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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 functions~TFs! 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. ©2002 American Institute of Physics.@DOI: 10.1063/1.1463717#
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I. INTRODUCTION

Ground based interferomeric gravitational wave~GW!
detectors1 are long base line Michelson interferometers~MIs!
whose arms host long Fabry–Perot~FP! cavities or optical
delay lines. The typical arm length ranges from a few hu
dred meters2,3 to a few km.4,5 To reach the extreme sensitiv
ity required for GW detection, all the optical components
such a detector must be carefully isolated from all
sources of external disturbance. In particular, in order to fi
ground vibrations, the mirrors are suspended to seismic
tenuators, which are essentially pendula, for horizontal
lation, but with an adequate elastic internal structure for v
tical isolation. Such an attenuator gives a good attenuatio
seismic oscillations at frequencies above its pendulum n
mal modes~NMs!, the drawback being that, at the NM fre
quencies, the mirrors can undergo rather large oscillati
~up to several hundred microns!. For this reason, an auto
matic control system is necessary to damp the NM osc
tions and to control the relative orientation and position
the mirrors in order to align the interferometer and lock it
the working point~dark fringe for the MI and resonance fo
the FP cavities!. The error signals for the servomechanis
which operates on many degrees of freedom~DOF! are pro-
vided by the interferometer itself and by additional loc
measurement systems~position sensors, accelerometer!.
The actuators are generally coil/magnet pairs; by regula
the current flowing in the coils it is possible to exert forc
on magnets that are placed at different positions on the
pension and then to induce translations or rotations to
suspended optical components@mirrors, beam splitter~BS!,
etc.#.

For the VIRGO interferometer, the suspension is a m
tistage seismic isolator, called superattenuator~SA!, made of
a preisolation stage~an inverted pendulum supporting the to
stage of the suspension!, a cascade of five passive isolatio
stages, and a lower part with a steering element, ca
‘‘marionetta,’’ to which the test mass of the suspension~that
is one of the optical elements of the interferometer! and a
recoil mass, called ‘‘reference mass,’’ are suspended. A
tailed description of the SA can be found in Ref. 6. The
permits to extend the VIRGO frequency band for GW det
tion down to about 4 Hz; the price to pay is the extrem

a!Author to whom correspondence should be addressed; electronic
luciano.difiore@na.infn.it
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complexity of the mechanical behavior of the suspension
To control the test mass movement, forces can be

plied on the SA at various levels. There are three coils,
tached to the external structure surrounding the SA, ac
on the top stage~used for inertial damping7 and dc control!.
Four coils~two horizontal and two vertical! are mounted on
legs attached to the last passive filter~called ‘‘filter 7’’ for
historical reasons! and act on four magnets glued to the arm
of the marionetta; these coils allow to apply a force on
marionetta center of mass in the direction of the interfero
eter optical axis and torques around axes orthogonal to
~interferometer! optical axis. Four more~horizontal! coils are
attached to the reference mass acting on four magnets
rectly attached to the back surface of the test mass. Fur
information on the actuators acting on the SA can be fou
in Ref. 8.

In order to design the complex servo-loops9,10 required
to control the SA of the VIRGO antenna, accurate knowled
of the mechanical TF is necessary; to this purpose, a d
cated interferometric device was designed which allowe
noncontact TF measurement by sending a laser beam on
surface of the optical element and looking at the reflec
beam. In a previous article,11 we describe in detail the moti
vation and the principles of operation of such a device a
report on preliminary testing performed on a prototype.
new version of the earlier device has been designed in o
to measure the TF of the final SA at the VIRGO site
Cascina, based on the same principle of operation but wi
completely different optical layout, compatible with the d
tector geometry. In this article we describe in detail this d
vice and report the actual measurements performed on tw
the VIRGO suspensions. In particular they are the BS s
pension and the one of the input mirrors of the west arm
the interferometer WI. The measured TFs have been use
design the servo-loops to control the mirror position w
respect to a local reference provided by the measurem
device itself; preliminary results are reported in a dedica
section.

