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The Advanced Virgo Plus detector, an upgrade of the Advanced Virgo Detector, is a dual-recycled Fabry–Perot
Michelson interferometer characterized by 3 km long arm cavities. The main upgrades in view of the fourth observ-
ing run (O4) were the implementation of the signal recycling cavity and the installation of the frequency-dependent
squeezing system. Another upgrade was the increasing of the laser power at the input of the detector, which could
lead to more severe thermal aberrations impacting the achievement of the interferometer optimal working point.
Therefore, the fine-tuning of the thermal compensation system, optimized with respect to the one implemented for
the O3 run, was also challenging. In order to achieve the best performance of such a sophisticated optical system,
having a clear knowledge of all its optical parameters is crucial. The optical characterization of the detector in
different working conditions could help in understanding its behavior and optimizing the global control system.
Moreover, the characterization in different thermal conditions, i.e., different values of the input laser power or dif-
ferent configurations of the thermal compensation system, could provide significant guidance for the optimization
of the thermal tuning. In this paper, we will describe all the methodologies adopted for the optical characterization
activities performed in Advanced Virgo Plus, presenting the experimental results for all the relevant parameters
obtained during the preparation of the O4 run. © 2025 Optica Publishing Group. All rights, including for text and data

mining (TDM), Artificial Intelligence (AI) training, and similar technologies, are reserved.

https://doi.org/10.1364/AO.555312

1. INTRODUCTION

In 2020, the Advanced LIGO [1] and Advanced Virgo [2]
gravitational-wave (GW) detectors officially concluded the
third scientific observing run (O3) and started an upgrade phase
aimed to improve their sensitivity. The upgraded configuration
of the Advanced Virgo detector is called Advanced Virgo Plus
(AdV+), and the project was conceived to be implemented in
two different phases. The phase I, planned to be accomplished
for the fourth scientific observing run (O4) [3], is aimed at
reducing the impact of the quantum noise on the sensitivity.
To reach this target, the plan was to increase the input power,
implement the signal recycling cavity (SRC), and install the
frequency-dependent squeezing (FDS) system. The phase II
target was initially planned to reduce the impact of the coating
thermal noise on the sensitivity. It consisted of the modification
of the optical geometry of the arm cavities, increasing the size
of the optical laser beam impinging on the end test masses that
require the installation of larger mirrors (in conjunction with a
coating with potentially lower mechanical loss) [4]. The target
is to conclude the phase II installation before the fifth scientific
observing run (O5) [5]. However, due to issues discovered dur-
ing the phase I commissioning, the plan for phase II has shifted
toward increasing the robustness of the recycling cavities. Since

initial Virgo [6], the recycling cavities of Virgo are marginally
stable with no focusing element in those cavities, similar to
flat–flat cavities whose g-factor is close to 1, at the limit of sta-
bility. Such a configuration, limiting the number of mirrors, fits
well in the infrastructure with constrained space. However, it is
extremely sensitive to optical aberrations. So during the years
2023–2024, it was decided to install stable recycling cavities in
Virgo before O5, so the current goal of phase II is now a large
infrastructure change in the central part of the interferometer
rather than installing large end test masses.

During commissioning, to optimize the working point of
the instrument, fundamental information should be deduced
by performing measurements of its optical performance. A
comprehensive optical characterization of a gravitational-wave
detector includes the analysis of the Fabry–Perot arm cavity,
power recycling cavity, and dark fringe. The methods and results
of these characterizations will be discussed in Sections 3 and
4, respectively, following a detailed overview of the Advanced
Virgo Plus detector for the O4 run in Section 2. To fully under-
stand the performance of the interferometer, key parameters
such as the length, the mode-matching, the finesse, and the
round-trip loss (RTL) of the Fabry–Perot arm cavities, and
the estimation of the radius of curvature (RoC) of the various
test masses were measured through characterization of the
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arm cavities. The carrier and sidebands recycling gain, the arm
circulating power, and the power recycling cavity lengths were
deduced from the characterization of the power recycling cavity
and the contrast defect of the interferometer was calculated
while the interferometer was under the dark fringe condition. In
this paper, we describe the techniques used to perform the mea-
surements of the various optical properties of Advanced Virgo,
and we present the obtained results during the commissioning
phase for O4.

2. ADVANCED VIRGO CONFIGURATION FOR O4

A. Dual-Recycled Fabry–Perot Michelson
Interferometer

A sketch of the optical configuration of AdV+ phase I is
shown in Fig. 1: it is a dual-recycled, Fabry–Perot, Michelson
Interferometer (DRFPMI), working with a laser beam at a
wavelength of 1064 nm.

In this configuration, seven main optics are installed: a beam-
splitter (BS), a power recycling mirror (PRM), a signal recycling
mirror (SRM), an input mirror and an end mirror (WI and WE,
respectively) for the West arm cavity (WA), and an input mirror
and an end mirror (NI and NE, respectively) for the North
arm cavity (NA). WA and NA are Fabry–Perot (FP) cavities
used to increase the effective arm length of the Michelson inter-
ferometer. The working point of the interferometer is tuned
to have a destructive interference for the beams reflected by
the arm cavities, the so-called dark fringe (DF) configuration.
Therefore, most of the light is reflected back toward the laser

source by installing a semi-reflective mirror (PRM) between
the BS and the main laser; one can recycle this light and inject it
back into the interferometer [7]. The PRM and the two input
mirrors form a power recycling cavity (PRC) that increases the
effective power circulating inside the detector. The passage of a
gravitational wave causes a differential change in the arm length,
inducing a phase shift of the recombined laser beam at the
output port. Measuring this out-of-phase beam at the output
port leads to the detection of GWs. The installation of a semi-
reflective mirror (SRM) between the BS and the output port of
the detector allows to shape and optimize the detector frequency
bandwidth for specific GW sources. The SRM and the input
mirrors form a signal recycling cavity (SRC). Therefore, consid-
ering all the main mirrors, there are five longitudinal degrees of
freedom that must be controlled:

• DARM = L N−LW
2 : Differential ARM length of the two

Fabry–Perot cavities in the arms.
• CARM= L N+LW

2 : Common ARM length, average of the
lengths of the Fabry–Perot cavities.

• MICH = lN − lW : Difference between the lengths from
the BS and, respectively, the NI and the WI mirrors, forming the
MICHelson interferometer.

• PRCL= lPR +
lN+lW

2 : Power Recycling Cavity Length.

• SRCL= lSR +
lN+lW

2 : Signal Recycling Cavity Length.

