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1. Overview
1.1. Advanced Virgo Plus: Phase I and Phase II
Advanced Virgo Plus (AdV+) is an upgrade of Advanced Virgo to be realized in two phases named
Phase I and Phase II. The installa on of AdV+ Phase I will take place between the observa on runs
O3 and O4 (according to the present plan this should be between April 2020 and October 2021). The
installa on of AdV+ Phase II will take place between the observa on runs O4 and O5 (according to
the present plan this should be between October 2022 and March 2024).
Broadly speaking the main goal of AdV+ Phase I is to reduce the interferometer sensing noise (the
limita on coming from quantum noise) by implemen ng the following improvements:
●
●
●

Implementa on of the signal recycling technique to enlarge the detector bandwidth by
reshaping the quantum noise.
Increase of the laser power injected into the interferometer by a factor of two to decrease
the eﬀect of shot noise above a few hundred Hertz.
Injec on of frequency dependent squeezed vacuum states to reduce further the shot noise
without increasing the radia on pressure noise at low frequencies.

In addi on AdV+ Phase I will be the occasion to deploy an array of seismic sensors in the central and
end buildings to test Newtonian noise cancella on techniques. In parallel with the deployment of the
array of sensors, an eﬀort will be done to reduce the environmental noise coming for the air
condi oning system.
The combina on of the improvements outlined above will allow to improve the sensi vity of the
detector and reach a range of the order of 100 Mpc for coalescing binary neutron stars (see sec on
“AdV+ sensi vity”).
AdV+ Phase I will use the same mirrors currently installed and so the beam geometry in the
interferometer arms will remain the same. As a consequence the mirror thermal noise will remain at
the current level.
AdV+ Phase II instead will be focused on the reduc on of the mirror thermal noise. To do so the
beam on the end mirrors will be enlarged to about 20 cm diameter while keeping the same size in
the central area of the interferometer. In order to do so larger mirrors will have to be used for the
end mirrors. This mirrors will be 55 cm in diameter and 100 kg in weight. The change in the beam
divergence will require to change also the two cavity input mirrors, the power recycling mirror and
the signal recycling mirror. These mirrors will use substrates of the same size as the ones currently in
use (35 cm in diameter). To further reduce the mirror thermal noise the best available coa ngs
available at the me of O4 will be used. To this purpose the development of coa ng with lower
thermal noise is part of AdV+ Phase I.
The combina on of the improvements outlined above should allow to push the binary neutron star
range of Virgo above 200 Mpc.
To achieve the goals of Phase II, several tasks needs to be started during Phase I. The main ones are
listed here below:
●

Design of the beam geometry in the interferometer arms (see chapter 1.1)
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●
●
●
●

Upgrade of the LMA infrastructure to be able to coat and characterize 55 cm diameter
mirrors (see chapter 2.1).
Procurement of super-polished substrates to be ready for the mirror coa ngs in 2022 (see
chapter 2.1).
Study of new payloads and of super-a enuators upgrade to suspend 100 kg mirrors (see
chapters 2.2, 2.3 and 2.4).
Development of advanced coa ngs with lower thermal noise (see chapter 2.5)

In the following of this document we will refer to tasks necessary to prepare hardware that will be
used during O4 as “Works for O4”. On the contrary, tasks required to prepare for Phase II will be
referred to as “Preparatory works for O5”. Both types of task have to be realized during Phase I and
are described in this document. Somewhat arbitrarily we deﬁne Phase I as the period of me
comprised between the beginning of the project (July 2019) and the beginning of O4.
To summarize the main deliverables of Advanced Virgo+ Phase I will be the following three:
●
●
●

Upgraded interferometer to be operated during O4 and including the upgrades described
above.
Final design of AdV+ Phase II.
Polished substrates required to realize the mirrors for AdV+ Phase II.

1.2. Configuration of AdV+ during Phase I
The op cal conﬁgura on of AdV+ during Phase I is sketched in Figure 1. The main parameters are
given in Table 1 and compared to the ones of Advanced Virgo during O3.

Figure 1. Sketch of the op cal conﬁgura on of AdV+
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The plan is to increase the laser power injected into the interferometer from the present 18 W to 40
W. The present laser is able to reach this goal. Nevertheless the stop between O3 and O4 will be used
to install a new laser based on a ﬁber technology. This laser should be able to provide up to 90 W
injected into the interferometer. If successful, this upgrade will allow to increase further the laser
power injected into the interferometer during O5. The present laser will be kept in parallel with the
new one to reduce the risk. More informa on can be found in chapter 1.2.
The main goal of Phase I will be to implement the signal recycling technique. To this purpose the lens
currently suspended in the signal recycling vacuum chamber will be replaced by a mirror having a
transmission of 40% (see chapter 1.1 for more informa on about this choice). The signal recycling
will be operated in the so-called sidebands extrac on conﬁgura on thus allowing to enlarge the
detector bandwidth. The payload currently used to suspend the lens will be reused to suspend the
mirror. A ring heater will be added to be able to control the mirror radius of curvature. More
informa on about the signal recycling mirror payload and ring heater can be found in chapters 2.2
and 2.3.
The implementa on of the signal recycling technique will require to install auxiliary green lasers to
control the 3 km arm cavi es independently of the rest of the interferometer. This is a crucial step to
guide the interferometer into the required opera ng point. More informa on about this can be
found in chapters 3.1 and 3.2.
The third and largest upgrade foreseen for Phase I is the use of a frequency dependent vacuum
squeezed state to reduce the eﬀects of quantum noise. Vacuum squeezed states are already used in
Advanced Virgo to reduce the shot noise at the cost of a small increase in the radia on pressure
noise. The squeezed vacuum source developed at AEI is used to this purpose. The plan for O4 is to
add a 285 m long ﬁlter cavity to rotate the phase of the squeezed vacuum state ellipse below 50 Hz.
This improvement will allow reducing the eﬀect of the radia on pressure noise at low frequency. The
cavity will be installed in the North arm tunnel. Two op cal benches suspended under vacuum will
have to be added (schema zed as single mirrors in Figure 1). They will allow to inject the squeezed
vacuum beam from the squeezed vacuum source to the ﬁlter cavity and then from the cavity to the
interferometer output port. More informa on about the global design of this system, the squeezed
vacuum source, the ﬁlter cavity and the squeezing injec on benches can be found respec vely in
chapters 5.1, 5.2, 5.3 and 5.4.
As explained before an array of seismic sensors will be deployed in the central area of the
interferometer to monitor precisely the ground vibra ons. Similar arrays are already available in the
end buildings. The goal is to measure the eﬀect of Newtonian noise in the interferometer and
a empt its reduc on. The goal is to reduce the eﬀect of this noise by a factor of three. More
informa on about this can be found in chapters 4.1. It has been demonstrated that a large
contribu on to the ground and acous c vibra ons in the buildings are originated from the air
condi oning system. An eﬀort will be made a er O3 to reduce this environmental noise by both
reducing the noise at the source as well as its propaga on in the experimental halls. More
informa on about the plan can be found in chapter 4.2.
Even if the vacuum level will not limit the sensi vity of AdV+ an eﬀort will be made to reduce the
leaks of air in the central part of the interferometer. The goal is to reduce by about a factor of two
the air residual pressure in this area and so become able to operate the tanium sublima on pumps
in the arms. More informa on about this can be found in chapter 4.3.
The implementa on of the signal recycling technique, of the frequency dependent squeezed vacuum
source and of the Newtonian noise cancella on system require the installa on of addi onal
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components for the detector control and environmental monitoring. More informa on on this can be
found in chapters 3.3 and 4.4.

Advanced Virgo during O3
Laser & Injec on
Laser power
100 W
Power into the interferometer
18 W
Input mode-cleaner length
143 m
Input mode-cleaner ﬁnesse
1000
Injec on throughput
75%
Modula on frequencies
6 MHz, 8 MHz, 56 MHz
Interferometer op cal conﬁgura on
Arm cavi es length
3 km
Arm cavi es ﬁnesse
450
Power recycling gain
39
Signal recycling
None
Mirrors
Beam spli er
55 cm x 6.5 cm, 34 kg, T=50%
Input Test masses
35 cm x 20 cm, 42 kg, T=1.4%
End Test masses
35 cm x 20 cm, 42 kg, T=5 ppm
Power Recycling mirror
35 cm x 10 cm, 21 kg, T=5%
Signal recycling mirror
None
Detec on
Output mode-cleaner
Double cavity, Finesse = 120
Detec on losses
15 %
Photodiodes quantum eﬃciency 99%
Suspensions
Mirror suspensions
Monolithic, fused silica ﬁbers
Vibra on isola on
Super-a enuators
Quantum noise reduc on system
Squeezed vacuum source
8 dB
Filter cavity
None
Injec on losses
11 %
Phase noise
120 mrad
Newtonian Noise Cancella on
Sensors
None
Noise reduc on factor
n.a.

AdV+ Phase I
130 W
40 W
143 m
1000
85%
6 MHz, 8 MHz, 56 MHz
3 km
450
39
Yes
55 cm x 6.5 cm, 34 kg, T=50%
35 cm x 20 cm, 42 kg, T=1.4 %
35 cm x 20 cm, 42 kg, T=5 ppm
35 cm x 10 cm, 21 kg, T=5%
35 cm x 10 cm, 21 kg, T=40%
Single cavity, Finesse = 1000
< 10%
99%
Monolithic, fused silica ﬁbers
Super-a enuators
12 dB
L = 285 m, Finesse = 10000
< 10 %
40 mrad
Indoor seismic sensors
3

Table 1. Main parameters of AdV+ during Phase I compared to the ones of Advanced Virgo during O3
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1.3. Sensitivity of AdV+
The main noises limi ng the sensi vity of AdV+ will be the following:
●

Quantum noise

The amplitude of this noise is driven by the laser power injected into the interferometer (40 W), the
details of the op cal conﬁgura on (parameters of the Fabry-Perot cavity, the power recycling mirror
and the signal recycling mirror) and the performances of the frequency dependent squeezing. For
the la er the curves given below assume that the op cal losses will be such to allow a reduc on of
quantum noise by 6 dB over the full interferometer bandwidth.
●

Mirror thermal noise

This noise is dominated by the coa ng Brownian noise. Its amplitude is es mated from the coa ng
characteriza ons done at LMA and the coa ng thermal noise measurements made at MIT.
●

Pendulum thermal noise

The pendulum thermal noise is due to the mechanical losses in the payload. It is evaluated from the
known losses in the fused silica ﬁbers, the geometry of the wires used to suspend the mirror and the
marione e, and the measured marione e mechanical losses.
●

Newtonian noise

This noise is es mated using the best available model that implements the following parameters:
seismic spectrum, seismic speed, distance from test mass to ground, par al Newtonian noise
cancella on between surface displacement and ground compression.
●

Technical noise

This noise is diﬃcult to predict. It is mainly due to the combina on of control noise, sca ered light,
actuators noise and environmental disturbances.

Figure 2. An cipated best sensi vity of AdV+ during Phase I. For comparison the sensi vity at the
beginning of O3 is shown.

17

In Figure 2 is shown the best possible sensi vity that AdV+ can reach during Phase I. The contribu ng
noises are shown as well. For comparison the sensi vity of Advanced Virgo at the beginning of O3 is
also shown.
Figure 3 instead shows the range of sensi vi es that AdV+ can reach during Phase I if more
conserva ve assump ons are made.

Figure 3. The blue band shows the range of sensi vi es achievable by AdV+ Phase I. The best
sensi vity corresponds to the level of noise shown in Figure 2. For comparison the sensi vity of
Advanced Virgo at the beginning of O3 is also shown.

The best possible astrophysical scores achievable by AdV+ Phase I are summarized in the table here
below.
Source
BNS range
BBH range
Stochastic
Supernova

With technical noise
115 Mpc
1.1 Gpc
9.1e-9
9.8 kpc

Without technical noise
142 Mpc
1.3 Gpc
1.7e-9
9.8 kpc

Table 2. Astrophysical reach of AdV+ during Phase I assuming the best possible sensi vity

The sensi vity that AdV+ can achieve during Phase II is show in Figure 4. The main diﬀerence is the
decrease in the mirror thermal noise due to the larger beams on the end mirror. Further reduc on
can be achieved if the coa ng mechanical losses are reduced (a reduc on by a factor of three is
assumed in the ﬁgure). Moreover the ﬁgure assumes that the injected power is progressively
increased by another factor of two thus reaching 80 W.
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Figure 4. Poten al sensi vi es of AdV+ during Phase II compared to the an cipated sensi vity
achievable during Phase I.

Parameter
Power injected
Signal recycling
Squeezing type
Squeezing detected level
ITM mass
ETM mass
ITM beam radius
ETM beam radius
Coa ng losses ETM
Coa ng losses ITM
Newtonian noise reduc on
Technical noise
BNS range

O4 high
25 W
Yes
FIS
3 dB
42 kg
42 kg
48.7 mm
58 mm
2.37e-4
1.63e-4
None
“Late high”
90 Mpc

O4 low
40 W
Yes
FDS
4.5 dB
42kg
42kg
48.7 mm
58 mm
2.37e-4
1.63e-4
1/3
“Late low”
115 Mpc

O5 high
60 W
Yes
FDS
4.5 dB
42 kg
105 kg
48.7 mm
96 mm
2.37e-4
1.63e-4
1/3
“Late low”
145 Mpc

O5 low
80 W
Yes
FDS
6 dB
42kg
105kg
48.7 mm
96 mm
0.79e-4
0.54e-4
1/5
None
260 Mpc

Table 3. Most important parameters used in the calcula on of the expected sensi vi es for O4 and
O5. The signal recycling factor and the arm cavity ﬁnesse is assumed to be the same in O4 and O5
since these parameters haven’t been decided yet for O5. For technical noises the name “Late” refers
to the terminology used in the so-called observing scenario paper (Abbo , B.P., et al. Living Rev
Rela v (2018) 21: 3. h ps://doi.org/10.1007/s41114-018-0012-9)
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1.4. Structure of this document
The construc on of AdV+ involves 23 subsystems. In the rest of this document one chapter is
devoted to the descrip on of the works involved in each subsystem. To facilitate the management of
the project the subsystems are grouped into ﬁve systems:
●

Interferometer (ITF)

This system concerns the main interferometer, i.e. all the components involved in the transla on of
the mirrors displacement into ﬁrst an op cal signal and then an electronic signal. This system
comprises the Op cal Simula ons and Design (OSD), Pre-Stabilized Laser (PSL), the beam Injec on
system (INJ), the Detec on system (DET), the Sca ered Light Control (SLC) and the Suspended
Benches (SBE).
●

Suspensions & Mirrors (SUM)

As the name indicates, this system includes the main mirrors as well as their suspensions and their
vibra on isola on systems (so called Super-A enuators). The actuators required to control the mirror
posi on and op cal surface are also part of this system. This system comprises the Mirrors (MIR), the
Payloads (PAY), the Thermal Compensa on System (TCS), the Super-A enuators (SAT) and the
Coa ngs Research & Development (CRD).
●

Electronics, So ware & Controls (ESC)

This is the part of the detector devoted to the monitoring of the interferometer and to the control of
the mirror’s posi ons and of the laser. This system comprises the Auxiliary Lasers System (ALS), the
Interferometer Sensing & Controls (ISC), the Data Acquisi on system (DAQ) and the Calibra on
system (CAL).
●

Environment (ENV)

This system involves the control of the interferometer environment and the reduc on of the eﬀects
of the environmental noise. It comprises the Newtonian Noise Cancella on system (NNC), the
Infrastructure (INF), the Vacuum system (VAC) and the Environmental Monitoring System (EMS).
●

Quantum Noise Reduc on (QNR)

This is the system devoted to the reduc on of the eﬀects of quantum noise in the main
interferometer. This system comprises the Squeezing Global Design (GSD), the Squeezed Vacuum
Source (SVS), the Filtering cavity (FLT) and the Squeezing Injec on (SIN).

In the following of this document for each system a short descrip on is given before describing the
works to be done for each subsystem. As already explained above there are two type of works: works
required to prepare the detector for O4 i.e. consis ng in the construc on of hardware that will be
used on the detector during O4 and preparatory works for O5 i.e. studies, developments or long
procurements that are required to prepare the second phase of AdV+.
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2. Interferometer (ITF)
The interferometer system is the op cal transducer. It includes all the components involved in the
transla on of the mirrors displacement into an op cal and then an electronic signal.
Broadly speaking the goal of this system is to maximize the interferometer op cal gain while
minimizing any type of op cal and electronic noises. These includes noises coming from the laser
source, from the light injec on and detec on systems, from spurious sca ered light, from radio
frequency light phase modula ons and so on.

Figure 1. Sketch of the interferometer system
This system includes the following subsystems/work-packages:
●
●

Optical Simulations and Design (OSD). This is the subsystem in charge of the interferometer
op cal simula ons and design.
Pre-Stabilized Laser (PSL). This concerns the main laser used to illuminate the
interferometer. It also includes the hardware necessary for laser frequency pre-stabiliza on
and laser beam shape cleaning.
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●

●

●
●

Injection system (INJ). This the subsystem that, by means of a 143 m long mode-cleaner
cavity, ﬁlters and stabilizes further the laser beam coming from the PSL. It then adapts its size
to the interferometer cavity mode and injects it into the interferometer.
Detection system (DET). This is the subsystem that detects all the laser beams at the various
interferometer output ports including the main output at the dark fringe. Before being
detected the dark fringe beam is op cally ﬁltered by means of an output mode-cleaner.
Scattered Light Control (SLC). This is the subsystem taking care of all the baﬄes, diaphragms
and beam dumps necessary for reducing the eﬀects of sca ered light.
Suspended Benches (SBE). This is the subsystem in charge of the suspensions for all the
detec on benches carrying the main photodiodes and suspended under vacuum.

The main physical interfaces with the other systems are the following:
●
●

●
●

SUM. The main mirror’s surfaces and substrates are the interfaces with SUM.
ESC. The sensors (photodiodes, quadrants, cameras) signals are the main interfaces with ESC
as well as the actuators to control the laser, the input mode-cleaner and the output
mode-cleaner.
ENV. The vacuum envelope and the environmental condi ons (temperature, humidity) in the
clean areas are the main interfaces with ENV.
QNR. The beam matching at the detec on Faraday Isolator where the beams from the QNR
system are injected is the main interface with ITF together with the pickoﬀ beam from the
laser system used to lock the squeezing main laser. Moreover the some of the dark fringe
signals are used to control the vacuum squeezed source.

The main tasks to be accomplished by the ITF system for AdV+ Phase I are listed here below.
Works for O4
●
●
●
●

Increase of the laser power injected into the interferometer to 40 W.
Replacement of the input mode-cleaner end mirror payload to improve its controllability and
its throughput.
Reduc on of the readout losses in the detec on system.
Development of instrumented baﬄes to be tested on the input mode-cleaner.

Preparatory works for O5
●

Design of the beam geometry to enlarge the beam size on the end mirror.
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2.1. OSD – Optical Simulations and Design
2.1.1. Summary
The subsystem Op cal Simula ons and Design (OSD) has the responsibility to derive the op mal
op cal parameters for the large op cs given the constraints from the current infrastructure and
expected down me. Such parameters are: posi on of each op cs, size, surface quality, curvature or
coa ng speciﬁca ons.
OSD is also responsible for the development and maintenance of op cal simula on tools used for the
design and commissioning of the interferometer.

2.1.2. Objectives
OSD has clear objec ves for the phase I and II of Advanced Virgo+. The majority of the work concerns
the phase II since the op cal conﬁgura on will be updated and new mirrors installed.

2.1.2.1. Phase I
In the recent months, OSD with input from other subsystems has converged on two main items:
1. Interferometer input power for O4. Which realis c value should be targeted ? ﬁnd the right
balance between the high power required to achieve low sensi vity and the signiﬁcant
impact on several subsystems.
2. Signal Recycling (SR) reflectivity. The current SR op c is only used as a transmissive lens in
O3. For the Phase I, that will be upgraded to have a mirror forming the signal recycling cavity
and hence improving the sensi vity at high frequency. The op cal reﬂec vity (or
transmission) of this mirror has to be es mated knowing that the result is dependent on the
input power and squeezing performances.

2.1.2.2. Phase II
That will be the main focus during the coming 2 years. The new large mirrors will require substan al
detailed simula ons to ﬁnd the op mal (and technically feasible) speciﬁca ons. The objec ves can
be summarized as:
● Large optics reflectivities. This task is almost independent of the geometrical design, it
consists mainly of ﬁnding the op mal circula ng power inside the interferometer and the
associated sensi vity. 4 key parameters are to be tuned: input laser power, ﬁnesse of the
arm and power recycling cavi es and ﬁnally transmission of the signal recycling mirror.
● Optical layout of the interferometer. This step would determine the 3D posi on (center of
mass) of the large op cs. 2D op cal op cal layout will also be computed with the op cs and
size of the beam on scale as well as the vacuum tank envelope. During that study, the
strategy for pick oﬀ beams will also be explored.
● Large optics specifications. For each large op cs, all the parameters will be derived. That
includes the geometry (dimensions, wedge, radius of curvature) as well as the quality of the
surfaces (ﬂatness, roughness on the central and outer part) and ﬁnally the coa ng
speciﬁca ons.
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2.1.2.3. Interferometer perimeter of OSD
For clariﬁca on, OSD takes care of the arm and recycling cavi es mirrors. The an -reﬂec ve sides of
the power and signal recycling mirrors and the end cavi es mirrors are respec vely responsibili es of
the INJ and DET subsystems, since those surfaces are part of the mode matching telescopes.
However OSD is responsible for consolida ng and reviewing the speciﬁca ons of both sides of large
mirrors.

2.1.3. Description of works for O4
As men oned earlier, two main ques ons must be answered in the middle of 2019 in order to start
without delay the commissioning between O3 and O4.

2.1.3.1. Input power for O4
During O3 Advanced Virgo is operated with 19W of input power and 100kW of power stored in the
arms. The interferometer sensi vity improves slowly with increased input laser power, as increased
power only improves sensi vity at high frequency by reducing shot noise. The baseline conﬁgura on
and 2 sub-op mal conﬁgura ons were considered: squeezing ﬁltering cavity not opera onal,
addi onal technical noise at low frequency. Depending on the exact conﬁgura on considered, the
range of binary neutron star mergers improves by a few percent up to 10% for each doubling of input
power. To assess the diﬃculty in increasing the laser power a review of the technical limita ons in
the diﬀerent subsystems was performed and two threshold of diﬃculty have been iden ﬁed one at
about 30W of input power and one at about at 50W of input power [1].
The threshold at 30W is due to the following technical issues
● Input mode cleaner angular control will become more diﬃcult due to a too small separa on
between the mirror suspension wires causing a large coupling with radia on pressure. The
solu on to this issue is the replacement of the input mode cleaner end mirror payload
discussed in the INJ chapter.
● Thermal compensa on for the north arm will run out of actua on range as most of the
dynamic is used to compensate for the cold lens defect (from the inhomogeneity of the
refrac ve index of the substrate) in the north arm input compensa on plate. The west arm
input compensa on plate does not have this cold lens and the current thermal
compensa on for the west arm is expected to work up to ~90W. The solu on to this issue is
to add another CO2 laser for the north input thermal compensa on as discussed in the TCS
chapter.
● Several photodiodes will saturate their preampliﬁer and need to be replaced with
preampliﬁer with a diﬀerent resistor. This is discussed in more details in the DET chapter.
The threshold at 50W is due to the following technical issues
● The fast shu er protec ng the detec on benches, including the OMC, from high power
ﬂashes during unlocks is expected to be damaged.
● On several benches excess power need to be sent to beam dumps to lower the power
reaching photodiodes.
● The currently installed laser is able to deliver up to 50W at the interferometer input.
● The lock acquisi on will require thermal compensa on of the diﬀerent states present during
the lock acquisi on. Presently the thermal eﬀect are suﬃciently low that lock acquisi on can
be performed without any dynamic compensa on.
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In addi on parametric instabili es may appear as power increase. The parametric instability gain of
the highest mode is es mated by to be ~0.2 presently. The installa on of SR may increase that gain
by a factor few, this was the case for LIGO [6], and detailed simula ons are in progress to assess the
impact for Advanced Virgo, which has a signiﬁcantly diﬀerent recycling cavi es geometry. As a
consequence a parametric instability mode may appear even at 20W input power. One or two modes
can be avoided by adjus ng the end mirrors radius of curvature using the ring heaters, however with
increased power a large number of mode will appear that require a dedicated solu on that is studied
by PAY.
During the commissioning pre-O3, the maximum input power achieved was 25W, however it was
no ced at that me that the ‘hot’ recycling gain decreased by 40%, leading to only a modest increase
in the arm cavi es circula ng power [2], mi ga ng the interest of increasing the input power.
Adjustment of the thermal compensa on allowed to reduce that decrease to 15%. However the
change in the op cal gain with the increase power is not fully understood and will be inves gated
under the light of the recent ﬁnding about possible absorbing points on the mirrors.
In conclusion, with the rela vely short commissioning me (with respect to all the other tasks), it
was decided to run with at least 40W of input power and 200kW stored in the arms, while being able
to inject up to 50W in order to compensate for poten al addi onal losses due to uncompensated
thermal defects. This would be more than twice the O3 input power, and requires solving the issues
limi ng the power below 30W (manageable a er brainstorming) without addressing the issues
limi ng the power below 50W.

2.1.3.2. Signal Recycling (SR) transmission and installation
A special team has been formed in March 2019 to ﬁnd the op mal transmission for the SR mirror
based on GWINC and FDS (Frequency-Dependent Squeezing) simula ons. To be noted, that the new
SR mirror to be installed will only be used for O4. Since for O5, larger beams will be implemented,
the current radius of curvature of the SR substrate will become unsuitable.
The current value quoted in 2012 in the Advanced Virgo Technical Design Report (TDR) is outdated
since derived for 125W of input power, in the detuned case and without frequency dependent
squeezing.
This work has been completed in May 2019 . Several cases have been considered such as with FDS or
with Frequency Independent Squeezing (FIS), also diﬀerent hypothesis have been made considering
the level of the technical noises at low and middle frequencies. During this work, several interes ng
points were highlighted:
● The op mal reﬂec vity of SR will be rela vely low and hence the tolerances on the SR
transmission is rather loose. An absolute error of +/- 2% in the transmission has li le
consequences (degrada on of less than 0.5% of the range).
● As ﬁgure of merit for the op misa on, In addi on to the BNS range, a secondary ﬁgure of
merit has been considered: the supernovae range, much more sensi ve to improvement in
the high frequency region.
The diﬀerent simula ons and discussions can be found in a dedicated wiki page [3]. During this study
diﬀerent scenarios were considered with and without technical noises, with frequency independent
and dependent squeezing and for the later case diﬀerent op misa on of the ﬁltering cavity.
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Simula on results have shown that the best compromise (for FIS and FDS) for the SR transmission is
around 40%. In the worst case, this compromise decreases by only 3% the maximum BNS range
when the SR transmission is op mised separately in all the scenarios considered.
While only the transmission of SR for the main laser is discussed here, the presence of auxiliary lasers
also constraints the coa ng speciﬁca ons.
SR transmission as a func on of the wavelength
Wavelength [nm]

Transmission requested [%]

Request from

1064

40 +/- 2

OSD

532

<2

ALS

790 [+/- 20 nm]

<1

TCS

For the AR side, best eﬀort at 1064 nm (targe ng < 100 ppm) and < 1% for the auxiliary lasers.
From the LMA perspec ve, the coa ng of the SR mirror is foreseen at the autumn of 2019.
Regarding the necessity of tuning the reﬂec ve radius of curvature (RoC) of SR with thermal
actua on (hea ng ring), simula ons have shown that the RoC tolerances are less strict than for PRM
(Power Recycling Mirror). As an example an error of 10m from op mal nominal RoC will increase the
shot noise level by 1%, decreasing the BNS range by less than 0.5 Mpc [7].
Currently the SR RoC is at 1440 m before coa ng (should be the same a er coa ng within 1m), the
op mal RoC is within 1430 m and 1440 m depending on the power at the dark fringe according to
FFT simula ons. Using the thermal actua on with a hea ng ring to reduce the RoC would induce a
diverging thermal lens in the substrate impac ng the mode matching telescope. To shi the RoC by
10m, 7W of hea ng power is required [8], the change in mode matching will be recovered by
displacing the meniscus lens of the telescope by 7mm towards the east direc on well within the 20
mm actua on range, a rebalancing of the weight of the suspended bench will be necessary a er this
displacement.
The SR substrate to be coated as already been polished (S/N SR01). Here its principal surface
characteris cs, the S1 side will be the high reﬂec vity side and the S2 side is the an -reﬂec vity side:
Side

Speciﬁed

Measured

[m]

1440 +/- 10

1439.7

Flatness

[nm]

<2

0.7

Roughness

[nm]

< 0.1

0.1

[m]

3.62 +/- 0.02

3.63

Flatness

[nm]

<4

0.5

Roughness

[nm]

< 0.1

0.1

RoC
S1

RoC
S2
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One can see that all the speciﬁca ons has been met. The values in this table are speciﬁed and given
on the central diameter of 150 mm. The nominal RoC is 1430 m, but is was decided to shi it by 10m
to be able to use a hea ng ring around SR to ﬁne tune it. A er the coa ng, the RoC will not change
(diﬀerence < 1m) and the ﬂatness and roughness will be similar.

2.1.4. Description of preparatory works for O5
That will be the core of the OSD work in the coming two years.

2.1.4.1. A rough timeline
The main ques on is when the speciﬁca ons are required. Since according to the meline of the
phase II, the large mirrors must be coated during the year 2022.
Speciﬁca ons required for:

What is needed
(func on

Date

Coa ng

Transmission/Reﬂec on
wavelengths)

of

the

mid 2022

Polishing

Radius of curvature, ﬂatness, roughness, wedge,
shape of the ﬂats

beginning
2021

Substrates procurement

Geometry of the substrate: diameter and thickness

beginning
2020

That gives an idea of the deadlines. Of course, the arm cavity ﬁnesse and power recycling gain will be
set much earlier than what is required since it has a direct consequence on the sensi vity. At the end
of May 2019, it was decided for phase II to only use larger mirrors for the end test masses and so
keeping the same same mirror size at the input, and hence same laser beam size in the central part.

2.1.4.2. Motivation for the same size of input mirrors
Due to the limited amount of me between O4 and O5, the path of less risk (and eﬀort) to speed up
the installa on and commissioning have been selected. We, of course, keep the large mirrors at the
end, which is at the core of this large upgrade. If it is worth the gain, we could only increase modestly
(~10%) the size of the beam on the input mirror, keeping the same mirror size and geometry (so with
etalon). A 10% increase of the beam size on the input mirror and so also in the recycling cavi es,
would only increase the clipping losses by less than 1 ppm in the arm and recycling cavi es.
In the case of same size input mirrors, one can keep the current beam spli er, compensa on plates
and pick-oﬀ plates in the central part, so all the ﬂat op cs.
By keeping an input mirror with the same thickness, the op cal path in the cavity is unchanged, so PR
and SR could be keep at the same posi ons and the frequencies of the sidebands are untouched (so
we keep also the same input mode cleaner length). With the same diameter of 350 mm, 2 input
mirrors can s ll be coated at the same me ensuring the excellent matching of the ﬁnesse of the two
arm cavi es.

27

2.1.4.3. List of tasks and deliverables
2.1.4.3.1. Find the nominal arm finesse, recycling gains for a given input power
In the ﬁrst simula ons of AdV+ (end of 2017 and 2018), the arm cavity ﬁnesse and the power
recycling gain have been taken iden cal to AdV for simplicity. However we know that for AdV, the
recycling gain has been on purpose reduced to make the recycling cavi es more robust to distor ons.
In conjunc on with tes ng diﬀerent input powers, the arm cavity ﬁnesse and the power and signal
recycling gain should be scanned to maximise the BNS range (as the primary ﬁgure of merit). Of
course for each set of parameters, the frequency dependent squeezing must also be adjusted.
This explora on must be done with interac ons with ISC and TCS as the controllability of the cavity is
dependent on its ﬁnesse and large circula ng op cal power in recycling cavi es also impact the
dimensions of the TCS actuators.

2.1.4.3.2. Geometry of the arm cavities and surface specifications
FFT simula ons must be performed to ﬁnd the radii of curvature of the arm cavity mirrors in order to
have the right size of the beam on the input and end mirrors and also to avoid regions of degeneracy
(when some higher order modes are resonant at the same me as the fundamental one). We already
know as the laser beam is expanded while keeping the same length of the cavity (3 km), the cavity is
ge ng closer to instability, hence the degeneracy of higher order modes will be more prevalent.
All the simula on tools have already been developed to tackle this problem; the diﬃculty will be to
create realis c height maps over the whole surface of the mirror to reproduce imperfect polishing or
coa ng uniformity.

2.1.4.3.3. Recycling cavities design
Once the arm cavity design is completed, the parameters of the Gaussian beam in the recycling
cavity can be computed, and also for the ROCs for the power and signal recycling mirrors. FFT
simula ons can also be used to derive the surface speciﬁca ons, keeping one more me in mind that
a larger beam means higher degeneracy and then a higher sensi vity to cold and hot imperfec ons
with respect to AdV.
As for AdV, the power recycling mirror transmission should be chosen carefully considering the
sensi vity of the recycling cavity to these aberra ons due to the beam size increase .

2.1.4.3.4. Ray-tracing of the interferometer
2D ray-tracing simula ons of the interferometer are necessary to have a realis c understanding of
the beam size at diﬀerent places and also an cipate possible clipping when vacuum links, baﬄes or
mirror mounts are also included.
Also those simula ons are par cularly important to understand the path for pick-oﬀ beams and
where to steer or intercept them.
For AdV, the main so ware was Optocad, a 2D versa le but no longer supported tool in Fortran.
Since the simula ons are only in 2D, wedges can only be inserted in the plane of the interferometer
(so no ver cal wedge could be simply simulated). A modern 3D tool could be ifocad, but is s ll under
development [4], so not yet mature to be used for our design.
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3D simula ons are not op onal since the end mirrors are in al tude 1m and 2m below the beam
spli er respec vely for the North and West arms. As a consequence, the injec on and detec on
benches are slightly elevated compared to the beam spli er (and also lted). The op mal posi ons
of the mirrors and benches must be accurately derived since the tuning range for the height is
usually limited. An example of such simula ons can be found in [5], when a 3D simula on of the
interferometer was performed with Zemax a er the discovery of the (incorrect) wedge orienta on of
the beamspli er.
Even if not op mal, since only in 2D and the so ware is no longer in development, we have to
con nue to perform ray-tracing simula ons of the interferometer including the injec on and
detec on with Optocad with the real scale aperture and op cal mounts. In parallel, the centers of
mass of the op cs in 3D must be calculated with Zemax to derive the posi ons of the mirror
suspensions and the suspended benches

2.1.4.3.5. Etalon or not in the input mirror ?
For AdV, the input mirror is a concave-convex substrate with iden cal radii of curvature on both
sides. So it is possible to use the substrate as a very low ﬁnesse cavity (formed by the an -reﬂec ve
and high reﬂec ve sides) and so modulate the transmission of this cavity (i.e. transmission of the IM
mirror) by controlling the mirror temperature. That is a very neat idea which was used in ini al Virgo
to tune the ﬁnesse of the arm cavi es and ensure rigorously the same ﬁnesse for the both arms;
once both arm cavi es have the same ﬁnesse, op mal common noise rejec on is achieved. However
for AdV, the etalon has been le uncontrolled for two reasons:
1. the arm cavity ﬁnesse matching is almost guaranteed as the input mirrors are coated at the
same me and so have iden cal transmission.
2. we can now achieve much be er an -reﬂec ve (AR) coa ng which reduces the transmission
modula on of the etalon. In case of perfect AR coa ng, with a transmission of 100%, there is
no etalon eﬀect since no possible op cal cavity within the substrate.
However, recent ﬁnding during O3 [9] have shown that the etalon eﬀect is correlated with a change
of op cal gain, possibly as a result of a ﬁnesse assmetry (so worst contrast). So during the op cal
design we will decide to keep the etalon for the input mirrors or remove it by having a ﬂat AR
surfaces with a small wedge. That would of course generate a pick oﬀ beam a er the telescopes
similar to the ones we have already from the lted compensa on plates.

2.1.5. Simulation codes
As the OSD subsystem relies heavily on the op cal simula ons, we summarize here the main code
used, all the codes have been developed within the gravita onal waves community and are free of
use, the notable excep on being Zemax. All the codes are s ll maintained at the excep on of
Optocad.
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Type of
simulation

Main purpose / speciality

Name of the
package

Language

Main expert(s)

Analy cal

Noise budget

GWINC

Matlab

Gianluca Gemme

FFT simula on

Sensi vity to imperfect op cs

DarkF

Fortran

Mikhaël Pichot

FFT simula on

Sensi vity to imperfect op cs

OSCAR

Matlab

Jerome Degallaix

FFT simula on

Sensi vity to imperfect op cs

SIS

Matlab

Annalisa Allocca
Alessio Rocchi

Modal expansion
code

Accurate quantum noise
calcula on, transfer func on

Finesse

Python

Annalisa Allocca
Valeria Sequino

Ray-tracing

2D simula ons for the
op cal layout

Optocad

Fortran

Alexis Menendez
Romain Bonnand

Ray-tracing

3D simula on

Zemax

proprietary

Annalisa Allocca

All those code are to simulate the steady state conﬁgura on of the interferometers. We do not
men on me domain simula ons which could be used within ISC.

2.1.6. Interfaces with other subsystems
As OSD acts on the heart of interferometer, the interfaces are numerous with other subsystems.
Below, a summary of the main interac ons are reminded.
●
●
●
●
●
●
●

MIR: give all the speciﬁca ons regarding the substrate dimensions, polishing and coa ng to
allow the procurement of the mirrors by MIR
VAC/SLC: give the minimum required clear aperture to avoid clipping of the laser beam (with
some margin)
ISC: keep a list of up-to-date parameters to allow the simula ons of cavity controls
(longitudinal and alignment) and op cal spring. Discussion on the required pickoﬀ beams
INJ/DET: Discussion on the pickoﬀ beams. Share the beam parameters at the interfaces for
the design of the telescope
PSL: input power requirement
QNR: while doing simula ons regarding the achievable sensi vity, that would depend highly
on the performances of the quantum noise reduc on
TCS: set requirement for the performances of the thermal actua on.

2.1.7. References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

Wiki page on the O4 laser power
Logbook post 42058
Wiki page on the SR reﬂec vity choice
link from LIGO IFOsim wiki
VIR-0267C-15
A C Green et al 2017 Class. Quantum Grav. 34 205004
Wiki page on the SR reﬂec vity choice
VIR-0429A-19
Logbook post 45888
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2.2. PSL - Pre-Stabilized Laser
2.2.1. Summary
This proposal deals with the installa on for phase1 of AdV+ of a new high power laser system based
on a 130W ﬁber ampliﬁer. This mainly aims at:
- Simplifying the PSL system and making it more reliable.
- Prepare for a future upgrade to reach 200W foreseen for phase2 of AdV+.

2.2.2. Objectives
2.2.2.1. The O3 system
The O3 system is based on a free space propaga on mul stage ampliﬁca on. It is represented on
Figure 1:
- The NPRO seed laser provides 300 mW and is brought to the laser bench by a Polariza on
Maintaining (PM) ﬁber.
- Sidebands are generated by an electro-op c modulator. These sidebands are used to lock
both the slave laser and the Pre-Mode Cleaner (PMC).

Figure 1 : O3 PSL system
-

The slave laser which is an injected cavity amplifying the seeder up to 20W.
The 100W NeoVan solid state ampliﬁer which provides a 100W beam when seeded with
the 20 W beam.
The high power Acousto-Op c (AO) modulator which is used for high frequency
[10Hz-10kHz] power stabiliza on.
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Although suﬃcient for O3 during which the required power is limited to 18W, this system presents
several drawbacks which makes it at the limit of the power required for O4 (40W-50W):
- The maximum power a er the PMC cannot exceed 65 W which corresponds to 46W at
the interferometer input.
- The system works at its maximum power.
- The system is complex since it is based on several independent op cal elements and a
mul stage ampliﬁca on scheme.
- Based on free space propaga on op cal elements, the system is sensi ve to
misalignments.
- The slave laser is an aging system
- The NeoVan 100W ampliﬁer is not in its op mum conﬁgura on which is to be seeded with
a 35W power beam. Moreover, it is sensi ve to the injected pumps beam shape which
explains the poor beam quality 65W/95W≈68%.
From this point of view the system lacks reliability. Moreover, the system is placed on a rela vely
small op cal table (1m x 2m) which prevents the use of any addi onal op cal elements (for example
to monitor the beam at a given point).
Finally, the system is not upgradable to 200W which is the power required for the phase2 of
Advanced Virgo+. In fact, a series of two NeoVan ampliﬁers seeded with a 35W power beam was
tested in the Albert Einstein Ins tute (AEI). The output power reached 195W, but the beam quality
did not exceed 86%. This clearly puts a limit to the power this technology can provide with a
sa sfying beam quality.

2.2.2.2. Monolithic fibered system

Figure 2 : Simpliﬁca on of the PSL thanks to a monolithic ﬁber ampliﬁer
This proposal deals with a monolithic, all-ﬁbered laser source which shall represent an important
simpliﬁca on of the PSL. As a ma er of fact, on Figure 2 are shaded all the components which are no
more required when a ﬁber ampliﬁer is used. Note that the sidebands are henceforth generated by a
pigtailed ﬁbered system ad that the actuator used for power stabiliza on is included in the ﬁber
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ampliﬁer itself. This simpliﬁca on is likely to make the laser system much more reliable with respect
to the O3 system.
The advantages of a monolithic ﬁbered system are listed below:
The beam quality is close to 95%.
The system does not suﬀer any misalignment and is not sensi ve to pump or seeder beam
shapes.
The ﬁber ampliﬁer is compact which oﬀer the possibility to install a spare twin system.
This shall make the whole system more secure.
The mode shape remains unchanged when the output power is higher than 30W. This
means that when lower power is required, pump power is simply lowered and the high
power diode lasers see their life me exponen ally increased.
As we shall show later, the ﬁbered system is upgradable to reach an output power of 200W which is
the power required for phase2 of AdV+. Therefore, installing a 100W ﬁbered system for phase 1
would represent an important and mandatory intermediate step to reach the required power in the
future.

2.2.2.3. Characteristics of a high power fiber amplifier

Figure 3 : Architecture of the ALS high power ﬁber ampliﬁer
An all ﬁbered high power laser system is composed of (see Figure 3):
-

A ﬁbered seed laser providing a single frequency laser beam at 1064 nm with a power of 25 mW.

-

A pre-ampliﬁer brings the injected beam to a power of 4 W.

-

A commercial combiner inject into a single ﬁber: (i) the pre-ampliﬁed seed laser (ii) 4 x 60W
pump beam for high power ampliﬁca on (iii) 1W pump beam used for high bandwidth output
power stabiliza on.

-

The Mode Field Adaptor (MFA) which adapts the combiner output mode to the high power ﬁber.

-

The high power ﬁber itself providing an output beam of 110W.

-

An output collimator.

-

Two dichroic mirrors to ﬁlter the remaining pump power.
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-

Two wave plates (λ/4 and λ/2) to correct any residual polariza on ellip city.

-

A free space output isolator which (i) polarizes the output beam (ii) protects the system from a
possible unwanted reﬂec on. The system output beam is 100W.

A few cri cal points of a monolithic ﬁbered system must be brought to a en on:
- The S mulated Brillouin Sca ering (SBS): It is a well-known nonlinear eﬀect in ﬁbers which scales
with: (i) the ﬁber length (ii) the inverse of the mode area. Ul mately, the SBS is usually
responsible for a power transfer from the propaga ng signal to a counter-propaga ng beam
which limits the ﬁber output power. Ini ally, SBS increases the Rela ve Intensity Noise (RIN) of
the output beam which happens far below the usual deﬁni on of its threshold.
-

The photodarkening eﬀect: It corresponds to the genera on of color centers due to the
coexistence of 6 to 7 Yb ions in an excited state in a limited area. Ul mately, color centers are
responsible for the opaciﬁca on of the ﬁber which con nuously reduces the ﬁber output power.
This is a threshold eﬀect which theore cally does not prevent the system from func oning,
provided that the power remains low enough. However, even slight absorp on of the signal
power locally creates hea ng. Therefore, due to the spa al distribu on of the mode, a
temperature gradient is set which changes the ﬁber guidance structure and thus the ﬁber mode,
which changes in turn the temperature gradient distribu on and so on. This gives rise to an
irreversible spa al mode instability which is also a threshold eﬀect but happens at lower power.
Photodarkening is a limi ng factor for alumino-silicate ﬁber where the ﬁber core is doped with
aluminum to control its index and this is the case of most available ﬁbers on the market. On the
other side, phospho-silicate ﬁbers (where phosphor is the main dopant) have the ability to be er
dilute Yb ions which highly reduce the probability of the color centers to form. These ﬁbers are
known to be photodarkening free.

-

The combiner: it has the task of including pumps and signal into the same double clad ﬁber.
Although it is a commercial device, it might present a failure which ini ally appears as a
temperature increase and ul mately can lead to the high power ampliﬁer ﬁber destruc on. Its
temperature has to be con nuously monitored.

-

The Mode Field Adaptor (MFA): It adapts both pumps and signal modes of the combiner output
ﬁber into the high power ampliﬁca on ﬁber. This adapta on being not perfect, op cal losses are
likely to increase the temperature of the MFA. As for the combiner, this temperature is required
to be con nuously monitored.
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2.2.2.4. The 100W amplifier prototype

Figure 4 : The 100W ﬁber ampliﬁer prototype
A 100W prototype was manufactured thanks to a collabora on between Artemis, the R&D ins tute
Alphanov and the company Azur Light Systems (ALS) in Bordeaux – France. The system is based on
the scheme presented in sec on 1.3.1. It is made of three independent units (see Figure 4):
- The pre-ampliﬁer unit which provides 4W out of the seed laser.
-

The high power pump unit.

-

The high power unit receiving ﬁbers transpor ng the pre-ampliﬁed seed laser and the high power
pumps. It includes (i) the high power ﬁber enclosed in a 30 cm diameter ring. (ii) The output
collimator and dichroic mirrors box and (iii) the output free space isolator.

This requires two chillers:
- The ﬁrst is used to extract heat from both pre-ampliﬁer and high power pumps units.
-

The second is used to control the temperature of the combiner and the MFA.

Not represented in Figure 4 are the two power supplies, each for separate unit. Power supplies are
switched mode systems air cooled with low noise fans.
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The high power ﬁber used is the DC-200/40-PZ-Yb from NKT photonics which is a micro-structured
polarizing LMA (Large Mode Area) Alumino-silicate ﬁber. The ﬁber is 2m long and the mode area is
760 µm², which pushes the SBS threshold above 300W. The photodarkening induced mode instability
threshold was measured to be slightly higher than 120W. Several input and output signals are
provided for the control and monitoring of the system:
Control signals:
- One input for low frequency power control ac ng on a single pair of high power diode lasers, so
it controls only 50% of the power. The rest needs to be controlled manually.
-

One input for high frequency power control based on an electronic shunt applied on the current
supplying one of the high power diode pair. The low power diode laser is not implemented on
this system.

Monitoring signals:
-

Temperatures of the combiner and the MFA.

-

The seed laser power.

-

The pre-ampliﬁer pump diode laser current.

-

The pre-ampliﬁer output power.

-

The high power laser diodes powers.

Several tests were conducted on the 100W prototype to check whether it responds to Advanced
Virgo requirements or not. Some of these tests were conducted in Bordeaux-France where the
system was manufactured. These are described in [1] and summarized in the following:
High power ampliﬁer pump to signal eﬃciency (Figure 5):

Figure 5 : Prototype - output power versus pumping power
This measurement shows that the high power ampliﬁer eﬃciency is 67% and that losses through the
free space isolator is around 10%.
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Beam quality (Figure 6):

Figure 6 : Prototype - Output beam quality
The beam quality was measured by injec ng a sampled beam into a reference cavity and measuring
its reﬂec vity at resonance. Special care was taken in order to collect the whole reﬂected power on
the photodiode in order not to miss any reﬂected very high order mode.
Rela ve Intensity Noise (RIN) (Figure 7):

Figure 7 : Prototype - RIN
The RIN was measured twice with two diﬀerent photodiodes and corresponding electronics and
obtained results were similar. We think that the gap at high frequency between the RIN is related to a
phase/amplitude coupling in the ﬁber.
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Beam poin ng noise (Figure 8):

Figure 8 : Prototype - Beam poin ng noise
Special care was taken in order to reduce the eﬀect of air turbulence which seems to be responsible
at low frequency for the beam poin ng noise. It is worth no ng that the turbulence eﬀect is non
sta onary. Mechanical resonances appear for higher frequencies.
Long term stability (Figure 9):

-

Figure 9 : Prototype - Long term stability
First the system was tested for 600 hours in Bordeaux (red curve).
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-

Then the system were received in Nice and worked for 600 hours for noise measurements
before beginning the long term acquisi on.

-

Unfortunately, we had a leak on the chiller 1 and the corresponding security did not trigger. The
pumps diode being not cooled, they were destroyed.

-

The pumping diodes were replaced and a monitoring of their respec ve temperatures was
added. The la er was used for an addi onal security alarm.

-

We recovered the same func oning condi ons and the system worked con nuously for 1100
hours. During this period, the main beam was some mes used (blue curve), then we added a
monitoring on a sampled beam (yellow curve) which is more sensi ve to perturba ons.

-

The overall func oning me is longer than 2500 hours, with a peak-to-peak ﬂuctua on around
3W, but mainly due to the monitoring system.

2.2.2.5. The industrial ALS 100W
Speciﬁca ons

Figure 10 : Preliminary results of the ALS industrial system
A er extensive studies involving several func oning prototypes, ALS is currently industrializing a
100W based on a diﬀerent high power ﬁber. The la er is a phosphor-silicate ﬁber which was tested
up to 210W. 230W was also reached with a tapered ﬁber [2].
The industrial 100W system is based on the same architecture.
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In Figure 10 are represented some preliminary measurements realized on the system and provided
by ALS:
- The system was pushed up to 200W but limited to 100W for a commercial product.
-

The output to the pump eﬃciency is 86% before the isolator

-

The beam shape at one posi on seems to be close to a pure Gaussian beam but with a slight
ellip city.

-

The RIN is measured between 1 kHz and 10 MHz. It responds to AdV requirements.

-

The system was tested for over 100 hours at 100W. A er a stabiliza on period of 30 hours, the
peak to peak ﬂuctua on is around 1W.

Ul mately, the AdV+ system shall have to respond to addi onal constraints:
- The system can safely be pushed to provide 120/130 W without any modiﬁca ons.
-

The system shall accommodate a low power laser diode pump to be used for high bandwidth
power stabiliza on up to 1 MHz [3].

-

The air cooling fan shall be replaced by a water cooled system.

-

The cables between power supplies and corresponding units shall be shortened in order to
reduce the corresponding antenna emission of switched power supplies noise at tens of kHz.

-

(Power supplies + pre-ampliﬁer unit + high power pumps unit) shall be included in a single
faraday cage to avoid contamina on of the surrounding area with power supply noise.

-

An internal alarm related to the pumping diodes temperatures shall be added.

2.2.3. Description of works for O4
The idea is to install the ﬁber ampliﬁer while the O3 PSL system is kept func oning. This shall be
considered as a back up system in case the ﬁber ampliﬁer doesn’t ﬁt with the interferometer
environment. Also, the installa on has to be minimum-invasive in order to reduce the required
commissioning me and provide a laser beam to the other subsystems two weeks a er the end of
O3. The installa on scheme must take into accounts the following :
● Frequency and power stabiliza on transfer func ons depends on the actuators: low power
EOM for the frequency stabiliza on and AOM for power stabiliza on.
● The frequency stabiliza on electronics transfer func on depends on the response of the
slave laser. Note that ampliﬁers doesn’t add any measurable phase noise and should simplify
the frequency stabiliza on with respect to the use of an injected cavity.
Hence, in order to reduce the interven on on locking systems, the combina on of the slave laser and
the NeoVan ampliﬁer is shunted by the high power ﬁber ampliﬁer. Thus, both actuators remain
unchanged although slight modiﬁca on on frequency stabiliza on electronics are to be made. To
that aim, a new electronic system shall be manufactured and tested(top of Figure 11).
The system installa on shall involve three diﬀerent rooms: the “Atrium”, the “Laser lab” and the
“Technical room”. The conﬁgura on obeys to several constraints imposed either by the subsystem
themselves or by the noise issues in the laser lab:
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-

The seed laser is in the “Atrium” in order to avoid the acous c noise produced by the fan of the
NPRO electronics. The seed beam is then transported using a polariza on-maintaining (PM)
ﬁber to the HP ampliﬁer standing in the laser lab.

-

Power supplies, pre-ampliﬁer and pumps units are to be enclosed in a Faraday cage in order to
avoid any electromagne c contamina on.

-

The pre-ampliﬁer has to be close to the HP unit in order to limit the length of the 4W ﬁber with
the aim to avoid any increase of SBS generated high frequency RIN.

-

The chillers are to be placed in the technical room in order to avoid acous c and vibra onal
noise contamina on.

The ﬁber ampliﬁer shall be put on a customized table installed on the four piles ini ally intended for
the new table (bo om of Figure 11). The Faraday cage are placed under the op cal table so it does
not represent any further encumbrance issue. For the required power for O4 (50W maximum at the
interferometer input corresponding to 65W at the PMC output), the heat balance is the following :
● The O3 system heat load dissipated by the water ﬂow on the op cal bench is (i) 60W in the
slave laser (ii) 350W in the NeoVan ampliﬁer (iii) 35W for the damper of the PMC reﬂected
beam. The total is around 450W.
● For the proposed conﬁgura on while keeping the O3 system func oning the heat load on the
two tables is (i) 410W for the solid state ampliﬁca on system (ii) 20W for the high power
ampliﬁer (iii) 3W for the damper of the PMC reﬂected beam (iv) 100W for the damper of the
solid state ampliﬁer system output. The total is around 535W
● 100W of thermal load are dissipated in the Faraday cage.
Hence, the required cooling water ﬂow remains of the same order of magnitude as for the O3 system
and so is the corresponding mechanical noise.
In this conﬁgura on, the ﬁbered system is fully tested as a laser source for the interferometer using
the new electronics: (i) In case of compliance, this system shall be used for O4 with all advantages
described above. Some modiﬁca ons are to be applied to the O3 system so it can be con nuously
powered and monitored without sending the beam to the injec on system (stand alone mode). It
shall then represent a spare system that is in standby and is readily available in case of the ﬁber
ampliﬁer failure. (ii) in case of non-compliance, addi onal noise sources(mechanical and
electromagne c) shall be iden ﬁed and corresponding upgrades shall be considered for O5.
In case of the system failure:
A maintenance contract is to be nego ated with ALS. The terms shall be equivalent to those of the
100W prototype:
● Pre-ampliﬁer, high power pumps or electronics: the corresponding unit is to be sent back to
ALS. The repair period will not exceed 1 week. There must be at least 1 person (ARTEMIS
and/or EGO) who is qualiﬁed by ALS to weld the ﬁber (For phase 1, the ﬁber splicer is
provided by ARTEMIS). In this case, no op cal realignment is required.
- High power ampliﬁer: The HP unit is to be sent back to ALS for a repair period of 2 weeks.
Once ﬁbers are welded back, some realignment is required.

2.2.4. Description of preparatory works for O5
Further tests shall be conducted on a second ﬁber ampliﬁer using the new actuators: the pigtailed
phase modulator for frequency stabiliza on and the low power pump diode laser for power
stabiliza on. To that aim, the ampliﬁer output beam shall be injected into the PMC and the
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transmi ed beam injected into a reference cavity on which the laser shall be frequency stabilized.
With a reference cavity of 20 cm and a ﬁnesse of 500000, its pole is 750 Hz which 1.5 mes larger
than the mode cleaner pole. The goal is to get as close as possible to the interferometer
conﬁgura on with dedicated electronics in order to prepare the installa on of the ﬁber system for
O5 (see Figure 12). This setup can be installed with the seed laser which shall be considered as a
preparatory work for O5. The full test shall be conducted once the second ﬁber ampliﬁer is
purchased during phase 2. The la er shall represent an upgrade with respect to system 1 in terms of
power which henceforth shall reach 200W.

Figure 11 : implementa on of the ﬁber ampliﬁer
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2

Figure 12 : Frequency and power stabiliza on test setup

2.2.5. Interfaces with other subsystems
The system obviously interacts with the rest of the injec on system. However, the goal is to minimize
any impact with the respect to the O3 system by keeping the PMC posi on unchanged.

2.2.6. References
[1]
[2]
[3]

A. Hreibi and W. Chaibi VIR-0236A-18
Pierre et al., Proc of SPIE 10512, 105122A-1 (2018)
Zhao et al. Appl. Phys. B 124 (2018) p.114
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2.3. INJ – Injection
2.3.1. Summary
The injec on subsystem (INJ) of Advanced Virgo takes care of the Op cs downstream of the high power
pre-stabilized laser (PSL), and of the interfaces between these Op cs and the PSL itself on one side, and
between these Op cs and the interferometer (ITF) on the other side. The whole system must deliver a beam
with the required power, geometrical shape, frequency and poin ng stability to the ITF input. An overall
descrip on of the subsystem is given in the Technical Design Report of the Advanced Virgo project [1].
The following upgrades on the Injec on sub-system are deemed necessary in view of the phase I of AdV+:
● The replacement of the Input Mode Cleaner (IMC) end mirror and its payload;
● The study and mi ga on of some stray light eﬀects, poten ally detrimental to the robustness of the
opera on of the subsystem, on the External Injec on Bench (EIB) via suitable beam dumps and
diaphragms. Furthermore, it could be necessary to provide a safe parking posi on for the ghost beams
reﬂected oﬀ the Signal Recycling mirror (SR) during lock acquisi on;
● Improvement of the INJ throughput from PSL to Power Recycling mirror;
● Upgrade of the DC electrical power distribu on in order to have more diagnos c tools and more
ﬂexibility for the diﬀerent kind of devices;
Although not in the scope of INJ, nevertheless the prepara on concerning the auxiliary laser beams has a big
interface with INJ and will require some works on INJ side, namely for the distribu on of a phase reference and
for the setup to be hosted on INJ benches. The same considera on applies for the PSL modiﬁca on scheduled
towards Phase I of the AdV+ project. These ac vi es will be managed at the level of the concerned subsystems
and will not be described here.
In the Phase II of AdV+, the injec on sub-system will have to provide a beam matched to the new parameters of
the Gaussian mode required by the interferometer. This is mainly related to the adapta on of the
mode-matching telescope on the suspended injec on bench (SIB1) and possibly with the telescopes bringing
the beams to the reﬂec on monitoring quadrant photodiodes.
In order to be compliant with the input power that will be decided for Phase II (O5), a cri cal analysis of the
maximum laser power the INJ subsystem can stand will be done. Moreover, the implementa on of a faster
beam-poin ng control servo-loop will be inves gated and possibly deployed, if the beam ji er requirements for
the O5 run will be more stringent than what the subsystem can currently provide.

2.3.2. Objectives
The objec ves of the proposed works are twofold: improve robustness of opera ons for the INJ subsystem and
meet the requirements in terms of delivered power and beam features for the upgraded interferometer.
One of the main topics for the robustness is the replacement of the current payload of the IMC, including its
mirror. This is by far the most invasive ac vity we will have to perform for AdV+ and so a whole sec on of the
present document is devoted to fully illustrate the issues we experienced with the payload and the proposed
changes.
Another objec ve is to deliver the required power to the ITF. The power decided for O4 is of the order of 50W
(see related wiki [2] and design chapter about OSD sub-system). The situa on at the beginning of O3 (2019 April
1st) is that INJ maximum throughput (from PSL output to ITF input) is 74.8%, namely, with current setup for PSL,
we can provide 47W of input power for the ITF [3]. Possible upgrades to mi gate INJ losses are to replace EIB1
polarizers by fused silica substrates coated by the LMA and increase mode matching with respect to IMC. This
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would increase EIB1 Faraday isolator throughput by +2%, and EIB1 Input Power Control setup by +1.5%, plus
some 2% of possible gain for the mode-matching. Overall, we expect to be able to provide 50W of input power
with reasonable amount of work with current PSL power.
Stray-light on the INJ benches is in principle not as dangerous as from the an symmetric port or from the other
detec on benches, since noise sources origina ng from INJ can o en beneﬁt of the common mode suppression
of the ITF. Nevertheless, excess of stray light from INJ can give rise to an issue for the control of some of the
ancillary degrees of freedom of the ITF and for the control loops directly related to INJ+PSL subsystems. A
careful analysis of sca ered light and ghost beams will allow to further develop the stray light control on INJ and
to install suitable baﬄes and diaphragms made of adequate material.
During Phase II, the subsystem has to deal primarily with the modiﬁed ITF mode needed to proﬁt of the
enlarged End Test Masses (ETMs). The INJ mode matching telescope will be analyzed and tuned or, if necessary,
modiﬁed in order to provide a Gaussian mode matching the ITF one within the current performance or be er
(matching > 98%).

2.3.3. Descriptions of works for O4
2.3.3.1. Task: IMC payload replacement
2.3.3.1.1. Summary
This is one of the most invasive ac vi es we expect to perform on the INJ subsystem.
The End Mirror of the Input Mode Cleaner (IMC) cavity was installed in 2014, during the ﬁrst phase of the
Advanced VIRGO upgrade project. Since then, many commissioning ac vi es have been performed and an
important experience has been acquired in opera ng this complex op cal cavity also within the successful data
taking period of the O2 Run. Thanks to all these events, we are convinced that it is now me to schedule a
prepara on of a new IMC End Mirror payload to be installed on the AdV Interferometer at the end of the O3
Run. This new upgrade interven on should be envisaged in order to overcome some important func onality
problems put in evidence in the last four years ac vity.
In par cular, the new IMC payload upgrades will concern:
- the payload mechanics to be deeply reviewed reducing spurious resonances and improving the stability of the
whole mechanical structure;
- the actua on system between the Reference Mass (RM) and Mirror to be improved in accordance with the
actua on output of the control electronics board provided by the INFN Pisa group. Presently the maximum
actua on output provided by the control electronics board is about 250 mA corresponding to an actua on force
not suﬃcient to apply a control feedback at low noise;
- the contamina on of the present mirror installed in 2014. This mirror, indeed, should be replaced with a new
one because the measured round trip losses (supposed to be lower than 100 ppm) are too high (higher than
200 ppm as measured during the commissioning) for a con nuous high power opera on of the IMC cavity.
Moreover, we expect to reduce the Injec on System throughput losses by at least 3% while the improvement of
the payload controllability represents a fundamental step forward in the working plan to operate the IMC cavity
in high power conﬁgura on scheme.
The ﬁnal goal of the proposed ac vity is the new payload integra on within the AdV Interferometer in a suitable
me slot to be scheduled between the end of the O3 Run and the beginning of the O4 Run.

2.3.3.1.2. Objectives
As said, the ﬁnal goal of the proposed ac vity is the new payload integra on within the AdV Interferometer. This
payload shall be revised both in terms of mechanics - in order to ensure an easier operability - and in terms of
surface quality of the mirror. The mirror replacement shall be such that the losses of the IMC cavity become
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compliant with the speciﬁca ons. This is important per se in order to have a higher throughput of the cavity,
and also to be more immune with respect to counter-propaga ng back reﬂected light which can spoil the power
stability of the cavity.
The proposed upgrade shall take place in a suitable me slot to be scheduled between the end of O3 and the
beginning of O4.

2.3.3.1.3. Description
Right a er the coa ng process at the LMA laboratory a ﬁrst contact ﬁlm has been deposited on both surfaces of
the mirror protec ng it from contaminants. Unfortunately, something has been wri en on the ﬁlm and an arrow
has been drawn on the protec ve layer as reported in logentry #31341 and shown in ﬁgure 1. A cleaning
interven on of the mirror in-situ has been performed (see logentry #31362), but the ﬁnal result was not
considered completely sa sfactory. This contamina on could be at the origin of the high round trip losses, and
for this reason it is important to replace the mirror with a spare in view of opera ng the IMC cavity in high
power condi ons.

Figure 1: Wri ngs on the ﬁrst contact protec ve ﬁlm (in the black ellipse)
As reported in the tables below, the IMC mirrors have been characterized at LMA and the absorp on factor of
the HR coa ng on each substrate is included in comparison with the Advanced VIRGO requirements. A er the
IMC Payload installa on, a measurement campaign of the HR coa ng absorp on factor has been performed; it
is summarized here below.

46

Table 1: Extract of the IMC end mirror characteriza on at LMA
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We had the chance to install 2 diﬀerent Dihedrons on the Suspended Injec on Bench SIB1. The ﬁrst one was
installed from April 2014 to October 2014 (we call it, in the rest of the document, Virgo+ dihedron). The second
one (AdV dihedron #1), having a be er coa ng, was installed in October 2014 and is used since then.
In order to es mate the HR surface absorp on form the IMC end mirror, we have changed the laser power at
the IMC input and we measured the frequency shi of the Hermite-Gauss modes HG10 and HG01. The setup
used is shown on Figure 2. The IMC cavity is locked as usual by phase modula ng the laser beam at 22.304 MHz.
The new feature used consisted in using a second electro-op c modulator to scan the cavity while being locked
using a second pair of sidebands with much smaller modula on depth (a sweep is generated using a HP network
analyzer). Looking at the RF IMC error signal (in reﬂec on) around the modula on frequency (above 21 Free
Spectral Ranges), you can see that when you lt the input beam horizontally by adding an oﬀset on the Beam
Poin ng control system (opening the auto-alignment loop of the IMC cavity), the 10th mode amplitude
increases.

Figure 2: Set-up scheme used to measure the frequency shi of the HG01 and HG10 modes

A FFT-based simula on was used to es mate the absorp on rate of the mirrors based on this frequency shi .
The simula on includes the Dihedron geometry, the baﬄe with two 40mm holes in front of the Dihedron, and
the phase maps (provided by LMA) of all three mirrors. The thermal distor on of the op c surface was
calculated using the Hello-Vinet formula, which was conﬁrmed to be accurate enough for all three mirrors by
comparing with COMSOL simula on (more details can be found in the log-entries #31732 and #31770).
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As ﬁnal considera on of our experimental measurements, we concluded that the overall absorp on of the three
mirrors in the IMC cavity is 3.6 ppm (considering the AdV dihedron #1). Assuming that the absorp on of the
input and output ﬂat mirrors is smaller than 1 ppm, as reported in the datasheet provided by LMA, it turned out
that the IMC end mirror absorp on is larger than 1.6 ppm. This value is higher than what measured at LMA on a
witness sample, and so we conclude that the contamina on of the IMC end mirror, during the installa on
phase, aﬀected the absorp on of the end mirror too.

2.3.3.1.4. Cavity throughput
The throughput of the cavity depends directly on the losses and on the ﬁnesse of the cavity. So the choice for
the ﬁnesse is limited by the amount of losses if 90% of throughput is required.
The throughput can be es mated using the following formula:

where T1 is the IMC input mirror transmission, T2 is the IMC output mirror transmission and LRT the IMC cavity
round-trip losses.

Figure 3: IMC throughput vs. Finesse and round-trip losses
In Figure 3, the IMC cavity throughput as a func on of the Finesse and the round-trip losses of the cavity is
plo ed: a throughput higher than 90% is reachable keeping the round-trip losses lower than 300 ppm if the
Finesse is 1000.
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In May 2015, we have measured the overall throughput of the SIB1 bench and es mated the IMC throughput
losses to be of the order of 7.1%, which means that the round trip losses are of the order of 230 ppm [4].

2.3.3.1.5. Estimation of the IMC round-trip losses with FOG using the mirror map measured
at LMA
In Figure 4 we show a simula on using FOG with the measured mirror maps a er polishing and coa ng for the
two dihedron mirrors and the end mirror. We see that for the nominal radius of curvature a throughput loss of
1.9 % is expected. The corresponding round-trip loss from the simula on is calculated to be 62 ppm.

Figure 4: IMC throughput vs change in end ROC from nominal
Thus, the round trip losses are much higher than expected and we think this is due to the mirror surface
contamina on reported above. Even if not mandatory, it would be advisable to replace the IMC end mirror by
the spare one in order to reduce the throughput losses. We expect to lower the round trip losses down to 100
ppm, which means to get up to 4 % more light transmi ed by the IMC cavity.
Indeed, some simula ons have been carried out with the maps of the spare end mirror provided by LMA. The
results are reported in [5] and in Figure 5. The throughput losses are expected to be smaller than 4% as
expected. Moreover, since the coa ng has to be done, and we expect an increment of the radius of curvature
which should help keeping the throughput losses low, as shown in Figure 5.

50

Figure 5: Expected throughput losses of the IMC cavity vs radius of curvature of the IMC end mirror
In the table below, a summary of the measurements campaign performed with the AdV IMC cavity is reported:
the relevant parameters are compared with the expected values. As you can see in the table, we expect to
reduce the losses by at least 4.1%. If we work on the mode-matching improvement we can even gain more, but
this is not depending on the IMC end mirror.
Parameter

Measured

Expected

93%

93%

Round-trip losses

230 ppm

94 ppm

Throughput

92,9%

97%

IMC cavity overall losses

14,1%

10%

Matching

2.3.3.1.6. Payload Mechanics and actuation issues
2.3.3.1.6.1. Mechanics
The IMC payload has been successfully controlled and operated by using the new feedback control boards
developed by the INFN Pisa group. During this ﬁrst period ac vity (about four years long) some problems have
been encountered and they can be put in rela onship with the overall payload design. Thanks to the experience
acquired in controlling the system, we have gained the belief that revising it a general improvement of the IMC
performance will be reached with the perspec ve to be er operate the op cal cavity in high power
conﬁgura on. No major R&D ac vity was/is scheduled on this item since the project is based on a well
consolidated geometry minimizing the interven ons on those elements where problems have been put in
evidence during the ﬁrst period ac vity with AdV interferometer. The ﬁnal goal is to ﬁx these problems
improving the payload controllability in view of opera ng the IMC cavity in high power conﬁgura on scheme.
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2.3.3.1.6.2. Wire clamping at the marionette level
In the present set-up, a wire tensioning mechanism has been inherited from a previous design. This was linked
to an original idea to manually regulate the DC alignment of the mirror during the payload integra on within the
vacuum tower. The geometry of this device ﬁxes the longitudinal and transversal separa on of the two wires
forming the cradle and suppor ng the mirror, and even if it is easy to be used, the advantages provided are not
crucial. Standard clamps, made of tempered steel halves pairs ﬁxing the wire length at the correct value, are the
successfully tested reference solu on which we would like to introduce in the new design replacing the wire
tensioning mechanism. The clamp drawing is already in an advanced state (INFN PG - see ﬁg. 6) and we are
integra ng it within the preliminary version of the payload project. We are aware of the diﬃcul es in clamping
thin suspension wires made of CuBe with a diameter smaller than 200 μm. This material is indeed very delicate
and fragile when squeezed within a mechanical se ng-up with tempered steel. For this reason, we started a
preliminary ac vity to select a suspension wires made of diﬀerent material with an important constraint: this
alterna ve material must be non-magne c because the suspension wires, suppor ng the mirror in a cradle, will
pass very close to the lateral permanent magnets inﬂuencing their magne c ﬁeld lines (see ﬁg. 7). The situa on
around the lateral actuators on the mirror should be be er thanks to the increment of the distance between the
wires passing from the actual 8 mm to the new one of 20 mm (forming a more stable suspension cradle). So far
a sample of a thin suspension wire made of Titanium (non-magne c material) is available at the INFN PI
laboratory and a prepara on tool for tes ng the assembling procedure and the reliability of this new set-up is in
progress. In ﬁg. 11 and in ﬁg. 12 a dra of the technical drawings for the new Reference Mass and Marione e
are showed.

Figure 6: 3D view of the wire clamping (by INFN PG Group) to be integrated within the new design of the
Marione e.
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2.3.3.1.6.3. Spacers
As a direct consequence of the above men oned wire clamping, a very par cular spacer for the wires
posi oning surrounding the mirror bulk was designed. The resul ng geometry was based on a single element
inside which a small permanent magnet (with a cylindrical shape 1.5 mm in diameter and 1.5 mm high) was
embedded. With this conﬁgura on the two wires are separated from each other by just 8 mm (see ﬁg. 7).
Moreover, the height of the spacers is too small, separa ng the wire from the mirror barrel surface by just 1.15
mm. The result of the present design is a fragile small piece of fused silica diﬃcult to be handled and to be ﬁxed
on the mirror lateral ﬂats, considering also the presence of the grooves that cannot be so deep. With this
technical solu on the pitch mode of the RM in the low frequency region (around 0.7 Hz, see ﬁg. 8) has been
obtained. From the feedback control point of view, the system’s so ness represents an important peculiarity
(the applied actua on force remains low), but it becomes cri cal as soon as large angular oscilla ons are
excited. In this second case the CuBe 120 μm diameter wires slip away, slightly changing the system balancing
point so that a signiﬁcant DC Marione e compensa on force has to be applied in the feedback control strategy.

Figure 7: Technical drawings of wire spacers made of a single silica piece with a permanent magnet embedded
in the middle of the structure. In the bo om right corner of the ﬁgure, the present wire path is well visible with
a separa on between the two wires of just 8 mm.
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Figure 8: Transfer func on of the mode cleaner payload for the pitch angular degree of freedom. A cri cal
pole/zero structure close to the unitary gain frequency is evident in the plot [from VIR-0491A-15].

In the new payload design the use of standard clamps (similar to those used on the payload of the Long
Suspensions and provided by the INFN-Perugia group see ﬁg. 6) will help in ﬁxing all these problems by
extending the wire distance up to 20 mm and the spacers height to 5 mm. To this purpose we intend to re-use
the same technical drawing and changing the concerning dimensions (wire distance and spacers height).
The pitch and yaw modes of the RM-MIRROR diﬀeren al mo on will be set in the range 1-1.3 Hz in accordance
with the feedback control strategy. As a consequence of this new geometry (higher spacers and increased
distance between suspension wires), a suitable jig to a ach the spacers to the mirror lateral ﬂats will be
redesigned (if possible, the jig used in 2014 will be modiﬁed to be reused). Even if the design of the lateral
spacers is not ready, we do not intend to change it. The basic idea is to use the same approach used in the past
with the intent to ﬁx the problems linked to this item. In the present set-up (see ﬁg. 7) the spacer height was
ﬁxed at the minimum level because the wire clamping point on the gear box was ﬁxed (a priori) at 140 mm. This
distance was not compa ble with the mirror diameter (145 mm) and then, minimizing the discrepancy between
the mirror diameter and the clamping distance on the gear box, the spacers height were minimized. By using a
new mirror with the same diameter (145 mm), two lateral spacers 5 mm high each one will be glued.
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Figure 9: 3D view of the present IMC Payload
2.3.3.1.6.4. Gearbox
The Gearbox is a mechanism (see ﬁg. 9), bolted in the bo om surface of the Marione e body, to move forward
and backward the RM-MIRROR system in order to change the op cal cavity length in accordance with the
modula on frequency. Moving the mirror by a certain distance along the laser beam direc on, it automa cally
changes the posi on of a counterweight of the same iden cal quan ty in opposite direc on with a net result
that the posi on of the system’s center of mass is unchanged on the plumb-line of the Supera enuator chain.
This system was included in the payload design with the intent to use it any me the modula on frequency is
changed, performing a ﬁne tuning of the Mode Cleaner cavity length accordingly.
Some problems have been encountered in the tenta ve to use it and in par cular the presence of this
mechanical element may aﬀect in nega ve way the payload mechanical transfer func on (see ﬁg. 10). This is
true and cri cal as soon as the total length varia on is of the order of 10 mm (demanding a more robust control
ﬁlter design with reduced performance). Large transla ons have never been carried out and the system seems
to be ineﬃcient considering the control issues men oned above. With the present set-up, small transla ons can
be performed easily, and without aﬀec ng the payload controls, by displacing the top stage using the Inverted
Pendulum. Hence the gearbox is actually useless and it will be removed, considerably simplifying the design of
the new payload.

Figure 10: In par cular condi ons, a line at 8.65Hz grows in the pitch angular degree of freedom of the IMC
payload. The origin of this line is not yet clear and it is tricky to notch in the control loops. Anyway it seems clear
that it is linked to the payload mechanics (see for instance eLog #33128) and chances are it could be linked to a
spurious resonance of the gearbox.
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2.3.3.1.6.5. Reference Mass (RM)
The RM will be redesigned with the precise intent to maintain un-changed the geometry and increasing the
distance of the two slits (see ﬁg. 11 - RM preliminary drawing) for the suspension metallic wires passage (20
mm). The ﬁnal weight of this metallic element will be considered within the AdV speciﬁca ons if its ra o, with
the Mirror weight, will be 3:1. This ra o will guarantee the right recoil force during the feedback control ac on.
The baﬄe, presently bolted to the RM, will be dismounted and reused together with its metallic holder.
Discussion is ongoing with SLC/IFAE to understand the feasibility of replacing the exis ng baﬄe with a new kind,
having onboard sensors. This ma er is very delicate since a number of issues can arise, such as poten al mirror
contamina on, interference with payload actuators, tethering eﬀect of possible new cables, heat exchange with
the mirror or ancillary mechanics. Since the main goal of the proposed ac vity is to improve the operability of
the payload and the quality of the mirror surface, great care has to be paid to addressing the aforemen oned
possible issues.