II. INSTRUMENT DESCRIPTION

In Fig. 1, we show the schematic setup for TF measu
ment. A laser beam is sent through an optical window to
surface of the optical component that is suspended un
vacuum. The reflected beam exits the vacuum tank throug
second window, is reflected by a mirror back to the test m
surface, and then is further reflected to the entrance wind
il:
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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The movement of the suspended mirror can be meas
by looking at the reflected beam~assuming that the displace
ments of the test mass are larger that those of the other
ments of the apparatus!. In particular, we are interested i
three DOF of the suspended mirror, namely the displacem
Z along the optical axis~orthogonal to the mirror surface!
and the rotations~ux anduy! around axes orthogonal to th
optical axis~pitch and yaw, respectively!.

The displacementZ is measured by a Mach–Zehnd
interferometer; one of the two arms is the beam reflected
the suspended mirror, while the other~reference arm! is
folded several times on a rigid platform. The angular m
surement is provided by a position sensing device~PSD!
illuminated by a small fraction of the reflected beam a
mounted on the same rigid platform.

In Fig. 2 we sketched the optical setup. The main diff
ence with respect to the setup described in Ref. 11 is th
large part of the optical path is in fiber optics. This is main

FIG. 1. Schematic setup for TF measurement.

FIG. 2. Optical scheme for TF measurement. FBS5fiber beam splitter,C
5fiber output coupler, l/25half-wave plate, P5polarizer, PZT
5piezoelectric fiber stretcher, BS5beam splitter,L1515 cm focal length
lens, BS1 beam sampler, PD photodiode,L2510 cm focal length lens,
PSD5position sensing device, TM5piezoelectric tilting mirror.
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necessary to reduce the overall size of the detector so as
the limited space available around the VIRGO vacuu
chambers. A second important point is that, due to the p
tion of the optical windows on the vacuum tanks, the opti
beam plane is not horizontal, but its normal is at an angle
about 23° with the normal~Fig. 1!.

The light source is a single-mode He–Ne laser that lig
the device through a single mode optical fiber. On the fi
platform there is a fiber beam splitter FBS that is the inp
BS of the Mach–Zehnder interferometer. At the exit of t
FBS, one of the two fiber arms, that is, the reference arm
the interferometer, is folded several times on a home-m
piezoelectric fiber stretcher~PZT! which is used as an actua
tor to control the optical path length~OPL! and then to hold
the interferometer locked on the fringe, and for calibratio
At the end of the fiber there is an output coupler and so
polarization control optics~a half-wave plate and a polariz

FIG. 3. BS suspension;uy ~yaw! transfer function for a torque applied o
the marionetta with the two horizontal coils of the filter 7~points! compared
with an analytical curve fitted to the data~solid line!.

FIG. 4. BS suspension;ux ~pitch! transfer function for a torque applied o
the marionetta with the two vertical coils of the filter 7~points! compared
with an analytical curve fitted to the data~solid line!.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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ing BS!. At the fiber exit, the reference beam goes to
output ~bulk! BS of the interferometer and is split onto tw
photodiodes. The second exit arm of the FBS is the meas
ment arm. The beam leaves the fiber through a coupler
polarization control optics and is directed to the test m
through the input window. After the output window there is
second platform supporting a mirror, mounted on a two D
PZT tilting mount, that is used for fine alignment of th
interferometer. The reflected beam goes back to the mi
surface and to the input platform where it is split in two by
beam sampler. The large part of the beam is directed to
output BS of the Mach–Zehnder, where it interferes with
light of the reference arm; the interference fringe pattern
detected by two output photodiodes~PDs!. The difference of
the two PD signals gives a measure of the changes in

FIG. 5. BS suspension;Z transfer function for a force applied on the mar
onetta with the two horizontal coils of the filter 7~points! compared with an
analytical curve fitted to the data~solid line!. In this case the measurement
very noisy below 400 Hz and the only information in low frequency is t
position of the mode at 292 mHz.