The two recycling cavities and the BS form the so-called
central interferometer, including the MICH, PRCL, and SRCL
degrees of freedom. Other systems and relevant devices are

Fig. 1. Advanced Virgo Plus optical configuration for the O4 observing run. The laser beam travels toward the interferometer. It passes through the
IMC cavity and the PR mirror, then the laser beam is split at the BS and directed toward the North and West arms. Then, the beams are reflected by
the end mirrors of each arm and directed back to the BS, where the beams are recombined and split again toward the input port and the output port
passing through the SR mirror. The carrier is shown in red. The different sidebands f1, f2, f3, and f4 are indicated in green, blue, pink, and orange,
respectively. LN, LW, lPR, and lSR represent the length of the North arm cavity, West arm cavity, power recycling cavity, and signal recycling cavity.
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Table 1. Optical Parameters of Main Test Masses
Individually Measured at LMA before Installation
in the Detector

a

Parameters NI NE WI WE PRM SRM

T (HR) 1.377% 4.4 ppm 1.375% 4.3 ppm 4.835% 39.6%
R (AR) 32 ppm 133 ppm 58 ppm 155 ppm 160 ppm 151 ppm
RoC
(HR)

1425 m 1695 m 1425 m 1696 m 1477 m 1443 m

aT (HR) is the power transmissivity of the highly reflective (HR) side of the
mirror. R (AR) is the power reflectivity of the anti-reflective (AR) side of the
mirror. RoC (HR) is the radius of curvature of the mirror on the HR side.

installed in Advanced Virgo and shown in Fig. 1: among them,
a high-power stabilized laser, a few electro-optic modulators
(EOMs), some photodiodes (PDs), and auxiliary optical sys-
tems and cavities, such as the input mode cleaner (IMC) cavity.
The main laser is pre-stabilized and phase modulated at different
frequencies, f1 = 6 MHz, f2 = 56 MHz, f3 = 8 MHz, and
f4 = 22 MHz, in order to provide the Pound–Drever–Hall
(PDH) [8] control signals for all the degrees of freedom of the
whole experiment. The 6 MHz sidebands are resonant inside
the power recycling cavity, and anti-resonant inside the arm
and signal recycling cavities; the 56 MHz sidebands are reso-
nant inside both the power and signal recycling cavities, but
anti-resonant in the arm cavities, the 8 MHz sidebands are anti-
resonant and, therefore, fully reflected by the interferometer
and the 22 MHz sidebands, reflected by the IMC, are used to
control the IMC length. The input mode cleaner cavity filters
out higher-order modes, in order to have only the fundamental
Gaussian mode entering into the interferometer. Beam jitter and
high-frequency noises are both suppressed as well. A reference
cavity (RFC), in combination with the IMC, is used to further
stabilize the frequency of the main laser. A pick-off of the beam
circulating in the power recycling cavity is extracted just after
the PRM through a pick-off plate (POP) and acquired by a
photodiode, named B4. The beams transmitted by the two arm
cavities are collected by photodiodes and cameras installed on
auxiliary benches. They are called B7 and B8, respectively, for
the NA and the WA. Two anti-reflective compensation plates
(NCP and WCP, respectively, for the NI and WI) are located
in front of each input test mass, to be shined with the light of
CO2 auxiliary lasers used for the compensation of the thermal
aberrations induced by the high circulating power. The beams
reflected back from the arms are recombined on the beam split-
ter. The interference signal passes through the SR mirror and
the output mode cleaner (OMC) cavity before arriving at the
output detectors, named B1. A pick-off of the output beam is
extracted before entering the OMC cavity and is acquired by the
B1p sensors.

The optical properties of the main test masses, as measured at
the Laboratorie des Matériaux Avancés (LMA) [9], are shown in
Table 1.

Starting from the third observing run, the laser input power
has been increased from about 10 to 26 W, to reduce the impact
of the shot noise in the high-frequency band. Higher circulating
power inside the detector also leads to more power absorbed
in the substrate and coating of the mirrors, inducing different
optical aberrations. The thermal lensing increases the optical

path length in the substrates of the mirrors and the thermo-
elastic deformation induces a detuning of the radius of curvature
(RoC) of the mirrors. These effects could shift the resonances
of the recycling cavity higher-order modes (HOMs), creating a
degeneracy with the fundamental mode and, consequentially,
inducing an offset in the control signals, directly degrading the
performance of the detector. A thermal compensation system
(TCS) [10] was implemented to correct the optical aberrations
and find the optimal optical working point of the detector.

The TCS consists of sensors and actuators. In particular,
the sensors are the Hartmann wavefront sensors [11] used to
directly measure the wavefront aberrations, and the phase cam-
eras, which are installed near the B4 and B1p photodiodes and
are used to study the carrier and the sideband beams circulating
into the recycling cavities. The actuators are the CO2 projectors
and the ring heaters [12], used to induce on purpose a gradient
of temperature in the optics to compensate for the aberrations.
The ring heaters, which are installed around the mirrors of the
Fabry–Perot cavities, PRM and SRM, could reduce the radius
of curvature of each mirror up to 100 m. The CO2 lasers are
installed on two auxiliary benches close to the input mirrors.
Their beams are projected on the CPs and not directly on the
mirrors, due to their residual intensity fluctuations that could
inject displacement noise into the interferometer, degrading the
sensitivity. The wavelength of the CO2 lasers is about 10.6 µm,
which is chosen since it is totally absorbed by the fused silica
substrate of the CPs. The CO2 laser could generate different
projection patterns: a central heating (CH) beam whose shape
is Gaussian, and a double ring produced by a double-axicon
system (DAS). The rings produced by the DAS are used to com-
pensate for the thermal lensing effect inside the input mirrors.
On the other hand, when the interferometer is not locked, with
a small amount of light inside, the beams produced by the CH
are used to mimic the thermal lensing effect introduced by the
main laser beam to keep a constant thermal state. The different
TCS actuators are employed to tune specific parameters of the
interferometer. The NE and WE ring heaters can adjust the
g-factor of the arm cavities and help to move away the res-
onances of the eighth and ninth higher-order modes to the
resonance of the fundamental mode, reducing cavity optical
losses. The differential adjustment of these same ring heaters
optimizes the interferometer’s contrast defect by making the
two arms more symmetric. Additionally, tuning the CH and
DAS improves the recycling gains and corrects the imbalance
between the lower and upper sidebands by reducing the thermal
aberration in the recycling cavities. For the PRM and SRM,
other actuators, the central heating radius of curvature cor-
rection (CHRoCC) systems were implemented [13]. These
actuators consist of black-body emitters projecting a circular
pattern either on the POP installed close to the PRM or directly
on the SRM, which can reduce the radius of curvature of the
mirrors. In the final configuration for O4, the CHRoCC actu-
ation is applied to the PRM, while the ring heater is actuated on
the SRM. Both actuators were tuned in their optimal working
points.

One of the most important upgrades of the AdV+ phase I
is the implementation of the SRC. As mentioned above, the
installation of the SRM introduces a new degree of freedom
(SRCL) that should be controlled. Therefore, a new control
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strategy has been implemented. This requires the installation
of an auxiliary laser system (ALS) [14]. The ALS is composed
of three phase-locked laser beams at 532 nm, generated by dou-
bling the frequency of a pick-off beam of the Virgo main laser
[15]: one is implemented near the Virgo main laser and two at
the end of the WA and NA, respectively. The two latter beams
at 532 nm are then injected with orthogonal polarizations from
the end mirrors of the Fabry–Perot arm cavities. Interfering
them with the third beam allows to build the error signals to
control DARM and CARM. It is used to arbitrarily control the
resonance condition of the two arm cavities, while acquiring
the control of the central interferometer. During this process,
the arm cavities are brought out of resonance for the infrared
beam by adding an offset on the CARM control loop. By chang-
ing this offset, we are able to perform relatively slow scans of a
few free spectral ranges (FSRs) of the Fabry–Perot cavities for the
infrared beam.

B. Different Working Conditions

1. Different Input Power

In order to find the optimal working point of the detector with
respect to the noise for the observing run O4, the interferom-
eter has been tested and characterized using different input
powers. In particular, input powers of P= 11 W, P= 17 W,
P= 22 W, and P= 31 W have been injected into the inter-
ferometer. The final input power used for the observing run
O4 is 17 W. Different input powers imply different circulating
powers in the detector and, therefore, different tunings of the
TCS actuators.

2. Different TCSTuning

To minimize the noise coupling and the contrast defect, while
optimizing the working point of the interferometer, in terms of
both stability and performance, different tunings of the TCS
actuators have been tested. More specifically, the EM heating
rings are used to fine-tune the geometry of the arm cavities to
prevent the co-resonances of the carrier fundamental mode
with some higher-order modes (modes of order 8 and 9 are
worrisome). A small differential tuning of the rings can also
help to improve the symmetry of the cavities and to reduce
the power on the dark fringe. The DAS and CH actions are
for the recycling cavities, where they compensate for the ther-
mal effects (dominated by the aberrations in the IMs) and
help to maximize the recycling gains and to reduce sideband
imbalance.

Moreover, measurements have been made with these different
tunings to better characterize the detector. For example, when
the ring heaters on the end test masses were switched on with
the same set points as during O3, we observed a clear change
in the spacing of the resonance modes in the arm cavities with
respect to the condition with the ring heaters off. Moreover, this
change was different between the NA and WA. Furthermore,
asymmetrical changes in the optical properties of the two arms
have been observed by switching on the CH and DAS actuators.

3. Different SRMAlignment

During commissioning, it was discovered that misaligning the
signal recycling mirror could improve the contrast defects of
the interferometer. By construction, a marginally stable SRC
tuned to enlarge the bandwidth of the detector brings all the
higher-order modes on resonance within the cavity. So to reduce
the gain of the higher-order modes, the signal recycling mirror
is on purpose misaligned at the price of higher loss for the fun-
damental mode. Measurements reported in this paper include
both ITF configurations with SRM aligned and with SRM
misaligned.

4. Hot andColdCavity

When the interferometer is fully and stably controlled in its final
working point, high circulating power inside the Fabry–Perot
cavities leads to a temperature increase in the mirrors due to the
absorption in their coatings and substrates. This non-uniform
increase of temperature induces wavefront distortions, due to
thermorefractive and thermoelastic effects. When the interfer-
ometer is stably controlled with the maximum recycling gain,
the arm cavities are in a state referred to as “hot cavities.” On the
other hand, at the beginning of the lock acquisition procedure,
the amount of power circulating in the arm cavities is low
since the power recycling mirror is misaligned. This state is
referred to the “cold cavities” configuration. In order to perform
a complete characterization of the detector, optical properties
are measured in both configurations. Ideally, measurements
done as soon as the interferometer loses lock could represent the
“hot cavities” state. However, after the unlock happens, at least
3–4 min are needed to recover the status of the detector in order
to perform any measurement, inducing a not negligible decrease
in the magnitude of the thermal effects.

3. OPTICAL PARAMETER CHARACTERIZATION
METHODS

The optical characterization of the AdV+ detector was car-
ried out during the whole commissioning period ahead of the
observing run O4. We give an overview of all the methods used
to characterize the optical properties of the different cavities
of the detector. In particular, we focus on the characterization
of two main parts of the interferometer: the Fabry–Perot arm
cavities and the recycling cavities.

A. Arm Cavities

For the characterization of the arm cavities, we present two
different groups of measurements: free spectral range scans and
round-trip loss measurements. The FSR scans can be performed
in two different ways, the free swing of one of the cavity mirrors
or the slow scan of the frequency of the auxiliary laser beam. The
method used to measure the round-trip loss is a comparison
between the power reflected by the cavity when it is locked and
unlocked.
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Fig. 2. FSR scan of one Fabry–Perot arm cavity of the AdV+ detector with the fundamental and high-order modes of the carrier and the fundamen-
tal modes of the sidebands labeled.

1. FreeSpectral RangeScan

From the scans of free spectral range, different parameters can
be extracted, such as the length difference between two Fabry–
Perot cavities, the mode matching of the input beam into one
cavity, the radius of curvature (RoC) of the arm cavity mirrors
from the cavity g-factor and the finesse of the cavity. In Fig. 2, a
typical FSR of the Virgo arm cavities is shown, and it is used to
demonstrate the methods of estimating the optical parameters.
Performing a scan of an FSR, we can excite all the resonant
modes of the cavity, in particular, the TEM00 and the HOMs of
the carrier and sideband beams, as highlighted in Fig. 2.

From Fig. 2, we can get the height of each peak and the dis-
tance between peaks. In order to estimate precise values of peak
heights and distances, we use the Gaussian approximation of the
Airy function to fit each peak:

I (x )=
a

1+F · sin2 π(x−x0)
fFSR

+ o , (1)

where I (x ) is the intensity of the peak as a function of frequency,
(due to the constant speed of the scan) the x axis can be easily
converted from time to frequency, F is the finesse, a is the
amplitude of the peak, x0 is the expectation value of the distribu-
tion, and o is an offset. fFSR =

c
2L , where c is the speed of light

and L is the arm cavity length, is the free spectral range, i.e., the
distance between two consecutive peaks of the TEM00 mode.
All the peaks are normalized to the height of the TEM00 mode
and all the distances between peaks are normalized to the FSR.

Before the implementation of the auxiliary laser system, the
FSR scan was acquired from the free swing of the end mirror of
the cavity. In order to induce a larger swing, the mirror is usually
excited by the actuators, while the dampers, used to damp the
mirror motion, are switched off. Defining τsto as the storage (or
decay) time of a cavity, which quantifies how long a photon can
stay inside the cavity before it is absorbed or transmitted, when
the time needed for the cavity to cross the resonance is shorter
than τsto, the peaks of the modes are distorted by the so-called
ringing effect [16]. An example of a distorted resonance peak
with the ringing is shown in Fig. 3. In this condition, the light
does not have enough time to completely fill the cavity and the
beat between the incoming field and the evolving field stored
in the cavity creates an oscillating pattern, which is called the
ringing. As a consequence, a precise measurement of finesse
cannot be done using a simple Airy function. However, it is

Fig. 3. Resonance peak of one of the AdV+ arm cavities distorted by
the ringing effect.

still possible to estimate the storage time by modeling the fields
affected by the ringing as [17]

E (t)= D(t)2(t), (2)

where

D(t) =
(

iπ
α

) 1
2 t1 Ae−

iβ2
α ,

2(t) =
(
α
iπ

) 1
2
∞∑

n=0
e iα(n−βα)2 ,

(3)

and

α = 2πv
λ fFSR

,

β = 2π
λ
vt − i L

cτsto

, (4)

where λ is the wavelength of the laser beam, v is the speed of the
mirror, and n is the number of round trips. Then the finesse can
be estimated using the storage time:

F = π · fFSR · τsto. (5)

In Fig. 3, the red dots present the fit of the ringing using the
above-mentioned equations.