Fig. 11 Preliminary technical drawing of the new Reference Mass for the IMC payload. The distance of the two
slits for the suspension wires passage has been increased up to 20 mm.
2.3.3.1.6.6. Marionette (MAR)
The drawing of the present Marione e will be reused to machine a new mechanical element (see ﬁg.12): minor
changes will be introduced to ﬁt into the body the wires clamping and ﬁxing a few defects. The goal during the
design study will be guided by the a en on in having a new MAR with a maximum weight of 135 kg (present
weight), such as to avoid any changes at the level of the Supera enuator mechanic (blades change).
These preparatory ac vi es will be carried on during the O3 Run with the intent to have all the mechanical
elements of the Payload ready for the ﬁnal assembling phase within the EGO cleaning room as soon as the data
taking period will be ended.
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The need to have on the Marione e an adjus ng mechanism of the Centre of Mass of the payload system is not
fundamental for the performance improvement. At the contrary it could create diﬃcul es and problems in the
feedback control strategy. For this reason, we plan to suspend the Marione e screwing the nail head of the
Maraging suspension wire in the Centre of Mass of the system in conserva ve way and then performing a ﬁne
balancing during the assembling and integra on phases.

Fig. 12 Preliminary technical drawing of the new Marione e for the IMC payload

2.3.3.1.6.7. Interconnection structure F7-Payload
Even if there is not any experimental evidence of the nega ve inﬂuence on feedback control performance of the
Mode Cleaner suspension system caused by the presence of the interconnec on cage linking F7 to the Payload,
including a more rigid element within the chain will help in the feedback control strategy. To this purpose we
intend to include, in this upgrade project, the subs tu on of the present interconnec on cage with a more rigid
structure similar to that one installed on the Signal Recycling Supera enuator. For transparency and simplicity in
Figure 13 here below, the technical drawing of the Signal Recycling interconnec on structure is reported.
Maintaining the same geometry and re-arranging the total length of the structure to a new situa on, a more
rigid interface will be obtained having normal modes at frequencies around 200 Hz.
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Figure 13: Technical drawing of the interconnec on element between F7 and the Payload installed on the Signal
Recycling suspension. The drawing here reported is an example to be used for the new mechanical structure to
be built for the IMC suspension upgrade.

2.3.3.1.6.8. Actuation Limitations
With the present set-up the maximum available actua on force to be applied from the RM to the MIRROR
back-side is rather small. Dimensioning, indeed, the coil-magnet pairs, the selected magnet was chosen with
small dimensions (a cylinder 1,5 mm in diameter and 1.5 mm high) and small magne c ﬁeld (about 0.33 T) such
as to minimize the EM environmental disturbances. However, this selec on was done on the base of a very
preliminary considera on around the AdV test masses that, at the end, resulted to be more demanding from
the feedback control point of view. The actuators, at least those used to acquire and keep the lock, must be four
mes stronger, allowing op mal duty cycle in case of bad weather condi ons. In accordance with the curves
reported in Figure 14, a slightly larger magnet together with an increased number of turns on each coil could be
envisaged. The simula on model foresees a force increment ranging from a factor ~5 up to 20. On the other
side, keeping the same magnets (if possible), it will guarantee the same EM pollu on. At INFN PI laboratory a
preparatory ac vity for se ng up a prototype payload made of an aluminum mirror (same weight and
diameter) is in well advanced status. The basic idea is to use this facility to test the coil-magnet pairs with an
electronic board iden cal to that one used in AdV. The main goal of this measurement campaign is the precise
matching of the actuators impedance with the electronics board op mizing the force generated by the coil
drivers and studying the reinjected noise in the feedback control system.
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Figure 14: New actuators to lock the IMC end mirror ac ng on RM with new magnet-coil pairs. The force will be
roughly a factor 5 larger with respect to the present conﬁgura on by simply choosing 2.5 mm diameter x 2.5
mm height magnet. The maximum force available to the actuators can be increased up to a factor 20.

2.3.3.1.7. Assembly of the IMC payload
Since the design of this new payload is not so diﬀerent from the present one (minor changes will be included to
ﬁx technical problems), the assembly of the payload will be done by using the old structures available at the
EGO site. Minor changes will be implemented to facilitate the balancing of the whole structure in clean room as
well as during the ﬁnal integra on into the base tower.
The payload prototype that will be used for the matching of actuators impedance with their drivers, will be used
at INFN PI laboratory for tes ng the assembling procedure and the ﬁne tuning of the IMC payload based on a
well consolidated geometry and project.

2.3.3.1.8. Deliverables – IMC payload
We already have a spare IMC end mirror. The polishing has been completed and the substrate polishing has
been accepted as reported in [2]. The substrate is stored at LMA and it is ready to be coated.
We will have to design and buy new spacers depending on the new payload project. Due to the change in the
separa on distance of the suspension wires forming the cradle (20 mm), the gluing jig will be re-built integra ng
the new spacers.
A new Safety Structure, to be used also during the integra on phase of the payload within the mechanical
suspension chain, should be built: the intent is to have a simple mechanical structure anchored to the base
tower and permanently installed within the vacuum volume to protect the whole payload.
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2.3.3.2. Task: Improvement of the INJ throughput
As reported in [3], the current maximum achievable throughput of the INJ subsystem is a bit less than 75%. This
can be further reduced in order to provide only a frac on of the incoming power from PSL, and to this extent
some Input Power Control devices are placed on the INJ benches. These devices are basically made of polarizers
in combina on with waveplates, so to exploit the ex nc on ra o of the polarizers to get rid of the unwanted
power. The currently installed polarizers (both on the IPCs and the Faraday isolator) show an excess of losses
that can be reduced by replacing them with fused silica substrates coated by LMA. The expected gain of
transmissivity with the replaced polarizers is of the order of 3.5%. The polarizers will be installed during the stop
due to the replacement of the IMC payload, thus minimizing the dead me.
Further losses reduc ons are from the op miza on of the mode matching of the beam sent to the IMC and
from the reduc on of losses inside the IMC cavity itself. These la er improvements are related to the
replacement of the IMC end mirror.
Overall we expect to increase the INJ throughput from the current 75% to 85%.

2.3.3.3. Task: Stray Light mitigation
During the commissioning of INJ subsystem before O3, some issues with stray light become evident [6],
although not aﬀec ng directly the sensi vity of the ITF. The point is that some typical arch-shaped noise is
visible in the spectrogram of the transmission of the IMC demodulated at 56MHz. This frequency is used for the
RF sidebands needed to control some longitudinal degrees of freedom, such as MICH (short Michelson), the
second stage of frequency stabiliza on (SSFS), and most of the automa c alignment degrees of freedom. A
degrada on of the noise features of these RF sidebands could therefore impact on the accuracy of the control
loops related to the aforemen oned degrees of freedom. By inves ga ng data during O3 run, and possibly
taking advantage of some commissioning windows, we should be able to pinpoint the origin of the spoiling of
the demodulated transmission of the IMC. We already have some hints that the origin of the stray light is
located in the area surrounding the EOMs and the polarizers of EIB. We will put a dedicated system of
diaphragms and baﬄes to dump the ghost beams.
Furthermore, simula on of the ghost beams coming from the Signal Recycling mirror during the locking
acquisi on and made by ISC/OSD will provide inputs on the loca ons were safe parking posi ons have to be
provided on INJ benches. Either diaphragms or beam dumps will be used to dump these ghost beams.

2.3.4. Description of preparatory works for O5
2.3.4.1. Task: Upgrade of the DC electrical power distribution (F. Nocera)
The main ideas behind the upgrade of the exis ng DC Power Distribu on are listed below.
The DC Power Distribu on can be seen as a two- er system: the ﬁrst one is DC Power Genera on star ng from
the AC one (conﬁned in a region distant to poten ally sensi ve parts of the interferometer) and the second is its
Distribu on either inside racks or to devices on the Field (sensors, actuators), see ﬁg. 15 for an overview of the
system.
As things are right now we have an incomplete set of parameters monitored on our DC lines. This is currently
done on a custom PCB inside each DC Power Genera on Chassis, which would then need a second, revised
version with added capabili es in terms of ADC channels. A second feature we would like to modify compared
to revision A is the way we measure and display the current drawn on every single line to increase accuracy and
speed up calibra on procedure and me. A third idea we have been considering is to add some intelligence
downstream. Currently the only place where informa on processing is possible is at the ﬁrst er, where DC
Power is generated. At this me there is no provision to take ac ons if something goes wrong a erwards i.e., at
the distribu on level. We reached the conclusion it would be useful to have a way to check power dissipa on is
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within speciﬁca on downstream (a er the “Sense” of the power supply) and, in case it is not, take ac on to
protect hardware along the chain with an eye on line selec vity as well. There is also room for improvement as
far as noise is concerned. When the ﬁnal stage of distribu on to the Field was designed back in 2012 we had to
opt for a number of compromises to balance ﬂexibility of the voltage dynamics available and robustness. This
will be no longer necessary with parts currently available on the market which would also guarantee be er
performance from the noise point of view as a welcomed collateral eﬀect.
An addi onal point would be to enlarge the output dynamics in terms of power. In few, selected cases whose
design was not originally included in INJ or whose modiﬁca ons were radical compared to the baseline due to
commissioning requests, we found the original speciﬁca ons to be too close to their limits to be lightheartedly
run for years. We are then considering the possibility of increasing its applicability widening the range up to the
point where all current and foreseeable future applica ons can be comfortably accommodated within.
We will develop the described improvements and realize a prototype of the version 2 of the DC power
distribu on.

Figure 15: A schema cs of the current distribu on of DC power supply for INJ. The preparatory work for O5 will
concern the development of a new version of the boards with increased robustness against failures, expanded
monitoring capabili es, increased dynamic range.

2.3.4.2. Task: Adaptation of INJ sub-system to enlarged End Test Masses
Phase II of AdV+ will make use of enlarged test masses at the end of the Fabry-Perot cavi es. In order
to proﬁt from this and decrease coa ng thermal noise impact, a signiﬁcantly larger beam size will
occur at the ETMs. The use of larger beams at the end mirrors will impact the input mode matching
telescope hosted on the suspended injec on bench SIB1. Op cal simula ons with both Optocad and
Zemax will be performed in order to determine the needed tuning or modiﬁca ons to the telescope.
A modiﬁca on of the size of the op cal elements of the telescope will also be considered if needed by
clipping considera on, although the fact that the beam size in the central area will likely stay very
close to the current one makes unlikely this scenario.
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2.3.4.3. Task: Adaptation of INJ subsystem to increased input power for O5
A possible scenario for Phase II is that O5 run will be at a much larger input power as compared to the current
situa on. We could envisage an input power at the ITF as high as 125W as in the original TDR conﬁgura on. As
detailed in [3], all the devices of the INJ subsystem have been tested and validated with 200W of laser power in
the Op cs Lab at EGO. Furthermore, the whole INJ subsystem has been able to demonstrate the delivery of
some 30W of power up to the input of the ITF.
The IMC cavity, once that the payload will be replaced as described in this document, will be compliant by
design to stand some 200W input power. Of course this opera on has not been demonstrated as yet, so a
commissioning period has to be foreseen for the high power opera on of the INJ subsystem before O5.

2.3.4.4. Task: Development of a high frequency Beam jitter control system
Phase II sensi vity of AdV+ will likely impose much more stringent requirements on technical noises. One of
these noise sources is the beam poin ng noise at the input of the ITF, also known as beam ji er. The current
performance of the Beam Poin ng Control system is adequate to AdV sensi vity, but it could be that this noise
becomes non-negligible when compared with the design sensi vity of AdV+. In par cular, it might limit the
sensi vity at rela vely high frequencies, of the order of 100Hz. The current bandwidth of the control loop is
limited by the actuators to 50 Hz, so an issue can arise if the control of the BPC has to be extended far above
this bandwidth. The idea is to use electro-op c modulators (EOM) as an actuator to compensate for beam ji er
at frequencies above 50Hz. We will use the well known eﬀect that when using an EO crystal with wedges, by
applying a modula on on the crystal, the refrac ve index is modulated and this induces a ji ering of the laser
beam poin ng. Using quadrant photodiodes to monitor the beam ji er we should be able to compensate for it
by actua ng on the EO crystal.
An R&D project is needed to develop a fully validated solu on.

2.3.5. Interfaces with other subsystems
The working ac vity on INJ subsystem will have interfaces with subsystems here below:
SAT:
This is the most important interface for the IMC payload replacement because the new payload
should be compliant with the present suspension se ng up for what concerns the total load. At the end of the
payload integra on a general check of the suspension represents an important task to be included in the
planning;
SLC:
This is another important interface for the IMC payload replacement in view of the instrumented
baﬄes installa on within the Mode Cleaner vacuum chamber. Some crucial aspect of the sensors embedded
into the baﬄe structure becomes more important if a baﬄe will be integrated into the suspended payload. A
careful assessment of compliance on new instrumented baﬄes should be done;
MIR:
The MIR subsystem should take care of the coa ng of the spare IMC mirror;
VAC:
The interface with VAC subsystem is in rela onship with the selec on of new components to be
included in the IMC payload construc on (vacuum compa bility and pollu on);
OSD:
The design study for Phase 2 needs input from OSD related to the Gaussian beam to be delivered to
the ITF from INJ. Also, the input power needed for O5 is an important parameter to be communicated to INJ;
ALS:
The op cal layout of the EIB1 bench will be adapted in order to allow the retrieval of the auxiliary
laser beams coming from the interferometer. Furthermore, INJ will provide phase reference beams to be
delivered to end buildings.
PSL:
the interface between INJ and PSL is possibly the most interconnected between the two subsystems.
Many of the control loops related to the laser beam at the input of the ITF act both on INJ and PSL components.
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The change of the pre-stabilized laser foreseen for O4 (Phase 1) will be a challenging ac vity also for INJ,
although the frui ul exchange of informa on between INJ and PSL teams has brought to the design of a PSL
solu on with the lowest possible impact.
We would like to underline that while the installa on of the Mode Cleaner payload is ongoing and un l the
complete recovery, no reliable beam is provided to the interferometer. Of course the same will happen during
the installa on and commissioning of the new PSL, and during the modiﬁca on to EIB1.
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2.4. DET – Detection
2.4.1. Summary
The following upgrades on the detec on sub-system are proposed in view of the phase I of AdV+:
● An evolu on of the OMC design in order to reduce losses at the detec on port and to
provide a suﬃcient ﬁltering of the side bands; in parallel to this task a new preampliﬁer will
be studied for the DC readout photodiodes in order to further reduce the level of dark noise.
● The prepara on and installa on on new beam dumps and diaphragms on the SDB1 bench in
order to mi gate sca ered light. Moreover, extra beam dumps may be required in order to
properly dump the reﬂec ons of the lted SR mirror during the lock acquisi on phase.
● The adapta on of the control photodiodes electronics, to ﬁt with the new requirements on
the signal dynamics and noise, in par cular on the RF channels, that will be imposed by the
Signal Recycling, in steady state and during the lock acquisi on. Moreover the photodiodes
will be adapted to the new input power.
● New photodiode air- ght boxes for the B1 and B1p beams will integrate a LED to allow
calibra on measurements.
In the phase II of AdV+, the detec on sub-system will have to be adapted to the new parameters of
the beams going out from the interferometer. This includes the adapta on of the telescope
parameters and a possible reshuﬄing of the end benches op cal layout.

2.4.2. Objectives
One of the main goal of the proposed work is to reduce losses at the an -symmetric port of the
interferometer in order to improve the performance of the squeezing. Table 1 gives the present DET
losses budget as well as the targeted losses for O4 and a pessimis c loss scenario. The main loss
reduc on will be obtained by replacing the current OMC system made of two cavi es in series by a
single OMC cavity of higher ﬁnesse. This will allow to get rid of the rela ve mismatching losses
between the two OMC cavi es (part of these mismatching losses are due to the birefringence of the
OMC cavi es which has been diﬃcult to tune precisely during the commissioning phase preceding
O3). By motorizing the half-waveplate placed before the OMC, it will also be possible to ﬁne tune the
polariza on matching between the input beam and the OMC once the bench is suspended and
under vacuum. Both these improvements should lead to a loss reduc on of about 4%. Addi onally, a
further reduc on of the B1 photodiode dark noise should permit to reduce the equivalent losses by
3%. In total one expects to eliminate half of the current losses of the DET sub-system. The pessimis c
losses scenario corresponds to the situa on where some technical problems would prevent to
replace the 2 OMC cavi es with a single one of higher ﬁnesse and to improve the B1 photodiode
dark noise. In this case the total detec on losses would only be reduced by 2%. The plan described in
this document is meant to reach the targeted losses of 7.5% and we consider rather unlikely to fall in
the pessimis c scenario. However it is advisable that both the targeted losses and pessimis c losses
scenarios be considered when doing noise projec ons involving the frequency dependent squeezing.
It has to be underlined that the proposed increase of ﬁnesse of the OMC also fulﬁlls another goal,
which is providing a suﬃcient ﬁltering of the 6 MHz side bands which will be turned on with signal
recycling.

64

Another objec ve will be to further mi gate the sca ered light on the SDB1 bench, which is known
as a cri cal place for sca ered light noise coupling. To this purpose several improvements in the way
ghost beams are dumped on SDB1 are foreseen.
The DET sub-system must also provide suitable error signals for the control of the interferometer. To
this purpose, the dynamics of the RF channels of the control photodiodes will be adapted to the
expected RF signals during lock acquisi on and steady state. The photodiodes will also have to be
adapted to the O4 input power which is foreseen to be around 40 W, and not exceeding 50W.
Finally, the DET sub-system must prepare the modiﬁca ons that will be required on the telescopes
and on the suspended benches for the phase II of AdV+, when larger beams will propagate to the
end mirrors.
DET components

O3 losses

Pessimistic
losses for O4

Targeted
losses for O4

Foreseen actions

Output Faraday Isolator

1%

1%

0.8%

Add
wires
for
temperature control

B1p pick-oﬀ

1.5%

1.5%

1.5%

To be revised

ITF-OMC1 matching

8%

5%

3%

Motorize OMC waveplate
and ﬁne tuning of telescope

OMC1-OMC2 matching

2.5%

2.5%

0

Single OMC design

OMC internal losses

2%

1%

1.5%

Single OMC design of large
ﬁnesse
and
be er
roughness

B1 photodiodes
Quantum Eﬃciency

1%

1%

1%

B1 photodiodes dark
noise (equivalent losses)

4% (equival.
losses)

4%

1%

B1 minilink viewport

0.04%

0.04%

0.04%

B1 path lenses (meniscus
+ 3 lenses)

0.26%

0.26%

0.26%

B1 path mirrors

0.1%

0.1%

0.1%

TOTAL

18.9%

15.4%

8.9%

Table 1: Losses budget at the an symmetric port
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Dark noise reduc on

TGG

2.4.3. Description of works for O4

Figure 1: Projec ons of OMC thermo-refrac ve noise. The projec ons assume that the SR transmission is 0.35,
and the locking precision of the OMC is equal to 6e-13 m.

2.4.3.1. Output Mode Cleaner cavity and SDB1 losses reduction
The current Output Mode Cleaner (OMC) system made of two cavi es in series of ﬁnesse ~123 will
be replaced by a single OMC cavity of iden cal geometry but higher ﬁnesse (~1000).
The internal losses of a cavity are propor onal to the ﬁnesse. They are currently dominated by
sca ering on the OMC surfaces. The micro-roughness of the OMC cavi es presently installed in AdV
is 0.3 nm RMS. it will be improved to be lower than 0.1 nm RMS, which will have the eﬀect of
reducing the sca ering by at least a factor 9. Therefore the increase of ﬁnesse from 123 to 1000 will
be compensated by the improvement of the surface quality of the substrates and the same sca ering
losses are expected per cavity, that is to say about 1%. The substrates are made of Suprasil 3001,
whose absorp on has been measured by LMA [1] to be 0.2 ppm/cm. This corresponds to 0.3% of
losses for a cavity of ﬁnesse 1000 and whose round-trip length is 24 cm. The expected absorp on in
the coa ng for each surface is about 1 ppm, which gives 0.25% of losses with a ﬁnesse of 1000 and 4
surfaces. Therefore the total internal losses in a cavity of ﬁnesse 1000 should be about 1.5%. This is
0.5% be er than the internal losses that we have today (~2%) with 2 cavi es of ﬁnesse 123 and
micro-roughness equal to 0.3 nm RMS.
With a single OMC cavity, all the losses (~2.5%) that were associated to the mismatch between the
two cavi es in series (rela ve misalignment, mode mismatch, polariza on mismatch due to
birefringence of the substrates) disappear. Moreover the half-waveplate located before the OMC will
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be mounted on a motorized rotator which will allow to tune remotely the polariza on matching
between the incident beam and the cavity, saving another 1% of losses.
The other purpose of the increase of ﬁnesse is to provide a suﬃcient ﬁltering of the side bands. The
requirements on the side band ﬁltering are now more stringent than the ones men oned in the TDR
of AdV, because the diﬀeren al oﬀset is set to have a power in the fundamental mode of the carrier
at dark fringe (Pdf) equal to 2.8 mW, while it was assumed to be 80 mW at the me the AdV OMC
system was designed. This is not an issue during the O3 run, mainly because the 6 MHz side-band is
turned oﬀ. However, if the 6 MHz side band is enabled for O4 (which is very likely to be the case due
to the increased complexity of the interferometer control), the 6 MHz side-band rela ve intensity
noise would become a dominant source of noise with the current OMC system [2]. It is therefore
required to increase the ﬁnesse of the OMC. An alterna ve would be to increase the dark fringe
power but this appears to be very risky as the mystery noise known as “100 Hz ﬂat noise” couples
propor onally to the diﬀeren al oﬀset.
The transmission factor of the 6 MHz side band through the current OMC system (2 cavi es, ﬁnesse
123) is equal to 0.05 while with a single OMC cavity of ﬁnesse 1000, it will be 0.0044, that is to say an
order of magnitude be er. In these condi ons, if the rela ve intensity noise of the 6MHz side-band
follows the speciﬁca ons given in the Table 4.3 of the AdV TDR [3], the contribu on of this noise will
remain a factor ~20 below the O4 sensi vity.
On the other hand, the larger ﬁnesse will increase the coupling of OMC length noise. Figure 1 shows
projec ons of the OMC thermo-refrac ve noise. Assuming a lock accuracy of 6e-13 m, the
contribu on of OMC thermo-refrac ve noise with a single cavity of ﬁnesse 1000 is at least a factor
~10 below the AdV+ sensi vity curve if one consider that the SR transmission is 0.35 (op mal
transmission with 40W of input power), and a similar diﬀeren al oﬀset is used as during O3 (Pdf =
3.5 mW). Therefore a ﬁnesse larger than 1000 would not be safe from this considera on. It has to be
highlighted that the choice of the diﬀeren al oﬀset and of the SR transmission both impact the
coupling of OMC length noise. The maximum allowable ﬁnesse if therefore linked to the choice of the
SR transmission and of the diﬀeren al oﬀset. A larger diﬀeren al oﬀset than what we have today, or
a SR transmission lower than 0.35 would therefore be not compa ble any more with the desired
increase of OMC ﬁnesse.
It has to be underlined that the noise projec ons previously discussed assume an OMC lock precision
equal to 6e-13m, which has already been achieved with the interferometer single bounce beam [4].
The OMC lock precision currently achieved in Low Noise 3 is an order of magnitude worse, but it is
limited by common arm (CARM) ﬂuctua ons [5], which is a degree of freedom presently le
uncontrolled. Therefore a big improvement in the OMC lock accuracy is expected by controlling the
CARM degree of freedom (for example using the Reference Cavity) in AdV+. Moreover no
op miza on of the OMC control loop gains has been performed before O3, there is therefore also
some room for improvement on this front.
As a consequence of the increased ﬁnesse, more heat will be absorbed inside the OMC cavity
substrate. A high power test was performed at LAPP in 2016 with a cavity of ﬁnesse 123, and 0.5W
passing through the cavity: no thermal eﬀects were observed, there were no deforma on of the Airy
peaks when scanning the cavity. Since this cavity was made of the same material as the future cavity
of ﬁnesse 1000, we do not expect to be aﬀected by thermal eﬀects for a power lower than
0.5*123^2/1000^2 = 7.5 mW. Nethertheless, this will have to be conﬁrmed with experimental tests.
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Four OMC cavi es of micro-roughness lower than 0.1 nm RMS have been ordered a few months ago.
They are not counted in the budget table of this document as they have been ordered on
maintenance budget. The polishing company has already ﬁnished the polishing of the three ﬂat
surfaces of the four cavi es and is currently working on the polishing of the convex surfaces. Once
the ﬁrst 2 cavi es are completed, they will then be shipped to LMA for coa ng. One of this cavity will
have to be coated for a ﬁnesse of 123, providing a spare to the Advanced Virgo OMC cavi es, and the
second cavity will be coated for a ﬁnesse of 1000. This should allow us to start tes ng the high
ﬁnesse cavity at LAPP during summer. The priority will be to check that the parameters of the cavity
(ﬁnesse, radius of curvature, internal losses) are the expected ones and that the lock of the cavity can
be achieved with the desired precision. This should allow to fully validate the proposed design.
As a consequence of the high ﬁnesse OMC one expects 10 mes lower side band at 7 MHz on the B1
photodiodes which are used for the coherent control of the squeezer. It is not possible to design a
resonant ampliﬁer circuit for the 7 MHz signal because of its vicinity with the 6 MHz side-band. A
possible solu on (to be conﬁrmed by QNR) would be to displace the side band down to ~3MHz
where the ﬁltering of the OMC will be less eﬃcient. Indeed 19% of the power at 3 MHz will be
transmi ed by the high ﬁnesse OMC which is comparable to the current OMC transmission factor for
the 7MHz side-band.
Having a single OMC cavity requires a new OMC support and some minor reshuﬄing of the op cal
path for the B1 beam on SDB1. It also requires modiﬁca ons on the SDB2 bench. Indeed in order to
be able to acquire the lock of the OMC cavity, a high dark fringe oﬀset needs to be maintained. With
such dark fringe oﬀset, the current B1 photodiodes would saturate, and they therefore cannot be
used for the OMC lock acquisi on. Thus a third photodiode receiving only a frac on of the B1 beam
power will be installed on the SDB2 bench in order to lock the OMC. For the beginning of the
commissioning phase we propose to install a 1% pick-oﬀ for this photodiode, which will guarantee
that the lock of the OMC can be achieved with a level of power comparable to what we have today
with the B1s2 beam (transmission of ﬁrst OMC cavity). This can only be a temporary solu on as one
must avoid to add 1% of extra losses on the B1 beam path. Once we have gained suﬃcient
experience with the locking, we will consider replacing this pick-oﬀ with only 0.1%. In case there is
any issue preven ng to proceed with this small amount of power, the solu on will consist in using a
motorized ﬂipper on SDB2 in order to remove this pick-oﬀ in science mode and send all the power to
the B1 DC readout photodiodes. Such vacuum compa ble ﬂipper will be prepared in advance in
order to be ready in case it is needed.
The removal of the second OMC cavity will make available 30 conductors (15 twisted pairs) on the
bench. This will allow to cable extra devices without the necessity to add an extra white ﬂat cable
along the suspension chain which would be an invasive and probably lengthy opera on. Thanks to
these extra conductors it will be possible to cable the motorized waveplate in front of the OMC (2
pins), as well as to monitor the temperature of the Faraday Isolator TGG crystal (2 or 3 pins). This
latest change will allow to remotely control the Faraday Isolator tuning, thus op mizing its ﬁltering
performances and minimizing its losses [6].
In order to minimize the mismatching losses between the dark fringe beam and the OMC, the output
telescope will be ﬁnely tuned during the commissioning phase. This will require the possibility to
remotely adjusted the longitudinal posi on of the telescope lenses. Un l now the range of possible
displacement was limited by the fact the motorized marione a counter weights are only a few 100g
(and are not aligned with the beam axis), while the meniscus lens mount is a few Kg. In order to
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increase the range of possible lens displacement while maintaining the balancing of the bench, a
motorized counter-weight will be prepared and a ached to the bo om slid of SDB1 (2 pins will be
used for this purpose).
Finally the extra available pins will be used for a compact transla on stage that will replace the
exis ng motorized rotator of the OMC shu er, making the closing and opening of the shu er faster
and simpler.
In order to improve the OMC alignment with respect to the interferometer beam, it is foreseen to
use two new RF quadrants that should be located on the External Detec on Bench. These quadrants
will look at the beam reﬂected by the OMC cavity. They will allow to use the modulated diﬀeren al
wavefront sensing (MDWS) technique that uses the OMC length dither to tag the carrier
fundamental TEM00 mode [7]. Moreover these two quadrants are also required by the SGD
sub-system, to obtain an alignment signal between the 56MHz sideband and the coherent control
side-band with a larger SNR than what is available on the B1p quadrant, as is currently implemented
at GEO600 [8].
A pick-oﬀ of the beam reﬂected by the OMC cavity and sent towards the external detec on bench is
already available. There are two beam spli ers (one on SDB1, one on SDB2) along this beam path
that can be replaced to send more power towards the quadrant photodiodes if needed. Indeed a lot
of power can be made available on that beam considering that 93% of the power reﬂected by the
OMC is currently dumped on the SDB1 bench.

2.4.3.2. Reduction of DC readout photodiodes dark noise

Figure 2: Equivalent op cal losses for the squeezing performances of the B1 photodiodes electronic noise as a
func on of the shot noise/dark noise ra o.

With the expected gain in squeezing level at high frequency thanks to the frequency dependent
squeezing, the dark noise of the B1 photodiodes must be further reduced in order not to limit the
squeezing performances. Today each B1 photodiode receives about 1.4 mW and the ra o shot
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noise/dark noise is about 5 (when no squeezing is applied), which is equivalent to 4% losses (see
Figure 2). A further reduc on of the dark noise by at least a factor 2 would reduce these equivalent
losses down to 1% .
A solu on for the reduc on of the B1 photodiodes electronic noise involving heavy inductors has
already been studied but it was designed for a photodiode receiving about 40 mW (AdV TDR
speciﬁca on). Since the diﬀeren al oﬀset now being used is smaller than ini ally foreseen, a new
design of the B1 photodiodes preampliﬁer will be studied and developed for O4. As the op miza on
of the B1 photodiodes electronic noise strongly depends on the selected dark fringe oﬀset, a
decision on this parameter should be taken by the ISC sub-system as soon as possible.

2.4.3.3. Mitigation of scattered light on SDB1 bench
In order to mi gate the sca ered light on SDB1, several improvements are foreseen:
● Prepare and install beam dumps, made of absorbing glass, to block the residual light
transmi ed through HR mirrors.
● Install diaphragms in front of the parabolic mirrors M1 and M2. To this purpose the
possibility to a ach these diaphragms to the mount of the mirrors will be studied.
● Build and install an absorbing fence which would surround the whole bench circumference.
The impact on the weight of the bench of this proposal must be studied. In case too much
weight is added to the bench, this modiﬁca on would probably be postponed to the Phase 2
of AdV+ as a change of the bench weight would imply very invasive works on the suspension.
● Replace the exis ng B5 quadrants with be er AR coated ones.
● Install baﬄes on the inner walls of the SDB1 tower: this task is strongly interfaced with SLC.
Moreover the ISC sub-system is inves ga ng the possibility of misaligning the SR mirror so that the
SR cavity can be disabled during the lock acquisi on or during commissioning, switching from the
single recycled to the double recycled conﬁgura on and vice versa. The beams reﬂected by the lted
SR must be properly damped on the SPRB and SDB1 benches. A preliminary study of the posi ons of
these beams on the benches has been made by ISC, however this was done with a 2D simula on
which does not account for the ver cal wedge of the beam spli er. Thus further studies must be
performed in order to conﬁrm the posi ons of the beams to be dumped. If possible the plan is to
send those beams on exis ng diaphragms.

2.4.3.4. Adaptation of SDB1 fast shutter to larger power
The power stored in the Fabry-Perot cavi es should increase in the same scale as the power injected
in the interferometer. In case of interferometer unlock, a large frac on of the power stored in the
arms can be sent, as a high energy ﬂash, towards the interferometer an -symmetric port. In order to
protect the output mode cleaner and the photodiodes against this type of ﬂash, a shu er, installed
on the SDB1 suspended bench, is automa cally closed in about 7ms. The shu er that is used during
O3 is equipped with blades made of AlMgF2 coated Berilium Copper. With 50W of power injected
the interferometer, the temperature of the shu er blades during unlocks should reach about 210°c
based on a rough es mate [9], which is below but not very far from the temperature threshold
where the rear coa ng of the shu er will melt (~300°c). Therefore, in order to mi gate the risk of
laser damage on this shu er, it is planned to replaced it with a shu er equipped with silver or gold
blades which have a higher damage threshold.
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2.4.3.5. Adaptation of control photodiodes to O4 powers
The following changes impac ng the control photodiodes are expected in the Phase I of AdV+:
● Virgo input power is going to be increased to about 40W, which will make the DC powers
exceeding the maximum thresholds at least on the B4, B7, B8 photodiodes.
● For the control of the interferometer with signal recycling, one expects that higher
modula on depths will be required for mul ple side bands on the same interferometer
beams. This will put a higher stress on the needed dynamics for the photodiodes RF signals.
● The ISC sub-system is reques ng a demodula on at 168 MHz for the control of the signal
recycling cavity. Such demodula on frequencies has already been implemented on the B4
PD1 photodiode, however the response of the photodiode RF chain at such frequency is
much reduced. Therefore it is mandatory to check what is the signal-to-noise ra o needed.
The following ac ons are planned in order to tackle the challenges men oned above:
● A test setup at LAPP will be prepared with a LASER and an amplitude modulator in order to
test the whole photodiode RF chain with modula on side-bands.
● In parallel to these tests, the present design of the RF chain will be reviewed in order to
check of further op miza on are possible.
The previous ac ons should allow to be er iden fy the present limita ons of the RF electronic chain.
Based on this outcome and on the informa on that will be provided by ISC regarding the expected
amplitudes of the RF signals during the lock acquisi on and in steady state, an op mized solu on will
be studied. This may require a new design of the RF chain depending on the ISC speciﬁca ons.
Moreover the load resistors of the DC channels of the photodiodes preampliﬁers will be modiﬁed in
order to tackle the larger input power.
All these modiﬁca ons will require the produc on of new preampliﬁers and new photodiodes
air- ght boxes (as all these photodiodes go in vacuum).

2.4.3.6. Integration of calibration LED in the B1 and B1p photodiodes air
boxes
New photodiodes air- ght boxes will be prepared for the B1 and B1p beams. Each of these air-boxes
will integrate a LED which will make it possible to shine the photodiode in order to perform some
remote calibra on (measurement of the photodiode response as a func on of its frequency and
ming measurements).
This modiﬁca on can be performed at the same me as the integra on of the op mized
preampliﬁers for these photodiodes.

2.4.4. Description of preparatory works for O5
2.4.4.1. Adaptation of DET sub-system to large beams at the end mirrors
The use of larger beams at the end mirrors for the phase 2 of AdV+ will strongly impact the north and
west end suspended benches. We are already at the limit of the clear aperture of the input lens on
those benches. Besides the fact that the end benches telescope will have to be redesigned, we will
have to ask for a curved an -reﬂec ve surface of the end mirrors. Having a lens in the end mirrors
will help us in reducing the beam size before reaching the end buildings minitowers (located 7 m
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away from the end mirror) whose diameter aperture is 350 mm. This approach is required in order to
avoid the replacement of the minitower vacuum vessel. Op cal simula ons will be performed in
order to determine the required curvature of the end mirror rear surface and to study a suitable
design for the telescope. The impact of this curved mirror surface on the sensi vity of the quadrant
photodiodes installed on the end benches with respect to cavity misalignments will also be checked
with the ISC sub-system. The design of the telescope will also have to be compliant with the fact that
green light will be sent from the end benches for the lock acquisi on. This will be studied with the
ALS sub-system. Depending on the outcome of these overall studies it is possible that the op cal
layout of the suspended benches will have to be reshuﬄed.
For what concerns the suspended benches located in the central part of the interferometer, the
impact of the new mirror conﬁgura on for the phase 2 will be less signiﬁcant as it is planned to keep
a similar beam size as of today in this area. Nonetheless the output mode matching telescope
located at the an symmetric port (and hosted on the ﬁrst suspended detec on bench SDB1) as well
as the telescope located at the pick-oﬀ port of the power recycling cavity (hosted on the suspended
bench SPRB) will have to be adapted to the new beam parameters. Op cal simula ons will be
performed in order to determine the needed modiﬁca ons to these telescopes. As the beam sizes on
the actual telescopes are at the limit of what is acceptable in terms of radius/aperture ra o, the
possibility to increase the op cs size will be considered as part of these studies.

2.4.5. Interfaces with other subsystems
List any interfaces with other subsystems, or impacts the requested change can have on them.
OSD:
For phase I the OSD sub-system will deﬁne the SR mirror reﬂec vity. The choice of the SR mirror
reﬂec vity will impact the required ﬁltering of the side bands by the OMC and will also impact the
requirements on the OMC length noise.
For phase II, inputs from OSD on the beam parameters at each op cal ports will be needed by DET in
order to properly design the telescopes needed to accommodate the larger beams to the
photodiodes size and to the OMC waist, and to deﬁne the required modiﬁca ons to the suspended
end benches and their vacuum vessel.
SBE:
The DET sub-system is responsible for providing to the SBE sub-system the weight of the suspended
benches. Although a change of weight on SDB2 is not the favoured scenario, this will have to be
conﬁrmed once the modiﬁca ons on this bench are fully studied (this includes the ﬁnaliza on of the
design of the low noise preampliﬁers for the DC readout and the design of the motorized ﬂipper).
The weight of the other suspended benches should not change for the phase I of AdV+.
For the phase II of AdV+, the large beams on the ETMs may impact the vacuum chambers of SNEB
and SWEB in case the beam cannot be suﬃciently focused by the AR surface of the end test masses.
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SAT:
The design of the components to be modiﬁed on the SDB1 bench for the phase I of AdV+ will be
done in such a way to not increase the weight of the bench. Modiﬁca ons on the cabling of SDB1 are
foreseen, but it should not be required to add new white ﬂat cables along the suspension chain
thanks to the conductors that will be made available a er the removal of the second OMC cavity.
For the phase II of AdV+, depending on the choice which will be made concerning the large beams, it
might be necessary to increase the size of SDB1, which would imply a reshuﬄing of its suspension.
ALS:
As described in the ALS chapter, the op cal layout of the SNEB and SWEB benches will be adapted in
order to allow the injec on of the auxiliary LASER beams in the interferometer. The DET team will
take care of the provision of the in-vacuum op cs and their installa on on the suspended benches.
For the phase 2 of AdV+, the modiﬁca ons to be made to the end benches telescope will be studied
taking into account the constraints from ALS for the injec on of the green light.
ISC:
The ISC sub-system is in charge of deﬁning the dark fringe oﬀset. This parameter has a strong impact
on the OMC design as well as on the DC readout electronics.
The ISC sub-system will provide inputs to the DET sub-system concerning the expected signal
dynamics at each modula on frequencies and each op cal ports used for the control of the
interferometer, during the lock acquisi on and in steady state.
It is foreseen that the SR mirror will be lted during the lock acquisi on. The lt angle will be
determined by the ISC and DET sub-systems, a er checking that the SR reﬂected beams can be
properly dumped on the SPRB and SDB1 benches.
For the phase 2 of AdV+, the modiﬁca ons to be made to the end benches telescope and the
requested curvature of the AR surface of the end mirrors may impact the sensi vity of the quadrant
photodiodes installed on these benches. This will be checked with ISC.
QNR:
The reduc on of the losses on the DET sub-system will contribute in improving the performances of
frequency dependent squeezing.
As during O3, the photodiodes in transmission of the OMC will provide an error signal for the
coherent control of the squeezer. The modula on frequency used for this control will need to be
reduced towards 3 or 4 MHz as the current 7 MHz side-band will be much more ﬁltered by an OMC
cavity of ﬁnesse 1000. The DET sub-system needs some input from QNR concerning the required side
band amplitude, in order to study a possible gain ampliﬁca on at the new side band frequency.
Moreover DET and QNR will share a couple of RF quadrants photodiodes foreseen on the external
detec on bench.
SLC: The DET sub-system will interact with SLC for the baﬄing of the SDB1 tower inner walls, as well
as for the prepara on of the diaphragms and beam dumps foreseen on the SDB1 bench.
DAQ: Improvements of the dynamics of the RF channel for the control photodiodes may imply some
modiﬁca ons on the digital demodula on boards which are integrated with the DAQ boxes.
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CAL: The new photodiodes air- ght boxes that will be prepared for B1 and B1p will integrate a LED
for the calibra on of these photodiodes. Dedicated in-vacuum cabling will also be needed.
TCS: The curvature of the SR mirror induced by the ring heater will impact the beam transmi ed
towards SDB1 and therefore the tuning of the output telescope. The impact of the SR ring heater on
the beam parameters must be evaluated in order to es mate the required range of displacement of
the output telescope op cs.
VAC: In the context of phase II, the required modiﬁca ons of the suspended benches vacuum
chambers (in par cular SPRB in case of large beams in the central interferometer) will be interfaced
with VAC.
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2.5. SBE – Suspended Benches
2.5.1. Summary
The SBE sub-system was responsible, in Advanced Virgo, for the realiza on and the commissioning of
the suspensions for the op cal benches carrying the auxiliary op cs (telescopes and photodiodes)
needed for the control of the interferometer. Except for the External Injec on Bench (EIB), vibra on
isolated in air inside the Laser Lab, four op cal benches were suspended in vacuum already during
the O2 observa on run: SPRB, SDB2, SNEB and SWEB. For Phase-I of the AdV+ upgrade of the
detector, iner al sensors with be er performance at low frequency (0.1-1 Hz) will be installed on all
the in-vacuum suspensions to improve the quality of the controls around the microseismic peak, with
the goal of reducing sca ered light noise.

2.5.2. Objectives
During O2 and the commissioning phase towards the O3 run, SBE suspensions worked in a robust
and reliable way, providing the alignment sensors of the detector with eﬀec ve in-band isola on
from seismic and acous c noise. However, some limita ons from the control accuracy showed up in
high microseism environmental condi ons (bad weather and/or high wind speed). In par cular,
up-conversion of sca ered light noise was observed from the terminal op cal benches SNEB and
SWEB, when the rela ve rms velocity between each bench and the nearby test mass was exceeding a
threshold of about 1 um/sec (see plot in Figure 1). Since this eﬀect was found to be limi ng the
sensi vity of the detector below 30 Hz, an upgrade of the controls was necessary.

Figure 1: spectra of the transmission monitor photodiodes B7 (North End) and B8 (West End) as a func on of
the rela ve rms velocity between the corresponding end bench and nearby test mass. Typical sca ering
shelves from up-conversion of ground mo on around the microseismic peak are clearly observable and they
are also well correlated with the amplitude of the rela ve velocity. Data were taken during the O2 observa on
run.

SNEB and SWEB are suspended by means of a Mul SAS type mul -stage seismic a enuator (see [1]
for more details), which includes an inverted pendulum (IP) stage, tuned at 100 mHz, as horizontal
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pre-isolator. The bench transla onal degrees of freedom are controlled by using sensors and
actuators on the IP stage, following the tradi onal inertial damping strategy developed for the Virgo
Super-a enuators [2]. In the standard conﬁgura on, as it was in O2, the error signal is built by
blending the signal from the LVDT sensors, looking at the posi on of the IP with respect to ground,
with the signal from the geophones (Sercel L-4C) measuring the IP iner al mo on. The crossover
frequency between posi on and iner al sensors is set to 150 mHz due to resolu on limita ons of the
geophones at lower frequency. Although a ﬁ h-order low pass blending ﬁlter is used on the LVDT
signal, in high microseism condi ons the control can spoil the performance of the inverted
pendulum. For this reason, during the commissioning towards O3, a diﬀerent approach has been
introduced. The idea (see the example in Figure 2 for the North Arm) is replacing the signal from the
Mul SAS LVDT, i.e. SNEB_LVDT, with the diﬀeren al posi on with respect to ground between the
Super-a enuator and the Mul SAS inverted pendula, reconstructed as (SNEB_LVDT - NE_LVDT). In
this way, the contamina on of the Mul SAS control error signal from the microseism is substan ally
suppressed (see plot in Figure 3-le panel), since the low frequency ground mo on is common
between the two suspensions.

Figure 2: control strategy devised in O3 for the suspension of the North End op cal bench; the same approach
is used in the West arm for SWEB. The SNEB_Geophone signal is blended at 150 mHz with the
(SNEB_LVDT-NE_LVDT) signal instead of SNEB_LVDT. In this way the impact of the microseismic peak in the
suspension control is reduced, as well as the rela ve velocity between the bench and the test mass.
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Thanks to this solu on, the sca ered light noise from the the terminal benches has been mi gated
for the O3 run, as shown in Figure 3-right panel. The observed reduc on of about a factor of three in
the cut-oﬀ frequency of the upconversion shelf is in good agreement with the factor 2.6 suppression
(from 5.2 um/s to 2 um/s) in the measured rms rela ve speed between the SNEB bench and the NE
test mass. Nevertheless, the achieved improvement cannot be considered sa sfactory when taking
into account the low frequency (10-40 Hz) be er performance of the detector expected at the end of
the Phase-I of the AdV+ upgrade. The plot in Figure 4-le panel shows how the SNEB inverted
pendulum mo on, even with the diﬀeren al control engaged, is s ll limited by the re-injec on of
ground displacement, and how this eﬀect would be mi gated by lowering the crossover frequency
between posi on and iner al sensors from 150 mHz to 90 mHz. The poten al impact of this ac on is
be er clariﬁed by the plot in Figure-4 right panel, showing a comparison between the measured
velocity of the SNEB IP pla orm in the current conﬁgura on (red line), and the es mated limit
performance reachable by the system (green line) calculated by mul plying the ground velocity by
the modeled closed-loop transfer func on of the Mul SAS inverted pendulum. The corresponding
rms ﬁgures (dashed lines) show that, in principle, the currently observed 0.85 um/s could be reduced
by a factor up to 3, by minimizing the ground mo on re-injec on. Sca ered light noise is also
expected to further improve, though it is not possible to establish if by the same factor. For the
implementa on of the more aggressive control strategy, it is mandatory to replace the geophones
with a seismic sensor with be er performance below 200 mHz.

Figure 3. Le -panel: seismic noise re-injec on when using either the local LVDT (SNEB_LVDT) or the NE-SNEB
diﬀeren al LVDT as error signal at low frequencies. Data were taken in high microseism condi ons with the
RMS ground velocity around 4.4 um/sec. Right-panel: spectrum of Virgo North Arm transmission photodiode
B7 with the interferometer locked in high microseism condi ons (same as in le -panel plot). In the case of
SNEB suspension controlled using only local posi on and iner al sensors (magenta line), sca ered light shelves
enter deeply in the detec on band. A clear improvement is achieved (blue line) with the NE-SNEB diﬀeren al
control.
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Figure 4. Le -panel: (SNEB_LVDT-NE_LVDT) signal, with same microseism condi ons as in ﬁgure 3, compared to
the SNEB geophone signal. The graph shows that the mo on of the IP is s ll dominated by the seismic noise
re-injec on from the posi on control. The green line shows the same (SNEB_LVDT-NE_LVDT) signal but low
pass ﬁltered for a blending frequency of 90 mHz: the ground noise re-injec on around 300 mHz could be
reduced by a factor of 3. Right-panel: the velocity spectrum (red line) of the SNEB IP, calculated from the
geophone signal in the right-panel, is compared to the modeled best scenario (green line), in which there is no
ground noise re-injec on. The model shows that the suspension rms velocity could be further reduced by a
factor up to 3. Ground and NE super-a enuator inverted pendulum signals are also shown for comparison.

2.5.3. Description of works for O4
Right now the Mul SAS inverted pendulum carries three L-4C horizontal geophones each mounted,
in a 120 deg pinwheel conﬁgura on, inside a vacuum pod together with their preampliﬁer. The plan
is to replace the geophone oriented along the X-axis (perpendicular to the op cal beam axis) of the
suspension with a triaxial seismometer Nanometrics TC-120 (see sketch in Figure 5).

Figure 5. CAD view of the modiﬁed SNEB and SWEB suspension top stage. The vacuum pod containing the
triaxial seismometer is visible at the center of the image.
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The seismometer (also used in the Filter Cavity suspensions) is a force-balance accelerometer with
velocity output ﬂat from 0.008 to 108 Hz. The comparison shows that, though the TC-120 speciﬁed
self-noise is not very diﬀerent from the L4-C theore cal one (Figure 6-right panel), the TC-120 raw
signal level is much higher at frequencies below 0.5 Hz (Figure 6-le panel). This feature ensures
be er signal integrity before digi za on and larger immunity to thermal dri s in the electronics
chain. The seismometer will provide the error signal for the control of the Z-axis, the most cri cal for
sca ered light, and of the X-axis; the error signal for the control of the yaw degrees of freedom will
be obtained by combining the output of the three available sensors.

Figure 6. Le -panel: inverse responses of the L4-C geophone and of the TC-120 seismometer. The realis c
scenario, in which the output of each sensor is pre-ampliﬁed to 20000 V/m/s, has been considered.
seismometer achieves much larger signal levels below 0.5 Hz thanks to the force balance conﬁgura on with
capacitance bridge posi on readout and feedback via voice coil actuator. Right-panel: comparison between the
speciﬁed self-noise of the seismometer and the theore cal noise of the geophone.

Besides the procurement of the sensors, preparatory works consist of:
● design and produc on of the four vacuum pods;
● design and produc on of four modiﬁed Mul SAS top plates; new plates are needed since the
seismometer pod would not ﬁt in the suspension top stage as it is.
● produc on of the extra in-vacuum and in-air cables.
Details of planning and budget are presented in the next sec ons. Please no ce that the task N.9, i.e.
the commissioning of the modiﬁed SIB2 Mul SAS, can only have place a er the SIB2 suspension will
be enabled.

2.5.4. Interfaces with other subsystems
None.

2.5.5. References
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suspended optical benches, Class. Quantum Grav., 36, 075007 (2019)
[2]
G. Losurdo, D. Passuello, P. Ruggi, The control of the Virgo Superattenuator revised (I). Inertial
damping: present and future, VIR-NOT-FIR-1390-318 (2006)
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2.6. SLC – Scattered Light Control
2.6.1. Summary
This document describes the proposal for the construc on of a new-instrumented baﬄe surrounding
the Input Mode Cleaner (IMC) end mirror by 2020, as part of the AdV+ phase I upgrade. It will serve
as a prototype and performance demonstrator, in prepara on for instrumen ng baﬄes embedded in
the payloads of the core mirrors in me for the AdV+ phase II upgrade by 2023. The document
discusses also other important ac vi es relevant for phase II upgrade, related to simula on of the
sca ered light and the produc on of dummy baﬄes in the presence of larger mirrors.
The construc on of baﬄes instrumented with photon sensors allows for a be er understanding of
the stray light distribu on in the interferometer, oﬀering a new tool for: a much more eﬃcient
pre-alignment and ﬁne-tune of the parameters of the interferometer a er shutdowns and during
opera ons; the detec on of developing higher order modes in the interferometer; and the
monitoring of contamina on of mirror surface leading to low-angle sca ering.
The technological solu on being developed is generic enough that could be applied to both
suspended and ground-based instrumented baﬄes, thus opening the possibility to equip with
instrumented baﬄes other Virgo areas in the future. We consider the integra on of the IMC end
mirror baﬄe in the IMC payload as an important aspect of the phase I project since this would permit
the valida on of the suspended solu on, in prepara on for the AdV+ phase II ac vity, in which
baﬄes need to be suspended to access low-angle sca ering informa on without injec ng noise (see
Figure 4 in Ref. [1]). As pointed out in the document, the deﬁni on of the new instrumented baﬄe,
the integra on of photosensors and the readout strategy follows the spirit of introducing no
signiﬁcant impact on the performance of the payload suspension and the op cal performance of
both the mirror and the baﬄe itself. Finally, as a fallback solu on, a ground-based mechanical design
for an instrumented baﬄe placed in front of the IMC end mirror could be easily implemented,
although it is not part of this document.
This document includes the descrip on of tasks related to the prepara on of the baﬄe system in the
arms for the larger mirror scenario in AdV+ phase II. This is mostly related to bidirec onal reﬂectance
distribu on func on (BRDF) analysis for simula on of the sca ered light distribu on, and the
prepara on of ﬁrst mechanical designs for baﬄes to reduce the sca ered light, taking into account
the apertures within the cryotrap and the towers in the presence of larger mirrors. Finally, the design
and construc on of three baﬄes for the inner walls of the SDB1 tower is also included.

2.6.2. Objectives
As its main contribu on to Virgo AdV+ phase II upgrade, the IFAE group has proposed the
construc on of new-instrumented baﬄes with photosensors, for those baﬄes surrounding the main
test masses, either payload embedded, or ground a ached. This is mo vated by the observa on that
the ability of monitoring the light distribu on around the test masses would permit an online
understanding of the dominant low-angle stray light distribu on across the interferometer, oﬀering a
new handle for the alignment of the interferometer, the understanding of mirror surface changes
and the detec on of developing higher-order laser modes, leading to modiﬁed pa erns in the
detected stray light in the baﬄes.
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In [5], the inves ga on on a slow transient of the power circula ng in the interferometer made use
of some sca erers a ached to the payload embedded baﬄes in order to understand whether the
drop of power was due to increasing round-trip losses in the arms. These rudimental witnesses of
sca ered light gave qualita ve conﬁrma on that it was the case, so allowing further mi ga on
ac ons. Those sca erers were primarily intended to provide a guide for beam pre-alignment in the
long arms and can hardly provide a more quan ta ve readout. In LIGO, the baﬄes around the test
masses are indeed equipped with some photodiodes both for the purpose of pre-aligning the beam
and to monitor the low-angle sca ered light origina ng by low spa al frequency defects of the core
mirrors [6].
The design of the new-instrumented baﬄes aims to maintain, over any other considera on, the
current performance of the baﬄes in terms of reﬂec vity and to have no signiﬁcant eﬀect on both
the super-a enuator/payload area and the mirrors. This imposes stringent constraints in terms of
mechanical design, ultra-high vacuum compa bility for both sensors and read-out electronics,
read-out strategy, heat dissipa on and induced electromagne c noise. As it will become clear in the
sec ons below, the necessary steps are being taken to ensure the new-instrumented baﬄes meet
the requirements.
As part of the AdV+ phase I ac vi es, IFAE plans for the installa on of a demonstrator in the area of
the IMC end mirror (see Figure 1), proﬁ ng of the fact that major interven ons in the IMC end mirror
and the suspension system are foreseen by 2020. The opera on of an instrumented baﬄe
demonstrator in the IMC area by 2021 will allow for building the conﬁdence that the instrumented
version does not compromise the performance of the payload and has indeed no eﬀect on the close
by mirror. At the same me, the op cal performance of the baﬄe in terms of stray light suppression
will be preserved.

Figure 1: View of the baﬄe around the end mirror in the suspended IMC area (picture taken from [2] courtesy
of the Nikhef, Pisa and Rome Virgo groups).
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In parallel, the team will carry out detailed simula on studies to determine the distribu on of the
stray light close to the test masses in the arms for AdV+ phase II, leading to a renewed design of the
baﬄes at the entrance and inside the towers surrounding the main mirrors. In addi on, the team will
establish a close collabora on with PAY subsystem to design and produce dummy baﬄes as needed
during the phase I preparatory work, suitable for being integrated in the new payloads (see also PAY
chapter).

2.6.3. Description of works for O4
In the following sec ons, a detailed descrip on of the diﬀerent aspects of the project is provided.
The base of the baﬄe mechanical design will follow that of the already installed baﬄe at the IMC
payload, with the necessary modiﬁca ons for embedding the photosensors. The total mass and
center-of-gravity will be preserved with the aim to facilitate as much as possible its possible
integra on in the new payload.
The photosensors (see sec on Photosensors) are based on new Hamamatsu O(1 cm2) silicon diodes
customized for ultra-high vacuum (UHV) requirements and equipped with an -reﬂec ve (AR) coa ng
(Hamamatsu order has been placed with expected delivery in few months from now). The design of
the read-out electronics (see sec on Electronics) is very well advanced and tested solu ons exist for
making it UHV compa ble. A wireless readout approach is being considered as baseline, leading to
the need of no extra cables transported throughout the suspension system, with op cal ﬁbers
regarded as an alterna ve solu on.
A ﬁrst preliminary conceptual design of the integra on of the photosensors in the baﬄe has been
prepared in me for this document (see Sec on Mechanics and Integration) in which up to 128
sensors would be installed. The coa ng strategy for baﬄe and sensors (see Sec on Optical Coating
on Sensors and Baffle) will be essen ally the same as the one already adopted in the
un-instrumented baﬄes, leading to less than 0.5% reﬂec vity. It is however expected that the actual
layout of the baﬄe and the sensor integra on will rapidly evolve according to the results from the
ongoing simula on studies (see Sec on Simulations) determining the total light power deposited,
the op mal posi on of the sensors according to the an cipated light distribu on, and the required
tolerance for the integra on of the sensors in the baﬄe surface in order to avoid addi onal
sca erings.
A comprehensive test program of small-scale prototypes has been deﬁned (see Sec on First
Prototype) to characterize the selected technology and conﬁrm the performance of the instrumented
baﬄe. Some of the tests are scheduled to conclude by summer/fall 2019. Ma ers related to the
integra on in the Virgo central DAQ system start to be considered (see Sec on DAQ and Software
Control).
The case for a special test using the current IMC payload and mirror by the end of O3 is presented
(see Sec on Test of Instrumented baffle in IMC at the end of O3) with the aim to perform an in situ
valida on test of all the aspects related to the instrumented baﬄe without introducing any risk to
the IMC in view of O4.

2.6.3.1. Photosensors
According to simula on, the amount of light reaching the baﬄe in the IMC ranges from 5e-5 W/cm2
to 5e-6 W/cm2 per wa of laser input power. The la er is not yet ﬁxed, but it is expected to be in the
range from 25 W to 70 W. Simula on also shows that a granularity of 1 cm2 would allow to detect the
pa erns produced by non-perfect alignments of the system. This implies that sensors of about 1 cm2
are needed, and that the light they will receive is in the range from 0.1 mW to 3.5 mW. Finally, the
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temporal precision for which the devia on of the straight line needs to be monitored is not very fast,
and ~1 Hz monitoring would suﬃce. These requirements do not lead to very restric ve demands in
terms of photo-detec on eﬃciency nor me resolu on, and it should not be diﬃcult to ﬁnd a
photodiode in the market that can fulﬁll them.
On the other hand, the fact that the sensors will be mounted in the baﬄe of the IMC main mirror
leads to less standard requirements due to the environment. The exposed face of baﬄe has a
reﬂec vity below 0.5% to minimize the light non hi ng the main mirror to be reﬂected back. Since
the sensors will be installed in that face, 1064 nm light reaching them should only be reﬂected at
similar levels. Furthermore, the sca ering oﬀ the photosensors must be comparable with the baﬄe
sca ering (the total integrated sca er (TIS) for the baﬄes is of the order of TIS < 500 ppm).
Moreover, the complete system will be installed in a UHV environment, and therefore the
photosensors should be compa ble with it and do not produce a signiﬁcant amount of outgassing.
Based on these requirements, the S13955-01 photodiode from Hamamatsu [3] was iden ﬁed as a
possible candidate. It has a sensi ve surface of 7.05 x 7.05 mm2 (see Figure 2) and a photo-detec on
eﬃciency at 1064 nm of about 20% (see Figure 3). This photodiode has been used to perform the
tests described in this document, some of which were aimed to understand its limita ons in terms of
reﬂec vity and UHV compa bility. As expected, these tests showed that this device does not meet
the requirements. Since other devices available in the market would show similar problems, a
speciﬁc R&D to produce a device UHV-compa ble, with low reﬂec vity and low sca ering has been
discussed with Hamamatsu. The proposed solu on is based on the S13955-01 photodiode and will
have a size of 7.69 x 7.69 mm2, with a sensi ve area of 6.97 x 6.97 mm2. To solve the reﬂec vity
issue, the sensi ve area itself will be covered during the produc on phase with an AR coa ng similar
to the standard YAG-BBAR, which provides reﬂec vity below 0.5% at 1064 nm. What happens with
the small frac on of ceramics that is used as support and gets exposed remains to be discussed with
Hamamatsu. The reﬂected light will also depend on the material behind the photodiode, the
electronic board, which has been measured to have a reﬂectance below 1%. Simula on will show
which is the "no-go" threshold for the overall eﬀec ve reﬂec vity. The agreement with Hamamatsu
is that they will produce three diﬀerent prototypes for the photodiode, all of them fulﬁlling the
requirements about UHV compa bility and reﬂec vity below 0.5%. At least one of them will include
a signiﬁcant, possibly up to 70%, increased photo-detec on eﬃciency at 1064 nm.
Concerning UHV requirements, the sensor itself is not a problem. The outgassing comes from the
packing, which can be minimized by using a ceramic support and removing the under-ﬁlling usually
used to improve the mechanical resistance of the device. On the other hand, the temperature range
that the photodiode can handle only reaches 80 degrees, which means that the bake-out of the ﬁnal
device would likely be long.
To summarize, according to the feasibility studies and to the fact that the requirements are rela vely
standard and the required technology already exis ng, even though there are no available sensors
with the required characteris cs at present, we do not expect problems to get a new device fulﬁlling
the requirements.
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Figure 2: Dimensions of the commercially available photodiode S13955-01 from Hamamatsu (picture taken
from S13955-01 datasheet [3]).

Figure 3: Photosensi vity of the commercially available photodiode S13955-01 from Hamamatsu (picture taken
from S13955-01 datasheet [3]).

2.6.3.2. Electronics
Each half-baﬄe will be instrumented with 64 photodiodes. Due to the large number of sensors and
to their distance to the control setup, a digital readout output is preferable to a mul plexed analog
signal solu on. The presence of magnets close to the illuminated area and other sensible parts limits
the readout speed. Furthermore, magnets are sensi ve to electromagne c interferences (EMIs).
Since the EMIs are not speciﬁed in the low range frequency and only poorly speciﬁed over 20 KHz,
the digital communica on has to be “ﬂexible” in what the speed is concerned. Another considera on
is the heat dissipa on, which is limited to 2.5 W (taking into account the addi onal power should not
exceed 10% of the total power deposited by the laser light in the baﬄes around the test masses) for
all the electronics to be installed on the baﬄe.
The electronics design is separated in two parts, the sensor front end and the communica ons part.
The front end consists of an ampliﬁer and an ADC input for each sensor. This solu on requires less
integrated circuits (ICs) (be er for UHV applica ons), less control (simpler and more robust system)
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and shorter analog signals (be er behavior against electronic noise) than a mul plexed op on. The
communica ons part includes an interface between the ADCs and the external control and the data
transmission. The data transmission will either be wireless or proceed through an op cal ﬁber in
order to minimize/eliminate the cabling. Finally, the biasing of the electronics proceeds through a
single cable common for both half-baﬄes, already installed.
To minimize the cabling and to ensure the robustness of the connec ons, all sensors in each
half-baﬄe will be assembled in a single printable circuit board (PCB). The exact ﬁnal conﬁgura on
will be decided following the simula on op miza on. The communica on module will be assembled
in one of the two boards, which will be interconnected through a couple of UHV compa ble, coaxial
cables (MH081-MH3RP-MH3RP-0250-NO LABEL-ET).
A system with mul ple selectable ways to transmit digital data wirelessly, based upon an ESP32 TTGO
LoraWan development board, is being designed to check possible interferences with other VIRGO
sub-systems. This demonstrator device can transmit the same data in real me using diﬀerent
wireless modes (Wi-Fi at diﬀerent transmission speeds, Bluetooth and Zigbee) but its
radio-frequency (RF) behavior is completely diﬀerent; a er analyzing the RF of each, the less or
non-interfering one of them will be chosen. In order to determine the ﬁnal technology and in
consulta on with ENV representa ves, we plan to proﬁt from noise injec on campaigns during O3
(like, for example, magne c injec ons) to place the transmi er in Virgo, outside and inside the IMC
tower, to perform a broad scan in frequencies and iden fy, directly from the Virgo data, the range of
acceptable frequencies. This rather empirical approach is needed since it is not obvious one can
determine a priori such safe range.
As a backup solu on, an op cal ﬁber would completely eliminate any dependence with the
frequency transmission and fast signal level changes. To make the op cal link, a connec on between
the output of the ADC and the op cal ﬁber is needed. This connec on consists of a single IC plus the
light transmi ng and receiving devices. In this case, a customized encapsula on for both the led and
the photodiode can be made to make them UHV-compa ble.

2.6.3.3. First Prototype
The goal of the ﬁrst prototype is to validate the Hamamatsu S13955-01 photodiode readout system
and to get a pla orm for the photodiode characteriza on. Such a prototype must allow both direct
measurements of the photodiode, to establish its polariza on range, as well as its digital reading. The
chosen solu on is validated by measuring the noise, resolu on and linearity of the complete system.
The prototype design is modular and uses a raspberry pi pla orm for communica on.
For slow applica ons it is common to read a photodiode in zero-bias mode with a transimpedance
ampliﬁer, because it greatly improves the measurements for ultra-low light levels. In our case, the
measurements are in DC, but the light level is high, so it is important to study how the photodiode
behavior in the photovoltaic mode for the whole light range is in order to avoid a self-biasing
situa on or other non-desired eﬀects. There are two ways to read a photodiode in photoconduc ve
mode, as a voltage or as a current. Current measurements have much be er linearity oﬀset and
bandwidth, but they require an ampliﬁer, and the reverse bias forces a nega ve voltage for
electronics. A voltage measurement is preferable as long as the requirements are met, reducing the
number of electronic components and elimina ng mul ple voltages.
The i2c digital bus has been chosen for the ADC digital output. This bus consists of only two lines,
reducing the cabling, allowing any signaling speed un l 400 kHz without a lowest limit, and the signal
edges to be strongly ﬁltered. Besides being simple, it is a very versa le system that allows to keep
under control possible electromagne c interferences.
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The ICs used in this prototype have been chosen to minimize the heat dissipa on. The whole
electronics with the TSU-111 opamp and MAX-11645 ADC has a theore cal maximum consump on
of 3.5 mW of power. The ADC has a 12-bit resolu on, thus mee ng the dynamic range of the system.
The design tries to meet the UHV requirements. Cabling is minimized: there are only two cables for
bias and communica on. The cable used is a SAMTEC reference MH081-MH3RP-MH3RP-0250-NO
LABEL-ET, tested in HV condi ons. The PCB is a 25 mm diameter piece with gold and polyamide
surfaces, which is custom designed for the mechanic support (Figure 4). Is not clear whether the two
ICs meet the UHV requirement, so the use of silicone over the ICs is tested to ensure it. This silicone
meets the ASTM E 595 low outgas speciﬁca ons outlined in NASA SP-R-0022A and European Space
Agency PSS-014-702, with a TML of ≤1% and CVCM of ≤0.1%.

Figure 4: PCB 3D design of the demonstrator, just for ﬁrst prototyping tests. This is a small piece, about 25 cm
overall height, with conﬁgurable electronics for a single sensor readout.

2.6.3.3.1. Prototype Tests
The prototype has been assembled at the IFAE facili es. The photodiode assembly has been veriﬁed
by means of X-rays (Figure 5).

Figure 5: S13955-01 photodiode assembled and veriﬁed at IFAE.

A measurement of the ambient light from a 50 Hz discharge lamp, measured with the 1 MOhm
termina on of a Tektronix TDS3024B oscilloscope is shown in Figure 6. Some other simple
measurements with an infra-red (IR) led were done to test the linearity of the response.
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Figure 6: Laboratory 50 Hz rec ﬁed ambient light measured with 1 MOhm oscilloscope input.

The electronics without sensor was tested in a diﬀerent setup (Figure 7 le ). The i2c communica on
was implemented and tuned on a raspberry pi pla orm in python code. A bash script which
executed low level python code was used. The so ware implementa on is portable with smbus
libraries to any system with i2c support. In order to test the dynamic range and linearity of the
system a poten ometer simulated the photodiode output. The results corroborate the expected very
good linearity in the whole dynamic range (Figure 7 right).

Figure 7: Test setup for electronics without photodiode (le ) and linearity test result (right). The la er shows
the measured voltage in a mul meter versus the voltage measured with the ADC. Units are volts.

For the biasing test the upgraded setup shown in Figure 8 was implemented. A Thorlabs laser (P =
1.66 mW / 0.8 mW, CW = 635 nm and FWHM = 15 nm) was used as light source. This red laser
generates enough light power to simulate the photodiode response at 1065 nm wavelength. The
extrapolated power is 3.25 mW, which is close to the maximum 3.5 mW we expect to measure in the
baﬄe. The use of a collimator and an iris allows to control the illuminated area of the photodiode
surface. A calibrated photodiode (Newport 818-UV) placed on a rail together with the studied
photodiode was used as reference.
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Figure 8: Upgraded op cal setup.

The polariza on and sensi vity tests were performed over direct measurements in the photodiode,
connected by means of coaxial cables to the triac input of the Keithley 2634B measurement device.
The results of these tests are shown in Figure 9.

Figure 9: (top) Output current for low levels of polariza on with diﬀerent levels of illumina on: 0.779 mW
(le ) and 1.66 mW (right). (bo om) Polariza on sweeps for diﬀerent power light levels: 0.779 mW (le ) and
1.66 mW (right)

The sensor's behavior in no-polariza on mode would not match the project's requirements, since the
desired extreme linearity is only present at light levels below the resolu on needed, whereas the
photodiode output would be close to satura on, and begin a nonlinear behavior, at the expected
higher levels of light. For low levels of polariza on, we observe a self-polariza on eﬀect, probably
because of a charge accumula on in the photodiode working close to the photovoltaic mode. This
eﬀect begins to minimize at 3 V (Figure 9, top, right). Note that the varia ons are close to 2 uA,
much smaller than the needed resolu on. The photodiode goes in a lineal photoconduc ve mode
over 3 V, where the response is almost constant un l the maximum reverse voltage. The photodiode
was lineal, with a good response, in all the dynamic range. Any polariza on voltage between 3 and 5
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V ﬁts the requirements. The electronics (ADC and ampliﬁer) can work ﬁne with this polariza on
voltage, so it is not necessary to use diﬀerent voltages or level converters if direct voltage
measurements ﬁt the noise requirements.
Finally, a ﬁxed polariza on level of 3.3 V was used to verify the sensi vity plot provided by
Hamamatsu. To perform ﬁner measurements of sensi vity, linearity and noise the setup was
upgraded by the addi on of a neutral density ﬁlter (NDF) before the iris, as shown in Figure 11. This
setup allows to manually reduce the maximum light power in order to have enough number of
diﬀerent input values.

Figure 11: Final setup with collimator + NDF + iris + calibrated photodiode.

A reverse polariza on with voltage measurement was ﬁxed by hardware through a 24 kOhm load
resistor, and the bias was ﬁltered through a low pass (LP) ﬁlter with a frequency ~3 kHz (Figure 12) to
minimize the digital noise introduced in the polariza on voltage because it is shared with the rest of
the electronics. The output measurements were done with a driver, not necessary for the levels
measured in this dynamic range but maintained in order to have a more ﬂexible system in a future
design.

Figure 12: RC Low pass ﬁlter simula on.

The same polariza on LP ﬁlter was implemented at the ADC input to minimize the sampling noise.
Dark measurements give us a very low noise of 192 ± 55 uV (0.8 uW) and a small oﬀset of 2mV was
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observed. The sampling was done with the SCL signal of an i2c bus, tested at diﬀerent speeds
between 20 kHz and 400 kHz. The i2c communica on lines SCL and SDA were not ﬁltered for these
tests because no correla ons with the ADC sampling were observed.
The linearity test was performed by manually varying the NDF ﬁlter with the two power modes of the
red laser. Small varia ons were observed because the NDF increments were done manually, but
overall the system gave a very good linearity response (Figure 13). The measurements corroborate
the output ﬁts the whole dynamic range (125 uW to 3.5 mW) with a resolu on much higher than
125uW. A power consump on <2.5 mW was measured sampling at 400 kHz.

Figure 13: Linearity test.

To summarize, direct voltage measurements in the load resistor of the S13955-01 photodiode
working in photoconduc ve mode with a polariza on voltage between 3-5 V, with a 12-bit ADC (SAR
architecture) with i2c communica on meet the requirements for the baﬄe instrumenta on. Heat
dissipa on assuming 100% eﬃciency gives enough margin to implement any wireless communica on
and keep the whole system below the 2.5 W power limita on. UHV silicone has been applied over
the IC devices used in this prototype in order to meet the UHV requirements.

2.6.3.4. Mechanics and Integration
The baﬄe and its mechanical structure will have a design similar to the previous one [2] in order to
have the lowest impact in the global structure. Figure 14 shows half instrumented baﬄe and its rear
mechanical structure. For visualiza on purposes other mechanical elements, such as rear mass, coils
or their mechanical structure, have been hidden in the ﬁgure since they remain the same. Details on
the inclusion of the sensors in the baﬄe and the bare baﬄe structured are also given.
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Figure 14: (top-le ) CAD design of the baﬄe. In the center of the image it is possible to see the IMC mirror; on
the le of the mirror, the mechanical interface that connects the external part of the baﬄe with the rear mass,
called integral, and the baﬄe support. The coils, the reac on mass and the side mirror balancing mass are
hidden. On the right side of the mirror there is the external part of a half baﬄe with diﬀerent rows and
columns of photodiodes. (top-right) Detail of the inclusion of sensors in the baﬄe. (bo om) CAD design of the
baﬄe. On the le image it is possible to see the front side of the baﬄe, with some channels to embed the
electronics. On the right side of the ﬁgure, the rear side of the baﬄe. Material is removed in order to lighten
the structure.

The main modiﬁca on of the baﬄe is the installa on of photodiodes (blue color) in two rows around
the inner diameter to have a good angular resolu on. Besides these two rows there would be four
radial equiangular columns to know how the laser beam is dispersed in the radial direc on. There
would be 20 photodiodes in the ﬁrst row, 24 in the second and 5 in each column so in total there
would be 64 photodiodes in each half baﬄe.
Photodiodes are assembled with a PCB and electronic components as discussed in Sec on
Electronics. Baﬄes need to have the lowest reﬂec vity possible and components above the ﬂat
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surface will reﬂect and sca er the light. To minimize the light sca ering impact, the PCB and its
electrical components will be embedded in the baﬄe, so the baﬄe will be thinned in some areas to
allow space for these components. Figure 15 shows a cross sec on of one of those four columns.
Photodiodes will be placed as close as possible to each other, but there would be some gaps in the
baﬄe surface. To see the impact these gaps and the photodiode edges have on the baﬄe overall
reﬂec vity, some tests are ongoing and more planned to measure the mul ple sca ering they
produce (see below). In a scenario in which addi onal sca ering is unacceptably enhanced due to
the presence of the gaps, we will consider ﬁlling them with an UHV compa ble material. We are
already exploring exis ng solu ons available at LHC.

Figure 15: CAD cross sec on detail of the baﬄe. The PCB, its electrical components and the adhesive (colored
in brown) is expected to have a total thickness of about 2.4 mm. The thickness of the baﬄe is 2 mm and that of
the photodiodes 1.5 mm. This gives a total thickness of 5.9 mm.

In addi on, as a poten al alterna ve, and in order to minimize the impact of a limited tolerance in
the assembly of the sensors in the PCBs and to guarantee a smooth surface seen by the laser beam,
we are exploring also the possibility to add an extra coated layer on top (see Figure 16). An R&D
process and consulta ons with a number of companies are taking place to iden fy the material
(fused silica is a possibility) and the op cal coa ng suitable for allowing the detec on of light in the
sensors while removing sca erings from the underlying surface. This however would also require an
intense campaign of valida on and characteriza on of the new layer, following studies similar as
those performed in AdV [4].

Figure 16: Illustra on of a poten al addi on of an extra layer with op cal coa ng to remove edge eﬀects in the
sensor area and to eliminate sca erings from the underlying irregulari es. The new layer material proper es
and the coa ng to be applied are being explored.

