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The V irgo interferom etric gravimtional antenna
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Abstract. The nterferom etric gravitational w ave detectors represent the ultim ate evolution
of the classical M ichelson nterferom eter. T order t© m easure the signal produced by the
passage of a graviational wave, they ain o reach unprecedent sensitivities n m easuring
the =lative digplacem ents of the m nors. One of them , the 3-km -long Viigo graviational
w ave antenna, w hich w ill be particularly sensitive in the low frequency range (10-100 Hz), is
presently n its comm dssioning phase. Tn this paper the various techniques developed 1n order
o reach its target extrem e perfom ance are outlined.

Subm ited ©: Class. Quantum G rav.

PACS numbers: 04 80Nn,9555Ym

1. Introduction

The present ground-based nterferom etrical graviational wave detectors Vigo R], LIGO

3], TAMA300 (4], GEO600 [B]) ain to rach a spectral strain sensitivity of h about
10723/y/Hz— 10"%?/\/Hz 1 a fiequency range around 100 Hz. This means, in tems
of wlhative digolacem ents of the test magses, to measure length vartions of less than
107 m/y/H z (eee figure 1). T order o rach this extrem e sensitivity, special optical
configurations have been developed.

The passage of a graviational w ave can be detected In the output Interferom etric signalasa
r=lative digplacem entof a setof quasi-free fAlling m asses (Qugpended m inors) . V iigo, m ainly
consisting ofa 3-km -longM ichelson nterferom eter, w ith Fabry-Perotcavities in the arm sand
pow er recycling, shares w ith otherexperin ents, such asLIGO [3],TAMA KB]and GEO [5],
subsantially the sam e optical detection principle, and it ain s t© detect gravitational w aves
em itted by astrophysical sources R] in a fiequency 1ange between a few Hz and a few kH z.
Th partcular, Vigo, thanks to its peculiar attenuating system providing the highest passive
isolation perfom ance, w illbe m ore sensitive than the other detectors at low frequency (10-
100 H z range), ain ing ata displacem entsensitivity of 10~ "m //H zat 10 H z and at the level
10_19m/\/H_z atabout 100 H z. Ih term s of fringe sensitivity, the progress w ith regpect to the
M ichelson and M orley experin entw culd be from their1/100 [1] to the present1/10% of the
fringe butthe frequency reange atw hich the m easurem ent is perform ed is different) .
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Figure 1. Com parison of the design digplacem ent sensitivity of the tw o Interferom eters V igo
and LI30 , expressed Inm /v/H z, as a function of the frequency.

2.Basic principles of operation of an mterferom etric antenna

The first idea of the Interferom etric detection of graviational waves rem ounts up to the
60’s6]. The passage of a gravimtional w ave, com Ing from a direction perpendicular to the
Iine connecting tw o m inors, sugpended as quasi-free testm asses at a certain distance L one
from the other; w illbe seen by a lager Iightbeam travelling along this 1ne as a digplacem ent
of the sam e testm asses. The resultw ill be a change in the nterference condition betw een
the beam s com Ing from the two opposite directions. Since the action of the graviational
wave on a length L is essentially described by its adin ensional strain h = AL/L, the quantity
AL t© be m easurad is enhanced if the length L is larger. G wen the expected values for an
adin ensional stain of astophysical source @bout 10722 /y/H z— 10722 //H z 1 the 10-100
H z fiequency range), the AL t© be m easured is extrem ely an all. For this reason the ground
based graviational w ave Iterferom eters are as long as possible, of the order of several km

Vigo is3 km Jong, LIZ0 is4 km long).

