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The automatic control of the suspended mirrors is a major task in operating an interferometric
gravitational wave antenna. To reach the extreme sensitivity required for this kind of detector, an
accurate alignment and a stable locking of the interferometer on its working point are crucial. The
solution of this problem is particularly complex in the case of a multistage pendulum, such as the
suspension system for seismic isolation adopted in VIRGO. A precise knowledge of the suspension
mechanical transfer functiori$F9) for different forces applied in the control servo-loops represents
essential information to reach the goal. In this article, we describe the apparatus we developed to
measure the VIRGO suspension TF and we report the results thus obtained on full-scale suspensions
at the VIRGO site. Preliminary results for the implemented control system of the last suspension
stage are also presented. ZD02 American Institute of Physic§DOI: 10.1063/1.1463717

I. INTRODUCTION complexity of the mechanical behavior of the suspension.
To control the test mass movement, forces can be ap-
Ground based interferomeric gravitational wai@W) plied on the SA at various levels. There are three coils, at-
detectorSare long base line Michelson interferometéviis)  tached to the external structure surrounding the SA, acting
whose arms host long Fabry—Pe(&P) cavities or optical on the top stagéused for inertial dampirfgand dc control
delay lines. The typical arm length ranges from a few hun+our coils(two horizontal and two verticalare mounted on
dred meters®to a few km*° To reach the extreme sensitiv- legs attached to the last passive filtealled “filter 7" for
ity required for GW detection, all the optical components ofhistorical reasonsand act on four magnets glued to the arms
such a detector must be carefully isolated from all theof the marionetta; these coils allow to apply a force on the
sources of external disturbance. In particular, in order to filtermarionetta center of mass in the direction of the interferom-
ground vibrations, the mirrors are suspended to seismic akter optical axis and torques around axes orthogonal to the
tenuators, which are essentially pendula, for horizontal isotinterferometeroptical axis. Four moréhorizonta) coils are
lation, but with an adequate elastic internal structure for verattached to the reference mass acting on four magnets di-
tical isolation. Such an attenuator gives a good attenuation akctly attached to the back surface of the test mass. Further
seismic oscillations at frequencies above its pendulum norinformation on the actuators acting on the SA can be found
mal modes(NMs), the drawback being that, at the NM fre- in Ref. 8.
quencies, the mirrors can undergo rather large oscillations In order to design the complex servo-lodpSrequired
(up to several hundred microng=or this reason, an auto- to control the SA of the VIRGO antenna, accurate knowledge
matic control system is necessary to damp the NM oscillaof the mechanical TF is necessary; to this purpose, a dedi-
tions and to control the relative orientation and position ofcated interferometric device was designed which allowed a
the mirrors in order to align the interferometer and lock it onnoncontact TF measurement by sending a laser beam on the
the working point(dark fringe for the MI and resonance for surface of the optical element and looking at the reflected
the FP cavities The error signals for the servomechanism,beam. In a previous articfé,we describe in detail the moti-
which operates on many degrees of freed@®F) are pro- vation and the principles of operation of such a device and
vided by the interferometer itself and by additional local report on preliminary testing performed on a prototype. A
measurement system@osition sensors, acceleromejers new version of the earlier device has been designed in order
The actuators are generally coil/magnet pairs; by regulatingo measure the TF of the final SA at the VIRGO site in
the current flowing in the coils it is possible to exert forcesCascina, based on the same principle of operation but with a
on magnets that are placed at different positions on the sugsompletely different optical layout, compatible with the de-
pension and then to induce translations or rotations to th&ector geometry. In this article we describe in detail this de-
suspended optical componefitairrors, beam splitte(BS),  vice and report the actual measurements performed on two of
etcl. the VIRGO suspensions. In particular they are the BS sus-
For the VIRGO interferometer, the suspension is a mulfension and the one of the input mirrors of the west arm of
tistage seismic isolator, called superattenué®ax), made of the interferometer WI. The measured TFs have been used to
a preisolation stagen inverted pendulum supporting the top design the servo-loops to control the mirror position with
stage of the suspensipra cascade of five passive isolation respect to a local reference provided by the measurement
stages, and a lower part with a steering element, calledevice itself; preliminary results are reported in a dedicated
“marionetta,” to which the test mass of the suspengitat ~ section.
is one of the optical elements of the interferomgi@nd a
recoil mass, called “reference mass,” are suspended. A dgi. INSTRUMENT DESCRIPTION
tailed description of the SA can be found in Ref. 6. The SA