The PCB with its electrical components will be glued to the baﬄe with a special adhesive suitable for
UHV applica ons. Furthermore, the adhesive has to be cryogenically serviceable, thermally
conduc ve and electrically insulator. There are several such adhesives in the market, most of them
validated for aerospace UHV applica ons, so a market survey will be done to choose the ﬁnal
candidate. An example of these adhesives could be Masterbond EP21TCHT-1, CHO-THERM® 1671 or
EPO-TEK® H70E.
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The reﬂec vity and the TIS of the PCB and the photodiodes is similar to the coated stainless steel of
the baﬄe as discussed in previous sec ons, so no impact due to material is expected to the Virgo
measurements. However, the amount of material change may have an impact in the weight balance
of the payload, so we plan to add the same weight in electrical components compared to the
removed weight of the baﬄe stainless steel produced by this thickness change in some areas.
At the present preliminary design, the instrumented baﬄe weight added corresponds to 90.19 g
respect to the previous one and the weight added by electrical components corresponds to 331.72 g.
To compensate this diﬀerence, the thickness of the baﬄe needs to be modiﬁed. In par cular, the
design does not include yet sharp shapes at the edges of the baﬄe to avoid reﬂec ons towards the
mirror. Since the ﬁnal material budget also depends on the eventual inclusion of an addi onal layer
for ensuring the ﬂatness of the external surface, further studies are underway to validate the
changes do not aﬀect the mechanical and op cal characteris cs of the baﬄe compared to the
previous one. In addi on to weight and mass distribu ons studies, TIS, light sca ering and emissivity
tests are needed to qualify the parts as it was done in [7].
For illustra on purposes, Table 1 shows the weight expected for each new component compared to
the previous design. There are more components, but their density is lower so there is a smooth
increase of the total baﬄe weight.
Current baffle design

Future baffle design

Component

Weight (g)

Component

Weight (g)

Stainless steel

1887.47

Stainless steel

1645.95

Photodiodes

44.74

PCB

26.98

Electrical components

140 (es mated)

Glue

20 (es mated)

Cables

100 (es mated)

Total

1977.66

Total

1887.47

Diﬀerence = 90.19 g
Table 1: Comparison of the weight between the current baﬄe and the future one with its instrumenta on. The
electric components and the cabling are not fully designed yet, so it is diﬃcult to give a real number. The
instrumented baﬄe has more components, but their density is lower than the current pure stainless-steel
baﬄe so there is a posi ve diﬀerence of 90.19 g. Measures are taken to match this diﬀerence.

Similarly, for illustra on, the new center of mass of the baﬄe has been calculated for this preliminary
design, considering the posi on of the new components and their weight, and it has been moved
away from the IMC mirror 1.34 mm with respect to the non-instrumented current baﬄe. When
necessary, measures will be taken to preserve the original center-of-gravity in the ﬁnal mechanical
design.
The instrumenta on of the baﬄe will consume some power, being the upper limit 10% of 25 W. To
see how the baﬄe and the structure get heated, a thermal simula on has been done, where the
heat source is the power of the sensors and their electrical components and the radia on from the
environment.
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Figure 17 shows the thermal gradient of the baﬄe including its main support structure when the
electronics are powered by 2.5 W and the temperature of the walls is 300 K. Between 2K and 4K are
expected compared with the temperature achieved in the current baﬄe heated by the laser at a
power of 25 W.

Figure 17: Thermal simula on where there is a 2-4K thermal gradient between the bluish and the reddish
areas. Radia on is the only possibility to remove the heat generated.

The integra on of the new instrumented baﬄe in the IMC area is subject of interac ons with the INJ
and PAY representa ves, and the mechanical aspects are not included in this document yet. As
pointed out before, in order to facilitate the payload integra on, the weight and center of gravity of
the AdV baﬄe are being preserved. As already men oned, such integra on in the payload is an
important aspect of the prototype phase, in prepara on for the AdV+ version of baﬄes surrounding
the test masses, to demonstrate the feasibility of a suspended solu on.
Nevertheless, as a fallback plan, a ground-based suppor ng structure for the IMC baﬄe could be
easily conceived. One scenario would consist in instrumen ng a new baﬄe, slightly larger in
dimension, at the entrance inside the IMC end mirror tower instead of suspending it at the payload.
A second fallback scenario, recently proposed and s ll to be fully characterized, would be to
instrument the exis ng baﬄe in front of the dihedron at the bench one suspended area.

2.6.3.5. Optical Coating on Sensors and Baffle
The op cal coa ng is a cri cal part of the instrumented baﬄe that is planned for the IMC and any
further one that could be installed in other cavi es. Light reﬂected by other devices other than the
main mirrors would have an impact in the sensi vity of the full system and need to be minimized. For
a non-instrumented baﬄe, the main points to be considered are the edges and the surface of the
baﬄe exposed to the light. For an instrumented baﬄe, the sensor itself and the face of the
electronics board that may be exposed to the light should also be fully considered.
For the metallic part of the baﬄe, the plan is to use the same AR coa ng used for the already
installed baﬄes in Virgo [4] and made of Cr/Cr2O3. To minimize diﬀerences, the coa ng will be done
with Op mask, the same company that was used for the installed baﬄes. S ll, the situa on is a bit
more complex with instrumented baﬄes due to the edges produced by the installa on of sensors.
The correct design of the edges is being studied at mechanical level (see Sec on Mechanics and
Integration) but it also has an impact on the coa ng, due to limita ons in the procedure the coa ng
is applied. In this sense, itera ons with the company that will make the ﬁnal coa ng are already
ongoing to end-up with a ﬁnal design that is compa ble with the coa ng process.
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As men oned in Sec on Photosensors, the sensi ve area of the sensor, which is 82% of the device
area, will be produced with an AR coa ng that reﬂects less than 0.5% at 1064 nm. The reﬂec on of
the addi onal surface has not been characterized, but no speciﬁc coa ng is planned for the moment,
although it may be possible to also add some AR coa ng. Being a small frac on of the full baﬄe, it is
expected that its contribu on is acceptably small. Finally, the exposed surface of the electronics
boards has been measured to have a reﬂec vity at the level of 1%, which is considered low enough if
an eﬀort to minimize the exposed surface is done.
Finally, as already men oned, we are exploring the possibility of the ﬁlling up the gaps between
sensors with addi onal UHV material or/and inclusion of an addi onal an -reﬂec ng layer on top of
the baﬄe provided addi onal signiﬁcant sca erings are s ll induced by the installa on of the
sensors.

2.6.3.6. Simulations
To ensure that the inclusion of ac ve photosensors in the baﬄes does not have any signiﬁcant eﬀect
in the IMC in terms of genera ng addi onal stray light, careful simula ons of the light reaching the
end mirror are carried out. The parameters of the simula on are the input power (a value of 1 W has
been used, so that the results can be easily scaled to any actual input power of the laser) and the end
mirror surface waviness, by means of a mirror map obtained from the current IMC end mirror spare).
The ﬁnesse of the IMC cavity is approximately 1005. Figure 18 shows the distribu on of light in the
current (O3 observing run) baﬄe for the beam that reaches the end mirror a er the ﬁrst reﬂec on in
one of the dihedron mirrors (main, primary beam) as well as for the beam that, a er being reﬂected
in the end mirror, is sca ered back in the other dihedron mirror and travels back to the end mirror
(secondary, back-sca ered beam). The power of the back-sca ered beam is much smaller than that
of the main one. The sum of the two beams is also shown. As expected, the amount of light is larger
in the region close to the inner radius of the baﬄe, decreasing rapidly as the radius increases. To
have an idea of how much the distribu on of light decreases with radius, Figure 19 shows the
varia on of the impinging light power as a func on of the radius at an angular value θ=0.

Figure 18: Simulated distribu on of light reaching the baﬄe located in front of the IMC end mirror, in W/cm2,
from the main (le ), back-sca ered (center), and sum of the two (right) beams. The color scale shows the
natural logarithm of the W/cm2 values to be er visualize the light distribu ons. The numbers are quoted for
an input laser power of 1 W.
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Figure 19: Simulated distribu on of the light reaching the baﬄe, in W/cm2, as a func on of the radius,
computed at θ=0. The blue region on the le corresponds to the IMC end mirror area, the red region to the
loca on of the photosensors, and the blue area on the right to the un-instrumented part of the baﬄe.

To ensure that indeed the loss of ﬂatness of the baﬄes due to the addi on of the photosensors does
not result in addi onal stray light being sent to the interferometer, detailed simula on of possible
geometries will be carried out before the ﬁnal setup is decided. In addi on, the power to be read
during the Virgo pre-alignment phase is being es mated.

2.6.3.7. Sensor Robustness in the Presence of Intense Lasers (Simulation)
The robustness of the photosensors in the IMC baﬄe in the presence of powerful lasers, leading to a
poten al local increase of temperature, has been studied in detail using simula ons. Three scenarios
have been considered: (1) IMC cavity on resonance; (2) presence of a slight misalignment in the IMC;
(3) existence of a severe misalignment leading to the laser poin ng to the baﬄe for a short period of
me O(ms). In the ﬁrst scenario, considering a laser power of about 70 W and taking into account the
ﬁnesse of the IMC cavity (about 1005) we concluded that, with the laser perfectly aligned, the
instrumented part of the baﬄe would be exposed to a dose of about 0.001 W/cm2. In the second
scenario, with the cavity out of resonance, the instrumented part of the baﬄe would receive a dose
of about 0.00002 W/cm2. In the third scenario we assume the core of the laser beam (out of
resonance) will illuminate/scan the baﬄe. In this case the instrumented area would be exposed to a
dose of about 0.3 W/cm2. In this la er case, according to thermal simula ons in the baﬄe, a
temperature gradient of only about 0.2K would be produced.
We repeated the simula on in this third scenario allowing for two orders of magnitude increase in
the power ﬁgure above and an extended me, with the aim to establish a safety margin in the
robustness of the diodes, giving the uncertain es in the thermal simula on in the baﬄe. A total
power of 30 W/cm2 has been simulated for 30 ms and a er that it has been decreased to 1 W/cm2.
The results are presented in Figure 20, leading to the conclusion that the sensors would be s ll
perfectly safe since the baﬄe area never reaches the 80 Celsius limit.
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Figure 20. Simula on of the temperature in a diode area (1 cm2) a er being directly illuminated by a 30 W laser
beam during 30 ms and 1 W a erwards. The temperature is also monitored in a region corresponding to a
nearby sensor. The evolu on of temperature is monitored for 0.24 s in the simula on. Even in this extreme
scenario the temperature of the baﬄe never reaches values above 50 Celsius.

2.6.3.8. Summary of Dedicated Tests
A small prototype using the already available photosensor in the market has been used to do several
tests. They were used to both check that the planned system s ll has the requested performance and
to understand what needs to be improved to fulﬁll the environment requirements: low reﬂec vity
and UHV compa bility.

2.6.3.8.1. First Reflectivity Test on Sensors
To understand the limita ons in terms of reﬂec vity, a set-up based on a microscope usually used by
a group expert on building and designing ﬁlters at Ins tut de Ciència de Materials de Barcelona
(ICMAB_CSIC) has been used. The group, led by Agus n Mihi, performed the measurements shown
in Figure 21. Those measurements clearly show the need to implement an AR coa ng on top of the
photosensor, which has a reﬂectance of almost 50% without coa ng. On the other hand, the
electronic board has to kinds of surfaces, the conduc ve and the non-conduc ve one. The former
has a 10% reﬂectance while the la er only 1%. The ﬁnal design to be installed in the IMC baﬄe will
take that into account and have only the non-conduc ve surface exposed to the laser light.
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Figure 21: Measured reﬂectance of the photodiode Hamamatsu S13955-01 in the electronics board where it is
mounted. The black solid line shows the reﬂectance of the photodiode. The electronics board has two diﬀerent
surfaces, the conduc ve one (orange line) and the non-conduc ve one (blue line). The reﬂectance of the
electronics board varies if a component is mounted behind (dashed line) or not (solid line).

As pointed out, those tests were performed with uncoated regular photodiodes and the results are
those expected. Similar tests will be repeated using small setups with mul ple coated sensors
installed. This will allow to validate the ﬁnal reﬂec vity of the system (sensors plus electronics) and
to determine the dependence of the observed reﬂec vity to the shape of the surface a er
assembling several sensors in the PCBs. Similar tests will be performed using the EGO op cal lab for
the more advanced versions of the prototypes.

2.6.3.8.2. Scattering Measurement Campaign with Large Setups
As already men oned, a full characteriza on of the reﬂec vity and sca ering features of the whole
baﬄe is crucial, and some ﬁrst op cal tests using small devices are being carried out at the ICMAB
center in the UAB campus in Barcelona. A erwards, an intense campaign of sca ering
measurements on a full-size baﬄe will take place at EGO. This will permit to determine the
reﬂec vity and the sca ering of the baﬄe before installa on at the IMC. The work will follow closely
that performed for the AdV baﬄes as explained in Refs. [4,7]. We rely on the experience and
supervision of INJ representa ves (A. Chiummo et al.) to deﬁne the details of the tests. The tests
themselves and the analysis of data will be carried out by IFAE people.

2.6.3.8.3. UHV Test
Similarly, the elements used for the prototype as well as addi onal components that are planned for
the ﬁnal design are checked in UHV condi ons. The outgassing of the diﬀerent components that are
being considered are checked. The residual gas analysis (RGA) will allow to assess the feasibility of
using those materials at AdV+. The tests are being done at ALBA synchrotron facili es.
In par cular the RGA up to masses of 100 atomic units is measured for:
●
●

The proposed photodiode S13955-01.
The preliminary electronics, for which the board and the components have already been
selected to be UHV compa ble.
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●
●

The preliminary electronics with some components covered with Solithane or similar to
check if such recovery is worth to reduce the outgassing.
Some addi onal components that are planned for the ﬁnal electronics:
○ Op cal Fibers.
○ ADS7142 ADC.
○ RSP-122811-02 connectors.
○ P82B96 I2C buﬀer.
○ The ﬁnal version of the photodiode.

These preliminary tests will provide very valuable informa on to select the right components for the
ﬁnal version of the electronic board, as well as to understand the possible need of using sealing
material on some components. That ﬁnal version, together with the UHV compa ble photosensor to
be developed by Hamamatsu, will be tested at VIRGO facili es for ﬁnal valida on of UHV
compa bility. For the la er, a concrete plan has been deﬁned with VAC representa ves. Ul mately,
those UHV tests will include the presence of small mirror samples, thus ensuring no contamina on is
aﬀec ng the mirror surface.

2.6.3.9. Photodiode and Electronics Characterization
Once the UHV and low reﬂec vity sensor is mounted in the ﬁnal electronics, a full characteriza on of
the system will be performed. The main parameters to be checked are the linearity and gain of the
output signal in the range of expected light, the photodetec on eﬃciency as a func on of the
wavelength, and the temperature dependency.
The linearity and gain will be checked by using a set up that allows to illuminate the photodiode with
at least ten intensi es uniformly distributed in the range of expected light power. The maximum
intensity should be at least a factor two larger than the maximum expected once the baﬄe is
installed in the IMC. The wavelength of the incident light will be in the range where the photodiode
has a good photo-detec on eﬃciency and the change as a func on of wavelength is smooth. For the
currently available S13955-01, this occurs between 600 and 900 nm. But it might be diﬀerent for the
photodiode to be made by Hamamatsu. Choosing this wavelength range allows us to use a less
powerful source of incident light and to provide more stable results with respect to other possible
parameters as temperature.
The photodetec on eﬃciency will be measured as a func on of wavelength with special emphasis at
1064 nm and the wavelength used for the linearity measurements. This measurement will be made
making use of a commercial calibrated photodiode. Finally, both the photo-detec on eﬃciency at
1064 nm and the gain will be studied as a func on of temperature. This will allow to understand how
cri cal possible temperature gradients in the baﬄes are.

2.6.3.10. Photodiode Aging Test and Calibration
The amount of sca ered light reaching the photosensor is large and the possible aging of the
photosensors needs to be evaluated. For that, few individual devices not being installed in the actual
baﬄe will be used to perform accelerated aging studies. The gain at 1064 nm will be measured for an
illumina on equivalent to up to three years of opera on in intervals of six months. This would allow
to deﬁne whether an ini al calibra on of the instrumented baﬄe before installing it would be
enough or a system to calibrate it from me to me, which could actually use the main VIRGO laser
itself, should be developed.
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2.6.3.11. Integration in the IMC payload
The current payload includes already services (three unused wires) such that the eﬀect on the
suspension due to the presence of those wires is already now taken into account. In the current
design we will need a cable for power, and we plan for a wireless readout solu on. Otherwise, we
would adopt an op cal ﬁber approach. We are designing, in coordina on with the Pisa engineers, a
complete set of tests to validate the compa bility of the new instrumented baﬄe with the IMC
performance. This includes: measurements of the EM induced noise as a func on of the distance of
the front-end electronics; measurements of the temperature with O(10) sensors distributed in the
baﬄe, complemented with simula ons of the power dissipa on (see Figure 17); a full frequency scan
to determine the working point for the wireless readout not aﬀec ng at all the IMC; and tests with
powerful lasers to demonstrate the robustness of the sensors and readout electronics in long-term
opera ons. As pointed out previously, the maximum power dissipa on of the electronics is now
limited to 2.5 W, with the aim to contribute with no more than 10% to the power illumina ng the
baﬄe already from the laser light itself. We see, according to simula ons, that the temperature
gradient induced by the electronics in the baﬄe is only few Kelvin. We certainly plan to con nue the
simula on work to arrive to a complete mapping of temperatures in the baﬄes that can be
compared to that of a non-instrumented baﬄe. Then, the eﬀect (if any) on the mirrors can be
studied in collabora on with payload experts.

2.6.3.12. DAQ and Software Control
A DAQ server will be needed in order to provide access to the data generated by the
instrumenta on. This server will be the responsible for accommoda ng to the current Virgo DAQ
infrastructure, making the baﬄe informa on available online. In the current design phase, the way
the DAQ will access the hardware sensors is not yet deﬁned, it will be either through Wi-Fi or
through op cal ﬁbers. What is decided is that there will not be logic or intelligence at the baﬄes, and
that all the sensors' data will be acquired by means of a serial bus. The serial bus lines will be
exercised through the communica ons link by the so ware on the server.
Several func ons will be implemented on the server:
● Hardware interface: a layer will enable the communica on with the sensors at the baﬄe.
● Con nuous acquisi on of data: a daemon will be in charge of reading the data con nuously.
● Database: data and other parameters or events (like errors) will be recorded on a database.
● Engineering UI: an expert user interface will be implemented for expert users to access the
whole func onality of the system as well as historic data on the database.
● Instrument interface: an interface implemen ng the protocol agreed with the collabora on
will be implemented to make the informa on available to the experiment DAQ.
Minor developments are already on course in order to make available to developers the data of the
electronic prototypes. In addi on, ﬁrst exchanges have been triggered with the Virgo DAQ
representa ves.

2.6.3.13. Test of Instrumented baffle in IMC at the end of O3
As already men oned, the instrumented baﬄe is being designed with the principle of introducing no
signiﬁcant eﬀect on the performance of payload and mirror. In addi on, we adopted a conserva ve
approach in which the mechanical design of the new baﬄe remains very close to the current one, in
order to facilitate the integra on in the payload. On the other hand, it is fundamental that the new
device is fully tested in realis c condi ons without pu ng at risk the performance of the
interferometer as a whole. Therefore, we propose to carry out a special test immediately a er O3
observa on period is concluded, in which the current IMC end mirror baﬄe is replaced by the
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instrumented one, requiring access to the IMC tower. A er recovering the vacuum condi ons in the
tower, the new instrumenta on will be operated for few days, leading to an early test and valida on
of the system. Although we plan for a successful integra on and opera on of the system, the fact
that the old (to be replaced) IMC end mirror will be s ll used ensures that those tests will never
compromise the performance of the interferometer for O4.
Altogether, we consider that such test would require about two weeks' me, including the access to
the tower, the replacement of the baﬄe, the recovery of the vacuum levels, and the opera on of the
new system for few days. A er that, the tower would be reopened to proceed with the ﬁnal
installa on of new payload and new mirror as planned.

2.6.3.14. Mitigation of scattered light on SDB1 bench
In parallel to other ac ons, like the installa on of beam dumps, the installa on of diaphragms in
front of the parabolic mirrors, the installa on of an absorbing fence that would surround the whole
bench circumference and the replacement of the exis ng B5 quadrants with be er AR coated ones,
new baﬄes on the inner walls of the SDB1 tower are going to be designed and built to be installed in
the north, east and south walls of the vacuum tower, similar to the exis ng one in the west wall. Due
to the reduced space for the installa on and to the large size of these baﬄes, these new baﬄes will
probably be built in separate pieces to facilitate their inser on in the vacuum cavity. The way these
baﬄes are going to be a ached to the walls will also be designed. This will be done in close
collabora on with the DET engineers.

2.6.4. Description of preparatory works for O5
Although this document is mostly focused on the deﬁni on of a new instrumented baﬄe and its
installa on as a demonstrator in the IMC end mirror area, the main goal for AdV+ O5 run is the
installa on of such instrumented devices around the main test masses in the interferometer arms.
For that purpose, an intensive simula on campaign will be carried out to predict the light distribu on
surrounding the input and end mirrors, with the aim of arriving to a full design of the new baﬄe
mi ga on system. This involves mostly the deﬁni on of the ﬁnal apertures and outer dimensions of
the baﬄes close to the towers and in the suspended areas. As a star ng point, and assuming that it is
possible to install a baﬄe at the level of the cryotrap, a large suspended baﬄe of 800 mm (840 mm
maximum) will be assumed (see PAY chapter). Only for illustra on purposes, Figure 22 shows ﬁrst
simula ons of the power deposited in the area surrounding the current north end mirror. The ﬁgure
uses as inner radius that of the actual mirror and extends up to 40 cm radius, the an cipated new
aperture at the cryotrap entrance. This shows that a full BDRF analysis can be carried out in a
rela vely short me scale.
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Figure 22. Simulated distribu on of light reaching the baﬄe located in the end mirror of the north arm, in
W/cm2. The color scale shows the natural logarithm of the W/cm2 values to be er visualize the light
distribu ons. The radii of curvature of input and end mirrors are ﬁxed to 1405 m and 1675 m, respec vely, and
the numbers are referred to a laser input power of 1 W.

In addi on, dummy baﬄes will be produced as needed taking into account the new payload interface
as part of the prototype phase for the integra on of the baﬄe. This work will be performed in close
collabora on with the PAY system to guarantee the resul ng baﬄe and suppor ng structure designs'
compliance with the requirements.

2.6.5. Interfaces with Other Subsystems
The work described here is embedded in the SLC (Stray Light Control) subsystem, but it has evident
and direct links to the INJ, DET and PAY subsystems, given the foreseen integra on of the
instrumented baﬄe in the IMC payload for the end mirror, which requires a close interac on with
the team responsible for the new payload design. In order to eliminate as much as possible
undesirable dependencies (under a rather ght schedule) the IMC end mirror baﬄe proposal is
developed with the approach of introducing no changes in the conceptual design of the original
baﬄe, as originally designed by the PISA group, compensa ng the introduc on of photosensors in
such a way that the total weight and the center of gravity of the full baﬄe remains unchanged.
Similar considera ons apply for the interac on with the PAY subsystem in what concerns the baﬄes
surrounding the main test masses for phase II and with the DET subsystem for the baﬄes to be
installed in the SDB1 vacuum chamber.
We have deﬁned a close collabora on with the VAC subsystem such that ﬁnal test on UHV
compa bility and total reﬂec vity of the baﬄe are carried out at EGO’s facili es leading to ﬁnal
cer ﬁca on.
To also minimize the interface due to the cabling reaching the photosensors a readout system
through wireless is being considered. For the la er, previous tests to see which frequencies are safe
to be used should be done at VIRGO. This is being discussed with the SUM and ENV system
representa ves.
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The integra on of the baﬄe output in the online monitoring of the interferometer and its integra on
in future alignment procedures will require a close interface with the ITF system and DAQ
subsystem. At the moment of wri ng this report, ﬁrst contacts with the DAQ group are taking place
to establish the protocol to make baﬄe signals available online to the Virgo control room.
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3. Suspensions & Mirrors (SUM)
The suspensions and mirrors system is the system providing the main interferometer mirrors isolated
from mechanical disturbances and with minimized thermal noise. It includes the main mirrors with
their low losses coa ngs suspended by means of monolithic suspensions to the seismic
super-a enuators.
Broadly speaking the goal of this system is twofold. On one hand to provide test masses made of high
quality mirrors with low op cal losses and low thermal noise. On the other hand to suspend these
test masses so to minimize their residual displacement noise either due to seismic vibra on,
suspensions thermal noise or actuators noise. The system also includes all the local ac ve
suspensions controls required to damp the suspension and seismic isolator resonant modes at low
frequencies.

Figure 1. Sketch of a mirror suspended to a super-a enuator
This system includes the following subsystems/work-packages:
●

Mirror (MIR). This is the subsystem in charge of the all the large mirrors and of their
characteriza on.
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●

●

●

●

Payload (PAY). This concerns the last stage of the suspension used to suspend the mirror and
minimize the eﬀect of suspensions thermal noise. It also includes the local sensor used to
measure the mirror posi on respect to ground and the actuators to control its posi on.
Thermal Compensation System (TCS). This is the subsystem responsible of measuring the
wave-fronts reﬂected and transmi ed by the mirror surfaces and the compensa on plate
substrates and of controlling the mirrors radius of curvature.
Super Attenuators (SAT). The super-a enuators are the seismic vibra on isola on systems
used to suspend the large mirrors, the input mode-cleaner payload, the injec on bench and
the detec on bench hos ng the output mode-cleaner. This subsystem also includes the
sensors, actuators and electronics used to sense and damp the super-a enuator vibra onal
modes.
Coating Research & Development (CRD). This is the subsystem that is in charge of the
deﬁni on of the recipe for the best mirrors coa ngs in order to reduce the mirror coa ng
thermal noise.

The main physical interfaces with the other systems are the following:
●
●
●
●

ITF. The main mirror’s surfaces and substrates are the interfaces with ITF.
ESC. The electronics for sensing and ac ng on the suspensions and on the seismic isolators
are the main interface with ESC.
ENV. The vacuum envelope and the environmental condi ons (temperature, humidity,
vibra ons) in proximity of the vacuum chamber bases are the main interfaces with ENV.
QNR. There is no direct interface between SUM and QNR.

The main tasks to be accomplished by the SUM system for AdV+ Phase I are listed here below.
Works for O4
●
●
●
●

Coa ng of the Signal Recycling mirror.
Modiﬁca on and installa on of the Signal Recycling payload.
Improvement of the CO2 beams quality used for the TCS.
Mi ga on of mirror point absorbers.

Preparatory works for O5
●
●
●
●
●
●
●
●
●
●
●
●
●

Procurement of substrates and their polishing for the mirror replacement in Phase II.
Iden ﬁca on of the best coa ng recipe for the mirrors to be used in Phase II.
Mirror metrology upgrades.
LMA clean room upgrade.
Upgrade of handling and cleaning tools for large mirrors.
Study of payloads for the suspension of the large end mirrors.
Study of parametric instabili es.
Prototype of a mode cleaner for CO2 laser, in order to improve the quality of the beam.
Prototype of the DC actuator for the correc on of non-axisymmetric aberra ons.
Prototype of new Hartmann wave-front sensing.
Ring Heater prototype for large test masses.
Study of Super-A enuator upgrade for large mirrors.
DAC boards with improved performances.
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3.1. MIR – Mirrors
3.1.1. Summary
The strategy for mi ga ng the coa ng thermal noise is to enlarge the beams on the End Mirrors
(EM), the other mirrors will keep their dimensions (Input Mirrors (IM), Power recycling and Signal
Recycling Mirrors (PR, SR). But new coated IM, PR, SR are needed because the radius of curvature of
the high reﬂec vity side will be diﬀerent . This is a more conserva ve approach with a reduc on of
costs and less me constraints. Anyway, this is a valid op on since coa ng thermal noise is
dominated by the end mirrors (which have thicker coa ng).
The new EM dimension will be 55 cm in diameter, 20 cm in thickness (maximum dimension
compa ble with the wet cleaning machine). The total weight will be around 100 kg. This large
dimension has a strong impact on the LMA facility especially for all the handling-coa ng-metrology
tools, the metrology benches, the ISO3 clean room and the large coa ng machine.
In parallel to that, some coated mirrors are needed for O4 and especially a new SR mirrors and a new
End Mirror of the Input Mode Cleaner (IMC).

3.1.2. Objectives
The Mirrors subsystem (MIR) must procure, coat and characterize the new Advanced Virgo + (AdV+)
mirrors and spares (EM, IM, PR, SR and all other cri cal op cs). All the others op cs (CP, POP, BS) will
remain the same.
Up to now, all the coa ng/metrology/handling equipments were developed to handle the Virgo and
Advanced Virgo mirrors which have a maximum weight of 40 kg.
The larger mirrors needed to reduce the coa ng thermal noise and improve the AdV sensi vity will
induce many modiﬁca ons on the coa ng process (cleaning system, larger uniform coa ngs), on the
manipula on devices and also on the metrology benches (stronger and larger sample-holders, brand
new proﬁlometer). The new EM dimension will be 55 cm in diameter, 20 cm in thickness (total
weight around 100 kg).
Larger mirrors will be needed in Phase 2 of AdV+. But the polished substrates must be prepared and
ordered during Phase 1 in order to have coated mirrors ready in 2023. This is mainly due to the
polishing me increasing compared to Advanced Virgo. In order not to delay the project, the tasks
described here are essen al for Phase 2 but they must be procured as early as possible since they
require long development me and commissioning.

3.1.3. Description of works for O4
The MIR sub-system must provide a new End mirror for the IMC and a new large SR mirror The
substrates are available at LMA and will be coated before the end of 2019. But also many smaller
op cs for various subsystems will have to be prepared and installed for O4.
The IMC end mirror will have the same speciﬁca ons as the Advanced Virgo one (VIR-0224B-13).
For the SR mirror, the coa ng of the high reﬂec ve (HR) and an reﬂec ve (AR) coa ngs speciﬁca ons
are summarized in the table below.
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Reﬂec vity
at 1064 nm

HR coa ng
Surface 1
(ROC =
1440 +/10 m)
AR coa ng
Surface 2
(curved)

Reﬂec vity
at 800 nm

Reﬂec vity
at 532 nm

Absorp on
at 1064 nm

Average
Sca ering
at 1064
nm

RMS
Flatness

< 2 nm RMS
R = 40% +/2%

R < 1%

R < 2%

< 0.5 ppm

< 10 ppm
Ø 150 mm

on Ø150mm
(Curvature,
As gma sm
removed)

R
< 300
ppm
Goal 100
ppm

R < 1%

R < 2%

-

-

-

Table 1: Speciﬁca ons of the new SR mirror

3.1.4. Description of preparatory works for O5
In this sec on, all the upgrades that are needed in the LMA facility will be detailed. But a par cular
focus will be put on the ones that need to start in Phase 1 of AdV+ to be ready on me for Phase 2.
The new substrates needed for AdV+ must also be manufactured before the Phase 2 start, especially
because of the increasing of polishing me compared to Advanced Virgo (factor 2).

3.1.4.1. Metrology upgrades
At LMA, due to the mirror size increase, all the metrology benches developed for Advanced Virgo
must be upgraded. Some can be quite easily adapted:
● CASI sca erometer: a more robust sample holder to support the weight increase is necessary
(it has already been adapted to the 55 cm diameter of the BS).
● ZYGO interferometer (Wavefront measurement): a larger reference sphere needs to be
purchased to be able to measure wavefronts (= mirror surface) up to 40 cm diameter.
For the two other benches (absorp on, defects/roughness (Micromap proﬁlometer)), more
complicated changes are needed.
● Absorp on bench: recently, a new ﬁbered YAG laser was purchased on the LMA funds to
increase the sensi vity of the bench and the signal to noise ra o but, for the new large
mirror, the complete structure has to be redesigned and modiﬁed to be adapted to the larger
and heavier mirrors. The setup has to be largely upgraded and the ﬁnal solu on has yet to be
studied.
● MICROMAP proﬁlometer (Figure 1) to measure microroughness and point defects: a brand
new system has to be developed because the company that has manufactured it at the end
of the 90’s (purchased in 1998) has disappeared. So we are unable to change the hardware
and so ware conﬁgura on (s ll working with a DOS program under Win98 environment).
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Figure 1: Present MICROMAP proﬁlometer
Concerning the metrology upgrades, the most urgent point is the replacement of the MICROMAP
Proﬁlometer to measure the surface of the op cs before and a er coa ng with a very small ﬁeld of
view (less than a mm) to characterize the roughness and high spa al frequency defects. The current
custom-made machine cannot manage the large diameter substrates for AdV+.
This tool is essen al as point defects may be the dominant source of op cal loss and this is a current
ﬁeld of research at LMA (6 months internship in 2018) to reduce the total number of point defects
which have a sca ering issue. This will be a long R&D eﬀort. First we should iden fy the origins of the
defects and then ﬁnd solu ons to reduce them.
A new PhD at LMA is star ng in April 2019 (ﬁnanced EGO+LMA) on this par cular subject.
One year ago, some close contacts were established with a French company having the skill to
develop such a new op cal instrument with the speciﬁca ons required for the AdV+ mirrors. A
provisional budget was es mated.
It is essen al to start this task during phase 1, because taking into account the me for the
administra ve procedure (call for tender) and for the development and manufacturing of the
instrument, 1-1.5 years are necessary. With this schedule, the instrument will be ready for the
beginning of Phase 2.
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3.1.4.2. LMA clean room upgrade
Modiﬁca ons of the LMA ISO3 cleanroom will be necessary to extend it in order to house the new
proﬁlometer and also to allow the passage of a new mini-crane to carry the larger mirrors. There is
some available space to do that (Figure 2). Moreover, when the LMA Virgo facility was constructed in
1998, the possibility to extend the cleanroom was already studied and some available space to house
the clean air condi oning machinery was reserved (Figure 2). Anyway, a detailed study of this
extension must be an cipated in order to start the work as soon as possible. Indeed, when the work
will be done inside the LMA clean room, it will be unavailable for a while; that means all the coa ng
will be put on hold.

Figure 2: LMA ISO3 clean room area that will be modiﬁed. top : area where the new proﬁlometer will
be installed. bottom : on the upper ﬂoor, loca on of the future clean air sta on
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3.1.4.3. Tools upgrade for the handling, cleaning, LMA clean room upgrade
The present handling tools developed for Virgo and upgraded for Advanced Virgo are no longer
usable for the AdV+ substrates because of the weight increase (Figure 3).

Figure 3: Present handling tools developed for AdV
The handling itself is already a unique challenge, with the development of dedicated procedures for
the cleaning and moun ng in the coa ng machine and on the metrology benches. Extensive
experience has to be acquired by using real-size bulk glass components before manipula ng the real
parts.

Figure 4: Crane compa ble with the ISO3 clean room
A new motorized crane, adapted to the new op cs size, cleanroom compa ble, will be developed
and commissioned to handle and freely move the heavy substrates like the one already used for AdV
to manipulate the large test mass in front of the ZYGO interferometer (Figure 4).
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Finally, the large cleaning machine robot arm has to be upgraded also due to the weight increase
(Figure 5).

Figure 5: Cleaning Machine robot

3.1.4.4. New larger substrates for Advanced Virgo +
As already men oned, new larger EM will be needed for O5 because the beam size on these mirrors
will be larger. This modiﬁca on will also induce to change the IM, PR, SR because the radius of
curvature of the high reﬂec vity side will be diﬀerent. For each type of mirrors, spare substrates will
be also purchased : 2 for the IM/EM, 1 for the PR/SR.
In order to have coated mirrors ready in fall of 2022, it is crucial to start ordering the blank substrates
and the polishing of these substrates before Phase 2 mainly because of me delay to get polished
substrates from the manufacturer. The call for tender of the blank substrates must start quite soon
(October 2019). The OSD sub-system must validate the latest substrates speciﬁca ons in order to
place the polishing call for tender.

3.1.5. Interfaces with other subsystems
OSD: to deﬁne realis c mirror speciﬁca ons for the polishing and coa ng
PAY: to understand the latest large substrate geometry
INJ/DET/TCS: to know the requirement in term of coa ng for all the addi onal lasers/light.
FLT: ﬁltering cavity mirror procurement, coa ng and characterisa on.
CRD : choice of the High index materials for the AdV+ mirrors
ALS, DET, SVS, SIN : coa ngs on various small op cs for several op cal benches
INJ : new end mirror IMC

3.1.6. References
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3.2. TCS – Thermal Compensation System
3.2.1. Summary
The document describes the ac vi es proposed to upgrade the TCS in view of O4 and the
preparatory works for AdV+ Phase II.
Three main tasks will have to be performed for O4:
● Installa on of the RH for the Signal Recycling Mirror (SRM), to tune its RoC to the op mal
value;
● Modiﬁca ons to the CO2 benches, in order to allow for compensa on of aberra ons up to 40
W of ITF input power;
● Inves ga on of point absorbers, in order to devise a solu on to mi gate the power losses in
the arm cavi es.
The ITF input power increase proposed for O5 and the installa on of larger test masses will require
further and deeper modiﬁca ons to key components of the present TCS. The inves ga ons for
prototyping and valida on of the upgrades must be started now in order to be ready in due me for
Phase II installa on. The main ac vi es concern:
● Upgrade of the CO2 projector, in order to improve the quality of the correc on and allow for
high power opera on;
● Development of new Hartmann wave-front sensors;
● Prototyping of RH for large masses.

3.2.2. Objectives
●

●

●

SRM RH: the SRM is posi oned at the output port of the interferometer, thus there is no
power impinging on this op c, preven ng the rise of thermal eﬀects either in its substrate or
on its coa ng. For this reason, diﬀerently from the devices installed on the core op cs
(subject to a signiﬁcant thermal load), this RH will only be used to tune the cold RoC of the
SRM. From the op cal simula ons performed by OSD at the me of the AdV TDR wri ng, it
resulted that the op mal SRM RoC is 1430 m, with a tolerance of ±8 m (see table 2.14 in [1]),
to be compared with the value of about 1440 m, measured by Zygo [2]. Thus, a dynamic
range of –10 m will be suﬃcient to tune the RoC to the op mal value. In the next sec on a
descrip on of the main RH parameters, the outcome of thermo-mechanical simula ons and
the computa on of the RH magne c coupling with the SRM electromagne c actuators will
be given.
Modifications to the CO2 benches: the current CO2 power budget is enough to compensate
for thermal eﬀects up to an ITF input power of about 30 W [3]. Thus, to have the possibility
for an increase of the ITF input power beyond 30 W, as planned for O4 [4], it is mandatory to
perform some modiﬁca ons to the CO2 projector in order to make some more power
available to the path responsible for the correc on of thermal lensing, the so-called Double
Axicon System (DAS), without reducing the ﬂexibility of the whole projector. Since a
non-negligible frac on (about 50%) of the total CO2 power is currently devoted to the Central
Hea ng (CH) line, which will be used to mi gate thermal transients when the ITF unlocks, it
will be possible to recover this power for the DAS by installing an auxiliary low-power laser
dedicated to the CH line.
Mitigation of point absorbers: during the commissioning phase for O3, with the ITF operated
at 25 W of input power, a large (about 30%) loss of power in the arm cavi es has been
observed, with a mescale of about two minutes a er lock acquisi on [5]. Some
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●

measurements have shown that it is possible to recover part of the power lost either by
displacing the ITF beam on the ETMs [6] or by ac va ng the ETM RHs [7, 8]. A similar
behavior has been also observed in aLIGO [9]. In both cases, this eﬀect has been associated
with the presence of point absorbers on the HR coa ngs, for which there are evidences from
the Hartmann sensors measurements [10]. For this reason, in order to take full advantage of
the planned ITF power increase in O4, it is necessary to foresee a solu on for the mi ga on
of point absorber eﬀects in the arm cavi es.
Studies and prototyping for Phase II: so far the TCS has been eﬀec ve in correc ng the
aberra ons (both due to self-hea ng and to imperfec ons in the fabrica on process of the
core op cs) to a level that has allowed the detector to operate without loss of sensi vity: a
crucial issue considering the marginally stable nature of the recycling cavity. Several ﬁgures
of merit, such as the possibility to use the linear alignment for the Beam Spli er, the high
amplitude of the control sidebands and the improvement of the common mode rejec on
factor, are indicators of the posi ve eﬀect of the TCS on the interferometer opera on. At the
same me, during the pre-O3 TCS commissioning, some cri cali es of the present set-up
have been put in evidence, which have to be tackled in view of the upgrades of the detector
planned for AdV+ Phase II, aiming, among the others, to install larger test masses and to
operate the ITF at signiﬁcantly higher input power. For this reason, some prototyping works
need to be started. Preliminary ac vi es have already been performed and have made clear
the direc ons to follow for the TCS upgrades.

3.2.3. Description of the work for O4
As detailed in the Summary, the foreseen ac vi es for O4 include:
● Installa on of the SRM RH;
● Modiﬁca on of the CO2 benches (installa on of a new laser dedicated to the CH line);
● Realiza on of the actuator to mi gate the eﬀect of point absorbers.

3.2.3.1. Signal Recycling Ring Heater
3.2.3.1.1. Design
The SRM, like the Power Recycling Mirror (PRM), has a thickness of 10 cm. This makes the
geometrical constraints more severe, if compared with the set-up of the TM RHs. In par cular, the
interference with the suspension wire spacers has to be taken into account.
Since the required dynamic range is not as high as in the PRM, the possibility to realize a single coil
RH (i.e. with a smaller encumbrance than the other RHs) has been inves gated. Op cal and magne c
simula ons have been performed to es mate the RH dynamics and the stray magne c ﬁeld in
presence of a single coil [11]. Since no cri cali es have been highlighted, this has become the
reference solu on. The SRM RH is composed by one borosilicate glass (Pyrex) former with a NiCr wire
coil around it. The resul ng thickness of the copper shield is smaller (21 mm) with respect to that of
the TM RHs (33 mm).
The glass ring has the same internal diameter (364 mm) and circular cross sec on (7 mm) as the
other RHs and also the NiCr wire (ρ = 11 Ω/m) is the same (rectangular cross sec on 1 mm x 0.1
mm). The total wire resistance is 50 Ω, thus by applying a voltage of 50 V, the achievable Joule
hea ng power is 50 W.
The glass former is ﬁxed to the copper shield by three Macor V-shaped supports, in order to minimize
the heat transfer to the shield through thermal conduc on. All internal surfaces of the copper shield
are mirror polished to improve its reﬂec vity. Thus, part of the dissipated Joule power radiates
directly on the SRM and the other is directed toward the SRM by the reﬂec ng shield with good
eﬃciency (typical values are in the range 60 ÷ 90%, depending on the ﬁnish of the shield internal
surface).
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As already done for the other RHs, also this copper shield will be equipped with a PT100 temperature
sensor.
A complete view of the device around the mirror is shown in Figure 1-le , while Figure 1-right shows
the details of the posi oning of the glass ring inside the shield.

Figure 1: Le : RH posi oning around the mirror; a safety distance of 2 mm between the shield and
the anchor has been considered. The RH is placed toward the SRM AR surface in order to maximize
the actua on dynamics. Right: cross sec on of the RH. All quotes are in mm.

3.2.3.1.2. Simulations
The non-sequen al module in Zemax has been used to simulate the RH and its shield and to
compute the intensity distribu on of the emi ed radia on on the lateral surface of SRM.
The ray tracing shows that a frac on of the emi ed power does not reach the mirror (Figure 2-top).
Thus, two detectors have been included in the simula on to evaluate the frac on of power reaching
the mirror (Detector I) and that lost due to the RH posi on (Detector II). The intensity proﬁles on the
2 detectors are shown in the bo om part of Figure 2.

Figure 2: Top: posi oning of the RH along the barrel of SRM. The ray tracing shows the frac on of the
emi ed power which does not reach the mirror. Bo om: Intensity proﬁles of the power hi ng the
SRM lateral surface (blue) and of the power lost due to the RH posi oning (red).
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By integra on of the two pa erns, it is found that the total power received by the mirror is about 0.9
W for 1 W emi ed by the RH. This situa on is similar to that already observed on the AdV TM RHs,
because the frac on of power loss es mated from simula on is roughly the same (around 10%).
In the current TCS conﬁgura on for O3, the power applied to the ETM RHs is about 6 W (3 W for
each coil), which is the same power foreseen to move the SRM cold radius of curvature down to the
nominal value (see below) and no issues related to the hea ng of the surrounding hardware has
been put in evidence.
Using the steady state temperature measurements performed in Tor Vergata Lab during the TM RHs
characteriza on tests, the reﬂec vity of the shield has been evaluated to be about 80%: this value
has been used in the Ansys simula ons to evaluate the SRM thermo-mechanical behavior when the
RH is operated.
The temperature increase of the shield, even when the RH is operated at high powers (which is not
the case for the SRM RH), is rather modest, thus giving a low radia ve coupling. As an example,
during the TM RH characteriza on tests in Tor Vergata , with 24 W applied on each ring (i.e. 48 W
dissipated on the coils), an increase of 30°-40° has been measured on the shield, while the glass
former temperature increased by about 130°C [12]. A similar test has been carried out on the RHs
installed in AdV with consistent results [13]. Furthermore, the geometrical view factor is such that
only a very small frac on of the power absorbed by the shield is radiated toward the lateral surface
of the mirror (the internal surfaces of the shield are polished). For these reasons, the hea ng eﬀect
of the shield can be neglected.
2D-axysimmetric steady-state FEA simula ons have been performed by applying the RH power
distribu on on the lateral surface to evaluate the strength of the thermal lens inside the substrate
and the thermoelas c deforma on of the HR-surface. The use of 2D-axysimmetric simula ons is
jus ﬁed by the good angular uniformity (within 10%) measured during the characteriza on tests of
AdV RHs [12]. Figure 3 shows the SRM curvature change due to the thermal lensing in the substrate
(right) and the thermoelas c deforma on of the HR surface (le ) as a func on of the power
dissipated in the coil. Thus, about 6.5 W are needed to tune the SRM RoC to 1430 m.

Figure 3: Le : behavior of the RoC of the SR mirror as a func on of the power applied to the RH.
Right: strength of the thermal lens in the substrate.

3.2.3.1.3. Steel wires elongation
The length of the steel wires used to suspend the SR mirror increases due to the mirror hea ng. The
two wires are located at diﬀerent distances from the RH. Therefore, their contact points experience
two diﬀerent temperatures which will, in turn, produce a diﬀeren al elonga on (Figure 4).
To es mate the order of magnitude of the diﬀeren al elonga on, a constant temperature gradient
along the wire has been assumed.
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The increase of temperature at the contact points, A and B, between the two steel wires and the
mirrors have been es mated by FEA simula on by applying a total power of 20 W (this represents a
worst case scenario, since this power is much higher than what actually needed to keep the right RoC
value):
● A: T+ΔT=295+7 K
● B: T+ΔT=295+12 K
Since the length of the wires is 875 mm (from the marione e to the contact point), the elonga ons
of the wires, for 20 W applied, result to be:
● ΔL(B)=0.0875 mm
● ΔL(A)=0.0530 mm
therefore, ΔL=ΔL(A)-ΔL(B)=0.0345 mm. Considering that the distance between the two steel wires is
40 mm, the corresponding maximum TX lt angle is α~0.9 mrad.

Figure 4: Schema c view of the RH eﬀect on the steel wires.

3.2.3.1.4. SR displacement noise due to stray magnetic field
When the RH is operated, the current inside the RH coil deploys a stray magne c ﬁeld in the
surrounding space. Fluctua ons of the magne c ﬁeld gradient, due to current ﬂuctua ons, couple
with the mirror magnets resul ng in a net noisy force on each magnet. If the magnets and the
magne c ﬁeld were perfectly symmetrical w.r.t. the op cal axis, the forces would cancel and no
eﬀect would be produced. In the real case, an imbalance is expected due to several causes (such as
small errors in magne c moment and magnet posi ons or asymmetries in the RH magne c ﬁeld).
The expected displacement spectrum can be wri en as [14]:

where the cumula ve imbalance is represented by the (small) factor g. Here, dBz/dz is the ﬁeld
gradient at the magnet posi ons (when the current is 1 A), 𝝻 is the magne c moment, M is the
mirror mass and <i2> is the current PSD.
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In the design of RHs for the cavity mirrors, two coiled rings with counter-propaga ng currents are
mounted in the shield. In this conﬁgura on, magne c eﬀects from the two coils are par ally
canceled, reducing the ﬁeld gradient amplitude by roughly a factor of 2.
This par al cancella on is no longer present in the SR RH, where only one ring is used. Therefore, a
computa on of the magne c ﬁeld gradients and, from these, of the displacement noise of the SR
mirror has been performed, using the above formula. A value g=0.02 has been assumed, following
[14]. Other parameters are the magne c moment 𝝻=0.002 A m2 and the mirror mass M=22 kg. The
measured current PSD of the RH power supply, operated at the maximum applicable voltage (V=50
V), has been considered.
In Figure 5, the resul ng noise for the SR RH is plo ed along with the nominal sensi vity curve of
AdV. For a comparison, the noise projec on for the TM RH is also shown. Even with g=1 (maximum
allowed value) the displacement noise due to the SR RH magne c ﬁeld in ﬁgure 5 would be well
below the requirement.

Figure 5: Es mated strain noise due to the RH magne c ﬁeld compared with the AdV reference
sensi vity, in the case of a TM RH (2 coils) and of the SRM RH (one coil). The noise projec on for the
SRM RH is rescaled by the arm cavity gain (2F/𝝿).

3.2.3.2. Modifications to the CO2 Benches
The present set up of the CO2 benches includes two spa al beam ﬁlters to improve the beam quality
of the CO2 lasers, as shown in Figure 6.

Figure 6: Op cal layout of the CO2 benches, where the two spa al beam ﬁlters have been put in evidence.
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Since the annulus produced by the axicon is extremely prone to any defect of the impinging beam,
the spa al ﬁlters allowed to improve the quality of the laser beam and, in turn, the quality of the
compensa ng pa ern at a level good enough for O3. On the other hand, this “brute force” solu on
reduced considerably the available power and the actua on dynamics for the DAS, leaving about 10
W at the 50% par al reﬂector which separates central hea ng and DAS lines (labelled PR_CH1 in
Figure 6). This makes the current CO2 power budget enough to compensate for thermal eﬀects up to
an ITF input power of about 30 W [3]. Thus, to have the possibility for an increase of the ITF input
power beyond 30 W, as planned for O4 [4], it is mandatory to perform some modiﬁca ons to the CO2
projector.
Considering that the CH line will be likely used only to mi gate thermal transients when the ITF
unlocks, the baseline solu on to increase the power available for the DAS foresees the installa on of
a new laser dedicated to the CH line. Given that the amount of power needed for the central hea ng
is limited and that it will not be used in science mode, the requirements for this auxiliary laser are
rela vely modest in terms of:
● rela ve intensity noise - no upper limit is required;
● DC power O(10 W) - the required design power for the central hea ng is in fact about 400
mW; considering that only 15% is transmi ed by the PR_bsrec (see Figure 6), around 3 W are
needed before this op c. If a safety margin is included in order to take into account the
losses along the path and the absorp ons measured on the ITMs, an O(10 W) laser is
recommended;
● DC power stability of ±10%;
● fairly good beam quality.

Figure 7: Op cal layout of the CO2 benches, the blue area shows the possible loca on of the auxiliary
CO2 laser for the central hea ng line.
Referring to Figure 7, a small breadboard (60 cm x 60 cm) can be installed on top of the op cs in the
upper right corner of the bench and will host the auxiliary laser, the CH ﬂip mirror and few
condi oning op cs. The M7 mirror will become a periscope and the 50% par al reﬂector in PR_CH1
will be replaced by a HR mirror. This simple modiﬁca on of the benches would immediately allow to
increase the DAS dynamics by a factor of two, with the addi onal advantage that this actua on line
(more cri cal than central hea ng) would be le untouched, hence minimizing commissioning me.

3.2.3.3. Mitigation of point absorbers
The increase of the ITF input power performed during the commissioning phase for O3, has drawn
the a en on to an issue, already observed at lower input powers but with a negligible impact on the
ITF. Instead with a larger circula ng power the eﬀect has become detrimental: at 25 W, a large
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frac on (about 30%) of the power in the arm cavi es is lost in a mescale of about two minutes a er
lock acquisi on [5], much faster than the typical me scale of thermal eﬀects (namely the
thermo-elas c deforma on of the HR surface due to uniform absorp on). It is important to stress
that the intracavity power loss is propor onal to the ITF input power, thus if no correc ve ac on is
taken, it is possible that any further input power increase will have limited posi ve eﬀect on the
performances of the ITF, as already observed in LIGO [9].
Measurements have shown that it is possible to recover part of the power lost either by
mis-centering the ITF beam on the ETMs [6] or by ac va ng the ETM RHs [7, 8], the la er being the
solu on implemented for O3. At present, the most likely explana on of this eﬀect is the presence of
point absorbers on the HR coa ngs of the test masses. As an example, Figure 8 shows the op cal
path length increase in the NI test mass measured a er 300 s from the lock acquisi on; the center of
the mirror is in the region inside the do ed circle.

Figure 8: Wave-front map measured by the Hartmann sensor probing the NI test mass in
transmission 5 minutes a er the ITF is locked at dark fringe. The CP, BS and SR lens are also probed,
but their contribu on is expected to be negligible, due to the lower power circula ng in the recycling
cavity. The non-uniformity of the op cal path length is evident. The color scale is in meters.
A systema c study of the available Hartmann sensors data has not yet been performed. This can be
done for the input mirrors which are probed in transmission from the recycling cavity side. On the
contrary, the ETMs are only probed in reﬂec on and the possibility to spot the presence of point
defects is not granted, as the signal is much fainter. A solu on being inves gated to measure the
ETMs in transmission could exploit a pickoﬀ of the green auxiliary laser as the sensing beam of a
Hartmann sensor to be installed on the end benches.
To mi gate the eﬀect of point absorbers, it will be necessary to act directly on the HR surfaces of the
test masses. Given the high displacement noise coupling, this rules out any actuator based on CO2
lasers. The solu on can be of the same kind as that already adopted in GEO 600 [15] and at present
being pursued by aLIGO [16] to manage the point defects issue, i.e. an array of resis ve heaters. In
both cases, the array is made of O(12 x 12) hea ng elements. Speciﬁc simula ons will be done to
op mize the design for the implementa on in AdV+.

3.2.4. Description of the preparatory works for O5
As described in the Summary, the ac vi es concerning the prepara on for O5 are:
● Prototype of a mode cleaner for CO2 laser, in order to improve the quality of the beam;
● Prototype of the DC actuator for the correc on of non-axisymmetric aberra ons;
● Prototype of new Hartmann wave-front sensing;
● RH prototype for large test masses.
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3.2.4.1. Mode Cleaner for CO2 Laser
The eﬃciency of the TCS CO2 actuators is directly related to the quality of the laser beam: the higher
is the Gaussianity of the beam, the be er is the quality of the correc ve hea ng pa ern. The CO2
lasers used in AdV TCS (the same chosen for the aLIGO TCS) exhibit a very good power stability, much
less prone to room temperature ﬂuctua ons than the Virgo+ lasers. However, CO2 lasers typically
emit beams with a larger content of higher order modes with respect to solid state lasers, as shown
in Figure 9a. As already men oned above, in order to improve the beam shape of the laser, a spa al
beam ﬁlter has been placed on the op cal benches. This led to an improvement of the beam shape
(Figure 9b), at the cost of a consistent reduc on of the available laser power.

Figure 9: a) The beam shape of one of the CO2 sources a er many months of con nuous opera on.
b) Beam shape improvement a er the placement of a pinhole.
The quality of the resul ng compensa ng pa ern is s ll far from the op mal shape and can become
a limita on in the TCS capability to handle thermal aberra ons with higher circula ng powers. Since
it is not possible to simulate the behavior of the full interferometer, because the op cal conﬁgura on
for O5 has not been deﬁned yet and the cold transmission maps of the recycling cavity op cs are not
known, to quan fy the diﬀerence between the current compensa on and what could be achievable
with a “cleaned” laser beam, the residual op cal path length increase (sum of the test mass
self-hea ng and DAS correc on) has been evaluated in the two cases. The quality of the
compensa on is expressed as the Gaussian weighted RMS of the op cal path length increase [1].
Figure 10 shows the 2D transmission maps of the residual op cal path length increase for the
present DAS correc on (le ) and for a “cleaned” DAS pa ern (right). The corresponding RMS values
are 66 nm and 1.9 nm respec vely, more than an order of magnitude diﬀerence.

Figure 10: Residual op cal path length increase for the current DAS proﬁle (le ) and for the
“cleaned” pa ern (right).
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It is then mandatory to implement a diﬀerent device to signiﬁcantly improve the laser beam quality,
that would provide the DAS with a clean beam shape. The reference solu on is to design and
prototype a mode cleaner cavity for the CO2 laser. Considering that the power available a er the
spa al beam ﬁlter is at present about 20% of the nominal source power, the mode cleaner would
also increase the available power, even if the HOM content of the beam was as high as 50%.
Instead, replacing the current lasers with higher power sources would not bring in any improvement
in the quality of the compensa on.
Some preliminary inves ga ons have been already carried out to evaluate the feasibility of this
device. The linear conﬁgura on has been discarded because Faraday isolators for 10.6 𝝻m
wavelength are not commercially available. Thus, a triangular conﬁgura on can be chosen (Figure
11).

Figure 11: triangular conﬁgura on cavity
The cavity length should be shorter than 1 m to allow an easy integra on of the mode cleaner on the
TCS CO2 op cal benches. This constraint on dimensions allows to deﬁne a RoC value and then,
restric ng the range of the other parameters (incidence angle and cavity ﬁnesse), compute the
diﬀerent conﬁgura ons in order to choose the most suitable one. Some preliminary simula ons have
already been performed and an ini al design is available. Furthermore, the simula ons show that
the ﬁnesse value can be chosen between 60 and 100, as a trade-oﬀ between higher order modes
ﬁltering capability and locking a ainment.
The Pound-Drever-Hall locking technique requires a modula on of the incoming ﬁeld. Diﬀerent
possibili es for the sideband genera on can be exploited:
● Custom EOM with a CdTe crystal;
● Acousto-op c modulator frequency shi ing;
Once the prototype has been built, all characteriza on measurements, including the deﬁni on of the
locking strategy, will be performed in the Tor Vergata test facility. In par cular, tes ng with a
high-power source is foreseen in order to iden fy possible issues due to thermal eﬀects on the cavity
op cs and to validate the adopted technical solu ons before the installa on on AdV+.

3.2.4.2. DC Actuator for non-axisymmetric aberration
To tackle the asymmetric distor ons, the TCS baseline solu on for AdV is the Scanning System (SS) [1,
15], based on galvo mirrors. The problem of this actua on method lies in the fact that it will
introduce noise in the sensi vity of the detector through several coupling mechanisms. The scan
frequency and step frequency are within the Advanced Virgo sensi ve band, so that SS could give
rise to coupled noise through radia on pressure or thermo-refrac ve noise. DC actuators as MEMS
(Micro Electro-Mechanical Systems) or deformable mirrors (DM) can be an alterna ve solu on.
Mirrors whose surface can be deformed using piezo-electrical actuators are typically used in
combina on with wavefront sensors for real- me control systems in adap ve op cs in order to
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correct op cal aberra ons. In the framework of adap ve op cs for interferometric detectors, these
devices would be used to perform high precision laser beam shaping. In fact, with a DM it is possible
to modify the phase of an impinging Gaussian laser beam so to obtain, on the image plane, an
intensity proﬁle matching the desired one [18]. This solu on has the advantage of the DC opera on
(no noise is introduced) and the ﬂexibility to adap vely modify the correc ve pa ern.
The reconstruc on of the desired hea ng pa ern has been simulated for a 12x12 piezo actuators DM
using the Gerchberg-Saxton recursive algorithm (Figure 12).
A beta-version of a DM [19] is already in Roma Tor Vergata and has been used as a playground to
understand how to measure characteris c parameters, such as the inﬂuence func ons, the hysteresis
and cross-coupling of the diﬀerent actuators.
For prototyping the device to be operated in AdV+ we need to take into account an es mate of the
aberra ons in the laser source and to ﬁx the requirements for this speciﬁc applica on:
● maximum mirror surface displacement at the single actuator (stroke);
● spa al frequency of the aberra on (also aﬀects the design of the imaging system);
● temporal evolu on (if any) of the aberra ons;
The prototype will have to be fully characterized and validated, before moving into produc on and
installa on on the TCS CO2 benches.

Figure 12: Simula on of the reproduc on of a target hea ng proﬁle, obtained using a
Gerchberg-Saxton recursive algorithm and a 12x12 actuators DM.

3.2.4.3. New Hartmann Wave-front Sensing
In Advanced Virgo, each op c with a signiﬁcant thermal load is independently monitored [20]. The
HR face of each test mass is monitored in reﬂec on oﬀ-axis for deforma on. The input test
mass/compensa on plate phase proﬁle is monitored in reﬂec on on-axis from the recycling cavity
side.
The TCS sensors, dedicated to the measurement of thermally induced distor ons, consist of a
Hartmann Wave-front Sensor (HWS), and a probe beam (at a diﬀerent wavelength than the ITF
beam) whose wave-front contains the thermal aberra on informa on to be sensed.
The Hartmann sensor selected for Advanced Virgo (and Advanced LIGO) is that developed and
characterized on test bench experiments and in the Gingin High Op cal Power Test Facility for the
measurement of wave-front distor on [21].
This sensor has been demonstrated to have a shot-to-shot reproducibility of 𝝺/1450 at 820 nm,
which improves to 𝝺/15500 with averaging, and with an overall accuracy of 𝝺/6800 [22], as shown in
Figure 13.
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Figure 13: Le : HWS sensi vity (dots) as a func on of the number of averaged frames compared to
the shot noise limit (con nuous curve). Right: measured wave-front averaged over 100 frames, the
RMS is of the order of 0.1 nm, corresponding to 𝝺/6500 @ 650 nm.
Recently, the DALSA Teledyne Company has put out of produc on the Pantera 1M60 CCD, which is
the core of the present HWS. The present situa on is cri cal: in AdV there are 6 HWS installed and
operated and only one spare is available. This risk can be acceptable for O3 but, on a longer
mescale, a reliable solu on must be pursued. It is then necessary to start looking for a new device
with good performances in terms of sensi ve area (currently 12x12 mm2), noise, ﬁll factor, frame
rate, dynamics and satura on power and to design a new Hartmann plate and spacers in order to
maximize the performances of the wave-front sensor, by op mizing their parameters over the new
sensing element, and guarantee or overcome the sensi vity of the present device. There has been a
preliminary inves ga on done by the Adelaide University (since the beginning our partner in the
HWS ma ers) and the result is that to sa sfy the requirements it is very likely that a change in
technology is needed, from a CCD to a cooled CMOS sensor.
Moreover, it has been demonstrated [23] that the HWS is sensi ve to ﬂuctua ons of the
environmental temperature. While a control loop has been developed and implemented (see Figure
14), capable of stabilizing the sensor's temperature within 5 mK [23], given that a new design of the
Hartmann plate and spacers is in any case necessary to match the diﬀerent parameters of the new
sensing element (pixel number and size, sensi ve area and so on), the possibility to reduce the
sensi vity to temperature ﬂuctua ons could also be considered during the design phase.

Figure 14: Performances of the temperature stabiliza on loop. Blue and cyan represent the in-loop
and out-of-loop sensors, while the green plot shows ﬂuctua on of the room temperature. The RMS
of the out-of-loop sensor is about 5 mK.
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Concerning the HWS in reﬂec on oﬀ axis, both PAY and TCS are working to understand how to deal
with the larger masses and the in vacuum HWS op cs. The work has just started and
design/simula ons are in progress on both sides to manage the limita ons required by PAY about the
geometric constraints related to the integra on and the room available around LM payloads in case
of interven on and the need to have an accurate measurement of the FP cavity mirrors’ RoC (taking
into account also the decrease of the arm cavity stability).

3.2.4.4. RH for large masses
The proposed strategy to improve the AdV+ sensi vity ge ng the best from the current Virgo
infrastructure is to reduce the coa ng thermal noise by expanding the beam on the end mirrors
(ETMs). The future test mass sizes will be 55 cm of diameter and 20 cm of thickness. The increase of
TM dimensions implies a new design of the RH already installed in AdV. The basic idea is to realize a
larger RH with the same working principle as in AdV: two borosilicate glass (Pyrex) formers, each with
a NiCr wire coil wound around, heated by Joule eﬀect and surrounded by a polished copper shield.
Some preliminary FEA simula ons have been performed.
In this scenario, the cold RoC of the ITM is 1030 m and the beam size is 0.049m, while on the ETM,
the cold RoC is about 2002 m with a beam size of about 0.096 m.
By applying the same power distribu on of the RH already installed in AdV and keeping the same
resistance R=50 Ω, the dynamics of the thermal lensing and of the HR surface thermo-elas c
deforma on have been computed. Figure 15-right shows the curvature change due to the thermal
lensing inside the ITM substrate; Figure 15-le and Figure 16 show the behaviors of the ITM and ETM
RoCs due to the thermoelas c deforma on. All quan es are plo ed as a func on of the power
dissipated in the coils.
Considering 50 V as the maximum applicable voltage, the maximum power dissipated by Joule eﬀect
by both coils is about 80 W (~ 40 W for each coil). Thus, with the RH at full power, the ITM RoC and
ETM RoC could be decreased by about 40 m and 70 m, respec vely.

Figure 15: Le : behavior of the RoC of the ITM mirror as a func on of the power applied to the RH.
Right: strength of the thermal lens.
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Figure 16: Behavior of the RoC of the EM mirror as a func on of the power applied to the RH.
These simula ons have been performed assuming an AdV-like hea ng proﬁle and will be ﬁnalized
once all the construc ve parameters of the RH have been deﬁned (no relevant changes in the
dynamics are expected).

3.2.5. Interfaces with other subsystems
Since TCS acts on the interferometer itself, modifying its working point, there are several interfaces
with diﬀerent subsystems. Below, the main interac ons are listed:
● MIR: speciﬁca ons on the op cs; coa ng on SRM;
● OSD: ITF op cal conﬁgura on; requirements on residual aberra ons;
● PAY: integra on of the RHs in the payloads;
● DET: output beam matching to OMC is aﬀected by the SRM RH thermal lens; integra on of
Hartmann sensor on end benches;
● ISC: sidebands recycling gain and stability; intracavity power;
● QNR: squeezing beam matching to OMC and to the ITF is aﬀected by the SRM RH thermal
lens and by the residual aberra ons in the recycling cavity.
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3.3. PAY - Payloads
3.3.1. Summary
Payload Subsystem (PAY) is in charge for Virgo payloads. In the context of AdV+, PAY considers the
following four items:
1.
2.
3.
4.

maintenance of present payloads and possible interven ons, leading to Science run O4
upgrade of Signal Recycling payload, leading to Science run O4
prepara on of the suitable framework to implement Large Beam use in Phase-II (O5)
Parametric Instability studies, carried out for both Phase-I and Phase-II

This review concerns the overall ac vity foreseen for PAY from mid 2019, in the context of AdV+
Phase I.

Maintenance
Ordinary or extraordinary maintenance is considered. Usual HW interven on will be dealt with
con ngency margins, while major ma ers connected to the performance and the sensi vity of AdV+
phase-I will be dealt in parallel by PAY in collabora on with the management team. In this document
Maintenance issues are not treated.

Signal recycling payload upgrade
The second topic dealt in this document is the upgrade of the Signal Recycling payload. The presence
of Signal Recycling mirror (SR) was foreseen in AdV conﬁgura on [1], but the actual implementa on
will be done in the context of AdV+ phase-I. At present (i.e. during runs O2 and O3), SR payload
adopts a suitable lens, machined from a substrate whose aspect ra o is the same as that of the
mirror which will be installed in AdV+ phase-I. In this chapter of the PAY review, the plan of SR
payload upgrade is presented. The main choice is exploi ng the existence of SR payload, considering
the overall economy of the process, given the limited complexity of the upgrade and the acquired
experience.

Large mass payloads meant for large beam use
The roadmap towards the implementa on of large beams on heavy test masses is not trivial and it is
strongly dependent on the strategy that is adopted. In the roadmap document [2], the AdV+ payload
Subsystem (PAY) deals with all payload systems suspended through long seismic isola on systems,
usually called SuperA enuator, in charge of the SAT Subsystem.
At a glance, the strongest impact of this choice concerns the implementa on in the Central Building,
due to Vacuum system links and related issues, while in this document we focus on the most cri cal
issues directly related to the payload and, conserva vely, on AdV+ phase-II with Large mass payloads
only at the terminal sta ons.

Parametric instability studies
The optomechanical parametric instability (PI) is a poten al problem of the second-genera on
interferometers as the power stored in the arms approaches 100kW and the mechanical and op cal
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losses are reduced. PI can be explained as a three-mode interac on [3]. Indeed, PI has been
observed and treated in LIGO [4]. So far PI have not aﬀected Advanced Virgo opera on and
preliminary studies, relying on actual parameters and mechanical proper es of the test masses, are
coherent with the observa on [14,15]. Further studies have to be performed towards the actual
conﬁgura on of AdV+ phase-I and, concerning AdV+ phase II, with large beam and completely
diﬀerent mirror substrates, the issue of PI has to be newly approached.

3.3.2. Objectives
According to what summarized above, the Objec ves of PAY ac vi es during AdV+ phase-I must be
separated according to the various aspects considered. Expectedly, the three ac vi es described are
rather non-homogeneous as only SR ac vity is scheduled as an ordinary ac vity that does not require
any R&D and, just, a suitable characteriza on.

3.3.2.1. SR upgrade
The meline for AdV+ phase-I upgrades is rather short and a sharp planning is needed. The direc ons
are quickly resumed as follows:
●
●
●
●
●

●

usage of the current payload actua on cage, just adding the Ring Heater (RH) and its mount
replacement of present lens substrate with SR mirror
properly loca ng the CoM of the mirror (3.6 m RoC on the AR side must be considered)
equipping the mirror with suitable standoﬀs and coherently applying Hydroxide Catalysis
Bonding (HCB) on mirror ﬂats
making an eﬀort to simplify the design of RH mechanism (if possible):
● removing unused auxiliary elements adopted in standard payloads
● limi ng as much as possible the mass added on the cage
Be ready by Apr 1st 2020 with all the elements, pre-assembled, to perform the upgrade.

3.3.2.2. Large mass payload development
The target of large mass payload system is readily explained according in the proposal described in
the roadmap [2] and conceptually illustrated through Figure 1, where the main parameters aﬀec ng
coa ng thermal noise budget are shown. No ce the dependence on beam diameter w.

Figure 1: The AdV+ strategy shares with aLIGO+ the eﬀort in reducing the coa ng thermal noise
(VCRED project) and with ET the adop on of large beams (and large and heavier mirrors, LM project),
while the third Genera on (3G) detector ET adds cryogenics and underground, the playground of
KAGRA.
It is worth to remark which are the main direc ons adopted in the roadmap [2] concerning LM, and
underlying in the present document. Given the connec ons with other relevant parts of the
interferometer to be considered in LM payload design, and given me and budget/ meline
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constraints, the present payload design has been considered as a baseline. Hence, a clear approach
in three-steps, concerning all the relevant aspects, has been adopted:
STEP1: Seed design
Suitability of present mechanical scheme
● single point suspended Marione e,
● rigid actua on cage clamped to the last SA ﬁlter
● possible (limited) improvements
Feasibility of Monolithic suspension
● suitability of Anchor-Fibre-Anchor (AFA) mirror suspension
● possible (limited) improvements
STEP2: Geometrical constraints (and concerned interfaces)
● VAC access of the payload hosted by its assembling frame through the bo om ﬂange
● VAC/INF weight on the li underneath (HYMO system)
● clearance to work around the payload during the integra on with the Supera enuator
● OSD/VAC speciﬁc case for larger BS (object only of the preliminary study, not included in the
ﬁnal LM project)
● SLC straylight baﬄes constraints (instrumented, passive, size, aperture)
● TCS thermal compensa on system elements around the payload (suspended and ﬁxed)
STEP3: Shakedown (deliverables of LM)
Main interface (SAT)
● Payload prototype design provides the weight to be suspended (SAT)
● Mechanical interface with SAT ﬁlter
● Prototype tested at the EGO site
Deﬁni on of new features
● Large mirror assembly handling system
● Instrumented baﬄes
● Mirrors, embedded ears feasibility
The scope of this review is to delineate a workable plan whose outcome is the construc ve technical
design will be used during the last part of O4, or in early 2022, for the construc on of the LM
payloads for AdV+ Phase-II.
The structure of the AdV+ project concerning PAY, its reasoning, and the consequent milestones are
delineated in the next sec on star ng from the works for O4 and thus illustra ng the preparatory
works for O5.

3.3.3. Description of works for O4
3.3.3.1. SR upgrade
Present SR payload was built upon the base of Power Recycling (PR) payload design. The main
elements are similar, but in the case of PR payload, the actua on cage hosts two elements that are
absent in the present conﬁgura on of SR payload (Figure 2). They are the Pick Oﬀ Plate (POP, with its
heavy counterweight ring located on AR side) and the Ring Heater of the TCS.
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Figure 2: PR versus SR present design. RH parts (red, bo om) will be added in AdV+ SR payload
upgrade.
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SR Ring Heater (developed by TCS)
Concerning the Ring Heater (RH) design, a new, more compact conﬁgura on with respect to that of
test mass payloads, has been considered. The concept design was carried out through a collabora ve
eﬀort between TCS and PAY and the func oning analysis of the new design was carried out by TCS.
The requirement provided by OSD Subsystem is RoC = 1430 ± 10 m as the measured RoC is 1440 m.
All the RH installed elsewhere have two solenoidal heaters, and the use of a single ring has been
inves gated, taking into account the required dynamics. The concept design envisaged by TCS is the
following:
•
Thickness of the rectangular copper housing ring (polished on its internal surface): 21 mm
•
DRH centre-AR surface: 15.5 mm
•
DRH centre-HR surface: 84.5 mm

Figure 3: RH for the Signal Recycling mirror, it has been designed by TCS Subsystem and will be
provided to PAY Subsystem to be integrated in SR payload. The longitudinal separa on of the
suspension wires is kept as it is, no changes in the marione e will be adopted. New standoﬀs,
properly designed, will be applied using HCB on the mirror side ﬂats (46 mm wide prisms).
The detailed characteris cs of the RH are reported in AdV+ TCS document. The RH, designed
according to the conﬁgura on shown in Figure 3, matches op cal AdV+ requirement dissipa ng in
the heater 20 W. What ma ers here, in the context of the SR payload design, are the following
items:
1. correct computa on of the center of mass, meant to properly apply the standoﬀs for the C70
steel wires used to suspend the mirror; it is relevant because the actua on on RoC is aﬀected
by the ul mate posi on of the RH with respect to the irradiated mirror side. According to
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the shape of the mirror (i.e. considering the lens on the AR side), the C.o.M. is slightly closer
to its HR side (SR cavity) by 1.05 mm (nominal).
2. rough es mate (conserva ve) of pitch lt of the mirror, once the suspension wire is
thermalized and a temperature gradient on the two wires is applied; it resulted,
conserva vely, ~0,9 mrad (crosschecked by TCS). In the range of being easily recovered by
means of op cal lever system measuring marione e and mirror.
3. es mate of residual coupling due to geometrical anomalies in bonding the magnets on the
mirror AR side; if the magne c moment and the posi on of the magnet is perfect the
coupling is null. Assuming that the magnet polari es will be properly chosen (Figure 4), the
anomalies can arise from three factors:
● rela ve misalignment in moments
● mirror oﬀ-centering with respect to ring heater
● limited accuracy in posi oning the magnet during the bonding to the AR side of the
mirror

Figure 4: in all the payloads small Samarium-Cobalt magnets (1T,1.5 diam x 1.5 mm) are a ached on
the mirrors by means of small fuser silica cylindrical mounts hos ng the magnets (quotes in mm).
The mounts are a ached through silicate bonding to the rear side of the mirror (AR), outside the
coa ng area by means of speciﬁc jigs. In the perfect conﬁgura on the magnets are perfectly
an symmetric in pairs.
The eﬀect on a test mass, is a strain that can be computed according to formula [5,6]:

where g is a coeﬃcient that nulls under the hypothesis of perfectly posi oning magnets and ring
heater around the mirror. According to TCS team evalua ons, assuming the same value of g achieved
for the other payloads during the assembly, in case of a RoC actuator adop ng one ring (a single
current ﬂowing in the heater), the longitudinal gradient of magne c ﬁeld results 2.3 mes larger
(versus PR case). However, Figure 5, the Transfer func on of mirror displacements to the readout is
such that the coupling is much smaller in case of SR, VS TM, making the eﬀect introduced using of
single solenoid heater, and standard magnet posi oning accuracy, negligible.
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Figure 5: The coupling between SR and Test-Mass displacement onto DC readout, caused longitudinal
magne c gradient, through posi oning anomalies, is orders of magnitude smaller if compared to
DARM.

SR, Mounting the RH on the actuation cage
In Figure 2, bo om, we see the room were the RH will be hosted on the actua on cage. An eﬀort is
being made, more compact set of mount rings is being developed. It will allow transversal
adjustment during the assembly phase in clean room. No remote control will be applied. Indeed,
remote adjustment of RHs have never been performed and the ini al posi oning of the ring will be
performed according the usual procedure, with the same accuracy. We es mate to save of about 10
kE (no motors, no drivers and simpler mechanism mount).