FIG. 6. WI suspension;uy transfer function for a torque applied on th
marionetta with the two horizontal coils of the filter 7~points! compared
with an analytical curve fitted to the data~solid line!.
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OPL, which in turns depends on the relative displacemen
the measurement device and the VIRGO mirror. To obtai
signal proportional to the displacement, the interferomete
locked on the slope of the fringe using the PZT actuator. T
actuating signal, that is the signal at the input of the P
driver, is then proportional to the changes in the OPL diff
ence~provided that the PZT transfer function is flat up
about 100 Hz!.

Besides the possibility of making the OPL of the tw
interferometer arms almost equal~within a few cm, while the
measurement arm is more than 6 m long! without increasing
the size of the device, the use of fiber optics gives the
vantage that the longitudinal actuator~fiber stretcher! is com-
pletely decoupled from rotations of the beam, and then
can change the OPL difference by a large amount with
affecting the alignment of the interferometer. The main d

FIG. 7. WI suspension;ux transfer function for a torque applied on th
marionetta with the two vertical coils of the filter 7~points! compared with
an analytical curve fitted to the data~solid line!.

FIG. 8. WI suspensionZ transfer function for a force applied on the mar
onetta with the two horizontal coils of the filter 7~points! compared with an
analytical curve fitted to the data~solid line!.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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FIG. 9. WI suspension;Z transfer function for a force
applied on the mirror with two coils~U and D! of the
reference mass~points! compared with an analytica
curve fitted to the data~solid line!.
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advantage is that the long fiber~about 4.5 m! becomes sen
sitive to thermal drifts and acoustic noise.

A smaller fraction of the beam goes on a tw
dimensional PSD placed in the focus of a lens; in this w
the position of the spot on the sensor only depends on
incidence angle and is almost insensitive~as far as the thin
lens approximation holds! to transverse beam displacemen

III. TRANSFER FUNCTION MEASUREMENTS

The measurement of the transfer functions is perform
with the device described in the previous section, by app
ing a known signal to the actuators placed on the suspens
and used for the automatic alignment and locking. In parti
lar we are interested in measuring the displacements indu
with the four coils attached to the filter 7 legs6,8 and acting
on the marionetta, and with the four coils placed on the r
erence mass and acting directly on the mirror. At a giv
frequency, the TF can be measured if the displacement o
mirror induced by the actuators is larger than those the m
ror and the measurement device undergo for other ca
~mainly seismic noise!. Generally we use pairs of actuato
~with signals in phase or in counterphase! in order to apply a
pure torque or a pure force on the center of mass of
mirror; the cross terms of the TF provide information abo
the symmetry of the system.

TABLE I. BS suspension; parameters used for the analyticaluy TF shown
in Fig. 3; the dc gain is 1022 rad/V.

Poles Zeroes

Freq.~Hz! Q Freq.~Hz! Q

0.014 100 0.015 100
0.031 200 0.039 50

0.041 3 50 0.6536 .103

0.843 75 .104

1.193 75 .104
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We performed a first TF measurement session to de
mine the TF of the BS12 and WI13 suspensions of the VIRGO
central interferometer. In particular, for action on the ma
onetta from filter 7, the angular~ux anduy! and longitudinal
~Z! TFs have been measured, in a frequency interval rang
from dc up to a few Hz. For the WI suspension theZ TF has
also been measured, from 50 mHz up to;24 Hz, for forces
applied on the mirror from the reference mass. The res
are shown in Figs. 3–9. The data are expressed in m/V or
rad/V whereV is the voltage at the input of the coil drivers
the signal was fed with the same sign~or opposite sign! in
the two coils of each pair if we wanted a pure force~or a
pure torque, respectively!.