2 1.0 ptcal cavites

Th oxderto increase the optical path, the firstpossibility w ould be to use delay lines: the Iight
could be m ade travelm any tim es nside tw o m inors gpaced severalkm gpart. This device is
too difficult to control, thus the use of optical cavites Fabry-Perot) has been preferred. n
a Fabry-Perot cavity having finesse F the dephasing of the reflected light is enhanced by a
factor2/m X F . Therefore, w ith afinesse F = 50, a cavity 3km -long can be seen as optically
equivalent to an about120-km -long one.
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2 2.M ichelson configuration

I prnciple a single cavity could be used. H ow evey, the signal com Ing from a single caviy
w ould be dom inated by the Jaser frequency noise Av (ypically of the orderof 10*H z/( £1/H 2) .
Fora cavity having length L of the orderof 1 km , and a laser fiequency v = 2.8 x 10, the
equivalent displacem entnoise would be AL = Av/v x L2 3 x 10 1°H z/\/Hzat 100 Hz. Th
orer to overcom e this 1im it the nterferom eter configuration isused: in an idealM ichelson,
having no am s asym m etry, there isno frequency noise Injection in the nterference betw een
the beam s com Ing from the tw o amm s. This is the r=ason because all the graviational antennas
have the M ichelson nterferom eter configuration. In a gravimtional wave interferom etric
antenna high-quality optics are suspended t© act as quasi-free test m asses at the end of the
M ichelson nterferom eteram s, the am sbeing, n Vigo, LIGO and TAM A , optical cavites.

2 3.Dark fringe

Usng laser beam g, the first findam ental noise source is the shot noise connected t© the
corpuscularnature of the Iight. h orderto in prove the shotnoise signal-to-noise 1atio, itcan
be show n that the shotnoise signal to noise ration ism axin ized if the nterferom eter is kept
on the dark fringe, that is the tw o beam s com Ing fiom the two am s are m ade destuictively
nterfering. A 1l the light is therefore reflected back tow ards the laser source. Tn thisway, the
w hole interferom eterbehaves ke a m inor, reflecting back all the lncom Ing Iight. Since the
shotnoise signal-to-noise mto in provesw ith the square rootof the pow ey, it is corvenient to
ncrease asm uch aspossible the light stored inside the interferom eter.

2 4. Power recycling

Once the 1im it In the ncrease of the noom Ing laserpow er is reached, a further in provem ent
can be obtained by reflecting agam, tow ards the interferom eter, the Iight com Ing back t© the
laser. Forthis reason, betw een the laser and the nterferom eterbeam gplitter, anotherm ior,
called the recycling m inor, is placed, w hich, togetherw ith the interferom eter itself, form sa
furtheroptical cavity n w hich the light is stored . The Iightpow er inside the recycling cavity,
ie. the light in pInging onto the nterferom eterbeam splittey; is enhanced by a "recycling"
factor.

2 5. H eterodyne detection

A further Im it to the sensitvity are the power fluctuations of the laser light. The
presently available noise source are not shot noise dom nated In the frequency of Interest
forgraviationalw ave detection (10 H z-10 KH z) . O ne trick to overcom e the pow erfluctuation
problem is to shift the detection fiequency In a frequency range w here the Jaserbeam is shot
noise dom ated. Forthis reason the laser light ism odulated in phase ata frequency of several
M H z, where the Jaser is shot noise dom inated, before entering the nterferom eter; and then
dem odulated by the sam e reference, In the standard Pound-D reverH all (PDH ) schem e[7] B].
At the dark fringe output of the Interferom eter the beating betw een the carder and the
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sidebands is detected  heterodyne detection), when the destuctive interference condition is
m odfied by the passage of a graviational wave. In order to have an availbble signal, the
sidebands have to be partially tranam itted to the dark port: this is obtained by ntroducing
a glight asymm etry in the amm s length, so thatw hen the carder is on the perfect destructive
hterference the sidebands are partially transm itted Schnupp’s technique [9]).

The ams agsymmetry mposed by the Schnupp’s technique, together with other am s
asymm etries (ke cavity finesse asymm etries), have as a consequence that part of the
frequency noise of the laser is rentroduced In the Interferom eter. This in poses t© s@bilize
the laser frequency, up t© a levelw here its effect is low er than the shotnoise (the frequency
sabilization schem e adopted n Virgo w illbe descrbed n 4 3.

