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We report on the stabilization of the laser frequency for the Virgo gravitational-wave detector. We have
obtained a frequency noise level, measured in loop, of 1.9�10−7 Hz /�Hz at 10 Hz for the 1064 nm laser; this
value is limited by shot noise. The Allan standard deviation for relative frequency noise is 1.0�10−21 on a
100-ms time scale. The spectral density of the laser frequency noise is negligible in the channel where
gravitational waves ought to appear and meets the specifications for the target spectral resolution of the Virgo
interferometer in the 10 Hz–10 kHz detection bandwidth.
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I. INTRODUCTION

A gravitational wave changes the round-trip time of a
photon between two inertial test masses at rest. The round-
trip time of photons between spatial coordinates �0,0,0� and
�L ,0 ,0� is, to first order in the gravitational-wave amplitude
h,

� =
2L

c
+

1

2
�

0

2L/c

h+�t�dt ,

where h+�t� is the gravitational wave with a wave vector
along the z axis and optimal polarization. A Fabry-Perot cav-
ity resonator converts a gravitational wave into a phase
change in the light circulating in the cavity. The suspended
mirrors of the optical resonator �1� realize inertial test masses
at rest for analysis frequencies above the main pendulum
resonant frequency. The Pound-Drever-Hall technique �2,3�
is able to measure the phase variation. The laser phase, be-
fore entering the cavity, is modulated at a frequency fmod.
The nonresonating sidebands provide a reference oscillator.
The carrier is resonant, sensing gravitational waves. A pho-
todetector detects the reflected light, beating the sidebands
against the carrier; the electrical current is mixed with the
fmod signal and low-pass filtered; the resulting signal is pro-
portional to the phase variations due to the gravitational
wave.

The Ligo �4� and Virgo �5� gravitational-wave detectors
use a laser light of 1.064 �m, 2 kilometric Fabry-Perot cavi-
ties in the arms of a Michelson interferometer and an addi-
tional upstream power recycling cavity for additional laser
power buildup on the beam splitter. The Michelson interfer-
ometer output port is tuned on the dark fringe, so that the
phase variations from gravitational waves add up on this
port. The detection band of the Virgo detector is 10 Hz–10
kHz. Its best achieved resolution spectral density is, in units
of the gravitational wave h, 7�10−23 /�Hz at 200 Hz. A
140-m-long Fabry-Perot cavity with suspended mirrors, the
input mode cleaner, filters out the input beam angular jitter
�6�. An independent rigid output cavity selects the TEM00
mode containing the signal.

The signal from the light reflected on the second face of
the interferometer splitter compares the common mode of the
relative motion of the two long optical resonators to the rela-
tive laser frequency noise; this is the actual reference for
stabilizing the laser frequency. In the following sections we
will show that the symmetry of the two long Fabry-Perot
resonators, the pole of the recycling cavity, and a feed-
forward technique provide the needed isolation for the re-
maining laser frequency noise.

II. SPECIFICATIONS ON A LASER CLOCK FOR A
GRAVITATIONAL WAVE TRANSDUCER

The laser frequency noise couples to the dark fringe via
the interferometer asymmetries. Let us name Fasym the trans-

fer function between the laser relative frequency noise and
the interferometer dark port, calibrated in units of the gravi-
tational wave h. The specification on the spectral density of
the Virgo instrument resolution, divided by the factor Fasym,
gives the specification on the input laser frequency noise
spectral density.