3.3.4. Description of preparatory works for O5
3.3.4.1. Large mass payload development,
STEP1, seed concepts
In order to accomplish the issues concerning STEP 1, in the preliminary document [2] we have
considered the possibility of building a new payload characterized by roughly the same internal
modes characterizing the present ones. Assuming as achievable LIGO auto-alignment sensor noise
ﬁgure 3x10-15 rad/sqrt(Hz) [7], and diﬀeren al arm pitch OLGF and beam centring accuracy typical of
Virgo global control (1x10-4m), produces an angular budget of 4x10-24 1/sqrt(Hz) at 10 Hz, compliant
with AdV+. Hence, the controllability problem is reduced to the capability of building a mechanical
system whose angular and longitudinal transfer func ons are similar to the present ones.
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Figure 6: Longitudinal transfer func on of AdV+ LM payload. Seed parameters have been used to
inves gate “at-a-glance” the feasibility. Hierarchical control is meant to be used for the lock
opera on. Le , actua on on Marione e; right, actua on on mirror.
This work was modelled using standard tool developed in Virgo [8] using seed parameters very
roughly rescaled from the present ones. It resulted that assuming properly sized actuators. the
payload controllability for both longitudinal and angular degrees of freedom is not an issue.
Even though this assessment was expected, it is important to deﬁne a preliminary payload
conﬁgura on that, even if surely improvable, oﬀers great opportunity to exploit the experience,
saving me and facilita ng the achievement of the target.

Figure 7: Angular transfer func ons actua ng marione e orienta on.

We conclude that tenta ve overall mechanical modelling encourages toards LM objec ves. OpLev
layout similar to that of Virgo should also be the correct choice [9].
Keeping the same mirror/marione e mass ra o (< 0.5) for AdV is possible but not very easy for
AdV+. The marione e mass lays in the range 180-200 kg. The design is derived from the present
marione e scheme adopted for the present BS (550 mm diameter) as a seed, with longitudinal
actua on through 4 coil actuators (“X” set). The suspension wire of the marione e is object of study
and non-uniform sec on wires will be considered to tune TN demand.
The overall weight of the actua on cage is roughly 145 kg for end payload and 170 kg for the input
one including compensa on plate (CP) components. An eﬀort is being done to simplify the
mechanics not to increase too much the overall weight. Also, the center of mass of marione e will
be ﬁnely adjusted using a motor mechanism and ﬁxed during marione e installa on in order to
reduce the work into the vacuum chamber and to equalize more accurately LF characteris cs of the
payloads.
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OBJECT

WEIGHT (kg)

Comment

marione e

180-200

very preliminary

Mirror

105

very preliminary

Cage

150-190

very preliminary

TOT

435-495 (INPUT)

Present 300-325 kg

Table 1: preliminary load assessments.
In parallel, the aspects related to the fused silica suspension have been examined. In order to
maintain the same stress ﬁgure as for AdV, 800 MPa, with 105 kg mirrors means the current ﬁber
diameter, 0.400 mm, must increased to 0.640 mm. Fused silica ﬁbers produced for GW detectors
were shown to be almost free of surface cracks (pris ne ﬁbers). This kind of ﬁbers shows a diﬀerent
behavior from other glass objects [10]. Studies show a clear inverse rela onship between the
breaking stress and the diameter of laser pulled fused silica ﬁbers [11]. Preliminary tests on the ﬁber
adopted for AdV suspension give the indica on that even in the new conﬁgura on, the load stress
will stay at least three mes below the breaking strength. Violin and bouncing mode frequencies will
be virtually unchanged.
Fibers with diameters ranging from 0.040 mm to 1 mm have been produced for several kinds of tests.
The ﬁber produc on has shown some cri cal aspects which need to be ﬁxed in order to assure the
highest quality.
The imperfec ons of the rota ng mirror system mechanics and the consequent beam alignment
ji er, produce an inhomogeneity in the energy deposited in the mel ng region. For thick ﬁbers this
eﬀect produces relevant thermal gradients which could reduce the reliability of the ﬁber produc on,
spoiling the reproducibility and the accuracy of the ﬁber proﬁle, the s ﬀness, and the posi on of the
bending points. Thermal gradients might be also responsible for bubble forma on on the welding
regions. In order to make the produc on process as reliable as possible, i.e. as that for AdV ﬁbres, we
foresee to avoid any rota ng op cs.
Thicker ﬁbers need a slower produc on process. For example, using the same 3 mm rod as star ng
material, and keeping the speed of the mel ng point mo on unchanged, an increment of the ﬁber
diameter from 0.400 mm to 0.640 mm is obtained slowing down the pulling speed of about 60%.
Slow ﬂuctua ons of the laser power (about 5% over >20s) are displayed as luminosity varia ons
around the mel ng region. We will check the possible cri cality related to this issue, introducing, if
needed, a feedback on the CO2 laser power.
Each new part of the laser ﬁber pulling machine will be tested in a dedicated facility setup in Urbino
Lab and then implemented in EGO machine.
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Figure 8: Fiber pulling machine, already capable to achieve 0.640 mm diameter ﬁbres, will be further
op mized for AdV+.
Fiber pulling can start from a 3 mm rod, as for AdV, therefore the welding between the ﬁber and the
anchors can be obtained with the same parameters (welding on the same cones). Tests for AdV
installa on on the breaking strength of the anchors were performed up to a 160 kg load, more than
ﬁve mes the working load. In all these tests 3 mm rod were welded to anchors always in the same
way, but no welding failure ever happened.
Each “Anchor” element of the Anchor-Fiber-Anchor (AFA) suspension system adopted for AdV can
sustain up to 160 kg. Well above (a factor 10) its working load (4 AFA/(42 kg test mass)). Thus, a
star ng point, leading to the realiza on of the ﬁrst large mass prototype payload, the standard AFA
solu on will be considered, provided the suitable modiﬁca ons to op mize the stress distribute in
the new conﬁgura on for LM (~105 kg). It will be adopted to suspend a dummy mirror machined to
host suitable inserts for hooking the anchors. Three solu ons will be tested: the current, a possible
op mized AdV anchor, and new anchor design (Figure 9). Op mized AdV anchors are based upon
improved design of the present ones (through FEM), meant to reduce the stress in the groove zoon
at the base of the cone, and to have almost the same bonded surface (currently: anchor
Silicate-Bonding thermal noise 0.6x10-21 m/sqrt(Hz). Being input mirror coa ng thermal noise 5x10-21
m/sqrt(Hz)). The target is to secure a factor 4 margin.

Figure 9: Le , Anchor-Fiber-Anchor solu ons envisaged for the large mass payload prototype (on the
le the current one, which in principle is also compa ble). Further solu ons will be envisaged in
parallel with the development of the prototype, but ini ally AFA system will be adopted to achieve
the target. On the right, the “ear”, it is bonded through Hydroxide Catalysis process on the side ﬂat of
the substrates.
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In AdV conﬁgura on the silicate bonding of the ear has a maximum stress of 2 MPa (Figure 9) while
its breaking strength is almost 8 MPa, so we have a safety factor of 4. The current thermal noise of
the ear silicate bonding is 5 mes lower than the input mirror coa ng thermal noise:
SBTN=0.9x10-21m/sqrt(Hz) versus CTN=5.2x10-21m/sqrt(Hz) at 100 Hz [12]. The area of the ear HCB on
the mirror ﬂats can be conserva vely enlarged by a factor 2.5, which nominally can be tolerated even
if the coa ng loss is improved as Phi_C/3. In fact, the actual nominal ﬁgure is SBTN/CTN=0.2, using
larger silicate bonded surfaces the ra o would be SBTN/CTN=0.54.
However, the shape of the ear/anchor can be op mized, and cross-checked with dedicated tests in
order to explore the possibility of reducing the contact surface keeping the breaking safety factor of
the bonding as in AdV.
A dedicated FEM development of AFA suspension will be promptly started (summer 2019) in order to
evaluate and compare the TN of each part (marione e, substrate, coa ng, ﬁbers, anchors, ears and
so on). The dissipa on occurring at both hooking sides (Marione e and Mirror) will be speciﬁcally
considered, with speciﬁc care of dissipa on processes occurring at the level of the upper clamps,
easily probed by violin modes quality factors.
Concerning the TN contribu on of the level of the ear/mirror HCB interface, to avoid any problems
two solu ons are proposed:
● Low-Thermal noise driven design and op mized re-shaping of the ears in order to have the
same structural safety factor;
● To machine “hooking cuts” directly on the test masses avoid the ear HCB. The idea was
proposed several years ago but discarded due to the technical and me constraints, and
unclear cost assessments. We think AdV project oﬀers the opportunity to be er inves gate
the feasibility of that design, in order to discard or achieve it. In Figure 10 a realis c sketch of
this op on considering actual sizing.

Figure 10: 6-cut solu on, machining two half-ﬂats on the two sides and two slots per side for the ﬁbres. In the
sketch the cut to hook the anchor is 13 mm, to be compared to 9 mm, the transversal size of AdV anchors. The
feasibility of this solu on, envisaged in the past, will be inves gated as a ﬁrst step. Issues might arise from the
point of view of the polished substrate produc on and coa ng. The viability of this solu on is a milestone.

Handling LM is a serious issue during payload assembly. The case of AdV test masses, 42 kg, is at the
feasibility limit, concerning manual handling and robot-actuated handling had been considered
already at that level. A trolley with ar culated arms suitable for clean room opera on is expensive
and should be customized for AdV+ payload use. The mirror-box will be designed to bond the ears
and the magnets on the mirror with a precision of +/- 0.1 mm, to protect the mirror, to transport it,
to handle it inside the clean-room and to integrate in the heavy mirror in the payload.
The outline of a possible assembly strategy, derived from the present one includes:
●

re-designing the box in order to ﬁt the LMA handling system (no ce that the present design
of BS box can be the star ng point, as is is suitable to host 550 mm diam substrate);
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●
●
●
●

integra ng the cradle of the actua on cage in the box;
se ng the box in the payload;
re-designing the crane accessory mechanics to handle the box, manual or motorized,
through an ar culated arm;
rail mechanism to se le accurately the box containing the mirror (~130 kg) in the correct
posi on (the actua on cage is assembled step-by step around it.

Figure 11: The box used to transport and integrate LM AdV+ mirror cannot be handled manually and
suitable tooling has to be ready and tested by the delivering of the ﬁrst prototype. The weight of the
present box including the mirror is ~55 Kg.
The bottom line of STEP 1 is the following. Large mass 100-120 kg payloads do not appear
to show-up critical showstopper, and offer the opportunity to further improve the actual
design along the path of the acquired experience, though some significant effort has to be
done concerning the tooling to handle heavy mirrors during the assembly of the
suspension.

STEP2, geometrical constraints
Geometrical constraints are quite important, because AdV infrastructure is limited, and most of the
decisions are the outcome of the tradeoﬀ between the cost/realiza on me and scien ﬁc targets.
The access ﬂange into payload vacuum chamber is shown in Figure 12 and 13. A big ﬂange, 2 m
diameter, is ﬁxed on the bo om of the tower base. A 1 m diameter ﬂange is that which is normally
used to introduce the payload using a dedicated li (HYMO system). As a star ng point, in order to
es mate the problem of accessing the chamber and integra ng the payload with the
SuperA enuator, we have considered not to modify neither the 1 m diameter ﬂange nor the HYMO
li . No other aspect of the vacuum system has been considered.
Input payloads diﬀer from the output ones due to the absence, in the la er case, of Compensa on
Plate (CP), an important element of the Thermal Compensa on System, which is absent in case LM
only at terminal sta ons (ETM). Then the main issue concerns the following two points:
● access of the assembled payload through the 1 m diameter
● capability of the present li , to deal with a heavier load
In Figure 12 the access aperture (1 m diam) is shown from the bo om. Considered that complete
BRDF computa ons have to be performed by SLC, in the context of LM project, the aperture at the
level of the cryotrap has to be taken into account, as it is ﬁxed on the ground and driven by the
seismic noise. As a star ng point we assume VAC/SLC is able to install a new baﬄe there [13], hence

138

a large suspended baﬄe with 800 mm diameter (840 max) can be assumed for star ng the actua on
cage design.

Figure 12: The input mirror payload case is conserva vely shown, no compensa on plate is present
in case of LM implementa on only at end sta ons. Aperture meant to insert the payload into the
vacuum chamber. The frontal side of the payload (HR) is constrained by the aperture of the baﬄe
ﬁxed on the cryotrap, currently 650 mm diameter. BRDF analysis by SCL Subsystem will start adop ng
800 mm at cryotrap entrance.
The room around the payload system is limited, any enlargement of the vacuum chamber is not
considered. No ce that the ﬂoor used by whom is engaged in the integra on with SuperA enuator is
50 cm wide, a constraint for the feet during the installa on. During such a work, before peeling the
ﬁrst contact layer on the coa ngs, a signiﬁcant ac vity concerning the balance tuning of the payload
is performed. A er the installa on of the in vacuum HWS-HR (Hartmann sensors mirrors on AR
reﬂec on) and their mounts (TCS) and the removal of the polymer, the ac ons around the payload
should be limited to the essen al needs and should not involve movimenta on/ dismoun ng of large
apparatuses. In case of large mass payloads this issue could become a cri cal obstacle to guarantee
mirror cleanliness. Hartmann sensor mirrors current size is at the limit. Priori zing the issues and
developing new solu ons, if needed, in order to facilitate AdV+ scopes is very important. Then, the
following statement was agreed with TCS.
At present both PAY and TCS are working to understand how to manage the larger masses and the
HWS-HR optics. The work has just started and design/simulations are in progress to manage the
limitations required by PAY about the geometric constraints related to the integration and the room
available around LM payloads in case of intervention.
The simulations will also consider the possibility of using limited aperture of HWS and the possible
drawbacks related to such a choice. The milestone will consist in the assessment about the most
reasonable HWS configuration compliant with the mature design of LM payload provided by PAY.
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Figure 13: Access to the vacuum chamber is represented here. Thanks to the wide lens used for the picture on
the le , the whale actua on cage and the 1 m ﬂange are shown. The round pla orm of the cage is ﬁxed to the
mechanical interface with the last ﬁlter of the SuperAttenuator. Right, the room around the payload (END) is
not large and par ally occupied by other elements as, for instance, the three Hartmann Sensor mirrors (s ll
absent in the picture on the le ).

A signiﬁcant eﬀort will be spent in simplifying the design and giving priority to possible thermal noise
improvements. From the point of view of payload construc on, the impact of large beam use in the
central area mainly concerns the implementa on of a large BS. At present, its size is diameter = 550
mm and thickness = 70 mm.
Indeed, no crucial showstoppers concerning LM payload implementation have been identified
even considering the input ones [2], but the overall impact of such a choice on the interferometer
hardware in the central area is demanding.

3.3.4.2. Parametric Instability studies
AdV+ organiza on concerning Parametric Instability studies (PI) will be slightly diﬀerent with respect
to the past. The work is divided into two main groups. The simula on group, aiming to simulate and
predict op cal and mechanical modes giving rise to parametric gain above unity, and possible
consequent instability, and the PI mi ga on group developing the strategies to avoid instabili es or
to damp them as they occur. The internal structure, exper se and work organiza onal aspects
remain the same for AdV+, but the ac vity will be carried out under the hat of PAY Subsystem.
If the test masses remain as that adopted for O3, despite the implementa on of SR mirror,
preliminary studies indicate that PI are not cri cal for AdV+ phase-I. However, as done so far,
simula ons and modelling will s ll be performed concerning the use of present substrates and their
mechanical dissipa on proper es, object of con nuous monitoring, even during O3. Studies
concerning O4 have been already commenced [16,17].
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We remark that at present no dedicated actuator is installed in the payloads and, without any further
interven on, in case of PI occurrence only coil magnet actuators can be used. In parallel, in order to
reduce the optomechanical coupling, the use of TCS can be a empted in principle, but no direct
experience was done concerning this method as, so far, there was no need. For AdV+ PI studies are
ar culated as follows.
Op cal Simula ons
● Laboratoire de Kastell-Brossel (LKB).
● LAL – PhD student on the Cascina site.
● Laboratoire de la Cote Azur of Nice.
● INFN Pisa
Mechanical Simula ons
● Roma1 (dampers, already prototypes, under developed).
● Nice works on a damping system based on pulsed laser, probably ready a er O4.
● Roma1 (FEM, internal modes/quality factors; coil-magnet actuat., passive and PZT dampers)
● Roma Tor Vergata (use of thermal compensa on to move harmful optomechanical beat
notes)
● Ins tut FOTON, DOP team, CNRS / Université Rennes 1 (PI precursors signal)

3.3.4.3. Overall Milestones of PAY Subsystem
SR upgrade can be rather detailed, useful in the meline Table 9. No ce that SR upgrade tasks were
not included in the Logis cs document added to the AdV+ roadmap [16] as SR was considered a part
of AdV whose deal has been inherited by AdV+. The work will be scheduled as follows.
preparatory work
●
●
●
●
M1
●

execu ve drawings ready (TCS/PAY)
call for tenders/quota ons (TCS/PAY)
standoﬀs and magnets a ached on SR mirror (PAY)
all HW components ready for the assembly (TCS/PAY)
all SR upgrade components pre-assembled at the site (TCS/PAY)
SR mirror at the site (PAY/MIR)

Installation
●
●
M2
M8

SR payload extracted and clean room works done (PAY)
weight checks (PAY/SAT)
SR payload integrated (PAY/SAT)
PAY SS ready for commissioning

Concerning Large Mass Payload preparatory ac vity, it is important to clearly iden fy its milestones.
The mescale of the sequence is indica ve but quite useful to delineate and parallelize PAY ac vi es
in the AdV+ phase-I context. The Subsystems involved are reported in this framework.
●
●
●
●
M3
●
●
●
●
●
M5

Design payload cage clamp on F7 interface (PAY/SAT)
Procurement of speciﬁc materials and fused silica parts for prototype (PAY)
Procurement of instrumenta on equipment dedicated to tests (PAY)
Execu ve design TM prototype (determina on of overall weight with 10-15% accuracy) (PAY)
HWS mirror size concerning PAY design defined (PAY/TCS)
Execu ve design assembly tools (PAY)
Fiber produc on machine modiﬁca ons op mized for 640 um (PAY)
Characteriza on of 640 um diameter suspension ﬁbres (PAY)
Fused Silica parts for suspension delivered (PAY)
LM payload prototype delivered, assembly, test start (PAY)
Payload structure ready to host the mirror (PAY)
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M6
●
●
M9
M10

Assessment on “embedded ear” cuts and FS cut order (PAY/MIR)
In air and in-vacuum tests (PAY)
Final design reﬁnements LM payload (PAY)
Release of final A-F-A system design (PAY)
READY FOR ORDERS (complete list of LM payload parts to be ordered, and final construction schedule) (PAY)

According to Table 8, we no ce that the year 2021 will be devoted to development of the ﬁnal design
of payloads through tests performed using the prototypes. O4 run implies that the ac vity will be
carried out in the intermediate arm sta on labs.
PI activity in the next years can be brieﬂy resumed as follows, according to two mail tasks:
●

M7

full descrip on of PI cri cality concerning O4 (i.e. with SR and increased injected power)

Assessment on PI relevance in O4 and modelling, test and mitigation strategy design
concerning the new layout meant for O5 (i.e. with Large beams and Large Test Masses).

The ac vity will be largely done by means of simula ons, but a strong eﬀort will be done also in the
direc on of tes ng and implemen ng PI damping handles on payload prototypes as their design is
mature (fall 2021).

Table 8: In this indica ve chart the milestones of the project are represented in the context the AdV+
meline. This plan is quite aggressive from the beginning as it is needed to address main issues upon
the achievement of the milestones. No ce that SR tasks, related to AdV+ phase-I are also shown as
well as Parametric Instability mi ga on method developments.
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3.3.5. Interfaces with other Subsystems

Figure 14: PAY Subsystem has several interfaces

The main interface with PAY is SAT, as, in turn, the payload has to be integrated with the seismic
suspension. It is clear how this fact is relevant in the context of Large Mass project, strongly relying
on the modelling of the overall system, including the SuperAttenuator. It is crucial to deliver to SAT
Subsystem the overall PAY informa on and to develop upgrades in harmony. This is why in the
sec on men oning the milestones two items are remarked
● 2.b mechanical interface with the last ﬁlter of the SuperAttenuator, to be deﬁned ASAP
● 4.c overall mass loading the SuperAttenuator
PAY
● is a composite Subsystem, strongly interfaced with other SS, whose parts have to be
integrated in the apparatus of payloads
● is meant to provide last stage mirror test-mass suspension controllable and accomplishing
mechanical Thermal Noise requirements
● In AdV 6 diﬀerent groups collaborated eﬀec vely to ﬁnalize the payloads
Other interfaces
TCS. The payloads (excepted the BS) host Compensa on Plates and Ring Heaters, and the integra on
of the payloads strongly depends on the TCS components arranged in the environment around the
payload. Moreover, the installa on procedures of the payloads have to be coordinated involving TCS
team and considering the suitable setup of TCS apparatus
MIR. The payloads are built around the Test Masses and the other large op cal components provided
by MIR. Moreover, some speciﬁc ac vity of PAY, concerning the suspension, is spent at LMA. This is
the case of HCB of ears or standoﬀs on mirrors and magnet ﬁxing on them. In this context INFN-PG
developed, in collabora on with LMA a dedicated box that adopts speciﬁc jigs to a ach fused silica
parts to the substrates. Also, an ac vity of study meant to ﬁnalize the cuts on LM substrates has been
foreseen, and matched into the planning.
SLC. Suspended baﬄes are very relevant elements, and the actua on cage of AdV has been strongly
determined by their design.
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VAC. Vacuum Subsystem is essen al all the opera ons concerning payloads depend on it, star ng
from the quality of vacuum and the clean environment, to the features of the vacuum chambers,
very relevant for AdV+ LM as they cons tute issues interlaced with SLC.
EGO. The Service provided by EGO is essen al in all the works concerning payloads, both those in
the actual Virgo Apparatus and those in the development labs at the site. Concerning Large Mass
payloads one crucial element has to be men oned, that is the transporta on system for LM
payloads. Indeed the discussion with the interested persons (Ing. V. Da lo, Techn. M Ciardelli) have
already started, but the actual deal of LM payload transporta on has been considered as and AdV+
phase-II item, so far.
ISC. A underlying interface, which is reﬂected in the Virgo performance, is clearly that with ISC (not
reported in Figure 14 because the dependence is implicit). To the extent of the hardware
components, it determined the presence of the intracavity beam samples (Pick Oﬀ Plate) on PR
payload actua on cage.
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Figure 15: Advanced Virgo: Installa on of SR payload.
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3.4. SAT - Super-Attenuators

3.4.1. Summary
In this chapter we are going to track general guidelines concerning the impact of suspending a new
payload (with heavier mirror) on the scheme adopted more than twenty years ago for the
construc on of the Supera enuator (SA) mechanical structure. Large Masses (LM), indeed, are
men oned as a part of seismic a enua on suspension changes for the future of AdV+ with a general
goal to improve or maintain the excellent performance obtained so far.
Seismic a enua on performance of AdV is remarkably good as demonstrated by the results achieved
during O2 and in the ﬁrst weeks of data taking O3. A good demonstra on of the SA quality comes
from the high duty cycle achieved (of the order of 90% per week) with the interferometer kept in
“Science Mode” despite the low working me dedicated to the commissioning of the new feedback
electronics and mechanical structure. With the present set-up the BBH coalescence detec on has
been possible and even if it is expected to be already compliant with aLIGO+ [1], there are diﬀerent
items linked to the seismic a enua on performance improvement to be studied in the region around
and below 10 Hz. For all these reasons, we are convinced that a dedicated upgrade program should
be conceived with the intent to focus our scien ﬁc a en on on those hot items in the context of
AdV+. Moreover a detailed evalua on on the changes to implement on the SA to be compliant with
the Large Mass suspension is here presented as base solu on for the AdV+ phase II project. The
perspec ves of this working ﬂow are represented by a well consolidated development of a new
seismic a enua on system for the 3rd genera on LASER interferometric detectors.

3.4.2. Objectives
Suspending a large mirror payload is not a simple ‘brute force ac on’ to be performed on key
elements of the suspension, but it demands a more comprehensive eﬀort to mi gate the risk of
spoiling the passive a enua on performance. As addi onal goal the implementa on of a few
novel es, improving the detector robustness in the domain of seismic noise ﬁltering performance at
low frequency, seems to be mandatory.
Here below we put in evidence fundamental changes to be considered in the case to adopt the
solu on of installing Large Mass payload with the idea to overcome Thermal Noise (TN) limita on in
the detector sensi vity and adop ng the same technical approach used so far.
The goal of this proposal is the study of a few key elements of the Supera enuator in view of the
AdV+ phase II project and reducing at the minimum level the impact on the changes to be performed
in a me slot period (about 3 years) before the data taking Run O5.

3.4.3. Description of works for O4
The ac vi es around SAT subsystem are meant to be as preparatory work for O5 only.

3.4.4. Description of preparatory works for O5
The AdV Supera enuator (SA) is based on the working principle of a mul stage pendulum chain
ground connected through a three legs mechanical structure called Inverted Pendulum (IP) and
ac ng as a pre-isolator stage (see ﬁg. 1).
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Figure 1: The AdV Supera enuator (SA) developed to isolate the op cal components from seismic
noise
The ﬁlter cascade is meant as a set of second order low pass mechanical ﬁlters inhibi ng seismic
noise transmission to the mirror level so that at 10 Hz an a enua on factor of about 1015 is achieved
(see ref. [2]). The payload represents the last stage suspension for which this hybrid system has been
conceived. The SA, indeed, has been designed having the mechanical inner modes of the structure
conﬁned in the frequency region below 3 Hz: above this cut-oﬀ frequency the passive a enua on
capability of the mechanical structure ﬁlters seismic noise transmission at the mirror level, while
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below 3 Hz an ac ve ac on (feedback control) is performed by using sensors and actuators installed
on the SA and handled with a sophis cated electronics board based on DSP technology.

3.4.4.1. Large Masses
As pointed out, suspending a Large Mass payload requires a revision of the mul stage pendulum
chain with the possibility to consider a complete re-arrangement of the mechanical structure as
presented here below.
The integra on of a Large Mass payload (heavier mirror) in the present mechanical structure of the
Supera enuator passes through a rescaling of the suspension chain with two main goals:
1. to be compliant with the increased load;
2. to preserve the a enua on performance with an unchanged Transfer Func on (a er the
mechanical structure rescaling).
In this contest, the most invasive ac on on the system rescaling is represented by the need to
dismount and remount the whole mechanical structure. The reasons for doing that is mainly
connected to the rescaling of the elas c elements suppor ng a heavier load: blades, wires and ﬂex
joints of the Inverted Pendulum. In principle these changes can be performed maintaining the ﬁlter
bodies as they are and following some simple guidelines for the elements men oned above, but if
the increment of the load becomes twice the present one it would be necessary a deep revision of
the magne c an -spring system installed on each mechanical ﬁlter. Supposing that an adequate
number of permanent magnets can be mounted on a modiﬁed mechanical structure, on board of
each ﬁlter, a ﬁne tuning of the ver cal cut-oﬀ frequency should be included in the working ﬂow to
recover the a enua on performance.
Blades
These are elas c elements used for ver cal a enua on and suppor ng the load downstream of each
stage. A simple evalua on of the equivalent elas c constant kfor a triangular blade of base widthw,
ﬂexure length L, thickness d and free curvature radius is:

k=

1
6

Y ( dL ) 3 w

where Yis the material Young’s modulus. At the working posi on this gives a force:

F = M g = kΔh =

1 Y wd 3
12
ρL

where h=L2/2is the posi on of the blade p when unloaded. Looking at the rela onships reported
above, an increased load to be supported, is compensated by a suited increment of the blade
thickness (higher s ﬀness). As a consequence of this ac on, also an increment in the magne c
an -springs force would be necessary to keep the right ver cal cut-oﬀ frequency of each mechanical
ﬁlter. To this purpose a more invasive ac on is necessary in the revision program for Large Mass
payload suspensions. The magne c an -spring system need to be modiﬁed accordingly (system
geometry and/or number of permanent magnets), so that each mechanical ﬁlter has to be
unmounted and re-tuned.
Wires
Increasing the load to be supported it requires an adequate increment of the diameter of the wires:
d∝M. In the present design of the Supera enuator, the wires are tension dominated and, as a
consequence, the ra o=Yl/T is small. Increasing the suspended load implies an increment of ∝d2but
there is a good margin of tolerance. In the revision program for Large Mass payload suspensions also
the diameter of the Maraging thin wires will be increased in accordance with the load to be hung.
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Flex joints
As for the suspension wires also the dimensions of the ﬂex joint connec ng each Inverted Pendulum
leg on the bo om ring of the structure will require a s ﬀness increment to be er sustain and control
the total load.
Filter7
For historical reasons the last passive stage of the pendulum chain is called Filter7. In the AdV
Supera enuator it was designed to suspend the payload (with 42 kg mirror) keeping the most
relevant features of the previous project adopted for the VIRGO interferometer. To cope with the
new geometrical constraints this ﬁlter was equipped with four can lever blades only. The increment
of the payload weight will have a signiﬁcant impact on the stress distribu on around the blades
clamps soldered to the ﬁlter body as well as on the magne c an -spring system. A structural check of
the Filter7 body will be performed both by FEA simula ons and with laboratory tests on soldered
steel samples. This approach should avoid the construc on of a full prototype valida ng the current
structure with respect to future needs.

3.4.4.2. Magnetic anti-spring
Since the suspension wire length ﬁxes the pendulum normal mode at about 0.5 Hz for the two
horizontal direc ons, a similar cut-oﬀ frequency for the ver cal degree of freedom is reachable by
installing on each seismic ﬁlter a set of magne c an -spring mounted in repulsive conﬁgura on (see
ﬁg. 2). They consist of four matrices of permanent magnets mounted in repulsive conﬁgura on: the
crossbar supports two arrays of magnets while a second pair of arrays are bolted on the ﬁlter body.
The elas city of this system works in parallel to the blades genera ng a magne c ﬁeld which acts in
opposite direc on to that one obtained with the blades themselves and used to suspend the load.
With this conﬁgura on set-up, it is evident that any heavy change on the blades geometry (to
support heavier load) requires an equivalent interven on on the magne c an -spring system to keep
the right balancing of the forces.

Figure 2: A 3D technical drawing of a standard ﬁlter where the magne c an -spring system is visible
within the red circle.
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3.4.4.3. Electronics boards with improved performance
The Suspension Control System was developed taking into account the Advanced VIRGO
requirements. It is opera ve since Q1-2015 and it is today supposed to guarantee detector opera on
ll 2023. In the present document we assume that all maintenance expenses and replacement of
obsolete parts are covered by maintenance budget as speciﬁed in AdV+ roadmap document (see
VIR-0943A-17, chapter “Execu ve Summary”). Nevertheless, the introduc on of larger mass payload
and the sensi vity improvement at low frequency (below 100 Hz) will push on requirements for
actuators dynamical range. More force and lower noise will be required. In par cular we know that
Digital to Analog Converter (DAC) boards presently in use are limited in performance at low
frequency from the use of reference voltages generated internally to the DAC chips. New boards shall
be developed making use of new available high dynamic converters with external reference voltages
that can be designed with a be er noise performances at low frequency. The strategy we intend to
adopt is based on a standard electronic engineering project: we will select a few new electronic
components that will be tested by using commercial evalua on boards. A er this preliminary phase,
a ﬁrst prototype of the new board will be developed, built and tested with the intent to produce a
second prototype conceived for its ﬁnal acceptance test. To do that, the working load will be par ally
shared with our colleagues from ICCUB at the Barcelona University which recently joined the VIRGO
Collabora on.
Moreover, addi onal electronics will be required to setup test facili es of the suspensions
mechanical items such as blades and magnets (an -spring system). In most case we could use AdV
spare parts but some adapta on will be anyway required to operate the system in standalone mode.
The AdV+ phase I prepara on represents also a good occasion to implement a set of improved
control strategies making use of Kalman techniques and integra ng informa on from sensors
installed on the suspension (for a be er angular control) or environmental ones.

3.4.4.4. General considerations
As reported above the possibility to integrate Large Mass payloads in the present mechanical
structure of the Supera enuator has a big impact on the upgrade ac vity around the system and not
only. We are convinced that only a well consolidated technology can be included in the AdV+ phase II
program minimizing the changes to those ones with scien ﬁc response on the detector sensi vity
and/or devoted to a be er “ﬁne tuning” of it.
We have to keep in mind that arriving in late to the appointment with the Observing Run O5 could be
lethal for the future of the laboratory (EGO), experiment and credibility of the Collabora on.
Considering as a reference solu on the project to integrate into the present structure of the SA Large
Mass payloads with a mirror weighing 100 kg or more, here below detailed info on the elas c
elements to be modiﬁed with the intent to recover the present a enua on performance of the
system, are summarized. While in Table 1 is quickly described the laboratory ac vi es devoted to the
studies on those items for which a deep revision and valida on tests are necessary, in Table 2 a
budget request is reported.

3.4.5. Considerations on future planning
This document has been focused on the inves ga on ac vity around all those elements of the
Supera enuator systems to be modiﬁed in view of integra ng Large Mass payload into the exis ng
mechanical structure. We would like to underline that in the budget request table (Table 2) the cost
es ma on of the massive produc on for the elas c elements is not included.
The request for addi onal manpower is needed only when a massive produc on will be necessary
(the star ng date reported in Table 4 is just an indica on). As men oned above, for a realis c
planning arriving at the Run O5 with an upgraded instrument, it should be taken into considera on
that the me consump on for a single suspension upgrade is about 4 months.
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3.4.6. Interfaces with other subsystems
The working ac vity on SAT subsystem will have interfaces with subsystem listed below.
PAY: This is the most important interface because the changes to be implemented on the SAT
subsystem are strongly connected to the ﬁnal load to be suspended from Supera enuator chain;
VAC: The interface with VAC subsystem is in rela onship with the selec on of the permanent
magnets and all the new materials to be used for the construc on of the new an -spring system
mounted on each mechanical ﬁlter;
TCS: Like for the PAY subsystem, but with a minor impact on our ac vity, some interac ons should be
considered for all those suspended elements of the TCS subsystem which could inﬂuence the SAT
design.

3.4.7. References
[1] Yu et Al., Prospects for detec ng gravita onal waves at 5 Hz with LIGO
[2] G. Ballardin et al., “Measurement of the VIRGO supera enuator performance for seismic noise
suppression”, Rev. Sci. Instrum., vol. 72, No. 9, September 2001, 3643-3652; F. Acernese et al., by
VIRGO Collabora on, “Measurements of Supera enuator seismic isola on by VIRGO
interferometer”, Astropart. Phys. 33 (2010) no. 3, 182-189
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3.5. CRD - Coatings Research & Development
3.5.1. Summary
The subsystem CRD aims to ﬁnd a solu on for the AdV+ op cal coa ngs that will have a total
reduc on of mechanical loss of a factor of 3 with respect to the coa ngs used in AdV and with an
op cal absorp on less than 1ppm. The material has to be deposited using the exis ng facili es at the
pla orm LMA/IPNL allowing at most some recoverable modiﬁca ons of the Grand Coater that have
to be implemented with a maximum delay of one year.
Research plan here described is exclusively focused on finding a solution for O5.
The new coa ngs are believed to come not only from be er materials but also from an op mized
selec on of deposi on parameters, a novel design of the mul layer stacks and an improved
post-deposi on heat treatment.

3.5.2. Objectives
The improvement on the noise performance of the detector AdV+ is based on both the increase of
the laser spot size on the end mirrors and on a 3-fold reduc on of the mechanical losses of coa ngs
materials. The impact on the sensi vity curve is shown in the Figure 1 below.

Figure 1: from the AdV+ Roadmap document - “Virgo sensi vity a er the modiﬁca on of the arm
cavi es. The solid curve corresponds to a factor 3 reduc on of coa ng losses with respect to the
state-of-the-art (dashed curves). The results of the two possible conﬁgura ons in which the beam
size is increased either on ETMs or in all test masses are presented.
Thermal noise performance is not the only parameter that has to be taken into considera on. Op cal
absorp on at the working wavelength is also very important for the material valida on and a
maximum value of 1ppm for the HR stack has to be considered.
Other parameters like roughness and point defect density are considered as a speciﬁc development
in the subsystem MIR.
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3.5.3. Description of works for O4
The CRD subsystem is meant to be as preparatory work for O5.

3.5.4. Description of preparatory works for O5
The most advanced technology of op cal coa ngs is the one of amorphous materials deposited by
Ion Beam Spu ering. The pla orm LMA/IPNL is equipped with a large deposi on chamber, known as
Grand Coater, that is able to treat 2 Advanced Virgo size mirrors at the same me. Oxide materials
are deposited readily, nitrides instead require a modiﬁca on of the GC expected to last 6 to 12
months, depending on the type of modiﬁca ons required. This uncertainty will be solved during the
development of the research plan.
Crystalline coa ngs are not an op on for AdV+, but indeed they are a very promising solu on for the
future. Recent measurements [1] have given a very high bulk loss angle (5e-4) and a shear one less
than 1000 mes lower but we consider these results preliminary and we use older results. Many
technological advancements are necessary before crystalline coa ngs are validated for large 3rd
genera on GW detectors (size, uniformity, point defects, bonding, adhesion under thermal cycles).
Leaving these developments in the hand of companies is very risky because the GW detectors needs
are in conﬂict with the market in the vast majority of cases. Therefore the VCR&D collabora on is
fostering collabora ons with na onal laboratories that have already the know-how on epitaxial
growth and ﬁlm transfer.
In the mean me amorphous coa ngs s ll represent a viable solu on for all the future GW detector
genera ons as Figure 2 shows. If standard high index materials present losses remarkably higher than
that of crystalline AlGaAs, silicon nitride, amorphous silicon and silica have losses comparable or
even lower. At present IBS deposited silica annealed at 900 C has losses about 30 mes lower than
tania-tantala mixing. For room temperature opera on the silica ﬁlm is already a 3rd genera on
material.

Figure 2: Loss angle of various materials at the acous c frequencies measured at diﬀerent
temperatures. The do ed line is fused silica. Some of the amorphous materials have losses
equivalent to AlGaAS crystalline ﬁlms.
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The power spectral density of coa ng thermal noise is propor onal to the temperature TK , the
coa ng thickness d and loss angle φc , and inversely propor onal to the square of the laser
spot size w:

The special combina on of Young’s moduli of coa ng Yc and substrate Ys indicates that the
thermal noise minimum is achieved when the two are equal.
The thickness dependence jus fy the search for the highest refrac ve index contrast (nH − nL )
between the two materials of the coa ng stack.
Since the CRD project is focused on coa ngs for O5 a down selec on of possible materials has been
made with respect to the list presented above. The materials that have a chance to be deposited by
LMA/IPNL in me for O5 are: standard oxydes, high index silica oxides, SiNx, GaNx and SiCx.

3.5.4.1. Strategies for the loss angle reduction
The anelas c behaviour of amorphous materials, which is responsible of the energy loss, is explained
by the presence of a number of metastable states. Any two of these states that are separated by an
energy barrier is called a Two Level System (TLS). The number density of TLS can vary a lot from
material to material or even within the same material depending on the produc on technique or
treatments used.
Not all the TLS contribute to the mechanical losses. The ones that are ac ve are only those that have
a relaxa on me τ comparable to the period T of the strain wave propaga ng in the material. In our
case T is imposed by the detec on frequency band of GW, i.e. T ∼ 10−3 s. Considering that the
temperature dependence of the relaxa on me follows an Arrhenius’ law and that the fundamental
me constant is τ0 ∼ 10−13 s, then the TLS that contribute to the mechanical losses at room
temperature are those that have a barrier height of about 0.5 eV.
In order to reduce the loss angle of amorphous materials two basic ideas can be pursued: 1) a
reduc on of the total number density of TLS; 2) an op mal distribu on of TLS. All the research lines
of this project listed below are inspired by these two basic ideas.

Oxides
The experience gained in the advanced detectors showed that mixing oxides some mes produces a
material with losses lower than any of the two pure materials. So far there is not an explana on why
the (TiO2)0.2 (Ta2O5)0.8 has a loss 25% lower than that of Ta2O5 but in a empiric approach it is worth to
explore possible combina ons of high index materials such as Ta2O5, TiO2, Nb2O5, ZrO2 among
others.
There are some silica based glasses that have a rela vely large index of refrac on (1.8 or higher).
Examples of these glasses is the SF11 and others of the Scho classiﬁca on. The hope is that despite
the low concentra on of silica in the mixing the High Index Silica Glasses retain the convenient
distribu on of TLS that gives to the deposited silica a loss that is about 30 mes lower than the high
index layers.
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New materials
Oxygen has a coordina on number of 2 and oxide glasses tend to have structures made of a random
network of molecules of the form of polyhedrons that are connected by corners occupied by oxygen
atoms. This type of connec on leaves free the molecules to rotate one respect to the others and that
in general induces a large number of TLS per unit volume. The aim of this research line is to see if
high coordina on number amorphs have all (or many of them...) the tendency to reduce the TLS
number thanks to the reduced freedom of each atom or molecule.
At the beginning the methodology of inves ga on is empiric: measuring the losses from 10K to 300K
of several of these amorphs one can search a correla on with their average coordina on number.
Materials that are planned to be tested are: SiNx, GaNx, and SiCx.
Results might be of some relevance for the research line that correlate the loss proper es to the
coordina on number. Here it is important to no ce that although oxygen has coordina on number 2,
all oxides are made by Primary Structural Units [2] (polyhedra) that can be connected not only
through vertex sharing but also through edge or face sharing, increasing eﬀec ve coordina on
number of the material. Therefore the analysis of high coordina on number amorphs will be
extended to oxides as well as to materials made by atoms with high coordina on number.

Deposition techniques
Nano-layering has been proven to inhibit the crystalliza on of amorphous materials that are not
glass formers. The possibility to increase the annealing temperature is beneﬁcial for the thermal
noise at room temperature.
The aim of this ac vity is to iden fy the maximum post-deposi on annealing temperature before the
onset of crystalliza on as a func on of the nanolayers’ thicknesses, and evaluate the mechanical
losses of the annealed ﬁlms. On the basis of already available evidences, the analysis will be
restricted to nanolayered composites based on Silica paired to one high index oxide (e.g., Titania,
Zirconia, Hafnia, Tantala, Niobia), with individual layer thicknesses below 4nm, designed to produce
nanocomposite ﬁlms featuring the highest prac cally achievable refrac ve index, and
quarter-wavelength thick.
Finally, prototypes of HR coa ngs using nano-layered materials will be op mized and tested on 1 inch
diameter samples.
Since the number of possible combina ons of oxides is large a coordina on with the groups of Prof.
S. Chao of NTHU, Taiwan, and of Prof. M. Evans of MIT, USA, both members of the Op cs Working
Group of LSC, is searched.

Post-deposition treatments
The ﬁrst of this treatment is the standard annealing. Annealing changes the structure of the
materials and mechanical losses measured at diﬀerent temperatures are used to probe the energy
landscape and hence the TLS distribu on.
Some coa ng materials, such as tantala, do not show any changes in structure a er the post
deposi on annealing. Materials like deposited silica show a change in the structure, related to the
annealing. For this reason glass-former material could be more suitable for this study. There is an
ac vity already started on silica, in collabora on between ILM, LMA/IPNL and the Naval Research
Laboratory.
Rather important for the annealing study is to establish at ﬁrst if Argon is coming out of our coa ngs
during annealing and then to evaluate the impact of it on the quality factor measurements and on
the op cal proper es. In par cular it will be checked if the outgassing is unaltered when mul layers
are considered. In the same line another interes ng ques on to answer is whether or not chemical
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reac ons are associated to the annealing process. We are talking of oxida on and reduc on of
dangling bonds.
Crystalliza on has to be avoided because nanocrystals increase the light sca ering well above the
tolerated level. At the same me a material that crystalizes has a natural tendency to
self-organiza on that could be exploited. The principle is to use crystalliza on as a tool to impose an
order to the material structure and at the same me to limit this eﬀect to a maximum length scale
that does not aﬀect the sca ering of light.
In this research line several tasks need to be done: 1) one should ﬁnd the maximum length scale of
crystalliza on below which the diﬀusion of light is tolerated; 2) the crystalliza on dynamics has to be
studied with the aim to develop a single model (hopefully) that applies to all studied materials, each
of them characterized by a speciﬁc set of parameters; 3) a rapid thermal annealing setup need to be
operated.
Considering the temporal constraints imposed in this project the crystalliza on will be studied in
oxydes, nitrides and SiC.

3.5.4.2. Optical absorption
The aim is to inves gate the origin of the op cal absorp on in coa ngs.
The study is focused on SiNx that has the same problem of high absorp on, on SiC and on oxydes.
The research line needs to develop an experimental protocol that aims to measure the relevant
parameters (degree of disorder, dangling bonds density etc.). Recently a correla on between the
Urbach tails (absorp on near the band gap) and mechanical loss on tantala and niobia has been
found [3].

3.5.4.3. Metrology
There are several unsolved problems on the loss measurements that have to be ﬁxed. This is another
macro-subject that contains several research lines. Here it is a list of them:
● How to remove experimentally the thermoelas c peak shi on the substrate caused by the
coa ng
● Set one reference silica disc to circulate within the GeNS laboratories
● Establish a coa ng φ measurement protocol
● Explain why can levers and discs give a signiﬁcantly diﬀerent value of coa ng loss

3.5.5. Some details of the investigation relevant to the planning
The two items that could generate confusion in reading the planning of the CRD project are 1), the
use of diﬀerent techniques of deposi on to produce the samples and 2), the use of cryogenic setups
to characterize the materials. If the ﬁrst point could raise ques ons on the validity of inves ga ons
conducted with diﬀerent coaters, the second seems to suggest that part of inves ga on is done for
third genera on detectors. In the following two paragraphs the consistency of these two points with
the implementa on of new coa ngs by O5 is explained.

3.5.5.1. The use of cryogenic temperatures
One of the most promising ac vi es of CRD is the modelling of amorphous material and the
predic on of their internal fric on. In order to validate these models it is not enough to compare the
predicted loss angle with the experimental one at room temperature, but rather the comparison has
to be made on the widest temperature range as possible. The investment on increasing the
temperature range should cover the cryogenic part rather than the high temperature, because in any
case, in the future some detectors will operate at cryogenic temperature.
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The CRD project is based on an empirical search of news materials and technologies but also on a
search that is driven by the scien ﬁc knowledge that is produced inside the various research lines.
This dual approach op mises the chance of ﬁnding the right materials in the short given me of 2
years. In that respect, in order to understand how mixing of oxides, coordina on number, annealing,
crystallisa on and geometric frustra on (coming from nano-layering) do impact on mechanical
losses, it is necessary to measure the distribu on of TLS with respect to their barrier heights. This
measurement can be done only by measuring mechanical losses from cryogenic to room
temperatures.
Recently, it has been discovered that there is a correla on between the absorp on and the
mechanical losses in some op cal materials. The explana on of this correla on is not yet fully
detailed but one can say that the measurement of absorp on on a par cular energy band of
photons, known as Urbach tail, can give informa on on the degree of disorder at the range typical of
the structure that causes internal fric on. It is also known that this structural disorder depends on
the temperature but the only structural disorder that has an impact on mechanical loss is the sta c
one. Therefore, only the reduc on of temperature during the measurement of absorp on in the
Urbach tail energy range is able to reduce the temperature disorder to negligible level.
The same thermal disorder some mes is responsible of a signiﬁcant broadening of the XRD, EXAFS
and EELS spectra (Debye-Waller factor). In that case, cryogenic measurements are required.

3.5.5.2. Multiple deposition technologies
Coa ng samples will be deposited by Ion Beam Spu ering (LMA/IPNL), Pulsed Laser Deposi on
(g-MAG), Magnetron Spu ering (Padova) and Ion Assisted e-beam Evapora on (Sannio-Salerno). The
use of these facility is the following.
IBS at LMA/IPNL

- Oxides
- SiNx, GaNx

PLD at g-MAG

- SiCx
- Oxides

MS at Padova

- SiCx

IA Evap at
Sannio-Salerno

- Oxides for Nano-layering
- Oxides, co-spu ered

Nanolayering has been proposed as a technology that is able to break the long range ordering that
happens during crystallisa on. The geometrical frustra on of crystallisa on should lead to an
increase of annealing temperature and also to reshaping the TLS distribu on. These eﬀects are
geometrical and do not depend on the deposi on technology used as long as the material is
suﬃciently stable a er deposi on. In that respect the machine at Sannio is equipped with an ion
assistance that stabilizes coa ngs that are pulverized by electron beam.
In the last year, it has been demonstrated that materials like silica and tantala have a speciﬁc
annealing temperature beyond which the material acquires mechanical proper es that are
independent of the deposi on parameters used. Therefore this erasing eﬀect contributes to make
the deposi on technique less relevant at least when a certain annealing temperature is adopted.
The best materials and technologies candidates and inves ga ons for O5 coa ngs are shown in the
following table.
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Pro
1) Materials

Con

Standard (LMA) - Easy to deposit
oxides
- Low absorp on

- Low gain on thermal
noise

High index silica - Easy to deposit
Modiﬁca on
of
glasses
- Absorp on =?
stoichiometry
a er
- Gain on thermal noise: maybe
spu ering
high
SiNx, GaNx, SiCx

- High gain on thermal noise

2) Deposi on

Nano-layering

- Easy to deposit
- Gain on thermal noise:
- Low absorp on
maybe high only at low
- Gain on thermal noise: maybe
T
high

3) Treatments

Annealing

- Easy to implement

Crystalliza on

-

Absorp on

- Gain on thermal noise: maybe
high
- Easy to implement

Mechanical
losses

-

4) Metrology

- Possible modiﬁca on of
the Grand Coater

- Low gain on thermal
noise with respect
today technology

Moderately
easy
to - Gain on thermal noise:
implement
maybe high only at low
- Gain on thermal noise: maybe
T
high

Correct
predic on

thermal

noise

3.5.6. Planning
The coa ng development and produc on has to follow a calendar that has been established between
the LIGO and Virgo collabora ons. Figure 3 shows the me evolu on of the diﬀerent ac vi es
regarding the coa ng development. In par cular, the choice of coa ng materials has to be made
before the end of 2020.
The present project has been conceived considering this important milestone. The coa ng
development for AdV+ is just a step towards the coa ngs for the 3rd genera on detectors but
funding limita ons impose to consider ac vi es that can be implemented only in O5.
Coa ng research has to deliver results in me in order to end the mirror produc on by the beginning
of 2023, as shown in the ﬁgure below, but the exact period of transi on from research to
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development will be a ma er of discussion between CRD and MIR. In any case this moment will
happen between middle of 2020 and the beginning of 2021.

Figure 3: Timing of the coa ng development for AdV+. The data taking is expected a er the
Comple on of AdV+ and A+. The choice of materials needs to be made before the end of 2020.
The planning of the subsystem CRD is fully parallel since we need to test all the possible strategies for
thermal noise reduc on at the same me. A diversiﬁca on of ac vi es with the OWG of LSC is also
aimed but the VCR&D collabora on thinks that there are research subjects like oxides that are truly
assets of Virgo (thanks to LMA/IPNL) that we need to pursue even if our colleagues of LSC are doing
the same research.
Three are the ac vi es carried out by the diﬀerent laboratories: 1) synthesis of samples or
post-deposi on treatments; 2) microscopical and macroscopical characteriza on; 3) modelling of
sta c and dynamic proper es of materials.

Figure 4: The three fundamental ac vi es that are at the basis of almost all the research lines
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3.5.7. Interfaces with other subsystems
A strong interface is with the subsystem MIR: coa ngs are evaluated on the feasibility with respect
the exis ng facili es at LMA/IPNL. The level of op cal absorp on has also an impact on the op cal
performance of the interferometer and then another interface is with OSD and TCS.

3.5.8. References
[1] Penn S. et al., Understanding AlGaAs Coa ng Loss, presenta on at the LCV mee ng in Lake
Geneva (WI), March 2019, LIGO-G1900684
[2] B. Shyam et al., Measurement and Modeling of Short and Medium Range Order in
Amorphous Ta2O5 Thin Films, Scien ﬁc Reports 6, 32170 (2016)
[3] Amato A. et al., Which defect size is related to coa ng thermal noise?, presenta on at the LVC
mee ng in Lake Geneva (WI), March 2019, LIGO-G1900680
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4. Electronics, Software & Controls (ESC)
The electronics, so ware and control system is in charge of deploying all the devices involved in the
global controls of the interferometer.
Broadly speaking the goal of this system is to bring and keep the interferometer in the required
interference condi ons. While achieving this goal, this system should minimize the eﬀects of the
control noises on the interferometer sensi vity such as to reach a situa on where the interferometer
sensi vity is limited by the so-called fundamental noises like thermal and quantum noise or by the
environment like seismic and Newtonian noises.
This system includes the following subsystems/work-packages:
●

●

●

●

Auxiliary Lasers System (ALS). This is the subsystem composed of the auxiliary lasers used to
stabilize the 3 km long cavity lengths and to help the interferometer locking acquisi on
process.
Interferometer Sensing and Control (ISC). This is the subsystem delivering all the control
loops necessary to bring the interferometer into the required interference condi ons by
locking and aligning all the interferometer degrees of freedom.
Data Acquisition (DAQ). This the subsystem including all the digital electronics and so ware
required to monitor and control the interferometer as well as the quantum noise reduc on
system.
Calibration (CAL). This is the subsystem including all the hardware and so ware necessary to
calibrate the interferometer main output signal and convert it into units of gravita onal wave
amplitude h(t).

The main physical interfaces with the other systems are the following:
●

●
●

●

ITF. The sensors (photodiodes, quadrants, cameras) signals are the main interfaces with ITF
as well as the actuators to control the laser, the input mode-cleaner and the output
mode-cleaner.
SUM. The main interface with SUM is the electronic used to control the posi on of the
mirrors and of the super-a enuators.
ENV. The environmental monitoring sensors (including the seismic sensors used for the
Newtonian noise cancella on system) and the vacuum monitoring systems are the main
interface with ENV.
QNR. The sensors (photodiodes, quadrants, cameras etc.) used to monitor the frequency
dependent squeezing system and the actuators to control squeezing lasers are the main
interface with QNR.

The main tasks to be accomplished by the ESC system for AdV+ Phase I are listed here below.
Works for O4
●
●

Deployment of the auxiliary lasers system.
Development and deployment of the control loops to align and lock the double recycled
interferometer.
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●

●

Construc on and deployment of the digital electronics for the signal recycling control, the
monitoring of the Newtonian noise cancella on system and the control of the quantum
noise reduc on system.
Improvement of the calibra on system to reach sub-percent accuracy.

Preparatory works for O5
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4.1. ALS – Auxiliary Laser System
4.1.1. Summary
The installa on of the Signal Recycling (SR) mirror will allow to reshape the op cal transfer func on
of the Advanced Virgo interferometer and gain sensi vity in a wide range of frequencies. However
this will introduce a new degree of freedom to control that will couple to the other lengths. Then the
procedure to control the full interferometer at resonance will be much more challenging.
The plan it to use auxiliary lasers to control the kilometric cavi es. The main points are to keep the
long cavi es oﬀ-resonance while the lock acquisi on of the central part of the interferometer is done
and then bring adiaba cally the long cavi es to their resonance and switch the control to the main
Virgo laser. This scheme has been used successfully at the LIGO interferometers [1].

4.1.2. Objectives
The plan is to follow the scheme used at the LIGO interferometers [1] by injec ng the auxiliary laser
from the end benches and make the comparison between the two arms length by extrac ng the
green beams on the injec on suspended bench and compare them with the main Virgo laser beam
a er being frequency doubled. The same locking strategy as developed by LIGO is followed.
A simple phase measurement can be achieved using the bea ng between the diﬀerent laser beams.
To keep the main 1064 nm laser oﬀ resonance the length of the cavi es will be controlled by ac ng
on the end mirrors (so the control of the central part of the interferometer can be done by ac ng on
the input masses). When desired we can then bring the arms to the 1064 nm resonance by changing
the frequency oﬀset in the control.
The arm cavity mirrors have already been coated taking into account these two wavelengths [2].

4.1.3. Description of works for O4
4.1.3.1. Arm transmission in green
The coa ngs for the suspended kilometric cavi es were done following the ones executed on the
LIGO mirrors (already op mized for thermal noise) to obtain an overcoupled cavity, which can be
controlled with the Pound-Drever-Hall signal in reﬂec on.
Based on the measurements done on the op cs a er coa ngs we can derive the main characteris cs
of the two cavi es at 532 nm [2][3]. A transmission of 25 % of the input power from auxiliary lasers
to the injec on lab (taking into account benches, arm and BS transmissions) is expected. The details
of the diﬀerent transmissions are given in Table 1.
North Arm cavity ﬁnesse
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West Arm cavity ﬁnesse
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Transmission North arm

0.76

Transmission West arm

0.86

End benches transmission (including a coupling of 80 % in the
op cal ﬁber used between the green laser bench and the
mini-tower bench, see below)

0.74
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Beam Spli er (BS) reﬂec vity (s-pol)

0.505

BS to injec on lab

0.91

Table 1 : transmission at 532 nm from the end arm buildings benches to the injec on lab

4.1.3.2. Green laser source
A homemade solu on has been developed for the three needed green source : one at the injec on
level to compare the beams from the arms to the main laser and two in the end arms buildings. This
solu on has been tested and a complete descrip on can be found in [4].
The green source scheme allows to use as much as possible ﬁbered elements and to have a direct
rela onship between the green source and the main Virgo laser. It is shown in Figure 1 (le ) and
Figure 2 . In order to reduce the phase noise due to the genera on, a single pass in a Second
Harmonic Generator (SHG) is used to produce the 532 nm light. With the small eﬃciency of such
system, a high IR power is needed at the input. The Virgo laser will be used as a seed coupled to a
2W ﬁbered ampliﬁer. The control in amplitude and frequency will be done with an Acous c Op cal
Modulator (AOM) and the sideband genera on needed to control the laser or the cavity will be done
through an Electro Op cal Modulator (EOM). Only the second harmonic genera on will be done in
air. The complete system can then be put in a rack.
Measurements done on several days with large temperature ﬂuctua ons showed varia ons in the
output power. Therefore a Semiconductor Op cal Ampliﬁer (SOA) is added in order to have always
the minimum power required for the seed (ie 1 mW). With this conﬁgura on up to 80 mW is
obtained, see Figure 1 (right).

Figure 1 : (Le ) Op cal setup for green genera on. Green power obtained using a 2W ampliﬁer

A complete scheme of the laser source can be found in Figure 2.
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Figure 2 : op cal scheme of the 532 nm genera on
Green beam genera on will be done in the end arm buildings close to the minitowers. An op cal
ﬁber will be then used to transport the green beam to the tower.
The green beam will be injected through a viewport as no commercial solu on was found to inject
60-80 mW via an op cal ﬁber feedthrough.

4.1.3.3. Suspended detection benches and minitowers
For the injec on of the auxiliary beams inside the arms the following elements are needed:
● a telescope to match the present detec on telescope,
● an op cal system to have an alignment system, with two quadrant photodiodes with a
diﬀerence of 90 degrees in Gouy phase,
● one camera to check beam poin ng.
In order to control the length of the cavity using the Pound-Drever-Hall (PDH) technique in reﬂec on,
one longitudinal photodiode will also be needed.
The two wavelengths will be recombined using a dichroic mirror (called Md on Fig. 4) already
installed on the benches just at the output of the IR telescope, see Figure 4. The proposed op cal
scheme in OptoCAD is shown in Figure 4. The op cal ﬁber collimator from the green genera on table
is placed on a small external bench located near the minitower while the green laser is injected on
the suspended bench through a viewport. The external bench hosts most of the needed sensors: a
longitudinal photodiode, a permanent camera, a temporary camera for the pre-alignment phase, and
two quadrants separated by a diﬀerence of 90 degrees in Gouy phase which will be used for
wavefront sensing. The external bench also hosts galvos for beam centering on the quadrants and for
beam poin ng control. The separa on between the injected and reﬂected beams is enabled by a
polariza on spli er followed by a half waveplate (which will be used also to turn the polariza on
state between the green beams injected at the North and West benches). The suspended bench
mainly hosts the mode matching telescope made of 3 lenses (two of them are placed on motorized
transla on stages), one mirror and a camera for control of the injected beam. The main drivers for
the proposed design are:
● Most of the needed sensors as well as the majority of new op cal components are placed on
the external in-air bench, which makes the installa on of this setup much less invasive for
the suspended bench and thus minimizes the down me of the Suspended North End Bench
(SNEB) and Suspended West End Bench (SWEB) benches during the installa on of the
auxiliary lasers.
● Components located on the external in-air bench will be easily accessible for alignment
purposes or any interven on required during the commissioning phase, which minimizes the
needs for breaking the vacuum in SNEB/SWEB on the long term.
● This design avoids the need for a ﬁber feedthrough at 532 nm, for which a good technical
solu on is s ll missing.
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The foreseen external bench (whose dimensions are 400 mm x 612.5 mm) has been integrated in the
3D drawing of the minitower and its surrounding clean area, as shown in Figure 3. The bench size has
been op mized to ﬁt the space constraints.

Figure 3 : 3D drawing of the nude external bench posi oned in the SNEB/SWEB clean area.
The contamina on between the auxiliary lasers and the Virgo main laser is under inves ga on and is
summarized in the following.
The dichroic mirror installed on SNEB/SWEB has a residual reﬂec on at 1064 nm of 200 ppm (this has
been measured by LMA). This provides already a good a enua on of the 1064 nm light that can goes
towards the auxiliary laser photodiodes. At least three op cs in reﬂec on will be used before
reaching the green sensors and then allow to have further a enua on of the IR beam.
The transmission at 532 nm of the dichroic mirror has not been measured due to lack of me but
from the speciﬁca ons it is expected to have no more than 1% of the green laser transmi ed
through the dichroic mirror. Moreover, most of the mirrors and spli ers on the detec on benches
have not been coated for the green. According to LMA,for those op cs, the reﬂec vity at 532 nm
ranges between 5% and 20%. Since we have two mirrors in reﬂec on along the op cal path between
the dichroic mirror and the main photodiodes/cameras, another factor 100 of a enua on is
expected.
Thus, in total, the power at 532 nm should be a enuated by about 103-4 before reaching the B7 (on
SNEB)/B8 (on SWEB) photodiodes and cameras. The InGaAs photodiodes used for the 1064 nm beam
have a very poor quantum eﬃciency at 532 nm. From their datasheet we expect a quantum
eﬃciency lower than 10% for wavelengths below 650 nm.
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Figure 4 : Op cal layout for the injec on of the green laser on the SNEB/SWEB minitower benches .
The output of the op cal ﬁber between the green source bench and the minitower is shown on the
in-air bench (bo om le ). One camera will be installed on the suspended for beam poin ng control.
All the others sensors will be installed on the in-air bench.
Based on the present power, the mean value seen by the B7/B8 photodiode is 0.6 mW at 1064 nm
when the interferometer is not locked and will reach 480 mW when the interferometer is at its
working point. We assume that 80 mW are transmi ed by the op cal ﬁber coming from the green
source. The transmission of the end benches in green is 0.925 (removing the 80 % of coupling inside
of the op cal ﬁber from ﬁ h line in Table 1). Based on the numbers given above and the fact that we
have at least two reﬂec ons before entering inside a photodiode, we do not expect to have more
than 0.02 mW signal due to green light.
Taking all of this in considera on. we do not expect to have problems of contamina on from the
green on the YAG photodiodes. especially given the fact that the auxiliary lasers will be switched oﬀ
in science mode.
For the green photodiodes the plan is to use Si photodiodes from Hamamatsu (model S11499).
According to the datasheet they have a quantum eﬃciency at 532 nm of about 65%.
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Concerning the 532 nm beams going towards the detec on bench in the central building (SDB1),
several op cs not coated for the green are also present and will reduce the amount of green light
towards the sensors used on the benches. The green and IR beams will not be perfectly superposed
in the central interferometer as the wedge present in the BS mirror and the lt of the compensa ng
plates will introduce a slight misalignment for the green (diﬀerence of op cal index), we plan to
perform a ray tracing simula on and check if we need to add addi onal beam dumps on the bench.

4.1.3.4. Control of the interferometer
The complete descrip on of the interferometer lock acquisi on is described in the ISC chapter. The
main lines of the strategy are given here. First, the green lasers are locked to the arm cavi es, in
order to stabilize them in frequency. Once the control is engaged, the low frequency part of the
correc ons is handed-oﬀ to the mirrors. The green beams are extracted at the injec on level and
each of them interferes with the main laser beam doubled in frequency. This informa on is used for
building Common arm mo on (CARM) and the Diﬀeren al arm mo on (DARM) error signals. CARM
error signal is then sent to the input mode cleaner (IMC) mirrors up to 200 Hz and used to stabilize
the main Virgo laser while DARM is sent to the arm cavi es mirrors. An oﬀset is added between the
main laser frequency and the green ones, so that the IR light is not resonant in the arms. At this point
the control of the central degrees of freedom is switched on: SRCL, PRCL and MICH. During the CARM
oﬀset (diﬀerence in frequency between the main laser and the green ones) reduc on the control
uses the 3f signals un l reaching the working point. The control of the CARM degree of freedom is
then switched from the green error signal to the IR error signal. At this point the green lasers are
switched oﬀ.

4.1.3.4.1. Control of the kilometric cavities
The control of each cavity is done with the auxiliary laser system. First, the lasers are locked on the
cavity length with the PDH technique using a ﬁbered EOM and a photodiode in reﬂec on. The
actua on is performed using the AOM and the low frequency part is sent to the mirror control.
The laser source described above may introduce phase noise that can limit the accuracy on the
control and must be checked before valida ng the whole system.
The main components that can introduce noise are:
● the op cal ﬁber used to propagate the 1064 nm to the end buildings.
● the ﬁber ampliﬁer.
● the doubling crystal.
● the Voltage Controlled Oscillator (VCO) that drives the AOM
A campaign of measurements has been done on the op cal ﬁber already installed to measure the
phase noise and to decide if a feedback system is needed. The results can be found in [5] and the
main conclusions are given here.
The test was performed with 6 km of op cal ﬁber (using a 1064 nm beam) and the comparison was
done between the beam a er propaga on and the input one. The beat note can be ﬁ ed with a
Lorentzian of 1.47 kHz of linewidth. To obtain the phase noise a er doubling we made the hypothesis
that the ﬁber picks ﬂicker noise ie with a 1/f shape. This assump on is based on the hypothesis that
the source of noise is thermo-elas c, and was checked with microphones along the tubes. With this
hypothesis the equivalent frequency noise on the green beam is es mated to be 62.5/f Hz/sqrt(Hz).
A design with a simpliﬁed control ﬁlter was made, considering the frequency noise introduced by the
ﬁber and the seismic mo on of the cavity (length noise contribu on in Figure 5). In closed loop the
seismic mo on dominates the RMS of residual noise to a value of 0.35 Hz, while the frequency noise
(introduced by the ﬁber) contribu on is expected to be at level 10-3, ie 2 orders of magnitude less,
see Figure 5. The frequency noise introduced by the ﬁber will then not be problema c and a
cancella on system is therefore not needed but could be easily installed if needed.
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Figure 5: The simulated spectrum of the residual frequency varia on of one arm with the ﬁlter
control (blue curve) and its integrated rms (green curve) with a value of 0.35 Hz. The contribu on
from the length noise (seismic mo on of the cavity) is the red dashed line and the one from the
frequency noise (ﬁber contribu on) is the blue dashed line. This ﬁgure is taken from [5].
A 10 kHz bandwidth should be enough to achieve the control of the lasers on the arms, and
therefore the DSP solu on already used on the Second Stage Stabiliza on Frequency (SSFS) will allow
to have actua on with a very large bandwidth to perform the control.
The noise introduced by the ampliﬁer has been measured and is less than 10 Hz, see [4].
Concerning the third source (doubling crystal), the noise is limited by using the crystal in transmission
with a single pass.
Finally, concerning the VCO frequency noise, simula ons are being performed in order to check the
needed requirements and inves gate commercial solu ons. If needed an home-made solu on will
be developed.
The angular control is done with two quadrant photodiodes installed on the in-air bench.

4.1.3.4.2. Comparison with the main Virgo laser
In order to control the common and diﬀeren al mo ons, we need to extract the two green beams
and compare them to the main Virgo laser. This is done at the injec on level. The separa on of the 2
beams is therefore needed so the two arms can be controlled independently.
A ﬁrst simula on was done in 2014 with the “DarkF” simula on tool to obtain the separa on of the
two beams at the level of the end of the injec on telescope on the Injec on Suspended Bench
(dichroic mirror called SIB1_M3 where we will pick-oﬀ the green beams). The result is given in Figure
6. Note that the simula on was done before knowing that the Beam Spli er was installed with a 90
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degrees rota on compared to the ini al plan. The reﬂec on from PR is then on the horizontal axis
(le beam in the ﬁgure) while it is ver cal in the present interferometer. The main outcome is that
the two beams are confused and a diﬀerent approach is needed to separate them.

Figure 6 : Separa on of the beam at SIB1_M3 level; the beams from the two arms are confused on
the same spot. The spot on the le is from PR reﬂec on. This ﬁgure has been produced by DarkF
(before the Beam Spli er wedge issue).
One possibility is to use a P-polariza on for one of the beams so that they can be separated using the
polariza on informa on. The diﬀerence of reﬂec vity of the op cs for both polariza on has to be
taken into account. The only one where there is a diﬀerence is the beam spli er (beams arriving with
45 degrees). The model from LMA gives the following reﬂec vity for the green:
● S-polariza on: 50 %
● P-polariza on: 22.6 %
The best op on is then to use the P-polariza on for the beam in transmission (i.e. from the North
arm). An addi onal element has to be included close to the dichroic mirror on the end benches to
rotate from S-pol to P-pol.
The beams will be extracted using the current SIB_M3 mirror on the suspended injec on bench that
is already a dichroic mirror that was designed to transmit both the beams used for the Hartmann
sensors and the green beam. On the external injec on bench (EIB) one dichroic mirror will be used to
separate the 800 nm (Hartmann) and 532 nm wavelengths. An op cal system will also be installed to
separate the two polariza ons and used op cal ﬁbers to propagate the beams to an addi onal table.
The current table in the injec on lab is not large enough to host the op cs needed for the
comparison of the auxiliary laser beam to the Virgo laser. A new table will therefore be needed in the
injec on lab.
In order to reconstruct the diﬀeren al and common mo ons of the arms the beat measurement
between the main virgo laser doubled in frequency and the green beam from one arm (common)
and the beat measurement between the two arms (diﬀeren al) will be performed on this addi onal
table.
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Figure 7 : Possible implementa on in the external injec on bench with pick-oﬀ of green beams from
SIB_M3 mirrors, then using a dichroic mirror to separate the Hartman beam from the 532 nm and
make polariza on selec on. Finally the two arms beams will be recombined to perform CARM and
DARM measurement.

4.1.4. Interfaces with other subsystems
INJ: installa on of op cs in laser lab to pick-oﬀ the main 1064 nm beam and to send it to end arms
buildings; pick-oﬀ the green beams and performed bea ng measurement
DET: modifying the end arms suspended benches, chek needs of beam dumps with AR coa ng at two
wavelengths
DAQ: new DAQ boxes for quadrants photodiodes, longitudinal photodiode and camera. We will also
need two SSFS-DSP like boards to perform arm control
TCS: check Hartman beam on the External Injec on Bench and on detec on suspended bench
ISC: work on the full locking of the interferometer will be deal by ISC, however there will be a
transi on period star ng with the commissioning of the ﬁrst arm.

4.1.5. References
[1] A. Staley et al. 2014 Class. Quantum Grav. 31 245010
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4.2. ISC – Interferometer Sensing & Control
4.2.1. Summary
In this sec on the lock acquisi on and the steady state control for the double recycled
interferometer will be described. The lock acquisi on is the process which brings all the longitudinal
degrees of freedom of the interferometer from an uncontrolled state to a precise microscopic
posi ons which allows the best sensi vity of the instrument.
The working point is given by:
● arm cavi es on resonance
● power recycling cavity on resonance
● central interferometer (Michelson) on destruc ve interference
● signal recycling in broadband conﬁgura on (resonant sideband extrac on)
The strategy for the lock acquisi on will be described in the following sec on, and it is based on the
use of auxiliary lasers to decouple the central interferometer from the long arm cavi es [1].
At the end of the lock acquisi on, the interferometer arrives at its working point, the so called steady
state conﬁgura on, the angular control will be then engaged and a par cular a en on on the
interferometer performance will be payed (control bandwidth requirements for the various Degrees
of Freedom [DOFs].)
For this reason the steady state will be studied especially focusing on the eﬀects of the radia on
pressure, both on the longitudinal and on the angular degrees of freedom.
Regarding the global angular control design, it has been modeled for the ini al Advanced Virgo
op cal parameters [2,3], especially for the SR cavity, and it will be re-checked with the present
op cal conﬁgura on.
Finally a study to determine a safe misaligned parking posi on for the SR mirror is currently on-going.
This outcome is very important to have the possibility to switch from the single recycled
interferometer to the double one and vice versa.

4.2.2. Objectives
The main targets are:
● valida on of the lock acquisi on using the auxiliary laser
● valida on of the steady state control of the longitudinal degrees of freedom (including the
study of the eﬀect of the radia on pressure)
● valida on of the angular control scheme for the steady state conﬁgura on (including the
study of the eﬀect of the radia on pressure)
● deﬁni on of a safe parking posi on for the SR mirror reﬂected beam on the DET benches,
a er which a safe beam dumping system will be developed together with the DET group
(with the help of the SLC and TCS subsystems)

4.2.3. Description of works for O4
In the following sec ons the lock acquisi on, the steady state control and the study of the parking
posi on for the SR mirror will be described.
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Figure 1: Op cal scheme of the Advanced Virgo detector. All the core op cs, main photodiodes and
relevant lengths are indicated. WE, WI stand for west end and input mirrors respec vely, NE, NI stand
for north end and input mirror respec vely, BS stands for beam spli er, PR stands for power
recycling, SR stands for signal recycling, CP stands for compensa on plate, POP stands for pick-oﬀ
plate and OMC stands for output mode cleaner.

4.2.3.1. Lock acquisition using Auxiliary Lasers
As men oned in the introduc on, the addi on of a new op cal cavity, the Signal Recycling, implies
one more degree of freedom to be controlled. The full op cal scheme is shown in Figure 1. As a
reminder, in this Dual Recycled conﬁgura on, the working point is deﬁned by ﬁve longitudinal
degrees of freedom:
● the diﬀeren al length of the arm cavi es, sensi ve to the passage of gravita onal waves:
DARM = LN-LW
● the common length of the arm cavi es: CARM = LN+LW2
● the central interferometer diﬀeren al length: MICH = lN-lW
● the length of the power recycling cavity: PRLC = lP + lN+lW2
● the length of the signal recycling cavity: SRLC = lS + lN+lW2
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In par cular, the target working point requires to maintain the four op cal cavi es in resonance and
the Michelson in Dark Fringe. However, this working point is rarely crossed spontaneously, and the
actuators do not have enough dynamics to be able to stop all the mirrors when this happens, so a
control acquisi on strategy is necessary to bring the free-swinging interferometer to its working
point.
The LIGO detectors have already installed and commissioned the signal recycling cavity, and they
came up with a new control strategy to deal with the addi onal cavity, which is based on the use of
Auxiliary Lasers. This strategy was the star ng point of the lock acquisi on study, and the simula on
work has been focused on checking that it worked also for Advanced Virgo and on adap ng it when
necessary to its par cular op cal conﬁgura on.

Available error signals
Before entering into the details of the lock acquisi on strategy, the available sensors and how the
modula on frequencies are chosen to be able to produce error signals for all the degrees of freedom
will be presented. Figure 1 shows the available photodetectors, while Figure 2 shows a scheme of the
behaviour of the modula on frequencies.

Figure 2: Op cal scheme of the central interferometer, including the behaviour of the diﬀerent
modula on frequencies. The red line represents the main laser beam, the blue line represents the 6
MHz sideband (f1), the green line represents the 56 MHz sidebands (f2) and the yellow line represents
the 8 MHz sideband (f3).
The frequency of the sidebands have been chosen carefully so that:
● f1 resonates inside the Power Recycling cavity, but it is an -resonant inside the arms and the
Signal Recycling cavity. This sideband is meant to be used for the control of the arm cavi es.
● f2 = 9*f1, resonates inside the Power Recycling cavity and the Signal Recycling cavity but it is
an -resonant inside the arms. This sideband is meant to be used for the control of SRCL.
● f3 is an -resonant for the full interferometer. This sideband is meant to be used for the
control of PRCL.