Each plot is the result of several measurements, in wh
the excitation is a pseudorandom~band limited! noise in dif-
ferent frequency bands, with partial overlap; the amplitude
changed according to the mechanical behavior of the sys
at the different frequencies in order to always obtain a go
S/N ratio. The experimental data are compared with an a
lytical TF, calculated by adjusting frequency andQ’s of
poles and zeroes to fit the data. The used values, which
vide an empirical model of the system, are reported in Tab
I–VII; it is worth noting that for the highQ modes we only
put a lower limit for theQ.

TABLE II. BS suspension; parameters used for the analyticalux TF shown
in Fig. 4; the dc gain is 1024 rad/V.

Poles Zeroes

Freq.~Hz! Q Freq.~Hz! Q

0.4 500 0.843 .104

0.842 .104 1.189 5 .104

1.1925 .104 1.606 25 150
1.635 150 1.668 75 150
2.25 .104

3.42 .104
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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IV. PAYLOAD CONTROL

As explained above, the main motivation for TF me
surement, is the characterization of the mechanical beha
of the suspension for forces applied with the actuators u
for automatic alignment and locking of the interferomet
antenna.

To check that the measurements provide the right in
mation, the measured TFs have been used to design s
loops that control the position of the test masses, both
and WI in the three relevant DOF, by using, as error sign
those provided by the TF measurement device itself. T
results where satisfactory; in particular we were able for
first time to control the suspension simultaneously with
spect to all the three DOF with stable and robust servo-loo
The angular servo-loops were essentially devoted to
damping of the normal modes plus the control of the
orientation of the mirrors~by the use of an integrator!; the
control was performed acting on the marionetta through
coils on filter 7.

For the longitudinal control~Z!, we tested both a norma
mode damping acting on the marionetta from filter 7~BS
suspension! and a servo-loop with a larger BW by acting o
the mirror from the reference mass~WI suspension!. The
voltage at the PZT used to control the Mach–Zehnder in
ferometer of the TF measurement device provided the m
surement of the mirror displacement.

For the sake of brevity, we only report the results of t
latter servo-loop; in Fig. 10, the open-loop and closed-lo
power spectra of the mirror displacement signal are co
pared; the unity gain of the servo-loop was at about 5
The control loop was quite stable and worked continuou
on the 3 DOF for up to 16 h.

TABLE III. BS suspension; parameters used for the analyticalZ TF for
action from the filter 7 shown in Fig. 5; the dc gain is 231026 m/V.

Poles Zeroes

Freq.~Hz! Q Freq.~Hz! Q

0.292 .103 0.3005 .103

0.49 .103 0.566 .103

0.5525 .103 0.59 .103

0.595 .103 0.862 50
0.795 40 1.19 .104

0.995 .103

1.21 .104

TABLE IV. WI suspension; parameters used for the analyticaluy TF for
action from the filter 7 shown in Fig. 6; the dc gain is 1.3231026 rad/V.

Poles Zeroes

Freq.~Hz! Q Freq.~Hz! Q

0.015 75 100 0.017 25 100
0.0315 200 0.041 50
0.0435 50 0.6 500
0.597 .103 0.7 .103

0.875 .104

1.21 .103
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FIG. 10. WI suspension; comparison of open loop~upper line! and closed
loop ~lower line! Z power spectra; FB on mirror from reference mass.

TABLE V. WI suspension; parameters used for the analyticalux TF for
action from the filter 7 shown in Fig. 7; the dc gain is 6.731025 rad/V.

Poles Zeroes

Freq.~Hz! Q Freq.~Hz! Q

0.0314 30 0.033 30
0.0443 20 0.0448 20
0.415 500 0.449 100
0.46 100 1.7175 .500
2.39 .104

3.475 .104

TABLE VI. WI suspension; parameters used for the analyticalZ TF for
action from the filter 7 shown in Fig. 8; the dc gain is 1.6831026 m/V.

