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the �rst experimental implementation of the Anderson-Giordano tehnique in a large saleinterferometer and its performane during reent data taking periods.1 Introdution
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Figure 1: A simpli�ed sheme of the optial 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 preditions of Einstein's theory of general relativity is the existeneof gravitational waves (GW). Several large GW detetors have been developed around the world,aiming at the �rst diret detetion of gravitational waves with a long term goal of observing andprobing the physis of massive objets in the universe.The Virgo interferometer is a ground-based interferometri gravitational wave detetor on-stituted mainly by a Mihelson interferometer (ITF). Resonant optial tehniques (like 3 km longFabry-Perot avities in the interferometer arms) are used to enhane the sensitivity to gravitationalwaves.The main optial omponents are isolated from the ground motion by a system of ontrolledmehanial suspensions, whih strongly redue all displaement noises of the mirrors in a frequenyrange well above the suspensions main resonanes (> 10Hz). Thus the mirror behave as free-fallingtest masses suitable for deteting the metri perturbation due to gravitational waves. Given theoptial layout shown in Fig. 1, gravitational waves propagating orthogonally to the interferometerplane would produe a signal, due to interferene pattern hange, at the output port.The design sensitivity of the Virgo is limited by the noise soures a�eting the system and itis remarkable even at low frequeny, being the detetion bandwidth 10Hz-few kHz [1℄. In terms oflinear spetral density of metri perturbation strain the sensitivity is h < 10−22/
√

Hz at 100Hz,whih orresponds to a residual rms displaement of the mirrors ∆L < 3 · 10−19 m over 1Hzbandwidth.2 Optial layout of the Virgo interferometerThe optial sheme 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 whih are injeted to the two orthogonal arm avities (North arm and West arm). Thebeams re�eted by these avities are then reombined at the BS. The longitudinal position of allthe mirrors are ontrolled in suh a way that this reombination reates a destrutive interferene
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Mirrors RMS [rad℄Power Reyling 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�etedbak to the power reyling mirror (PR). The presene of this mirror allows to enhane the powerirulating in the interferometer. The light from the dark port of the beam splitter is �ltered byan output mode leaner (OMC) before being deteted by a set of high-sensitivity photo diodes.The dark fringe signal, deteted read-out before the OMC is strongly a�eted by the alignment ofthe Fabry-Perot avities and then it is very pratial to use it in an alignment servo-loop.In order to be able to onsider the test masses as free, all of the main optis are suspendedin an ultra-high vauum by a omplex system alled super-attenuator (SA) [1℄, whih stronglyredues the seismi noise injeted to the mirrors. The super-attenuator is onstituted by a longpendulum and several seismi �lters. The last �lter stage, from whih the mirror and a so-alledreferene mass are suspended, is alled marionette [2℄). The SA system provides a seismi noisesuppression of ≈ 10−12 at a few Hz. Longitudinal and angular fores an be applied to the mirrorand to the marionette by using oil-magnet atuators.In order to be able to detet a GW signal the �utuation of the mirror relative positions shouldbe of the order of piometers; for this reason a longitudinal and angular mirror ontrol has beendeveloped.The ontrol systems are based on a modulation-demodulation tehnique: the input beam ismodulated in phase before it enters the input mode leaner (IMC) using an eletro-opti modulator(EOM), at a modulation frequeny of about fRF = 6.26MHz. This modulation an be desribedas reating new omponents in the light �eld, whih are frequeny shifted by o�sets ±fRF withrespet to the arrier at f0 (the new omponents are usually alled upper and lower sidebandrespetively). Demodulating the signals oming from photo-detetors plaed on the main beamsat fRF yields position information for the interferometer omponents. The longitudinal ontrolsystem is usually referred to as the loking system [3℄.3 Automati Alignment ontrol strategyA misalignment of the mirror with respet to the beam produes a variation on the e�etive armlength of the interferometer whih an mimi the e�et of a GW passage. Thus, to obtain thehigh sensitivity required by a detetor like Virgo, the residual mirror angular motion of the mirrorsmust be redued down to some nrad (see Table 1). The automati alignment (AA) is a servo-loopsystem designed to redue the �utuations of the mirror angular motions with respet to the beam,thus maintaining the overall alignment of the optial elements and reduing the noise at the darkfringe port.In order properly ontrol all the angular degrees of freedom, a sheme for getting angular errorsignals has been designed arefully, taking into aount the parameters of the interferometer. Theoptial design of the Virgo interferometer is based on the Anderson-Giordano tehnique [4, 5℄, avariant of the Anderson tehnique [6℄. We are using four beams oming out of the interferometerto onstrut useful angular error signals. They are: the main beam re�eted by the ITF, the twobeams transmitted at the end of the long arm avities, and the pik-up beam at the seondarysurfae of the BS (see Fig. 1). The main feature of the Anderson-Giordano tehnique is the fatthat all the detetion ports are able to detet the motions of all mirrors. In addition, the Virgoontrol system uses only one modulation frequeny to generate the error signals for ontrollingboth longitudinal and angular degrees of freedom.The sensors for the alignment ontrol are quadrant split photo detetors (or quadrant photo-diodes for short). These are photo-diodes with 4 separate elements. Eah 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�erenes between the upper and lower elements and the left and right elements are omputedand give the vertial 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 (vertial and horizontal respetively) of the phase front of the arrier with respet to thesidebands.Four