The calculation of the transfer function Fasym gives

Fasym =
�F
F

1

1 + if/f rec

+
�R

4

fP

f rec

1 + if/fP

1 + if/f rec
,

where F is the average finesse of the two cavities, �F is the
finesse difference, �R is the reflectivity difference of the two
long Fabry-Perot resonators, fP is the average cavity pole
�500 Hz in the Virgo detector�, and f rec=8 Hz is the pole of
the �power recycling cavity–average long cavity� compound
cavity. The first term of this asymmetry function is the effect
of the effective optical path length difference, filtered by the
pole of the recycling cavity; the second term, showing the
effect of a contrast defect, comes from a full calculation of
the field on the dark fringe. The �R term is the product of the
average cavity gain factor times the difference of the cavity
mirror losses. The asymmetry function is measured to be
typically 6.4�10−4 for f � fP. The corresponding interfer-
ometer contrast defect is 8�10−7, good enough to relax the
specifications on the input laser frequency noise. The speci-
fications on the laser frequency noise are then
4�10−6 Hz /�Hz at 50 Hz and 3�10−4 Hz /�Hz at 10 kHz,
to be compared to a free-running laser frequency noise spec-
tral �10 kHz / f� Hz /�Hz. The interferometer symmetry is
thus not enough to get rid of the laser frequency noise; feed-
back loops are necessary.

III. ARCHITECTURE

We show in this section that two different frequency ref-
erences have to be used, resulting in a complex architecture
of laser frequency stabilization.

The only reference stable enough to meet the requirement
on the laser frequency at 50 Hz is the common mode of the
interferometer. The open loop transfer function of the fre-
quency stabilization of the laser to the common mode �sec-
ond stage of frequency stabilization �SSFS�� has a bandwidth
of 23 kHz; its limit being the 50 kHz free spectral range of
the 3 km Fabry-Perot cavities. At 10 kHz, the loop gain of
the SSFS loop is only a few units; the laser frequency noise
spectral density of the free-running Nd:YAG laser is more
than 3 orders of magnitude too large. The laser is thus pre-
stabilized in frequency to the input mode cleaner �first stage
of frequency stabilization�. This loop has a 300 kHz band-
width; its limit is the 1 MHz free spectral range of the cavity.
The correction signal of the SSFS loop is electronically
added to the error point of the prestabilization loop.

The correction signal of the SSFS loop is also used as an
error signal to keep the input mode-cleaner cavity at reso-
nance. This loop includes a digital filter whom the delay
limits the bandwidth of this loop to 100 Hz.

A 30-cm-long rigid cavity made out of ULE® �Corning�
constitutes the reference for damping the oscillations of the*bondu@oca.eu
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common mode of the two long Fabry-Perot cavities. This
feedback loop has a bandwidth of 1.5 Hz. The thermal noise
displacement of the mirror surfaces limits the spectral den-
sity of the rigid reference cavity to �1.0�10−2 Hz /�Hz at
100 Hz �7�. The coupling of this noise in the dark fringe is
reduced with a feed-forward technique: the reference cavity
error signal is filtered and added to the correction signal of
the differential mode locking loop. The filter amplitude is
identical to the measured transfer function of the reference
cavity error signal to the correction signal of the differential
mode locking loop �elaborated from the dark fringe signal�
and has an opposite sign. The noise in the dark fringe is
negligible after an effective reduction of �50 in the 2–80 Hz
range.

Figure 1 displays the schematics of all loops together. We
have computed the whole open loop transfer function and
checked that it is stable, provided that the bandwidths of the
various loops are separated by 1 order of magnitude. The
individual loops, described above, have integration stages at
low frequencies to ensure lock accuracy and enough low
frequency noise suppression. We computed the servo loop
equations of the whole system when operating in the linear
regime. We studied the transfer function between each noise
source �readout noises, digitization noises, amplifiers voltage
noises, free-running laser noise, and residual motion of the
suspended mirrors of the input mode-cleaner cavity� and the
dark fringe to obtain specifications on the spectral densities
of the noise sources and specifications on the servo loop
gains. These specifications were inputs for the design of the
electronics.

The design of an architecture of four entangled loops,
together with the knowledge of the interferometer asymme-
try, ensures that the laser frequency noise should not show up
in the dark fringe, corresponding to the gravitational-wave
channel.

IV. CALIBRATIONS OF THE ERROR SIGNALS

In this section we describe the experimental procedure to
measure the parameters used to translate the measured error

signal spectra into calibrated data, to be compared with the
calculated specifications.

