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tThe Fren
h-Italian interferometri
 gravitational wave dete
tor Virgo is 
urrently being
ommissioned. Virgo is a Mi
helson interferometer with 3 km long arm 
avities and a power-re
y
ling mirror.The opti
al elements are suspended by so-
alled super-attenuators, whi
h provide an ex-
ellent isolation in the range above the resonan
es frequen
ies of the me
hani
al system. Toa
hieve the high sensitivity needed for su
h a kind of experiment the positions of all the sus-pended mirrors have to be 
ontinuously 
ontrolled, using opti
al signals derived from the mainbeams of the interferometer.In this paper we give a des
ription of the automati
 angular 
ontrol system 
urrentlyused in Virgo, with emphasis on the opti
al design and the 
ontrol topology. We report on
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the �rst experimental implementation of the Anderson-Giordano te
hnique in a large s
aleinterferometer and its performan
e during re
ent data taking periods.1 Introdu
tion
La

se
r

Q82

Q81

PR

B7

Q71

IMC

BS NI NE

Q72

EOM

WI

WE

144 m

IB

B1 B5

OMC

B2

B8

Q1p2Q1p1B1p

Q22

Q21

Figure 1: A simpli�ed s
heme of the opti
al design of Virgo in the �nal 
on�guration. The photo-diodes used for longitudinal (labeled with B) and alignment (labeled with Q) 
ontrol systems areshown. The output port signal is taken from B1.One of the most interesting predi
tions of Einstein's theory of general relativity is the existen
eof gravitational waves (GW). Several large GW dete
tors have been developed around the world,aiming at the �rst dire
t dete
tion of gravitational waves with a long term goal of observing andprobing the physi
s of massive obje
ts in the universe.The Virgo interferometer is a ground-based interferometri
 gravitational wave dete
tor 
on-stituted mainly by a Mi
helson interferometer (ITF). Resonant opti
al te
hniques (like 3 km longFabry-Perot 
avities in the interferometer arms) are used to enhan
e the sensitivity to gravitationalwaves.The main opti
al 
omponents are isolated from the ground motion by a system of 
ontrolledme
hani
al suspensions, whi
h strongly redu
e all displa
ement noises of the mirrors in a frequen
yrange well above the suspensions main resonan
es (> 10Hz). Thus the mirror behave as free-fallingtest masses suitable for dete
ting the metri
 perturbation due to gravitational waves. Given theopti
al layout shown in Fig. 1, gravitational waves propagating orthogonally to the interferometerplane would produ
e a signal, due to interferen
e pattern 
hange, at the output port.The design sensitivity of the Virgo is limited by the noise sour
es a�e
ting the system and itis remarkable even at low frequen
y, being the dete
tion bandwidth 10Hz-few kHz [1℄. In terms oflinear spe
tral density of metri
 perturbation strain the sensitivity is h < 10−22/
√