sets of two quadrant diodes eah are loated on the most important beams oming fromthe ITF, as it shown in Fig. 1. Moreover the quadrant diodes are set, by a system of telesopes,to di�erene phases whih gives us di�erent signals; for eah detetion port we obtain therefore 4signals.Preliminarily all the mirrors are aligned by means of auxiliary devies, (Loal ontrol (LC)[7℄) designed to drive mirror alignment, without exiting the suspension mehanis, until theinterferometer is dark-fringe loked. Then, if the �utuations of the alignment are redued tofrations of µrad the automati alignment an be enabled. The loal ontrol system has an aurayof about 0.3 µrad within 5Hz bandwidth, but when the mirrors are under Loal 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 pith and yaw motion of the six main mirrors (PR, BS, NI, NE, WI, WE), using, asshown in Fig. 1, four detetion ports i.e. 16 demodulated error signals for eah angular diretion.The relation between the set of quadrant photo-diode signals and the set of mirror tilts isexpressed by a 16 × 6 optial matrix [8℄, whose elements an be diretly measured by injetingalibrated sinusoidal exitations through the marionette atuators [1℄. A χ2 based inversion of theoptial matrix [5℄ then yields a ontrol matrix that is applied by the Global Control to the set ofquadrant photo-diode signals to reonstrut the misalignment of eah mirror. These misalignmentsignals are sent as error signals to Digital Signal Proessors (DSP), whih apply �lters to buildorretion signals for the marionette atuators. 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 reyling (see Fig. 1: the PRmirror largely misaligned so that its re�eted beam doesnot interfere into the interferometer). This is a relatively simple setup beause the misalignmentsof the two arm avities are deoupled, therefore the optial matrix is redued to two 4×2 matries,one for eah avity arm, for pith 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 driftontrol system in order to inrease the duration of stable operation of the interferometer, whihwas mainly limited by slow drifts of the mirror positions. These drifts ould not be orreted by aontrol system based on loal ground referenes. Using the optial signals from the quadrants weimplemented ontrol loops with a very narrow bandwidth (a few mHz) to to readjust the setpointof the loal ontrol system, whih remain enabled all times. In this way the loal ontrol reduesthe high frequeny angular �utuations, while the slow motions are ontrolled through the globalontrol system. This implementation is rather simple beause its narrow bandwidth makes it lesssensitive to signal ouplings and not strongly a�eted by loop instability issues.Our studies showed that it is better to desribe the angular misalignment of the interferometernot using the motion of single mirrors, but, instead linear ombinations of them whih are thephysial normal modes of the interferometer misalignments (see Table 2). Not all these modeshave the same relevane 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 diretion of rotation is referred to thefront side of the optial omponent de�ned by the high-re�etive oating
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Figure 2: Comparison between the automatialignment error signal for the North input mir-ror (θx) when the mirror is ontrolled by loalontrol and by automati alignment (full on-�guration).
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dark urve represents the power stored in the reyling avity and the light urve represents theresaled input power; the omparison between the two shows that the power �utuations in theinterferometer are mainly due to the input power �utuations.This result is still preliminary, sine for a omplete study of performane and noise ontributionit is neessary to have all the loops losed (12 d.o.f.). With this partial on�guration the errorsignal for the ontrol of eah mirror has a big noise ontribution from the angular motion of theWI mirror (whih is not globally ontrolled). We expet that one all the mirrors are ontrolledby the automati alignment system the main noise ontribution to the error signals will ome fromthe angular �utuation of the injeted beam (jitter). Moreover the plan is also to ontrol slowdrifts of the input benh and to implement in a future time a slow drift ontrol, using the positionof the beam on the quadrants loated at the end of the North arm.5 ConlusionsThe implementation of an automati alignment system, based on the Anderson-Giordano teh-nique, on a large-sale interferometer has been suessfully demonstrated. For the interferometeron�guration with no power reyling 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 proedure.We implemented a drift ontrol system whih allowed more than 39 hours of ontinuous stablelok during the C6 ommissioning run. This system provides a strong redution of the power�utuations 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 performane.Referenes[1℄ F. Aernese et al. [Virgo Collaboration℄, �Status of Virgo�, submitted to Journal of Physis: ConfereneSeries (Amaldi 6).[2℄ F. Aernese 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. Aernese et al. [Virgo Collaboration℄, �The Variable Finesse Loking tehnique�, submitted to Journalof Physis: Conferene Series (Amaldi 6).[4℄ D. Babusi, H. Fang, G. Giordano, G. Matone, L. Matone, V. Sannibale, �Alignment proedure forthe Virgo interferometer: experimental results from the Frasati prototype�, Phys. Lett. A 226, 31�40(1997).[5℄ F. Aernese, et al. [Virgo Collaboration℄ �The design and performane of an Anderson-tehnique basedalignment system�, submitted to Journal of Physis: Conferene Series (Amaldi 6).[6℄ D. Z. Anderson, �Alignment of resonant optial avities�, Appl. Opt. 23 (1984) 2944-2949 .[7℄ F. Aernese et al. [Virgo Collaboration℄, �A loal ontrol system for the test masses of the Virgogravitational wave detetor�, Astrop. Phys. 20 (2004) 617-628 .[8℄ F. Aernese et al. [Virgo Collaboration℄, �The Automati Alignment System in Virgo�, submitted toJournal of Physis: Conferene Series (Amaldi 6).[9℄ F. Aernese et al. [Virgo Collaboration℄, �Automati mirror alignment for Virgo: First experimentaldemonstration of the Anderson tehnique on a large-sale interferometer�, arXiv:gr-q/0411116.
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