The error and correction signals of the four loops are cali-
brated. The calibration is supported by analytical models for
the Pound-Drever-Hall signals. The entanglement of the
loops cross checks the calibration values.

We first calibrated the rigid reference cavity error signal.
To this aim, the laser frequency is locked on the input mode-
cleaner cavity, all other loops being switched off. The mode-
cleaner end mirror position is then swept and the correction
signal on the piezoelectric mount of the laser cavity, as well
as the Pound-Drever-Hall signal of the rigid reference cavity,
is recorded. The shape displays the carrier and the sideband
resonances. This calibrates the x axis. The fit of the slope
gives a sensitivity of 45�10−6 V /Hz and a pole at 250 kHz.

The fit of decay time exponential curves measures the
input mode-cleaner pole at 496 Hz �8�. The open loop trans-
fer function of the lock of the laser on the mode cleaner is
measured by injecting a perturbation on the error signal and
computing the transfer function between the error signal be-
fore and after the addition point. Knowing the correction
signal calibration and the electronic transfer function, a fit of
the open loop transfer function yields the error signal slope,
220�10−6 V /Hz.

The correction signal of the second stage of frequency
stabilization has the same sensitivity than the input mode-
cleaner cavity error signal. The fit of the open loop transfer
functions gives a sensitivity of the common mode error sig-
nal of 12 V/Hz. The cavity pole of 8 Hz is extracted from a
fit of the shape of the transfer function between frequency
noise and the common mode error signal for frequencies
around the free spectral range �9�.

The asymmetry function is measured in the following
way. First, the transfer function between the error point of
the second stage of frequency stabilization and the dark
fringe is measured. This measurement is then corrected from
the two frequency dependent signal sensitivities, as well as
from the dark fringe loop gain. When the measurement was
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FIG. 1. �Color online� Laser frequency stabilization in two
stages. Semicircled dots are symbols for photodetectors. “IMC”
stands for the input mode-cleaner cavity, with suspended mirrors, in
vacuum; “RC” stands for the short and rigid 30 cm cavity in
vacuum; and “L+” stands for the common mode of the two 3 km
cavities. The triangles represent correction filters. The IMC lock
filter �CIMC� and the common mode filter �CL+

� are digital filters.
The laser is prestabilized to the input mode-cleaner cavity; the sec-
ond stage of stabilization uses the common mode of the interferom-
eter as a reference.
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FIG. 2. �Color online� The solid line is the spectral density of
the second stage of frequency stabilization error signal; the dotted
line is the estimated out-of-loop shot noise stabilization limit; and
the dashed line shows the specifications for the error signal of the
second stage of laser frequency stabilization.
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done, it was compatible with a zero finesse asymmetry and a
pure loss asymmetry. An etalon effect occurs between the
two parallel faces of the long cavity input mirrors. This effect
is not controlled yet but does not change significantly the
specifications for the laser frequency stability.

We now have a design of the frequency stabilization ar-
chitecture, a measurement of the asymmetry transfer function
from laser frequency noise to dark fringe, so we have speci-
fications on the laser frequency noise. With calibrated mea-
surements of the frequency dependent sensitivities of the er-
ror signal, we are able to evaluate the performance of the
laser frequency stabilization of the Virgo interferometer.

V. PERFORMANCE MEASUREMENT

In this section we report on the obtained laser frequency
stability. It is compared with the spectral density noise speci-
fication. We show that the laser frequency noise, as measured
in loop, does not appear on the dark fringe. The performance
is translated into Allan variance measurement so that it can
be compared to other oscillators.

The spectral density of the error signal of the second stage
of frequency stabilization is recorded while the interferom-
eter is in “science mode” when all control loops are tuned for
the best resolution �5�. Figure 2 displays the result from 40
fast Fourier transform �FFT� averages with a Hanning win-
dow. The data are calibrated with the measured sensitivity of
12 V/Hz and the pole at 8 Hz. The shot noise level is esti-
mated from the 43 mW incident on the photodiode and the
measured sensitivity. The out-of-loop performance cannot be
better than the in-loop shot noise limit. The laser linewidth
from the estimated shot noise level is 9 mHz.