Lock acquisition strategy
The basic principle is the same as for the present strategy: reduce the DOFs to be controlled ini ally
and acquire the control of the whole interferometer (all the DOFs) in an easier intermediate
conﬁgura on. So the ﬁrst step is to eliminate two DOFs, the arm cavi es (CARM / DARM), keeping
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them out of resonance. For this purpose, two green Auxiliary Lasers are placed at the end benches,
entering the interferometer through the end mirrors. The coa ng of the mirrors has been chosen so
that the ﬁnesse seen by the green lasers is smaller than for the infrared (IR) by almost a factor 5,
which eases the acquisi on of the control of the arms.
Moreover, with these auxiliary lasers it is possible to keep the arm cavi es under control but outside
of the resonance of the main laser by adding an oﬀset in frequency between them. This way, it is
possible to completely decouple the arm cavi es degrees of freedom from the central interferometer
ones.
The second step is then to acquire the control of the central interferometer: PRCL, MICH and SRCL.
Once this is done all the degrees of freedom are controlled, but not yet in their ﬁnal working point.
Finally, the frequency oﬀset between the auxiliary lasers and the main one can be decreased to bring
the arm cavi es to the resonance of the IR, which is the ﬁnal working point.
In the next sec ons the three main stages of the lock acquisi on will be described in more details:
arm cavities control, central interferometer control and frequency offset reduction. The full analysis
of the lock strategy can be found in [1], and a summary is displayed in Table 1. The simula ons have
been made using Finesse [4] and supposing an input power of 25 W, which implies a reﬂec vity of
the Signal Recycling mirror of R = 0.5. The simula on will be re-checked once the ﬁnal set of
parameters will be ﬁxed.

CARM

DARM

MICH

PRCL

SRCL

Lock arms

Green in reﬂec on

Green in
reﬂec on

--

--

--

CARM offset
150Hz

Bea ng Arm-Main
laser @ 2farm

Bea ng
Arm-Main laser
@ 2farm

B2 56MHz I

B2 6MHz

B2 56MHz
Q

CARM offset
150 Hz

Bea ng Arm-Main
laser @ 2farm

Bea ng
Arm-Main laser
@ 2farm

B2 170MHz I

B2
18MHz

B2 170MHz
Q

CARM offset 7
Hz

sqrt(B7 DC + B8 DC)

B7 DC - B8 DC /
(sqrt(B7 DC +
B8 DC))

B2 170MHz I

B2
18MHz

B2 170MHz
Q

CARM offset
0.5 Hz

B2 6MHz / B7 DC

B1p 56MHz/
(B7 DC + B8 DC)

B2 170MHz I

B2
18MHz

B2 170MHz
Q

CARM offset
0Hz

B2 6MHz I

B1p 6MHz

B2 6MHz Q

B2 8MHz

B4 56MHz

Table 1. Best error signals for each degree of freedom during the lock acquisi on sequence

First step: control of the arm cavities
The ﬁrst step of the control strategy is to lock the arm cavi es to the Auxiliary Lasers. The green
beams are a pick-oﬀ of the main laser doubled, a er it has been propagated to the end benches
through an op cal ﬁber 3-km long, adding phase noise. A measurement of this phase noise has been
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made in and simula ons conﬁrmed that with this noise, a loop with a Unity Gain Frequency (UGF) of
10kHz would be enough to engage the control of the arm cavi es [5].
A er the loop is engaged, the actua on is split between the end mirror of the cavity at low
frequencies (up to 100 Hz) and the green laser frequency itself, by ac ng into the Acousto-Op cal
Modulator (AOM) used for the power stabiliza on. The error signal used for this purpose is built as a
standard Pound-Drever-Hall technique (PDH), using an Electro-Op cal Modulator (EOM) for the
modula on and using a photodiode in reﬂec on to obtain the demodulated error signal.
A er this step, the arm cavi es are kept on resonance for the green laser, using the green beams to
build the error signal. Now the green lasers are transmi ed by the arm cavi es, and they are
stabilized in frequency to be er than their linewidth (~300 Hz). At this point, the main target is
fulﬁlled: the arm cavi es are under control using the Auxiliary Lasers, which have a known
rela onship with the main laser.
So far the green lasers have been pre-stabilized, but the frequency noise from the main laser is s ll at
its pre-stabiliza on stage. This control does not suppress the main laser frequency noise enough to
engage the control of the interferometer. For this reason, once the arm cavi es are under control
using the green lasers, they will be used at low frequency to suppress the frequency noise, since they
are the best reference available. This control is also known as Second Stage of Frequency
Stabilization in Virgo [6].
In order to build the error signal, LIGO has studied the possibility to make each of the transmi ed
green laser beams interfere with the main laser beam (doubled). For this purpose they shi the
frequency of the Auxiliary Lasers, by farm, using an AOM (with farm being the frequency of resonance
of the AOM, 80MHz, see ALS sec on for more details). Demodula ng at 2farm, the informa on
concerning the phase diﬀerence between the main laser and each of the cavity lengths can be
obtained. In principle two error signals, one from the North arm and another from the West one are
produced, that need to be combined to build up the Common (the sum of both error signals) and
Diﬀeren al (the diﬀerence between both error signals) DOFs.
The UGF of this frequency stabiliza on loop will depend on the quality of the error signal, that is, the
sensing noise. For LIGO, an UGF of 200 Hz is enough during the lock acquisi on, which implies that
only the slow loop is necessary (the IMC one). In the case of Virgo the ﬁnesse of the arm cavi es for
the green laser is ~10 mes higher than in LIGO. Thus taking into account the diﬀerence of Free
Spectral Range, it implies that a 3 mes more op cal gain on the green signals is available, which
would allow to increase the control bandwidth without introducing more noise (i.e. an UGF of
~600Hz).
Regarding the DARM error signal, it is ﬁltered and sent to the end mirrors, together with the
correc on from the Auxiliary Lasers loop.
The last step is to add an offset between the Auxiliary Lasers and the Main laser to avoid the last
one to resonate inside the arm cavi es. The idea is to keep the DARM loop closed, while pu ng an
oﬀset to the CARM DOF, that would bring the main laser out of the resonance.
In Virgo, the oﬀset can not be added to the IMC, since the Auxiliary Lasers are a pick-oﬀ of the main
one, doubled. Instead, it will be necessary to add an oﬀset both to the AOMs that are used for
shi ing the Auxiliary Laser frequency and to the loop in transmission to avoid the main laser to
follow (CARM). The idea is to make a scan of the main laser resonance by changing the oﬀset added
to the AOM, and then ﬁx the oﬀset at a value where it is non-resonant.
At this point both the main laser and the Auxiliary Lasers are stabilized in frequency, and the
Diﬀeren al DOF also under control. Finally, thanks to the oﬀset, the Auxiliary Lasers are kept
resonant on the cavi es, while the main laser is not. Now there are two degrees of freedom
controlled, but not interfering with the other three, and so the control of the Central Interferometer
(CITF) can be acquired.
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Control of the central interferometer
Once the arms are out of resonance, the central interferometer can be locked, since only three
degrees of freedom are le . The error signals used for the lock acquisition, have been chosen with a
study analogous to the LIGO one. The proposal is to use B2 6 MHz to control PRCL (see Figure 3).
Regarding SRCL and MICH DOFs, the proposal was to use both quadratures of B2 56 MHz. From the
compass plot in the middle of Figure 3 it can be seen that both DOFs are well decoupled, since they
are 90 deg away. However, PRCL and SRCL are completely coupled. For this reason it will be
necessary to combine two error signals to diagonalize the sensing matrix. It is enough to subtract the
error signal used for PRCL to the SRCL one.
Finally, the bo om plot on Figure 3 shows a scan of the MICH dof. B2 56MHz Q has a very high
op cal gain but it has several zero-crossings. This behavior is not worrying from the point of the
control since in the region in which the locking trigger is ac ve (B4 DC scaled larger than 0.007) no
zero crossings are visible and even if they are present they have the wrong slope, so no mul ple
working point. However in the same plot it can be seen B4 56MHz, which has a lower op cal gain
but only one zero crossing, and it can be used to control MICH if needed.
Regarding the lock acquisi on of these degrees of freedom, the technique used is described in [10].
It is based on combining a series of diﬀerent power triggers to engage the lock of the three degrees
of freedom, even if slightly far from the working point. The values of these triggers were tuned
experimentally. It proved to be a very eﬃcient method, so we plan to use the same technique in
AdV+.
Once all the degrees of freedom are under control, the CARM oﬀset reduc on can start. During this
step CARM frequency response will change for every oﬀset, and so will do the rest of longitudinal
DOFs. In par cular the carrier passes from an -resonant to resonant in the arms which implies a
phase change of 180 deg of the reﬂected ﬁeld. Moreover, CARM is the most cri cal DOF due to its
contribu on from the laser frequency noise, which makes it couple strongly to all the photodiodes
(and in consequence to all the error signals) available.
For this reason in LIGO are using the 3f error signals (error signals build by demodula ng at 3 mes
the modula on frequency), since they depend weakly on the carrier and strongly on the sidebands,
which are resonant in the Central Interferometer and not in the arm cavi es. This has several
advantages among which, the one that have a par cularly interest, the insensi vity to the CARM DOF
[9]. The disadvantage of these error signals is that they have a low SNR: mainly due to a low sideband
level and to the electronic cut-oﬀ of the sensors. However, during the lock acquisi on the priority is
the robustness and not the sensi vity so the idea is to use them during the CARM oﬀset reduc on.
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Figure 3: Error signals of the central interferometer degrees of freedom, compared to their
resonance peaks scaled (dashed lines) on the le . The right ﬁgures show the coupling between these
degrees of freedom for each of the error signals. The maximum op cal gain that can be achieved for
each degree of freedom and the corresponding demodula on phase are plo ed for this purpose. Top
plot: PRCL error signal, B2 6 MHz. Central plot: SRCL error signal, B2 56 MHz I. Bottom plot: MICH
error signals, B2 56 MHz and B4 56 MHz. It is worth to no ce that the MICH error signal does not
behave as a standard PDH signal, under inves ga on, but it is not worrying from the point of the
control since in the region in which the locking trigger is ac ve, B4 DC scaled larger than 0.007, no
zero crossings are visible and even if they are present they have the wrong slope, so no mul ple
working point.
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The 3f error signals behavior at diﬀerent CARM oﬀsets have been studied, to check their linearity and
whether they suﬀer important changes. In Figure 4 it can be seen that the error signals barely change
with the CARM oﬀset, keeping their linearity during the whole process.
The challenge of this part in Advanced Virgo+ is that a demodula on at the 3f of the second
modula on frequency, which corresponds to ~168MHz, is needed. This is not within the nominal
detec on bandwidth of the photodetectors, but they are not completely insensi ve. A close
collabora on with the DET subsystem will start, to understand if diﬀerent photodiodes for this
purpose are needed or the actual ones are already compliant with this task.

Figure 4: 3f error signals for controlling the central degrees of freedom during CARM oﬀset reduc on
(in degrees). Top-right plot: PRCL error signal, B2 18 MHz. Top-left plot: SRCL error signal, B2 170
MHz. Bottom-right plot: MICH error signal, B2 170 MHz Q.

CARM offset reduction
The last step of the lock acquisi on is to stop controlling CARM and DARM with the green laser
signals and to start using infrared signals (IR) un l reaching the working point with the nominal error
signals. During the CARM offset reduction the error signals coming from the IR beam change
strongly, as the op cal conﬁgura on also changes. Figure 5 shows how the power of the main laser
on the diﬀerent photodiodes changes during the CARM oﬀset reduc on. It will also be necessary to
make the same simula on for the sidebands behaviour as an input for the DET subsystem as it will be
explained in detail at the end of this chapter. As the change in the power is very important during
the CARM oﬀset reduc on, it is important to check when the error signals for the IR start to make
sense. The scope of this sec on is to present the evolu on of the diﬀerent error signals with respect
to the CARM oﬀset, to check when they start to be linear and usable.
The ﬁrst step is to check when the 1f error signals for the steady state can be used (i.e. when they
start to be linear): B2 6MHz for CARM and B1p 56MHz for DARM. For this purpose the transfer
func on between the dof and the error signal for diﬀerent CARM oﬀsets has been simulated. The
results are shown in Figures 6 and 7.
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The shape of the transfer func on of the error signal of DARM, B1p 56MHz, remains quite constant
over the CARM oﬀset reduc on, as shown in Figure 6. However, the phase shows a change of sign
going far from the resonance (CARM oﬀset 0Hz). According to the simula on, the ﬁnal DARM error
signal can be used already at 7 Hz of CARM oﬀset.
Regarding CARM error signal, radia on pressure eﬀects has been taken in account in the simula on,
since the cavity is detuned due to the oﬀset. According to simula on, this error signal can be used
star ng only from 0.5 Hz, since at higher oﬀsets the phase is wrong by 180 deg.

Figure 5: Power reaching the main photodiodes during the lock acquisi on.

The possibility to normalize these error signals in order to further increase their linear region has
been also studied [1]. For both CARM and DARM the linear region is increased, in the case of CARM
up to ~40 Hz and for DARM up to ~20 Hz. So using the transmi ed power of the cavi es to normalize
the PDH signals will be also helpful to simplify the CARM oﬀset reduc on process.

Figure 6: Transfer func on between B1p 56 MHz and DARM for diﬀerent CARM oﬀsets.
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Figure 7: Transfer func on between B2 6 MHz and CARM for diﬀerent CARM oﬀsets.
Once the order in which the nominal error signals can be used is deﬁned, the error signals to be
used in the transition have to be determined. This choice is mainly inﬂuenced by the CARM loop
precision that can be achieved using green laser signals only. In the LIGO case, they manage to
control it as to get 30 Hz of rms. They stop using green laser signals once the CARM oﬀset is so small
that the residual movement of the CARM loop might cause an accidental crossing of the resonance
(~15 Hz).
No ce that in Virgo, as it has been wri en in the arm cavity control sub-sec on, the linewidth is 3
mes lower, so the Advanced Virgo+ SNR will be 3 mes higher, it can be expected then to be able to
get closer to the resonance before being obliged to change to IR signals.
In the case of DARM, the PDH signal is already linear at 7 Hz, so the passage from green to the
nominal error signal directly can be performed, without the need of any intermediate error signal.
The proposal is then to decrease the CARM oﬀset down to 7 Hz while using the green signals, and
make at this point the ﬁrst hand-oﬀ for CARM/DARM.
At this step there is already ~2% of the maximum IR power transmi ed by the arms, so the
photodiodes in transmission can be used as error signals to improve the CARM loop precision and so
the stability of the transmi ed power itself before handing-oﬀ DARM to an IR error signal. Figure 8
shows the transfer func on between CARM and (B7 DC + B8 DC) for diﬀerent CARM oﬀsets.
Regarding the phase, it is constant for all the CARM oﬀsets, however, there are several structures due
to the detuning of the cavity and radia on pressure that changes strongly during this process.
Star ng from 7 Hz the peak due to the detuning of the cavity stabilizes its frequency (~25 Hz) and its
quality factor, so the TF shape becomes more stable. LIGO proposes a blending with the green
signals: use the IR under 30 Hz to improve the precision, but the green up to 300 Hz can be used also
for Advanced Virgo+ if necessary.
Once the CARM loop starts using IR signals, it is expected an improvement on the precision of the
arm cavi es control. However, if the residual movement of the am cavi es is s ll too high to keep the
DARM IR error signal within its linear region in a stable way, a more robust error signal to be used
have been studied, un l the condi ons of stability are enough to use safely the nominal error signals:
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the transmi ed power of the arms. The TFs are shown in Figure 9. Also in this case the phase is the
good one for all oﬀsets, but as there is no detuning in this case, the TF shape is much more stable.

Figure 8: Transfer func on between sqrt(B7 DC + B8 DC) and CARM for diﬀerent CARM oﬀsets.

Figure 9: Transfer func on between (B7 DC - B8 DC/sqrt(B7 DC + B8 DC)) and DARM for diﬀerent
CARM oﬀsets.
A er this ﬁrst hand-oﬀ, DARM will probably being controlled already with the ﬁnal signal, but CARM
is s ll on a temporary error signal. For the ﬁnal transi on, LIGO chose its error signals based on the
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strong coupling of CARM to the SRCL error signal while very close to the resonance (9 nm of detuning
in SRCL at 2 Hz of CARM oﬀset). This coupling for the Advanced Virgo+ conﬁgura on has been
checked, and it does not present the same behaviour as in LIGO. It is higher when far from resonance
(4 nm of SRCL detuning at 50 Hz of CARM oﬀset) and it decreases while ge ng closer to resonance
(<0.2nm of SRCL detuning at 2 Hz of CARM oﬀset). So this coupling will not be a problem in the
Advanced Virgo+ case (our SRC has a ﬁnesse of ~4 while in LIGO it is ~14), and there will not be the
need to pass to a IR-signal in the whole bandwidth at 2 Hz, but when the hand-oﬀ to the PDH signal
can be made or when the precision of CARM will not be enough. To be re-checked once the SR
op cal parameters will be ﬁxed.
Once the ﬁnal working point is achieved, having CARM oﬀset 0, the central interferometer error
signals can be moved to the nominal error signals, which will be described in steady state sec on.
Few more steps are s ll necessary to validate the Advanced Virgo+ lock acquisi on:
● evaluate the eﬀect of defects, such as misalignments, on the longitudinal error signals
● set requirements on the signal SNR (input for DET)

4.2.3.2. Steady state locking
The Steady state locking is the control scheme for the longitudinal DOFs at the ﬁnal interferometer
conﬁgura on (i.e. in the dark fringe condi on).
For the steady state conﬁgura on various aspects have been evaluated such as:
● the longitudinal control accuracy requirements
● the longitudinal sensing scheme
● the radia on pressure eﬀects, both in the longitudinal and angular direc ons
● the angular control.
The op cal conﬁgura on chosen for these simula ons is given by 50W of input power and a
transmissivity of the SR mirror of 50%. All the results will be re-evaluated once the ITF parameters
will be ﬁxed.

4.2.3.2.1. Accuracy requirements
The ﬁrst phase for designing a steady state control is to determine the accuracy requirements, which
deﬁne which is the maximum allowable displacement, in TOT RMS, that a par cular degree of
freedom control has to provide to do not spoil the overall working point.
Table 2 shows a summary of the accuracy requirements for the longitudinal degrees of freedom in
the dual recycling conﬁgura on of the interferometer. This is an update with respect to the values
computed in [10, 11], that considered a slightly diﬀerent interferometer conﬁgura on.

Degree of Freedom

Accuracy requirements [m]

DARM (8 mW DC oﬀset)

410-16

MICH (8 mW DC oﬀset)

110-13

PRCL

510-11

CARM

110-13

SRCL (8 mW DC oﬀset)

210-9

Table 2: Longitudinal degrees of freedom accuracy requirements for Advanced Virgo +.
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The main principles to set the requirements for each DOF are summarised in the following
paragraphs.
DARM:
Due to the quadra c nature of the dependence on DARM of the B1 DC readout signal, low frequency
DARM residual mo on is upconverted to high frequency. This upconverted noise couples directly
with the detector sensi vity. The control accuracy set then to have its noise to be a factor 10 below
the detector sensi vity.
The main contribu ons of upconverted noise are the mirror and violin-modes lines coupled with the
low frequency background noise. Approxima ng therefore the DARM noise as the superposi on of a
low frequency residual-mo on background and a large spectral line, following the calcula ons in
[12], leads to a requirement on the DARM residual mo on zRMS of:
zRMS < z0 1SNR10-1
where the z0 is the DC-oﬀset posi on of DARM and SNR is the signal to noise ra o of the spectral
line with respect to the background noise. Assuming a SNR of 1000 for these lines, the requirement
on the DARM residual mo on results:
zRMS < z010-4
With a DC-oﬀset of 4.5 pm (corresponding to 8 mW of power on B1) , an accuracy requirement of
410-16m is obtained.
MICH:
The accuracy requirement for the MICH residual mo on can be es mated rescaling the DARM one by
the op cal gain of the arms Fabry-Perot cavi es that is ~ 290. Using the same DC-oﬀset the accuracy
requirement is 110-13m.
PRCL:
Requiring the ﬂuctua ons to be at least 100 me smaller than the the resonance line-width of the
Power Recycling cavity (~5 nm) , leads to a requirement of 510-11m.
CARM:
A phase-shi generated by a CARM displacement can be seen as a PRCL displacement. Then the
PRCL accuracy requirement can be rescaled, dividing it by the arms Fabry-Perot cavi es power gain
and obtain a requirement for the CARM displacement accuracy. The result of this computa on is a
CARM residual mo on below 10-13m, which is a stricter requirement than the one that can be
es mated considering the CARM resonance linewidth.
Addi onally, the shi of the main laser frequency caused by a CARM displacement can be converted
to a length noise on the OMCs. However, computa ons shown in [12] result in a less strict
requirement than the one computed above.
SRCL:
The accuracy requirement for the Signal Recycling Cavity is set by requiring maximum 1% of absolute
rela ve change of the interferometer response in the detec on band due to the residual
displacement of the SRCL. In order to achieve this, the DARM op cal transfer func on has been
simulated for various values of displacement of the SRM. An oﬀset of 4.5 pm, corresponding to 8
mW of power on the B1 photodiodes, has been used in the simula ons.
Results of the simula on are shown in Figure 10, where one can obtain the resul ng accuracy
requirement 2.510-9 m.
Due to the dependence of the DARM response to the DC oﬀset, this value have to be recomputed in
case a much diﬀerent DC oﬀset is used.
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Figure 10: Results of the SRM detuning simula ons. The plots shows the absolute value of the
rela ve varia on of the DARM transfer func on as func on of frequency and SRM displacement in
the detec on band of the interferometer. One could note that the values are all well below 1% for
displacements lower than 2.5 nm.

4.2.3.2.2. LSC Sensing Matrix
The controllability of a system can be evaluated by modeling the sensi vity of the photodiodes with
respect to the DOFs displacements. For the Advanced Virgo+ a modal frequency domain simula on
tool has been chosen to simulate the steady state, which is called Finesse [4].
One of the requirements needed to ensure the accuracy and stability of the control loops design is, in
simple terms, that the chosen error signal for a speciﬁc DOF is not inﬂuenced by the mo on of other
DOFs. The most straigh orward way of es ma ng whether this requirement is met, is studying the
op cal gain of the error signals with respect to each DOF, shown in Table 3 in units of [W/m]. Table
3 is called sensing matrix and in the ideal case it should be as diagonal as possible.
However, a more in-depth analysis showed that the op cal gain is an incomplete indicator of the
quality of an error signal. Other important parameters that need to be considered before accep ng
or rejec ng any error signal are:
● The coupling between the error signals, the oﬀ-diagonal elements;
● The width of the linear region, that is the maximum displacement that a DOF can be
subjected to without the error signal losing linearity;
● The “peak-to-peak” value that each error signal reaches within the linear response region of
each DOF;
● Robustness of the error signal to interferometer non-sta onari es, such as alignment dri s;
A complete analysis of all these factors is not included in this document [12,13, 14], however a
summary of the most relevant considera ons for the control of each longitudinal DOF is wri en in
the following paragraphs.
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Signal
DOF

/ Total
power on
PD [W]

DARM

CARM
(in loop)

MICH

PRCL

SRCL

B1p 6 MHz

4e-01

1.1e+10

-3.9e-01

3.7e+07

3.2e+04

-9.2e+02

B2 6 MHz I

1e+01

2.4e+09

1.3e+04

1.3e+06

6.7e+08

-1.2e+06

B2 6 MHz Q

1e+01

-2.3e+05

-1.6e+00

2.3e+07

-7.4e+06

4.9e+03

B2 8 MHz

1e+01

1.8e+09

9.6e+03

8.7e+06

3.7e+09

-1.5e+05

B4 56 MHz

4e-01

1.1e+07

-5.8e+01

1.9e+04

1.3e+06

4.3e+05

Table 3: sensing matrix represen ng the op cal gains in [W/m] of the error signals with respect to all
the longitudinal DOFs. The values in bold correspond to the DOF that will be controlled with each
respec ve signal, while the ones highlighted in red show the cri cal couplings. The second column
indicates the power shining on the respec ve photodiodes in the simula on and does not consider
the real layout of the op cal benches where the photodiodes are placed. Note that all the CARM
op cal gains are divided by a factor 108, as explained below.
DARM: B1 DC + B1p 6 MHz
The maximum sensi vity to DARM varia ons is seen at the dark port of the interferometer. When the
OMCs are locked, and the interferometer is in low-noise mode, the B1 photodiodes signal can be
directly used to control DARM (if a DARM oﬀset is implemented). When the interferometer is in dark
fringe conﬁgura on, the B1p signal (pickoﬀ of B1 before the OMCs) demodulated at 6 MHz will be
instead used.
CARM: B2 6 MHz (I)
Due to the high ﬁnesse of the Fabry-Perot arm cavi es, most error signals show a much larger
dependence on CARM displacement than on the displacement of any other DOF. However, the
Second Stage Frequency Stabilisa on (SSFS) loop controls the main laser frequency suppressing the
CARM error signal by a factor of at least 10-8 [12], eﬀec vely mi ga ng the inﬂuence of CARM
ﬂuctua ons to all error signals. Therefore, in Table 3 the op cal gain of CARM in the out-of-loop
signals have been divided by the 10-8 suppression factor.
MICH: B2 6 MHz (Q)
In order to minimize the inﬂuence of CARM ﬂuctua ons on the MICH error signal, the quadrature of
the CARM error signal is used as error signal for the control of the MICH DOF. The choice of using the
6 MHz sideband instead of the currently used 56 MHz one has been made due to the lower
dependence of the ﬁrst one on the Signal Recycling Cavity displacement and misalignment.
PRCL: B2 8 MHz
The 8 MHz sideband is reﬂected by the Power Recycling cavity and minimally inﬂuenced by other
DOFS. Therefore the B2 signal demodulated at 8 MHz gives a good error signal for the control of PRCL
cavity. The high op cal gain shown in Table 3 of this error signal with respect to displacements of the
DARM DOF is a misleading informa on. Indeed, as seen in Figure 11 the dependence of this error
signal on DARM is extremely weak except for a very small region, therefore not hampering the
control of the PRCL DOF.
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SRCL: B4 56 MHz
The low ﬁnesse of the Signal Recycling cavi es gives a rela vely low-op cal gain signal with a very
wide (>20 nm) linear region. Therefore, even a small coupling of other DOFs with the chosen error
signal can result in a compara vely high op cal gain, as shown in the sensing matrix in Table 3 for the
displacement of the DARM and PRCL DOFs.
However, one could see from Figure 12 (a) and (b) that the linear region the total contribu on of
both DARM and PRCL is limited and very small compared to the contribu on of the SRCL DOF,
therefore not raising concerns about the possibility of locking the Signal Recycling cavi es.
Addi onally, the inﬂuence of DARM and PRCL residual mo on converted to SRCL will be very small
compared to the SRCL accuracy requirements, even with the DARM and PRCL loops not completely
opera onal (i.e. in dark fringe conﬁgura on).
Nevertheless, this coupling will be reduced by subtrac ng the contribu on of PRCL to the SRCL error
signal, the control matrix will be then triangular as a consequence of a not diagonal sensing matrix.
This subtrac on has also been simulated. This resulted in a suppression of a factor over 50 of the
PRCL displacement contribu on to the SRCL error signal.

Figure 11: Dependence on the B2 8MHz error signal used to control PRCL on the displacement of all
the longitudinal DOFs. One could easily no ce that the contribu on given by the DARM displacement
is negligible compared to the contribu on of the PRCL displacement.

Figure 12: SRCL error signal dependence on displacement of the longitudinal DOFs. Picture on the le
allows to note the width of the SRCL linear region compared with the other DOFs. Picture on the
right is a magniﬁed version that allows to note the contribu ons of the DARM and PRCL
displacement close to the working point.
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4.2.3.2.3. Angular control: steady state
The global angular control, performed using global error signals derived from the interferometer
beams themselves, will be engaged at the ﬁnal steady state (once the ITF reaches its ﬁnal working
point).
During the lock acquisi on the mirrors will be controlled using local references, the so-called Local
Controls, which ensure a control accuracy of the order of 0.5 𝜇rad of TOT RMS per hour. The global
pre-alignment will be performed with the so-called Dithering technique [15]. This technique is
presently used for the Advanced Virgo interferometer to ensure the overall pre-alignment of the ITF
when reaching the dark fringe condi on. Its working principle is based on the coupling between the
angular misalignment to the longitudinal displacement. Thus in order to center the main beam on all
the mirrors and to guarantee a good pre-alignment, all the angular dofs are modulated with a
sinusoidal excita on and the angular control re-align the mirrors in order to minimize this
modula on on the longitudinal correc ons (to center the beam on the angular actua on center).
Once the steady state is acquired the angular control are then switched from the local to the global
control.
The Automa c Alignment control scheme has been developed for the double recycled conﬁgura on
in broadband conﬁgura on [16], but these simula ons have to be re-evaluated for the actual ITF
parameter conﬁgura on (SR reﬂec vity, DARM oﬀset, diﬀerent mechanical transfer func ons, etc… ).
The sensing matrix has been simulated using the Op ckle simula on tool [17] and corresponds to:
Error signal

B1p
6MHz

Diﬀ(+)

QD2 43.0957

DIFF(-)

Comm(+
)

Comm(-)

PR

SR

BS

16.9710

0

0

-12.4300

0

0

TRA(-) DC

0

-4.65

0

0

0

0

0

B2 QD2 8MHz

0

0

0.529

0.209

0

0

0

TRA(+) DC

0

0

0

-4.682

0

0

0

B2 QD1 8MHz

0

0

0

0

2.912

0

0

B1p QD1 DC

-0.133

0

0

0

0.377

0.939

0.256

-0.573

0

0

0

0

-1.22

B4 or B5 QD1 0
6MHz

Table 4: Sensing matrix for the Advanced Virgo broadband conﬁgura on (having an input power of
125W and SR reﬂec vity of 80%). The elements smaller than a factor 10 with respect to the diagonal
element are nulled. The TRA(+) is the sum of the B7+B8 QD1 DC signals while TRA(-) is the diﬀerence.
The strongest couplings are in red. The values in grey from the (-) dofs seem very coupled but it is
just because these contribu ons are in diﬀerent units (𝜇m instead of 𝜇rad).
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It is interes ng to no ce that the sensors used for the single recycled conﬁgura on are coherent with
the ones used in the commissioning of the Advanced Virgo, for the O2 and O3 observing run.
The biggest diﬀerence between the Advanced Virgo angular control design [16] and the one actually
implemented for Advanced Virgo O2 and O3 observing runs, is the control of the Common(+) and the
PR since in the ini al design the input beam was considered one of the three reference dofs,
together with the (-)-modes which is the common and diﬀeren al beam shi for the long arms, to
deﬁne the ITF plane (using then a DC error signal). Due to the PR lens that was not taken into account
in the ini al design, the B2 8MHz signals dominated by the input beam dof. Thus the input beam is
currently controlled with this RF error signal, and does not act as a reference anymore. Instead the
Comm(+) is used as a reference now (DC signal) and the PR has been moved to the B5 quadrant
signal.
An update for the automa c control scheme will be then simulated in the following months, once the
ﬁnal ITF parameters will be set.
Moreover in order to be er evaluate the present noise budget of the angular control, some speciﬁc
measurements will be taken during the O3 observing run such as the noise projec on of these DOFs
in the sensi vity once the correctors have been op mized. It is worth to be noted that presently the
angular control noise is below the O3 sensi vity of about a factor 10 [18]. This input together with
the coupling of angular control to the sensi vity in the Advanced Virgo+ conﬁgura on (which will be
one of the outcomes of the simula ons), will give a more realis c prevision of the automa c
alignment noise budget helping to set SNR requirements to the DET subsystem.

4.2.3.2.4. Radiation Pressure effects: Longitudinal optical spring

Figure 13: Optomechanical transfer func on between DARM and the detec on photodiode for
diﬀerent input powers. The target power for O4 corresponds to the red line.
The addi on of the Signal Recycling Mirror changes the optomechanical response of the DARM
degree of freedom. Simula ons done with the op cal conﬁgura on of the ini al Advanced Virgo [11]
showed an unstable pole close to the unity gain frequency (UGF). This implied the need of increasing
the UGF up to almost 500Hz, and thus the need of a fast control as well as the adapta on of the
actuators.
The optomechanical response of DARM has been re-checked with the new parameters, to check
whether it is s ll necessary to use a fast control for this loop. The main changes of the op cal
conﬁgura on are: the decrease of the input power (50 W); the consequent change of the Signal
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Recycling mirror reﬂec vity (50%); and the decision of working with the signal recycling cavity tuned,
or broadband conﬁgura on.
For DC readout, it is compulsory to add a DARM oﬀset, which means that the arm cavi es are slightly
detuned. This implies that radia on pressure eﬀects become relevant and for this reason they have
been included in the simula ons done with Finesse [4]. Figure 13 shows the optomechanical transfer
func on of DARM for diﬀerent input powers. There is an unstable pole also in this conﬁgura on, but
even at very high powers (120W of input power) it remains under 10 Hz, which means that the
present control so ware is enough for this control. All the details of these simula ons can be found
in [19]. All these results will be re-checked once the SR parameters will be ﬁxed.

4.2.3.2.5. Radiation Pressure effects: Angular optical spring

Figure 14: Opto-mechanical TF for the cavity mirror modes in presence of radia on pressure eﬀects

The eﬀect of the radia on pressure has been evaluated for diﬀerent input power, modelling the
optomechanical system with a Matlab simula on tool called Octopus [21].
The eﬀect of the radia on pressure is to connect the two cavity mirrors with an op cal spring
crea ng a coupled system. The two cavity eigenmodes are called in Virgo (+)-mode (which
corresponds to the mode s ﬀened by the op cal spring) and the (-)-mode (the one so ened by the
op cal spring).
The two main issues generated by the radia on pressure eﬀect are:
● the (-)-mode can become unstable, to be taken into account in the control design
● the (+)-mode can show very high resonance frequencies which increase the needed control
bandwidth leading to an excess of control noise in the detec on band.
The eﬀect of the op cal spring on the cavity optomechanical TFs is shown in Figure 14. In the
(-)-modes (both for pitch 𝜃x and yaw 𝜃y) the non-perturbed OLTF, blu curve, shows unstable poles
up to hundreds of mHz, which does not imply a strong increase of the needed UGF for the control.
While for the (+)-modes the higher resonance frequency is shi ed up to ~2.5Hz. This imply the needs
of increasing the control bandwidth from ~3Hz, O3 control bandwidth for the angular controls, to
~6Hz.
In principle there is no par cular issues of increasing in this way the control bandwidth, no delay or
actua on issues, but it implies a worsening of the angular control noise in the detec on bandwidth
(above 10Hz).
Considering that for the O3 scien ﬁc run the angular control noise is a factor 10 below the sensi vity
(10-20 1/⎷Hz at 10Hz), and the roll-oﬀ of the ﬁlters are not op mized at the maximum, it can be
assumed that the control noise is not a showstopper for the 50W input power for O4.

191

4.2.3.3. SR parking position
An important aspect to study is the possibility of misaligning the SR mirror so that the SR cavity can
be disabled, switching from the single recycled to the double recycled conﬁgura on and vice versa.
This situa on will be fundamental to recover a simpler working scheme of the interferometer if
needed, in case of failure of Auxiliary Lasers or to simplify the commissioning of high power and
other sub-system such as TCS.
To understand this point, Optocad simula ons [21] have been performed to trace the reﬂected rays
on the SR mirror, see Figure 15 and 16 as an example. The main point of the inves ga on is to check
how the rays arrive on the SPRB bench and on the SDB1 bench. The ﬁrst outcome of the simula on is
that the transmission is always reaching the photodiodes independently from the achievable
misalignment of the SR mirror and that with nega ve misalignment the stray light that arrives at
SPRB follows the path of the aligned ray.

Figure 15: Le : SPRB with SR mirror misaligned by -50 µrad. Right: SPRB with SR mirror misaligned by
50 µrad. This outcome imply that posi ve misalignments are prefered.
Presently the work is focusing on ﬁnding the weak points of the interferometer by tracking the stray
light that is created in the reﬂec on against the SR mirror. A erwards, and with the collabora on of
the Detec on group, the dumping strategy of the stray beams will be deﬁned.
It is interes ng to no ce that, on the SDB1 bench, the stray light follows almost the same path for all
the possible misalignments (from 10 to 50 𝜇rad), thus the dumping method can be the same for a
wide misalignment region (safer because is not so cri cal with respect to the parking posi on
stability).
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Figure 16: Le : SDB1 with the transmi ed ray. Right: Stray light that arrives at SDB1 with a
misalignment of 50µrad

4.2.3.4. Sidebands power contents on the detection ports
One important point regarding the interface with the detec on subsystem is to es mate the amount
of sidebands power reaching the photodiodes, so that they can take it in account on their readout
design. This implies not only the f*, 2f*, 3f* contribu ons but also the bea ngs between the diﬀerent
modula on frequencies, f1+/-f2, f2+/-f3, f1+/-f3, which in the past have been a problem, causing
satura ons of the readout chain [23].
For this reason, simula ons need to be done in order to provide an es ma on of these contribu ons
not only on the steady state but also during the lock acquisi on. A ﬁrst es ma on can be already
calculated, using an ideal interferometer, so that the work can be started from the DET point of view.
However, to be as much realis c as possible, real data have been collected with the present
conﬁgura on, and the plan is to make a comparison with the present simula on (which represents
an ideal interferometer) to try to make the adjustments necessary to make it as much realis c as
possible. At this point the signal recycling mirror will be added and the new data will be sent to the
DET subsystem.

4.2.4. Interfaces with other subsystems
TCS:
●
●

Tuning the Thermal compensa on system and the ITF working point in the high power
conﬁgura on
Deﬁne the parking posi on taking into account also the HWS sensing beam

INJ:
●
DET:
●
●
●

Study the possibility to increase the power injected in the interferometer during the lock
acquisi on
Design and installa on of the beam dumps for the SR parking posi on
Sideband amplitude requirements to design the photo-diodes and quadrant diodes
electronics to avoid satura on
Evalua on of the SNR of the actual photodiodes at ~168 MHz, and design/modify the actual
ones if needed
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●

Evaluate the SNR requirement for the sensors, photodiodes and quadrant diodes, to face
with the control noise issues
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4.3. DAQ – Data Acquisition
4.3.1. Summary
The DAQ sub-system deals with the front-end digital electronics used in the digital control loops,
including ming system and digital data exchange network, and with the data acquisi on pipeline
that tackles data from the front-end electronics output to the storage input.
The digital electronics include the so-called DaqBoxes that provide the interface with the ming and
digital data op cal ﬁber networks, and the associated mezzanines that provide the speciﬁc
func onali es (ADC, DAC, photodiode control and readout, digital demodula on, camera control
and synchronisa on). It also provides the network for the ming distribu on in Virgo, the op cal
ﬁber network for digital data exchange between front-end sensors and actuators, and the real- me
PCs for control loop processing and front-end data acquisi on.

4.3.2. Objectives
With the addi on of new systems in the interferometer, new digital parts must be installed to
provide monitoring and control of these systems, and the data acquisi on pipeline must be adapted
to the increasing data ﬂow. Most of the new digital part needs come from the Auxiliary Laser System,
to deal with locking with the SR mirror, and from the Frequency Dependent Squeezing.
Environmental monitoring probes will be added around these systems. Installa on of these systems
also adds new data to be acquired and dealt in the data acquisi on and storage pipeline. In addi on,
other subsystems, as Newtonian Noise Cancella on, will also generate new channels to be integrated
in the data collec on pipeline.
The ﬁrst goal of the DAQ sub-system is to provide the extra digital electronics for monitoring and
control of the new installed systems. In parallel, upgrades and evolu ons of the exis ng parts need
to be prepared, in par cular the ming system upgrade and the replacement of the ADC7674 boards
built in 2008 whose failure rate will increase in the coming years.

4.3.3. Description of works for O4
4.3.3.1. Summary of digital electronics needs and plans
The current best-es mate of the digital electronics needs for the main new systems (ALS and
Frequency Dependent Squeezing) are summarized in table 1. They are provided in number of
DaqBoxes [1] (can host 4 mezzanines), demodula on mezzanines (mDemod, 4 RF inputs), ADC2378
mezzanines (8 channels), DAC1955 mezzanines (8 channels), fast DAC mezzanine (1 channel, similar
to the one being used for SSFS for O3), photodiode control mezzanines (4 photodiodes connected),
camera mezzanines (5 cameras connected). The number of real- me PCs and associated TOLM-PCIe
interface board are also given. Finally, an es ma on of the cost for op cal transceivers, op cal ﬁbers
and cables associated to the new parts is given.
Needs from PSL?? Needs for phase2 and for lab testbenches??
The table 2 summarizes the number of parts already produced and the number of available spares as
of April 2019 (note that some parts are also used in testbenches in diﬀerent labs to develop Virgo
hardware). The number of extra-parts to be produced and spares that will then be available are also
given.
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The produc on of digital electronics for AdV has happened in two mes: a ﬁrst produc on period in
2015, and a second produc on period to get spares in 2016-2017. However, due to budget
limita ons, the second produc on was limited and does not provide enough parts for the full AdV+
installa on. It also takes more me to electronic teams to follow the diﬀerent produc ons and tests
the received boards in diﬀerent periods than in a single one. In addi on, some components are
disappearing on the market, preven ng to produce the same boards later without making a new
design of the board, hence a longer work. It is thus important to produce as soon as possible all the
needed parts in a single batch.
DB
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mDAC19
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m
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a for
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s
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0
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3
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1

1
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13

3

3

ADC7674

11

0
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0

0

0

0

0

0

0

CAL+PSL+N
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3

0

3
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1

0

0
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41

15
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28

4
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6

17

8

6

Power
suppli
es

DaqBo
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1
5

5

5

6

Table 1 : summary of the es mated needs of the diﬀerent new sub-systems to be installed in AdV+ in
terms of digital parts provided by DAQ sub-system. The ﬁrst two lines are the needs from ALS
sub-system and Frequency Dependent Squeezing. The third line gives the needs to replace all the old
ADC7674 boards by ADC2378 mezzanines. The fourth line gives the needs for CAL , NNS and an very
rough es mate of the needs for PSL. The last line provides the total number of parts to be added in
AdV+.

DBox

mDemo
d

mADC23
78

mDAC19
55

mDacFa
st

mPd

mCa
m

TOLM
-PCIe

RTPC

Power
suppli
es

DaqBox
Heatsu
nk

Produce
d
for
AdV

77

44

90

58

10

30

19

33

16

22

14

Availabl
e spares

15

4

12

6

4

11

6

4

1

1

0

To
be
produce
d
for
AdV+

52

24

120

42

10

0

5

12

11

11

10

Total
produce
d

129

68

210

100

20

30

24

45

27

33

24

196

Expecte
d spares

26
13
(20% (19%)
)

43
(20%)

20
(21%)

10
(50%)

9
5
8
6
7
(30% (21% (18% (20% (14%
)
)
)
)
)

5
(21%)

Table 2 : summary of the produc on needs for AdV+ to provide the new sub-systems and prepare
spares. The ﬁrst two lines give the number of parts produced for AdV and the number of spares
available (as of April 2019). The third line gives the number of parts to be produced to provide the
parts to be installed in AdV+ and spares. The fourth line gives the total number of parts to be
available a er the AdV+ produc on (sum of lines 1 and 3) while the ﬁ h line gives an es mate of the
number of spares that will be available (and the percentage with respect to the total number of parts
produced).
The produc ons of the ADC2378, DacFast and TOLM-PCIe boards will be done without any PCB
modiﬁca on.
Some modiﬁca on are needed for the DaqBox, demodula on mezzanines and DAC199 mezzanines:
● some small ﬁxes were done manually on the PCBs produced in the past years. They will be
integrated in the PCB design before star ng the produc on.
● some limita ons in the dynamical range of the RF channels have been seen during O3
commissioning. They have been by-passed by reducing the 6 MHz sideband modula on.
However, this modula on will be mandatory for O4 to control the interferometer with SR
mirror. Hence studies are being started to understand the source of the limita on, possibly
the photodiode preampli or the digital demodula on channel. In the la er case,
modiﬁca ons of the design of the demodula on mezzanine must be done before star ng the
produc on. If needed, the modiﬁca ons are expected to concern only the analog input stage
with the variable gain ampliﬁer and not a full redesign of the digital part. The study is done in
collabora on the DET sub-system.
● unexpected low-frequency noise appears at the output of the DAC1995 channels when a
constant voltage is requested. This has not been an issue up to now, but it is worth
inves ga ng the problem. If a simple ﬁx is found, the new produc on will be done a er PCB
design modiﬁca on.
● the camera shu er drivers used in AdV for the cameras are no more available. Using new
shu er drivers for the new cameras to be installed may imply to slightly modify the design of
the camera mezzanines to interface them with the new shu er drivers.
A er checks, it is conﬁrmed that the FPGAs for the DaqBoxes and digital demodula on mezzanines
are s ll available for the new produc on. However, the availability of some other minor components
(temperature, pressure probes for example) needs to be assessed, and small ﬁx of the PCB design
may be needed.
Two addi onal Timing Distribution boxes version 1 (TDBox-v1) will be needed for the
frequency-dependent squeezing, close to both mirrors of the ﬁlter cavity. They are available but
there will be no more available spares. Some workaround can be done using a single TDBox for more
than one supera enuator in case of urgent need.

4.3.3.1.1. Additional needs for integrated suspended benches
In addi on, some more components are needed to equip the new suspended benches for the
frequency-dependent squeezing (4 power supplies and 4 DaqBox coolers) and spares for all the
suspended benches. In total, it is planned to order or produce 7 power supplies and 8 DaqBox
coolers, to get 4 and 4 spares respec vely.
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4.3.3.2. Firmware development and upgrades for O4
The ﬁrmware for the demodula on mezzanines has been improved in 2018-2019 but the latest
version was installed only on the DaqBox of SPRB bench. It will be upgraded on all the digital
demodula on mezzanines a er O3.
Improvements of the ﬁrmware for the DAC1955 mezzanines are planned. In par cular, it is needed to
control the synchronisa on of the input packet to the DAC output analog signal, which may shi by
few tens of microseconds with the current ﬁrmware ; the ﬁrmware to use the DSP associated to the
mezzanines needs to be setup to oversample the input data to the DAC input frequency. Currently,
data are sent via the TOLM network at 100 kHz directly to the DAC channels. This would permit to
reduce the data ﬂow on the TOLM network, sending much lower frequency data, and in addi on use
the full bandwidth of the DAC input that can go up to 400 kHz.

4.3.3.3. Software developments
The Cfg package provides the conﬁgura on tool for most of the detector processes and data
acquisi on pipeline. For a be er detector monitoring, it will be modiﬁed to add archiving of the
conﬁgura on ﬁles when the processes are started.
In general, maintenance and updates of all so ware used for detector control and data acquisi on
are con nuous tasks to adapt them to new systems, new requirements, increasing data ﬂow, …
Virgo slow control and data acquisi on pipeline are based on the Cm so ware for message exchange
between processes, which is no more supported and is being used only in Virgo. Evalua on of new
so ware to replace Cm is on-going, with some emphasis on RabbitMQ currently. Part of the Virgo
slow control is based on Tango. It needs to be understood if this part can also be upgraded to use the
new so ware. The migra on from Cm to any new chosen so ware is not mandatory for O4 and will
be planned depending on the evalua on results and constraints from installa on and commissioning
planning.
The conﬁgura ons of the real- me processes running on the real- me PC for the longitudinal control
loops with the SR mirror need to be adapted (more input and output signals). Currently, it is not
requested by ISC to provide a loop running faster than 10 kHz (as it has been running in the past
years and s ll for O3).

4.3.3.4. Data acquisition pipeline
The conﬁgura on of the data acquisi on pipeline will be adapted to the increasing data ﬂow. It
includes improving parallelisa on of part of the pipeline, tuning of the diﬀerent data ﬂows.

4.3.4. Description of preparatory work for O5
4.3.4.1. Upgrade of the timing system for O5
The Timing Distribu on Box v1 was designed, built and installed in 2006-2008. There will be no more
spare a er the installa on of the Frequency Dependent Squeezing system. Moreover, some issues as
coupling of the IRIG-B ming signal into the 10 MHz distributed clock were highlighted during O2 and
O3 commissioning and need to be ﬁxed.
Since this issue was genera ng phase noise in the digital demodula on for O3,
TimingDistribu onBox-v2 have been developed and installed in 2018 to provide a clean 100 MHz
clock for digital demodula on in the central building (2], for the main RF control photodiodes used in
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Science mode. With this setup, the clocks are distributed via copper cables in the central building. In
order to reduce electrical couplings between diﬀerent parts and to be able to distribute this cleaner
clock to the end buildings, a distribu on via op cal ﬁbers will be be er and need to be designed.
A R&D needs to be started in 2020 about the ming distribu on upgrade to be installed a er O4. In
par cular, exis ng systems as WhiteRabbit will be evaluated.

4.3.4.2. Other planned upgrade of digital electronics after O4
Two proper es of the digital demodula on can be improved with a new design of the mezzanines: (i)
new ADC and FPGA could provide more accurate synchronisa on of the whole elements to provide
reproducible demodula on phase, and (ii) a more powerful FPGA is needed to provide be er
ﬁltering before the decima on of the data from 400 MHz to 1 MHz. A new design must be developed
and prototypes built and tested to assess the performance of the new design.
Currently, the data exchange between the in-vacuum suspended benches and the outside data
network is done using op cal ﬁbers that are going along the suspension. They are fragile and could
contribute to seismic noise coupling to the bench. In order to remove such ﬁbers, it is worth to
develop no-contact data transfer. Again, a design followed by prototypes and tests need to be
prepared star ng in 2020.
As another development to be planned, depending on the DAC needs and on possible issues with the
DAC1955 mezzanines, is the design of new fast DAC mezzanines, with in par cular more channels per
mezzanine, using a dedicated DSPs with improved resolu on to reduce digital noise and provide
more computa onal power.

4.3.5. Interfaces with other subsystems
4.3.5.1. Interface with ALS/ISC
●
●
●
●
●

new digital electronic parts and real- me processing power for control loops, including new
real- me PCs for the fast loop to control the laser frequency in the end buildings.
new cameras.
new ADC channels for environment monitoring.
need as input from ALS/ISC the minimum dynamical range of the RF photodiode signals at
the input of the demodula on mezzanines.
speed of the ISC loop (currently ISC does not plan to run faster than 10 kHz)

4.3.5.2. Interface with QNR (SGD, SVS, SIN, FLT)
●
●
●
●
●
●
●

new digital electronics parts and real- me processing power for control loops.
new cameras.
new ADC channels for environment monitoring.
installa on of DaqBoxes in-vacuum for SQB1 and SQB2, with speciﬁc constraints.
prepara on of heat sinks for in-vacuum DaqBoxes.
installa on of power supplies for in-vacuum electronics.
installa on of electronics in new areas.

4.3.5.3. Interface with NNC
●

interface with NNC electronics:
○ DAQ provides the ming signal (presumably IRIG-B)
○ NNC collect their data (presumably via Ethernet) and provide them into the frame
format to the data collec on pipeline.
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4.3.5.4. Interface with PSL
●

new digital electronics parts needed for the new laser to be deﬁned

4.3.5.5. Interface with EMS
●

new ADC channels for environment monitoring, mainly for ALS and QNR

4.3.5.6. Interface with CAL
●

some new ADC/DAC channels for the Newtonian calibrators in the end buildings

4.3.5.7. Interface with DET
●

●

study and ﬁx the source of the limited dynamical range of the photodiode RF channels,
including the photodiode preampli from DET and the digital demodula on channels from
DAQ.
photodiode and camera control and monitoring mezzanines, digital demodula on
mezzanines.

4.3.5.8. Interface with SAT
●
●

interface of SAT electronics with the ming and digital data exchange
possibility to develop some common electronics?

4.3.5.9. Interface with EGO Infrastructure and Computing Departments
●
●
●
●

network addresses and switches.
patch panels for op cal ﬁbers
rack posi ons, order and installa on, and cable trays
compu ng room re-organisa on to add the new real- me PCs.

4.3.6. References
[1] Letendre N. et al., DaqBox user manual, VIR-0XXXA-19
[2] Letendre N. et al., Timing system upgrade, VIR-0576A-18
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4.4. CAL – Calibration
4.4.1. Summary
The forthcoming improvements of the sensi vity of the Virgo and LIGO detectors will increase the
number of observed sources and increase the signal-to-noise ra o of the closest ones, improving the
derived physics results and opening new opportuni es. Having more and more detec ons in the
coming years, the precision of the detector calibra on and the precision of the gravita onal wave
signal reconstruc on need to be be er controlled. As an important example, aiming at measuring
the Hubble constant from binary neutron stars at the percent level by 2025 implies to reduce h(t)
uncertain es to sub-percent level, while the current O3 uncertain es on h(t) reconstructed signal are
at the level of 5% in amplitude, 2° in phase and 10 µs in ming.

4.4.2. Objectives
The goal of the CAL sub-system is to improve the calibra on methods and hardware to push towards
percent level calibra on for O4 run and towards sub-percent level for O5 run.
The inputs for h(t) reconstruc on are detector calibra on models (i) for the main photodiode sensing
and absolute ming with respect to GPS and (ii) for the mirror and marione e electromagne c
actuators used to control the interferometer at its working point.
Three independent methods to calibrate the electromagne c mirror actuators are being used and
developed: free swinging Michelson technique, photon calibrators, Newtonian calibrators.
The free swinging Michelson technique [2] is using the Virgo laser wavelength as length reference,
using a non-linear reconstruc on of the diﬀeren al short Michelson arm length from passing fringes.
It has been used as reference up to 2018 and permits to calibrate the actuators from 10 Hz to 1 kHz.
The ini al calibra on applies only to BS, NI and WI mirrors. Then, diﬀerent measurements permit to
transfer the calibra on from these mirrors to NE, WE, PR mirrors and NE, WE and BS marione es. As
main drawbacks, we can cite (i) the need to chain diﬀerent measurements to transfer calibra on up
to the end mirrors ; (ii) the need of strong excita ons in free swinging Michelson conﬁgura on,
orders of magnitude larger than control signals and excita ons used in other conﬁgura ons (hence
doing the strong assump on that the response is linear, even if the electronics/coils temperature
may vary).
The photon calibra on technique [3,4] consists in using a power-modulated auxiliary laser to move a
mirror via varying radia on pressure. Two photon calibrators have been installed in 2018 (see ﬁgure
1). This technique is becoming the calibra on reference since beginning 2019. It permits to calibrate
the actuators from 10 Hz to 1 kHz, and is the only method to validate h(t) amplitude and ming up to
a few kHz. It also has the advantage to calibrate directly the end mirror actuators with the
interferometer locked, hence with a low level excita on that must not impact electronics/coil
temperature. Transfers are s ll needed to calibrate PR and BS actuators. As drawbacks, one can cite
(i) the diﬃculty to have an absolute power calibra on, in par cular since na onal ins tutes
calibra on diﬀers at the percent level, and (ii) the photodiode power calibra on stability is also
cri cal and depends on parameters diﬃcult to control at the sub-percent level such as temperature,
beam polarisa on, alignment, end mirror posi on and orienta on, …
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The Newtonian calibra on technique [5] consists in using an asymmetric rotor close to a mirror to
move the mirror modifying the local gravity ﬁeld. It was ﬁrst tested successfully in Virgo in 2017 a er
02. Two new rotors (2-axis rotors) have been built for O3, one being installed for regular
measurements during O3. At ﬁrst order, the Newtonian calibra on depends on geometrical
parameters (mass and geometry of the rotor, or the mirror, rela ve posi on and orienta on of rotor
and mirror). As for the photon calibra on, this technique has the advantage to calibrate directly the
end mirror actuators with the interferometer locked, and transfers are needed to calibrate PR and BS
actuators. Another advantage is that the geometry of the system is stable as a func on of me, and
is in principle easier to measure than the absolute power of a photon calibrator laser. As a
consequence, we expect the Newtonian calibrators to provide the most accurate calibra on in the
future and become the calibra on reference. As a drawback, the Newtonian calibrator frequency
range is limited to about 200 Hz and cannot be used to calibrate the actuators up to a kHz.
To conclude, the Newtonian calibra on technique is targeted at becoming the new reference in the
coming years. They will be used for direct calibra on below 200 Hz. Then, the photon calibrators,
calibrated with respect to the Newtonian calibrator below 200 Hz, will be used to extend the
calibra on up to a few kHz. As a consequence, the free swinging Michelson technique will be used
as an independent cross-check of the calibra on.

4.4.3. Description of works for O4
4.4.3.1. Calibration of B1 sensing and timing
The main photodiodes (B1 beam) are installed on the in-vacuum suspended bench SDB2. For O3,
calibra ng these photodiodes requires to open the vacuum tank and bring a LED ﬂashing a GPS signal
or any other excita on in front of the photodiode [1]. The IRIG-B signal sent directly from a GPS
receiver located in the DAQ-room via a cable permits to calibrate the absolute ming of the
photodiode readout (sampled at 1 MHz) with respect to GPS [ref]. Sending an excita on (line or
broadband noise) from a DAC output permits to measure the transfer func on of the photodiode DC
channel which is not perfectly ﬂat [6] around a few Hertz due to the coupling with the audio channel.
For O3, these measurements were done very rarely since it is such an invasive ac on (see ﬁgure 1).
Hardware to allow this measurement to be done while in-vacuum, from remote, needs to be
developed.

Figure 1: picture of the setup used to calibrate the B1 photodiode ming with a LED before O3. The
LED is located at the end of a BNC cable (redish) placed in front of the photodiode air-box window.
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The current plan is to add a LED in the B1 photodiode (Pd) air-boxes (at least one). It implies the
following developments, included in the DET sub-system:
● design and build new Pd air-boxes (most probable modiﬁca ons are connector with more
pins on the box, study if the posi on of the LED in the box is cri cal or not, modify the
Printed Circuit Board (PCB) and/or mechanical parts to a ach the LED)
● install new cables in-air and in-vacuum in SDB2 (a er deﬁning the solu on for in-vacuum
cabling)
For the CAL sub-system, a relay-box (in-air) to select the signal sent to the LED (IRIG-B, or broad-band
input, or switch it oﬀ), need to be installed and remotely controlled.
In order to calibrate the B1 DC response, the response of the LED must be ﬂat. While it seems to be
the case connec ng the LED directly at the output of a DAC1955 mezzanine (voltage output), this
must be conﬁrmed. In case of need, a way to provide a current controlled signal to the LED will be
developed.

4.4.3.2. Calibration based on free swinging Michelson
The free swinging Michelson technique has been the reference for Virgo calibra on up to the
beginning of 2019 [2]. Even if the photon calibrators are now becoming the new reference, keeping
the free swinging Michelson technique will be very useful as an independent cross-check of
calibra on, or in case of photon calibra on failure.
With Virgo set in free swinging short Michelson conﬁgura on, a non-linear method is used to
reconstruct the diﬀeren al arm length from the DC and RF demodulated signals of one B1p
photodiode that sees the passing fringes (also seen on B4 photodiode, but with lower signal-to-noise
ra o).
For O3, the B1p_PD1 photodiode preampliﬁer has been modiﬁed to cope with the increased laser
power. In the future, the pre-ampliﬁer will be adapted to the impinging power that will increase with
the laser power but decrease with the addi on of the SR mirror.
As for B1, the sensing and ming of the B1p photodiode readout must be calibrated in order to
properly calibrate the mirror actuators. The developments described in the previous sec on about
modifying the air-box on SDB2 and installing cabling will also be done for the B1p photodiodes (at
least B1p_PD1).

4.4.3.3. Photon calibrators
Two photon calibrators have been installed and calibrated in March 2019 for O3 (see Figure 1), and
start to be used as reference for mirror actuator calibra on [3,4]. Long term use and monitoring of
the photon calibrators during O3 will provide insights to be er deﬁne the improvements to be done
for AdV+ to reduce sources of systema c errors and long term me varia ons.
However, the following upgrades are already an cipated:
● be er tune the laser collimator to have the beam waist closest to the mirror (further from
the collimator output), select and buy new collimators if needed,
● replace the Si photodiodes by InGaS photodiodes, less sensi ve to temperature varia ons,
● redesign photodiode sensing electronics accordingly, with reduced noise,
● add a temperature sensor directly on the photodiode PCB, closer to the photodiode,
● replace commercial mirrors with LMA-coated mirrors to be er control reﬂec vity and
transmi vity of s and p polariza ons at the angles of incidence of the setup,
● the need of a temperature control of the op cal bench box needs to be assessed, but is
probably not needed, especially when using photodiodes whose response is more stable
with temperature.
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In order to cross-calibrate LIGO and Virgo interferometers, the integra ng spheres used to calibrate
the photon calibrators can be exchanged between LIGO and Virgo for comparison. For O3, a LIGO
sphere has been lent to Virgo to monitor the Virgo integra ng sphere. For AdV+, a similar sphere
(Virgo Working Standard) will be built to keep it at Virgo as reference and be able to cross-calibrate it
with respect to the LIGO Gold Standard sphere.
In addi on, a test bench will be designed and built to cross-calibrate the Virgo integra ng spheres
with respect to this Virgo Working Standard. The spare photon calibrator laser can be used for this
setup.
The photon calibrators can be used to validate the absolute ming of the h(t) reconstructed channel
within a few microseconds by injec ng some known mirror mo on into the detector with the photon
calibra on channels. Hence the delay of the photodiode sensing chain and mestamp with respect
to GPS me must be measured. To achieve this goal, two GPS receivers will be installed, one at the
NE building and one at the WE building. The IRIG-B signal will be sent to a LED in front of the photon
calibra on photodiode to measure its ming. It may be possible to re-use the old AdV GPS receivers
s ll installed in the DAQ-room. However, they started to have abnormal behaviour at the end of
2018. In case of need, two new GPS receivers will be bought.
Finally, a fast digital laser power control loop has been set up for O3 (running at 200 kHz) to push
down the laser power noise a factor 10 below the Virgo sensi vity. Reducing the laser power noise
following the improved Virgo sensi vity will require to reduce the photodiode sensing noise, and to
adapt and tune the fast control loop.

Figure 2: photon calibrator op cal benches installed around the WE tower for O3 (injec on and
reﬂec on benches), laser driver and DAQbox with ADC and DAC channels installed in the rack.
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4.4.3.4. Newtonian calibrators
As stated earlier, Newtonian calibrators [5] are targeted at becoming the best calibra on reference to
push toward percent or sub-percent level calibra on. Analysis of the O3 Newtonian calibrator data
and its long term behaviour will be studied to conﬁrm this statement and deﬁne the upgrades for
AdV+.
However, the following developments are already an cipated for AdV+:
● design and build rotors with 0 and 3 axis to study noise induced by the Newtonian calibrators
inside Virgo. The 3-axis rotor will also permit to inject higher frequency excita ons inside the
interferometer.
● build addi onal rotors with 2 axis for installing them both at NE and WE (two installed
symmetrically around both mirrors).
● rotor improvements:
○ push towards higher rota on frequency: be er bearing balls, motors, …
○ improve rotor balancing, to reduce generated acous c and seismic noise
○ the need of a brake has s ll to be deﬁned. In case of high speed rota on, freely
braking may last for 30 minutes or more. Electrical braking using the motor is under
inves ga on. Mechanical brake using Eddy current could be another op on.
● op on 1 for Newtonian calibrator supports: suspend them to bars a ached to the structure
around the tower, as it has been installed at NE for O3:
○ prepare bars to replicate the setup at WE
○ ﬁne-tune the bar posi ons and orienta ons so that they are horizontal and
symmetric around the tower center (or mirror posi on)
○ develop a be er suspension system that makes the Newtonian calibrator posi on
reproducible and known within be er than 1 mm in all degrees of freedom
○ design a be er cabling scheme for avoiding to induce torque on the suspended
Newtonian calibrator, again to make the NCal orienta on reproducible and well
known.
○ if needed, develop a suspension with be er a enua on of Newtonian calibrator
vibra ons to limit its coupling with the structure around the tower.
● op on 2 for Newtonian calibrator supports: a ach the NCals to on-ground supports
○ design, build and install supports with high frequency resonance (~400 Hz) and
posi ons close to the tower. Two preliminary designs are shown in ﬁgure 5, one with
the support a ached to the same ground as the tower, and one with the support
a ached to the ground farther from the tower to reduce seismic noise coupling with
the tower. The choice depends on diﬀerent parameters. The eﬀect of the seismic
noise induced by the rotor must be evaluated. Its eﬀect to the mirror must be
negligible since it is ﬁltered by the super-a enuator. Its eﬀect on the tower itself,
that may induce Newtonian noise, should be es mated. Space constraints in the
buildings (including security issues) must be evaluated. Finally, the budget available
to build such supports may impact the choice and the planning. For the seismic noise
coupling, qualita vely, the coupling of residual seismic vibra ons of a support to the
tower is lower when located outside the tower ground: the coupling from external to
internal ground is approximately a low-pass ﬁlter at 15 Hz (see ﬁgure 6). But
quan ta ve es ma ons have to be done with the ENV and NNC sub-systems, taking
into account the seismic excita on induced by well-balanced rotors. However, the
op on of the bigger supports a ached on the external concrete ﬂoor is preferred
since it reduces the seismic noise coupling for the long term running of Virgo.
● so ware and control
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○

setup a control loop of the rotor rota on frequency to be able to excite the mirror at
a precise and stable rota on frequency (necessary to inject a permanent calibra on
line in the interferometer during a run).

Analysis of the Newtonian calibrator data during O3 will help in deﬁning the type of supports
needed. In order to stage the budget in diﬀerent steps, it may be wise to plan to install the bars to
suspended the calibrators (op on 1) before O4, to build and install one of the on-ground support
(op on 2) before O4, but to postpone building and installing the other three on-ground supports to
a er O4.
A possible source of systema c uncertainty with the Newtonian calibrators could be that the rotor
may induce mo ons of the tower structure or suspension not negligible with respect to the main
mirror-induced mo on. This will need further analysis of the data and eventually simula ons.
New ADC and DAC channels will be needed from the DAQ sub-system in order to install more
Newtonian calibrators. Currently, one Newtonian calibrator requires 3 DAC channels and 4 ADC
channels. This number may slightly increase with the future design evolu on.

Figure 3: Newtonian calibrator suspended to a bar support a ached to the NE tower structure
beginning 2019.

Figure 4: sketch of the NE tower surroundings, with the nominal posi ons of the three bars
(brownish bars) that are being to suspend the Newtonian calibrator around the NE mirror for O3..
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Figure 5: preliminary design of on-ground supports for the Newtonian calibrators (op on 2) with
support a ached to the same ground as thee tower (le ) and outside this ground level (right).

Figure 6 : modulus of the transfer func on between two close-by seismic sensors from the array
installed for Newtonian noise cancella on studies at NE, located on the external ﬂoor of the tower
(input of the transfer func on) and on the same concrete ﬂoor than the tower (output of the transfer
func on). The seismic noise below 10 Hz is the same on both ﬂoors, while vibra ons that reach the
tower ﬂoor are ﬁltered-out at higher frequencies.

4.4.3.5. Software for detector calibration and h(t) reconstruction
The Cali package is used for detector calibra on, and the HRec package is used to reconstruct the h(t)
signal from the interferometer output channels.
Algorithm updates will be needed to adapt the reconstruc on to the AdV+ conﬁgura on:
● update the model that describes the op cal response of the ITF to take into account the
addi on of the SR mirror. A me-domain simula on of dual-recycled interferometer
conﬁgura on would be useful to prepare and test this update.
● subtract the output of the Newtonian noise cancella on sub-system.
In addi on, other tests/improvements will be studied and implemented if they work ﬁne:
● improve the noise subtrac on algorithm (prevent subtrac ng the same noise mul ple mes,
improve behaviour in case of glitches, …).
● improve the monitoring of the ﬁnesse and op cal gain with calibra on lines and extract
associated uncertain es.
● provide frequency-dependent uncertain es on h(t) amplitude and phase.
● inves gate using the DARM correc on signal instead of all mirror correc on signals? This
would allow to remove the need to calibrate the BS, PR and SR mirror actuators. It will be
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studied with the ISC team, which performs online control noise subtrac on with the
so-called “alpha,beta subtrac on technique”.

4.4.4. Preparatory work for O5
Evolu on of the photon calibrators and Newtonian calibrators between O4 and O5 will depend on
the performances achieved for O4 calibra on. Among the main an cipated works for O5, further
developments of the Newtonian calibrators will be needed to push towards sub-percent calibra on.
Also, adding more supports and Newtonian calibrators around the end test masses a er O4 will help
reducing the calibra on systema c uncertain es.

4.4.5. Interfaces with other subsystems
4.4.5.1. Interface with DET
●

add a way to calibrate B1 and B1p from remote (in SDB2: more cables, new air-boxes, ?). The
cost for new air boxes has been included in the DET budget.

4.4.5.2. Interface with DAQ
●
●
●

re-use the two old GPS receivers or buy new ones for the PCal calibra on at NEB and WEB
con nue tuning of fast DAC and real- me processing for PCal control loops
need of more ADC and DAC channels when adding more Newtonian calibrators.

4.4.5.3. Interface with INF
●
●
●

measurements of NCal support posi ons to ﬁne-tune installa on and to know ﬁnal posi ons
measurements of NCal posi ons once installed on their supports?
check integra on of big NCal supports if this op on is chosen

4.4.5.4. Interface with ISC(/ALS)
●
●
●
●

use me-domain simula on from ISC to prepare HRec code update to include SR mirror
compare subtrac on of DARM control instead of individual mirror correc ons in HRec
(understand alpha, beta subtrac on, …)
setup the lock of a cavity (NI-BS-SR) for SR mirror actuator calibra on
es mate sensi vity of free Michelson data with chosen laser power and SR mirror
transmission.

4.4.5.5. Interface with NNC
●
●

integrate subtrac on of NNC output channel in HRec.
es mate seismic noise coupling to the tower depending on the loca on of the noise, as input
for Newtonian calibrator on-ground support design.

4.4.6. References
[1] D. Estevez, V. Germain et al., Advanced Virgo SDB2_B1/B1p Timing for O2, VIR-0773A-17
[2] D. Estevez, V. Germain et al., Advanced Virgo calibra on for O2: photodiode sensing and mirror
and marione e actuator responses, VIR-0707C-17
[3] D. Estevez, L. Rolland, D. Verkindt, Calibra on of the Advanced Virgo Photon Calibrators for O3,
VIR-0397A-19
[4] D. Estevez et al., Calibra ng End Mirror and Marione e Actuators with Photon Calibrators at the
Beginning of O3, VIR-0466A-19
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Gravita onal Wave Detector, Classical and Quantum Gravity, 35 :235009 (2018)
[6] L. Rolland et al., Calibra on status… towards O3, VIR-0271A-19 (2019)
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5. Environment (ENV)
The environment system includes all the devices required to control and monitor the detector
environment.
Broadly speaking the goal of this system is to maintain the whole detector in the required
environmental condi ons (vacuum level, temperature, humidity). The other important goal of this
system is to minimize the impact of the environmental noise (either natural or produced by the
equipment itself) on the interferometer sensi vity.
This system includes the following subsystems/work-packages:
●

●

●

●

Newtonian Noise Cancellation (NNC). This is the subsystem that measure the seismic waves
around the test masses and uses this informa on to subtract the Newtonian noise from the
detector output.
Infrastructure (INF). This is the ensemble of devices that control the environmental condi on
in the experimental areas. It is mainly cons tuted by the air condi oning system and air
ﬁltering system in the clean areas.
Vacuum (VAC). This is the ensemble of equipment (vacuum tubes, vacuum chambers,
vacuum pumps, links, valves, gauges, control system etc.) that maintains the most sensi ve
parts of the detector under vacuum.
Environmental Monitoring System (EMS). This subsystem is composed by all the sensors
(seismic sensors, microphones, electromagne c sensors, radio antennas,
temperature/pressure/humidity probes etc.) that monitors the environment.

The main physical interfaces with the other systems are the following:
●
●
●

●

ITF. The vacuum envelope and the environmental condi ons (temperature, humidity) in the
clean areas are the main interfaces with ITF.
SUM. The vacuum envelope and the environmental condi ons (temperature, humidity,
vibra ons) in proximity of the vacuum chamber bases are the main interfaces with SUM.
ESC. The environmental monitoring sensors (including the seismic sensors used for the
Newtonian noise cancella on system) and the data of the vacuum monitoring system are the
main interface with ESC.
QNR. The environmental condi ons (temperature, humidity, vibra ons) in proximity of the
QNR vacuum chambers and in the clean areas are the main interfaces with QNR.

The main tasks to be accomplished by the ENV system for AdV+ Phase I are listed here below.
Works for O4
●
●
●
●
●

Implement Newtonian noise cancella on using arrays of indoor seismic sensors.
Reduce the impact of HVAC (Hea ng, Ven la on and Air Condi oning) on the environmental
noise and so on the detector sensi vity.
Reduce the pressure due to residual gases in the vacuum chambers.
Deploy addi onal environmental sensors to monitor the environmental noise in proximity of
the new systems that will be installed for auxiliary lasers and QNR.
Installa on of current probes on the power mains distribu on network in the experimental
buildings;
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●

Installa on of episensors on a selected set of cri cal ﬂanges for sca ered light correla on
studies;

Preparatory works for O5
●
●
●

Study of Newtonian noise cancella on with lt-meters and outdoor sensors.
Design of a high speed pump for central towers.
Study of vacuum system modiﬁca ons to accommodate large beams on the end mirrors.
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5.1. NNC – Newtonian Noise Cancellation

5.1.1. Summary
Seismic ﬁelds produce the dominant contribu on to gravita onal ﬂuctua ons at the Virgo site above
a few Hertz. This leads to so-called Newtonian noise (NN) in the detector, and it will become a
sensi vity limi ng noise between about 10Hz and 20Hz [S1]. This frequency range is interes ng from
a scien ﬁc perspec ve for the observa on of yet to be detected intermediate-mass black-hole
binaries, and it will also improve sensi vity with respect to con nuous signals from rota ng neutron
stars. Improving sensi vity in this band will also have a signiﬁcant impact on the observa on range
for lower mass binaries and especially on the es ma on of certain parameters like masses [S2].
Figure 1 shows that during O4 NN will likely have a minor eﬀect on detector sensi vity, but given that
there can be strong seismic transients from local sources such as cars causing non-sta onary noise in
the NN band and since model errors might be signiﬁcant, a cancella on system will be required. The
goal is to provide a system able to cancel seismic Newtonian noise from the detector data with the
help of seismometer arrays deployed around the test masses. A possible deployment of sensors at
the two end sta ons is shown in ﬁgure 2, where the array at the central building is le out since the
seismic characteriza on has not happened yet.

5.1.2. Objectives
During O4, it is expected that seismic ﬁelds produce signiﬁcant non-sta onary noise in the frequency
range 10Hz - 20Hz through gravita onal coupling with the test masses. Characteriza on of the
seismic ﬁeld at the West End Building (WEB) of the Virgo detector showed that the dominant
contribu on of the seismic ﬁeld at these frequencies comes from the detector infrastructure and is
propaga ng mostly as Rayleigh waves. In addi on, frequently occurring body-wave transients
centered at 12Hz were iden ﬁed origina ng from nearby highway bridges. The surface displacement
and also compression of the soil below the test masses produced by these waves leads to
mass-density and gravity ﬂuctua ons.
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Newtonian noise will impact data analyses in two ways. First, it contains a sta onary component that
aﬀects the average sensi vity of the Virgo detector. However, at least for O4, the predic on is that
the sta onary component will be weaker than other instrument noise. Second, it inherits the
non-sta onary, transient characteris cs of the seismic ﬁeld. The goal with the NNC system is to
reduce both, the sta onary background as well as the gravita onal transients. This can be achieved
by monitoring the sources of Newtonian noise. The NNC system will consist of a pipeline that uses
data from seismic surface arrays op mally ﬁltered to produce an es mate of seismic NN, which is
subsequently subtracted from the Virgo data. The design of an op mal ﬁlter is based on the
Wiener-ﬁltering method and op miza on of the array conﬁgura ons. We do not foresee the
development of an acous c NN cancella on system for O4 since acous c NN is predicted to be
weaker than seismic NN by a factor larger than 3..
The baseline design of the NNC system foresees the deployment of 30 indoor seismometers per end
building, and 60 seismometers at the central building. It is currently foreseen to have a simple
synchroniza on and powering unit (SPU) for each array, and the processing of the array data done by
real- me PCs (RTPCs) located at a central computer room.
Irrespective of the comparison between different contributions to instrument noise in the NN
band for O4, the goal is to endow the NNC system with the capability to suppress the stationary
component of seismic NN by a factor 3 and to improve stationarity of GW data in the NN band.

5.1.3. Description of works for O4
5.1.3.1. NN DAQ (Newtonian Noise Data Acquisition System)
The role of the system is to manage, acquire and buﬀer data from the seismic sensors delivered by
Innoseis and installed at VIRGO’ s facili es: NEB, WEB and Central building. The system needs to
assure synchroniza on of sensors being located in diﬀerent areas inside each facility. The sensors
may be located in up to 15 meters proximity from each other and from the central unit of the system.
A single NN DAQ system is capable to host up to 64 seismic sensors connected in a mixed star-chain
topology. A single chain of the sensors may be built with up to 8 nodes. Each node can be directly
connected to the Central Unit or to the other sensor. The system is highly modular and therefore
easily maintainable. Data gathered from the sensors needs to be passed through into VIRGO’s data
storage system via Ethernet.
Working principle of the NN DAQ system is presented as a system block diagram in the Figure 3. As
one can see, the NN DAQ system is composed of blocks/modules, which will be described below in
the following subsec ons. Speciﬁc selec on of components can not be given at this stage of the
project (refer to the Planning sec on).

5.1.3.1.1. Central Unit (CU)
CU is the master element of each sensor array. Its main func ons are:
* To provide an interface to VIRGO’s IT infrastructure
* To manage ﬁeld nodes (seismic sensors’ interfaces)
* To provide power and synchroniza on signal to the ﬁeld nodes
* To act as a local measurement data failover storage
Central Unit consists of following elements:
* A synchroniza on signal and power over Ethernet distribu on unit
* An Ethernet switch for 8 independent ﬁeld nodes lanes
* A 19” rack case
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5.1.3.1.2. Synchronization Signal and Power Over Ethernet Distribution Unit (SPU)
SPU’s func ons are:
* To incorporate synchroniza on line into Cat6 Ethernet cable
* To incorporate power line into Cat6 Ethernet cable
The SPU is directly connected to an Ethernet switch of the Central Unit via 8 Ethernet ports. On the
output side it exposes 8 RJ45 ports. A pinout of each port uses 4 lines for Ethernet communica on, 2
lines for seismic sensor node power and two lines for a synchroniza on signal.

Figure 3: NN DAQ system block diagram
Synchroniza on for each NNC DAQ unit will be taken as a LVDS IRIG-B signal from Virgo’s Timing
Distribu on Boxes (TDBox). There are two possible solu ons foreseen to distribute the
synchroniza on throughout the NNC system.
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1) The IRIG-B signal will be delivered to sensors using one of the spare pairs in each Ethernet cable
and then decoded on-board (on sensor interface boards) to obtain the mecode and 1-PPS signal
needed by InnoSeis sensors.
2) Alterna vely, the IRIG-B may be decoded locally in the SPU and then transferred already as a 1 PPS
signal using one of the spare pairs in each Ethernet cable.

5.1.3.1.3. Seismic Sensor I/F node (SIF)
SIF is an interface board to be installed at every seismic sensor. It provides power and data
synchroniza on signals to the sensor and listens to the data being generated by the sensor. SIF
embedded processor translates serial bus signal of the seismic sensor into Ethernet (with TCP or UDP
transmission protocols). SIF is equipped with three ports, Ethernet switch that enables daisy chain
topology. On the output side SIF exposes two RJ45 connectors which can be alternately used for
connec ng to the SPU, succeeding or preceding SIF. Eﬀec vely a chain of 8 SIFs can be built.

5.1.3.1.4. Interfaces with other systems
NN cancella on system contains two major interfaces with other exis ng subsystems:
Sensor ethernet interface
This interface connects NN DAQ central unit with seismic sensors delivered by Nikhef. Before sensor
deployment some adjustments to their construc on need to be performed since a dedicated
interface board between sensor electronics and DAQ unit has to be installed inside all seismic
sensors (func onal descrip on of the sensor interface board is given in the Descrip on sec on).
Ethernet will be used as a bus connec ng DAQ central unit and seismic sensors, delivering all
necessary func ons between the two:
● duplex data transfer: 100 Mb/s (using two diﬀeren al pairs)
● sensor power supply: 48 VDC (using all 4 diﬀeren al pairs together with the data as speciﬁed
for 802.3bt “4PPoE”)
● synchroniza on signal: IRIG-B or 1 PPS (using one diﬀeren al pair @ Ethernet voltage levels).
Other Ethernet func onali es in the NN DAQ system:
● remote access to the DAQ central unit in order to administer the system,
● data distribu on to the data storage using internal Virgo network.
Interface with Virgo DAQ
● Integrate the Real-Time PCs (RTPCs) for NNC in the compu ng room and in the data
collec on.
● Deﬁne the ming signal (most probably IRIG-B) to be provided by the DAQ to the NNC
central units.

5.1.3.2. Seismometers
The required performance of the seismic sensors exceeded what was cost eﬀec vely available in the
market to sample the seismic waveﬁeld with suﬃcient density. This set in mo on a development of
novel sensor technology as well as a means to quickly and cost eﬀec vely measure seismic vibra ons
with high density ﬂexible arrays. Scien sts at Nikhef leveraged the technology and knowledge from
fundamental gravita onal-wave research to develop an ultralow-power, lightweight, and
long-endurance autonomous recording system called Tremornet.
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The sensor's front end comprises a geophone and an ADC along with a FPGA (ﬁeld-programmable
gate array) implemen ng CIC ﬁlters for the purpose of decima on and sequen al combining of
opera ons. The FPGA is suited to perform ﬁxed tasks in a parallel manner at high frequency, and is
less suited for complicated instruc on sets, hence an addi onal 32-bit MCU (micro-controller unit) is
used. The FPGA runs on a 32 MHz crystal which has maximum devia ons of 1 ppm every second.
Hence, the me stamps given by the FPGA are synchronized to the array ming signal, thereby
ensuring me-stamping errors of not more than 5s. Veriﬁca on of the Tremornet sensors was done
in coopera on with the Royal Netherlands Meteorological Ins tute (KNMI). Seismic measurements
were performed at the KNMI Heimansgroeve seismological observatory near Epen in the
Netherlands. The objec ve of the experiment was to verify the performance of Tremornet sensors by
comparing the recordings with the KNMI Streckeisen STS-1 seismometer. In addi on, the rela vely
low seismic background noise and stable measuring condi ons allow the applica on of the
three-channel correla on technique. This is par cularly useful when verifying the self-noise
performance of seismic sensors that have an integrated architecture. Figure 2 gives a summary of the
results. The sensor self noise is less than 1 ng/rt(Hz) at 1 Hz and as low as 0.1 ng/rt(Hz) at the sensor
resonance frequency of 4.5 Hz [S3].
The use high-sensi ve, wireless seismic sensors enables dense sampling of the seismic waveﬁeld
near the detector and consequent deployment of op mized NN cancella on sensor arrays.

5.1.3.3. NN Modeling and Simulations
We shall run a number of mechanical simula ons and modeling in order to provide support for the
sensor-posi on op miza on and aid in failure analysis.
Mechanical simula ons are run with ANSYS© and consist of a series of independent models broadly
divided into two branches: a terrain-only (TO) branch and the building and infrastructure (BI) branch.
The two branches diﬀer by the presence of the end building (NEB/WEB) and founda on
infrastructure, which are modeled with the highest possible detail allowed by a reasonable
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computa onal cost (typically 1h / model for ~1 min of simulated me). Results are analyzed both
with Python and MATLAB.
Each model in the two branches contains three main elements: (a) the terrain, (b) the seismic
sources and (c) the sensor grid.
a. terrain is modeled as a cubic slab of side 100m, and it is logarithmically mapped-meshed to
reduce the number of nodes (with highest density on the building side). Each mesh node can
be given arbitrary mechanical proper es, so that a suﬃciently high number of conﬁgura ons
can be used - in principle - to adapt the results to the real se ngs.
b. Seismic sources are randomly sca ered in the terrain and their number can vary from 1 to
50. Sources are sinusoidal generators with Gaussian random phase and random intensity and
direc on.
c. Virtual sensors are placed on the mesh nodes and are gathered in a regular or irregular grid.
Simula ons can be used to test several conﬁgura ons and NN mi ga on strategies. We shall look for
op miza on strategies with a twofold inves ga on: (i) we employ a deep neural network (DNN) whose architecture is op mized with Gene c Algorithms - to test whether we can compete /
complement the Wiener Filter considering that ground vibra ons are non-sta onary; (ii) we use
simula ons to provide a large set of covariance matrices of a large grid of sensors, and test the ability
of a DNN to reconstruct the complete covariance matrix from par al informa on for array
op miza on.

5.1.3.4. NN Array Configuration and Optimization
Array conﬁgura ons need to be determined before deployment of NNC arrays in terms of required
number of sensors and sensor loca ons. The baseline design of the arrays is to use only indoor
sensors. Outdoor sensors will be considered if ongoing analyses of NEB array data show that they are
required. Borehole seismometer installa ons are not foreseen for O4.
The number of sensors required to achieve a factor 3 NN reduc on will be es mated using data from
the seismic characteriza on measurements at the corner and end buildings, and predic ng the NN
cancella on performance of op mized sensor arrays. A NN reduc on by a factor s requires a
(absolute value of complex) coherence of

(1-1/s2)1/2
between the Wiener-ﬁlter output and the actual NN, which is about 0.94 for a suppression by a
factor 3. Given the preliminary results from the analysis of WEB array data and given NN models, we
can es mate that 30 seismometers is suﬃcient for NNC at NEB/WEB. From this, we derive a
conserva ve es mate of 60 seismometers to be deployed at CEB. A characteriza on of the seismic
ﬁeld at CEB is required to obtain a be er es mate of the required sensors.
Detailed studies based on the two-point spa al correla ons of the seismic ﬁelds will be carried out to
es mate op mal sensor loca ons under the assump on that NN is dominated by surface
displacement or surface waves. The approach is to use standard surrogate-modeling techniques, e.g.,
kriging, and the limited available informa on about seismic correla ons to produce a con nuous
surrogate model of seismic correla ons and NNC residuals, which can then be used to ﬁnd the
op mal sensor loca ons. The results of the array op miza on will also reveal if the proposed
number of sensors, 30 per end building, 60 at the central building, will be suﬃcient, or can be
reduced, and whether outdoor sensors are required.
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5.1.3.5. NN Online Cancellation
For the online NN cancella on, it is not only necessary to ﬁlter array data and to carry out the
cancella on in low latency, but also to do performance checks to make sure that no excess noise is
produced, to iden fy problems with sensors, and to recalculate Wiener ﬁlters when needed. Here,
ﬁltering means to apply auxiliary ﬁlters such as low-pass ﬁlters if necessary, and in addi on to pass
the seismometer data through the Wiener ﬁlter, which will be implemented as
ﬁnite-impulse-response (FIR) ﬁlter.
Excess-noise detec on is an important feature since the NNC system creates an addi onal shortcut
between environmental noise and Virgo data. At mes, for example, when an unexpected strong
local source like a car disturbs the seismic ﬁeld, it is possible that the associated NN will not be
suppressed, but instead, signiﬁcant excess noise can appear in the residual data (GW data a er NN
subtrac on) injected via the NNC online cancella on. In such cases, i.e., in the presence of excess
noise in residual data, the preferred ac on is to temporarily deac vate the NNC.
Sensor-failure detec on is important since a broken sensor could lead to excess noise injected into
Virgo data by the NNC system. The immediate reac on is to recalculate the Wiener ﬁlter ignoring the
data from the broken sensor, and reestablish the previous ﬁlter once the broken sensor is
subs tuted.
It is currently foreseen to do the main ﬁltering of array data and the NN online cancella on on a
dedicated RTPC. The required ﬂoa ng-point opera ons per second (ﬂops) can be es mated as
follows: Data sampled at fs=250Hz from N=120 seismometers will be passed through FIR ﬁlters with
M=fs*1s=250 taps. This means that for each sample produced by a seismometer, 2*M ﬂoa ng point
opera ons need to be carried out, which means 2*N*M for all seismometers. Accordingly, there will
be 2*fs*M*N ﬂops = 15M ﬂops. This number is orders of magnitude smaller than the capabili es of
modern CPUs. Addi onal opera ons include decima on and up-sampling steps for the noise
cancella on, where the up-sampling will be realized by interpola on. This means that a single RTPC
should be sufficient to carry out all filtering operations for the three arrays.

5.1.3.6. Assessment of vibrational modes of structures in the vicinity of TMs
Mechanical structures in the proximity of TMs exert gravita onal force that might be large enough to
be of relevance in AdV+ sensi vity. The relevance of induced NN depends on the frequency of the
mode, distance from the mirror, the mass and vibra on amplitude. Table below lists poten ally
cri cal objects.
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Component
Safety handles
Vacuum chamber
TCS steering mirrors
Tower inner structure
Cryotrap liquid nitrogen tank

Figure 6: Structures close to test masses that might cause signiﬁcant NN

A preliminary evalua on has been done for the “handles” (Figure below) indica ng that there is a
poten ally signiﬁcant contribu on to NN. Each object needs to be studied by means of modelling
and measurements to iden fy or exclude its contribu on. Eventually a mi ga on ac on (e.g.
s ﬀening) or monitoring as to be implemented.

5.1.4. Description of preparatory works for O5
5.1.4.1. Microphone array measurement
Once the seismic NN is suppressed by a factor 3, it becomes comparable to acous c NN according to
current models. Consequently, to make any further progress, seismic and acous c NN have to be
reduced together. While it seems unlikely that sensi vity during O5 will be signiﬁcantly aﬀected by
acous c NN, it is necessary to start preparatory work and a ﬁrst microphone-array measurement will
be carried out before O4 to obtain a more accurate es mate of acous c NN. The Polgraw group is
currently evalua ng design op ons for a microphone array, and it is expected to have a ﬁrst array
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available for deployment by the end of O3. The array will be an in-kind contribu on by the Polgraw
group.
We therefore plan to have a measurement with a microphone array at one of Virgo’s end buildings
between O3 and O4. This will give us important information to obtain a more accurate acoustic NN
estimate and to plan improvements of the NNC system for O5 if necessary.

5.1.4.2. Assessment of effectiveness of outdoor sensors and tiltmeters
It was shown that ltmeters can be very eﬀec ve for the cancella on of NN from Rayleigh waves
[S7]. However, this analysis is based on the assump on that all Rayleigh waves are plane waves. Due
to its complex infrastructure, it is not clear whether these assump ons can be made at the Virgo site.
It is therefore important to assess the eﬀec veness of ltmeters for NNC. A ltmeter has already
been deployed at the NEB, and direct correla on measurements with Virgo’s GW data will answer
this ques on.
Similarly, the calcula on of the Wiener ﬁlter between seismic array and GW data will provide an
answer to the ques on whether outdoor sensors will be required to achieve the targeted
cancella on goals, or how eﬀec ve they will be in the future to further improve cancella on
performance. Outdoor sensors were deployed at the NEB and have recorded data for more than a
month. The measurement dura on is limited by the sensors’ ba ery life me, and the outdoor
sensors were decommissioned already. If necessary, the sensors can be deployed again.
While it is not foreseen to deploy ltmeters or outdoor sensors during phase I for NNC, it is part of
the O5 preparatory works to assess the gain from using these sensors.
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5.2. INF – Infrastructures
5.2.1. Summary
The Hea ng, Ven la on and Air Condi oning system (HVAC) of Virgo takes care of clean air ﬂows and
clima za on of all experimental areas, i.e. experimental halls and clean rooms. The major part of this
system is now 20 years old. Extraordinary and ordinary maintenance works are to be foreseen in
order to mi gate the risk associated to possible failures. This part is being included elsewhere in the
AdV project (risk assessment). The present document only concerns upgrade proposals to mi gate
risk of noise contamina on.
The seismic, acous c and electromagne c (EM) noise produced by these plants, or part of them, is
going to be no more compa ble with the increased sensi vity of AdV+, and if not reduced is
expected to impair the performance of the upgraded interferometer. The major expected impact is
through Newtonian Noise, both because of the soil seismic vibra on and the sound pressure noise
inside the experimental areas close to the test masses. On the other hand, in-rush currents produced
by large switching loads which are part of the HVAC system (water chillers, MC heater) create ground
currents that couple to the detector.
We devised a set of upgrades of the system aiming to mi gate these noise sources.
The infrastructure components that will be the object of mi ga on ac ons are: the air circulators
(fans), the air distribu on (ducts), the cold and hot water produc on (chillers, heaters) and the
water distribu on systems (pumps, pipes) of the central building (CEB), the two terminal buildings
(NEB and WEB) and the mode cleaner (MC) building. To help priori zing the works, to each task we
assign a score to indicate the mi ga on impact.
Some of the envisaged interven ons require a full stop of the HVAC system, that means absence of
clima za on and clean air ﬂuxes. This can have an impact on other ac vi es (i.e. clean rooms
opera on) and in par cular on the interferometer commissioning phase. To help the global planning
we specify the needed stop me associated to each single interven on. We also specify which jobs
can be parallelized.

5.2.2. Objectives
The HVAC plants contribute to seismic noise of Virgo building ﬂoors and acous c noise of
experimental halls in the region roughly from below 1Hz to 100Hz [11]. The produced noise has a
broadband spectrum plus some monochroma c peaks at the fans, engines and pumps rota on
frequency and harmonics. For example, see Figure 1 for CEB (from elog 45588) and Figure 2 for NEB
(from elog 42718).
For Virgo and Virgo+ HVAC noise impacted on the interferometer sensi vity mainly through
back-sca ered light paths. Several studies and mi ga on ac ons were performed at those mes.
Then, the AdV commissioning showed no peculiar impact of the HVAC noise on the sensi vity,
excep on made for cases when peculiar back-sca ering coupling paths were temporarily worsened
and have to be faced by improving the design (i.e. this was the case of back-sca ering from the
squeezing bench [S.Chua, L.Con VIR-0912A-18] and back-sca ering from the External Injec on
Bench [elog 45376]). Nevertheless, there are new mo va ons for mi ga ng the HVAC noise for the
AdV+ detector, that we detail here:
1. Recent studies demonstrated the risk that gravity gradient ﬂuctua on noise (NN) associated
to the actual levels of vibra on noise of ﬂoor of Virgo building will be the limi ng noise
contribu on of AdV+ sensi vity in the low frequency region from 10 to 20 Hz and possibly up
to 40Hz (see NNC chapter). It is important to remind that NN cannot be shielded, so it can be
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either mi gated at the source (this chapter), or subtracted (NNC chapter). It is wise to act in
both direc ons.
2. Recent studies of the sound pressure levels of Virgo Buildings [13,14,15] indicate that also
Newtonian Noise from air density ﬂuctua ons associated sound ﬁelds nearby test masses
can be a compe ng factor in limi ng the AdV+ sensi vity between 10 and 40Hz [16].
Subtrac on of sound pressure ﬂuctua ons would require a microphonic array, whose project
is s ll in a preliminary stage and it is not foreseen for AdV+ ﬁrst phase. Therefore it is very
important to reduce the acous c noise level in the proximity of test masses (i.e. CEB hall and
terminal halls) to minimize its possible contribu on with respect to the seismic NN
component.
3. Comparison with LIGO data shows that the sound pressure level in Virgo experimental areas
in the NN region of interest (10 to 40Hz roughly) is about an order of magnitude higher than
at LIGO, while seismic levels are roughly comparable [12].
4. Large switching loads such that the electric heater of the MC building HVAC as well as in-rush
currents produced by the cold start of some devices (i.e. water chillers) create signiﬁcantly
large ground currents that are measured as far as in the CEB building and are seen to aﬀect
the interferometer [18, 19]. One path of this noise has been iden ﬁed in the MC beam tube
electrical conduc vity [20] and one mi ga on ac on is the galvanic insula on of the tube
(requested to VAC subsystem), but other paths are possible and a mi ga on of the source
noise is necessary.
The goal of the proposed HVAC upgrades is to sensibly reduce all these noise sources. We have
iden ﬁed cri cal components and noise paths. We propose focussed mi ga on solu ons based on
our past experience [1-8], the experience of LIGO colleagues [12], and good prac ce rules [21-25].
Reliable modelling of the impact of mi ga on ac ons is not easy. This is especially true for acous c
mi ga on in the low frequency region, which is not of common interest outside of the GW detectors
community. Based on our past experience and on that of LIGO colleagues, a factor two reduc on of
RMS of broadband acous c noise in the experimental halls seems feasible, but possibly more.
Concerning vibra ons instead, several commercial solu ons and good prac ce rules exist and we are
more conﬁdent that a signiﬁcant reduc on of the amplitude vibra on peaks associated to rota ng
devices can be achieved.
We foresee a preparatory phase in which we will test the proposed solu ons using the HVAC
clima za on plant of the 1500W clean room facility. This plant is similar for many aspects to the
HVAC systems of the experimental areas. This work could start as soon as July 2019, since it is not
impac ng on O3 science run. We also foresee a valida on work of the upgrades, consis ng of
reference measurements of seismic and acous c noise to monitor and eventually correct each step
of the upgrade.
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Figure 1 (NEB) contribu on of HVAC system to seismic and acous c noise in the vicinity of NE test
mass, measured switching oﬀ devices in sequence. See elog 42718.

Figure 2 (CEB) contribu on of HVAC system to seismic and acous c noise in the vicinity CEB test
masses, measured switching oﬀ devices in sequence. See elog 45588.
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5.2.3. Description of works for O4
Herea er is a technical descrip on of the proposed works. We provide a scale mark to set the
priority of works: 1 = low, 2 = medium, 3 = high.

5.2.3.1. Terminal Buildings

Figure 3. Plan view of North End building indica ng the loca on of HVAC system components: Air
Handling Unit (AHU), water boiler, water chillers, pumps room. The West End building is a specular
image of it.

5.2.3.1.1. Experimental evidences
Experimental evidence of the contribu on to seismic and acous c noise from the HVAC system in the
proximity of each end test mass is (see also Figure 1):
● air fans give a broadband acous c noise from roughly DC to 100Hz which stands a factor 5 to
10 above the residual environmental noise from other sources, plus a few tonal peaks (13Hz,
35Hz). As well, air fans opera on gives a seismic broadband noise up to at least 50Hz
(approximately a factor two or less above residual noise), plus a few seismic peaks (13Hz,
40Hz).
● water pumps and water pipes contribute mainly to seismic noise in a way comparable to air
fans, speciﬁcally: broadband seismic noise from 20 Hz to 50 Hz plus lines around 46-48 Hz
(pumps). Some contribu on to acous c noise but negligible with respect to air fans.
● The noise contribu on is similar in the two end sta ons, yet it is slightly less in WEB.

5.2.3.1.2. Proposed seismic mitigation actions
Seismic mi ga on is obtained by proper damping of moving components (pumps, fans) while also
avoiding all sorts of seismic shortcuts. We iden ﬁed the following ac ons:
● Decoupling cold and hot water pumps from soil by inser ng damped an -vibra on supports
with cut-oﬀ frequency of a few Hz (rota on speed is 50 Hz). Commercial products are
selected for this purpose (see Figure 9). So joints between the pumps and the water ducts
are already in place. Item #3 in the Planning Table. Priority scale 3.
● Decoupling water pipes from the walls in order to mi gate the transmission of pipe vibra on
produced by turbulent water ﬂux. This can be obtained by inser ng so damped joints
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●

●

●

between the pipes and the walls, all along the pipe paths from the pump to the heat
exchangers (Figure 5). This also includes the inser on of damped joints at wall throughputs.
Commercial products are selected for this purpose (in Figure 6). Item #1. Priority scale 3.
While the fan plus engine groups are already mounted on springs (see Figure 7) the air
circula on inside the Air Handling Unit (AHU) enclosure makes the enclosure’s wall vibra ng
considerably (vibra on can be clearly felt by touching). A performing ac on is to seismically
isolate the whole AHU enclosure by deploying it onto seismic dampers (Figure 8). Item #2.
Priority scale 3.
Concomitant to the previous ac on, all the shortcuts to ground of the AHU enclosure (i.e.
cable trays and water pipes) must be eliminated decoupling them from the enclosure. Item
#4. Priority scale 3.
Decouple air ducts from walls. Air ducts vibrate signiﬁcantly because of air turbulence (see
1.3.1.3). Ducts are already decoupled from the AHU enclosure ( ssue joint), but their
connec on to walls should be made through so joints. One cri cal point is the crossing of
the light (not rigid) clean wall between the SAS and the hall which can act as an eﬃcient
vibro-acous c transducer, its status has to be veriﬁed. Item #9. Priority scale 3.

5.2.3.1.3. Proposed acoustic mitigation actions
The major contribu on to acous c noise comes from air turbulence at the outlet of air fan or inside
the air ducts. Mi ga on ac ons aim to create a more laminar air ﬂux. We iden ﬁed the following
ac ons:
● Slowing down the fans helps in reducing air speed (currently around 7m/s at fan outlet) in
the ducts and turbulence. A similar ac on has been done for Virgo+ by changing the pulleys
diameter. A 30% reduc on of RMS acous c and seismic noise was achieved while reducing
the fans speed by 10% (see elog 22819). Feeding the fan’s engine with a power regulator unit
(inverter) allows a ﬁne regula on and op miza on of the fan speed. Consider however that
the usable air ﬂux range is constrained by the fan working chart. We are presently close to
the lowest allowed fans speed. Item #5. Priority scale 2.
● The AHU enclosure (speciﬁcally the box containing the fan) can resonate at low frequencies
and amplify acous c noise. Making this box more rigid can help. This can be done by adding
cross bars to the walls. We are missing a measurement of the modes of the walls looking for
coherence with acous c noise in the hall. Item #10. Priority scale 2.
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5.2.3.2. Central Building

Figure 4. Plan view of CEB building: (le ) tower ﬂoor, with loca ons of Clean-rooms AHU and Main-hall AHU;
(right) entrance ﬂoor, with loca on of DAQ-room AHU.

5.2.3.2.1. Experimental evidences
The seismic and acous c noise in the CEB hall arises from three independent HVAC systems:
DAQ-room HVAC dedicated to air cooling of the data acquisi on room, Clean-rooms HVAC for the
clima za on and air cleaning of the CEB clean rooms used for payload assembly and installa on, and
Main-hall HVAC serving clima za on and air cleaning of the central experimental hall (Main-hall
HVAC). More speciﬁcally (elog 45588):
● DAQ-room HVAC: produces a broadband acous c noise in the 5Hz to 30Hz region (right in
the NN region) and few seismic lines (25Hz) on CEB ﬂoor;
● Clean-rooms HVAC: gives no sizable acous c contribu on, but seismic lines (16 to 20Hz);
● Main-hall HVAC: its contribu on is broadband acous c noise mainly below 10Hz, thus not of
relevance for NN, and broadband seismic noise up to 40Hz.

5.2.3.2.2. Proposed mitigation actions
●

●

●

DAQ-room HVAC: this machine works only in cooling mode. It can be replaced with fan coils
as already done for all other electronic rooms. Exis ng fan coil plants have proved to be very
quiet [26]. A en on will be taken to locate the compressor unit outside of the CEB
founda on slab and properly damped. Item #18. Priority scale 3.
Clean-Rooms HVAC: implement seismic isola on of the fan plus engine groups (there are two
independent groups, inlet and outlet) with damped low frequency springs. Item #19.
Priority scale 3.
Main-hall HVAC: The seismic isola on of fan plus engine groups (x2) was done in 2009
(h ps://tds.virgo-gw.eu/ql/?c=6533) but it needs to be inspected for reliability, in case
springs have to be replaced. For the rest, we quote interven ons similar to what we
described for the Terminal building HVAC systems, considering that here the focus is on the
mi ga on of the seismic component, and some of them have low priority, as indicated.
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In detail:
○ Seismic: seismic isola on of the cold and hot water pumps located in the Technical
Building. Item #14. Priority scale 2.
○ Seismic: decoupling from CEB walls/ﬂoor all water pipes. Item #12. Priority scale 2.
○ Seismic: inser on of seismic isolators underneath the AHU enclosure. Note that this
enclosure is quite old and large. There is the risk that the enclosure breaks down in
doing this work. Item #13. Priority scale 2.
○ Seismic: connected to the item above, all seismic shortcuts of the enclosure to the
CEB walls/ﬂoor have to be properly decoupled. Item #15. Priority scale 2.
○ Seismic/acous c: Installa on of a power regulator to reduce/op mize fans rota on
speed. Item #16. Priority scale 2.

5.2.3.3. Mode Cleaner Building
The HVAC system of the MC is pre y noisy, nevertheless we have no evidence of seismic or acous c
inﬂuences on the interferometer. Instead we evidenced electric couplings (as described in Sec on 2).
While the paths are only par ally known (galvanic currents along the MC vacuum pipe) the sources
are well iden ﬁed (electric heater and water chillers) and mi ga on ac ons are feasible, therefore
we foresee to add current limiters (so starters) to both the HVAC electric heater and the water
chillers (there are two chillers working in parallel). Items #20 and #21 in the Planning Table. Priority
scale 3.

5.2.3.4. Preparatory test at 1500W facility
In order to improve the knowledge of the eﬀec veness of the proposed mi ga on ac on we will test
some of the iden ﬁed tools on the exis ng technical system serving the 1500W CR facility. These
tests are not impac ng on the ongoing O3 data taking and can start as soon the project starts. Items
#22.

5.2.4. Description of preparatory works for O5
Herea er is a technical descrip on of proposed works for O5. As the previous list in view of O4, we
provide the same scale mark to set the priority of works: 1 = low, 2 = medium, 3 = high.

5.2.4.1. Terminal Buildings
5.2.4.1.1. Proposed acoustic mitigation actions
●

●

The most eﬀec ve way to reduce turbulence is to create a calm plenum before the hall inlet.
LIGO has such plenum, which is a room with rigid walls (e.g. concrete) to avoid regenera on
of seismic noise. This solu on, although invasive, is technically viable. The plenum room
could be created using part of the actual service rooms or part of the impluvium. It needs at
least a par al re-rou ng of air ducts. Item #8. Priority scale 3.
Present ducts are made of single layer aluminum and vibrate signiﬁcantly because of
turbulent airﬂow inside. They also have resonant modes as low as 10 Hz with a decay me of
a few seconds [17] (Figure 11). LIGO uses s ﬀer double walled ducts with 1 inch rigid
insula on and a perforated steel liner (Figure 10) to damp acous c noise inside the ducts. If a
suitable way of s ﬀening and damping duct vibra ons from the outside (e.g. steel collars

227

●

●

with rubber) is not found, it is needed to completely renewing the duct system inside the
terminal halls, which is quite long and expensive. Item #6. Priority scale 2.
Air outlets in the hall have small sec ons. Inser ng a HEPA ﬁlter kind of air diﬀusers (LIGO
like), which have larger sec on, will reduce air outlet speed and noise. Item #7. Priority scale
3.
Some ﬁnishing works are to be considered. These include things men oned in VIR-0544A-18,
like the replacement or elimina on of the inlet air grids in the WEB and NEB halls that
vibrate and produce quite some noise, although at high frequencies, and also the sealing of
the walls (speciﬁcally the one between the SAS and the hall and the one between the hall
and the tunnel) that is mainly mo vated by cleaning issues (dust par cles contamina on and
keeping hall over-pressure). Item #11. Priority scale 2.

5.2.4.2. Central Building
5.2.4.2.1. Proposed mitigation actions
●

Acous c: s ﬀening of the air ducts inside the AHU room and the building hollows. Instead,
ducts sec ons in the CEB ceiling are not considered to contribute signiﬁcantly and the work
would be very invasive. Item #17. Priority scale 2.

5.2.5. Interfaces with other subsystems
The major part of the foreseen ac vi es require a shut down of the air condi oning system of the
experimental halls and therefore can prevent commissioning ac vi es. This has to be taken care into
the general planning.
To improve the monitoring of HVAC opera on we require the installa on and integra on of some
slow sensors, that are listed in the table below. The sensors have to be included in the IMMS budget
(EGO), while EMS takes care of readout electronics.
To ﬁnalize the design of the fan-coil clima za on system of the DAQ electronics room replacing the
current HVAC, it is needed that other SS produce a list of addi onal thermal loads to be added in this
electronics room.
Sensor

Quantity

Cost
k€ incl.tax

air ﬂux

10

5

temperature

7

1.4

pressure

7

1.4

Total

24

7.8
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Figure 5: NEB water pipes, cure of seismic shortcuts

Figure 6: NEB water pipes wall throughputs.
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Figure 7: NEB, seismic isola on of fan-engine group (it is already in place).

Figure 8: NEB, inser on of seismic insulators underneath the AHU enclosure.
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Figure 9: Example of seismic insula on of NEB water pumps.

Figure 10. Example of acous c duct adopted by LIGO.

Figure 11. Air ducts at NEB. Measurement of resonant modes, see elog 42890.
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5.3. VAC – Vacuum
5.3.1. Summary
The Vacuum subsystem (VAC) deals with the upgrades and the extraordinary works needed to
improve the performances and the reliability of the Virgo Vacuum System for AdV+ phase I and the
O4 scien ﬁc run.
In addi on, VAC will provide the preparatory study of the modiﬁca ons of the Virgo Vacuum System
needed to meet the requirements of AdV+ phase II and of the O5 scien ﬁc run.

5.3.2. Objectives
The objec ves are improving (amending) the performances of selected vacuum chambers, installing
pumping systems with low noise features in cri cal areas, execu ng the necessary modiﬁca ons to
get room for the squeezing apparatus and ﬁnally studying the impact of phase II choices. The
mo va ons of the proposed works are detailed in the following paragraphs.
The tasks dedicated to the O4 run are:
1. Annular rings: special ﬂanged rings required for ghtness improvement of tower
vacuum chambers (from ‘single o-ring’ seal to ‘double o-ring’ seal).
2. Modiﬁca ons for the ‘Squeezing apparatus’ and support for integra on works: here
we consider the modiﬁca ons to be performed on the exis ng Vacuum system to
allow the installa on of the new squeezing components.
3. Extraordinary maintenance opera ons: here are maintenance opera ons requiring
to be planned along with the AdV+ ac vi es in order to op mize their impact on the
overall schedule.
The tasks dedicated to the prepara on of O5 run are:
1. Design of one ‘high speed’ pump for central towers (CB_fastpump): this will be a fast
pump able to subs tute the large turbo-pumps installed on the central area links
(hence able to undertake also the residual air gases (N2, O2) coming from the
towers). Only the design is foreseen for the present phase, while the construc on
and the installa on will be part of the phase II works.
2. ‘Large mirrors/Large beams’ and phase II study: design of the modiﬁca ons required
to get the vacuum apparatus compliant with AdV+ phase II.
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5.3.3. Description of works for O4
Here we give a descrip on for the tasks needed for O4 (Tasks 1 , 2, 3). They are ‘construc on’ tasks
and include design, procurement and installa on phases. Task 4 is men oned explicitly for the sake
of the organiza on.

5.3.3.1. Annular rings (task #1)
At present, the UHV compartment of the central area towers comprehends some large ﬂanges sealed
with a single viton o-ring. These are : IB and DT towers (2 m diameter ﬂanges of the upper ‘viroles’, 3
per tower, and 1 m diameter ﬂange for the bo om access) and the ﬁve ‘mirror towers’ (1 m size
ﬂange for the bo om access to the base tower).
Such a feature implicates a rela vely large gas ﬂux due to permea on through o-rings. The resul ng
‘air’ gas load is es mated of the order of 2*10-5 mbar.l/s [N2 + O2].
Air gases are not pumped by ‘cryotraps’, and migrate in the tube arms where they become the
dominant specie, deteriora ng the general vacuum level and spoiling the performances of the
tanium sublima on pumps (TiSP), going to be quickly saturated by N2 (within some days instead of
some weeks). In place of them, the pumping of the arm tubes is presently done with turbo-molecular
pumping sta ons.
This behavior is a concern at ﬁrst for the opera on of the system, because it prevents the use of the
exis ng pumps foreseen for the permanent pumping service of the arm tubes, TiSP pumps,
speciﬁcally chosen because passive and inherently safe, more suitable at maintaining UHV condi ons
with low risks with respect to mechanical pumps (when installed in the ‘tunnels’ environment in
par cular, rela vely less controlled than the main halls).
The noise due to the increased vacuum level is not a concern for O3 (the residual pressure is a few
E-9 mbar, only slightly above the AdV goal), while the situa on has to be amended to maintain the
desired margin for O4 and in par cular for the expected performances of the long-term.
The situa on is described in the last paragraph of the VAC sec on (Figure 9 in par cular).
For AdV+, we plan to reduce such gas sources. The plan is to transform the men oned ﬂanges from
‘single o-ring’ design to ‘double o-ring’ one , allowing to reduce dras cally the seals permea on rate
(factor 100 or be er ) while maintaining the present easiness of maintenance interven ons.
This is considered the priority task among those proposed.
For completeness, we add that these ﬂanges have been designed also to make use of metal seals
(these ones are not suﬀering permea on), instead of viton ones. By the way, metal seals are very
expensive (order of 10 kE for a 2 m diameter seal, single use), less reliable and extremely me
consuming to be used during standard maintenance opera ons, (we have evaluated that the
installa on of 2 m diameter gasket is an ac vity of 0.5 days for 2 technicians). As a consequence of
it, this solu on has not been considered.
The envisaged modiﬁca on is shown in Figure 1. It consists of realizing a 2 m diameter annular ﬂange
interposing it between any pair of the exis ng viroles, in place of the single viton seal. For connec ng
the new annular ﬂange to one of the exis ng viroles, two op ons are possible: welding or metal
sealing. The welding procedure will likely involve the transporta on of the concerned virole to an
external workshop (hence a more long process with the need of a re-cleaning it), while the metal
sealing will involve just the in-situ installa on of a 2 m diameter helicoﬂex seal (reliability is generally
lower than welding). Technical drawings are available on the AdV+ wiki [6]. This new metal
connec on will be permanent and the connec on of the annular ring to the second virole will be
equipped with a double Viton o-ring.
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The choice between the two op ons (welded or helicoﬂex sealed); shall be made considering the
diﬀerent impact on the general plan of the AdV+ project.
An alterna ve solu on to that one described above, it could be the construc on of a sort of
Intermediate Vacuum Chamber (IVC) for IB and DT towers similar to that one installed within the
Long Towers (see also the sketch in Figure 2). This idea has been discussed in the past, but it appears
very diﬃcult to be realized, not compa ble with the present posi on of the ‘ﬁlters’ and implying also
a complete reshuﬄing of the cables all along the suspension chain ( SAT ); we report it only for
completeness.
All the bo om access ﬂanges (1 m diameter) of the seven central area towers will have to be
modiﬁed, to get them in the double o-ring conﬁgura on. Each ﬂange could be modiﬁed, renewed or
equipped with an annular ring similar to the above described one .
All the new ‘double o-ring’ ﬂanges will be served by a dedicated piping circuit (a small diameter pipe
rou ng to each double o-ring ﬂange) with a minimum set of gauges and primary pump (providing
sort of 1 mbar pressure).
Terminal towers: no modiﬁca ons are foreseen there, given that only a single 1 m bo om ﬂange is to
be considered. This ﬂange will be sealed with the originally foreseen metal seal solu on
(helicoﬂexTM), the complica on is judged aﬀordable since adopted for just 1 ﬂange.
Mode Cleaner: no modiﬁca ons are needed.

Figure 1: Preliminary design of the ‘double oring’ annular ring (metal sealed version). The volume
between the two seals will be pumped at 1 mbar.
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Figure 2: Concept of IVC inside the IB tower (op cal bench and seismic suspension represented at
last available version) . Cablings (not represented here) and other space constraints are considered a
prac cal showstopper.
Further modiﬁca ons will be needed to amend the permea on eﬀects coming from a selected valves
of DT and IB towers (these are vacuum valves of various sizes, from 40 mm to 200 mm, with viton
seals on the gates). Addi onal valves of same size shall be installed just downstream the men oned
ones, in order to create evacuated ‘guard’ volumes. We consider such works as an ‘extraordinary
maintenance opera on’ (hence without an associated AdV+ budget) and with a me schedule to be
integrated in the general plan.
summary table for task 1
Mo va ons

Reducing the residual air by cu ng single o-ring permea on eﬀects.
This will improve the arm tubes opera on and the general vacuum level,
otherwise ge ng closer to the a ended sensi vi es.

Priority (may be high or low)

High.

Deliverables

4 annular rings + seals , 7 DN 1000 bo om ﬂanges with double o-ring
design, small piping circuit, integra on works

Interdependencies

Implementa on will require to vent towers and re-install viroles (IB and DT
in par cular). The interven on could be done in coincidence with other
opera ons, when more convenient for the general planning.

Table 1: Main ﬁgures for task 1.
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5.3.3.2. Modifications for the squeezing apparatus and support to the
integration works (task #2)
The squeezing apparatus shares part of the areas of the present vacuum equipment, and some
cri cal space constraint exist for the installa ons around NI area.
A few modiﬁca ons of the exis ng vacuum apparatus are necessary to mi gate interferences; these
are:
● cryogenic supply and outgoing nitrogen lines: install protec ons against accidental water
downpour events, install a basic protec on for the exposed transfer lines.
● vacuum pumps: TSP group to be removed and replaced with a more compact pump
(normally a large Ion pump, or a redesigned TSP one).
● vacuum control rack in North gallery: possibly to be displaced, with re-cabling works.
Logis c and mechanical support will be provided during the on-site integra on phase of the
squeezing vacuum chambers (mechanical support, storage areas prepara on, transporta on and
assembly tools, workshop availability).

Figure 3: Tight space conﬁnements in the NI ‘steering’ minitowers area. The vacuum pump installed
downstream the NI cryotrap shall be subs tuted with a more compact one.

summary table for task 2
Mo va ons

Modiﬁca ons of parts of the exis ng vacuum apparatus, support the
on-site works for squeezing apparatus installa on .

Deliverables

Metal carpentry works, new pump for NI , tools and works for the on-site
integra on works .

Table 2: Main ﬁgures for task 2.
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5.3.3.3. Extraordinary maintenance operations (task #3)
These works are considered within the AdV+ project framework only for the sake of coordina on
with the general plan, being poten ally impac ng with the project ac vi es.
Costs are considered as part of the EGO maintenance budget.

5.3.3.3.1. Test of 10 Viewports
The aim of the task is to verify possible aging eﬀects on a sample of exis ng viewports. The ac vity
will consists of performing breaking tests of a sta s cally signiﬁcant number of sample viewports, to
a est their current breaking strength. An extraordinary inner and outer visual check of all viewports
shall be performed too (without dismoun ng). Interdependencies are signiﬁcant: the job will require
ven ng of each tower (to allow for their inner inspec on and to take out a sample viewport to be
tested).

5.3.3.3.2. Repair of the NE tower leaking port (welding in situ)
Re-welding in situ of a DN63 port (NE photon calibrator / west side) is needed to repair a leaking
weld [8], known since months and postponed a er O3. The leak rate is rela vely low (E-7 mbar.l/s
range) and the repair is considered mainly to eliminate the risk of an uncontrolled increase. Costs are
expected as negligible while the interferences with other ac vi es are poten ally large: the process
will require dismoun ng of the external calibrator setup and benches, ven ng of the NE tower,
protec on of NE payload.
To be men oned explicitly that the welding will be done from the outside, while the part to be
repaired will be sealed with a suitable tool, in order to preserve the inner cleanliness.

5.3.3.3.3. Extraordinary leak test
We have already men oned air gases presence in the tower chambers and that leaks are a poten al
source. A campaign of leak detec on is needed for each tower, in order to assess leak absence or, in
case, localize them. The ac vity will take almost 1 week per tower (1-2 days shall be enough in case
of leaks absence) and shall be ﬁt when more convenient for the AdV+ plan, although we suggest to
achieve it in the early installa on phase, in order to leave me for possible recovery ac ons.
Normally , during this phase a number of o-rings of tower upper parts will have to be replaced with
new ones.
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5.3.4. Description of preparatory works for O5
The tasks to prepare for O5 are reported in the following.

5.3.4.1. Design of an high speed pump for central towers - CB_fastpump (task #4)
At present the pumping of ‘central area’ UHV compartment is based on large cryogenic panels
(“cryotraps” , speed ∼ 105 l/s) dedicated to capture water vapor and on a few turbo-molecular
pumps (∼ 3000 l/s in total) undertaking the other gases , for the most part air. Residual air is coming
from towers chambers due to: Viton o-ring permea on, outgassing of materials of the several
in-vacuum components (re-charged at every ven ng) and eventual leaks.
The planned interven on to reduce the air source coming from o-ring permea on has been already
described in a previous sec on, to be implemented for the phase I (annular rings) . The wanted
improvement in the residual air par al pressure will require also to maintain the speciﬁc pumping
speed, presently achieved via turbo-molecular pumps .
Here we propose to design a new pump (CB_fastpump) . The pump shall be installed for the phase II.
The new pump shall have a speed of about 4000 l/s for N2 and will feature low ‘seismic-acous c’
emissions. It could be used as an alterna ve ‘without moving parts’ to the turbo-molecular pumps
installed on the central tower links.
Up to today the ‘link turbo-pumps’ are not appreciably aﬀec ng the interferometer sensi vity [12],
anyway various mi ga on works were necessary in the past (implementa on of an -vibra on
bellows and low noise cooling fans), and they are recognized as a risk of disturbances due to their
acous c/seismic emissions.
The main mo va on of the CB_fastpump is hence to mi gate ‘noise risks’ from the ‘link
turbo-pumps’ for the phases II and following ones.
Such a pump is being considered since long me and, a er having explored diﬀerent concepts, the
proposed solu on is based on ‘liquid helium cryogenics’ (LHe).
The new pump shall be a cryostat featuring surfaces at temperature below 10 K, pumping air species
by condensa on, and s ll using LN2 to provide thermal shielding to the inner LHe vessel and to pump
water vapor.
The construc on and the installa on of such a pump is proposed for the phase II, while its design
shall be completed during phase I, depending also on the general choices about the AdV+ long term
conﬁgura on. The pump shall be:
A. An ‘independent’ pump connected to the SR-BS link;
B. An improved version of exis ng DT and IB cryostats (Smalltraps) incorpora ng a liquid helium
reservoir.
The op on A (shown in ﬁg.4) has a minimum impact on the overall project, being in prac ce a
‘independent vessel’ separable by a gate valve from the rest of the system. The op on B shall be
advantaging in case of redoing the Smalltraps with larger aperture will be convenient also for op cal
reasons.
For the present phase I, the work will consist in ﬁnalizing the design at ‘construc on detail’ in
collabora on with a company with manufacturing exper se.
This ac vity will start once the principal op cal choices for phase II will be achieved. This approach
will allow to start the construc on of the CB_fastpump at the very beginning of AdV+ phase II
project, thus allowing to have the pump available for laboratory tes ng well before the installa on
phase (end of O4).
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The drawbacks of the proposed pump are cons tuted by some complexi es during the reﬁlling
opera ons and by the added safety issues with respect to the present liquid nitrogen cryostats (air
condensa on risks). The maintenance constraints shall ﬁt within the standard schedule (LHe reﬁlling
could be performed once or twice a month, for instance, while the running costs es mate is of the
order of 5 kE/month, envisaging a consump on of 300 l /month).
By the way all these complexi es are judged manageable with a proper design and a mely
prepara on, considering that Liquid He technology is a classical one, used in scien ﬁc, medical and
other applica ons, as for instance in some RMN sanitary apparatuses.

Figure 4. Le : preliminary study of a LHe pump posi oned on the SR-BS link (top view). Right:
cross-sec on of the LHe pump concept.
Other solu ons involving ‘up to date’ systems as pulse-tube cryo-coolers are considered excessively
challenging for Virgo case due to the high level of acous c and seismic emissions. The technical
developments necessary to mi gate the emissions would require long mes and the ﬁnal
acceptability would not be guaranteed too.
summary table for task 4
Mo va ons

Prepare a pump with large speed and low noise features as an improving
to the turbo-molecular pumps installed on the central tower links, to be
installed for phase II.

Deliverables

Construc ve design of the CB_fastpump

Interdependencies

Phase II conﬁgura on choice

Table 3: Main ﬁgures for task 4.
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5.3.4.2. Large Mirrors/Large Beams and phase II studies (task #5)
VAC will study the modiﬁca ons required to get the vacuum apparatus ﬁ ng for the phase II.
The aim is to contribute to the ﬁnaliza on of the AdV+_II design by providing es mates (costs, me
schedule, technical risks) of the modiﬁca ons of the vacuum apparatus for the diﬀerent open
op ons.
Here below we report a preliminary evalua on of the impact on the VAC system of the Large Mirrors
installa on. The considered ‘phase II’ conﬁgura on is the one featuring Large Mirrors installed only in
the End Towers (LM ends).

5.3.4.2.1. LM ends scenario
For the ‘LM ends’ upgrade, it could be necessary to enlarge the arm ends sec ons: these are bellows
assemblies installed between the tube cryotraps and the end towers, presently 700 mm in diameter.
Each bellow will have to be subs tuted with another one having a larger aperture. Before its ﬁnal
installa on, such new component will undergo a thermal treatment (‘ﬁring’ treatment for Ultra High
Vacuum compa bility), as it has been done for all the UHV components. Each end sec on includes
also a vacuum valve which has to be subs tuted too, being the present aperture ‘limited’ at 650 mm.
A dedicated study will be carried on to verify the feasibility of enlarging it up to 800 mm.

Figure 5: View of the main components at arm ends poten ally limi ng the AdV+ project
Finally, the series of baﬄes (thermal + op cal/SLC) installed just upstream and downstream of the
cryotrap may require to be redesigned (present aperture ≈ 600 mm/SLC); this will involve the
dismoun ng of the concerned cryotrap (a major opera on to be evaluated). The new design of the
SLC baﬄe might include instrumenta on.
We don’t foresee costs associated to the present task; we consider that market companies will
supply the engineering support required for the design study of the special components, such as the
large terminal viewports and the bellows of reduced length (working in plas c regime) possibly
required at arm ends.
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5.3.4.2.2. Vacuum system performance studies
The noise due to the residual gas evaluated at AdV pressure goals (≈ 9.5x10-25 Hz-0.5 at intermediate
frequency) is a factor ≈ 3 below the minimum of the original AdV design sensi vity (≈ 3.3x10-24 Hz-0.5 )
[9]. A factor ≈ 3 corresponds to about a factor ≈ 10 of margin in terms of residual pressure.
The minimum of the sensi vity curves foreseen for AdV+ phase II [10] is at same level or ‘slightly’
below the minimum of the original AdV curve, slightly approaching the noise ﬂoor due to the
residual gas.
Figure 6 shows a preliminary comparison of the noise given by the residual gases in the tube arms
(phase noise) with respect to the reference sensi vity curves. Here we consider three cases of gas
composi on in the tube arms: the ‘AdV goal’ as the main reference; the ‘extra Air’ case to represent
the today excess of air species; and ﬁnally the ‘phase_II’ case as a possible improvement of the
vacuum level (see table 4 for details).
For the phase I we foresee to a ain the gas composi on corresponding to the ‘AdV goal’, once
achieved the already described proposals (‘annular rings’ interven on, towers ‘leaks maintenance’).
The interven ons to be studied for the phase II with the aim to further improve the arm tubes
vacuum level are:
● to equip and put in service some of the extra pumping sta ons exis ng along the 3 km tubes,
if required (in prac ce, installing new pumps in exis ng posi ons located at 900 m, 1500 m,
2100 m, 2700 m on each arm, not opera onal at present. See also ﬁgure 10).
● to prepare the bake-out equipment of the 3 km tubes. Bake-out is not planned, anyway it
could be required, for instance, to recover a er a tube ven ng or to reach ul mate pressures
of gas species adsorbed on tube walls (water, carbon oxides and hydrocarbons in par cular).
We propose to study the case and prepare a detailed plan of the interven ons with the aim to
maintain a suﬃcient margin on the system performances .
a) AdV goal

b) extra Air

c) Phase II

specie

PP, mbar

PP, mbar

PP, mbar

H2

1.0E-09

1.0E-09

1.0E-09

H2O

1.0E-09

1.0E-09

5.0E-10

Air+others

5.0E-10

2.0E-09

2.5E-10

HC (PM100)

1.0E-14

1.0E-14

1.0E-14

Total

2.5E-09

4.0E-09

1.8E-09

Table 4: gas composi on in three diﬀerent scenarios. The AdV goal is the reference case. The ’extra
air’ case represents the present condi on where the arm tubes are aﬀected by air species coming
from towers chambers. The ‘Phase II’ case is an example of a possible improvement of the vacuum
level (where the H2 level has been le unchanged conserva vely).
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Figure 6: Example of noise due to residual gas in the arm tubes for the three cases of gas
composi on reported in tab.4. Some selected sensi vity curves have been added for comparison:
AdV+_Phase_I/O4, AdV+ Phase II/O5.

Figure 7: Picture taken at one of the extra sta on loca on; the available ports are visible just below
the ‘tube’, covered by thermal insula on. The pump could be of ge er type as in the already exis ng
sta ons, with a speed of 2000 l/s for H2 and 1000 l/s for N2
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5.3.4.2.3. Large Ion pumps studies
Large size Ion pumps could be used to replace turbo-molecular pumps of towers upper parts when
found cri cal for environmental noise aspects and also in some loca ons of the arm tubes in place of
TiSP pumps (e.g. at the 1st pumping sta on of both arms, at 300 m distance) to further ease the
system opera on.
Their advantages are the inherent safety, the cleanliness, the low seismic/acous c noise, the easy
opera on and the low maintenance needs (normally, no needs of interven ons during years of
service in UHV regime).
With respect to the interferometer performances, the main mo va on of this task is the mi ga on
of poten al risks of environmental noise from the turbo-molecular pumps, even if today we do not
have evidence of signiﬁcant disturbances.
A possible drawback of ion pumps is the risk of electrons and ions ﬂow outside the pump body [1],
with an added poten al risk of UV light coming from the pump elements when rela vely high
pressure condi ons could cause plasma discharge. If not properly shielded, these eﬀects can cause
electrosta c charging eﬀects.
Recently the risk of electrosta c charging of mirrors has become a concern also for Virgo [2], [3].
The same problem of charging-induc on from ion pumps has been studied and solved at LIGO,
where large Ion pumps are in use since the beginning of the project, and installed at close distance
from the test masses.
The problem was solved by adding proper shields to prevent a direct line of sight between the inside
of the pump and the chamber walls nearby op cal elements. LIGO shields design has been shared
with Virgo [7].
In addi on, Ion pumps with/without similar shields are presently under test, in collabora on with
experts from major manufacturing company [4].
These ac vi es are going on in parallel with AdV+ and will reasonably end well within the phase II.

5.3.4.2.4. Windowless mini-link
The windows used to separate the minitower SDB2 from the detec on tower SDB1 are not limi ng
the sensi vity for the moment [14]. The ‘B1 window’, in par cular, is installed downstream the OMC
and it was not disturbing for Virgo+ and for the past AdV phases.
By the way the poten al risk was recognized already in the AdV design, and a solu on based on a
diﬀeren ally pumped link was envisaged [9],[13]. In fact the minitower chamber has been designed
to be suitable also for the high vacuum regime, featuring double o-rings and metal seals. However,
the inten on is to adopt such a solu on only in case of need because the drawbacks would be large,
requiring to upgrade the minitower at high vacuum (10-6 mbar) with respect to the present level of
low vacuum (0.1 mbar). Lower compromises will be needed for the choice, design and processing of
internal components. Furthermore, high vacuum pumps must be installed on the chamber (valves,
turbo-pumps, pressure gauges) possibly intrusive with respect to nearby equipment (op cal
benches, feedthrough ﬂanges). The AdV+ opera on will be largely aﬀected too, now requiring only a
few hours to access SDB2 for tunings and get it back online.
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summary table for task 5
Mo va ons

Study of the modiﬁca ons of the vacuum apparatus in diﬀerent scenarios
of the phase II.

Deliverables

Technical design, costs es ma on, me schedule and risks for the diﬀerent
op ons (arms ends, disassembly/reassembly works impact).

Table 5: Main ﬁgures for task 5.

5.3.5. Interfaces with other subsystems
●

Interface with SIN/FLT sub-system for the physical separa on of the main vacuum apparatus
from the squeezing chambers (sqz minitower in par cular).
Ini ally the SQB1 minitower will be separated by a properly designed glass-window from the
main vacuum chambers (DET tower). This will guarantee a ﬂexible and independent
opera on with respect to the main vacuum chambers, allowing shorter down mes and easy
interven ons during the commissioning phase. In case the window separa on would result
as not acceptable, a suitable link without glass separa on shall be employed, incorpora ng a
‘diﬀeren al pumping’ system.

●

Interface with most of sub-systems for in-tower opera ve tasks .

●

Interfaces with PAY, SLC, OSD, TCS for the ‘large mirrors’ study.
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5.4. EMS – Environmental Monitoring System
5.4.1. Summary
A par al upgrade of the environmental monitoring, including a number of addi onal probes with the
rela ve condi oning electronics, is required for the monitoring of the system to implement in the
Phase I of AdV+, mainly SR mirror and squeezing system. In parallel to this upgrade, and possibly
before the end of O3, a set of environmental probes, in part already available, need to be installed to
be er understand the origin and the path of noise coupling to the interferometer and possibly to
mi gate their eﬀect. In par cular, the disturbances evidenced during the commissioning of AdV
before O3 were: electromagne c ﬁelds and electrical voltage noise produced by switching loads,
acous c and vibra on noise produced by the air condi oning system and other mechanical devices,
sca ered light from many sources on the injec on and detec on benches.

5.4.2. Objectives
The environmental monitoring system (EMS) manages a large number of sensors, distributed in all
the experimental buildings, used to monitor the main characteris cs of the detector environment. It
is used both during the scien ﬁc data taking for vetoing the interferometer (ITF) output in case of
severe or anomalous environmental condi ons, and for the noise hun ng during the commissioning
periods, to ﬁnd and mi gate the main sources of ambient noise that can degrade the detector
performances. The EMS exists since the beginning of Virgo, and was par ally upgraded during the
AdV construc on. The upgrade consisted in the replacement of a part of the condi oning electronics
and in the placement of a few addi onal sensors (mainly in the end buildings) with respect to the
exis ng set [1].
A view of the probes currently used in AdV and their loca on in the four experimental buildings is
shown in Figure 1 and Figure 2.

Figure 1: The environmental monitoring system in the central building.
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Figure 2: The environmental monitoring system in WEB, NEB and MCB.
During the AdV commissioning, a number of relevant noise sources not yet monitored were
iden ﬁed; the needed probes could be installed at the end of O3, or even before, if there will be a
rela vely long interrup on of the run. Some of these probes are already available, and no addi onal
budget is required for them. The most relevant noise sources, evidenced during the commissioning
were:
● The large 50 Hz contamina on, its harmonics and the large bump around it: the exis ng
sensors are voltage probes placed at the power distribu on of some selected racks. A set of
current probes to monitor the current from the UPS (uninterrupted power supply) and IPS
(interrup ble power supply) is ready to be installed.
● The s ll relevant noise due to the sca ered light from injec on/detec on benches will need
be er inves ga on during and a er the O3 run. A set of high sensi vity accelerometers are
ready to be installed on the most cri cal points for this kind of disturbances. This ac on will
be certainly useful for an eﬀec ve mi ga on of the noise.
● The acous c and vibra on noise produced by the air condi oning system. The current set of
acous c and seismic probes used to monitor the experimental halls and the laboratories has
to be upgraded with addi onal elements. Moreover a small number of mobile probes can be
used to perform local inves ga ons on the most cri cal elements of the HVAC system.
● The residual vibra ons and acous c noise produced by the cooling system of the electronics
placed close to the suspension towers. Also in this case a number of addi onal ﬁxed probes
is needed. Moreover a short period of inves ga on performed with a portable set of probes
will provide for more eﬀec ve measurements on most cri cal equipments.
● The residual vibra ons produced by the pumping system will be monitored a er the vacuum
system upgrade (see VAC sec on).
● Besides the direct eﬀects of environmental disturbances on the ITF performances, the
mi ga on of the noise will allow a more eﬀec ve study and subtrac on of Newtonian noise,
since the background noise of the sensing system used for the NN subtrac on is strongly
aﬀected by the infrastructural noises.
Moreover, the path to AdV+, during the phase I, foresees:
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The installa on of the SR mirror, and possibly new benches hos ng auxiliary lasers and op cs
(Laser Lab, End Buildings);
● The installa on of the new squeezing system and rela ve benches in the Central Building.
These new systems will require the usual set of environmental probes already preset on all benches.
Some of the needed probes are already available, while most of them, together with their
condi oning electronics, have to be procured.
●

5.4.3. Description of works for O4
The ac vity in the EMS is divided in the following tasks:
● Task 1: Installa on and commissioning of current probes on the power mains coming from
the IPS and UPS systems;
● Task 2: Installa on and commissioning of episensors on a selected set of cri cal ﬂanges for
sca ered light correla on studies;
● Task 3: Procurement of environmental probes for SR auxiliary benches;
● Task 4: Procurement of environmental probes for the new squeezing benches and towers;
● Task 5: Installa on of environmental probes for SR auxiliary benches;
● Task 6: Installa on of environmental probes for the new squeezing benches and towers;
● Task 7: Commissioning of the new probes;
● Task 8: Procurement of addi onal probes for infrastructure and electronic noise;
● Task 9: Installa on of addi onal probes for infrastructures and electronics noise;
● Task 10: Inves ga ons on infrastructure and electronic noise.
The work foreseen for each task is be er detailed in the next subsec ons.

5.4.3.1. Installation of current probes
The probes for the monitoring of the current mains were already selected in the past [2], but their
procurement, together with their condi oning electronics, was completed too late for the installa on
before O3 start.
The installa on of the current probes for the all the UPS systems, and for the IPS system in the
Central Building (CEB), do not need to open the power connec on. This means that the installa on
could be performed during a short period of me (1 week), without interfering with other opera ons
on the detector. In principle, the installa on could be done even during a stop period of the O3 run.
Instead, the installa on of the probes on the IPS of the End Buildings, will require a switch oﬀ of the
system itself. This ac on should be carefully programmed, to avoid severe consequences on the
other systems. Nevertheless, the installa on me is short (1 week). No probe is required in the Mode
Cleaner Building, since this building is already equipped with such sensors.
For each building a total of 6 probes is foreseen, 3 for each phase in the UPS and the same for the
IPS. Both the probes and their condi oning electronics are already available. In Table 1 a list of the
foreseen probes is reported.
Probe

Location

Driving from

Sampling (kHz)

UPS-R-S-T

CEB

DAQ Room

3x20000

IPS-R-S-T

CEB

DAQ Room

3x20000

UPS-R-S-T

NEB

NEB

3x20000

IPS-R-S-T

NEB

NEB

3x20000

UPS-R-S-T

WEB

WEB

3x20000

IPS-R-S-T

WEB

WEB

3x20000

Table 1: List and loca on of probe for mains current. NEB,WEB = North/West End Benches; CEB =
Central Building
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5.4.3.2. Episensors on critical flanges
All the suspension towers, except for the suspended bench towers SNEB, SWEB, SIB2, SPRB and
SDB2, are equipped with piezoelectric accelerometers to monitor the tower vibra on noise at
intermediate frequencies (1 Hz – 1 kHz). During the past and recent AdV+ ac vity the eﬀect of noise
induced by the light sca ered from op cal components shaken by vibra on or acous c noise was
raised several mes [3,4,5].
A more accurate monitoring of the vibra ons is then necessary for a more eﬀec ve ac on in
reducing such disturbances. For this reason a set of single axis episensors, with band 0.1-200 Hz, is
available for the installa on on the ﬂanges of the most relevant vacuum chambers.
The lower cut frequency and higher sensi vity, with respect to the standard accelerometers, will
allow the monitoring of a larger class of disturbances, in par cular the low frequency vibra ons that
are up-converted by sca ered light.
The foreseen loca ons of the single axis episensors are shown in Table 2
Flanges between

and

Driving from

Sampling (kHz)

SDB2

EDB

DER

1

SDB1

SDB2

DER

1

SIB1

SIB2

EER

1

PR

SPRB

EER

1

SPRB

EPRB1

EER

1

NE

SNEB

NEB

1

WE

SWEB

WEB

1

SDB1

SQZB

DER

1

Table 2: List and loca on of the single axis episensors for sca ered light monitoring

A number of 6 single axis episensors is already available, 3 more probes (2+1 spare) have to be
procured. The condi oning electronics for all the probes is already available.
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5.4.3.3. Environmental probes for Signal Recycling
The installa on and opera on of the signal recycling mirror will need at least three addi onal
benches hos ng the lasers and the op cs for the injec on of the 532 nm laser used for the cavity
locking [6]. These benches have to be monitored by diﬀerent kind of probes, as for the other benches
in AdV. The benches will be located in Laser Laboratory, NEB and WEB. The set of probes for each
bench include:
1. One tri-axial episensor;
2. One standard microphone;
3. One piezoelectric accelerometer;
4. Slow sensors of temperature, pressure and humidity;
The slow sensors are already available, while the other have to be procured, together with their
condi oning electronics (except for the episensors). In Table 3 the list of probes and their loca on is
reported.

Probe

Location

Driving

Sampling (kHz)

3-axis episensor

Laser Lab

EER

3x1

Microphone

Laser Lab

EER

20

PZT Accelerometer

Laser Lab

EER

10

3-axis episensor

NEB

NEB

3x1

Microphone

NEB

NEB

20

PZT Accelerometer

NEB

NEB

10

3-axis episensor

WEB

WEB

3x1

Microphone

WEB

WEB

20

PZT Accelerometer

WEB

WEB

10

Table 3: Sensors for auxiliary benches
The installa on of these sensors will be possible once the new benches will be available while their
commissioning (func onality test) will be performed soon a er. The 3 axis episensors could be not
needed in the ﬁrst phase, so their procurement was postponed a er O4. This possibility is already
considered in the budget table.
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5.4.3.4. Environmental probes for new SQZ
The new squeezing is conﬁgured as a complex system composed by several suspension systems
(mini-towers and micro-towers) and several supplementary benches [7].
As for the other towers, it is necessary to provide a minimal monitoring system by using at least a
piezoelectric accelerometer and a single axis episensor for each mini/micro tower, and a set of
standard monitoring probes for the in-air auxiliary benches of these towers. This do not apply for the
squeezer bench that is already equipped with all the environmental monitoring probes.
According to the current design, there are: 1 mini-tower (SQB1), 1 micro-tower (SQB2), 2
micro-tower for the ﬁlter cavity mirrors.
For each of them it is necessary to install: 1 piezoelectric accelerometer and 1 single axis episensor.
The current design also foresees an op cal bench for each micro-tower, besides the one already
exis ng for the squeezer.
This sums up to three benches, to be equipped with the standard set of probes already listed in the
previous sec on, resul ng in a total of 3 tri-axial episensors, 3 standard microphones, 3 piezo
accelerometers and a set of slow monitoring probes.
Also the condi oning electronics, for piezo accelerometers, microphones and episensors have to be
procured.
Table 4 summarizes the probes and their loca ons for the new squeezing system.
Probe

Location

Driving

Sampling (kHz)

PZT Accelerometer

Aux – SQB2

DER

10

3-axis episensor

Aux – SQB2

DER

3x1

Microphone

Aux – SQB2

DER

20

PZT Accelerometer

Aux – FC input

DER

10

3-axis episensor

Aux – FC input

DER

3x1

Microphone

Aux – FC input

DER

20

PZT Accelerometer

Aux – FC end

-

10

3-axis episensor

Aux – FC end

-

3x1

Microphone

Aux – FC end

-

20

PZT Accelerometer

SQB1

DER

10

1-axis episensor

SQB1

DER

1

PZT Accelerometer

SQB2

DER

10

1-axis episensor

SQB2

DER

1

PZT Accelerometer

FC input

DER

10

1-axis episensor

FC input

DER

1

PZT Accelerometer

FC end

-

10

1-axis episensor

FC end

-

1

Table 4: Sensor list and loca on for the monitoring of the squeezing system.

As for the SR, the installa on of these probes is foreseen only when the squeezing infrastructure will
be ready, at least for mechanics: suspensions and in-air op cal benches.
The loca on of the driving electronics for the probes of the FC-end microtower and rela ve auxiliary
bench will be decided in the next future.
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5.4.3.5. Commissioning of the new probes
A er the installa on of the new probes, a short period to test their func onality is needed. In
par cular, it is necessary to measure the standard noise levels for each probe and eventually to
adapt their sensi vity to the local environmental condi ons. Moreover a par al modiﬁca on of the
distribu on and loca on of the probe could be necessary a er these analyses.

5.4.3.6. Additional probes for infrastructure and electronic noise
The monitoring of magne c noise has to be improved by adding suitable probes close to the most
relevant electronic racks: one fast magne c probe will be located in each rack carrying sensi ve
electronics (photodiode readout, drivers and actuators, in-vacuum electronic boxes). Small miniature
ﬂuxgate sensors will be used, needing only power supply and no other transducing electronics. A set
of about 20 probes is necessary to cover the AdV+ needs. The sampling frequency should be at least
10 kHz.
The acous c noise is already monitored: in the experimental halls, by using infrasound microphones,
and on the in-air op cal benches, by using standard high quality microphones. Nevertheless the
acous c noise is not monitored in the electronic rooms yet. For such task medium quality standard
microphones can be used. The electronic rooms to monitor are: EE room, INJ electronic room, DET
electronic room, TCS electronic room. One microphone is already available, 4 more microphones (1
spare) have to be procured.
Finally, it should be useful to add an addi onal low frequency velocimeter at level -2 in CEB, since
there is no sensor at that level.

5.4.3.7. Investigations on infrastructure and electronic noise
A er the end of the infrastructure works aimed to mi gate the acous c/vibra on noise
contamina on (see INF sec on) a period is needed to perform a set of noise measurements in all the
relevant loca ons of the experimental halls.
For this task, as the past experience demonstrated, the ﬁxed sensors of the environmental
monitoring system could be not fully eﬀec ve, since a detailed noise inves ga on o en requires to
monitor very selected loca ons. In these cases, a set of portable probes, equipped with suitable
driving electronics, is needed.
A limited set of probes is already available, but it should be upgraded by including the following
items:
1. One 1 axis episensor + condi oning electronics for low frequency vibra on inves ga ons;
2. One low frequency microphone + condi oning electronics for low frequency acous c
inves ga ons;
3. Three high sensi ve PZT accelerometer + condi oning electronics;
4. One permanent large coil, for each building is needed in order to op mize the magne c
transfer func ons measurements during the ITF opera on. Apart the coil a high current
ampliﬁer is needed for the driving.
5. One portable UPS system with a capacity of 3kW to be used to power in standalone mode
single devices (single rack, chiller) will help to test the EM immunity from electrical
disturbances (ground loops);
Of course the cabling for these probes is also needed.
The procurement of some of these equipement is postponed a er O4, in par cular the items 3 and
4. These possibility is already taken into account in the budget table.
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5.4.4. Interfaces with other subsystems
DAQ: Need to add extra ADC channels for the new probes monitoring;
INJ/DET: Deﬁne the posi on of probes for the auxiliary benches needed for SR locking system.
SGD: Deﬁne the posi on of the addi onal environmental probes needed for monitoring the new
squeezing system.
INF: Selec on of cri cal points to perform detailed measurements of acous c/vibra on and
electromagne c noise from infrastructures.

5.4.5. References
[1] E. Cuoco, R. De Rosa, I. Fiori, F. Garuﬁ, “Environmental Monitoring Census”, VIR-0427A-12.
[2] R. De Rosa, I. Fiori, F. Garuﬁ, F. Nocera, F. Paole , B. Swinkels, R. Cavalieri, “Current probes for the
AdV environmental monitoring system”, VIR-0232A-13.
[3] R. Bonnand, M. Eisenmann, R. Gouaty, M. Was, “Searching for diﬀused light inside the detec on
tower (SDB1)”, VIR-0530A-18.
[4] A. Romero Rodriguez, A. Menendez Vazquez, “Sca ered Light Inves ga on”, VIR-0138A-19.
[5] I. Fiori et al. “Sca ered light noise inves ga ons”, VIR-0551A-17.
[6] N. Leroy et al. “Signal Recycling in Adv+”, VIR-0353A-19.
[7] J.P. Zendri et al. “AdV+ FDS”, VIR-0358A-19.
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6. Quantum Noise Reduction (QNR)
The Quantum noise Reduc on system is the system composed by all the hardware and so ware that
will be deployed in order to implement the technique of frequency dependent squeezing.
The goal of this system is to circumvent the quantum noise by injec ng frequency dependent
vacuum squeezed states into the interferometer output port. It includes a squeezed vacuum source,
a 285 m long ﬁlter cavity and two op cal benches suspended in vacuum to inject the squeezed
vacuum state into the ﬁlter cavity and then into the interferometer.
This system includes the following subsystems/work-packages:
●
●

●

●

Squeezing Global Design (SGD). This is the subsystem in charge of the overall design of the
QNR system. It includes the op cal layout design and the global control design.
Squeezed Vacuum Source (SVS). This subsystem is composed by the squeezed vacuum
source developed at AEI, the matching op cs to inject the squeezed vacuum beam into the
vacuum chambers as well as many of the sensors for the QNR control system.
Filtering cavity (FLT). This subsystem includes all the works required to install the 285m long
ﬁlter cavity in the North tunnel. It includes the infrastructure works, the clean rooms, the
vacuum tube and chambers, the mirror suspensions and the ﬁlter cavity mirrors. It includes
also one external bench and the suspension and mirror local posi on control system.
Squeezing Injection (SIN). This subsystem includes all the items required to implement two
in-vacuum op cal benches that inject the squeezed vacuum beam into the ﬁltering cavity
and into the interferometer. It includes the infrastructure modiﬁca ons, the vacuum tube
and chambers, the bench suspensions, the benches themselves and all the op cs/sensors
installed on the benches. It also includes one external bench and the suspension and
benches local control system.

The main physical interfaces with the other systems are the following:
●

●
●

●

ITF. The beam matching at the detec on Faraday Isolator where the beams from the QNR
system are injected is the main interface with ITF together with the pickoﬀ beam from the
laser system used to lock the squeezing main laser. Moreover the some of the dark fringe
signals are used to control the vacuum squeezed source.
SUM. None
ESC. The sensors (photodiodes, quadrants, cameras etc.) used to monitor the frequency
dependent squeezing system and the actuators to control squeezing lasers are the main
interface with ESC.
ENV. The environmental condi ons (temperature, humidity, vibra ons) in proximity of the
QNR vacuum chambers and in the clean areas are the main interfaces with ENV.

The main tasks to be accomplished by the QNR system for AdV+ Phase I are listed here below.
Works for O4
●
●

Detailed design of op cal layout and global control.
Realiza on of infrastructure works in the North tunnel to prepare for the ﬁltering cavity
installa on.
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●
●
●
●
●
●
●
●

Infrastructure modiﬁca on works in the central building to prepare for the installa on of the
squeezing injec on vacuum chambers.
Construc on and installa on of vacuum systems for ﬁltering cavity and squeezing injec on
benches.
Construc on and installa on of suspension and op cal systems for the ﬁltering cavity and
the squeezing injec on benches.
Modiﬁca ons of the AEI squeezed vacuum source.
Construc on and installa on of the bench and op cal systems for the squeezed vacuum
source integra on, the squeezed vacuum beam injec on and related controls.
Construc on and installa on of the acous c isola on system for the squeezed vacuum
source bench.
Commissioning of the frequency dependent squeezed vacuum source.
Integra on with the interferometer and reduc on of the interferometer quantum noise.

Preparatory works for O5
●
●
●

Development of an in-vacuum Op cal Parametrical Oscillator
Development of adap ve mode-matching
Research & development on Einstein-Podolsky-Rosen type squeezing
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6.1. SGD – Squeezing Global Design
6.1.1. Summary
The SGD (Squeezing Global Design) document gives a general overview of the QNR (Quantum Noise
Reduc on) project which is aimed at the reduc on of the quantum noise contribu on in AdV+. The
document also contains the overall op cal design and control strategy; the descrip on of the
construc on details are instead contained in the documents SVS (Squeezing Vacuum Source), SIN
(Squeezing INjec on) and FLT (squeezing FiLTering), that together with SGD make up the QNR
technical design report.
The document contains the following informa on:
● Introduc on to quantum noise reduc on by frequency-dependent vacuum squeezing
injec on in the dark port of the interferometer.
● Project objec ves and main requirements that the subsystems must meet to obtain them.
● Analysis of the addi ve technical noise that can derive from the squeezed light injec on
(stray light issue) and the proposed mi ga on methods.
● A general overview of the experimental setup including op cs, mechanics, vacuum and
infrastructures, with references to the TDR chapters where the subsystems are described in
detail.
● The global op cal design.
● Opera ng principle of the proposed mode-matching sensors necessary to obtain the desired
coupling between the squeezed beam and the cavi es it encounters (Appendix A).
● The global control strategy, including the list of required sensors/actuators (Appendix B).
● Prepara on ac vi es for phase II tasks, including ac ve mode matching, the in vacuum OPO
and an alterna ve method to reduce quantum noise (EPR squeezing).
● Planning, budget, man power and interfaces with other subsystem.

6.1.2. Objectives
The main goal of SGD is to deﬁne the global design of the op cal layout and the locking strategy for
phase I of the FDS project. Construc on details are instead the responsibility of other subsystems
(SVS, SIN, FLT). The detailed FDS commissioning plan is also included in the SGD ac vi es. Regarding
prepara on for phase II, SGD aims to produce an op cal layout that includes the in vacuum OPO
cavity and the design and tes ng of actuators for adap ve mode matching.

