. The next large upgrade will be the installation of new monolithic
suspenstons, which are new mirrors suspended by silica fibers. These fibers should
have lower losses than the current steel wires, which should lower the thermal noise of
the pendulum mode. The new coating should increase the finesse of the arm-cavities
from 50 to 150. Together, these effects should give a substantial improvement of the
sensitivity at low frequencies. Production of these new payloads has started recently,
the installation is foreseen for early 2010. [12]

On a longer time scale, the Virgo collaboration is preparing for the realization of
Advanced Virgo, for which a large design effort is ongoing. Advanced Virgo should have
a sensitivity around 10 times better than the current interferometer. It will feature
large upgrades in infrastructure, a further increase in input power, higher-finesse arm
cavities, a new signal recycling mirror and heavier mirrors [13].

5. Conclusions

After its first science run in 2007, the Virgo interferometer underwent several upgrades
and successfully recovered from a vacuum incident. After about a year of commissioning,
a horizon for detecting binary star inspirals has more than doubled to 10 Mpc. Finally, in
July 2009, Virgo started its second science run with good sensitivity and high duty cycle.
Meanwhile, the installation of monolithic suspensions is being prepared for installation
in early 2010 and a large design effort is ongoing for Advanced Virgo. These upgrades
should provide a substantial gain in sensitivity, which would hopefully lead to the first
detection of gravitational waves in the next few years.
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