Hz at 100Hz,whi
h 
orresponds to a residual rms displa
ement of the mirrors ∆L < 3 · 10−19 m over 1Hzbandwidth.2 Opti
al layout of the Virgo interferometerThe opti
al s
heme of Virgo is shown in Fig. 1. A laser beam generated by a Nd:YAG solid statelaser with 22 Watt of power and wavelength of λ = 1064nm is split at a beam splitter mirror (BS) intwo beams whi
h are inje
ted to the two orthogonal arm 
avities (North arm and West arm). Thebeams re�e
ted by these 
avities are then re
ombined at the BS. The longitudinal position of allthe mirrors are 
ontrolled in su
h a way that this re
ombination 
reates a destru
tive interferen
e
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Mirrors RMS [rad℄Power Re
y
ling Mirror 10−7Input Mirrors 2 · 10−8End Mirrors 3 · 10−9Table 1: Requirements of total RMS motion for all the mirrors.in the main output port, 
alled dark fringe. In this 
ondition almost all the light power is re�e
tedba
k to the power re
y
ling mirror (PR). The presen
e of this mirror allows to enhan
e the power
ir
ulating in the interferometer. The light from the dark port of the beam splitter is �ltered byan output mode 
leaner (OMC) before being dete
ted by a set of high-sensitivity photo diodes.The dark fringe signal, dete
ted read-out before the OMC is strongly a�e
ted by the alignment ofthe Fabry-Perot 
avities and then it is very pra
ti
al to use it in an alignment servo-loop.In order to be able to 
onsider the test masses as free, all of the main opti
s are suspendedin an ultra-high va
uum by a 
omplex system 
alled super-attenuator (SA) [1℄, whi
h stronglyredu
es the seismi
 noise inje
ted to the mirrors. The super-attenuator is 
onstituted by a longpendulum and several seismi
 �lters. The last �lter stage, from whi
h the mirror and a so-
alledreferen
e mass are suspended, is 
alled marionette [2℄). The SA system provides a seismi
 noisesuppression of ≈ 10−12 at a few Hz. Longitudinal and angular for
es 
an be applied to the mirrorand to the marionette by using 
oil-magnet a
tuators.In order to be able to dete
t a GW signal the �u
tuation of the mirror relative positions shouldbe of the order of pi
ometers; for this reason a longitudinal and angular mirror 
ontrol has beendeveloped.The 
ontrol systems are based on a modulation-demodulation te
hnique: the input beam ismodulated in phase before it enters the input mode 
leaner (IMC) using an ele
tro-opti
 modulator(EOM), at a modulation frequen
y of about fRF = 6.26MHz. This modulation 
an be des
ribedas 
reating new 
omponents in the light �eld, whi
h are frequen
y shifted by o�sets ±fRF withrespe
t to the 
arrier at f0 (the new 
omponents are usually 
alled upper and lower sidebandrespe
tively). Demodulating the signals 
oming from photo-dete
tors pla
ed on the main beamsat fRF yields position information for the interferometer 
omponents. The longitudinal 
ontrolsystem is usually referred to as the lo
king system [3℄.3 Automati
 Alignment 
ontrol strategyA misalignment of the mirror with respe
t to the beam produ
es a variation on the e�e
tive armlength of the interferometer whi
h 
an mimi
 the e�e
t of a GW passage. Thus, to obtain thehigh sensitivity required by a dete
tor like Virgo, the residual mirror angular motion of the mirrorsmust be redu
ed down to some nrad (see Table 1). The automati
 alignment (AA) is a servo-loopsystem designed to redu
e the �u
tuations of the mirror angular motions with respe
t to the beam,thus maintaining the overall alignment of the opti
al elements and redu
ing the noise at the darkfringe port.In order properly 
ontrol all the angular degrees of freedom, a s
heme for getting angular errorsignals has been designed 
arefully, taking into a

ount the parameters of the interferometer. Theopti
al design of the Virgo interferometer is based on the Anderson-Giordano te
hnique [4, 5℄, avariant of the Anderson te
hnique [6℄. We are using four beams 
oming out of the interferometerto 
onstru
t useful angular error signals. They are: the main beam re�e
ted by the ITF, the twobeams transmitted at the end of the long arm 
avities, and the pi
k-up beam at the se
ondarysurfa
e of the BS (see Fig. 1). The main feature of the Anderson-Giordano te
hnique is the fa
tthat all the dete
tion ports are able to dete
t the motions of all mirrors. In addition, the Virgo
ontrol system uses only one modulation frequen
y to generate the error signals for 
ontrollingboth longitudinal and angular degrees of freedom.The sensors for the alignment 
ontrol are quadrant split photo dete
tors (or quadrant photo-diodes for short). These are photo-diodes with 4 separate elements. Ea
h quadrant diode 
an
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provide four signals: the sum over four quadrants gives the same signal as a normal photo-diode.The di�eren
es between the upper and lower elements and the left and right elements are 
omputedand give the verti
al and horizontal positions of the beam on the diode and serve as error signalsfor the diode 
entering. Demodulation of the di�erential quadrant diode outputs at fRF yieldstwo additional signals (in-phase and quadrature) that 
ontain information about the angle andposition (verti
al and horizontal respe
tively) of the phase front of the 
arrier with respe
t to thesidebands.Four sets of two quadrant diodes ea
h are lo
ated on the most important beams 
oming fromthe ITF, as it shown in Fig. 1. Moreover the quadrant diodes are set, by a system of teles
opes,to di�eren
e phases whi
h gives us di�erent signals; for ea
h dete
tion port we obtain therefore 4signals.Preliminarily all the mirrors are aligned by means of auxiliary devi
es, (Lo
al 
ontrol (LC)[7℄) designed to drive mirror alignment, without ex
iting the suspension me
hani
s, until theinterferometer is dark-fringe lo
ked. Then, if the �u
tuations of the alignment are redu
ed tofra
tions of µrad the automati
 alignment 
an be enabled. The lo
al 
ontrol system has an a