Poles Zeroes

Freq.~Hz! Q Freq.~Hz! Q

0.415 400 0.422 400
0.462 30 0.498 230
0.5 50 0.600 85 .104

0.6 .104 0.67 70
0.665 70 0.765 50
0.74 30 0.83 40
0.789 30 1.2 100
0.98 200 1.37 40
1.21 100
1.39 30

TABLE VII. WI suspension; parameters used for the analyticalZ TF for
action from the reference mass shown in Fig. 9; the dc gain is
31026 m/V.

Poles Zeroes

Freq.~Hz! Q Freq.~Hz! Q

0.600 .500 1.725 .300
1.72 .300 2.21 .500
2.215 .500
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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V. DISCUSSION

In this article we described the device used for the ch
acterization of the last stages of the VIRGO suspensions
report the results of the measurements performed on
on-site suspensions in Cascina. It seems that the genera
sponse of the suspensions is in close agreement with
design specifications. Next, we designed the servo-loops
the ~local! control of the test mass on three DOF; this is
first step toward the design of the complex servo-loops
the control of the whole antenna. The results are encou
ing, since we have shown for the first time the feasibility
the position control of the VIRGO test masses by means
forces internal to the suspension itself only~of course with
the exception of dc control, below;50 mHz, that will be
performed on the top stage!. The device described in thi
article permits to obtain useful information for servo-loo
design and simulation fine tuning and will be used for t
characterization of the other suspensions when neces
The sensitivity of the measurement is mainly limited by t
seismic noise acting on the device itself~this limits the mea-
surement band for forces applied on the marionetta belo
few Hz!; a substantial improvement can be achieved by
use of vibration isolation platforms for supporting the optic
elements of the device. The design already allows the in
tion of commercial three-dimensional seismic isolators w
resonance frequency around 500 mHz; this will be imp
mented, if necessary, for the next measurements.
Downloaded 26 Sep 2006 to 192.135.36.43. Redistribution subject to AI
r-
nd
o
re-
he
or

r
g-
f
f

ry.

a
e
l
r-

-

ACKNOWLEDGMENTS

The authors are grateful to our technicians F. Cassese
D’Acquino, M. Di Pietro, M. Favati, G. Pontoriere, R
Rocco, and F. Vignoli for their skillful assistance in the rea
ization and setting up of the device. One of us~L.D.F.! wants
to dedicate this work to the memory of Renato Gorini.

1For a review about interferometric GW detection see, for example, P
Saulson,Interferometric Gravitational Wave Detectors~World Scientific,
Singapore, 1994!.

2K. Danzmann inFirst Eduardo Amaldi Conference on Gravitational Wav
Experiments, edited by E. Coccia, G. Pizzella, and F. Ronga~World Sci-
entific, Singapore, 1995!.

3K. Tsubono, inFirst Eduardo Amaldi Conference on Gravitational Wav
Experiments, edited by E. Coccia, G. Pizzella, and F. Ronga~World Sci-
entific, Singapore, 1995!.

4B. Caronet al., Class. Quantum Grav.14, 1461~1997!.
5P. Fritschel, inSecond Eduardo Amaldi Conference on Gravitation
Waves, edited by E. Coccia, G. Pizzella, and G. Veneziano~World Scien-
tific, Singapore, 1997!.

6G. Ballardinet al., Rev. Sci. Instrum.72, 3643~2001!.
7G. Losurdoet al., Rev. Sci. Instrum.72, 3653~2001!.
8A. Bernardiniet al., Rev. Sci. Instrum.70, 3463~1999!.
9B. Caronet al., Astropart. Phys.6, 245 ~1997!.

10M. Barsugliaet al., VIR-NOT-NAP-1390-143, 2000.
11E. Calloniet al., Rev. Sci. Instrum.69, 1882~1998!.
12V. Calbucciet al., VIR-NOT-NAP-1390-173, 2001.
13V. Calbucciet al., VIR-NOT-NAP-1390-174, 2001.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp


