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The Automatic Alignment System for the Virgo Interferometer
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Abstract

The French-Italian interferometric gravitational wave detector Virgo is currently being
commissioned. Virgo is a Michelson interferometer with 3 km long arm cavities and a power-
recycling mirror.

The optical elements are suspended by so-called super-attenuators, which provide an ex-
cellent isolation in the range above the resonances frequencies of the mechanical system. To
achieve the high sensitivity needed for such a kind of experiment the positions of all the sus-
pended mirrors have to be continuously controlled, using optical signals derived from the main
beams of the interferometer.

In this paper we give a description of the automatic angular control system currently
used in Virgo, with emphasis on the optical design and the control topology. We report on
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the first experimental implementation of the Anderson-Giordano technique in a large scale
interferometer and its performance during recent data taking periods.

1 Introduction
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Figure 1: A simplified scheme of the optical design of Virgo in the final configuration. The photo-
diodes used for longitudinal (labeled with B) and alignment (labeled with Q) control systems are
shown. The output port signal is taken from B1.

One of the most interesting predictions of Einstein’s theory of general relativity is the existence
of gravitational waves (GW). Several large GW detectors have been developed around the world,
aiming at the first direct detection of gravitational waves with a long term goal of observing and
probing the physics of massive objects in the universe.

The Virgo interferometer is a ground-based interferometric gravitational wave detector con-
stituted mainly by a Michelson interferometer (ITF). Resonant optical techniques (like 3 km long
Fabry-Perot cavities in the interferometer arms) are used to enhance the sensitivity to gravitational
waves.

The main optical components are isolated from the ground motion by a system of controlled
mechanical suspensions, which strongly reduce all displacement noises of the mirrors in a frequency
range well above the suspensions main resonances (> 10 Hz). Thus the mirror behave as free-falling
test masses suitable for detecting the metric perturbation due to gravitational waves. Given the
optical layout shown in Fig. 1, gravitational waves propagating orthogonally to the interferometer
plane would produce a signal, due to interference pattern change, at the output port.

The design sensitivity of the Virgo is limited by the noise sources affecting the system and it
is remarkable even at low frequency, being the detection bandwidth 10 Hz-few kHz [1]. In terms of
linear spectral density of metric perturbation strain the sensitivity is h < 10_22/\/@ at 100 Hz,
which corresponds to a residual rms displacement of the mirrors AL < 3 - 107" m over 1Hz

bandwidth.

2 Optical layout of the Virgo interferometer

The optical scheme of Virgo is shown in Fig. 1. A laser beam generated by a Nd:YAG solid state
laser with 22 Watt of power and wavelength of A = 1064 nm is split at a beam splitter mirror (BS) in
two beams which are injected to the two orthogonal arm cavities (North arm and West arm). The
beams reflected by these cavities are then recombined at the BS. The longitudinal position of all
the mirrors are controlled in such a way that this recombination creates a destructive interference
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Mirrors | RMS [rad]
Power Recycling Mirror 10~
Input Mirrors 2.1078
End Mirrors 3-107°

Table 1: Requirements of total RMS motion for all the mirrors.

in the main output port, called dark fringe. In this condition almost all the light power is reflected
back to the power recycling mirror (PR). The presence of this mirror allows to enhance the power
circulating in the interferometer. The light from the dark port of the beam splitter is filtered by
an output mode cleaner (OMC) before being detected by a set of high-sensitivity photo diodes.
The dark fringe signal, detected read-out before the OMC is strongly affected by the alignment of
the Fabry-Perot cavities and then it is very practical to use it in an alignment servo-loop.

In order to be able to consider the test masses as free, all of the main optics are suspended
in an ultra-high vacuum by a complex system called super-attenuator (SA) [1], which strongly
reduces the seismic noise injected to the mirrors. The super-attenuator is constituted by a long
pendulum and several seismic filters. The last filter stage, from which the mirror and a so-called
reference mass are suspended, is called marionette |2]). The SA system provides a seismic noise
suppression of ~ 107! at a few Hz. Longitudinal and angular forces can be applied to the mirror
and to the marionette by using coil-magnet actuators.

In order to be able to detect a GW signal the fluctuation of the mirror relative positions should
be of the order of picometers; for this reason a longitudinal and angular mirror control has been
developed.

The control systems are based on a modulation-demodulation technique: the input beam is
modulated in phase before it enters the input mode cleaner (IMC) using an electro-optic modulator
(EOM), at a modulation frequency of about frr = 6.26 MHz. This modulation can be described
as creating new components in the light field, which are frequency shifted by offsets +frr with
respect to the carrier at fy (the new components are usually called upper and lower sideband
respectively). Demodulating the signals coming from photo-detectors placed on the main beams
at frr yields position information for the interferometer components. The longitudinal control
system is usually referred to as the locking system |3].