The ALS implemented during the upgrade period after the
observing run O3 provides a more controllable way to perform
scans of the FSR. The ALS is used to lock the arm cavities using a
beam at 532 nm, for which the finesse is lower than that for the
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Fig. 4. FSR scan of the North (red) and West (blue) arms of the AdV+ detector with infrared beam zoomed on the 56 and 6 MHz sidebands.

infrared beam. The first step to perform the scan is to move the
control of the arm cavities from the infrared to the green beam.
Using an infrared beam, the arm cavities are controlled and
kept at the same length (DARM= 0) by adjusting the mirror
positions. Two acousto-optic modulators (AOMs) are installed
on the two green beam paths before entering the cavities to
control the green frequency. Acting on these AOMs, the green
frequency is shifted in order to have the green beam resonant
inside the cavities. Beating the green beam generated in the
central area with the two transmitted by the cavities, two new
signals are produced and combined to form the green CARM
and DARM error signals, used to control the cavities instead
of the infrared ones. After the lock using the 532 nm beam is
acquired, to perform slow scans, a gradual change on the offset
of the CARM loop is applied, acting on the input mirror posi-
tions. The green laser is kept on resonance in the arm cavity by
acting on the AOMs. As the infrared frequency remains fixed,
scanning several FSRs is achieved via the cavity length change.
In this way, we can get a more precise measure of the height and
the position of the peaks of the fundamental mode, higher-order
modes, and sidebands.

Cavity length: the Fabry–Perot arm cavity length can be esti-
mated through the sideband positions in the FSR scan. From
Fig. 4, the sidebands f2 = 56 MHz of the WA and NA have
a clear shift between them. It is a zoom of the full free spectral
range around the sidebands when the TEM00 peaks of the
carrier are superposed. The scan was repeated multiple times,
and the results were consistent. This shift in the resonance of the
sidebands is due to a small difference in the arm length between
the two cavities. Since the cavity length is also crucial for the cal-
culation of other optical parameters, we estimated their values
from the following equation:

fSB = N × fFSR + dSB × fFSR, (6)

where fSB is the frequency of the 56 MHz sidebands, N is an
integer number, and dSB is the normalized distance between
the 56 MHz sideband peak and the TEM00 carrier peak.
Mode-matching: comparing the amplitude between the TEM00
and the higher-order modes in the FSR scan, we can extract
information for characterizing the arm cavities. Especially, the

misalignment and mode mismatch can be estimated, since
both of them couple the fundamental mode into higher-order
modes. The presence of higher-order modes indicates imper-
fections in the optical system which leads to a decrease in the
circulating power and offsets in the error signals, worsening the
performance of the interferometer. Therefore, mismatching
and misalignment are crucial information for the control of the
interferometer. While improving the mode-matching of the
beam into the cavity is related to the fine-tuning of the input
telescope, reducing the residual misalignment needs to consider
the alignment control strategy that is beyond the work of opti-
cal characterization. However, from the scan, information to
quantify the misalignment could be extracted. It is given by the
comparison between the peak height of the first-order Hermite–
Gauss mode and the fundamental mode. In this paper, our work
was mainly focused on the mode mismatch estimation.

Using polar coordinates, the amplitude of the fundamental
eigenmode of one cavity can be written as [18]

V0(r )=

√
2

π

1

ω0
exp

(
−

r 2

ω2
0

)
, (7)

whereω0 is the beam waist size. The field at the input of a cavity
can be defined as 9(r )= AV0(r ), where A is the amplitude
coefficient. The higher-order modes can be written as the
generalized Laguerre polynomials L p

l weighted by a Gaussian
function, where p and l are the radial and angular mode num-
bers. The mode order is defined as k = 2p + l . Since the angular
dependence is negligible for our purpose, we set l = 0. The
amplitude of the first-order radial Laguerre–Gaussian (LG)
mode, where p = 1 and l = 0, can be written as

V10(r )=

√
2

π

1

ω0

(
1−

2r 2

ω2
0

)
exp

(
−

r 2

ω2
0

)
. (8)

Considering a mismatch caused by a small difference ε between
the waist size of the input beam and the one of the cavity, we can
define a new beam waist sizeω′0 as

ω′0 =ω0(1+ ε). (9)

Thus, the input field9(r ) becomes
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9(r )= A

√
2

π

1

ω0
(1+ ε) exp

[
−

r 2

ω2
0

(1+ ε)2
]

. (10)

Since ε�ω0, the exponential can be expanded and considered
only up to the first order of ε, resulting in

9(r )' A[V0(r )+ εV10(r )], (11)

which means that a small deviation of the beam waist size will
couple the power from the fundamental mode to the second-
order LG10 mode. A similar result could be obtained considering
the mismatch caused by a small difference in the position of the
waist. Therefore, the level of mismatching is estimated from the
comparison between the peak height of the second-order mode
and the one of the fundamental mode.

Radius of Curvature: the radius of curvature of the arm cavity
mirrors is another parameter that has been regularly measured
during the commissioning period, when the TCS actuators were
constantly tuned to find the optimal working point of the inter-
ferometer. A precise measurement of the RoCs could also be
used in the tuning of the simulations for a better interpretation
of the detector behavior. An estimation of the RoCs can be done
starting from the resonance frequency of the different peaks
excited performing the scan of the cavity.

The different spatial modes have different resonant frequen-
cies inside the cavity due to their different round-trip Gouy
phases. The frequency difference between the TEM00 mode and
the order k mode is given by

δν = kν0, (12)

where

ν0 =
c

2L
1

π
acos
√

g IMg EM, (13)

where L is the cavity length, g XX is the g-factor of the input and
end mirror as defined by g XX = (1− L/RoCXX) with RoCIM

and RoCEM are the radius of curvature of the input mirror and
end mirror of the cavity, respectively. The g-factor of the arm
cavity is given by the product g IMg EM and is around 0.87 in the
case of the Virgo arm cavities with the nominal RoC.

The distance between different modes normalized to the FSR
is known as the mode spacing. For example, the mode spacing
between the zero and the first-order modes can be written as

1ν1 =
1

π
acos
√

g IMg EM. (14)

From Fig. 2, using Eq. (1), we could get the precise position of
each peak and calculate the distance δν between different orders.
In order to calculate the radius of curvature of both mirrors,
we use the arm length L = 2999.8 m and the RoC values listed
in Table 1 as a starting point, assuming the measurement error
of both mirrors is the same. To be noted, as we are measuring
the g-factor of the arm cavity and not directly the one of each
individual mirror, we cannot determine unambiguously the
RoC of the input and end mirrors.

Finesse: the finesse of a Fabry–Perot cavity can be defined as
the ratio between the FSR and the full width half-maximum
(FWHM) of the TEM00 peak:

F =
fFSR

fFWHM
. (15)

The finesse can be estimated using both the slow scans of the
FSR and the fast swing of the cavity. Using the slow FSR scan
performed with the ALS, both the fFSR and the fFWHM can be
precisely measured and fit with a simple Airy function. We can
directly use Eq. (15) to calculate the finesse.

Using the ringing effect caused by the fast swing of the cavity
mirror, the storage time of the cavity can be estimated from
Eq. (2), then finesse can be calculated using Eq. (5). Statistically,
higher speed induces more ringings, giving a more precise
estimation of the finesse.

The finesse of the Fabry–Perot cavity is determined by
the reflectivity of the input and end mirrors, mathematically
defined as

F =
π
√

r inrend

1− r inrend
, (16)

where r in and rend are the amplitude reflectivity of the HR
side of the input and end mirrors. In the Advanced Virgo Plus
detector, manufacturing reasons have led to an asymmetry in
the finesse between the two arms, significantly affecting the
detector’s binary neutron star (BNS) range [19]. Therefore, it
is crucial to correct this asymmetry. The input mirrors of the
Advanced Virgo Plus interferometer have parallel surfaces,
creating an etalon within the substrate. The optical path length
of this etalon modifies the transmissivity of the input mirror,
consequently changing the finesse of the Fabry–Perot cavity.
The optical length inside the input mirror substrates can be con-
trolled by adjusting the temperature of the mirror itself, since
it depends on the thermal expansion coefficient of the mirror
material.