2 6. Autom atic alignm ent

Th addition t© the Interferom eter is Jongitidinal Jocking, an angular control system  is needed
to maintain the m Inors In an aligned position w ith regpect to one another and the incom ing
Ieam . The alignm ent system  is not refened to the ground, it mther keeps the interferom eter
autom atically aligned on the incom ing beam . Several technigues, know n asw avefront sensing
techniques[10] are used In the graviational w ave nterferom eters: they all ke advantage,
analogously o the Pound-D reverH all technique, of a high fiequency ™ Hz) m odulation-
dem odulation technigue. The autom atic alignm ent schem e designed forVigo [12] uses the
Anderson technique [11]. Them odulation frequency is chosen so thatthefirstordertransverse
modes (TEM q;) of the sidebands are resonant In the am cavities. O nce all the cavites of the
nterferom eter are locked at thelr resonance, the tranam itted Iight is detected by differential
w ave-front sensors, producing photo currents w hich are dem odulated and then opportinely
m Ixed t© achieve signals proportional to the m isalignm ents betw een the optical com ponents.
These signals are then filtered and sentby feedback t© them Inors atthe Jevelof them arionetie
w ith a controlbandw idth of a few H z, so thatnoise is not reintroduced 1 the detection band.

2.7 .Lodking

h orderto attain the desired sensitivity, the Interferom eterhas to be placed and keptin a spec-
Tfied working point, ie. w ith the amm s at the optical resonance of the cavites, the M ichelson
on the outputdark fringe and the recycling cavity at its resonance. Thism eans that the various
lengths and positions of the m inors have to be actively controlled, this operation being called
Iongitudinal locking of the nterferom eter.

3.TheV irgo interferom eter

3 1.Vigo general layout

The optical layoutofV igo ischown Infigure 2: a laserbeam QROW @ 1064nm ) isproduced by
aNd :YVO 4, highpow erlaserinjection, lockedtoalW Nd :YAG master laser. The laser Iight
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ism odulated In phase ata fiequency of 6 26 M H z before entering the vacuum system atthe
Tnjection bench (IB ), and is then pre-s@bilized by the 144 m Jong Inputm ode-cleaner (M C),
to a few tens of kH z using a stendaxd Pound-D reverHall (PDH) scheme[7]1[8]. The low
frequency pre-sabilization is perform ed by actively controlling the length of the M C to lock
the Jaser frequency to the length of a 30 an m onolithic trangularcavity RFC) suspended in
vacuum .A 10W pow erbeam em ited from the Injection system enters nto the interferom eter
(ITF) through the pow ertecycling m inor (PR ). The beam is gplit at the level of the beam -
solitterm imor B S), and enters the tw o 3km long Fabry-Perot cavites (orth cavity and west
cavity).

Together w ith the PR m inor, the M ichelson ITF fom s a Febry-Perot cavity, the power
recycling cavity, w ith an optical recycling gain of 50 when the ITF is at its w orking point.
T this state, the expected pow erupon the BS is 500 W . The 3-km Fabry-Perot cavites have
afinesse of 50 (opticalgain about32): the final pow er circulating nside the ITF is therefore
estin ated tobe around 8 kiW W ith the IT'F atthe operating point, the gravitationalw ave signal
is extracted on the dark portbeam , w hich passes through the outputm ode-cleaner OM C), t©
reach a setof 16 MG aA S photodiodes B 1), by which the dark port signal is reconstructed.
O ther signals are extracted from the IT'F, essentially for control purposes: figure 2 show s the
benches detecting the beam s tranan itted by the long Fabry-Perot cavibdes NB and W B), the
beam r=flected by the ITF O T), and the beam r=flected by the second face of the BS OB).
I figure 3the noise sources 1im itng the V iigo sensitivity are shown: the m ain lim itng noise
contrbutions w ill be seigm ic distutbances below 4 H z, therm al noise up t© 100 H z and shot
noise athigher friequencies.