6.1.3. Introduction
Quantum noise dominates the AdV+ target sensi vity in a relevant frac on of the sensi ve
bandwidth. Therefore a signiﬁcant AdV+ sensi vity enhancement could be achieved by reducing the
quantum noise contribu on. Quantum noise arises from vacuum quadrature ﬂuctua on entering in
the interferometer dark port [1]. In a Michelson interferometer each of the two vacuum quadratures
contributes exclusively to shot or radia on pressure noise. Therefore, the ra o between the vacuum
quadrature variances (the product is ﬁxed by the uncertainty principle) determines the rela ve
weight of shot and radia on noise in the total quantum noise.
In normal condi ons the variances of the two vacuum quadratures are equal. However non-linear
processes can be used to produce a squeezed vacuum state characterized by unbalanced quadrature
uncertainty. Squeezed states are represented in quadrature space by an uncertainty ellipse whose
axis ra o and rota on angle. The standard interferometer quantum noise can be reduced by injec ng
in the dark port a squeezed vacuum ﬁeld with a suitable choice of the squeezing ellipse angle. In
prac ce the quadrature variances ra o is tuned to reduce the dominant noise component at the
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expense of the other, un l a minimum (op mum) of the total noise is reached. Since shot noise and
radia on pressure noise have a diﬀerent dependence on frequency, the op mal angle of the
squeezing ellipse also depends on frequency. A Frequency Dependent Squeezed (FDS) source is thus
required to produce a broad-band quantum noise reduc on. Similar conclusions can be obtained for
more complex topologies such as the signal recycled interferometers.
In current detectors, Frequency Independent Squeezed (FIS) vacuum states are injected in the
an symmetric port [2, 3, 4] in order to reduce the shot noise contribu on, which dominates the high
frequency sensi vity, at the expense of an increase of the Quantum Radia on Pressure (QRP) noise,
domina ng at low frequencies. This technique is clearly subop mal because the improvement in
high frequency sensi vity is accompanied by a possible deteriora on in the low frequency region.
Indeed, both the Virgo and LIGO collabora ons have recently observed [3, 4] that injec on of large
amounts of FIS results in a limited gain in terms of overall sensi vity due to the squeezing-enhanced
QRP, despite the fact that technical noise competes with QRP in the low-frequency region. This eﬀect
will be more evident for AdV+, since both an increase in the power stored on the arms and a
decrease in the low frequency technical noise are expected. In this condi on an eﬀec ve advantage
from the injec on of squeezed states can only be achieved by using a Frequency Dependent
Squeezed (FDS) vacuum source [5,6].
This document is the ﬁrst of the 4 chapters (SGD, SVS, SIN, FLT) in which the technical design for the
realiza on of a frequency dependent squeezed source for AdV+ is divided.
The method proposed for FDS genera on is the rota on of the squeezing ellipse produced by a
frequency independent squeezer using the dispersion experienced by a beam in reﬂec on of a
detuned op cal cavity (see Figure 1 right) [5,6]. This technique has been developed both
theore cally [8] and experimentally on table-top experiments [9,10], and is currently being tested on
a 300 m long cavity at the Na onal Observatory of Japan (NAOJ) in the infrastructure of the former
TAMA detector [11,12]. Moreover, it will be deployed at A-LIGO, with the in-vacuum squeezed light
sources combined with 300 m ﬁlter cavi es [13].
The frequency band in which the squeezing ellipse must be rotated is approximately centered
around the point where the shot noise and radia on pressure noise power density are equal
For AdV+ this happens in the 20-30 Hz range. Thus the cavity op mal line width must be of the same
order [7,11], for AdV+ a 100 m class cavity is required. The exact calcula on of the op mal ﬁlter
cavity length and ﬁnesse is presented in the paragraph FLT: ﬁlter cavity design. The op mal choice for
these parameters is
Length=285 meters
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Finesse=10800

6.1.4. Description of works for O4
6.1.4.1. Target and requirements
The current FIS sources can generate up to 14 dB of squeezing [14, 15]. However, the injec on of
such a strongly squeezed ﬁelds in the interferometer dark port would increase the radia on pressure
noise to such a level as to lead to a degrada on of the ITF low frequency sensi vity. As discussed in
the introductory paragraph, a way to overcome this problem is to use such a high performance FIS
sources as a seed to generate FDS by means of reﬂec on oﬀ of a ﬁlter cavity. This allows to fully
exploit squeezed light to improve interferometer sensi vity over the whole bandwidth.

Figure 1: (Le ) Frequency Independent Squeezed (FIS) vacuum is injected into the dark port of the
interferometer through the Output Faraday Isolator (OFI). The injected squeezing ellipse is shown in
blue. When the squeezing ellipse is a circle we have the standard quantum noise. (Right) Frequency
Dependent Squeezing (FDS) is injected into the dark part of the interferometer. FDS light is generated
by reﬂec ng FIS light from a detuned ﬁlter cavity (FC). The squeezing ellipses at various frequencies
are indicated in blue.
To take full advantage of the FDS injec on the op cal losses, which limits the actual sensi vity gain,
must be minimized. In Table 1 the loss budget for the AdV run O3 and an es mate for O4 is shown.
The main expected improvement in O4 comes from the reduc on of the detec on losses thanks to
the use of the new OMC [16] and the new ampliﬁer stage, which has proven to guarantee over 20 dB
of shot-noise clearance [17]. Another signiﬁcant gain is expected from the improvement of the mode
matching between the squeezed light beam and the op cal cavi es. This improvement will be
enabled by the use of new mode matching sensors [SGD:mode matching sensing] and by the
motoriza on of the telescope mirrors. Finally it is assumed that the losses due to alignments
[SGD:locking strategy] and aberra ons [SGD:optical layout] are kept well below 1%.
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Source

O3

O4-pess

O4

Comment

OPO escape
eﬃciency

0.99

0.99

0.99

Same OPA of the FIS project [14]

Squeezer box FI

0.98

0.99

0.99

Same FI of FIS [23] and squeezer FI replaced
with [19]

ESQB FI [4]

0.97

0.97

0.97

Same FI of FIS [19]

Squeezer/ITF
matching

0.95

0.97

0.99

O3 (SQZ versus OMC ) value obtained with
a cold interferometer

Alignment ji er

0.99

0.99

0.99

Same as obtained in the FIS project

SDB1 FI

0.992

0.992

0.992

[19]

EMFC IR
transmission

0.995

0.995

IR pick-oﬀ for sub

0.998

0.998

All lens on the path 0.999

0.999

0.999

All mirrors on the
path

0.997

0.997

0.98

0.99

0.999

Aberra on and
as gma sm

See chapter SGD:optical layout

Total Injection
efficiency

0.876

0.877

0.906

OMC intra-cavity

0.98

0.99

0.985

only 1 OMC [16]

OMCs coupling

0.975

0.975

1

only 1 OMC

OMC/ITF coupling

0.92

0.95

0.97

[16]

SDB1 pick-oﬀ

0.985

0.985

0.985

Main beam pick oﬀ
interferometer control

SDB1 FI

0.99

0.99

0.992

[19]

PD eﬃciency

0.99

0.99

0.99

Same photodiode as FIS

Dark-Noise
equivalent
eﬃciency

0.96

0.96

0.99

New readout electronics based on [17]

Op cs coa ng

0.996

0.996

0.996

Total Readout
efficiency

0.811

0.846

0.911

used

for

the

Table1: es mated loss budget for O3 and expected for O4.
Another limi ng factor of the high frequency sensi vity gain is the residual angular ji er of the
squeezing ellipse. Up to now the best AdV achieved result is about 60 mrad-rms; of these, around 10
mrad comes from the low frequency region (0-50 kHz), while the rest comes from high frequency
sources not yet completely iden ﬁed. Among these, the contrast defect and the sideband imbalance
on the sensing photodiode [18] should beneﬁt from the use of the new OMC, which is expected to
provide a larger sideband suppression.
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The reference residual angular ji er value for the FDS project is 20 mrad. However since it is
currently diﬃcult to quan fy what the a ainable value will be, in Table 2 we present the expected
high frequency sensi vity gain for three diﬀerent ji er phase values, namely 20, 40 and 60 mrad.
Squeezing ellipse angular jitter

HF gain [dB]

60 mrad

5.9

40 mrad

6.5

20 mrad

6.9

Table 2: AdV+ high sensi vity gain achievable with squeezed light injec on for diﬀerent values of
the residual squeezing ellipse angular ji er.
The addi on of the ﬁlter cavity in the op cal path of the squeezer inevitably adds op cal losses,
which can degrade the overall quantum noise reduc on. In par cular
● Filter Cavity round-trip losses :
The Filter Cavity round-trip losses are mixing squeezing and an -squeezing. As presented in the FLT
sub-system, during O4 the round-trip losses are expected to be 40 ppm (FLT-Mirrors speciﬁca ons)
due to polishing limita ons. Later on, the Filter Cavity mirrors will be replaced by higher-quality ones
which will decrease the round-trip losses down to 20 ppm.
● Mode-mismatch :
The Filter Cavity will act for a beam coupled to its fundamental mode. An imperfect mode-matching
between the squeezed beam and the Filter Cavity means that there will be a frequency-independent
phase rota on between a perfectly matched beam and a mismatched beam. These two beams are
then going to be detected by a homodyne detector where the mismatch will again spoil the level of
squeezing. The amplitude of this mechanism is constrained but not its phase. In the simula ons
presented in the chapter (FLT: Filter Cavity design) it has been chosen the phase that maximize the
eﬀect.
The ﬁlter cavity length ﬂuctua ons driven by seismic noise can also aﬀect the overall performance of
the FDS injec on. As the Filter Cavity detuning depends on its length, these ﬂuctua ons induce
ﬂuctua ons of the detuning frequency. In turn, this translates into a frequency-dependent phase
noise. As presented in the FLT sub-system, Filter Cavity length ﬂuctua ons can be controlled down to
a level of about 0.3 ppm. This makes the impact of this degrada on negligible for a long Filter Cavity.
The requirements for the ﬁlter cavity during phase I of the AdV+ QNR project are summarized in
table 3
Filter cavity parameter

Value

round trip losses

40 ppm

mode matching

98%

longitudinal residual mo on

0.3 pm

Table 3: ﬁlter cavity parameters requirements for the phase I of the QNR project.
Taking into account the parameters of Tables 1 and 3 and the other noise sources ac ng on the
interferometer, a target high-frequency sensi vity improvement of 6-7 dB seems within reach for the
phase I QNR project. Thanks to the ﬁlter cavity, this gain should be obtained without degrading the
low frequency sensi vity.
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6.1.4.2. Backscattered light power and displacement motion
The backsca ered-light induced strain noise scales with the square root of the backsca ered-light
power and with the eﬀec ve displacement noise of the sca ering surface, whose computa on
involves the nonlinear process inherent of phase wrapping. Calcula ons from the perspec ve of
expected backsca ered light op cal power and displacement mo on were previously studied [20]
and featured as part of the FDS Conceptual Design Document [7]. With respect to that case, the
eventual presence of a second viewport in the FDS path, to isolate chambers at diﬀerent vacuum
levels in addi on to that (already taken into account) between SDB1 and the FDS, is not expected to
add signiﬁcant back-sca ering noise.

Figure 2: Strain noise contributed by the suspended Filter Cavity with two Faraday Isolators and
suspended-bench tracking ON with respect to the SDB1 bench.
Given current best knowledge about expected op cal power, TEM and polariza on composi on at
the dark port for O4, that being close to current levels [21], we can use the same assump ons and
carry forward the same conclusions from the previous work. In brief, the requirements for
backsca ered light power and residual displacement are that:
● Two Faraday Isolators are required between the ITF (SDB1) and the Filter Cavity, being the
dominant reﬂector of concern. Suspended-bench tracking between FDS in-vacuum benches
to SDB1 is clearly advantageous. The calculated strain-noise with these requirements is
shown in Figure 2.
● One Faraday Isolator is required in the in-air OPO injec on path.
● Space should be allocated for one addi onal Faraday Isolator in the OPO injec on path, for
risk mi ga on.

6.1.4.2.1. Acoustic noise
Acous c noise can impact overall residual displacement mo on on the in-air bench. The current O3
squeezer acous c enclosure was tested with science-mode condi ons in the DET cleanroom, by
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opening the bench-level panels for a short period of me. The lower acous c enclosure panels
surrounding the op cal table legs remained closed due to concerns about temperature stability.
The noise-power transfer func ons measured on the microphone located near the squeezing bench,
between having the panels open and closed, is shown in Figure 3. Even with quiet science-mode
condi ons in the DET lab, the enclosure suppresses ambient acous c noise by a factor of 5-15
broadly above 100 Hz.

Figure 3: Transfer func on ra os between having the acous c enclosure bench-level panels on the
O3 squeezing bench open and closed, during quiet science-mode condi ons. The green dashed line
is the ra o value of 1, the level if there is no eﬀect of the enclosure.
The results from all environmental sensors on the squeezing bench (microphone and three
seismometers) are shown in Figure 4, showing also the responses in the bench top seismometers.

Figure 4: Spectrograms of the environmental sensors on the squeezing bench for the short test
of the O3 FIS acous c enclosure. The large, ver cal disturbances indicate the opening and
subsequent re-closing of the bench-level panels.
Considering the even-higher sensi vi es of the ITF for AdV+ (and therefore even stricter constraints
for residual noise), it is recommended to con nue to have acous c isola on for the FDS in-air bench.
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The current acous c enclosure is not compa ble with the foreseen available space, as well as the
new bench shape. Further details about a new acous c enclosure design for the FDS in-air bench will
be discussed in Acous c Isola on sec on of the SVS subsystem document.

6.1.4.2.2. Baffles, beam dumps and diaphragms
Addi onal baﬄes, beam dumps and diaphragms will be needed as a passive technique to reduce
sca ered light noise. Considera ons on SQB1, containing the crucial op cal path a er the third
Faraday Isolator towards SDB1, is described in SIN subsystem sec on Op cal design: Stray light
control. For ESQB1 we foresee to use diaphragms to stop reﬂec ons from photodiodes. These
ac ons are set to avoid noise on the B1 signal.

6.1.4.2.3. Active backscatter phase control
The top-level stray light strategy for AdV+ FDS is to passively minimize stray light impacts, building on
the experiences of O3 AdV FIS. However, an ac ve backsca er phase control technique was
successfully tested at GEO600, with a kHz-modula on applied a PZT-op c in the squeezed light
injec on path and feedback to the GEO600 squeezed light source PLL loop [22]. A diagram of the
control loop is shown in Figure 5.

Figure 5: Simpliﬁed schema c of the ac ve backsca er phase control technique tested in GEO600.
Due to the short me, we will only include the implementa on of the PZT hardware on SQB1 for
AdV+ Phase 1 in the squeezing injec on path, to minimize the need for changing the
bench/electronics within the SQB1 tower should the technique be needed. This hardware is
described in the Op cal Design and Control sec ons of the SIN subsystem. Loop design
considera ons, for e.g. choice of modula on frequency, and other impacts will need to be assessed
more carefully for a Phase 2 deployment mescale.

263

6.1.4.3. Global layout
The frequency independent squeezed-vacuum source foreseen for phase 1 is the same currently
used in Virgo in the framework of the FIS project [23]. It is based on a double-resonant (1064 nm and
532 nm) compact linear OPA cavity opera ng in air that can produce up to 14 dB of squeezing in the
audio band [14]. The source is mounted on a 1x1.1 m2 breadboard and is frequency-locked to a
pick-oﬀ of the AdV main laser delivered from the Injec on Lab via a 54 meter long, single-mode
op cal ﬁber. For the QNR project, some minor modiﬁca on of the squeezer board are required
(SVS:AEI in-air squeezed light source modiﬁca ons): a pick-oﬀ each from the squeezer main laser
(1064 nm) and the green pump beam (532 nm) are required to provide the local oscillator for the
diagnos c homodyne detector (SVS: Homodyne detector) and for the longitudinal and angular
control of the FC (SGD:control systems) respec vely. In addi on, the sensing frequency of the RF
photodiodes will need to be modiﬁed if it will become necessary to change the oﬀset frequency of
the coherent control beam for the squeezing ellipse angular stabiliza on (SVS:AEI in air squeezed
light source modiﬁca on). The squeezer board will be housed on an in-air op cal bench (ESQB1)
inserted into an acous c enclosure in the detec on room (SVS:Acous c Isola on).
With the current op cal design, the OPO back-reﬂected light should have a negligible eﬀect on the
AdV sensi vity (SGD: Backsca ered light power and displacement mo on). However, this statement
is based on a calcula on that neglects eﬀects driven by hard-to-predict parameters, such as the
rela ve residual displacement between benches, eﬀect of higher-order modes, suscep bility to
acous c noise, spurious mechanical resonances and imperfec ons in the op cs. For these reasons,
the use of an in-vacuum OPO is s ll under considera on for phase II. A detailed project on how to
implement this op on is on the list of the deliverables for phase I.
The op mal ﬁlter cavity length is chosen for the purpose of minimizing quantum noise with the
assump on that the parameters of table1 are met (FLT:Filter Cavity design). The exact value of the
length, 285 meters, derives from the request to place the suspension towers of the mirrors near the
founda on piles of the north arm tunnel where seismic noise is minimized (FLT: Infrastructures). The
FC and the mirror suspension towers will be hosted in the AdV north arm tunnel parallel to the
interferometer arm as shown in Figure 6.

Figure 6: Schema c layout of the FDS project. The in air FIS source is located in the detec on room
where it is injected into the vacuum op cal benches. From the in vacuum benches the squeezed
light is directed towards the ﬁlter cavity which is housed in the same tunnel of the ITF North arm.
The light reﬂected from the cavity is then injected into the ITF detec on bench and from this into the
interferometer.
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The cavity mirrors diameter (150 mm) and radius of curvature (558 m for both mirrors) have been
sized to keep the FC round-trip losses below 40 ppm (FLT: Mirrors), which is a prerequisite of the
project. Mirrors coa ng allows the FC to resonate both on the infrared (1064 nm), with an op mal
ﬁnesse of about 11000, and on green (532 nm), with ﬁnesse of about 100. The low-ﬁnesse green
resonance is designed to facilitate the ﬁlter cavity locking and alignment with the pump beam
extracted from the AEI squeezer board [SGD: control system].
The injec on of squeezed light into the ﬁlter cavity and of the FC reﬂected light into the
interferometer requires the installa on of addi onal op cal benches. Figure 7 shows the name and
posi on of these benches.
ESQB1 (External Squeezer Bench 1): it is an in-air op cal bench located in the Detec on room. It
houses (Figure 8) the AEI squeezer board, the injec on IR faraday isolator, the IR and green matching
telescope and steering op cs, op cs for frequency locking the squeezer to the AdV main lasers and
the diagnos c homodyne detector for oﬄine characteriza on of the squeezed light reﬂected by the
FC. An addi onal IR laser source (called sub-carrier laser), oﬀset-frequency-locked to the squeezer
main laser, is also installed on ESQB1. The subcarrier beam is injected counter-propaga ng in the
op cal path of the squeezer through the IR Faraday isolator. With a suitable choice of the oﬀset
frequency, it is then completely reﬂected from the OPO cavity and co-propagates with the squeezed
beam. The subcarrier ﬁeld is used for the longitudinal and angular control of the FC and as a probe
for the mode matching between the squeezed light beam, the FC and the interferometer. ESQB1 also
contains all the sensors for the green light back-reﬂected from the FC and used for pre-locking and
angular control of the FC. Details on FC control and mode matching methods are contained on
(SGD:control system, mode matching sensing).
Due to the limited amount of space in the detec on room, the L-shape of ESQB1 is needed to
maximize the area available to accommodate all the necessary hardware while maintaining
compa bility with the presence and accessibility of the SQB1 mini tower. The detailed drawing of the
ESQB1 bench can be found in the SVS document.
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Figure 7: Top view of the central building oriented along the cardinal direc ons. Red text: addi onal
op cal benches required for the QNR project. Violet text: pre-exis ng op cal benches involved in the
project. The drawing also indicates the posi ons of the environmental sensors. in the drawing the
suspension towers of the signal recycling mirror (SR), the north input mirror (NI), the beam spli er
(BS ) and the room where the racks are housed (Det-Electronic Room) are indicated.
SQB1 (Suspended sQueezing Bench 1): this is an in-vacuum suspended bench whose design follows
that of other benches already developed for Virgo. The co-propaga ng squeezed and bright IR
control beams are injected on SQB1 through a vacuum- ght viewport and then directed towards the
FC through reﬂec on oﬀ the input PBS of the second FI. Before leaving the bench, the IR beams are
combined with the green light reaching SQB1 through a second viewport using a dichroic mirror. All
the overlapped beams then enter the FC mode-matching telescope, whose ﬁrst mirror is on SQB1
and second mirror on SQB2. When the light back-reﬂected by the FC reaches SQB1 again, the same
dichroic mirror used to combine IR and green is used to separate them. The IR light then passes
through the two SQB1 faraday isolators and reaches the detec on tower (SDB1), where it is injected
into the ITF dark port. The green light is instead routed towards ESQB1, where it reaches the sensors
used for cavity control with the green beam.
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Figure 8: Block diagram of the op cal components installed on the op cal benches.
SQB2: (Suspended sQqueezing Bench 2): this is also an in-vacuum suspended bench based on the
same design as SQB1. Before reaching the FC, the beams coming from SQB1 are routed through
SQB2, which contains steering op cs and the second mirror of the last mode-matching telescope.
While the bulk of the back-reﬂected light is sent back to SQB1, a small frac on (0.1%) is picked-oﬀ
and then separated by a dichroic mirror. The green beam reaches posi on detectors on SQB2, while
the IR beam is routed to an external in-air bench (ESQB2).
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ESQB2: (External Suspended SQqueezing Bench 2). This in air bench contains all the IR sensors
(QPDs and PDs) for mode-matching and for longitudinal and angular control of the ﬁlter cavity.
FCEB: (Filter Cavity End Mirror) this bench is installed close to the FC end mirror and contains the
cameras and longitudinal photodiode required to lock the cavity and control the cavity using its
transmi ed light.
It should be noted that in order to es mate the mode matching between the interferometer OMC
and the squeezed beam, some mode-matching sensors will be installed in the pre-exis ng external
detec on bench (EDB, see Figure 7).
Finally, SQB1 and SQB2 contain a set of sensors that measure the posi on of the green beam on the
benches for the purpose of maintaining rela ve alignment with the rest of the system.

6.1.4.3.1. Environmental sensors
As for the other towers, it is necessary to provide a minimal monitoring system for each tower of the
ﬁlter cavity. So at least a piezoelectric accelerometer and a single axis episensor for each mini/micro
tower, and a set of standard monitoring probes (three axis episensor, 1 pzt accelerometer, 1 standard
microphone and a set of slow monitoring probes) for the in-air auxiliary benches of these towers.
This does not apply to the squeezer bench that is already equipped with all the environmental
monitoring probes. A detailed list of the channels that we plan to install for QNR is included in the
ENV document. Figure 7 shows the planned posi oning of environmental sensors in the central
building.

6.1.4.3.2. Vacuum system
The squeezing project involves the realiza on of an auxiliary vacuum system composed by 4
chambers hos ng op cal components (2 micro-towers plus 2 mini-towers) with a volume within a
few cubic meters each plus a 300 m long pipe, 250 mm in diameter. The vacuum apparatus will be
equipped with a series of pumps, valves, sensors, viewports.
The requirement about vacuum level is not stringent: the ‘squeezing’ chambers will normally operate
at a moderate vacuum level (the target is the range of 10-6 mbar), separated by a glass-window from
the rest of the vacuum chambers. This will guarantee a ﬂexible and independent opera on with
respect to the main vacuum chambers, allowing minimal ITF down mes and easy interven ons
during the commissioning phase.
The pumping system is conceived to have the possibility to process independently each of the 5
chambers (the 4 micro/mini towers + the pipe), from 1 bar to full vacuum. Dry primary pumps will
achieve the roughing down phase and turbo-molecular pumps will allow to get into the HV regime.
The turbo-molecular pumps will have magne c bearings and hybrid features (no lubricants), for
cleanliness reasons and low maintenance purposes.
The pumps posi ons will be chosen at appropriate distance from the micro/mini-towers chambers, in
order to limit acous c noise disturbances and the transmission of mechanical vibra ons, this being a
prior requirement.
Details on the design and dimensioning of the vacuum lines and pumps can be found in the SIN (SIN:
Vacuum) and FLT (FLT: vacuum system) documents.

6.1.4.3.3. Infrastructures
The QNR project requires some modiﬁca ons to be made to the current Virgo infrastructure.
Central building:
● Two holes on the concrete walls will be necessary to allow the connec on of the SQB1 mini
tower with the SQB2 minitower through the 25 cm diameter vacuum pipe (Figure 6). This
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work will have to be done taking all the precau ons to avoid spreading dust in the clean area
of the central building.
● Around each of the suspension towers of the suspended benches SQB1, 2, a structures will
be installed to support laminar ﬂow air blowers that improve air cleanliness when working
on op cal benches (SIN:Infrastructure).
North Arm:
● In the proximity of the suspension towers of the FC mirrors the north tunnel cover will have
to be raised by about 1 meter to allow the movement of the vacuum tank cupola. Around
each suspension tower, a clean area (ISO 7/8 class) with ac vely controlled temperature and
humidity will be created.
● Outside the north tunnel, at an adequate distance so as not to transmit vibra ons to the FC
cavity mirrors, the clean room air control units will be installed.
All these works will have to be done prior to the installa on of the vacuum lines and the op cal
benches necessary for the QNR project.

6.1.4.4. Optical Layout
The Frequency Dependent Squeezing FDS System for the reduc on of the quantum noise in the
whole gravita onal interferometer Advanced Virgo plus (AdV+) frequency range, is cons tuted by
diﬀerent parts but, being an unique system, it requires a global design that allows to reach the total
goal of a global allowed mismatch op cal loss between the squeezer and the interferometer of 0.03,
(Table 1,3 SGD:Mo va ons and requirements) - i.e. a total mode matching of .97 among all the
involved beams - and the minimiza on of the sca ering light (SGD:Backsca ered light power and
displacement mo on).
This goal can be reached by controlling several main factors: the number of sca ering surfaces, their
op cal quality and the angles of incidence and the waist of the beams impinging on them (the
sca ering is a func on of the inverse of the squared waist and is bigger at angles of incidence near
to the normal [24,25]); the minimiza on of the acous c and mechanical vibra ons of the benches
and op cs holder/mounts; the rela ve stabiliza on and locking of the frequency/phase of the
involved op cal ﬁelds; the control of the rela ve mo on between the suspended benches and the
mo on with respect to the in air benches and the grounded one. On the other hand, the mismatch
losses can be minimized by an extremely careful design of the matching op cs.
In the next we will describe the op cal system by explaining the choices done to reach the maximum
mode matching between the three main systems i.e. the squeezer, the ﬁlter cavity and the
interferometer. Among the constraints driving the layout design there are the space le on SQB1 and
minimal topology changes required for the possible installa on of the in-vacuum OPO, as described
in sec on SVS:Design of the in vacuum OPO and in reference [7].
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Figure 9: Block diagram of the op cal system. The QNR op cal system is cons tuted by three main
systems: the squeezer (SQZ), the ﬁlter cavity (FC) and the injec on system (SIN). They are op cally
connected by means of mode matching op cs (MM telescope) and located on diﬀerent benches
(SGD:Global Layout and FIgure 8), most of which, suspended. To keep the alignment between these
systems, auxiliary beams are used (green and subcarrier). These beams are also used to lock the ﬁlter
cavity. The vacuum squeezed ﬁeld generated into the squeezer is injected in the interferometer (ITF)
a er having been ﬁltered by the ﬁlter cavity. Op cal Phase locked loops keep the squeezed beam
looked with the right phase w.r.t the interferometer carrier and the auxiliary subcarrier w.r.t the ITF.
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Figure 10: Global op cal design drawn with Optocad. N.B.: In the Filter Cavity, both the IR and the
Green beams used for the alignment are injected from SQB1, but in the drawing the ﬁrst is hidden
since the latest is overlapped.
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Figure 11: Zoom on Suspended squeezing Bench 1 (SQB1) and External Squeezing Bench 1 ( ESQB1)
of the Optocad drawing. The XY coordinate are referred to the Virgo Reference System (VRS),
oriented w.r.t. the Cardinal Direc ons as shown.
LEGEND and CONVENTION on the op cal component names:
Squeezing Path: preﬁx equal to the bench names; label XN, with X=M for mirrors, L for lenses, HWP
for Half WavePlates,QWP if it is Quarter Wave Plates; BS for Beam Spli ers, PBS for Polarizer Beam
Spli er, FI for Faraday Isolators, EOM for Electro-Op cal-Modulator, AOM for
Acousto-Op cal-Modulator; N is the sequen al number of that op cs.
Green Path: preﬁx equal to name bench; label GXN where ‘G’ indicates the green beam path and XN
as before.
LO: Local Oscillator; HD: Homodyne Detector; QD: Quadrant; PD: Photodiode; Cam: Camera; IM:
Input Mirror; EM: End Mirror.
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6.1.4.4.1. Squeezing path
From the diagram block scheme (Figure 9) can be inferred that the QNR op cal system is cons tuted
by three main systems: the squeezer (SQZ), the ﬁlter cavity (FC) and the injec on system (SIN). They
are op cally connected by means of mode matching op cs (MM telescope) and located on diﬀerent
benches (SGD:Global Layout and Figure 8), most of which, suspended. To keep the alignment
between these systems, auxiliary beams are used (green and subcarrier). These beams are also used
to lock the ﬁlter cavity.
The vacuum squeezed ﬁeld generated by the squeezer is injected into the interferometer (ITF) a er
having being ﬁltered by the ﬁlter cavity. Op cal Phase locked loops keep locked the squeezed beam
with the right phase w.r.t. the interferometer carrier and the auxiliary subcarrier w.r.t. the ITF
The squeezed beam (do ed red in the scheme of Figure 9) is matched to the ﬁlter cavity through two
stages: a ﬁrst two lenses oﬀ-axis reﬂec ve telescope (EQSB1_tel in Figure 12, i.e. ESQB1_M3_MT1
and ESQB1_M4_MT2), that matches the collimated beam (1 mm waist) on the ﬁrst in vacuum
suspended bench (SQB1 - Suspended sQueezing Bench 1); a second folded oﬀ-axis reﬂec ve
telescope (FC MM telescope) to match the beam on SQB1 with the ﬁlter cavity op cal fundamental
mode (the telescope matches the beam image of the internal cavity fundamental mode given by the
input cavity mirror). This telescope is cons tuted by the convex mirror SQB1_M22 on SQB1 (for the
conven on on the op cs name see legend in the cap on of Figure 12) and a concave mirror
SQB2_M1. This telescope is split on the two suspended benches.

Figure 12: Zoom on the squeezing beam path.
The oﬀ-axis conﬁgura on for the telescopes allows to compensate the as gma sm introduced by the
refrac ve conﬁgura on. The latest conﬁgura on has been preferred w.r.t. a purely reﬂec ve one, due
to the larger absorp on and backsca ering losses of the latest. We adopted this conﬁgura on for all
the telescopes on the squeezed path, where the losses minimiza on is crucial.
The folded conﬁgura on for the FC telescope (FC MM telescope in Figure 13, mirrors SQB1_M22 and
SQB2_M1 respec vely convex and concave; SQB1_M22 and SQB2_M2 ﬂat folding mirrors) is
constrained by the space infrastructures: the pipe connec ng SQB1 and SQB2 is lted by 38° in the
horizontal plane w.r.t the edge of SQB1. The half of this angle, is a too large incident angle on a
concave/convex mirror, since angles of this dimension introduce an as gma sm that could not be
compensated with a simple two mirrors telescope and that should require more sophis cated
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conﬁgura ons/design and techniques. Moreover the telescope is split on the two suspended
benches since a two lenses short telescope completely housed on SQB2 is not compa ble with the
input/output distances of the waists that must be matched.
Note that the dichroic mirror SQB1_M21 is one of the folding mirror of the FC telescope (Figure 13).
Simula ons have been performed to verify that in the dynamic range of the steering actua on the
matching of the steered beam on the FC is not spoiled.

Figure 13: Filter Cavity Mode Matching telescope (FC MM telescope). It is a folded two mirrors
oﬀ-axis telescope. The squeezed beam coming from the ESQB1 is injected into the FC MM telescope
through the output polarizer of SQB1_FI2 Faraday isolator.
A er the path inside the ﬁlter cavity, the reﬂected beam comes back toward SQB1 and passes again
into the isolator SQB1_FI2. A motorized half-waveplate (SQB1_HWP2), by rota ng the beam
polariza on, can direct it toward the isolator SQB1_F3 (being transmi ed by its input polarizer) or
toward the mirror SQB1_M12 (being reﬂected by the input polarizer). From SQB_M12 it can be
steered toward the homodyne detectors placed on the external bench ESQB1 (see the violet box in
Figure 12) to measure the squeezing level as a func on of the frequency.
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A er SQB1_FI2, the SQB1 telescope mode-matches the beam to the interferometer output beam on
detec on bench SDB1 (Figure 14).

Figure 14: Zoom on the path of the beam reﬂected from the ﬁlter cavity. A er the ﬁrst Faraday
Isolator, the motorized half-wave plate allows to direct the beam either toward the second Faraday
isolator and thus toward the interferometer, or toward the mirror SQB1_M12 and then toward the
homodyne detector housed on ESQB1 (violet box in Figure 15).
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Figure 15: Homodyne Local Oscillator path: the beams, coming from the AEI_BOX, is mode-matched
to the collimated (1mm waist) squeezed beam coming from the ﬁlter cavity by means of the two
lenses refrac ve telescope (LO_L1 and LO_L3). An half-wave plate before a polarizer beam-spli er
(LO_HWP1 and LO_PBS1) allows to regulate the LO power on homodyne when needed. This should
just happen during the installa on phase to maximize the homodyne visibility and some mes, if
needed.

6.1.4.4.2. Local oscillator path
The op cal local oscillator (LO) for the homodyne detector on ESQB1 is provided from AEI BOX (for
details see SVS:AEI in-air squeezed light source modiﬁca ons). This beam is mode matched to the
squeezed beam coming from the ﬁlter cavity by means of a two lenses refrac ve telescope (LO_L1
and LO_L2 in Figure 15). The choice to have a refrac ve telescope is due to space reasons, being it an
in-axis system, it is more compact. The absorp on losses are not cri cal for the LO, nevertheless the
sca ering light, that can circulate on the bench, must be evaluated and mi gated by means of screen
and baﬄes.
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Figure 16: Green ﬁled path. The green ﬁeld used to

6.1.4.4.3. Green path
The green ﬁeld, needed for the FC length control when a bright Infrared beam is not available
(SGD:Control System), comes from the AEI BOX and is directly mode-matched with the FC
intra-telescope beam by means of a refrac ve telescope. For this ﬁeld, like for the LO, we will use a
simple refrac ve telescope with two super-polished lenses, since the absorp on losses are not
cri cal. Suitable baﬄes will be designed to prevent the green sca ered light roaming into the whole
system.
An electro-op c modulator (ESQB1_GEOM) is needed for the Pound Drever Hall Locking technique,
while the acousto-op c modulator (ESQB1_AOM) is needed to set the ﬁlter cavity working point
roughly detuned before switching to the ﬁne detuning control with the infrared locking beam
[SGD:Control scheme using the green beam]. The signal for the Pound-Drever-Hall locking technique
is derived from the ﬁrst polarizer of the green Faraday isolator (Figure 16). All these op cs and
opto-electronic devices are on ESQB1. Then the beam is steered through SQB1. On SQB1 it is injected
on the FC by means of the dichroic mirror (SQB1_M21), that acts as last steering for the squeezed
beam through the FC path.
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6.1.4.4.4. Subcarrier field

Figure 17: Subcarrier ﬁeld path (red arrow) and Op cal Phase Locked Loops between the squeezer
main laser and Virgo main laser (OPLL1) and the sub carrier laser (OPLL2), respec vely. The pick-oﬀ
from the squeezer main laser comes from the rear side (right on the ﬁgure and well visible in Figure
11) of the AEI_BOX.
The subcarrier ﬁeld (in the following we will refer to it as SC beam) is an IR ﬁeld detuned w.r.t. the
squeezed ﬁeld, for the ﬁne locking of the FC length (details in the dedicated following sec on
SGD:Control Systems). It will be provided by an addi onal low noise, frequency stabilized, Nd:Yag
laser, placed on ESQB1 (SC_Laser). The beam must be propagated toward the OPO to ensure a
perfect spa al mode matching and overlapping with the squeezed beam so that it ‘guides’ the
squeezed vacuum ﬁeld along the path from the squeezer source to the FC, by sensing its posi on on
dedicated quadrants (see subsec on SGD:Global control for FDS injec on).
The mode matching on the OPO is done by matching the SC beam on the SQZ beam coming from the
AEI_BOX using the lens SC_L1 and the couple of periscope mirrors SC_M2_ps1 and SC_M3_ps2 (in
the ﬁgure are in plane, but we take into account the diﬀerence in height): while the size of this waist
is matched on that of the SQZ beam by ac ng on the SC_L1 posi on by means of a 25 mm range
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transla on stage; periscope, mounted on transla onal stage with +/- 20 mm range, tune the posi on
of the waist image of SC_L1. Note that the periscope is needed since the SC beam is injected in the
out polarizer of the Faraday isolator ESQB1_FI1 from below, through the SC_M5 mirror.
The ﬁrst electro-op cal modulator SC_EOM1 is used for the Pound Drever Hall technique for the ﬁne
FC control length (SGD: Global control for FDS injec on); the second electro-op cal modulator
SC_EOM2 for the mode matching sensing (SGD:Mode Matching Sensing,Mode matching strategy).

6.1.4.4.5. OPLLs and controls optics
On the bench ESQB1 the two systems for the phase locking between the squeezer laser and the Virgo
main laser (OPLL1) and between the squeezer main laser and the subcarrier laser ( OPLL2) are also
allocated. The pick-oﬀ from the Virgo main laser is provided by an op cal ﬁber, while the pick-oﬀ
from the squeezer main laser comes from the rear of the AEI_BOX (right side not shown in Figure 17)
and the pick-oﬀ from the SC laser is taken with the SC_BS1 mirror (Figure 17).

6.1.4.5. Control Systems
FDS injec on on the ITF requires a careful control of FC length, op cal path length and alignment of
the squeezed vacuum ﬁeld to minimize squeezing ellipse angle errors/noise and to minimize op cal
losses on FC and on ITF. This sec on describes the methods for longitudinal and angular control of
the FC, for suspended benches control, and for automa c alignment and mode matching of squeezed
vacuum ﬁeld on FC and ITF. The basic concepts, sensing and actua ng elements and requirements for
all these tasks are discussed in the sec ons [SGD: Longitudinal control of Filter Cavity], [SGD:
Automa c alignment] and [SGD: Mode Matching sensing] respec vely. The control logic in the
diﬀerent possible opera ng modes of the QNR system is explained in sec on [SGD: Global control
strategy], while [SGD: Appendix B] lists the hardware needed to implement the sensing and control
of the QNR system.
Before engaging a global control sequence, suspended benches and ﬁlter cavity mirrors can be
separately controlled on local references. Global controls rely on two diﬀerent op cal references,
origina ng from ESQB1; these are given by a green laser pick-oﬀ beam from the AEI squeezer, and by
a sub-carrier, bright IR ﬁeld from an auxiliary laser source. The control logic is based on a
combina on of the two references. The green beam will provide a reference for FC length and
angular control, while the sub-carrier ﬁeld will be used for second-stage longitudinal control of FC,
and as a reference for alignment and mode matching of squeezed vacuum ﬁeld into FC and ITF.
There are diﬀerent reason for using two op cal references:
● green ﬁeld provides a simpler signal for longitudinal lock acquisi on, given the low ﬁnesse of
FC at green wavelength;
● green ﬁeld provides longitudinal and angular control signals for FC in conﬁgura ons where a
bright IR beam would not be available or reliable, i.e. during ITF lock acquisi on (when OPO
is in scanning mode) and during HD measurements of the squeezing level;
● green ﬁeld provides a reference for the alignment of the suspended benches
● on the other hand, the sub-carrier ﬁeld provides a more precise reference for longitudinal
control, as it does not depend on cavity dispersion as much as the green ﬁeld;
● in addi on, the sub-carrier ﬁeld provides and accurate alignment reference for the squeezed
vacuum ﬁeld, as it is matched on the OPO;
The cri cal sensing and actua on components for the global control system are shown in Figure 18.
The func on of each element is described in the following subsec on.
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Figure 18: Simpliﬁed scheme of the op cal system, showing sensors and actuators for the global
control system.

6.1.4.5.1. Longitudinal control of Filter Cavity
The mirrors of the Filter Cavity are kept around their working posi on using a Local Control system:
three op cal levers are installed around each suspended mirror to sense their angular and
longitudinal mo ons genera ng error signals used by the actuators installed on the payload (details
in the FLT sub-system). Two diﬀerent techniques will be used to implement a Global Control system
of the Filter Cavity. The two techniques will use two diﬀerent auxiliary beams: a green auxiliary beam
and a subcarrier IR auxiliary beam. Since the ﬁnesse of the cavity for the IR is very high, as explained
in the corresponding sec on of this chapter, the direct lock using only an IR beam will be quite
diﬃcult. In order to simplify the lock procedure, the ﬁnesse of the cavity for the green beam will be
low. At ﬁrst, the cavity will be controlled using the green beam; then, in order to op mize the cavity
length and to ﬁne tune the cavity detuning, the control is switched on the IR subcarrier beam. For
both the control methods, the Pound-Drever-Hall technique will be implemented using the proper
modula on frequencies. Two RF longitudinal photodiodes will be installed in reﬂec on of the cavity
to generate the error signals for the longitudinal control of the Filter Cavity: these are ESQB1_GPD1
on the ESQB1 bench for the green beam, and ESQB2_PD on the ESQB2 bench for the sub-carrier
beam. Two more photodiodes will sense the FC transmission in DC for green beam (FCEB_GPD) and
for sub-carrier ﬁeld (FCEB_IRPD) in order to trigger the PDH loops.
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6.1.4.5.1.1. Control scheme using the green beam
At ﬁrst, a reasonable ﬁnesse in order to limit the shot noise and to sa sfy the deﬁned requirement
on the locking accuracy (rms do the residual mo on of the length of the cavity ~ 0.3 pm) as to be
deﬁned. As the shot noise also depends on the modula on depth 𝛽, we include it in the study. Figure
19 shows ra os of the ﬁrst Bessel func ons as func on of 𝛽. The proper modula on depth must be
chosen in order to not exceed in the high order sidebands power. .

Figure 19: Ra os of Bessel func ons as func on of the modula on depth 𝛽.
Looking at the plots in Figure 19, a modula on depth of 0.1 limits the funcion J1(𝛽) to 5 % of the main
sideband. Therefore, a modula on depth in the range 0.05 - 0.1 is acceptable.
The shot noise measured in (m/√Hz) can be deﬁned as [26]:

where 𝜆 = 532 nm, h is the Planck constant, F the cavity ﬁnesse, 𝜈 = 560 THz, Pin = 50 mW and M is
the mode-matching ﬁxed at 95 % (as in the O4 realis c scenario). Figure 20 le shows the trend of
the rms of the shot noise over 10 kHz as func on of the ﬁnesse of the cavity for two diﬀerent values
of the modula on depth 𝛽.

Figure 20: Le : rms of the shot noise as func on of the ﬁnesse of the cavity for two diﬀerent values
of the modula on depth 𝛽. Right: rms of the shot noise as func on of the modula on depth 𝛽 for a
given ﬁnesse F = 100.
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For a ﬁnesse around 100, the es mated rms is around 1*10-15 mrms, compa ble with the requirement
of 0.3 pm. Figure 20 right shows the trend of the rms of the shot noise over 10 kHz as func on of the
modula on depth 𝛽 for a given cavity ﬁnesse F = 100. It can be no ced that this value of ﬁnesse
garants an acceptable level of shot noise for a wide range of modula on depth.
A second important parameter that has to be determined to implement the control system of the
ﬁlter cavity is the modula on frequency fmod for the green beam, deﬁned as:

where N is an integer and n is an odd number, FSR = c/2L = 526.316 kHz is the free spectral range and
fsep is the mode separa on frequency, deﬁned as:

where c is the speed of light, L = 285 m is the length of the Filter Cavity and 𝜓rt is round trip Gouy
phase in the ﬁlter cavity. The values of fsep and 𝜓rt can be es mated using Finesse [27] obtaining 𝜓rt =
2.1191396 rad, and fsep = 177.511 kHz.
Using for example N = 10 and n = 3 a modula on frequency fmod = 5.529427 MHz is obtained. Figure
21 shows the Pound-Drever-Hall signal es mated by a Finesse simula on in phase and in quadrature
for the Filter Cavity

Figure 21: Pound-Drever-Hall signals es mated by a Finesse simula on for the Filter Cavity.
6.1.4.5.1.2. Control scheme using the subcarrier IR beam
A second technique to control the Filter Cavity, with higher locking point accuracy with respect to
green locking, will be implemented using an external IR subcarrier laser beam. It will be used to
op mize the cavity length and to ﬁne tune the cavity detuning.
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This method is based on a similar technique that has been already tested in GEO600 detector [28] to
control the Signal Recycling Cavity degrees of freedom. The scheme to implement this technique is
shown Figure 22.

Figure 22: Op cal scheme of the IR subcarrier technique (red beam: squeezed vacuum beam, yellow
beam = subcarrier beam).
The idea is to inject an auxiliary beam, coming from the subcarrier laser, toward the OPO. This will
ensure a perfect spa al mode matching and overlapping of the subcarrier beam with the squeezed
beam. The two beams will propagate together towards the Filter Cavity. Both with an accurate and
stable detuning set point, this will allow a characteriza on of the FC resonance.
The frequency of the locking beam must be such that it does not interfere with the squeezing and
the coherent control beam (shi ed by 7 MHz with respect to the squeezed one). Moreover this beam
must be resonant inside the Filter Cavity and ensure that the squeezed vacuum ﬁeld is detuned from
the ﬁlter cavity resonance by a frequency such that the squeezing angle rota on will occur at the
crossover frequency, where the interferometer Radia on Pressure Noise equals the Shot Noise.
To accomplish all these requirements the frequency shi between the subcarrier beam and the
squeezed ﬁeld can be obtained as
fsub = fSQZ + ∆ωfc + N FSRfc
where ∆ωfc= 25 Hz is the required frequency detuning for the squeezing angle rota on and FSRfc= 526
kHz is the Free Spectral Range of the Filter Cavity.
Another important requirement is that the subcarrier beam must be completely reﬂected from the
output mode cleaner (OMC).
The OMC in AdV+ will have the same round-trip op cal length 0.359 m as the OMC in AdV, and much
higher ﬁnesse (1000 instead of 120, see DET sec on), so it will have FWHMOMC= 0.8 MHz and a
FSROMC= 834 MHz.
The frequency shi
∆sub= fsub - fSQZ = 1262400025 Hz
can allow to sa sfy all the required condi ons: reﬂec on by the OPO, resonance inside the FC,
reﬂec on from the OMC and rota on at desired frequency.
With the large RF detuning of sub-carrier ﬁeld from the main laser, the only possible impact on ITF
control signals is a small DC bias on sensing photodiodes. The chosen frequency is nearly
an -resonant on the power recycling cavity, i.e. the detuning from PRC resonance is 50 mes the
cavity pole. With the given op cal power and RIN of the sub-carrier beam (see [Sub-carrier source]
sec on in SVS chapter) the impact on ITF control noise will be negligible. The detuning from SRC
determines the frac on of sub-carrier light reﬂected towards the OMC and transmi ed to the ITF.
The oﬀset frequency can be modiﬁed by small mul ples of the FC FSR, without substan ally aﬀec ng
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the an -resonance condi on on OPO and OMC, in order to change the resonance condi on on SRC if
found more convenient during commissioning.
The subcarrier laser will be phase locked to the SQZ main laser using an OPLL, where the beat
between the two beams must be detected by a fast photodiode.
Another possibility is to have ∆sub= 420800025 Hz, i.e. the ﬁeld an -resonant on OMC but not on
OPO. The lower frequency would ease the PLL frequency synthesis and the demodula on of beat
note between sub-carrier and coherent control ﬁelds in transmission of FC, however the possible
impact on squeezing level due to the 9-fold increased coupling with OPO cavity should be
inves gated. Moreover, the detuning from PRC resonance is only 20 mes the PRC pole.
The Subcarrier beam reﬂected by the Filter Cavity, will be used for the implementa on of the Pound
Drever technique in order to control the ﬁlter cavity length. For this purpose, the subcarrier beam
will be modulated using an EOM. A possible modula on frequency is 11.12 MHz. It has been
calculated taking into account the FSR of the Filter Cavity and the mode separa on frequency fsep as
explained in the previous sec on. Considering that the value of the Gouy phase for the IR beam is
534 mrad (value es mated by Finesse simula on), fsep = 44.731 kHz. In the Figure 23 the error signal,
obtained with a modula on depth 𝛽=0.3 is shown.

Figure 23: Pound-Drever-Hall error signals es mated by a Finesse simula on for the Filter Cavity.

6.1.4.5.2. Automatic Alignment
The amount of eﬀec ve squeezing that can be measured in a quantum noise limited interferometer
depends on the level of injected squeezing, on the losses in the apparatus, and on the rela ve phase
noise between ITF and squeezed ﬁeld. As discussed in [29], misalignments can induce both op cal
losses, because of the reduced overlap of the squeezed ﬁeld with the OMC and arm cavi es, and
phase noise, because of lock-point errors in the phase control.
Any misalignment between FC mirrors, and any misalignment or displacement of the squeezed
vacuum beam on a steering op c in between the OPO and the FC, or between the FC and the
asymmetric port of the interferometer, as well as between ITF arm cavi es and OMC, reduces the
power in the TEM00 mode and it is equivalent to a loss. With a collimated beam of about 1 mm
radius, to match the FC TEM00 mode and the interferometer beam mode at the level of SDB1
Faraday isolator, in order to keep losses below 1% the beam displacement at the steering mirrors
should be kept well below 100 m RMS, and the beam ji er should be kept within 30 µrad RMS [23].
Alignment ji er may also induce ﬂuctua ons of the squeezing phase angle due to the presence of
high-order modes at the photodiode detec ng the beat note between control beam and
interferometer beam. However, as long as the average rela ve angle between the two beams is close
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to zero, there's only a second order coupling of alignment ji er to quadrature phase. A linear
coupling would only arise in case of a sta c misalignment. In addi on, the eﬀect can be further
mi gated by placing the phase control photodiode downstream the OMC [29], as foreseen in the
current design, thus strongly limi ng the contribu on of HOMs to the beat signal.
An automa c alignment control system is designed with the following purposes:
1. keep the ﬁlter cavity mirrors mutually aligned
2. keep the squeezed vacuum light ﬁeld aligned with respect to the ﬁter cavity
3. keep the squeezed vacuum light ﬁeld aligned on the interferometer
4. maintain the op cal beam centered on the op cal elements of the suspended benches
The four diﬀerent func ons are described in the following subsec ons
6.1.4.5.2.1. Filter Cavity alignment
The ﬁrst task is achieved with standard RF Diﬀeren al Wavefront Sensing (RF-DWS), which is also
employed for automa c alignment of the interferometer arm cavi es, on the same green beam
which is employed for the ﬁrst-stage FC longitudinal control. The same modula on sidebands will be
used to control the angular posi on of the mirrors, implemen ng the Ward wavefront sensing
technique, which measures the spa al distor on of the beam phase distribu on due to the presence
of misalignments. A pair of quadrant photodiodes (QPDs) on ESQB1 (ESQB1_GQPD1 and
ESQB1_GQPD2) detect the green beam reﬂected from the ﬁlter cavity. The two QPDs detect the
beam at two loca ons with Guy phase diﬀerence close to 90 deg. Demodula ng the QPDs signal at
the RF sidebands frequency of the green beam EOM allows to detect angular error signals arising
from the beat note between the carrier fundamental TEM00 of FC and the RF sideband of TEM01 (or
TEM10) mode. Such error signals are fed to the angular actuators of FC mirrors to provide automa c
alignment of the cavity, on an angular reference provided by the input green beam.
A Finesse simula on can be done to es mate also the signals measured by the two quadrant
photodiodes used to implement the automa c alignment control exploi ng the Ward method.
Figures 24 and 25 show the signals measured by the two quadrant photodiodes and by the
longitudinal one inducing a lt respec vely on the input and on the end mirrors of the ﬁlter cavity.

Figure 24: signals measured by the two quadrant photodiodes (blue and green) and by the
longitudinal photodiode (purple) for an angular sweep of the input mirror of the Filter Cavity
(simula on made by Finesse).
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Figure 25: signals measured by the two quadrant photodiodes (blue and green) and by the
longitudinal photodiode (purple) for an angular sweep of the end mirror of the Filter Cavity
(simula on made by Finesse).
A lt applied on the input mirror generates only a clear signal on one quadrant photodiode (blue
curve in Figure 24), whereas a lt of the end mirror generates a signal on both the quadrant
photodiodes but with opposite signs (blue and green curves in Figure 25). The longitudinal control
loop signal (purple) stays as zero as the cavity is maintained on resonance.
Therefore, a modula on frequency of fmod = 5.529427 MHz with a modula on depth of 0.1 or even
slightly higher and a ﬁnesse of F = 100 for the green control scheme can be used matching the
requirements.
6.1.4.5.2.2. Automatic alignment of squeezed vacuum field on FC
The second task is achieved by producing an angular error signal for the sub-carrier ﬁeld on the FC
with RF-DWS. To this purpose a pair of RF QPDs on ESQB2, namely ESQB2_QD1 and ESQB2_QD2,
with Guy phase diﬀerence close to 90 deg, detect a small (0.1%) pick-oﬀ of the sub-carrier ﬁeld
reﬂected from FC. Two p- lt-mounted mirrors on ESQB1 (ESQB1_M3_MT1 and ESQB1_M5),
highlighted in red in Figure 18, serve as actuators for the automa c alignment loop. Closing the loop
on these two mirrors allows a suitable Guy phase diﬀerence between the actuators. The sub-carrier
beam is kept aligned with the squeezed vacuum ﬁeld by checking the OPO transmission in scanning
mode. The actuators are p- lt-mounted mirrors SC_M2_ps1 and SC_M4 on ESQB1 (highlighted in
blue in Figure 18 and Figure 17). However, when the OPO is locked there might be long-term rela ve
alignment dri s between sub-carrier and squeezed vacuum beams. To provide a measurement of the
rela ve angular error between CC and sub-carrier ﬁelds, a RF photodiode (FCEB_IRPD) detects the
beat note between the two ﬁelds in transmission of the FC; a small angular dither is applied on
ESQB1 p- lt actuated mirrors ESQB1_M3_MT1 and ESQB1_M5 (see next subsec on). This method
requires both the CC and subcarrier ﬁelds to be resonant on FC. In turn this determines the
frequency of CC OPLL: possible values are 7.368424MHz or 4.208 MHz. FCEB_IRPD is an ultrafast
photodiode with GHz bandwidth (e.g. DET025A from Thorlabs). Analog demodula on at the 1.2 GHz
beat frequency is performed downstreams bias-T extrac on of the DC signal for PDH trigger.
Subsequent demodula on at the frequencies of angular dither lines provide four error signals to
drive the corresponding DOFs of the p- lt mirrors on ESQB1. The expected power in transmission of
FC is around 10 µW for SC and 10 nW for CC; with a typical responsivity of 0.1 A/W the beat note
amplitude will be around 30 nA, and shot noise limited SNR be about 30000; in such condi ons, with
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100 nrad angular dither misalignments of 10 µrad are detectable, and residual losses from
misalignment would be lower than 0.5%; an ultra-low noise RF ampliﬁer is required to achieve shot
noise limited sensi vity.
6.1.4.5.2.3. Automatic alignment of squeezed vacuum field on ITF
For the third task we will implement two sensing methods, providing diﬀerent kind of informa on,
namely:
● the misalignment of CC ﬁeld on OMC;
● the rela ve misalignment of CC ﬁeld and the ITF B1 beam.
Direct accurate sensing of misalignment on OMC achieved with the method employed in AdV during
O3. The alignment error signals are provided by demodula on, at the 7 MHz beat note on B1
detec on photodiodes, of angular dither lines applied to the steering mirrors on ESQB1. Amplitude
and frequency of the dither lines is
Sensing of the rela ve misalignment of CC ﬁeld and ITF carrier (or 56 MHz RF sideband) is obtained
instead a er demodula on of the 7 MHz (or 49 MHz) beat on the B1p RF quadrant photodiodes.
Actua on will be done on the SQB1 PZT-driven steering mirrors highlighted in orange in Figure 18,
namely SQB1_M34_MT1 and SQB1_M31.
Two RF quadrants can be added to the external detec on bench EDB to look at the beam reﬂected by
the output mode cleaner. This would allow to obtain alignment signal between the 56MHz sideband
and the coherent control side-band with a larger SNR than what is available on the B1p quadrant, as
is currently implemented at GEO600 [30]. It would also allow to use the modulated diﬀeren al
wavefront sensing (MDWS) technique that uses the OMC length dither to tag the carrier
fundamental TEM00 mode to obtain a higher bandwidth error signal for OMC alignment [31]. And
also the MDWS technique could be adapted to align the squeezing coherent control side-band on the
carrier TEM00 tagged by the OMC length dither.
In addi on, as already done for squeezing injec on in AdV, we will include two cameras to image the
far-ﬁeld and near-ﬁeld of B1 beam leaking from SDB1 towards SQB1, as reﬂected from the last
Faraday isolator. Here a camera performs be er than a PSD to disentangle the dark-fringe
fundamental mode from high-order modes by peak ﬁ ng. Another servo loop, ac ng on the two
piezo-actuated steering mirrors a er the SQB1 telescope, will keep the beam posi on ﬁxed on
Faraday Isolators, to minimize sca ered light noise and to reduce the required dynamic range for the
main AA actuators.
6.1.4.5.2.4. Control of suspended benches
The set point for local controls of three DC quadrant photodiodes on each suspended bench (SQB1
and SQB2) will sense the near-ﬁeld and far-ﬁeld of green beam tap-oﬀs to provide error signals for
the suspended benches controls, in order to stabilize the posi on of laser spots on the op cs and
thus minimize noise from sca ered light. In par cular, two QPDs (SQB1_QD1 and SQB1_QD2) on
SQB1 will sense the near and the far ﬁeld for the green beam incoming from ESQB1, whereas an
addi onal QPD (SQB1_QD3) will be placed to detect a pick-oﬀ of the green beam reﬂected by the
ﬁlter cavity. This addi onal QPD is used in order to be sensi ve to the bench rota on around the
beam axis. The same technique will be implemented on SQB2, i.e. two QPDs (SQB2_QD1 and
SQB2_QD2) will be placed to detect the beam from SQB1 and a third (SQB2_QD3) is placed to detect
the a pick-oﬀ of the green beam reﬂected by the ﬁlter cavity.
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6.1.4.5.2.5. Mode Matching sensing
Op cal losses due to mismatch of the laser spa al modes supported by the diﬀerent cavi es
interested by the FDS subsystem are an important contributor to the overall loss budget.
In par cular, in this chapter we are interested in the mode-mismatch (MM) that arises from the
diﬀerence in waist size and loca on between the nominal and real beams, while we ignore mismatch
of higher order (as gma sm and other aberra ons). MM translates into a loss of power when the
beam is coupled into an op cal cavity. For the current project the overall amount of losses resul ng
from spa al mismatch are required to be less than 3%.
Misalignment and MM between a laser beam and a cavity can be described in terms of higher-order
mode content of the former in the base deﬁned by the la er. When the cavity is locked on the
fundamental mode, these HOMs are reﬂected and carry important informa on on the origin of the
mismatch [32]. The ﬁrst relevant modes for cavity misalignment are the Hermite-Gaussian (HG) of
order one, HG10 and HG01, while for MM the relevant mode is the Laguerre-Gaussian mode LG10,
which can be expressed as a combina on of Hermite-Gaussian modes of order two, HG02 and HG20.
Sensing HOMs allows to sense op cal cavity mismatch, and it is a crucial step for the reduc on of
related power losses.
In the proposed FDS subsystem design, the squeezed beam ini al mode is deﬁned by the geometry
of the OPO cavity and, a er resona ng inside the ﬁlter cavity (FC), must be eventually matched to
the mode resona ng inside the ITF. In addi on, there are a number of other beams used for
reference, ini al alignment and diagnos c purposes. Adapta on of the op cal modes in diﬀerent
parts of the layout and among diﬀerent beams is obtained by means of telescopes which are
designed based on the nominal beam parameters. However, discrepancies between the nominal and
real mode in any point of the layout can arise because of number of factors, the main expected ones
being op cs RoC errors and tolerances in the placement of the op cs, which result in a varia on of
op cal path. While a small MM (with respect to nominal) in any generic point of the layout is
harmless, we need to provide for sensors able to measure MM at cri cal loca ons, and actuators
able to correct it.
6.1.4.5.2.6. Critical Mode-Matching locations
Since the squeezed beam (SQZB) contains no light suitable for genera ng control signals, it is
foreseen to the have a "bright" beam co-propagate with it, suitably frequency-oﬀset locked. This
so-called "subcarrier" (SC) beam is injected into the system using the ﬁrst FI immediately a er the
OPO. The SC travels backward towards the OPO, reﬂects oﬀ its input coupler and then co-propagates
with the SQZB. For it to be representa ve of the SQZB, it must be accurately mode-matched into the
OPO.
The squeezed-vacuum beam (SQZB) exi ng the OPO must resonate inside the FC and then overlap
with the mode resona ng inside the ITF; it is thus essen al to mode-match the SQZB, or the SC which
serves as a proxy, to both.
In addi on, a homodyne detector (HD) is present on the in-air bench for diagnos c purposes: it
senses the interference between a local oscillator (LO) taken from the squeezer and the squeezed
beam a er it is reﬂected oﬀ the FC; the two beams must obviously be mode-matched for the
measurement to be representa ve.
Finally, for ini al locking and control of the FC, a green beam is injected on the beam line in SQB1
using a dichroic mirror located between the double FI and the telescope in front of the ﬁlter cavity;
a er reﬂec on oﬀ the FC, the green beam is again extracted through the dichroic mirror and,
contrary to the SC, does not propagate all the way into the ITF. However, mode matching of the green
beam to either the FC or the SQZB is not cri cal, as a mismatch is not a source or losses nor it
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compromise diagnos c measurements, so no ﬁne sensing and tuning of the mode matching is
necessary in this case.
Based on the descrip on above, we need to sense MM among 4 cri cal pairs of modes:
● Sub Carrier laser with OPO cavity (which deﬁnes the SQZB mode)
● OPO cavity with Filter Cavity
● Filter Cavity with Interferometer
● Local Oscillator with SQZB at the homodyne detector
6.1.4.5.2.7. MM sensors
A simple and common way of evalua ng MM into a cavity is to scan either its length or the frequency
of the incoming laser (both referred to as “scanning the cavity” in the remainder of the document),
and measuring the intensity of the resonance peaks corresponding to second order modes. This
approach, however, has some shortcomings:
● It cannot be used while the cavity is locked and the system is in normal opera on
● It is sensi ve to the total mismatch, but gives no informa on useful to decouple the degrees
of freedom responsible for it, forcing to a “tenta ve walk” of the beam mode (which is
technically more challenging than the “beam walking” commonly used for alignment) to ﬁnd
the best matching
A real- me, quan ta ve indica on on the amount of mismatch and its origin (mismatch in waist
posi on or size) allows for a determinis c MM procedure which is both quicker and more reliable. In
addi on, con nuous monitoring gives precious informa on on the origin and me scale of possible
dri s in the matching, and inform future possible implementa on of adap ve mode-matching.
To provide this capability, we will employ two diﬀerent technologies: “Mode Conversion” (MC) and
“RF Higher Order Mode Modula on” (RHM). Here we very brieﬂy introduced both techniques, which
are explained in somewhat more detail in Appendix A.
Analogously to diﬀeren al wavefront sensing widely used for alignment, both MC and RHM aim at
sensing the beat signal between the carrier LG10 mode reﬂected by the cavity and some reference
sidebands. They however use diﬀerent approach to solve the problem of the orthogonality between
the carrier LG10 mode and the sidebands introduced by common phase modula on of the carrier,
which are mainly in the LG00 mode.
MC exploits the standard sidebands already present in the beam for longitudinal locking using the
PDH technique; it requires an addi onal pick-oﬀ of the ﬁeld reﬂected by the cavity, but no
modiﬁca on of the incoming beam path. MC employs a mode-conversion telescope, which includes
two cylindrical lenses, to convert the reﬂected LG10 carrier component into a combina on of HG10
and HG01 modes. The beat signal of these modes with the sidebands can then be sensed using two
RF quadrant photodetectors (rather than the much more problema c “bullseye” photodetectors)
separated by a suitable Gouy phase to recover waist size and posi on informa on, which is a
standard setup used for alignment sensing. Two such telescopes will be installed in reﬂec on of the
FC (to sense MM between the SC and the FC) and in reﬂec on of the ITF OMC (to sense MM
between the SC and either the SRC or the OMC, depending on how the sidebands and SC frequencies
are tuned).
RHM, on the other hand, requires a high-speed, lensing modulator (and electro-op cal lens, or EOL)
to be inserted on the beam path to inject RF sidebands directly in the LG10 mode. However, since the
sidebands now are not orthogonal to the carrier LG10 mode to be sensed, the same single-element
photodetector already present in reﬂec on of each cavity for PDH locking can be used, with no
addi onal sensor or pickoﬀ needed; independent waist size and posi on informa on can be
recovered using phase and quadrature demodula on of this single photodetector. The modulator will
be inserted on the SC beam path before it is injected into the squeezing path, so to avoid any impact
on SQZB, and will provide sidebands suitable for sensing of the MM of the SC into the FC, SRC and/or
OMC, again depending on the tuning of the frequencies).

289

Contrary to the other matching instances, there is no cavity readily available to serve as a reference
for matching the LO to the SQZB in the diagnos c homodyne detector. In this case, we propose to
match the two beams by simply matching the corresponding beam spots on two cameras separated
by a 90-degree gouy phase. This will require a ﬂipping mirror (HD_M2_ﬂ) to temporarily divert the
two beams onto the cameras assembly.

6.1.4.5.3. Global control strategy
The QNR system can operate in three diﬀerent modes, namely:
● injec on of FDS in ITF
● injec on of FIS in ITF
● squeezing measurement on HD
The global control strategy is diﬀerent for the three opera ng modes, as separately illustrated in the
corresponding three subsec ons. However, the ini al acquisi on of coarse alignment and FC length
control, as a er major disturbances and/or a er long periods of uncontrolled opera on, are
common to the diﬀerent modes, and are described in the following sub-sec on. Automa c mode
matching is not considered for phase 1, however a strategy for mode matching tuning with the
dedicated sensing and actua on hardware in SVS and SIN is described in a separate subsec on.
6.1.4.5.3.1. Global pre-alignment
On ﬁrst set up of the overall alignment of the SNR system, or a er an event causing major
misalignment, a manual adjustment of is required ac ng on the motorized actuators of ESQB1, SQB1,
SQB2 and ESQB2 steering mirrors, as well as on SQB1 and SQB2 a tude if necessary. The adjustment
must proceed un l
•
beam spots are at reference posi ons on the ESQB2_Cam, FCEB_IRCam, FCEB_GCam, and
ESQB1_GCam cameras, without evidence of clipping within a suitable displacement range;
• with FC in free swinging or longitudinally scanned, peaks corresponding to HOMs are below a
given frac on of the fundamental peak
• photodiodes and QPDs are centered
6.1.4.5.3.2. Global control for FDS injection
Control of the QNR system for FDS injec on will be done through the following sequence.
1. Ini al condi on: SVS, SIN, FLT on local control
At the star ng point the three subsystems are controlled independently. SVS is par ally locked, i.e.
the three OPLLs are engaged - external phase lock between the main laser of AEI squeezer and Virgo
laser, internal phase lock between the two lasers of the AEI source, and sub-carrier phase lock - and
the SHG cavity locked. Instead the OPO is kept unlocked at this stage, in order to save the life me of
the PPKTP crystals, consistently with the FIS control strategy in O3. Full locking of the squeezer will
occur at a later stage, possibly during the OMC locking; op mal ming will be be er decided during
commissioning.
Filter cavity length is not locked, and transmission peaks for green light are detected with cavity
mirrors in free swinging or by scanning the longitudinal actua on. Before moving to the following
step, a number of condi ons must be veriﬁed:
● Local controls of SQB1 and SQB2 are engaged in correct posi on; the set point for local
controls is updated at each locking sequence to compensate for thermal and mechanical
dri s of the local references;
● the FC mirrors are on local controls, and transmission peaks for green beam are above a
given threshold; if this is not the case, the system must be realigned, see subsec on [SGD:
Global pre-alignment and FC lock acquisi on]; as with suspended benches, the set point of
FC local control should be updated at each lock;
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●

the OPLLs and the SHG are locked.

2. Initial alignment of suspended benches
At this stage we perform a hand-oﬀ of the posi on and angular control of suspended benches from
the local LVDT sensors to the op cal reference provided by the green beam from ESQB1. The signals
from two quadrants on SQB1 (SQB1_QD1 and SQB1_QB2) are used to control the suspended bench,
so that posi on and angle of green beam on the SQB1_GM11 mirror are stabilized. Similarly the
signals from SQB2_QD1 and SQB2_QD2 quadrants will control the SQB2 bench. For each suspended
bench, this will stabilize 4 DOFs, i.e. two rota ons and two transla ons: rota on around the green
beam axis, and axial transla on along the beam axis, are not seen by the quadrants.
3. Longitudinal lock of the filter cavity on green beam
For FC length control, we acquire the signal from FCEB_GPD DC photodiode receiving the green
beam in transmission of the free swinging (or scanned) cavity, and we use it as trigger: when the
transmi ed signal overcomes a threshold we engage the length control with the PDH error signal
from digital demodula on of the ESQB1_GPD1 RF photodiode on ESQB1. Control actua on is
performed through the coils of FC mirrors.
3.1. Mode matching and alignment of sub-carrier on OPO
When the ﬁlter cavity is locked on green beam, the sub-carrier ﬁeld can be kept out of resonance
from FC with a proper combina on of OPLL oﬀset and ESQB1_AOM frequency. As the OPO length is
con nuously scanned, the DC signal of ESQB2_PD photodiode in reﬂec on of FC allows to tune both
the Mode Matching and the alignment of the Subcarrier ﬁeld onto the OPO. Diﬀerent methods for
automa c control at this stage will be considered during commissioning. Alignment actuators are
mirrors SC_M2 and SC_M5 on ESQB1. Actuators for mode matching are the motorized lens SC_L1
and the motorized op cal delay line made of the SC_M3 and SC_M4 pair of mirrors.
4. Angular alignment of filter cavity
At this stage the FC length is stabilized on the frequency of the green ﬁeld. Now the angular posi on
of the two cavity mirrors must be stabilized along the propaga on direc on of the green beam. As
the linear range of the quadrant photodiodes on ESQB1 is limited, a preliminary alignment may be
necessary before engaging the loop on Ward sensing. To this purpose, angular dithering with ~µrad
amplitude and sub-Hz frequencies will be applied to the FC mirrors. Digital demodula on of
ESQB1_GPD1 signal at the dither frequencies will provide error signals for the angular DOFs of the FC
mirrors. When such dri control alignment loop will be engaged, servo loops will be ac vated to
center the green beam in reﬂec on from FC on ESQB1_GQD1 and ESQB1_GQD2, using as sensing the
DC signals from the same quadrant photodiodes, and ac ng on the ESQB_GGalvo1 and
ESQB1_GGalvo2 galvo mirrors. With the green beam stably centered on ESQB1 quadrants, we’ll then
turn on the loop for automa c alignment with Ward sensing, and switch oﬀ the dithering on FC
mirrors. For the AA loop, error signals will be generated by digital demodula on of the RF outputs of
ESQB1_GQD1 and ESQB1_GQD2 with the 5 MHz drive of ESQB1_GEOM. Actua on will be done on FC
mirror coils.
5. Fine alignment of suspended benches
With AA of FC mirrors engaged, the reﬂected green beam is precisely overlapped to its own path all
the way back to the Faraday isolator ESQB1_GFI. Thus the residual free mo onal DOFs of SQB1 and
SQB2 suspended benches can be stabilized using the reﬂected green beam as a reference. This is
achieved by acquiring the signals from DC QPDs on the two benches that sense the green reﬂected
by the ﬁlter cavity, i.e. SQB2_QD3 and SQB1_QD3 respec vely, and driving the bench LVDT actuators
to act on the free lt and transla on DOFs through a proper driving matrix.
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6. Resonance acquisition of FC with sub-carrier field
Subsequent control steps require both the IR subcarrier ﬁeld and green ﬁeld to be resonant onto the
FC. This is achieved by ac ng on either the driving frequency of ESQB1_AOM or on the oﬀset
frequency of the sub-carrier OPLL. Baseline solu on will be the former, because the ﬁnal OPLL
frequency is determined by the chosen rota on frequency of the squeezing ellipse. Sensing is
provided by the combina on of a DC signal from FCEB_IRPD in transmission of the FC, used as a
trigger for acquisi on, and the PDH signal from demodula on of ESQB2_PD in reﬂec on of FC. AOM
frequency is scanned un l FCEB_IRPD reaches a threshold, then the PDH signal is enabled to drive
the AOM frequency to co-resonance.
7. Full lock of the squeezer
From now since, a stable output for the sub-carrier ﬁeld is required, which is not possible if the OPO
is in scanning mode. The procedure to lock MZ, OPA and pump phase are the same as currently
employed during O3, and will not be described here.
8. Hand-off of FC longitudinal control on subcarrier field
The FC length can now be locked on the op cal frequency reference of the subcarrier ﬁeld. This is
achieved with a hand-oﬀ of the FC locking sensing from the detectors for green to the detector for IR.
The FCEB_IRPD DC photodiode in transmission of FC provides a trigger (if necessary) to engage the
lock; the ESQB2_PD RF photodiode provides the PDH error signal, just as in point 6 above. Actua on
is done on FC mirror coils. At the same me, the AOM frequency can be controlled by the PDH signal
from ESQB1_GPD1. This can be useful in case of dri s between the FC resonances of IR and green
due to cavity dispersion, so to have the op mal SNR for SIN alignment and FC alignment. So at this
step we basically swap the sensing for FC mirror coils and for AOM frequency.
9. Automatic alignment of sub-carrier beam on FC
So far the subcarrier ﬁeld is aligned on the OPO, i.e. it is precisely overlapped to the squeezed
vacuum ﬁeld. At this stage, to make sure that squeezed vacuum ﬁeld is aligned to the FC, we align the
sub-carrier on the FC by moving mirrors on the IR common path. Error signals for AA are provided by
demodula on, at the drive frequency of SC_EOM1, of the quadrant photodiodes on ESQB2 in
reﬂec on of FC, namely ESQB2_QD1 and ESQB2_QD2. The AA actuators are two mirrors on ESQB1
with large Gouy phase diﬀerence, namely ESQB1_M3_MT1 and ESQB1_M5. The actuated mirrors are
highlighted in red in Figure 18.
10. Relative alignment of subcarrier and coherent control beam
The sub-carrier ﬁeld has been aligned on OPO at step 3.1. As this alignment relies on few op cal
elements within a short op cal path on a rigid bench, it should not be aﬀected by major dri s and/or
ji er. However a permanent sensing of sub-carrier alignment on OPO is provided by angular
dithering on the beam direc on on ESQB1 using p- lt actuators ac ng on the mirrors highlighted in
red on Figure 18, i.e. ESQB1_M3_MT1 and ESQB1_M5. Analog demodula on of the ultrafast
photodiode FCEB_IRPD in transmission of FC, at the 1.2 GHz beat frequency of sub-carrier and CC
ﬁelds, provides a sensing for CC transmission: the resul ng signal will be digitally demodulated at the
angular dither frequencies of ESQB1_M3_MT1 and ESQB1_M5 mirrors, to provide misalignment
error signals. As both sub-carrier and CC ﬁelds are resonant on FC, the demodulated signals will be
propor onal to the misalignment of both ﬁelds from FC; however the sub-carrier is automa cally
aligned on FC, see step 9, so in the end this will represent an error signal for rela ve alignment of
sub-carrier and CC ﬁelds. Dither frequencies will be similar to those employed during 03, i.e.
between 8 and 17 Hz to avoid any impact on ITF noise, and because of limited FC bandwidth.
In case any alignment ﬂuctua ons are detected, the actuators for AA of sub-carrier on CC are those
highlighted in blue on ESQB1 in Figure 18, namely SC_M2_ps1 and SC_M4.
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11. Preliminary coarse alignment of beam between SQB1 and SDB1
In analogy with the AA strategy for FIS during O3, a pre-alignment loop will compensate for
alignment dri s of suspended detec on bench. The loop sensing is based on two cameras receiving
the beam reﬂected on SDB1 Faraday isolator, because of spurious residual polariza on, towards
SQB1, in far ﬁeld and near ﬁeld op cal conﬁgura on. This step requires that the B1 ITF beam has
stable direc on, and this in turn means that the ITF is in Dark fringe with all the alignment loops
closed in full bandwidth. Sensors are the two Cameras SQZ_Far_Cam and SQZ_Near_Cam on SQB1.
Actuators are the p- lt mounted mirrors SQB1_M34_MT1 and SQB1_M31 on SQB1, show in yellow
on Figure 18. The set point for this loop is updated during opera on of the ITF with OMC locked, and
SNR system controlled at step 12. In this condi on, the OMC transmission for CC ﬁeld at this stage is
expected to be close to maximum.
12. Engaging the coherent control loop
The output of the B1 dark fringe photodiodes is digitally demodulated at the 7 MHz clock reference
for the CC OPLL. To engage the coherent control loop, one of the two demodulated signal is used to
control the 80 MHz reference clock providing the frequency oﬀset for the main squeezer OPLL.
13. Second stage automatic alignment on the ITF
With CC loop engaged, sensing of the alignment of CC ﬁeld on ITF can be done on two diﬀerent
references.
a) Sensing misalignment of CC ﬁeld on OMC with the method implemented during O3 will be the
baseline conﬁgura on. The magnitude of 7 MHz beat between CC ﬁeld and ITF carrier on dark fringe
photodiodes is digitally demodulated with the angular dither signals applied to ESQB1 mirrors, see
step 10, providing 4 error signals.
b) An alterna ve op on is sensing misalignment between CC ﬁeld and B1 ITF beam, using RF DWS
(op onal conﬁgura on). Quadrant sensors are to be chosen among those receiving the B1p pick-oﬀ
on SDB2, and those receiving the reﬂec on from OMC on EDB. Digital demodula on can be done at
the beat frequency of CC ﬁeld with ITF carrier or with a RF sideband. Both choices depend on the
impact of HOMs on sensing signals, and should be done according to SNR and stability of error
signals a er proper tests.
Actua on will be through the p- lt mirrors on SQB1 highlighted in orange on Figure 18, namely
SQB1_MT1 and SQB1_M31. With dither sensing the response speed will be limited to sub-Hz speed;
thus baseline conﬁgura on is to keep the control loop at point 11 ac ve, and act on its set point
using dither alignment sensing on ITF through a proper driving matrix. error signal This will be a
blended loop, with two diﬀerent kind of actuator and sensors.
6.1.4.5.3.3. Global control for squeezing measurement on OHD
Star ng point for measurement of the squeezing level in reﬂec on from FC is at step 10 of the
procedure for FDS injec on on ITF. Then the sequence proceeds along the following steps:
8. Routing squeezed vacuum field toward homodyne detector
To send squeezed vacuum ﬁeld toward OHD on ESQB1, the half-wave plate (SQB1_HWP2) between
the two Faraday isolators on SQB1 is rotated un l the beam is fully reﬂected on the input polarizer of
the second Faraday isolator. The correct rota on angle is set by maximizing the DC signal on OHD
from sub-carrier light. To this purpose, the shu er on LO path is closed. The OHD must have a
suitable linear range for such measurement. Beam is already centered on OHD a er ini al global
pre-alignment.
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9. Coarse alignment and mode matching of beams at OHD
The combined beams from sub-carrier and LO a er OHD beam spli er are deﬂected with ﬂip mirror
HD_M2_ﬂ towards a pair of cameras in near-ﬁeld and far-ﬁeld conﬁgura on (HD_Far_Cam and
HD_Near_Cam), in order to op mize their rela ve alignment and mode matching. By alterna vely
closing the shu ers on LO and SQZ paths, the posi on and size of laser spots on the cameras are
recorded, then the alignment actuators (LO_M4 and SQB1_M6, in purple on Figure 18) are tuned to
overlap sub-carrier on LO, and ﬁnally the motorized telescope lenses on LO path (LO_L1 and LO_L2)
are tuned to op mized mode-matching. The sequence is iterated un l the diﬀerences in spot size
and center posi on for LO and sub-carrier are below a given threshold. Such sequence can be
possibly automated with a proper code.
10. Hand-off FC control to green, squeezer mode commuted to BAB
The sub-carrier ﬁeld must be now switched oﬀ, as it might disturb ﬁne alignment on OHD and
squeezing measurement. To this purpose the longitudinal and angular controls of FC are turned back
to sensing signals from green beam. Then the shu er on sub-carrier path is closed, and the squeezer
output is commuted to provide the bright alignment beam at carrier frequency.
11. Fine tuning of alignment and mode-matching at OHD
Alignment and mode matching of BAB on LO are further op mized using the HD DC signals. The
HD_M2_ﬂ ﬂip mirror is moved away, and the PZT phase actuator on LO_M4 mirror is scanned to
observe full interference fringes on the DC signals of the OHD detector. The LO_M4 and SQB1_M6
mirrors and LO telescope are tuned to maximize fringe contrast.
12. Engaging coherent control on LO phase
The squeezer source is now commuted to provide squeezed vacuum (and CC) instead of BAB as
output. Then the rela ve phase of LO and CC ﬁelds is stabilized by demodula ng the beat note on
OHD and ac ng on the PZT actuator of LO_M4 mirror.
13. Automatic alignment of the OHD and squeezing measurement
We now engage an AA control to keep the rela ve alignment of CC and LO stable during squeezing
measurement. Sensing is obtained by demodula ng the magnitude of RF beat note between CC and
LO on OHD with the driving frequencies of the angular dithers on ESQB1_M3_MT1 and ESQB1_M5
mirrors (in red on Figure 18 and Figure 26). The AA loop is closed by driving p- lt actuators on the
mirrors in purple on Figure 26, namely LO_M4 and ESQB1_M6. In such condi ons we can perform
the squeezing measurement on HD in audio band. A er the measurement with HD detector the
system will be set in the normal conﬁgura on by rota ng the HWP between the two Faraday
Isolators (SQB1_HWP2).
6.1.4.5.3.4. Global control for FIS injection
Two diﬀerent methods are possible for injec ng frequency-independent squeezing in the ITF: tuning
the FC length to be an -resonant with the sub-carrier, or inser ng a (motorized) retro-reﬂec ng
mirror at the beam waist posi on on SQB1, i.e. between Faraday isolator and SQB1_M23. The former
solu on requires to control the length and alignment of FC with green ﬁeld, so that the shu er on
sub-carrier path can be closed. For the la er solu on, the following procedure applies.
1. Initial configuration
The ini al conﬁgura on is similar as for FDS injec on, with squeezer par ally locked and SQB1 bench
on local controls. The shu ers for green and subcarrier beams are closed, and the retro-reﬂec on
mirror on SQB1 is inserted on the op cal path.
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2. Pre-alignment between SQB1 and SDB1
At the proper stage of ITF lock, the AA servo described at step 11 of the sequence for FDS injec on is
engaged.
3. Full lock of the squeezer
A er OMC lock, the OPA, MZ and pump phase locks are engaged
4. Engaging coherent control loop
CC loop is engaged as in step 12 for FDS injec on, then FIS injec on is completed.