2. ReflectedPowerComparison of Lock/UnlockStates
of theCavity

Among the multiple ways to define the round-trip loss, if we
consider the energy conservation principle, the loss is [20]

3rt =
Pin − Pref − Ptrans

Pcirc
, (17)

where Pin, Pref, Ptrans, and Pcirc are, respectively, the input,
reflected, transmitted, and circulating power of the Fabry–Perot
cavity. Loss could be caused by different reasons, such as absorp-
tion in substrates and coatings or clipping, which could be due
to a beam size larger than the mirror aperture, or scattering
from mirror surface defects. Measuring the RTL is needed to
confirm that the quality of the optics is within the requirements.
Moreover, it is also crucial to optimize the control of the inter-
ferometer, since loss could lead to smaller control signals and
recycling gain. Furthermore, the performance of the squeezing
can be largely affected by the loss level, higher loss means higher
squeezing degradation and, as a consequence, less quantum
noise reduction.

As mentioned in Ref. [21], we can assume the loss as an
increase of the end mirror transmission. Therefore, we can esti-
mate it from the reflectivity of the Fabry–Perot cavity. In the case
of a perfect cavity, without any loss and the end mirror perfectly
reflective, all the power must be reflected back from the cavity.
Therefore, in this case, with the cavity locked or unlocked,
the reflectivity (in power) of the cavity is always 1. As soon as
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small optical losses are introduced, the reflected power decreases
linearly when the cavity is locked. So to estimate the RTL, we
make a relative measurement by looking at the reflected power
(Pref) with the same photodiode when the cavity is unlocked
and locked. When the cavity is unlocked, the reflected power is
equal to the incident power (Pref = Pin), which is assumed to
be also the reflected power when there is no loss in the locked
cavity and the end mirror is perfectly reflective. Then, we lock
the cavity and the reflected power decreases, where the drop
in power is directly related to the RTL. In this condition, we
define Pref = Plock. Since it is a relative measurement, we do
not need to know the optical losses between the cavity and the
photodiode used for measurement, which is a strong advantage
of this technique.

We first estimate the end reflectivity as

rend =
√

1− Tend −3rt

'
√

1−3rt
, (18)

where rend and Tend are the amplitude reflectivity and the power
transmissivity of the end mirror. Then we could express the cav-
ity reflectivity when it is locked as

Rcav =

[
r in−rend
1−r inrend

]2

'

[
r in−
√

1−3rt
1−r in

√
1−3rt

]2 . (19)

Considering a locked cavity, we can write Plock = Pin · Rcav and,
combining with Eq. (19), we can express the round-trip loss as

3rt =
Tin

2

1− Plock
Pin

1+ Plock
Pin

, (20)

where Plock and Pin can be acquired from both B4 and B1p PDs
for the estimation of the round-trip loss. This technique has
been successfully used in the past to measure round-trip losses in
single Fabry–Perot cavities [22], and more recently, also to char-
acterize RTL in Virgo’s filter cavity, as a function of the beam
position on the mirrors [23]. However, in a system as complex
as a gravitational wave detector, spurious beams also reach the
PDs leading to unreliable results. An alternative way to estimate
the round-trip loss is through the recycling gain, as mentioned
in Section 3.B.1.

B. Recycling Cavities

In addition to the arm cavities, we are also interested in the
optical parameters of the recycling cavities, including the power
recycling cavity length, the recycling gain of the carrier and
sidebands, the arm circulating power, and the contrast defect.

1. Carrier RecyclingGain

The optical gain of the PRC is called the recycling gain and is
defined as follows when the interferometer is controlled at the
dark fringe working point:

GPR =

(
tPR

1− rPR · rFP

)2

, (21)

where rPR and tPR are the amplitude reflectivity and transmissiv-
ity of the PR mirror and rFP is the amplitude reflectivity of the
Fabry–Perot arm cavity, which can be expressed as

rFP = 1− GFP ∗3rt, (22)

where GFP =
2F
π
' 286 is the gain of the Fabry–Perot cavity

of AdV+ and3rt is the round-trip loss defined in Eq. (20). The
recycling gain of the PRC can be estimated using the DC power
measured by the B7 or B8 photodiodes in the transmission of
two arm cavities in two different interferometer configurations.
The first one is when only the Fabry–Perot arm cavities are
locked, and the second one is when the interferometer is fully
locked. For example, if we consider the B7 photodiode, in the
first working condition, the power measured can be written as

P FP
B7 = Pin ∗ TPR ∗ TBS ∗ GFP ∗ TNEM, (23)

where Pin is the input power of the interferometer, TPR is the
power transmissivity of the PRM, TBS is the power transmissiv-
ity of the BS, GFP is the gain of the Fabry–Perot arm cavity, and
TNEM is the power transmissivity of the North end mirror. On
the other hand, the power measured by the B7 photodiode when
the interferometer is fully locked can be expressed as

P DRFPMI
B7 = Pin ∗ GPR ∗ TBS ∗ GFP ∗ TNEM. (24)

Combining Eqs. (23) and (24), the recycling gain is

GPR = TPR ∗
P DRFPMI

B7

P FP
B7

, (25)

where the value of TPR is given in Table 1.
Using the carrier recycling gain obtained using Eq. (25),

together with Eqs. (22) and (21), the round-trip loss of the arm
cavities can be estimated.

From the recycling gain, another parameter which could also
be estimated is the circulating power inside the arm cavities,
defined as

Pcirc =
1

2
∗ Pin ∗ GPR ∗ GFP. (26)

2. SidebandRecyclingGain

To measure the gain of the sidebands, it is essential to obtain
a power measurement independent of the carrier field. This
is achieved using the phase camera, which can separately and
simultaneously measure the powers of the carrier and sidebands.
In order to compute the sideband gain, the measurement must
be normalized against a simpler reference configuration, where
the power can be easily estimated. This reference is provided by
what we call “single bounce configuration” described in the next
section.

To avoid multiple bounces in the recycling cavities, the single
bounce configuration is often set during the phase of com-
missioning. The single bounce condition for one arm cavity
is created by misaligning its end mirror, while the input and
end mirrors of the other arm cavity are completely misaligned.
Power and signal recycling mirrors are also misaligned. In this
state, the B1p and B4 sensors only measure the reflection from
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one input mirror. This setup accounts for losses introduced by
all auxiliary optics from the input mirror to the sensors, and
serves as a baseline for characterizing the full interferometer.