32.0ptcs

The V irgo otpical design i poses very large (diam eter 350 mm ) and heavy optics 20 kg)for
the Interferom eter sugpended m inors and beam  gplitter. The total losses at 1064 nm of each
m Inor (ncluding absorption, scattering and large-scale w avefiont deform ation) should not
exceed 100 parts perm illion fppm ). There are spectic constraints on the absorption « 5
ppm ) due to the themm al lensing and on the scattering level « 5 ppm ) to m Inin ize the noise
on the Interferom eter output, due t© the scattered Iight. For these reasons m inors and beam

golitters are superpolished piecesm ade of anew typesofsilica Suprasil3ll SV, Suprasil312
SV ),w ith very Jow absorption and scattering, m anufactured by the G exm an com pany H eraeus,
developed in collaboration w ith ESPCI (Paris). The OH content isvery low («50 ppm ), the
refractive Index is hom ogeneous in all directions and the birefringence isvery Iow « 5104
1ad/am ). The bulk absorption of the silica substrates crossed by the VIRGO laserbeam has
been m easured [13] as being less than 0.7 ppm /m . The flamess of these Jarge com ponents
is8 mm RM S on 150 mm . The lin itng factor of the w avefront flatness is the substate:
since the polishers can not guarantee every tim e better w avefionts, the substrate surface is
conected before deposition by using a C onective Coating technique [14]. The m inors, after
final coating w ith reflective quarter w avelength layers of S 2 and Ta20 5, exhibit a global
RM S flatmess of the orderof 3 nm over150 mm , an average absorption of less than 1 ppm
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Figure 3. Vigo design sensitivity w ith the lin itng noise sources: seign icnoiseup to 4 Hz,
therm alnoise up t© 100 H z and shotnoise athigher frequencies.



The Virgo interferom etrric graviational antenna 8

and a scattering of the orderof 5 ppm , thus being the m ostperform Ing existing large optics.

3 3. Suspensions

Th all the present ground based nterferom eter the testm asses are m Inors, isolated from the
ground by sugoending them o pendula. The V irgo seism ic igolation, being m ore com plex than
those of the detectors, provides the highestpassive isolation perform ance. The testm asses are
Iocated 1 an ulra-high vacuum system (from 10~ ° mbarforH 2 up t© 10~ forhydrocarbon)
and suspended from a sophisticated seism ic isolation system the Superattenuator SA ). The
SA isamulbstage, 10-m -&1l, m ulbipendularsuspension, w hich iseffective in isolating the test
m asses from the seiam ic noise for fiequency higherthan a few Hz (the pendulum resonance
frequency are all confined below a couple of Hz). The seign ic attenuation system is either
passive and active. The passive filtering is provided by the SA , a chain of m echanicalfilters.
The first stage of the SA [15] is an Tnverted pendulum (IP) preisolating sage [16]. A chain
of five m echanicalfilters is sugpended from the top of the IP. From the last stage of the chann
(the so called "filter 7" [17]) an anvil shaped steel stage, the 5o called "m arionette” [18], is
Suspended by a steelw Ire. The payload, suspended from the m arionette, is form ed by the test
m ass and by an alum num referencemass RM ), independently sugpended behind the m inor.
The passive attenuation of the w hole chain isbetterthan 10~ at10 H z, conesponding to an
expected residualm iorm otion of 10_18m/\/H_z at the sam e frequency. D ue t© the residual
Iow frequency m otion of tens of m icrons at the resonances of the SA |, the fiequencies of the
w hole chain nom alm odes ranging betw een 40 mH z and 2 H z w ith quality factorsup to 10°,
the SA isdesigned to allow an active controlof the m iorposition overa very large dynam ic
range. I order to allow lock acquisition, ie. to confine the residual m mor m otion below
1lum , control forces are exerted on three actuation points: atthe IP top stage level, perfom ng
an nertial active dam ping of the resonantm otions of the SA  [19]; using the m arionette coils
to steer the suspended m inor [18] w ith respect to the last stage of the chain; and directly on
the m Inor, thmough coils supported by the RM which can act on fourm agnets m ounted on
the holder of the m Inor. A Jocal control system referned to the ground, is active 1n the bot-
tom partofeach SA in orderto keep the Iongitudinal displacem entof the m morsbelow 1um
m s. Tuses as a signal two lagerbeam s em ited by lasers leaning on ground outside each
tow er. Thege beam s enter into the tow erthrough an opticalw indow , one is reflected one by a
m Inor on the m arionetta and the other one by the sugpended m inor it=elf, and then in pinge
on regective PSD detectors, afterpassing through dedicated optical system s, thus being used
as optical levers for reconstmicting the m Imorm ovem ents. A correction feedbadk using this
signals allow s to dam p and control the Iocal angularm otion of the m morsbelow 1puad RM S
and m akes the acquisition of the longitudinal lock of the Interferom eterpossible w ith a Iim ied
actuation force, thus preventing noise reintroduction In the detection band. STnce this system
is referred t© the ground, and therefore Iin ited by the seigm ic noise, once the Iongitudinal
Jocking of the Interferom eter is acquired the Jocal control system is sw ithed off and r=placed
by the autom atic alignm ent system .
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Figure 4. Schem e of the Viigo Supemttenuator chain: In the CITF the feedback is exerted
at three stages: nertial damping is perform ed at the Tnverted pendulum stage, local control
through the m arionette, and the Interferom eter locking keeping force acts on the m inorthrough
the reference m ass.

4.The comm issioning ofthe 3 km longVIRGO

Th orderto testthe sability and robustness of all of the sub-system s Ivolved In the operations
and to getgom e experience in designing the various control system s, the V iigo com m issioning
activity has been organized 1n steps of ncreasing com plexity : the separate com m issioning of
the N orth and W est Fabry-Perot cavities, follow ed by the com m issioning of the r=combined
M ichelson Fabry-Perot IT'F, and eventually the comm issioning of the recycled M ichelson
Fabry-Perot IT'F . Short periods of continuous data-aking (the so-called comm issioning runs)
have t@ken place every two to three m onths since Novem ber 2003, In order to check the
evolution of the detector and the consequent progress in the level of sensitivity. Five
com m issioning mns have been perform ed so far:

e C1 -North cavity Iongiudnall conttolled (14-17 Novem ber2003);

e C2 -North cavity longiudinally controlled, plus autom atic alignm ent 2023 Febrary
2004);
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e C3 - Two configurations: North cavityy as In C2 plus the fiequency s@bilisation servo
@326 April 2004); first data-taking w ih the ITF locked In recombined mode Q627
April2004);

e C4 - ITF ongiudinally contolled In r=com bined m ode, w ith suspension tidal control,
autom atic alignm enton both the amm s, frequency stabilization serwo 2429 June 2004);

e C5 -Two configurations: ITF In recom bined m ode as In C4, plus end suspensions w ith
fiull hierarchical control ©-6 D ecem ber 2004); first data-aking w ith the ITF locked In
recycled m ode (6-7 D ecamber2004);

The comm issioning of a single am was concluded w ih C3, w ith an autom atic alignm ent
and a frequency servo mnning for this configuration. The evolution of the detectors w orking
In recom bined and In recycled m ode w ill be described In sections 4 2 and 4 5, where the
attention w i1l focus upon the tw o m ost recent data-tgking during C4 and C5.

4 1. The Iongitudmnal control

The nom mnal sensitivity of an nterferom etric detector such as 'V iigo is achieved by selecting
an appropriate w orking point, w ith laser light resonant in the optical cavites, and the output
porttuned on the dark fringe. These conditions translate nto fixed relationships betw een the
laser Iightw avelength and four ndependent lengths of the ITTF R0]:

e the length of the recycling cavity (PRCL),

o the differential length of the shortM ichelsonams M ICH), L — L;

e thecommon (CARM ) and the differential OARM ) length of the two long am s, L; + Lip

andl; — L.