3 Automatic Alignment control strategy

A misalignment of the mirror with respect to the beam produces a variation on the effective arm
length of the interferometer which can mimic the effect of a GW passage. Thus, to obtain the
high sensitivity required by a detector like Virgo, the residual mirror angular motion of the mirrors
must be reduced down to some nrad (see Table 1). The automatic alignment (AA) is a servo-loop
system designed to reduce the fluctuations of the mirror angular motions with respect to the beam,
thus maintaining the overall alignment of the optical elements and reducing the noise at the dark
fringe port.

In order properly control all the angular degrees of freedom, a scheme for getting angular error
signals has been designed carefully, taking into account the parameters of the interferometer. The
optical design of the Virgo interferometer is based on the Anderson-Giordano technique [4, 5], a
variant of the Anderson technique [6]. We are using four beams coming out of the interferometer
to construct useful angular error signals. They are: the main beam reflected by the ITF, the two
beams transmitted at the end of the long arm cavities, and the pick-up beam at the secondary
surface of the BS (see Fig. 1). The main feature of the Anderson-Giordano technique is the fact
that all the detection ports are able to detect the motions of all mirrors. In addition, the Virgo
control system uses only one modulation frequency to generate the error signals for controlling
both longitudinal and angular degrees of freedom.

The sensors for the alignment control are quadrant split photo detectors (or quadrant photo-
diodes for short). These are photo-diodes with 4 separate elements. Each quadrant diode can
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provide four signals: the sum over four quadrants gives the same signal as a normal photo-diode.
The differences between the upper and lower elements and the left and right elements are computed
and give the vertical and horizontal positions of the beam on the diode and serve as error signals
for the diode centering. Demodulation of the differential quadrant diode outputs at frg yields
two additional signals (in-phase and quadrature) that contain information about the angle and
position (vertical and horizontal respectively) of the phase front of the carrier with respect to the
sidebands.

Four sets of two quadrant diodes each are located on the most important beams coming from
the ITF, as it shown in Fig. 1. Moreover the quadrant diodes are set, by a system of telescopes,
to difference phases which gives us different signals; for each detection port we obtain therefore 4
signals.

Preliminarily all the mirrors are aligned by means of auxiliary devices, (Local control (LC)
[7]) designed to drive mirror alignment, without exciting the suspension mechanics, until the
interferometer is dark-fringe locked. Then, if the fluctuations of the alignment are reduced to
fractions of urad the automatic alignment can be enabled. The local control system has an accuracy
of about 0.3 prad within 5Hz bandwidth, but when the mirrors are under Local Control the
alignment drifts away even largely (up to about 1-2urad/hour), preventing a stable operation of
the interferometer.

The goal of the automatic alignment system developed for the Virgo interferometer is to control
the angular pitch and yaw motion of the six main mirrors (PR, BS, NI, NE, WI, WE), using, as
shown in Fig. 1, four detection ports i.e. 16 demodulated error signals for each angular direction.

The relation between the set of quadrant photo-diode signals and the set of mirror tilts is
expressed by a 16 x 6 optical matrix [8], whose elements can be directly measured by injecting
calibrated sinusoidal excitations through the marionette actuators [1]. A x? based inversion of the
optical matrix [5] then yields a control matrix that is applied by the Global Control to the set of
quadrant photo-diode signals to reconstruct the misalignment of each mirror. These misalignment
signals are sent as error signals to Digital Signal Processors (DSP), which apply filters to build
correction signals for the marionette actuators. The control bandwidth of the AA servo-loops is
about 3 Hz.

4 Experimental results

During the commissioning of Virgo, the first AA configuration tested was developed to operate
without power recycling (see Fig. 1: the PR mirror largely misaligned so that its reflected beam does
not interfere into the interferometer). This is a relatively simple setup because the misalignments
of the two arm cavities are decoupled, therefore the optical matrix is reduced to two 4 x 2 matrices,
one for each cavity arm, for pitch and yaw motion. The commissioning of the automatic alignment
system in this configuration was completed on May 2004 [9].

Before the implementation of the AA system for the full configuration we developed a slow drift
control system in order to increase the duration of stable operation of the interferometer, which
was mainly limited by slow drifts of the mirror positions. These drifts could not be corrected by a
control system based on local ground references. Using the optical signals from the quadrants we
implemented control loops with a very narrow bandwidth (a few mHz) to to readjust the setpoint
of the local control system, which remain enabled all times. In this way the local control reduces
the high frequency angular fluctuations, while the slow motions are controlled through the global
control system. This implementation is rather simple because its narrow bandwidth makes it less
sensitive to signal couplings and not strongly affected by loop instability issues.