permits to extend the VIRGO frequency band for GW detec- " Fi9- 1, we show the schematic setup for TF measure-
tion down to about 4 Hz; the price to pay is the extremement. A laser beam is sent through an optical window to the
’ surface of the optical component that is suspended under

vacuum. The reflected beam exits the vacuum tank through a
aAuthor to whom correspondence should be addressed; electronic maif€coNd window, 'S_reﬂeCted by a mirror back to the teSt_ mass
luciano.difiore@na.infn.it surface, and then is further reflected to the entrance window.
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FIG. 1. Schematic setup for TF measurement.

necessary to reduce the overall size of the detector so as to fit
The movement of the suspended mirror can be measurd]® limited space available around the VIRGO vacuum
by looking at the reflected beafassuming that the displace- chambers. A second important point is that, due to the posi-
ments of the test mass are larger that those of the other el€2" of the optical windows on the vacuum tanks, the optical
ments of the apparatusin particular, we are interested in eam plane is not horlzonte}I, but its normal is at an angle of
three DOF of the suspended mirror, namely the displaceme/P0ut 23° with the normaFig. 1).

Z along the optical axigorthogonal to the mirror surfage The_light source isa_lsingle—mode H.e—Ng laser that Iig_hts
and the rotation$6, and 6,) around axes orthogonal to the the device thrqugh a single mode_ optical fiber. Qn thg first
optical axis(pitch and yaw, respectively platform there is a fiber beam splitter FBS that is the input

The displacemenZ is measured by a Mach—Zehnder BS of the Mach—Zehnder interferometer. At the exit of the
interferometer; one of the two arms is the beam reflected by BS: Oné of the two fiber arms, that is, the reference arm of
the suspended mirror, while the oth@eference armis he interferometer, is folded several times on a home-made
folded several times on a rigid platform. The angular meapiezoelectric fiber stretcheéPZT) which is used as an actua-
surement is provided by a position sensing devieSD tor to control the optical path lengt©PL) and then to hold
iiluminated by a small fraction of the reflected beam andthe interferometer locked on the fringe, and for calibration.
mounted on the same rigid platform. At the end of the fiber there is an output coupler and some

In Fig. 2 we sketched the optical setup. The main diﬁer_polarization control opticga half-wave plate and a polariz-

ence with respect to the setup described in Ref. 11 is that a

large part of the optical path is in fiber optics. This is mainly T theta x from fter 7
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FIG. 2. Optical scheme for TF measurement. EB®er beam splitterC frequency [Hz]

=fiber output coupler, N/2=half-wave plate, P=polarizer, PZT

=piezoelectric fiber stretcher, BSeam splitterL1=15 cm focal length  FIG. 4. BS suspensiorgx (pitch) transfer function for a torque applied on
lens, BS1 beam sampler, PD photodiode€?=10 cm focal length lens, the marionetta with the two vertical coils of the filter(Fointg compared
PSD=position sensing device, TMpiezoelectric tilting mirror. with an analytical curve fitted to the datsolid line).
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FIG. 5. BS suspensiolZ transfer function for a force applied on the mari- FIG. 7. WI suspensiongx transfer function for a torque applied on the
onetta with the two horizontal coils of the filter(ointy compared with an ~ marionetta with the two vertical coils of the filter(Boints compared with
analytical curve fitted to the dataolid line). In this case the measurementis an analytical curve fitted to the datsolid line).

very noisy below 400 Hz and the only information in low frequency is the

position of the mode at 292 mHz.