W hile the expected sensitivity is of the orderof 1078 m /v/H z, the allow ed deviation fiom
thew orkingpointis 10" 12 m m s.A feedback controlsystem isneeded to keep the ITF locked
on the required interference conditions. R elative digplacem entof the m inors is detected using
a carderbeam phase m odulated at 6 M Hz. Using a sendard PDH technique all the lengths
Iwolved can be reoonstructed by m ixing the signals produced by the photodiodes, which
are placed at different output ports of the ITF. These enor signals are digitized and sentt©
the V igo global control system (G Iobal Control 20]), w hich com putes the conections to be
applied t© the m inors by the actuators at the level of the reference m ass.
A Jocalcontrol system |, referred to the ground, is active In the bottom partofeach SA in order
to keep the longitudinal displacem entof them Inorsbelow 1um m s. Thisalso keeps the local
angularm otion of the m norsbelow 1urad m s and allow s the acquisition of the longiidinal
Jock of the mterferom eterusing a lin ited actuation force, thus preventing noise rentroduction
I the detection band.

4 2 . The recom bined interferom eter

A san Intem ediate step tow ards the full configuration, the hterferom eterw as com m issioned
T r=com bined m ode fora large partof 2004 . In this m ode the optical schem e differs fiom
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the final configuration In that the PR m inor is significantly m isaligned, so that only three
lengths instead of fourhave to be Iongitidinally controlled: CARM ,DARM andM ICH .U sing
the end tranam itted signals the tw o Jong am s can be controlled Independently, acting on the
ocorresponding end m Inors. A s soon as the cavitdes are locked, M ICH is controlled w ith the
outputportdem odulated signal (oralematively the reflected dem odulated signal) filtered and
sentto the BS . By applying this strategy the Jock isusually acquired in a few seconds.
Because of the Iow pow er upon the end photodiodes, the tranam itted signals are electronic
noise-lim ited: once the lock is acquired, they have t© be replaced by another sstof lessnoisy
signals. haseady sate CARM  isalso attaned using by the n-phase dem odulated com ponent
of the light reflected by the ITF. Instead, DARM is attained by the In-phase outputport Iight,
w hich is slightly contam inated by M ICH , m ainly provided by the otherquadmature of the ITF
reflected Iight. L lnearcom binations of the enorsignals are com puted to provide the correction
forces to the m inors. This phase is called linear locking.

4 3.The Comm issiontng Run C4

During C4, the Interferom eter was operated for five days In recombined mode. The
Iongitudinal degrees of firedom were locked according to the linear locking scheme
previously described, w ith the autom atic alignm entmnning on both amm sand suspension tidal
controlon the end m inors. The laser frequency w as actively stabilized on CARM ,which was
Jocked on the reference cavity In Iine w ith the frequency servo strategy developed IV igo, the
so-called Second Stage of Frequency sabilization. The OM C w as Jocked on the dark fringe, so
thatDARM could be controlled by the filtered outputdem odulated signal. The nterferom etric
schem e In the data-&king m ode is described in figure 5. The Jongest continuous lock during
C4 wasabout28 hours. A 119 lock losses thatoccurred w ere analyzed and understood. A tthe
beginning of the min som e acoustic noise njection w as perfom ed 1 the lJaser and detection
TBboratory, to study the possible couplings w ith the dark fringe signal P1]. A software and
hardw are injection of ngpiral events w as also perform ed 23] during the data-taking, t© test
som e of the elem ents of the analysis chain and to characterize the detector sability during the
mn.

At the begining of the min som e calbbration noise Mjection was performed In oxer t
produce the sengitivity curve. The result is plotted in figure 6, togetherw ith the m ain noise
contrbutions. The sensitivity is sl lin ied by controlnoise at low frequency, by the m inor
actuatornoise In the Interm ediate frequency range and by laser frequency noise, starting from
som e hundreds of H z.

