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The second science run of the Virgo gravitational wave interferometer took place between July 2009 and
January 2010. This paper describes the performance of the interferometer longitudinal control system in
terms of duty cycle, stability and control noise. A science data taking duty cycle of about 80% was
obtained over the six month run. Control noise was not limiting the detector sensitivity at any frequency.

A discussion of observed thermal effects in the detector operation is also included.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Virgo gravitational wave detector [1], located at the EGO
site near Pisa in Italy, is a power-recycled Michelson interferome-
ter with 3 km long Fabry-Perot resonant cavities in the two arms.
Any gravitational signal will be detected as a differential change of
optical length of the arms proportional to the signal amplitude
h ~ SL/L. All mirrors are suspended to high-performance multi-
stage passive isolation systems (the super-attenuators [2]) designed
to filter the transmission of ground micro-seismic vibration to the
test masses. These ensure a good sensitivity to gravitational waves
down to 10 Hz. The input laser beam is provided by a 60 W Nd:YAG
laser amplifier with a wavelength of 1.064 pm. Before entering the
main part of the interferometer, the beam passes through an input
mode cleaner (IMC) to filter its transverse mode and reduce jitter. A
schematic of the Virgo detector is shown in Fig. 1.

With respect to the first science run VSR1 [4], the laser input
power injected into the interferometer was doubled to 17 W. Ther-
mal lensing due to laser power absorption in the input mirror sub-
strates needed to be corrected by a thermal compensation system
(TCS) [6].

The second Virgo detector Science Run (VSR2) started on July
7th 2009 and ended six months later on January 8th 2010. During
that period the Virgo interferometer collected data in a controlled
and stable way, partly in coincidence with the two LIGO detectors
[3] located in the USA.

The detector stability was remarkably high, allowing a total sci-
ence data duty cycle of about 80%, see Fig. 2. The main limitations
on duty cycle were periodic maintenance, scheduled commission-
ing activities, and the time needed to bring the interferometer to
science mode from an uncontrolled state (about 30 min). The lon-
gest continuous lock of the instrument lasted about 143 h.

This paper describes the performance of the longitudinal con-
trol system during VSR2. It therefore updates and extends what
is reported in the previous paper [4] which referred to VSR1 and

* Corresponding author at: INFN, Sezione di Pisa, 1-56127 Pisa, Italy. Tel.: +39
050752354.
E-mail address: gabriele.vajente@sns.it (G. Vajente).

later commissioning periods. A more detailed description of the
longitudinal control scheme can be found in the cited paper [4].

2. Longitudinal control system

In order to maintain the correct resonance condition inside the
interferometer and the best possible detector sensitivity, distances
between mirrors must be controlled by active feed-back systems
with typical accuracy better than 10~ m. The longitudinal control
system is also called the locking system and it deals with four main
degrees of freedom: the differential change in length of the two
Fabry-Perot arm cavities (DARM) which corresponds to the main
degree of freedom sensitive to the effect of a gravitational wave
signal; the mean change in length of the two cavities (CARM)
which is also equivalent to a change in the main laser frequency;
the length of the power recycling cavity (PRCL) composed of the
power recycling mirror and the two arm input mirrors; the differ-
ential change in length of the two short Michelson arms (MICH)
between beam splitter and the two input mirrors. All these degrees
of freedom are controlled using digital feed-back systems with typ-
ical band-widths of 1-50 Hz and actuated using coil-magnet pairs
at the level of the mirrors, with the only exception of CARM. For
this degree of freedom the control strategy is two-fold. A fast con-
trol is done acting on the laser frequency, which follows the aver-
age length of the two arms with large band-width (about 10 kHz).
This is implemented using an analog control system as larger
band-width is needed. In addition a slow (1 Hz) mechanical control
is done stabilizing CARM against a rigid reference cavity (RFC) to
remove large common-mode motions of the two cavities. For more
details refer to Section 2 of [4] or [7].