ura
yof about 0.3 µrad within 5Hz bandwidth, but when the mirrors are under Lo
al Control thealignment drifts away even largely (up to about 1-2µrad/hour), preventing a stable operation ofthe interferometer.The goal of the automati
 alignment system developed for the Virgo interferometer is to 
ontrolthe angular pit
h and yaw motion of the six main mirrors (PR, BS, NI, NE, WI, WE), using, asshown in Fig. 1, four dete
tion ports i.e. 16 demodulated error signals for ea
h angular dire
tion.The relation between the set of quadrant photo-diode signals and the set of mirror tilts isexpressed by a 16 × 6 opti
al matrix [8℄, whose elements 
an be dire
tly measured by inje
ting
alibrated sinusoidal ex
itations through the marionette a
tuators [1℄. A χ2 based inversion of theopti
al matrix [5℄ then yields a 
ontrol matrix that is applied by the Global Control to the set ofquadrant photo-diode signals to re
onstru
t the misalignment of ea
h mirror. These misalignmentsignals are sent as error signals to Digital Signal Pro
essors (DSP), whi
h apply �lters to build
orre
tion signals for the marionette a
tuators. The 
ontrol bandwidth of the AA servo-loops isabout 3Hz.4 Experimental resultsDuring the 
ommissioning of Virgo, the �rst AA 
on�guration tested was developed to operatewithout power re
y
ling (see Fig. 1: the PRmirror largely misaligned so that its re�e
ted beam doesnot interfere into the interferometer). This is a relatively simple setup be
ause the misalignmentsof the two arm 
avities are de
oupled, therefore the opti
al matrix is redu
ed to two 4×2 matri
es,one for ea
h 
avity arm, for pit
h and yaw motion. The 
ommissioning of the automati
 alignmentsystem in this 
on�guration was 
ompleted on May 2004 [9℄.Before the implementation of the AA system for the full 
on�guration we developed a slow drift
ontrol system in order to in
rease the duration of stable operation of the interferometer, whi
hwas mainly limited by slow drifts of the mirror positions. These drifts 
ould not be 
orre
ted by a
ontrol system based on lo
al ground referen
es. Using the opti
al signals from the quadrants weimplemented 
ontrol loops with a very narrow bandwidth (a few mHz) to to readjust the setpointof the lo
al 
ontrol system, whi
h remain enabled all times. In this way the lo
al 
ontrol redu
esthe high frequen
y angular �u
tuations, while the slow motions are 
ontrolled through the global
ontrol system. This implementation is rather simple be
ause its narrow bandwidth makes it lesssensitive to signal 
ouplings and not strongly a�e
ted by loop instability issues.Our studies showed that it is better to des
ribe the angular misalignment of the interferometernot using the motion of single mirrors, but, instead linear 
ombinations of them whi
h are thephysi
al normal modes of the interferometer misalignments (see Table 2). Not all these modeshave the same relevan
e for the stability of the interferometer; for example, the �rst mode ofTable 2 (di�erential mode of end mirrors) is the most important one for the power stability of the
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θx θyNE - WE NE + WE- PR + NI + WI + NE + WE - PR + NI - WI + NE + WENI - WI NI + WI-PR - NI - WI + NE + WE -PR - NI + WI + NE - WEPR + NI + WI + NE + WE PR + NI - WI + NE - WETable 2: Normal modes of the interferometer misalignment. The dire
tion of rotation is referred to thefront side of the opti
al 
omponent de�ned by the high-re�e
tive 
oating
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Figure 2: Comparison between the automati
alignment error signal for the North input mir-ror (θx) when the mirror is 
ontrolled by lo
al
ontrol and by automati
 alignment (full 
on-�guration).
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y
ling 
avity during 30 hours of lo
k with 10AA 
ontrol loops a
tive, 
ompared with the powertransmitted by the input mode 
leaner.dark fringe port. Then, in this intermediate 
on�guration we servoed the tilt of the NE mirror(see Fig. 1) dire
tly by means of the dark fringe signal leaving the BS under lo
al 
ontrol and allthe other mirrors under lo
al 
ontrol plus drift 
orre
tion.The full drift 
ontrol system has been su

essfully implemented and tested during the last
ommissioning run (C6, from 29th of July to 12th of August). The entire interferometer was kept
ontinuously well aligned and lo
ked on the dark fringe, for slightly more than 40 hours, andafter ea
h unlo
k (due to reasons not related to alignment) there was no need to repeat the pre-alignment pro
edure. During these long periods the power stored in the 
avity remained verystable; the residual long term �u
tuations were mainly due to input beam jitter. The 
orre
tionson the mirror positions during this time were typi
ally of the order of a few µrad.The automati
 alignment 
ontrol system for the �nal 
on�guration is still in the 
ommissioningphase. Sin
e August 2005 we managed to 
lose 10 out of 12 automati
 alignment 
ontrol loopsin a stable way leaving only one mirror (WI or BS) under LC. The remaining degrees of freedomrefer only to the long-term stabilization of the beam position drift in the two arms. Thus the fullhigh-gain (or high-frequen
y) se
tion of the 
ontrol system has been su