4 4 . Reduction of actuation noise

Longiudinal contol during C4 was acquired and m aintained by acting on the m inor at
the level of the r=ference mass. The noige njected by the r=coil m ass actuators nto the
nterferom eter is a severe Iim itto the sensitivity of Virgo: at20 H z it ism ore than 1000 tin es
lager than the design sensitivity. Ik ism ainly contributed to by the 16 bitDAC noise 300
nv /A&gqrtH z)) and the coildrivernoise (70 nV /grtH z)) and is converted into equivalentm inor
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Figure 5. C4 configuration: the data-taking m ode consisted of the ITF locked in recom bined
mode according to the linear lodking scheme, wih the autom atic alignm ent mmnning on
both am s. Tn this sate, the fiequency sabilization contiol system is engaged. W ih the
laser frequency pre-sabilized on the M C, the CARM  locking loop is sw itched off and the
corresponding PDH enor signal is added into the enor point of the M C -loop bandw idth 1
kH z). The sam e signal is applied t© the length of the M C, w ith a bandw idth of about 200
Hz: in thisway the laser fiequency and the length of the M C are stabilized on CARM , w hich
provides a better frequency stability at frequencies higher than the intemal resonances of the
SA .The Iow frequency sabilization is achieved locking CARM on the RFC length.

digplacem ent by a reasonably large coupling factor: 130 m icronsA7 . Such a large coupling
factorhas been adopted In order o ease the Jock acquisition. Once the lock is acquired, the
residual force t© be exerted is largely n the Iow frequency r=gion O C -5 Hz), where tidal
drifts and resonant m otion have t© be com pensated, and very am all elsew here. Therefore,
the gain of the coil driver @End the corresponding noise) cannot be rduced, unless a large
fraction of the low fiequency force is reallocated to the upper stages. This is In fact the
V irgo suspension hierarchical control strategy : once the lock is acquired, the locking force
is gplit over three actuation stages n a hierarchical way. The correction in the range DC -
0 .01 H z, that com pensates forearth tides, is reallocated upon the soft verted pendulum ; the
force In the range 0.01-8 H z, where all the suspension resonances 211, is reallocated to the
m arionette. C onsequently, the residual force on the reference m ass is stongly r=duced, and a
strong reduction of the coil drivergain becom es possible.

W ith respect to the reference m ass-m inor system |, the upper actuation sage reveals m ore
com plex dynam ics. There is an Intrinsic and non negligible coupling betw een the horizontal
actuators pushing on the m arionette and the pitch m otion induced on the m ior. Therefore,
the Jocking of the ITF from the m arionette, requires the use of all fouractuators available w ith
a proper frequency dependent diagonalization .
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Figure 6. Sensitivity curve In C4 expressed inm /V/H z, w ith the m aln noise contrbbutions:
control noise at Iow frequency, m Inor actuator noise essentially 16 bit DAC noise) In the
ntem ediate frequency range and laser frequency noise starting from som e hundreds of H z.

Once the lock is acquired using the recoil m ass only, the recom bined ITF should be fully
Jocked before rallocating the force t© the upper stage: it is necessary that second stage of
frequency sabilization is engaged, otherw ise the frequency noise would cause saturation of
the m arionette actuators. A fier reallocation, the reference m ass residual conection alv ays
1=m ains below 10 mV, allow Ing a reduction of the coil driver am plffication by a factor of
1000.

The ITF w as minning in recom bined m ode during the firstpartof C5, w hen a full hierarchical
controlof the end suspensions w as successfully tested.

4 5. The Jock acquisition of the recycled ITF

A sVigo and LTG0 have sin flaroptical setups, the lock acquisition strategy developed 4]
and adopted In the LIGO interferom eter R5] was t@ken as a sartng point for the lock
acquisition schem e of the Vigo recycled interferom eter. This baseline technique consists
n sequentally controlling the four degrees of fieedom of the ITF, dynam ically changing
the optical sensing m atrix t© com pensate the varation of the fields in the course of lock
acquisition. Som e Intemm ediate sable sates w ere locked applying the LIGO stategy, and
som e full Jock acquisition trials w ere perform ed. A tthe sam e tim e an altematve technique
w as developed : the first tests rapidly provided prom ising results, and experim ental activity on
the baseline technique w as subsequently intenupted.
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4 6. Lodk acquisition

The basic idea of the new lock acquisition technique is that the ITF is locked outside the
w orking point for the dark fringe. T this way a good fiaction of light escapes through the
outputportand the pow erbuild-up In the recycling cavity is low . Then the ITF is adiabatically
broughton to the dark fringe. This technique is referred to asvariablefinesse 2], because the
finesse of the recycling cavity changes during the Jock acquisition path. The procedure sarts
w ith the PR m inor mibdally m isaligned by som e prads. The sin ple M ichelson is controlled
on the half fringe, using the outputport DC signal, w hile the two am s are Independently
Jocked using the end photodiodes, as In the r=com bined configuration. The pow er recycling
caviy length is controlled using the reflected 3f-dem odulated signal. Tn thisway all the four
Iongitudinaldegreesof firedom ofthe ITF are locked In a s@blew ay from the beginning of the
Jock acquisition procedure, preventing excitation of the m Inors. From this starting condition
the PR is realigned, w hile alw aysm aintaining the M ichelson on the half fringe, giving a very
Iow recycling gamn.

T orerto ncrease the recycling gain the M ichelgon has t© be broughton to the dark fringe:
this is done adiabatically, decrrasing the offset in the M ichelson enor signal. Atthe same
tin e, the control schem e changes. The end photodiodes can only be used t© independently
controlthe cavitiesw hen the ITF isfarfrom the dark fringe: w hen nearing the dark fringe they
begin t© couple saongly and a com m on and differential controlhas to be activated to keep the
Jock. Then a fiequency stabilization servo is engaged, controlling CARM w ith a very high
bandw idth : consequently, the contam Tnation by this degree of freedom on all the photodiodes
is cancelled. DARM is kept n a Jocked state by one of the end photodiode signals. The
final step consists of sw itching from the D C t© a dem odulated signal to conttolthe M ichelson
length. Eventually the offset in the M ichelson enor signal is rem oved, the ITF goeson to the
dark fringe and the recycling cavity gain Increases up to them aximum value.

Applyng this tecdhnique the lock acquisition of the full Virgo ITF w as reached for the first
tim e on 26th O ctober 2004, and tested In the latterpart of C5. A typical lock acquisition
sequence takes few m nutes and it provides a determ Tnistic and repeatable lock. The final
recycling cavity gain wasm easured to be around 25.

4 7. Sensitivity progress

The 3 km V iigo detector has been in comm issioning for about one and half years. The first
Jock of a single Fabry-Perotam was realized In O ctober 2003 : after exactly one year, the
Jock of the recycled ITF w asperformm ed (seefigure 7). Th betw een, the com m issioning of the
recom bined ITF w asalso realized, w ith the continous In provem entof the various sub-system s
and controls Ivolved In the operations: longiudinal lock, autom atic alignm ent, frequency
sabilization servo, filll hierarchical suspension contiol.

During this one-year period the digplacem ent sensitivity of the detector has evolved from
10 *m/y/Hzto lessthan 10 *°m /V/H z.
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Figure 7. Progress In the V iigo sensitivity In approxin ately one yearof comm issioning. The
fact that during the summ er of 2004 a laser pow er attenuator w as installed I the Injection
system also need to be congidered: in C5 the laser light entering the ITF was around 0.7 W,
nsead of 7W  as In the previous nins.

5.Conclusion

The graviational w ave Interferom eters are the extrem e evolution of the classicalM ichelson
Interferom eter. Even if theirgoal is the m easurem ent, at the typical frequency of 100 H z, of
goectral densities of relative digplacem ents, rather than static lengths, the orderofm agnitide
of the targetsensitivity (m uch less than the diam eterof an atom ic nucleus) sounds astounding.
The progress In the sensitivity of the V igo nterferom eter tow axds the target sensitivity isa
good dem onstration of the way In w hich this m easurem ents can be attained. A fier one year
of upgrades, the displacem ent sensitivity of the detector has evolved fiom 10 'm /\/H z o
less than 10_16m/\/H_z. Pregently, the comm issioning of the recycled IT'F is on-going, w ith
the goal to in prove the rbusmess of the longitudnal lock, at the sam e tim e putting nto op-
eration otherm ain conttol system successflly in plem ented In the recom bined configuration
and reducing extemal noise sources. The characterization of the noise contrbutions to the
sensitivity constitutes another fimdam ental tagk, w ith the progpect of a science run, close t©
the mrget sensititivy, before the end 0o£2005.
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