The phase cameras once calibrated are a unique tool for esti-
mating various optical parameters of the interferometer, such
as the sideband gain and contrast defect (CD). The intensity of
the different fields captured by the phase camera results from the
beating signal between the interferometer beam (comprising the
carrier, 6 and 56 MHz sidebands) and a reference beam, which is
a pickoff of the Virgo main laser offset in frequency. This beating
signal is then demodulated at different frequencies to retrieve
information about the individual components. Comparing
the sideband power between the single bounce and the fully
locked configurations, the sideband gain can be estimated. The
sideband reference power measured by the B4 phase camera in
the single bounce configuration can be written as

P ref
B4 = Pin ∗ TPR ∗ TBS ∗ Rin ∗ TBS, (27)

where TBS is the power transmissivity of the beam splitter, and
Rin is the power reflectivity of the input mirror HR surface.
When the interferometer is fully locked, the sideband power
measured by the B4 phase camera can be expressed as

P DRFPMI
B4 = Pin ∗ GSB, (28)

where GSB is the sideband gain. Combining Eqs. (27) and (28),
the recycling gain for the sidebands is

GSB = TPR ∗ T2
BS ∗ Rin ∗

P DRFPMI
B4

P ref
B4

. (29)

The theoretical values of the gain of the sidebands can be cal-
culated in the same way as for the carrier using Eq. (21), with
the rFP = 1 as the sidebands are not resonant in the arms. The
formula is correct for the 6 MHz sidebands, which are almost on
the dark fringe and not impacted by the presence of the SRM.
For the 56 MHz sidebands, due to the Michelson length asym-
metry explained in Section 3.E and since they are also resonant
inside the SRC, although it is possible to derive an analytical
model, the calculation of r 56MHz

FP is more complex and the values
of the gain can be easier estimated through simulations.

C. Contrast Defect

The contrast defect of an interferometer is used to characterize
the amount of excess light reaching the dark port. It can be
expressed as the ratio between the power of the excess light and
the circulating power inside the interferometer. Mathematically,
it can be written as

CD= 2 ∗
Pmin

Pmax
, (30)

where Pmin and Pmax are the minimum and maximum powers
measured at the output of the interferometer and correspond to
the power measured by the B1p and B4 sensors. Using the power
from the B1p and B4 phase cameras when the interferometer
is in single bounce and in the fully locked states, we can deduce
the contrast defect expression of the interferometer before the
OMC as

CD= 2 ∗ TSR ∗

P DRFPMI
B1p

P ref
B1p

P DRFPMI
B4

P ref
B4

, (31)

where TSR is the power transmissivity of the signal recycling
mirror.

D. Modulation Depth of the Sidebands

The modulation depth of the 56 and 6 MHz sidebands is esti-
mated by the relative power between the sidebands and the
carrier, defined as

m =

√
2 ∗ PSB

Pcar
, (32)

where PSB and Pcar are the total powers of the sidebands and
of the carrier. These powers can be estimated through data col-
lected using two different approaches: the slow FSR scans and
the phase camera in the single bounce configuration:

• From the slow FSR scans, as the one shown in Fig. 2, the
peak height of the 56 and 6 MHz sidebands can be estimated
using Eq. (1).

• The power of the sidebands can be acquired inde-
pendently from the phase camera used in the single bounce
configuration. The result obtained by acquiring the modulation
depth from the phase camera data can be used to confirm the
estimation made by analyzing the data from the scan.

1. PowerRecyclingCavity Length

During the interferometer steady-state operation, the carrier
and the sidebands at 6 and 56 MHz have to resonate in the
PRC. While the carrier resonance is guaranteed by changing the
microscopic length of the PRC, using a Pound–Drever–Hall
(PDH) locking error signal obtained by beating the carrier with
the anti-resonant sidebands at 8 MHz, the resonance condition
of the sidebands depends on the macroscopic length of the
cavity. The sideband resonance condition can be written as

2
2π f

c
lPR + π = 2Nπ, (33)

where the additional π picked up after a round trip is due to the
anti-resonant sidebands in the arms, and N is an integer. The
relation between the cavity length and the resonance frequency
f can be defined as

f = (2N − 1)
c

4lPR
. (34)

If the macroscopic cavity length is such that the sidebands are
resonant in the PRC, the optimal demodulation phase of the
PDH signal will have a difference of 180◦ between the carrier
and the sidebands. A change in the PRC length moves the side-
bands away from the resonance resulting in a shift of the optimal
demodulation phase difference away from 180◦. The PRC
length change 1lPR can be measured by checking how much
the optimal PDH demodulation phase shift deviates from the
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expected 180◦ when optimizing the demodulation frequency
to lock the PRC purely on the resonance of the carrier or of the
sidebands. The relation between the phase shift δφPDH and the
length mistuning depends on the PRC finesseFPR as

1lPR =
c

4 f π
2FPR

π

δφPDH

180
. (35)

The measurement has been performed using the 6 MHz RF sig-
nal on the B2 photodiode, with only the central interferometer
locked.

E. Michelson Arm Length (Schnupp) Asymmetry

A macroscopic asymmetry in the lengths of the arms of the short
Michelson interferometer, known as Schnupp asymmetry, is
required to transmit part of the sidebands toward the dark port
where they are used for generating control error signals. The
beam reflected by the two arm cavities travel different distances
resulting in a relative phase shift, which depends on the Schnupp
asymmetry δlMICH and on the modulation frequency fi (i indi-
cating which modulation frequency) as δφ = 2δlMICH

2π fi
c

for one round trip. This can be measured by locking one arm
at a time and recording the optimal demodulation phase for
each cavity. From the difference in the optimal demodulation
phase of the two arms, we can directly compute the Schnupp
asymmetry as

δlMICH = δφ
c

4π fi
. (36)

The measurement has been performed using the 6 MHz RF sig-
nal on the B4 photodiode.

4. ARM CAVITY OPTICAL PARAMETER
MEASUREMENTS

All measurements were carried out using the arm cavity slow
FSR scan method during commissioning activities aimed at
identifying the optimal working point of the interferometer
in preparation for O4. Therefore, they have been performed
with different input powers and TCS tunings, as described
in Section 2.B. The main results presented in the following
sections have been obtained with the final configuration of the
interferometer chosen for O4, meaning that the input power

is 17 W, and they are compared with the values obtained in
different working conditions. The speed of the scan is about
1 kHz/s, while the cavity FSR is about 50 kHz. Each group of
measurements consists of four full FSRs, obtained by scanning
the frequency with a ramp. They have been repeated for some
minutes to give enough statistics for more accurate parameter
estimations.

A. Arm Cavity Lengths

From the measurement of the FSR scan as shown in Fig. 2,
the value dSB [position of the SBs in the FSR, see Eq. (1)]
can be derived using the 56 MHz sidebands. We found dSB

equals to 0.4536± 0.0002 and 0.4416± 0.0002, respec-
tively, for the NA and WA. The corresponding arm lengths are
2999.8203± 0.0004 m and 2999.7884± 0.0005 m, deducted
from fFSR. The difference between arm lengths L N − LW is
0.0319± 0.0006 m. It was also confirmed in the simulation
made with both OSCAR [24] and finesse [25] that the NA is
about 3 cm longer than the WA.

B. Finesse

The design finesse value of the arm cavities can be calculated
using Eq. (16). The nominal value for the Advanced Virgo Plus
cavities is about 450. Considering the etalon effect [26], the
finesse of the North arm could change between 448 and 458,
while the one of the West arm varies between 447 and 461.

From the slow scan, the finesse was estimated through
Eq. (15). Using the data of six scans, the values obtained for the
estimations of the finesse of the cavities are 459.51± 6.19 for
NA and 454.73± 8.14 for WA.

The finesse has been estimated also using the ringing effect,
with Eq. (5). Figure 5 shows the histograms of the finesse esti-
mated using the ringing. The results are 452± 4 for NA and
448± 7 for WA, slightly different compared with the ones
obtained using the slow scan. This could be due to different
etalon conditions of the input mirrors between the two finesse
measurements.