Our studies showed that it is better to describe the angular misalignment of the interferometer
not using the motion of single mirrors, but, instead linear combinations of them which are the
physical normal modes of the interferometer misalignments (see Table 2). Not all these modes
have the same relevance for the stability of the interferometer; for example, the first mode of
Table 2 (differential mode of end mirrors) is the most important one for the power stability of the
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0, 9,
NE - WE NE + WE

“PR + NI + WI + NE + WE - PR + NI- WI + NE + WE
NI- WI NI + WI

-PR - NI - WI + NE + WE -PR - NI + WI + NE - WE
PR + NI + WI + NE + WE PR + NI- WI + NE - WE

Table 2: Normal modes of the interferometer misalignment. The direction of rotation is referred to the
front side of the optical component defined by the high-reflective coating
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Figure 2: Comparison between the automatic Figure 3: Trend of the power stored in the re-

cycling cavity during 30 hours of lock with 10
AA control loops active, compared with the power
transmitted by the input mode cleaner.

alignment error signal for the North input mir-
ror (6,) when the mirror is controlled by local
control and by automatic alignment (full con-
figuration).

dark fringe port. Then, in this intermediate configuration we servoed the tilt of the NE mirror
(see Fig. 1) directly by means of the dark fringe signal leaving the BS under local control and all
the other mirrors under local control plus drift correction.

The full drift control system has been successfully implemented and tested during the last
commissioning run (C6, from 29" of July to 12" of August). The entire interferometer was kept
continuously well aligned and locked on the dark fringe, for slightly more than 40 hours, and
after each unlock (due to reasons not related to alignment) there was no need to repeat the pre-
alignment procedure. During these long periods the power stored in the cavity remained very
stable; the residual long term fluctuations were mainly due to input beam jitter. The corrections
on the mirror positions during this time were typically of the order of a few urad.

The automatic alignment control system for the final configuration is still in the commissioning
phase. Since August 2005 we managed to close 10 out of 12 automatic alignment control loops
in a stable way leaving only one mirror (WI or BS) under LC. The remaining degrees of freedom
refer only to the long-term stabilization of the beam position drift in the two arms. Thus the full
high-gain (or high-frequency) section of the control system has been successfully integrated. A
dedicated engineering data run has been scheduled to test and document of the interferometer in
this condition.

The Fig. 2 shows the comparison between the NI mirror error signal spectrum of the local
control system (dark-solid curve) and of the automatic alignment system (light-dashed curve); this
comparison permits to us to have a cross calibration of the two signals. The noise reduction for
the AA error signal below the unity gain frequency (u.g.f.) with respect with the LC error signal
is due to a smaller electronic noise. Below the u.g.f the mirror motions is suppressed by the AA
system. Integrating this spectrum it turned out that we are just below the requirements for what
concerns the total RMS motion.

The Fig. 3 shows a trend of 30 h of continuous lock while 10 AA control loops were closed; the
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dark curve represents the power stored in the recycling cavity and the light curve represents the
rescaled input power; the comparison between the two shows that the power fluctuations in the
interferometer are mainly due to the input power fluctuations.

This result is still preliminary, since for a complete study of performance and noise contribution
it is necessary to have all the loops closed (12 d.o.f.). With this partial configuration the error
signal for the control of each mirror has a big noise contribution from the angular motion of the
WI mirror (which is not globally controlled). We expect that once all the mirrors are controlled
by the automatic alignment system the main noise contribution to the error signals will come from
the angular fluctuation of the injected beam (jitter). Moreover the plan is also to control slow
drifts of the input bench and to implement in a future time a slow drift control, using the position
of the beam on the quadrants located at the end of the North arm.

5 Conclusions

The implementation of an automatic alignment system, based on the Anderson-Giordano tech-
nique, on a large-scale interferometer has been successfully demonstrated. For the interferometer
configuration with no power recycling an AA system was developed for the arm cavities and proved
to be very robust. It is now used routinely as a part of the I'TF pre-alignment procedure.

We implemented a drift control system which allowed more than 39 hours of continuous stable
lock during the C6 commissioning run. This system provides a strong reduction of the power
fluctuations in the dark fringe and a very good long term stability. For the full configuration,
i.e. that with the PR mirror aligned, the automatic alignment is still under commissioning; we
managed to close 10 out of 12 loops with good preliminary performance.
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