OPL, which in turns depends on the relative displacement of
ing BS). At the fiber exit, the reference beam goes to thethe measurement device and the VIRGO mirror. To obtain a
output (bulk) BS of the interferometer and is split onto two signal proportional to the dis_placen_went, the interferometer is
photodiodes. The second exit arm of the FBS is the measurd2cked on the slope of the fringe using the PZT actuator. The
ment arm. The beam leaves the fiber through a coupler an@ctuating signal, that is the signal at the input of the PZT
polarization control optics and is directed to the test mas&TiVer, is then proportional to the changes in the OPL differ-
through the input window. After the output window there is a €Nce (Provided that the PZT transfer function is flat up to
second platform supporting a mirror, mounted on a two porabout 1_00 Hz o )
PZT tilting mount, that is used for fine alignment of the  Besides the possibility of making the OPL of the two
interferometer. The reflected beam goes back to the mirrdf'terferometer arms almost equlithin a few cm, while the
surface and to the input platform where it is split in two by aMéasurement arm is more thé m long without increasing
beam sampler. The large part of the beam is directed to thif!® Size of the device, the use of fiber optics gives the ad-
output BS of the Mach—zehnder, where it interferes with thevantage that the longitudinal actuat@iber stretcheris com-
light of the reference arm; the interference fringe pattern id!€tely decoupled from rotations of the beam, and then we
detected by two output photodiodé@Ds. The difference of ~ Can change the OPL difference by a large amount without
the two PD signals gives a measure of the changes in th@ffecting the alignment of the interferometer. The main dis-
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FIG. 6. WI suspensionpy transfer function for a torque applied on the FIG. 8. WI suspensioZ transfer function for a force applied on the mari-
marionetta with the two horizontal coils of the filter(Bointg compared onetta with the two horizontal coils of the filter(jfoint9 compared with an
with an analytical curve fitted to the datsolid line). analytical curve fitted to the dataolid line).
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curve fitted to the datésolid line).
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advantage is that the long fibébout 4.5 m becomes sen- We performed a first TF measurement session to deter-
sitive to thermal drifts and acoustic noise. mine the TF of the B& and W3 suspensions of the VIRGO

A smaller fraction of the beam goes on a two- central interferometer. In particular, for action on the mari-
dimensional PSD placed in the focus of a lens; in this wayonetta from filter 7, the angul@¥x and #y) and longitudinal
the position of the spot on the sensor only depends on thgz) TFs have been measured, in a frequency interval ranging
incidence angle and is almost insensities far as the thin  from dc up to a few Hz. For the WI suspension th&F has
lens approximation holdgo transverse beam displacement. also been measured, from 50 mHz up~t@4 Hz, for forces
applied on the mirror from the reference mass. The results
IIl. TRANSFER FUNCTION MEASUREMENTS are shown in F|gs. 3-9. The data_are expresset_ﬂ M_m/
radV whereV is the voltage at the input of the coil drivers;
The measurement of the transfer functions is performedhe signal was fed with the same sigor opposite signin
with the device described in the previous section, by applythe two coils of each pair if we wanted a pure for@e a
ing a known signal to the actuators placed on the suspensior@re torque, respectively
and used for the automatic alignment and locking. In particu-  Each plot is the result of several measurements, in which
lar we are interested in measuring the displacements inducgfle excitation is a pseudoranddivand limited noise in dif-
with the four coils attached to the filter 7 Iégsand acting  ferent frequency bands, with partial overlap; the amplitude is
on the marionetta, and with the four coils placed on the refthanged according to the mechanical behavior of the system
erence mass and acting directly on the mirror. At a giveny the different frequencies in order to always obtain a good
frequency, the TF can be measured if the displacement of thg/N ratio. The experimental data are compared with an ana-
mirror induced by the actuators is larger than those the mirytica| TF, calculated by adjusting frequency a@s of
ror and the measurement device undergo for other causgges and zeroes to fit the data. The used values, which pro-

(mainly seismic noise Generally we use pairs of actuators \jge an empirical model of the system, are reported in Tables
(with signals in phase or in counterphageorder to apply & |_y/: it is worth noting that for the highQ modes we only
pure torque or a pure force on the center of mass of thf)ut a lower limit for theQ

mirror; the cross terms of the TF provide information about
the symmetry of the system.
TABLE Il. BS suspension; parameters used for the analytigal F shown

TABLE I. BS suspension; parameters used for the analytigal F shown in Fig. 4; the dc gain is 10* rad/.
in Fig. 3; the dc gain is 107 rad\V.