C. Mode-Matching

The values of the mode-matching of the beam into the Fabry–
Perot cavities are estimated through the relative peak height

Fig. 5. Histograms of the estimated finesse using the ringing effect.
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between the second-order mode and the fundamental mode,
as described in Section 3.A. For the cold cavities, the obtained
results are 97.19± 0.15% for NA and 98.93± 0.06% for
WA, respectively. For the hot cavities, the obtained values are
97.45± 0.04% and 99.12± 0.01%. The difference between
the two arms could be caused by the slightly different RoCs of
the mirrors, the different RoCs of the CPs, and the independent
tuning of the TCS actuators.

D. Radius of Curvature

The radii of curvature of the cavity mirrors are estimated
through Eq. (14), using a slow FSR scan and then measuring the
distance between the second-order modes and the fundamental
one. Once normalized by the FSR, this value is directly related
to the g-factor of the cavity. We choose to use the position of
the second-order modes in the FSR as it appears to be the most
robust mode, insensitive to misalignment.

The same technique can also be used to estimate the g-factor
of the arm cavities when the full power is circulating inside the
interferometer. For that, we lock the interferometer for at least
one hour and then on purpose unlock the arms and start the slow
scan. For the final O4 configuration with 17 W of input power,
the evolution of the g-factor for both cavities from hot to cold is
shown in Fig. 6.

For O4, the ring heaters around the end mirrors are switched
on permanently to optimize the contrast defect. By comparing
the g-factor of the cavity with the ring heater off and on, it is pos-
sible to estimate the change of RoC due to the action of the ring
heater. Using the cold g-factor from Fig. 6, with a ring heater
power of 7.1 W for the North arm and 8.2 W for the West arm,
it was found that the measured RoC changes are, respectively,
about−24.6± 0.9 m and−27.3± 0.6 m for the end mirrors.
It should be noted that before the start O4, the ring heater was
further tuned by 0.1 W but no FSR scan was done after.

The radii of curvature of the mirrors in the hot cavity con-
figuration were also estimated from Fig. 6 for both cavities. The
time t = 0 in the abscissa represents the moment of the unlock
in the interferometer. Fitting the data with a decay function
( f (t)= a × exp(−bt)+ c ) with the coefficients a , b, and c ,
the g-factor in the hot cavity configuration can be estimated by

Fig. 6. Evolution of the g-factor of the arm cavities from hot to cold.
This measurement is derived from the position of the second-order
modes inside the FSR. The position is fitted as two peaks per cavity
taking into account the presence of astigmatism, usually visible on all
the modes. In total four curves are presented and fitted with a decay
function.

Table 2. Fitted Parameters from the Evolution of the
Cavity g-factor with Data from Fig. 6

Mode a ×1000 b ×10000 c

NA mode 1 −3.5± 0.2 −7.0± 0.6 0.8943± 0.0001
NA mode 2 −3.3± 0.2 −7.0± 0.6 0.8920± 0.0001
WA mode 1 −3.6± 0.3 −10.9± 0.6 0.8949± 0.0001
WA mode 2 −3.3± 0.2 −10.9± 0.6 0.8919± 0.0001

f (t = 0). The three coefficients represent: a is the change in the
g-factor between the hot and the cold cavity configurations; b is
the inverse of the time constant; and c is the g-factor in the cold
state. In Fig. 6, the fits are shown in dashed lines for the North
and West arms. Four fits are done in total, two for each arm and
one for each second-order mode while the same time constant is
used for a given arm.

From the parameter a in Table 2, it is obvious that the thermal
effect is quite similar for both arms. Assuming the change in
RoC distributes equally on the input and end mirrors (which
is not rigorously true due to the difference in beam size), we
can conclude the RoC change per mirror is about 1.5± 0.1 m
for the North and West arms between hot and cold cavity
configurations.

An overlapping double resonance peak was observed in some
higher-order modes during the scan, suggesting astigmatism,
leading to different resonance conditions in two different
directions. Therefore, two peaks are fitted for the second-order
mode in Fig. 6. From the difference in parameter c of the same
arm, one can express the astigmatism as the difference of RoC
in two different directions. Based on the value from Table 2,
we found the RoC difference for North arm to be 1.8± 0.2 m
and 2.4± 0.2 m for the West arm assuming the astigmatism is
induced by one single mirror of the cavity.

To further investigate the level of astigmatism in each arm,
angular misalignments were applied separately (and sequen-
tially) to each degree of freedom of the cavity mirrors while
scanning the cavity. As a result, we excited only one first-order
mode at a time, such as the TEM10 shown in Fig. 7. By calcu-
lating the mode spacing of the first-order mode TEM10 and
TEM01, the difference of the RoC between the two perpen-
dicular directions is found to be 1.3± 0.7 m and 2.5± 0.6
m, respectively for the NA and WA arms. It should be noted
that the astigmatism is not necessarily along the direction of
misalignment of the mirrors, leading to more complex analysis.
However, in this measurement, the values are compatible with
the results obtained using the second-order modes.

Fig. 7. Zoom on the resonances of the first-order mode during a
FSR scan with the arm cavity misaligned in the horizontal and vertical
directions. The shift in the resonances of the mode TEM 10 and 01
could be explained by the presence of astigmatism in the arm cavity.
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E. Round-Trip Losses

Using Eq. (20), the round-trip loss of a Fabry–Perot cavity can
be calculated by comparing the power acquired by the photo-
diodes in reflection, while the cavity is locked and unlocked. In
the case of AdV+, the usual photodiodes used to collect the data
are the B4 or the B1p ones. The data are acquired for one cavity
at a time, with cavity locking/unlocking periods of 30 s. The
measurements are repeated few times to obtain some statistics.
However, as mentioned in Section 3.A.2, the presence of differ-
ent spurious beams when the cavity is locked and unlocked led
to not reliable estimations of the round-trip loss. In Fig. 8, exam-
ples of such measurements for cold cavities are shown using
two B4 photodiodes. The estimated RTL is 100± 10 ppm
for both the NA and the WA. The cold arm cavity RTL was mea-
sured to be 55 ppm [27]. Compared to simulations based on the
characterization of individual mirrors, including low-frequency
surface aberrations and scatterometer data, an additional loss
of around 10 ppm per mirror was observed inside the inter-
ferometer. In the next section, the results obtained for the
estimation of the RTL starting from the power recycling gain
will be presented.

5. RECYCLING CAVITY OPTICAL PARAMETER
MEASUREMENTS

A. Power Recycling Cavity Length

Based on the estimation from the analytical model and the sim-
ulations, the optimal power recycling cavity length lPR should
be around 12.073 m. By applying Eq. (35), with the 56 MHz
sidebands, a demodulation phase shift of 0.4 rad was measured,

which corresponds to about 3.3± 0.5 mm of length mistuning
from the optimal lPR without a definite sign.

B. Michelson Length (Schnupp) Asymmetry

By locking the cavities formed by PR and NI or PR and WI, one
at a time, and optimizing the demodulation phases with a preci-
sion of 0.1◦, the asymmetry in the Michelson arm length, i.e. the
Schnupp asymmetry, was measured to be 22.9± 0.4 cm.