The main laser beam is phase modulated at radio-frequency
(about 6 MHz) and the four degrees of freedom are controlled
using different optical error signals, coming from demodulation
of photo-diode outputs both in-phase and quadrature (frontal
modulation scheme, see also Section 2 of [4,5]). In the steady-state
condition (operation at maximum sensitivity) the control strategy
chosen during VSR2 was the following: the dark port in-phase sig-
nal (B1) was used to control DARM, while the quadrature for MICH;
the beam-splitter pick-off beam (B5) in-phase signal was used for
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Fig. 1. Optical schematic of the Virgo interferometer. Main output beams: B1 is the anti-symmetric port, B2 is the interferometer reflection, B5 is the pick-off beam from the
secondary face of the beam splitter, B7 and B8 are the transmission of the two arm Fabry-Perot cavities. The two end mirror (NE and WE) high reflection surfaces have a mean
radius of curvature of about 3500 m. The two input mirrors (NI and WI) have all flat surfaces.
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Fig. 2. Science mode duty cycle of the Virgo detector during the second science run
(VSR2).

laser frequency stabilization and the quadrature signal for PRCL;
the reference cavity (RFC) in-phase signal was used for the narrow
bandwidth CARM control. A global reconstruction of low-fre-
quency arm cavity length variations from DARM and CARM correc-
tions were used for feed-back control of the upper stage of the
super-attenuators, independent of ground bases sensors. This
strategy is based on the fact that at frequencies below few hun-
dreds mHz the control system gains are very high and therefore
the correction signals follow exactly the degree of freedom motion,
making it possible to use them as displacement sensors.

With respect to VSR1 [4], different ports were used for the
reconstruction of the central interferometer longitudinal degrees
of freedom (MICH and PRCL). Indeed the new signals are not signifi-
cantly different in term of shot noise, but are less affected by other

technical disturbances, like scattered light. Moreover, using this
control strategy, both quadratures of B1 and B5 are maintained
close to zero with a feed-back loop, reducing local oscillator phase
noise in the signals (see Section 7.8 of [7]).

Fig. 3 shows the typical spectra and total RMS of the four
longitudinal degrees of freedom residual motions during steady
state operations. The total RMS residual displacements are:
8 x 107'®*m for DARM, 2 x 10~ m for PRCL, 3 x 10-"*m for
MICH and 9 x 10~° m for CARM. These are much improved with
respect to VSR1 (see Table 1 and Table 1 of [4]), mainly due to
better performance of the automatic alignment system, improved
error signals, and increased gains of the longitudinal control
system at low frequency.

3. Thermal effects and thermal compensation system

The lock acquisition procedure is responsible for bringing the
interferometer from a completely uncontrolled state to the steady
state condition. In Virgo this procedure is carried out by passing
through several intermediate steps in which the interferometer
can be stably operated (variable finesse technique [8]). Initially each
arm cavity is locked independently, the power recycling mirror
slightly misaligned and MICH locked with an offset to be at gray
(50%) fringe. In a second step the power recycling mirror is re-
aligned and its cavity brought in resonance. Finally the offset is adi-
abatically removed to reach the steady-state condition which cor-
responds to the maximum power build up inside the arm cavities.
In this condition about 13 kW circulate inside the Fabry-Perot
arms.

Having reached the steady state condition, the power absorbed
in the input mirror coatings becomes not negligible. The heat ab-
sorbed by the coating is transferred by conduction to the mirror
substrate, creating there a temperature gradient which reproduces
the laser beam central Gaussian profile. Two kind of thermal effects
are present: thermo-elastic deformation of the mirror high
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Fig. 3. Residual displacements of all longitudinal degrees of freedom in steady state conditions. Solid curves show the spectrum of the residual motion, dashed curves the

integrated RMS.

reflecting surface, which is negligible; thermo-optical change in in-
dex of refraction which is dominant and produces a converging
thermal lens in the mirror substrate. At first order this lens has
no effect on the carrier field, since it is resonant inside the
Fabry-Perot cavities and cleaned by them. Instead the thermal lens
disturbs the sideband mode-matching to the power recycling cav-
ity. Their recycling gain is reduced and the spatial content is aber-
rated. Both aberration and recycling gain reduction have a negative
effect on the ability to extract longitudinal degrees of freedom
from photo-diode signals.