essfully integrated. Adedi
ated engineering data run has been s
heduled to test and do
ument of the interferometer inthis 
ondition.The Fig. 2 shows the 
omparison between the NI mirror error signal spe
trum of the lo
al
ontrol system (dark-solid 
urve) and of the automati
 alignment system (light-dashed 
urve); this
omparison permits to us to have a 
ross 
alibration of the two signals. The noise redu
tion forthe AA error signal below the unity gain frequen
y (u.g.f.) with respe
t with the LC error signalis due to a smaller ele
troni
 noise. Below the u.g.f the mirror motions is suppressed by the AAsystem. Integrating this spe
trum it turned out that we are just below the requirements for what
on
erns the total RMS motion.The Fig. 3 shows a trend of 30 h of 
ontinuous lo
k while 10 AA 
ontrol loops were 
losed; the
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dark 
urve represents the power stored in the re
y
ling 
avity and the light 
urve represents theres
aled input power; the 
omparison between the two shows that the power �u
tuations in theinterferometer are mainly due to the input power �u
tuations.This result is still preliminary, sin
e for a 
omplete study of performan
e and noise 
ontributionit is ne
essary to have all the loops 
losed (12 d.o.f.). With this partial 
on�guration the errorsignal for the 
ontrol of ea
h mirror has a big noise 
ontribution from the angular motion of theWI mirror (whi
h is not globally 
ontrolled). We expe
t that on
e all the mirrors are 
ontrolledby the automati
 alignment system the main noise 
ontribution to the error signals will 
ome fromthe angular �u
tuation of the inje
ted beam (jitter). Moreover the plan is also to 
ontrol slowdrifts of the input ben
h and to implement in a future time a slow drift 
ontrol, using the positionof the beam on the quadrants lo
ated at the end of the North arm.5 Con
lusionsThe implementation of an automati
 alignment system, based on the Anderson-Giordano te
h-nique, on a large-s
ale interferometer has been su

essfully demonstrated. For the interferometer
on�guration with no power re
y
ling an AA system was developed for the arm 
avities and provedto be very robust. It is now used routinely as a part of the ITF pre-alignment pro
edure.We implemented a drift 
ontrol system whi
h allowed more than 39 hours of 
ontinuous stablelo
k during the C6 
ommissioning run. This system provides a strong redu
tion of the power�u
tuations in the dark fringe and a very good long term stability. For the full 
on�guration,i.e. that with the PR mirror aligned, the automati
 alignment is still under 
ommissioning; wemanaged to 
lose 10 out of 12 loops with good preliminary performan
e.Referen
es[1℄ F. A
ernese et al. [Virgo Collaboration℄, �Status of Virgo�, submitted to Journal of Physi
s: Conferen
eSeries (Amaldi 6).[2℄ F. A
ernese et al. [Virgo Collaboration℄, �The last stage suspension of the mirrors for the gravitationalwave antenna Virgo�, Clas. Quant. Grav. 21, 425-432 (2003).[3℄ F. A
ernese et al. [Virgo Collaboration℄, �The Variable Finesse Lo
king te
hnique�, submitted to Journalof Physi
s: Conferen
e Series (Amaldi 6).[4℄ D. Babus
i, H. Fang, G. Giordano, G. Matone, L. Matone, V. Sannibale, �Alignment pro
edure forthe Virgo interferometer: experimental results from the Fras
ati prototype�, Phys. Lett. A 226, 31�40(1997).[5℄ F. A
ernese, et al. [Virgo Collaboration℄ �The design and performan
e of an Anderson-te
hnique basedalignment system�, submitted to Journal of Physi
s: Conferen
e Series (Amaldi 6).[6℄ D. Z. Anderson, �Alignment of resonant opti
al 
avities�, Appl. Opt. 23 (1984) 2944-2949 .[7℄ F. A
ernese et al. [Virgo Collaboration℄, �A lo
al 
ontrol system for the test masses of the Virgogravitational wave dete
tor�, Astrop. Phys. 20 (2004) 617-628 .[8℄ F. A
ernese et al. [Virgo Collaboration℄, �The Automati
 Alignment System in Virgo�, submitted toJournal of Physi
s: Conferen
e Series (Amaldi 6).[9℄ F. A
ernese et al. [Virgo Collaboration℄, �Automati
 mirror alignment for Virgo: First experimentaldemonstration of the Anderson te
hnique on a large-s
ale interferometer�, arXiv:gr-q
/0411116.

10th ICALEPCS 2005; M.Mantovani et al. : the automatic alignment system for the Virgo interferometer 6 of 6