C. Carrier Gain

The recycling gain of the carrier has been estimated through
Eq. (25) at different input powers of the interferometer during
the whole commissioning period. For each input power, the
power transmitted by NA has been measured by the B7 photo-
diode in two different states of the interferometer: the first one
is when only the arm cavities are locked and the second one is
when the full interferometer is locked. The results are shown
in the left plot of Fig. 9. We can observe that by increasing the
input power, the recycling gain is decreasing due to partially
uncompensated thermal aberration. The same trend has been
observed also in LIGO [28]. The right plot of Fig. 9 shows the
circulating power in the arms as a function of the input power.
One thing to be noted is that the North end mirror of the AdV+
detector was replaced in June 2023. The blue and red dots in
the figure represent the measurements done before and after
the mirror replacement. A slight increase in the recycling gain
was measured after changing the North end mirror. From the
recycling gain, we also estimated the round-trip loss of the arm
cavities listed in Table 3, assuming all the gain reductions are
induced only by the round-trip loss.

Fig. 8. Two top plots show an example of the RTL measurement of the North arm, with 17 W of input power, using two different photodiodes:
one is installed at the dark port along the B1p path, and the other one is on the B4 path, a pick-off extracted in the PRC. The two bottom two plots
show the transmissions of the NA and WA, respectively, acquired by the B7 and B8 photodiodes. The two different phases of the measurement corre-
spond to lock and unlock of the NA cavity, while the WA cavity is completely misaligned.
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Fig. 9. Left plot: measured recycling gain of the carrier for different input powers of the interferometer. Right plot: arm circulating power inside the
interferometer for different input powers.

Table 3. Summary of All the Mentioned Parameters
Measured with Different Input Powers during the O4
Commissioning Period

a

Pin (W) GPR

GSB

6 MHz
GSB

56 MHz
Pcirc

(kW) CD
RTL

(ppm)

11 41 29 20 65 4.2× 10−4 61
17 39 24 17 96 2.9× 10−4 68
22 34 22 17 108 7.3× 10−4 85
31 28 27 18 125 1.8× 10−3 112

aExcept for 31 W of input power, all the results are given with SR misaligned.

D. Sidebands Gain

The recycling gain of the sidebands has been calculated through
Eq. (29) with different input powers. Assuming the transmis-
sivity of the beam splitter TBS = 0.5, each sideband power has
been acquired by the B4 phase camera in two interferometer
states: the first one is the single bounce configuration, to have
a reference power, while the second one is with the interferom-
eter fully locked. For the second state, the measurements were
taken both right after the lock (cold state) and one hour after
the lock (hot/steady state). In Table 4, the values estimated for
the gains of the 56 and 6 MHz sidebands for the cold and hot
cavity configurations are listed, compared to the theoretical
ones. These values are the averages between the values of the
upper and the lower sidebands. The upper and lower sidebands
were well balanced for the 6 MHz, for which the difference
was less than 1.6%. On the other hand, for 56 MHz, the dif-
ference was around 11%. For the final O4 configuration, the
recycling gain of the 6 MHz sideband was 24± 0.7, while the
one of the 56 MHz sideband was 17± 0.9 for the hot cavity
configuration.

E. Arm Circulating Power Estimation

Using the recycling gain of the carrier estimated in Section 5.C
and Eq. (26), we calculated the circulating powers in the
arm cavities for different interferometer input powers. The
results are shown in the right plot of Fig. 9. For the final O4
configuration, the circulating power is 96± 1 kW.

F. Contrast Defect

The contrast defects for different interferometer input powers
have been estimated through Eq. (31). The power of the carrier

measured by the B1p and B4 phase cameras in two different
interferometer states are used: the first state is the single bounce
configuration, while the second state refers to the fully locked
interferometer with the signal recycling mirror misaligned by
approximately 2 µrad in the vertical direction, resulting in a
75% reduction in the contrast defect. For the final O4 configu-
ration, the optimized contrast defect of the interferometer is
(2.86± 0.24)× 10−4 before the OMC, and 6× 10−8 after
the OMC. Although not the focus of the paper, optical sim-
ulations of the full interferometer were conducted, including
wavefront distortions from the cold mirrors (assuming perfect
TCS compensation of the thermal effects). The results showed
that the measured contrast defect after the SRM was two times
higher than the estimate provided by the simulations. More
accurate simulations would require modeling all the wavefront
distortions including the effects of the optical absorption and
the TCS corrections.

G. Summary

In Table 3, we summarize all the parameters mentioned in
Section 5 that have been measured with different interfer-
ometer input powers during the commissioning period.
Except for the measurements of 31 W of input power, all the
other measurements were performed after the replacement
of the North end mirror. Moreover, the contrast defects for
all of the input powers except 31 W were measured with a
misaligned SRM.

6. MODULATION DEPTH MEASUREMENTS

The modulation depth of the sidebands was estimated through
two different measurements, as mentioned in Section 3.D.
The obtained results are summarized in Table 5 for the 56
and 6 MHz upper and lower sidebands. For the phase cam-
era method, data were acquired using both the B1p and
B4 sensors. The estimated values of the modulation depth
obtained using the two methods listed in the table are in a good
agreement.

7. CONCLUSION

In this paper, we describe the methods adopted for the charac-
terization of the optical parameters of the AdV+ detector during
the commissioning phase preceding the O4 observing run.
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Table 4. Comparison of Recycling Gain for the Carrier, 6 MHz Sidebands, and 56 MHz Sidebands among the
Theoretical Values, Cold (Right after the Lock of the Full Interferometer) and Hot (1 h after the Lock of the Full
Interferometer) States for 17 W of Input Power

a

Gcar G6 MHz G56 MHz

Theoretical 42 72 53
Cold state 42 48 26
Hot state 39 24 17

aThe theoretical carrier and sidebands recycling gain value is given for a perfect interferometer with the unique defect of 60 ppm of round-trip loss in the arm cavities.

Table 5. Modulation Depth of the 56 and 6 MHz
Upper and Lower Sidebands Estimated Analyzing the
Data Obtained through the FSR Scan and From B1p
and B4 Phase Cameras Used in the Single Bounce
Configuration

a

FSR Scan
B1p Phase

Camera
B4 Phase
Camera

56 MHz upper sideband 0.189 0.193 0.197
56 MHz lower sideband 0.183 0.193 0.197
6 MHz upper sideband 0.201 0.206 0.210
6 MHz lower sideband 0.202 0.206 0.210

aThe results from the different measurements are in good agreement.

In particular, for the characterization of the Fabry–Perot arm
cavities, the implementation of an auxiliary laser system pro-
vided the possibility of performing slow scans of the free spectral
range. Using this method we could estimate the arm cavity
length, the mode-matching and alignment between the input
beam and the arm cavities, the radius of curvature of the cavity
mirrors, and the cavity finesse. All the measurements needed for
the characterization could be performed with different configu-
rations of the interferometer and various tunings of the thermal
compensation system. Also the estimation of some parameters
of the recycling cavities was performed in different interferom-
eter configurations. Among these parameters, we could estimate
the recycling gain for both the carrier and the sidebands, the
power circulating in the arm cavities, and the contrast defect. In
particular, in this paper, the optical parameters measured in the
final Advanced Virgo Plus configuration optimized for O4 have
been presented. These measurements triggered simulation work
for a deeper understanding of the detector, which is out of the
scope of this paper and will be detailed in another paper.
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