In VSR1 the input power was limited to 8 W in order to main-
tain these thermal effect at a sustainable level. In order to surpass
this limit and improve sideband recycling gain, a thermal compen-
sation system (TCS) [6] was installed in Virgo between VSR1 and
VSR2. This system projects an annulus of 10 micron laser light, ob-
tained by shaping auxiliary CO, lasers, onto the front face of each
input mirror, heating the area external to the main interferometer
beam and thus creating a diverging lens to compensate the central
converging one. The TCS laser is always shined on the input mir-
rors, even when the interferometer is not locked, to avoid large
temperature transients at switch on and off. During VSR2, thermal
lensing in the input mirrors was only partially compensated to ob-
tain residual aberrations at the level of VSR1, using about 1 W of
CO, power for each input mirror.! The estimated residual lens
had a focal length of the order of 15 km [9].

Fig. 4 shows the typical carrier and sideband recycling gains
evolution in time, after reaching dark fringe during VSR2. The car-
rier gain is estimated from the total power on the B5 beam while
the sideband gain is monitored demodulating the same diode at
twice the modulation frequency. During an initial transient side-
band gain is temporarily maximum. However as the input mirrors
achieve thermal equilibrium (in about 15 min) the gain is reduced
by half. Fig. 5 shows the sideband and carrier spatial contents dur-
ing the transient and at thermal equilibrium, detected using a

! The maximum usable TCS power was limited by the fact that the CO, lasers were
not yet intensity stabilized. Increasing the amount of TCS power would have
introduced intensity noise in the main gravitational channel.

phase camera [10] placed at the dark port before the output mode
cleaner. The sidebands thermally induced aberration is very clear
from the plots of Fig. 5.

Table 1
Requirements and obtained performance of the longitudinal control loops in terms of
residual total RMS motion of the main degrees of freedom.

D.O.F. Requirements [m] Accuracy [m]

VSR1

3.10°" 3.10712 8.
2.10°1° 3.107 " 2
5.1071° 8.10 " 3.
4.10°% 9

DARM
PRCL
MICH
CARM

50 T T T T T T T T T T

45|

40+ .

I —— Carrier
- = = Sidebands

25

Recycling gain

201 f - .

[

600 800 1000 1200 1400 1600 1800 2000
Time from dark fringe [s]
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Fig. 4. Evolution of carrier and sideband recycling gain with time during the
thermal transient that follows the reaching of the maximum power build up in the
arm cavities. Carrier recycling gain is constant around 47, while the sideband one
start from a maximum of about 37 and settles down to about 15. Maximum values
are compatible with what is expected from simulations.
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Fig. 5. Amplitude images of fields at dark port (before the output mode cleaner), obtained using the phase camera. The top plots show the situation immediately after
reaching the maximum power build up in the arm cavities. Sidebands have a reasonably good shape. The TCS correction is always applied (even when the interferometer is
unlocked) and consequently the two input mirrors have a negative curvature at the beginning of the lock. Since the amount of TCS power is different for the two mirrors, the
different shape of the two sidebands is explained. The bottom plots shows the steady state condition. The sideband shapes are very far from the Gaussian one expected if
thermal effects were well compensated. Carrier images show the high order mode content due to interferometer asymmetries.

The overlap integral between the carrier and sideband fields at
dark port is:

_ | S bear(®,¥)Psp(x,y) dxdy| '
VI S W@ )P dxdyy/ [ [ ss(x.9)P dedy

The largest possible optical gain is obtained when this quantity is
one and the two fields overlap perfectly. The integral in the numer-
ator involves the knowledge of the phase of the fields, which was
not available. However an upper limit can be obtained using the
field amplitudes only since:

S 1)

\ [/ szR(xy)wsgwy)dxdy\ < [ [ et livss(x )l xdy.
@)

In the steady-state condition the carrier field at dark port is domi-
nated by junk contributions originating from interferometer defects
and cannot be used as an estimate of {/cag. Therefore we obtain this
estimate adding an offset in the MICH locking point such that the
dark port carrier field is dominated by the pure mode resonating in-
side the power recycling cavity. This temporary configuration have
been used for the measurement purpose only. Sideband field in-
stead is always dominated by the contribution originated from
the Schnupp asymmetry and therefore /sp is easily measured in
steady state condition.