The Allan standard deviation is computed from the spec-
tral density with �10�

�ȳ
2��� = �

0

� � �̃�f�
�0

	2

2 sin2�	�f�� sin 	�f

	�f
	2

df .

In this calculation, we do not compensate the data for the
recycling cavity pole at 8 Hz: the result would be divergent.
The relative stability performance is limited by the shot
noise, 1.0�10−21, on a 100-ms time scale, as shown in Fig.
3.

The interferometer dark fringe signal is less sensitive to a
relative laser frequency noise than to other noise sources. For
this, we measured the transfer function between a perturba-
tion in the frequency stabilization error signal and the dark
fringe; then we estimated the laser frequency noise contribu-
tion with the multiplication of this transfer function by the
error signal spectral density. Figure 4 shows that the laser
frequency noise should not dominate even when we consider
the shot noise contribution of this loop. We do not have at
hand an out-of-loop measurement; however, a coherence
measurement between the second stage of frequency stabili-
zation error signal and the dark fringe shows that the laser
frequency noise indeed does not contribute significantly to
the dark fringe.

VI. CONCLUSION

We have shown that the Allan standard deviation of the
laser relative frequency noise in the Virgo instrument, mea-
sured in loop, is 1.0�10−21 on 100 ms. It is limited by the
photon shot noise of the error signal. We realized a laser with
a frequency stable enough such that the Virgo instrument
could measure gravitational waves with its target resolution
spectral density of 4.5�10−23 /�Hz at 350 Hz.

�1� A. Bozzi et al., Rev. Sci. Instrum. 73, 2143 �2002�.
�2� R. V. Pound, Rev. Sci. Instrum. 17, 490 �1946�.
�3� R. W. P. Drever, J. L. Hall, F. V. Kowalsky, J. Hough, G. M.

Ford, A. J. Munley, and H. Ward, Appl. Phys. B: Lasers Opt.

31, 97 �1983�.
�4� D. Sigg and the LIGO Science Collaboration, Class. Quantum

Grav. 23, S51 �2006�.
�5� F. Acernese et al., Class. Quantum Grav. 23, S63 �2006�.

10
−3

10
−2

10
−1

10
−21

10
−20

integration time (s)

A
lla

n
st

an
da

rd
de

vi
at

io
n

second stage error signal
second stage error signal shot noise limit

FIG. 3. �Color online� Allan standard deviation, computed from
the spectral density of the error signal of the second stage of fre-
quency stabilization.

10
1

10
2

10
3

10
4

10
−4

10
−3

10
−2

10
−1

10
0

Frequency (Hz)

ra
tio

with measured error signal (bottom curve)
with estimated shot noise (top curve)

FIG. 4. �Color online� Estimated fraction of laser frequency
noise in the actual dark fringe channel.

ACERNESE et al. PHYSICAL REVIEW A 79, 053824 �2009�

053824-4



�6� F. Bondu, A. Brillet, F. Cleva, H. Heitmann, M. Loupias, C.
Man, H. Trinquet, and The VIRGO Collaboration, Class.
Quantum Grav. 19, 1829 �2002�.

�7� K. Numata, A. Kemery, and J. Camp, Phys. Rev. Lett. 93,
250602 �2004�.

�8� The Virgo Collaboration, Appl. Opt. 46, 3466 �2007�.
�9� F. Bondu and O. Debieu, Appl. Opt. 46, 2611 �2007�.

�10� F. Hartmann and F. Stoeckel, J. Phys. �Paris�, Colloq. 39,
C1-32 �1978�.

LASER WITH AN IN-LOOP RELATIVE FREQUENCY… PHYSICAL REVIEW A 79, 053824 �2009�

053824-5