Poles Zeroes
Poles Zeroes
Freq.(Hz) Q Freq.(Hz) Q
Freq.(Hz) Q Freq.(Hz) Q 0.4 500 0.843 >10*
0.014 100 0.015 100 0.842 >10* 1.1895 >10"
0.031 200 0.039 50 1.1925 >10* 1.606 25 150
0.0413 50 0.6536 >10° 1.635 150 1.668 75 150
0.84375 >10* 2.25 >10*
1.193 75 >10* 3.42 >10*
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TABLE IIl. BS suspension; parameters used for the analytedlF for
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action from the filter 7 shown in Fig. 5; the dc gain ix20 ¢ m/V.

Bozzi et al.

TABLE V. WI suspension; parameters used for the analytalTF for
action from the filter 7 shown in Fig. 7; the dc gain is 8.70 ° rad/\V.

Poles Zeroes Poles Zeroes
Freq.(Hz) Q Freq.(Hz) Q Freq.(Hz) Q Freq.(Hz) Q

0.292 >10° 0.3005 >10° 0.0314 30 0.033 30

0.49 >10° 0.566 >10° 0.0443 20 0.0448 20
0.5525 >10° 0.59 >10° 0.415 500 0.449 100
0.595 >10° 0.862 50 0.46 100 1.7175 >500
0.795 40 1.19 >10* 2.39 >10*

0.995 >10° 3.475 >10

1.21 >10*

TABLE VI. WI suspension; parameters used for the analyticalF for

IV. PAYLOAD CONTROL

action from the filter 7 shown in Fig. 8; the dc gain is 1x6B0 ® m/V.

As explained above, the main motivation for TF mea- Poles Zeroes
surement, is the characterization of the mechanical behavior greq, (Hz) 0 Freq. (H2) 0
of the suspgnsiqn for forces appli_ed with the_ actuators uged 0415 200 042 200
for automatic alignment and locking of the interferometric 0.462 30 0.498 230
antenna. 0.5 50 0.600 85 >10¢

To check that the measurements provide the right infor- 0.6 >10* 0.67 70
mation, the measured TFs have been used to design servo- 0.665 70 0.765 50
loops that control the position of the test masses, both BS ~ 0-74 30 0.83 40
and WI in the three relevant DOF, by using, as error signals, %7:89 2%00 11'327 lfc?
those provided by the TF measurement device itself. The 121 100 '
results where satisfactory; in particular we were able for the 1.39 30

first time to control the suspension simultaneously with re
spect to all the three DOF with stable and robust servo-loops.

The angular servo-loops were essentially devoted to th?ABLE VII. WI suspension; parameters used for the analytiéalF for

damping of the normal modes plus the control of the dcycion from the reference mass shown in Fig. 9; the dc gain is 5.6

orientation of the mirrorgby the use of an integratprthe  x10¢ m/v.

control was performed acting on the marionetta through the
coils on filter 7. Poles

Zeroes

For the longitudinal controlZ), we tested both a normal Freq.(Hz2) Q Freq.(Hz) Q
mode damping acting on the marionetta from filtefBS 0.600 ~500 1725 ~300
suspensionand a servo-loop with a larger BW by acting on 1.72 =300 201 ~500
the mirror from the reference mag®vl suspension The 2.215 >500

voltage at the PZT used to control the Mach—Zehnder inter
ferometer of the TF measurement device provided the mea-
surement of the mirror displacement.

WI longitudinal (Z) control from reference mass

For the sake of brevity, we only report the results of the 10°

latter servo-loop; in Fig. 10, the open-loop and closed-loop <
power spectra of the mirror displacement signal are com- 44*
pared; the unity gain of the servo-loop was at about 5 Hz.
The control loop was quite stable and worked continuously
on the 3 DOF for up to 16 h. 10 ;
7 TPVl
107 LY
TABLE V. WI suspension; parameters used for the analyti®alTF for ﬁ : n'{
action from the filter 7 shown in Fig. 6; the dc gain is 120 ° rad/V . - i
Poles Zeroes | : “
Freq.(Hz) Q Freq.(Hz) Q 10° '
0.01575 100 0.017 25 100
0.0315 200 0.041 50 1™
0.0435 50 0.6 500 1072 107 10°
0.597 >10° 0.7 >10° frequency [Hz]
0.875 >10*
1.21 >10° FIG. 10. WI suspension; comparison of open Idapper ling and closed

loop (lower line) Z power spectra; FB on mirror from reference mass.
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