For VSR2 the overlap integrals between sideband and carrier are
estimated to be smaller than 0.2 (upper sideband) and 0.25 (lower
sideband) at the end of the thermal transient, while at the begin-
ning they are estimated to be smaller than 0.6 and 0.7. These val-
ues are not unity since the TCS correction is always applied to the
mirrors, even with the interferometer not locked. This means that

at the beginning of the thermal transient the input mirrors are
over-corrected, resulting in smaller-than-unity overlap integral.

4. Noise couplings to gravitational channel

The feed-back loops that control the auxiliary degrees of free-
dom are limited by sensing noise above 10 Hz. This noise is typi-
cally not of a fundamental nature (like shot-noise for example)
but coming from other technical sources like scattered light [11]
or electronic noise. The contribution of this spurious coupling
mechanisms to the detector sensitivity can be directly estimated
by means of projection measurements, as already explained in Sec-
tion 4 of [4]. Fig. 6 shows the typical results obtained during VSR2.
All auxiliary longitudinal control noises were more than a factor 10
lower than the measured sensitivity at all frequencies.

As explained in Section 4 of [4] some improvements in control
noise reduction were already obtained immediately after the end
of the first run. The main actions was the use of signal from differ-
ent interferometer ports as explained in Section 2, obtaining higher
signal to noise ratio. Nevertheless the sensor noise of these signals
would be limiting the sensitivity up to few hundreds hertz if no
noise subtraction technique is used. These were already imple-
mented during the first run [4] and consisted in feeding the DARM
correction with filtered auxiliary channel corrections in such a way
to exactly cancel the direct optical coupling. The efficiency of these
techniques relies on the accuracy of the measurement of coupling
transfer functions and of the fitting technique used. Between VSR1
and VSR2 the measurement accuracy improved thanks to the over-
all reduction of detector noise and to the use of colored noise to
optimally distribute the perturbation energy. The fitting accuracy
significantly improved using a more powerful algorithm [12].
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Fig. 6. Typical measured contribution of longitudinal control noise to the Virgo detector sensitivity during VSR2. The projected noise is below the design sensitivity at all
frequencies and safely far from the measured one. 11 and 62 Hz peaks are calibration lines added on purpose.

In summary, with respect to [4] the situation further improved
mainly due to the final change of central interferometer degrees of
freedom reconstruction strategy explained in Section 2 and the
reduction of noise contributions coming from scattered light. With
respect to the best configuration shown in [4], control noise contri-
bution has been reduced at all frequencies a factor 10 below design
sensitivity.

The largest contribution, even if not limiting the measured sen-
sitivity, is the one coming from the CARM control system. Investi-
gations are on-going to characterize and reduce the sensor noise,
which seems mainly affected by non-linear up conversion due to
beam jitter in front of the RFC.

5. Conclusions

During VSR2, the Virgo interferometer ran with high input
power (17 W) and with a thermal compensation system which,
though not yet optimally tuned, allowed great robustness and sta-
bility (science mode duty cycle almost at 80%). Residual aberration
of radio-frequency sidebands have been estimated in two ways. An
upper limit of the sideband recycling gain is measured to be 15,
about 2.5 times lower than the maximum one which is observed
at the beginning of the lock acquisition, when thermal effects are
not yet large. A phase camera has been used to show that the side-
band shape is far from being Gaussian and the superposition with
the carrier is estimated to be smaller than 0.25.

The control accuracy was improved with respect to VSR1 [4],
even if already compliant with requirements. Finally the re-intro-
duced control noise was a safe factor 10 below the measured
detector sensitivity at all frequency, further improving the situa-
tion described in [4].

The coming upgrade of Virgo foresee the use of fused silica fi-
bers to suspend the test masses, in order to reduce the suspension
thermal noise. Moreover the cavity finesse will increase from 50 to
150. Assuming the same level of sensing noise will be measured in
the longitudinal error signal, MICH and PRCL coupling will de-
crease with the increase of finesse, being at the level of the im-
proved design sensitivity. Excluding CARM control that will need
some improvements (better noise subtraction, reduction of sensor

noise, reduced control band-width) the present longitudinal con-
trol strategy is already compliant with the target sensitivity of
the next Virgo science run (after the installation of fused silica mir-
ror suspension fibers) and with the expected sensitivity of Ad-
vanced Virgo detector.
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