Figure 26: Simpliﬁed scheme of the op cal system with the system in the diagnos c conﬁgura on,
i.e. the frequency dependent squeezing is measured by means of the homodyne detector
6.1.4.5.3.5. Mode matching strategy
Reaching and maintaining the desired level of mode matching requires two dis nct phases:
A. Ini al mode-matching: when the layout is ﬁrst installed, the posi ons of the (mainly curved)
op cs need to be tuned to compensate for diﬀerences between the design and the as-built
layout.
B. Fine tuning and dri correc on: during opera on, suitable actuators need to be available to
both ﬁne tune the modes to reduce the mismatch below the desired 1% level at each of the
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three most cri cal loca on (SC to OPO, SC to FC and FC to ITF), and to compensate for
possible dri s or varia ons due to changes in the environmental condi ons or other events.
In principle this can be done “on-demand”, or con nuously in a closed loop. At present, we
do not foresee the necessity to operate in closed-loop condi on, and we plan to adjust
mode-matching on a periodic basis or when the necessity arises. However, it is important to
have, where possible, a con nuous sensing of mode matching, to be able to both judge
when an adjustment is needed and evaluate the necessity of integra ng close-loop adap ve
mode matching in a later phase.
Depending on the interested cavity, we foresee diﬀerent mode-matching sensing and correc on
strategies.
6.1.4.5.3.6. SubCarrier to OPO
Since the laser genera ng the SubCarrier is close to the OPO and with few op cal elements in
between, we do not foresee the necessity for a frequent sensing and/or adjustment of mode
matching. We will perform an ini al mode matching and periodically check its validity.
● Phase A
During ini al installa on, we will scan the cavity (reading out the transmi ed power with a PD
already present in the squeezer) to check the level of MM and, if needed, adjust the SC MM
telescope.
● Phase B
For eﬃcient ﬁne tuning, we will use the MC sensing technique and exploit the MC telescope installed
on ESQB2 for MM sensing of the SubCarrier into the FC (FCMCT). All beams coming from the OPO
will be shut oﬀ; the SC, a er reﬂec ng oﬀ of the OPO, will make its way to the FC, which will be kept
oﬀ-resonance for the SC. The SC will thus be simply reﬂected, and reach FCMCT which, in this
conﬁgura on, will sense mismatch of SC into the OPO.
In this phase, scanning the cavity will be kept as a fallback solu on and as cross check (being less
prone to oﬀsets or other systema cs).
In both cases, the sensing cannot be done con nuously, but only “on demand” bringing the system
out of normal opera on.
6.1.4.5.3.7. SubCarrier to Filter Cavity
Once the SubCarrier is matched to the OPO, its MM to the FilterCavity is representa ve of that of the
squeezed beam.
● Phase A
Also in this case, ini al MM will be evaluated with a cavity scanning, which is expected to give
enough informa on to allow for compensa on of mismatch down to a few percent.
● Phase B
Given the physical distance between the OPO and the FC, and the presence of mul ple op cal
elements, among which two MM telescopes, we need to provide for the ability to con nuously and
quan ta vely monitor MM. We will employ both MC and RHM, which will allow us to cross check
the readings of the two sensing techniques and iden fy systema c errors (e.g. set-point oﬀsets).
For MC, a mode conversion telescope (FCMCT) will be placed in reﬂec on of the FC cavity on the in
air bench ESQB2. The pick-oﬀ for the telescope must be kept below 0.3% in order limit the op cal
losses sensed by the co-propaga ng squeezed beam.
6.1.4.5.3.8. SubCarrier to ITF
Assuming the ITF to be perfectly matched, both the OMC and the SRC are valid references for
matching the SC to the ITF mode. However, to avoid increasing the detec on PD shot noise, we are
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not permi ed to inject any signiﬁcant amount of light, although oﬀset in frequency by a large
amount, into the OMC. The OMC can only be sensed occasionally, and not in science mode, by
changing the SC frequency to be resonant in the OMC. This ability to change SC frequency provides a
powerful tool to probe both OMC and eventually the SRC, and so their rela ve matching, which is an
important informa on for the interferometer, although not strictly in the scope of the FDS
subsystem.
For this purpose, both proposed techniques can be used: RHM only requires demodula on of the
already present RF PD in reﬂec on of the OMC (note that the EOL modula on frequency doesn’t
need to be adjusted for the SRC or the OMC, since the degeneracy between the two LG10 sidebands
has already been broken a er reﬂec ng oﬀ of the FC). For the MC technique, a MC telescope
(ITFMCT) will be installed in-air, intercep ng a pickoﬀ beam in reﬂec on of the OMC and currently
already routed on external detec on bench (EDB).
6.1.4.5.3.9. SubCarrier or Bright Alignment Beam to LO of the homodyne detector
The FDS subsystem is equipped with an in-air homodyne detector (HD) used for diagnos c purposes
“on-demand” (i.e. once in a while, with IFO out of observing mode). The detector receives the SQZ
beam (diverted by the DFI by opportune rota on of the waveplates) and overlaps it with a LO beams.
To allow for precise alignment and MM of the two beams, we foresee a ﬂipping mirror that picks
them oﬀ a er recombina on, and routes them towards a group of two CCD cameras separated by a
suitable Guoy phase. For this purpose, the SQZB can be replaced with the SC beam (previously
matched to SQZB) or by the Bright Alignment Beam (BAB), which emerges from the OPO and has
thus the same mode of the SQZB.
Precise matching can be achieved by using the SC or BAB beam spots on the two cameras as a
reference, and adjus ng the LO to match.
6.1.4.5.3.10. Green to Filter Cavity
Since it doesn’t aﬀect the achievable level of MM between the SQZ beam in the FC or ITF, MM of the
green light into the FC is not cri cal. We don’t plan on any dedicated sensing; instead, as we consider
MM at the level of about 10% to be suﬃcient, it will be sensed by scanning the cavity and, if needed,
corrected itera vely by moving the lenses of the corresponding telescope.
6.1.4.5.3.11. Global control DAQ requirements
Table 4 summarizes the DAQ channels requirements for the sensing and control of the QNR system,
i.e. sensors and actuators for longitudinal control of FC, automa c alignment, and mode matching of
squeezed vacuum ﬁeld on FC and on ITF. For more details see the complete table in Appendix 2.
ADC

DAC

RF ADC

FAST DAC

Camera

SVS

27

24

11

1

3

FLT

105

34

0

0

2

SIN

131

79

33

0

4

ENV

23

0

0

0

0

286

137

44

1

9

Table 4: list of the sensor and actuators required for QNR controls and monitoring.
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6.1.5. Description of preparatory works for O5
Several groups and laboratories involved in the phase I of the QNR project are also working on R&D
ac vi es for phase II prepara on. A short descrip on of these ac vi es is presented below.

6.1.5.1. Compatibility with the in-vacuum OPO
Following from the AdV FDS Conceptual Design Document [7], the in-vacuum OPO op on is
maintained for Phase 2 of AdV+. Further speciﬁcs can be found in sec on SVS:design of the in
vacuum-OPO.
To minimise the changes required for an implementa on of an in-vacuum OPO, the global design
takes into account the placement, as well as a nominal waist sizing, for the in-vacuum OPO on the
SQB1 bench layout. The input/output op cal parameters for the global design calcula on are
described here, and shown in Figure 27.

Figure 27: Op cal diagram for a nominal in-vacuum OPO, and es mated overall space required.
This footprint size es mate is 18 cm x 8 cm, to allow adequate overall space for the device as well as
clearance for cables. The dimensions of the OPO baseplate (hos ng the OPO cavity and crystal oven
assembly) are expected to be smaller than the footprint es mate.
The IR large waist size (W0) is to be 200 μm, and subsequently the input green pump waist size is √2
smaller at 141 μm. It is not recommended to modematch to the small waist of the bow- e
conﬁgura on, located within the nonlinear (PPKTP) crystal. The angle of incidence of the OPO cavity
mirrors is 6 degrees. The large cavity waists (IR and green) are posi oned 4.5 cm from the input
coupler mirror, at the centre of the bow- e long intracavity path. By symmetry, on the output beam,
there will be an image of the same waists.

6.1.5.2. Adaptive MM
Wavefront curvature correction
Aside for the ini al op miza on performed during installa on, the need may arise to ﬁne tune
mode-matching in various loca ons due to slow dri s originated either in the FDS subsystem or in
the mode resona ng into the interferometer. While such correc ons can in principle be applied by
axial transla on of the op cs of the mode-matching telescopes present in the layout, this can be
risky since any macroscopic movement of the telescope op cs may compromise telescope alignment
and impact the as gma sm of the resul ng beam. A solu on relying on dedicated actuators will be
far more reliable and robust.
Based on the experience acquired by some of its members at Caltech and UF and the collabora on
s ll ongoing, the Padova and Trento groups proposes to develop reliable actuators with a low risk of
failure based on thermo-mechanical actua on. General requirements for an ideal actuator are: large
dynamic range, low displacement noise, high quality wave-front correc on and low backsca er. The
proposed adap ve mirror uses two materials with diﬀerent thermal expansion coeﬃcient and heat
to produce diﬀeren al thermal expansion and change the curvature of the mirror.
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The remaining study to be carried out within this proposal includes op miza on of the device
opera ng parameters, ﬁnaliza on and laboratory tests of the design and performance; informed by
data on the magnitude and temporal behavior of mode-mismatch gathered during O4 by the suite of
sensors installed in the FDS subsystem, further study and simula ons will then be conducted to
assess the number and op mal placement of actuators needed to improve mode-matching in the
FDS subsystem during AdV+ phase II.
Higher order correction
A er correc on of lowest order mode-mismatch, arising from the diﬀerent size between the design
and actual beams, higher order aberra ons (already star ng from as gma sm) can represent a
non-negligible source of op cal losses in the squeezing system. Exploi ng the experience gained with
the Virgo and AdV TCS, the Tor Vergata group can contribute by developing an adap ve system to
sense and correct the residual higher order aberra ons in the squeezed beam. A possible sensing
scheme would make use of the precise measurement of the BAB wave-front, as it carries the same
informa on on the SQZB wave-front. This would then be used to generate the error signal for a
mul ple order actuator, capable of inducing the required phase correc on without introducing
addi onal op cal losses along the squeezed beam path. There are several aspects that require
inves ga on through simula ons as a ﬁrst step, such as the maximum order (or, equivalently, the
highest spa al frequency) of the aberra on that need to be corrected and the maximum tolerable
level of residual distor on, so to achieve a signiﬁcant improvement of the matching.
Analyzing the overall op cal layout (shown in Figures 12 and 13), it seems that a possible actua on
point is the FCMT2 mirror on the SQB2 bench. At present, the planned diameter of this mirror is 3”,
suitable for the mul ple order actua on. The proposed plan is to characterize and validate the
prototype actuator in the test facility already available in Tor Vergata, which requires minor
modiﬁca ons to adapt it to this purpose.

6.1.5.3. EPR R&D description
An alterna ve technique to achieve a broadband reduc on of quantum noise in gravita onal-wave
detectors has been recently proposed. This method is based on the genera on of a pair of squeezed
Einstein Podolsky Rosen-entangled (EPR) beams to produce FDS.
This method promises to achieve a frequency-dependent op miza on of the injected squeezed light
ﬁelds without the need for an external ﬁlter cavity. Although suitable ﬁlter cavi es can be designed,
the addi onal cavity adds further complexity to the interferometer. EPR-squeezing oﬀers an
a rac ve solu on to this by harnessing the quantum correla ons generated between a pair of EPR
entangled beams and eﬀec vely exploi ng the interferometer itself as a ﬁlter cavity, thereby
achieving a similar response with minimal addi onal op cal components and the rela ve costs for
infrastructure.
The conceptual scheme for the implementa on of EPR in Advanced Virgo Plus is shown in Figure 28.
The main EPR squeezing laser must be phase locked with the ITF main laser using an OPLL (named
“epr_PLL1” in Figure 28). The frequency shi between the two lasers must be tailored to allow a
non-degenerate OPO (NOPO) to produce two co-propaga ng entangled ﬁelds, one at the same ITF
frequency (signal ﬁeld) and another at a detuned frequency (idler ﬁeld).
These two vacuum ﬁelds are injected into the interferometer. While the signal ﬁeld is kept resonant
with ITF cavi es, the idler ﬁeld is far detuned and experiences a frequency-dependent quadrature
rota on.
The idler detuning, with respect to the ITF cavity resonance, determines the squeezing ellipse
rota on frequency. This means that, to obtain the rota on at the frequency of interest for Advanced
Virgo Plus, we just need to op mize the detuning. This characteris c cons tutes a great advantage
since it makes EPR technique ﬂexible to any ITF signal recycling cavity conﬁgura on. With a single
ﬁlter cavity, a broadband quantum noise reduc on can only be achieved for a given SRC tuning:
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adap ng the frequency-dependent squeezing to diﬀerent SRC conﬁgura ons can only be done with
mul ple ﬁlter cavi es. With the EPR scheme instead, a diﬀerent SRC tuning can be simply
accommodated with a proper choice of the RF detuning ∆.
Once having travelled the ITF, the two entangled squeezed ﬁelds are reﬂected back from the dark
port and are separated and ﬁltered by passing through mode-cleaner cavi es.
A ﬁrst output mode cleaner (called “OMC1” in Figure 28) separates the two squeezed vacuum ﬁelds.
The idea is to use the ITF OMC to transmit the signal and to reﬂect the idler. The OMC (OMC1)
reﬂected beam must be further ﬁltered using a second OMC (called “OMC2” in Figure 28), whose
spectral and geometrical proper es have to allow the idler to be transmi ed and all the other ﬁelds
(including ITF control sidebands and higher order mode components) reﬂected.
The signal beam transmi ed by the OMC1 and the idler beam transmi ed by the OMC2, are
separately sent to homodyne detectors.
Signal beam arrives to the homodyne detector used for FDS squeezing detec on and the idler to an
addi onal homodyne detector.
The two LO are provided by two lasers located in the EPR box. Both lasers must be phase locked with
the EPR main laser, using PLLs (in Figure 28 called “epr_PLL2”, “epr_PLL3”).
As a consequence of quantum entanglement, a homodyne measurement of a given quadrature of
the idler ﬁeld generates a condi onal squeezing on the signal ﬁeld. This can be exploited to achieve a
frequency dependent squeezing.

Figure 28: Conceptual scheme for FDS in an interferometric GW detector via EPR entanglement [33].
Measurement data are combined using a Wiener ﬁlter to retrieve the squeezing of the quantum
noise on the signal channel.
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Figure 29: Simula on of the AdV strain sensi vity improvement with EPR entanglement, as compared
with FIS. The plot assumes 10 dB of injected squeezing, 100 ppm of arm round-trip losses, and 2000
ppm Michelson round-trip losses and AdV design conﬁgura on (650 kW arm-cavity power, SR in
broadband conﬁgura on); detec on losses are neglected for simplicity.
Figure 29 shows the calculated strain sensi vity assuming 10 dB injected squeezing and with realis c
values of the injec on losses (see ﬁgure cap on). The EPR entanglement would provide a be er
quantum noise reduc on with respect to a ﬁlter cavity as long as the overall losses of the ﬁlter cavity
exceed the sum of input and detec on losses.
To explore the path to a possible implementa on of the EPR scheme in AdV+, a table-top
experiment, is under development at EGO in the 1500W laboratories.
The setup is based on the exis ng apparatus which was previously developed for FIS in Cascina,
which already included the necessary laser sources and most of the op cal cavi es.
In a preliminary phase of the experiment the goal is to test the injec on of the two EPR entangled
beam in a on bench test cavity; then the ﬁltering of the EPR squeezing will be studied down in the
audio band, with the use of a suspended cavity where radia on pressure noise would show up at low
frequencies. The suspended cavity, currently under development, will be made available from an
external INFN program (INFN CNS5-SIPS).
A erwards, If the proof-of-principle test will demonstrate the feasibility of the EPR method, a
dedicated op cal setup will be developed to implement it in AdV+. To this goal, the AdV+
conﬁgura on for O5 will be considered. Study and simula on will be done to derive the rela ve
parameter for the system .
The most cri cal points about the possible implementa on of such scheme in AdV+ are:
● the use of a double homodyne detec on
● the addi onal constraints on the output mode cleaner of the interferometer in order to
eﬃciently reﬂect the idler ﬁeld and not to introduce substan al losses on signal ﬁeld
● the addi on of an extra mode-cleaner cavity with a frequency oﬀset from the resonances of
the ﬁrst one, in order to ﬁlter the idler beam
● the control of injec on and detec on losses
Careful studies will precede the prototype development.
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6.1.6. Interfaces with other subsystems
SVS: Squeezing Vacuum Source design and SQEB1
SIN: op cal design of SQB1 and SQB2, in-vacuum OPO
FLT: Filter Cavity design and longitudinal and angular control
DET: deﬁni on of coherent control sideband oﬀset and sharing the QPDs in reﬂec on of the OMC
(for alignment DET for mode matching SVS).
DAQ: DAQ boxes for sensors and controls
INF: Infrastructure modiﬁca ons in the DET lab.
ENV: environmental sensors

6.1.7. List of Acronyms
AA Auto Alignment
AdV Advanced Virgo
AdV+ Advanced Virgo Plus
AOI Angle Of Incidence
AOM Acousto-Op cal Modulator
DOF Degrees Of Freedom
DWS Diﬀeren al Wavefront Sensing
EM End Mirror
EOL Electro Op cal Lens
EOM Electro-Op cal Modulator
ESQB1,2 External Squeezing Bench 1 and 2 respec vely
EDB External Detec on Bench
FC Filter Cavity
FDS Frequency Dependent Squeezing
FLT Squeezing FiLTering
FI Faraday Isolator
FIS Frequency Independent Squeezing
HD Homodyne Detector
HOM High order Modes
HWP Half Wave Plate
IM Input Mirror
ITF Interferometer
IR Infrared
LO Local Oscillator
LVDT Linear Variable Diﬀeren al Transformer
MC Mode Conversion
MDWS Modulated Diﬀeren al Wavefront Sensing
MM Mode Matching
OHD Op cal Homodyne Detector
OMC Output Mode Cleaner
OPLL Op cal Phase Locking Loop
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OPO Op cal Parametric Oscillator
OPA Op cal Parametric Ampliﬁer
PBS Polarizer Beam Spli er
PD PhotoDiode
PDH Pound Drever Hall
PPKTP Periodically Poled Potassium Titanyl Phosphate
QNR Quantum Noise Reduc on
QPD Quadrant PhotoDiode
QWP Quarter WavePlate
RHM FR-Higher order Modula on
RoC Radius of Curvature
SC Sub Carrier
SIN Squeezing INjec on
SRC Signal Recycling Cavity
SVS Squeezed Vacuum Source
SDB1,2 Suspended Detec on Bench 1,2 respec vely
SQB1,2 Suspended sQueezing Bench 1 and 2 respec vely
SQZB SQueeZed Beam
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6.1.9. Appendix A: mode matching-sensing technologies operating
principle
6.1.9.1. Mode Conversion
The technique will be used for sensing op cal cavity mode mismatch and it could be simultaneously
used for op cal cavity alignment. We point out that MC has been experimentally demonstrated and
patented (US2018/0374967A1) at Syracuse University. A scien ﬁc paper will be published in the next
few months. References for the principle of mode conversion are provided with [15],[16] and [17].
The technique requires a two-cylindrical-lens mode conver ng telescope to allow the conversion of
the Laguerre-Gaussian mode LG10 into the Hermite-Gaussian mode HG11 which is easy to be
measured with the commonly used quadrant photodiodes, while leaving alignment HG modes
unaﬀected. These detectors are radio frequency quadrant photodiodes in a heterodyne scheme
needed to create a feedback error signal.
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Figure MM1: The mode converter consists of two cylindrical lenses spaced by f⎷2 where f is the
focal length. A LG10 mode is converted in a rotated HG11 mode. (DCCG1900364)
When an op cal cavity is mismatched with the incoming beam, it reﬂects any high order mode. The
lowest order mode that arise from mode mismatch is the Laguerre-Gaussian mode LG10. There are
techniques for sensing mismatches, i.e. using CCD camera and bullseye photodiodes (BPDs), with the
drawbacks of being either expensive or diﬃcult to set up. Mode conversion technique converts the
LG10 mode into a 45 degree rotated HG11 mode that well ﬁts into the commonly used quadrant
photodiodes. The principle of func onality relies on the nature of the mode LG10 that can be seen as
the sum of the two HG20 and HG02 modes:
LG10 = HG20 + HG02
While the rotated HG11 can be obtained with the subtrac on of the two HG20 and HG02 modes:
HG11 = HG20 – HG02

Figure MM2: Mode decomposi on. The real ﬁeld amplitudes of the modes HG20 and HG02 sum
creates a bullseye mode while the subtrac on creates the pringles mode. (DCCG1900364)
The sign ﬂip is created by the cylindrical lens telescope that accumulates addi onal phase π in X axis
(or Y) more than the other axis Y (or X).
A list of beneﬁt can be provided:
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●

●
●
●
●

Ability to measure mode mismatch using exis ng QPDs, no new electronics or channels are
needed. (However in ﬁrst place we suggest to use addi onal two QPDs and new channels for
each mode converter telescope, and use them only for MM sensing. A erwards we can test
the alignment sensing with the same QPDs).
Mode converter preserves cavity misalignment signals.
QPDs are easier to align than BPDs.
Compared to BPDs, QPDs are oﬀ-the-shelf and have a much be er matched quadrant
capaci es on op cal gains.
Only one mode converter, followed by normal Gouy phase telescopes for each sensor is
needed to sense all four alignment and two mode-match degrees of freedom for each
sensed op cal cavity.

Figure MM3: Setup with a mode converter telescope. Light reﬂected from a cavity, i.e. OMC and FC
passes through a beam shape telescope, two cylindrical lenses (used to convert LG10 in rotated H
G11) and two RF QPDs at 45 degrees of Gouy phase diﬀerence. Sidebands are required for the
heterodyne detec on. The PD used for the control of the longitudinal degree of freedom (PDH) can
be used for RHM. The square box represents the op cal table where the MM sensor will be installed.
This is the in air bench ESQB2 for the MM sensor between the FC and the squeezer and the in air
external detec on bench EDB for the MM sensor between the squeezer and the OMC.
Figure MM3 shows the principle of opera on of MC telescope for sensing an op cal cavity mismatch.
The reﬂected light from the monitored op cal cavity goes through the cylindrical lenses telescope to
convert the LG10 op cal modes into the rotated HG11 as explained above. However for prac cal
reasons beam shaping telescope before the MC telescope gives the advantage for se ng up the two
cylindrical lenses at f2 distance between them, with f being the focal lens of both the lenses. A Gouy
phase telescope it is required to have the two QPDs with an op mal 45 degrees Gouy phase
diﬀerence. A single lens is enough for this purpose).
It is useful to comment on the sensi vity. Let us suppose the diﬀerence between the waist of the
cavity and that of the incident beam is equal to , according to the Anderson theory the power
converted in LG10 is P0(/)2 (i.e. the mismatch op cal losses are (/)2 ) where P0 is the incoming beam
power and the cavity waist. Assuming that the mismatch sensor is dominated by shot noise the
signal to noise ra o (S/N) generated by is
SN=2 PSBth
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where PSB=P0is the PDH sideband power content (with a modula on depth 0.3 as proposed in
sec on 6.1.2 0.02) and t the integra on me. Assuming that the incident power on the cavity is 100
mW, the transmissivity of the pick oﬀ mirror is 0.3% and that a third of this power goes to the
mismatch sensor (the others go to longitudinal and angular FC controls) we obtain P0100 W . Thus a
mismatch of 10% (which correspond to our goal of op cal loss (/)20.01) would be visible with
S/N4*105 for an integra on me of 1 sec. Taking into account the ampliﬁca on stage this ra o is
worsened by a factor of 10.

6.1.9.2. RF modulation sensing principle of operation
The RHM technique is the adapta on of an analogous technique demonstrated for the sensing of
cavity alignment using a single PD [18]

Figure MM4: illustra ve scheme of RHM principle of opera on. For simplicity, here we are
considering as reference a triangular cavity perfectly impedance matched, although neither is
needed for the technique to work. An electro-op cal lens is used to impress LG10 phase-modula on
sidebands on the carrier. To convert phase-modula on to amplitude-modula on, the modula on
frequency is chosen such as one of the sidebands is resonant in the cavity. The other sidebands will
be reﬂected by the cavity together with the LG10 component of the carrier representa ve of
mode-mismatch; the beat signal can be detected by a single-element photodetector. The longitudinal
photodiodes used to detect the error signal are the same used for cavity locking. In the case of the FC
the PD is installed in ESQB2 while for the OMC in the suspended detec on bench SBD2.
Figure MM4 shows the principle of opera on (using a triangular cavity for clarity). For small
mismatch, an incoming beam that is not perfectly matched to a cavity can be described as composed
by the fundamental gaussian mode and an LG10 component (whose complex coeﬃcient’s real and
imaginary parts depend on the diﬀerence in beam waist size and posi on, respec vely). When the
cavity is kept on resonance for the gaussian mode, the LG10 is reﬂected and can be detected by
detec ng the bea ng between the LG10 mode and sidebands co-propaga ng with the incoming
beam. If the sidebands are in the fundamental mode, however, they are orthogonal to the LG10
mode when integrated over the en re transversal plane and no beat is detected. This diﬃculty can
be overcome by dividing the integra on domain in two parts and taking the diﬀerence, which is
rou nely done for alignment sensing using QPDs. For MM, however, this requires bullseye PDs which
are uncommon, usually not well balanced and extremely sensi ve to misalignments. The RHM
technique solves the problem by adding to the beam sidebands which are in the LG10 mode rather
than in the fundamental mode (this can be done by modula ng a lensing element at the sideband
frequency); in this way, they directly interfere with the LG10 carrier mode reﬂected by the cavity and
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can be sensed using a single element PD (which is usually already present for cavity locking). I/Q
demodula on at the sideband frequency allow for extrac ng the real and imaginary part of the LG10
mode, providing informa on on the nature of the mismatch. Unfortunately, if both sidebands are
oﬀ-resonance and promptly reﬂected by the cavity, the compensate each other and no beat signal is
detected. To break this symmetry, the sideband frequency can be tuned to twice the transversal
mode frequency spacing of the cavity, so as to make one sideband resonant. Since this frequency is
usually in the 100 kHz-100 MHz range, an electro-op cal lensing device (EOL) is needed; the Padova
Virgo group has developed one such device. One added beneﬁt of this technique is that by inser ng
LG10 sidebands tuned to a cavity transverse-mode-spacing, one automa cally obtains a beam
suitable for further sensing into a downstream cavity, with no need for addi onal modulators.
In summary, the RHM technique allows one to replace with a single electro-op cal lens (EOL) two
bullseye PDs (or four in the case of an addi onal cavity to be sensed).
For RHM, the modula on frequency of the EOL present on the SC line will be set to twice the HOMS
in the FC, and I/Q demodula on of the PDH PD will provide the error signals. No addi onal pick-oﬀ is
needed for RHM, the modula on frequency of the EOL present on the SC line will be set to twice the
HOMS in the FC, and I/Q demodula on of the PDH PD will provide the error signals. No addi onal
pick-oﬀ is needed.
The mismatch sensi vity can be calculated in a similar way to the case of the mode conversion (MC)
telescope. Taking into account that we expect an amplitude of the sideband about 10 mes lower
we get a s/n which is s ll considerable.

6.1.10. Appendix B: Hardware requirement of the QNR system

Location

Name

Component

Qt
y

SS

ADC/DA
C

# DC
Ch

# RF
Ch

Demod. Freq.
[MHz]

FS
[kHz]

ESQB1

SC_M2_ps1

Tip/ lt PZT Actuator

2

SVS

DAC

2

-

-

10

ESQB1

SC_M5

Tip/ lt PZT Actuator

2

SVS

DAC

2

-

-

10

ESQB1

SC_L1

Transla on stage

1

SVS

-

-

-

-

-

ESQB1

SC_M2_ps1
SC_M3_ps2

Transla on stage

1

SVS

-

-

-

-

-

ESQB1

SC_EOM1

EOM

1

SVS

-

-

-

-

-

-

EOM driver

1

SVS

-

-

-

-

-

ESQB1

SC_M2_ps1

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

SC_M3_ps2

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_GEOM

EOM

1

SVS

-

-

-

-

-

ESQB1

ESQB1_AOM

AOM

1

SVS

-

-

-

-

-

-

EOM driver

1

SVS

-

-

-

-

-

-

AOM driver

1

SVS

-

-

-

-

-

ESQB1

ESQB1_GPD1

RF photodiode

1

SVS

ADC

1

-

-

ESQB1

ESQB1_GPD1

RF photodiode

1

SVS

ADC

-

1

5.5

ESQB1

ESQB1_GQPD1

RF quadrant photodiode

1

SVS

ADC

4

-

-

ESQB1

ESQB1_GQPD1

RF quadrant photodiode

1

SVS

ADC

-

4

5.5

ESQB1

ESQB1_GQPD2

RF quadrant photodiode

1

SVS

ADC

4

-

-

ESQB1

ESQB1_GQPD2

RF quadrant photodiode

1

SVS

ADC

-

4

5.5
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ESQB1

ESQB1_GCam

Camera

1

SVS

Cam

ESQB1

ESQB_GGalvo1

Galvo

2

SVS

DAC

2

-

10

ESQB1

ESQB_GGalvo2

Galvo

2

SVS

DAC

2

-

10

ESQB1

ESQB1_GL3

Transla on stage

1

SVS

-

-

-

-

-

ESQB1

ESQB1_GL4

Transla on stage

1

SVS

-

-

-

-

-

ESQB1

ESQB1_GL4

Transla on stage

1

SVS

-

-

-

-

-

ESQB1

ESQB1_GM1

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_GM2

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_GM3

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_GM4

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_GM6

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_GM7

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_GM8

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_GBS2

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_GBS3

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_M3_MT1

Tip/ lt PZT Actuator

2

SVS

DAC

2

-

-

10

ESQB1

ESQB1_M4_MT2

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_M4

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_M5

Tip/ lt PZT Actuator

2

SVS

DAC

2

-

-

10

ESQB1

ESQB1_M3_MT1

Transla on stage

1

SVS

-

-

-

-

-

ESQB1

ESQB1_M4_MT2

Transla on stage

1

SVS

-

-

-

-

-

ESQB1

ESQB1_M1

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_M2

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

ESQB1_FI

Faraday Isolator

1

SVS

ADC

1

-

-

10

ESQB1

ESQB1_FI

Faraday Isolator

1

SVS

DAC

1

-

-

10

ESQB1

LO_M4

Tip/ lt PZT Actuator

2

SVS

DAC

2

-

-

10

ESQB1

HD_M2_ﬂ

Flip mount

1

SVS

DAC

1

-

-

10

ESQB1

ESQB1_M6

Tip/ lt PZT Actuator

2

SVS

DAC

2

-

-

10

ESQB1

LO_M3

PZT coarse

1

SVS

DAC

1

-

-

10

ESQB1

LO_M3

PZT_ﬁne

1

SVS

DAC

1

-

-

500

-

PZT coarse driver

1

SVS

-

-

-

-

-

-

PZT ﬁne driver

1

SVS

-

-

-

-

-

ESQB1

LO_M3

Stepper Motor

2

SVS

-

-

-

-

-

ESQB1

HD_Near_Cam

Camera

1

SVS

Cam

-

-

-

ESQB1

HD_Far_Cam

Camera

1

SVS

Cam

-

-

-

ESQB1

LO_L1

Transla on stage

1

SVS

-

-

-

-

-

ESQB1

LO_L2

Transla on stage

1

SVS

-

-

-

-

-

ESQB1

ESQB1_HD

DC Channel

2

SVS

ADC

2

-

-

10

ESQB1

ESQB1_HD

Audio Sum

1

SVS

ADC

1

-

-

20

ESQB1

ESQB1_HD

Audio Diﬀ

1

SVS

ADC

1

-

-

20

ESQB1

ESQB1_HD

RF Diﬀ Demod

1

SVS

ADC

1

-

-

20

ESQB1

OPLL2_PD1

SC RF PD1 OPLL

1

SVS

ADC

1

-

-

10

ESQB1

OPLL2_PD2

SC RF PD2 OPLL

1

SVS

ADC

1

-

-

10

ESQB1

OPLL2_PD2

SC RF PD1 OPLL

1

SVS

ADC

1

-

-

200

ESQB1

OPLL1_PD1

Ext RF PD1 OPLL

1

SVS

ADC

1

-

-

10

309

-

-

-

ESQB1

OPLL1_PD2
OPLL2_BOARD

ESQB1

SC_EOM2

Ext RF PD2 OPLL

1

SVS

ADC

1

-

-

10

Subcarrier OPLL Mux Out 1

SVS

ADC

1

-

-

10

EOL

1

SVS

-

-

-

-

-

EOL Ampliﬁer

1

SVS

-

-

-

-

-

Transla on stage driver

8

SVS

-

-

-

-

-

Stepper motor driver

8

SVS

-

-

-

-

-

Mephisto PZT Monitor

3

SVS

ADC

3

-

-

10

Mephisto Temp Monitor

3

SVS

ADC

3

-

-

10

DDS

3

SVS

ADC

-

2

43596

-

RF 80 MHz Generator

1

SVS

-

-

-

-

-

RF 1.5GHz Generator

1

SVS

-

-

-

-

-

Flip Mount

5

SVS

DAC

5

-

-

10

ESQB2

PZT Accelerometer

EMS

ADC

1

-

-

10

ESQB2

3-axis episensor

EMS

ADC

3

-

-

3

ESQB2

Microphone

EMS

ADC

1

-

-

20

AUX-FC
Input

PZT Accelerometer

EMS

ADC

1

-

-

10

AUX-FC
Input

3-axis episensor

EMS

ADC

3

-

-

3

AUX-FC
Input

Microphone

EMS

ADC

1

-

-

20

FCEB

PZT Accelerometer

EMS

ADC

1

-

-

10

FCEB

3-axis episensor

EMS

ADC

3

-

-

3

FCEB

Microphone

EMS

ADC

1

-

-

20

SQB1

PZT Accelerometer

EMS

ADC

1

-

-

10

SQB1

1-axis episensor

EMS

ADC

1

-

-

1

SQB1

PZT Accelerometer

EMS

ADC

1

-

-

10

SQB1

1-axis episensor

EMS

ADC

1

-

-

1

FC input

PZT Accelerometer

EMS

ADC

1

-

-

10

FC input

1-axis episensor

EMS

ADC

1

-

-

1

FC end

PZT Accelerometer

EMS

ADC

1

-

-

10

FC end

EMS

ADC

1

-

-

1

SQB1

SQB1_FI2

1-axis episensor
Faraday Isolator

1

SIN

ADC

1

-

-

10

SQB1

SQB1_FI2

Faraday Isolator

1

SIN

DAC

1

-

-

10

SQB1

SQB1_FI3

Faraday Isolator

1

SIN

ADC

1

-

-

10

SQB1

SQB1_FI3

Faraday Isolator

1

SIN

DAC

1

-

-

10

SQB1_Near_Cam

Camera

SIN

Cam

-

-

-

SQB1_FarC_am

Camera

SIN

Cam

-

-

-

SQB1

SQB1_QD1

DC QPD

1

SIN

ADC

4

-

-

10

SQB1

SQB1_QD1

DC QPD

1

SIN

DAC

1

-

-

10

SQB1

SQB1_QD2

DC QPD

1

SIN

ADC

4

-

-

10

310

SQB1

SQB1_QD2

DC QPD

1

SIN

DAC

1

-

-

10

SQB1

SQB1_QD3

DC QPD

1

SIN

ADC

4

-

-

10

SQB1

SQB1_QD3

DC QPD

1

SIN

DAC

1

-

-

10

SQB1

???

DC QPD

1

SIN

ADC

4

-

-

10

SQB1

???

DC QPD

1

SIN

DAC

1

-

-

10

SQB1

SQB1_M34_MT1

Tip/ lt PZT Actuator

2

SIN

DAC

2

-

-

10

SQB1

SQB1_M31

Tip/ lt PZT Actuator

2

SIN

DAC

2

-

-

10

SQB1

SQB1_M33_MT2

PZT actuator

1

SIN

DAC

1

-

10

SQB1

???

Camera

1

SIN

Cam

-

-

-

SQB1

SQB1_M11

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_M12

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_M13

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_M14

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_M21

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_M22

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_M23

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_M33_MT2

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_M32

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_M41

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_M42

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_GM11

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_GM12

Picomotor mount

1

SIN

-

-

-

-

-

SQB1

SQB1_GM13

Picomotor mount

1

SIN

-

-

-

-

-

PicoMotor Driver

7

SIN

-

-

-

-

-

SQB2

SQB2_QD1

DC QPD

1

SIN

ADC

4

-

-

10

SQB2

SQB2_QD1

DC QPD

1

SIN

DAC

1

-

-

10

SQB2

SQB2_QD2

DC QPD

1

SIN

ADC

4

-

-

10

SQB2

SQB2_QD1

DC QPD

1

SIN

DAC

1

-

-

10

SQB2

SQB2_QD3

DC QPD

1

SIN

ADC

4

-

-

10

SQB2

SQB2_QD1

DC QPD

1

SIN

DAC

1

-

-

10

SQB2

???

DC QPD

1

SIN

ADC

4

-

-

10

SQB2

???

DC QPD

1

SIN

DAC

1

-

-

10

SQB2

SQB2_M21

Picomotor mount

1

SIN

-

-

-

-

-

SQB2

SQB2_M22

Picomotor mount

1

SIN

-

-

-

-

-

SQB2

SQB2_GM21

Picomotor mount

1

SIN

-

-

-

-

-

SQB2

SQB2_GM22

Picomotor mount

1

SIN

-

-

-

-

-

SQB2

SQB2_GM23

Picomotor mount

1

SIN

-

-

-

-

-

SQB2

SQB2_GM11

Picomotor mount

1

SIN

-

-

-

-

-

SQB2

SQB2_M2

Picomotor mount

1

SIN

-

-

-

-

-

SQB2

SQB2_M1

Picomotor mount

1

SIN

-

-

-

-

-

PicoMotor Driver

4

SIN

-

-

-

-

-

ESQB2

ESQB2_PD

RF photodiode

1

SIN

ADC

1

-

-

ESQB2

ESQB2_PD

RF photodiode

1

SIN

ADC

-

1

11.12

ESQB2

ESQB2_QD1

RF quadrant photodiode

1

SIN

ADC

4

-

-

311

ESQB2

ESQB2_QD1

RF quadrant photodiode

1

SIN

ADC

-

4

11.12

ESQB2

ESQB2_QD2

RF quadrant photodiode

1

SIN

ADC

4

-

-

ESQB2

ESQB2_QD2

RF quadrant photodiode

1

SIN

ADC

-

4

11.12

ESQB2

ESQB2_Galvo1

Galvo

2

SIN

DAC

2

-

-

10

ESQB2

ESQB2_Galvo2

Galvo

2

SIN

DAC

2

-

-

10

ESQB2

???

Camera

1

SIN

Cam

-

-

-

ESQB2

ESQB2_QD3

RF quadrant photodiode

1

SIN

ADC

4

-

-

ESQB2

ESQB2_QD3

RF quadrant photodiode

1

SIN

ADC

-

4

11.12

ESQB2

ESQB2_QD4

RF quadrant photodiode

1

SIN

ADC

4

-

-

ESQB2

ESQB2_QD4

RF quadrant photodiode

1

SIN

ADC

-

4

11.12

ESQB2

ESQB2_Galvo3

Galvo

2

SIN

DAC

2

-

10

ESQB2

ESQB2_Galvo4

Galvo

2

SIN

DAC

2

-

10

SQB1

Primary Coil

Primary coil

8

SIN

ADC

8

-

-

10

SQB1

Primary Coil

Primary coil

8

SIN

DAC

8

-

-

10

SQB1

Secondary coil

Secondary coil

8

SIN

ADC

8

-

-

10

SQB1

Secondary coil

Secondary coil

8

SIN

DAC

8

-

-

10

SQB1

mSAS sensing

mSAS sensing

16

SIN

ADC

16

-

-

10

SQB1

mSAS actua on

mSAS sensing

8

SIN

DAC

8

-

-

10

SQB2

Primary Coil

Primary coil

8

SIN

ADC

8

-

-

10

SQB2

Primary Coil

Primary coil

8

SIN

DAC

8

-

-

10

SQB2

Secondary coil

Secondary coil

8

SIN

ADC

8

-

-

10

SQB2

Secondary coil

Secondary coil

8

SIN

DAC

8

-

-

10

SQB2

mSAS sensing

mSAS sensing

16

SIN

ADC

16

-

-

10

SQB2

mSAS actua on

mSAS sensing

8

SIN

DAC

8

-

-

10

EDB

EDB_QD

RF quadrant photodiode

1

SIN

ADC

4

-

-

EDB

EDB_QD

RF quadrant photodiode

1

SIN

ADC

-

4

11.12

EDB

EDB_QD

RF quadrant photodiode

1

SIN

ADC

4

-

-

EDB

EDB_QD

RF quadrant photodiode

1

SIN

ADC

-

4

11.12

EDB

Galvo

2

SIN

DAC

2

-

10

EDB

Galvo

2

SIN

DAC

2

-

10

EDB

EDB_QD

RF quadrant photodiode

1

SIN

ADC

4

-

-

EDB

EDB_QD

RF quadrant photodiode

1

SIN

ADC

-

4

11.12

EDB

EDB_QD

RF quadrant photodiode

1

SIN

ADC

4

-

-

EDB

EDB_QD

RF quadrant photodiode

1

SIN

ADC

-

4

11.12

Galvo

2

SIN

DAC

2

-

EDB
EDB

10

Galvo

2

SIN

DAC

2

-

FCEB

FCEB_PD1

DC photodiode

1

FLT

ADC

1

-

-

10

FCEB

FCEB_IRPD1

RF photodiode (analog
demod)

1

FLT

ADC

2

-

-

10

FCEB

Camera

1

FLT

Cam

-

-

-

FCEB

Camera

1

FLT

Cam

-

-

-

312

10

FC Input

FC-SAS

FC-SAS

7

FLT

ADC

7

-

-

10

FC Input

FC-SAS

FC-SAS

16

FLT

ADC

16

-

-

10

FC Input

FC-SAS

FC-SAS

4

FLT

DAC

4

-

-

10

FC Input

FC-IN Payload

FC-IN Payload

20

FLT

ADC

20

-

-

10

FC Input

FC-IN Payload

FC-IN Payload

12

FLT

DAC

12

-

-

10

FC End

FC-SAS

FC-SAS

7

FLT

ADC

7

-

-

10

FC End

FC-SAS

FC-SAS

16

FLT

ADC

16

-

-

10

FC End

FC-SAS

FC-SAS

4

FLT

DAC

4

-

-

10

FC End

FC-IN Payload

FC-IN Payload

20

FLT

ADC

20

-

-

10

FC End

FC-IN Payload

FC-IN Payload

12

FLT

DAC

12

-

-

10

FC Input

FC-IM-RH

Temperature probe

1

FLT

ADC

1

-

-

10

FC Input

FC-IM-RH

Current monitor

2

FLT

ADC

2

-

-

10

FC Input

FC-IM-RH

Coil controller

2

FLT

ADC

2

-

-

10

FC End

FC-EM-RH

Temperature probe

1

FLT

ADC

1

-

-

10

FC End

FC-EM-RH

Current monitor

2

FLT

ADC

2

-

-

10

FC End

FC-EM-RH

Coil controller

2

FLT

ADC

2

-

-

10

FC Input

Noise Hun ng

Noise Hun ng

3

FLT

ADC

3

-

-

10

FC Input

Noise Hun ng

Noise Hun ng

1

FLT

DAC

1

-

-

10

FC End

Noise Hun ng

Noise Hun ng

3

FLT

ADC

3

-

-

10

FC End

Noise Hun ng

Noise Hun ng

1

FLT

DAC

1

-

-

10

6.1.11. Appendix C: Optics requirement of the QNR system
LEGEND:
HR: High Reﬂec vity; AR: An reﬂec on; PR: Par al Reﬂec on; PT: Par al Transmission;
coa ng: First Surface/Second Surface Example HR/AR
component: M: mirror; L: lens; BS: Beam Spli er; PBS: Polarizing Beam Spli er; HWP: HalfWavePlate;
QWP: QuarterWavePlate
Polishing: Standard: St ; Super: SP
location component

name

beam

diameter
(inch)

wavelenght
(nm)

coating polishing

AOI
(degree)

ﬂat

15

SQB1

M-dichroic

SQB1_M21

SQZ/Gree
n

22

1064 (R)
532 (T)

SQB1

M

SQB1_M22

SQZ, SC,
G

2

1064, 532

curved

5

SQB1

M

SQB1_M23

SQZ, SC,
G

2

1064, 532

curved

30

SQB1

M

SQB1_M31

SQZ

2

1064

ﬂat

45

SQB1

M

SQB1_M32

SQZ

2

1064

ﬂat

<45

SQB1

M

SQB1_M33_MT2

SQZ

2

1064

curved

5

SQB1

M

SQB1_M34_MT1

SQZ

2

1064

curved

5

SQB1

M

SQB1_M40

SQZ

2

1064

ﬂat

45

SQB1

M

SQB1_M41

2

1064

ﬂat

45

SQB1

M

SQB1_M42

2

1064

ﬂat

45

SQB1

M

SQB1_M11

2

1064

ﬂat

30

SQZ

313

HR
AR

RoC
(mm)

PT

SQB1

M

SQB1_M12

SQZ to
HD

2

1064

ﬂat

45

SQB1

M

SQB1_M13

SQZ to
HD

2

1064

ﬂat

45

SQB1

M

SQB1_M14

SQZ to
HD

2

1064

ﬂat

45

SQB1

M

SQB1_GM11

Green

2

532

ﬂat

22.5

SQB1

M

SQB1_GM12

Green

2

532

ﬂat

45

SQB1

M

SQB1_GM13

Green

2

532

ﬂat

45

SQB1

L

SQB1_GL11

Green

532

0

SQB1

HWP

SQB1_HWP1

SQZ

1064

0

SQB1

HWP

SQB1_HWP2

SQZ

1064

0

SQB1

FI

SQB1_FI2

SQZ

1064

SQB1

FI

SQB1_FI3

SQZ

1064

SQB1

QD

SQB1_QD1

Green

532

0

SQB1

QD

SQB1_QD2

Green

532

0

SQB1

QD

SQB1_QD3

Green

532

0

SQB1

CAM

SQB1_Far_Cam

SQZ

1064

0

SQB1

CAM

SQB1_Near_Ca
m

SQZ

1064

0

SQB2

M

SQB2_M1

SQZ, SC,
Green

<6

1064, 532

SQB2

M folding

SQB2_M2

SQZ, SC,
Green

2

SQB2

M

SQB2_M21

SQZ, SC

SQB2

M dichroic

SQB2_M22

SQB2

M

SQB2

PT
PT

HR

ﬂat

5

1064, 532

ﬂat

10

2

1064

ﬂat

45

Green/S
QZ

2

532 (T)
1064 (R)

ﬂat

45

SQB2_GM11

Green

2

532

22.5

M

SQB2_GM12

Green

2

532

45

SQB2

M

SQB2_GM13

Green

2

532

45

SQB2

M

SQB2_GM21

Green

2

532

SQB2

M

SQB2_GM23

Green

2

532

45

SQB2

L

SQB2_L1

SQZ

1064

0

SQB2

L

SQB2_L2

SQZ

1064

0

SQB2

L

SQB2_GL11

Green

532

curved

0

SQB2

L

SQB2_GL13

Green

532

curved

0

SQB2

L

SQB2_GL14

Green

532

0

SQB2

QD

SQB2_QD1

Green

532

0

SQB2

QD

SQB2_QD2

Green

532

0

SQB2

QD

SQB2_QD3

Green

532

0

ESQB2

M

ESQB2_M1

SC

2

1064

ESQB2

M

ESQB2_M2

SC

2

1064

ESQB2

M

ESQB2_M3

SC

2

ESQB2

M

ESQB2_M4

SC

ESQB2

M

ESQB2_M5

SC

AR
HR

SP

ﬂat

45

ﬂat

45

PT

ﬂat

45

1064

PT

ﬂat

45

2

1064

PT

ﬂat

45

2

1064

PT

ﬂat

45

314

ESQB2

Galvo

ESQB2_Galvo1

SC

1064

45

ESQB2

Galvo

ESQB2_Galvo2

SC

1064

45

ESQB2

Galvo

ESQB2_Galvo3

SC

1064

45

ESQB2

Galvo

ESQB2_Galvo4

SC

1064

45

ESQB2

L

ESQB2_L1

SC

1064

curved

0

ESQB2

L

ESQB2_L2

SC

1064

curved

0

ESQB2

PD

ESQB2_PD

SC

1064

0

ESQB2

QD

ESQB2_QD1

SC

1064

0

ESQB2

QD

ESQB2_QD2

SC

1064

0

ESQB2

QD

ESQB2_QD3

SC

1064

0

ESQB2

QD

ESQB2_QD4

SC

1064

0

ESQB1

M

ESQB1_M1

SQZ

1

1064

HR

SP

ﬂat

45

ESQB1

M

ESQB1_M2

SQZ

1

1064

HR

SP

ﬂat

45

ESQB1

M

ESQB1_M3_MT1

SQZ

2

1064

curved

5

ESQB1

M

ESQB1_M4_MT2

SQZ

2

1064

curved

5

ESQB1

M

ESQB1_M4

SQZ

2

1064

ﬂat

10

ESQB1

M

ESQB1_M5

SQZ

2

1064

ﬂat

15

ESQB1

M

ESQB1_M6

SQZ to
HD

2

1064

ﬂat

45

ESQB1

M

LO_M1

LO

1

1064

ﬂat

45

ESQB1

M

LO_M4

LO to HD

1

1064

ﬂat

45

ESQB1

M

HD_M2_ﬂ

1

1064

ﬂat

45

ESQB1

M

HD_M3

1

1064

ﬂat

45

ESQB1

M

HD_M4

1

1064

ﬂat

45

ESQB1

M

HD_M5

1

1064

ﬂat
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M
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1
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M
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1
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M
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M
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ESQB1
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1
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0
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ESQB1
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ESQB1
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ESQB1
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OPLL1
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0
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OPLL1
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0
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532

0
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0
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ESQB1_GQPD1
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0
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0
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1064

0
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0
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6.2. SVS – Squeezed Vacuum Source
6.2.1. Summary
FDS is based on an op cal source of squeezed vacuum. In AdV+ we will develop two conﬁgura ons
for the squeezing source. The baseline solu on will be given by the same source that provides FIS in
AdV during O3, i.e. the AEI squeezer (in-air op on), to be located on the in-air squeezing bench a er
suitable modiﬁca ons. In parallel we will design an OPO cavity to produce squeezed vacuum directly
on the suspended bench.

6.2.2. Objectives
Main objec ve of SVS is to generate and deliver a squeezed vacuum ﬁeld with a degree of squeezing
and intrinsic phase noise compa ble with the broadband quantum noise reduc on target in the
interferometer of 7÷8 dB. The subsystem will include the op cal setup to generate ﬁlter cavity
control ﬁelds, and to measure the squeezing level in reﬂec on from the ﬁlter cavity. Main
requirements for SVS are listed in the following table
Name

meaning

value and motivation

SVS_SQZ1

Degree
of
squeezing

SVS_SQZ2

Phase noise of produced < 4 mrad
squeezing

SVS_SQZ3

Op cal beams

SVS_SQZ4

Coherent control frequency 4.208 MHz (as low as possible not [AEI in air...]
oﬀset
to
induce
squeezing
level
degrada on, resonant in FC)

SVS_OT1

Op cal
shape

SVS_AI1

Acous c
isola on factor

enclosure Same as current on ESQB

SVS_SC1

Sub-carrier
oﬀset

frequency 1.2624 GHz (alterna vely: 420.8 [Sub-carrier...]
MHz, to be an -resonant on OMC
and far detuned from OPO
resonance)

SVS_SC2

Sub-carrier phase noise

table

produced > 12 dB

see section
[AEI in air...]
[AEI in air...]

Squeezed vacuum/CC/BAB + green [AEI in air...]
+ LO/PLL pick-oﬀ

size

and 75x180+120x155 cm2 (host AEI [Op cal table]
squeezer box and auxiliary op cs,
space constraints in det lab)
[Acous c isola on]

7 mrad (negligible contribu on to [Sub-carrier...]
FC length noise)
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SVS_SC3

Sub-carrier beam power

10 mW (to avoid degrada on of [Sub-carrier...]
squeezing
level
and
noise
contribu on on ITF dark port)

SVS_SC3

Sub-carrier RIN

3x10-5 /√Hz (negligible noise [Sub-carrier...]
contribu on on ITF dark port)

SVS_AA1

Alignment accuracy on < 15 µrad and 50 µm rms (to [Op cal system for IR
FC and OMC
keep misalignment losses below beams]
0.5%)

SVS_HD1

Homodyne detector dark > 10 dB (to allow measurement of [Homodyne
noise clearance
squeezing level up to 10 dB)
detector]

SVS_HD2

Phase noise of OHD CC

< 25 mrad (to allow measurement [Homodyne
of squeezing level up to 10 dB)
detector]

SVS_HD3

OHD losses

< 5% (to allow measurement of [Homodyne
squeezing level up to 10 dB)
detector]

6.2.3. Description of works for O4
The SVS subsystem consists of the AEI squeezer and an in-air op cal bench, called ESQB1, hos ng the
AEI squeezer and the op cal setup for squeezed vacuum ﬁeld. In par cular, the op cal table will
include
● the source for sub-carrier laser ﬁeld to be used in second stage ﬁlter cavity length control
● op cs and sensors of phase-locked loops (PLL) for AEI squeezer lasers and for sub-carrier
laser
● a homodyne detector to measure the squeezing level in reﬂec on from the ﬁlter cavity
● op cs for beam steering and mode matching of squeezed vacuum ﬁeld, sub-carrier ﬁeld,
local oscillator ﬁeld for homodyne detector
● opto-electronic system for steering, mode matching, and frequency shi ing of green laser
ﬁeld for ﬁrst stage longitudinal and angular control of ﬁlter cavity.
● part of the op cs for mode-matching sensing
Op cal elements (mirrors, lenses, waveplates) on both green and IR beam paths will be
super-polished (ﬂatness <ƛ/50 RMS, roughness < 0.1 nm RMS); coa ng will be possibly done at LMA.
To reduce sca ered light, 2 inches op cs will be used on the path a er Faraday isolators. Part of the
op cal mirrors on ESQB1 will be equipped with motorized actuators for remote control of beam
steering.
The subsystem includes the AEI squeezer controls, as well as the controls which involve sensors and
actuators on ESQB1, such as PLLs, part of the sensors for longitudinal and angular controls of the
ﬁlter cavity, sensors and actuators for vacuum squeezed ﬁeld on ﬁlter cavity and on interferometer,
phase and alignment control for homodyne detector.
The subsystem also includes devices, materials and methods for acous c isola on of the in-air op cal
bench ESQB1.
An in-vacuum OPO will be developed for AdV+ phase 2. Here a conceptual design is given, to
determine geometrical and op cal constraints in order to integrate the OPO in the global op cal
design. Ac vi es for the ﬁnal technical design are considered as a task for phase 1.
This chapter is organized as follows:
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●

●

●
●
●

●

●

●
●
●

●

in the subsec on [AEI in-air squeezed light source modiﬁca ons] describes the in-air
squeezed light source; as the source is the same which is opera ng for FIS injec on in Virgo
during O4, the sec on describes the modiﬁca ons to the source in order to comply with the
setup for FDS.
In [Op cal table] we provide a layout of the in-air op cal bench, we discuss the geometrical
constraints to determine the size and shape of the op cal table, and we explain the vibra on
isola on.
The subsec on [Sub-carrier source] describes the laser source for sub-carrier ﬁeld, the
hardware for ist delivery and control, and the technical speciﬁca ons.
The subsec on [Op cal system for FC sensing and control] describes the op cal elements
and sensors for the FC alignment and longitudinal control with green beam.
In [Op cal system for IR beams] we list the op cal elements and actuators for the alignment,
mode-matching, and delivery onto SQB1 bench of the combined subcarrier and squeezed
vacuum laser ﬁelds. This sec on includes the actuators for automa c alignment of the two
laser ﬁelds on the ﬁlter cavity and on the interferometer.
The subsec on [Homodyne detector] deals with the op cal elements, sensors, actuators,
and electronics for the homodyne detector to characterize the squeezed vacuum in
reﬂec on from ﬁlter cavity.
The subsec on [Op cal phase locked loops] illustrates the structure and performances of the
oﬀset-locking frequency control of the three IR laser sources on SVS, namely: the main laser
and coherent control laser in the AEI squeezer, and the sub-carrier laser.
The subsec on [Mode Matching sensors] lists the MM hardware which is located on ESQB1.
In [Acous c isola on] we discuss the requirements and technical solu ons for isola on of the
in-air op cal bench ESQB1.
Finally, the subsec on [Electronics for ESQB1] provides a list of the electronic components to
be procured and/or developed for the opera on of the in-air bench, including those for
mo on control.
Preparatory works for O5 include plans to develop an in-vacuum OPO for post-O4 upgrades
as presented in subsec on [Design of the in-vacuum OPO]

6.2.3.1. AEI in-air squeezed light source modifications
The AEI squeezer incorporates a doubly resonant OPO cavity and operates in air. The demonstrated
degree of squeezing in the audio band is about 12 dB (measured). Mul ple measurements of
squeezing and an -squeezing at various pump powers and comparison with the theore cal model
yielded a total on-board op cal loss of 5.1% degrading the observable squeezing level. This loss
budget comprises the escape eﬃciency of the OPA-cavity, propaga on through the on-board Faraday
Isolator, and on-board homodyne detec on. Taking into account, i.e. excluding, the loss contribu on
of 2.3% by the diagnos c homodyne detector, one ﬁnds that the squeezed ﬁeld sent towards AdV
directly a er the Faraday Isolator can have a non-classical noise reduc on of 14-15 dB.
The AEI squeezer for AdV has been described in detail in [5]. Only minor modiﬁca ons are required
to con nue the usage of the AEI in-air squeezed light source as the basis for the genera on of
frequency dependent squeezing. The ac ons to be implemented include the following changes
required to get addi onal beams out of the squeezer box:
● The on-board Faraday Isolator will be bypassed to facilitate the use of an external Faraday
Isolator with lower op cal loss. For this modiﬁca on one 1” HR-mirror needs to be installed
on the squeezer board to pick oﬀ the squeezed vacuum beam closer to the OPA-cavity. To get
the beam out of the box an addi onal hole has to be drilled into the side panel of the
squeezer. The risk is es mated to be low on this ac on.
● To extract a green beam for downstream applica on one HR-mirror in the green path has to
be replaced by a beamspli er. This pick-oﬀ will be done before the green ﬁeld enters the
Mach-Zehnder interferometer, which is used to control the pump power entering the OPA. To
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get this addi onal beam to the outside, again a hole has to be drilled into the side panel. The
risk is es mated to be low also on this ac on. By choosing the corresponding transmissivity
of the new beamspli er, the green beam intensity can be chosen over a wide range and is
independent of the OPA pump parameter. The green beam is phase modulated at 128.6MHz.
● The squeezer on-board homodyne detector can be bypassed to provide an infrared local
oscillator beam (LO) for an external homodyne detector. For this one HR-mirror has to be
removed from the squeezer board and an already exis ng hole in the squeezer box can be
reused. This beam can also be used to pick-oﬀ some light to set up the external squeezer PLL.
All of the above modiﬁca ons will s ll allow to easily re-ac ve the squeezer on-board diagnos c
homodyne detector in case of any required maintenance work on the squeezed light source.
Furthermore, the planned installa on of a single OMC with a lower linewidth (see DET sec on) will
reduce the transmi ed power of coherent control sidebands through the OMC by a factor 10,
leading to a reduc on by a factor 3.3 of the the signal-to-noise ra o of the coherent control signal
used to stabilize the squeezing phase. Baseline op on to recover a larger signal-to-noise level is a
change of the coherent control frequency from currently 7MHz to for example 4MHz, which will
increase the detectable beat signal in OMC transmission by a factor √3.
This frequency change has implica ons on the squeezed light source and will require the following
altera ons on the squeezer board and the controls:
● Replacement of the on-board photodiode that is sensing the 2f-coherent control signal.
● Reconﬁgura on of the internal PLL.
On the other hand, the beneﬁt of a frequency change is limited: given the risk of poten al OPA
seeding by injec on of technical laser noise into the OPA at a lower coherent control oﬀset
frequency, it might be necessary to reduce the power of coherent control sidebands. In addi on,
moving away from 7 MHz oﬀset will make the CC sideband be no more an -resonant with the signal
recycling cavity, thus further reducing the power at detec on photodiodes. Therefore the coherent
control frequency oﬀset will not be lower than 4MHz. A backup solu on to recover the missing SNR,
to be also considered for risk mi ga on, is to employ resonant RF-readout electronics for the B1
photodiodes. This will be made easier with a CC oﬀset of 4 MHz rather than 7 MHz, because of the
larger detuning from the 6 MHz control RF sideband.
The ac ons described above will have to be divided into two separate interven ons:
1. The modiﬁca on of the squeezer breadboard (placing addi onal mirrors/beamspli ers,
photodiodes and drilling holes) should be done a er O3 and a er the components
(telescope, Faraday isolators, etc) on the external squeezing bench have been removed.
Once all beams are exi ng the squeezer box as planned, their exact shapes can be
determined by measurements of the beam parameters. Subsequently, the squeezer cabling
will be disconnected and the breadboard will be properly packaged and moved into its ﬂight
case on the trolley, which must be stored in a clean environment outside the detec on lab
during the vacuum system construc on phase. The ﬂight case has the dimensions of 142cm x
120 cm x 55 cm. The height of the trolly is the height of the op cal bench.
2. Re-installa on of the squeezer a er the infrastructure modiﬁca ons are completed and a
suﬃciently clean environment in the detec on lab has been reached again.
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Figure 1: The AEI source of vacuum squeezed light, with indica on of new op cal outputs on ESQB1.
The required changes to achieve the depicted conﬁgura on are described in the text.
Open ques ons and addi onal considera ons include:
●

●

●

●

All currently used cables between the squeezer board in the detec on lab and control system
in the electronic room are long enough to be reused. Only the 12m laser cables and the fast
shu er control needs to be checked and maybe diﬀerently routed from det-lab to electronic
room a er O3.
All the described squeezer modiﬁca ons can be done on-site in a clean environment. Thus,
the squeezer does have to be transported to AEI back and forth. It must be only ensured that
enough space around the op cal tables is available to move the squeezer breadboard
smoothly using again the a achable wheels and the trolley as it was done during the
installa on in January 2018.
Also the squeezer should be stored in a clean environment during the infrastructure work in
the detec on lab. Up to now it is not clear how the squeezer breadboard can be moved out
of and later back in the detec on lab.
Since the squeezer breadboard must not be lted it can only be moved horizontally.
Therefore, a way must be deﬁned how to remove the in air squeezer from the detec on lab
once the installa on of the in-vacuum squeezer starts.
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6.2.3.2. Optical table
The shape and size of the op cal table for ESQB1 is determined from a compromise between
func onal requirements and space constraints in DET lab. The op cal bench must host:
● the AEI squeezer, which is contained in a 105x110 cm2 box
● the sub-carrier source, with op cal isolator and EOM
● op cs and detectors for the op cal PLLs
● op cs for steering, frequency shi ing and mode-matching of input green beam to ﬁlter
cavity, as well as for detec on of green beam in reﬂec on from ﬁlter cavity
● op cs for steering and mode-matching of IR beams (squeezed vacuum and sub-carrie ﬁeld)
● homodyne detector setup
● op cal setup for mode matching sensing
Space constraints are given by the geometry and posi on of SQB1 minitower, and by the topography
of Detec on lab, as illustrated in Figure 2.

Figure 2: illustra on of ESQB2 and SQB1 minitower posi oning in detec on lab; top: 3D drawing with
shaded surfaces indica ng lab walls; bo om: ver cal and horizontal projec on of detec on lab
planimetry, with ESQB1 shown in red, and relevant distances indicated in mm.
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Geometrical and func onal constraints are met by the bench shape and sizes illustrated in Figure 3.
This geometry allow to exploit the maximum available space around the SQB1 minitower. The
residual distance from Detec on lab walls is around 40 cm (see Figure 2) which is barely suﬃcient for
opera ng around the table during op cal set-up and alignments.

Figure 3: shape and sizes (in mm) of ESQB1 op cal bench. Shaded areas illustrate the main
func onal blocks. SCS: sub-carrier source; PLL: op cal phase-locked loops; IRBD: IR beams delivery,
steering and mode-matching; GRBD: green beam delivery, steering, mode-matching, frequency
shi ing, and detec on; OHD: homodyne detector.
The op cal table will be made of two commercial benches with custom sizes and rigid coupling by
welding a precision ground and aligned joiner plate system to the top’s structural elements [6].
Overall weight including 6 rigid legs will be about 500 kg.
Moderate vibra on isola on will be provided by elastomeric dampers under table legs. Using 1-inch
thick sorbothane cylinders [7] with outer diameter 3 inches, inner diameter 2 inches, and durometer
60 on Shore 00 scale, the system resonance can be pushed below 7 Hz with gain lower than 4. This
would substan ally improve over vibra on isola on of current external squeezer table.

6.2.3.3. Sub-carrier source
The Subcarrier laser will be a Mephisto S200 [8] that will be phase locked to the main laser of the AEI
squeezer using an OPLL, where the beat between the two beams must be detected by an ultrafast
photodiode.
The IR Subcarrier ﬁeld laser is located on the in-air squeezing bench ESQB1, see Figure 4. A small
tap-oﬀ is extracted to obtain the PLL signal for locking the laser to the AdV PSL Laser (read out on the
PLL2 photodiode) with an appropriate oﬀset frequency. Passing through an EOM for adding PDH
sidebands, the ﬁeld is sent to and reﬂected from the Faraday isolator on the squeezed vacuum path
on ESQB1 back towards the OPO. It is then reﬂected by the OPO, to overlap the same spa al mode
and polariza on as the squeezing ﬁeld and co-propagates with the squeezing towards the Filter
Cavity. Upon reﬂec on from the Filter Cavity, a small tap-oﬀ on SQB2 (TIR = 0.1%) extracts the signal
for readout. This tap-oﬀ propagates to the In-air bench ESQB2, where it is separated by a dichroic
mirror before being sent to the lock IR photodiode.
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Figure 4: op cal scheme of sub-carrier ﬁeld injec on
Below the list of main components for the sub-carrier source:
● Narrow-line 1064 laser (Mephisto200)
● Faraday Isolator
● EOM for PDH sensing in longitudinal control of FC
● beam spli er (SC_BS1) for OPLL tap-oﬀ
● mode matching lens (SC_L1)
● 2 steering mirrors for AA (SC_M2 and SC_M5, Ø1’) with commercial mounts (e.g. Thorlabs
Polaris) and custom adapters for PZT actuators
● 2 steering mirrors for an op cal delay line (SC_M3 and SC_M4, Ø1’) with commercial mounts
(e.g. Thorlabs Polaris) and stepper motor actuators
● mo on control hardware
○ 2 p- lt PZT actuators (e.g. mod. S-330 from Physik Instrumente) on SC_M2 and
SC_M5 steering mirrors for automa c alignment of sub-carrier ﬁeld on OPO; they
require custom mechanical adapters
○ 2 linear transla on stages (e.g. cod. LNR25ZFS/M from Thorlabs) on SC_L1 lens and
on op cal delay line (SC_M3 and SC_M4) for mode matching on OPO
○ 4 stepper motor actuators (e.g. cod. PIA13 from Thorlabs) for remote control of
SC_M3 and SC_M4 steering mirrors in SC alignment on OPO
Requirements on op cal power, RIN, and frequency detuning of sub-carrier source are driven by the
need to provide a stable and accurate locking point for the longitudinal control of FC, without
introducing signiﬁcant degrada on of squeezing level and without adding signiﬁcant noise to ITF
detec on. Frequency detuning is presented in the SGD sec on. Here we brieﬂy discuss the
requirements on power and RIN. For the current dark fringe oﬀset the quantum noise of the Virgo
interferometer on detec on photodiodes is 3e-8 mW/√Hz; with 7dB of squeezing this will be reduced
to 1.3e-8 mW/√Hz. In order to keep the contribu on of sub-carrier intensity noise a factor 10 below
quantum noise, the product of op cal power transmi ed across output mode-cleaner and RIN

324

should then be lower than 1.3e-9 mW/√Hz. Since the OMC in AdV+ will have a FSR of 834 MHz and
ﬁnesse around 1000 (see DET sec on) by choosing the sub-carrier op cal frequency to be
an -resonant on OMC, i.e. with a detuning of about 417 MHz, the op cal power is ﬁltered by a
factor larger than 2x105. With an op cal power of 10 mW, which is largely suﬃcient for longitudinal
FC control requirements (see SGD sec on), this translates into a RIN requirement of 3.2x10-5 for the
sub-carrier ﬁeld, which is at the level of intensity stability of a commercial Mephisto laser [8]. So an
ac ve intensity control of sub-carrier laser ﬁeld is not required.

6.2.3.4. Optical system for FC sensing and control
As described in the SGD sub-system chapter, two techniques will be used to control the Filter Cavity.
One of them involves the use of an auxiliary green beam, for which the ﬁnesse of the cavity will be
quite low, around 100. The green beam will be a pick-oﬀ of the beam produced by the SHG needed
to pump the OPA in the squeezer source. This beam will propagate on the ESQB1 independently of
the IR beams, it will enter in the SQB1 MiniTower, where it will be superposed to the IR beams,
ﬁnally, the green and the IR beams will propagate together towards SQB2 and the Filter Cavity. The
green beam reﬂected back by the FIlter Cavity will propagate along the same path reaching ESQB1,
where it will be extracted and sent to the sensor used for the control of the cavity. All the main
components needed to mode-match the green beam into the Filter Cavity and to implement the
control loop will be installed on ESQB1. In par cular, on the forward beam path the following
components will be installed:
● 4 lenses: ESQB1_GL1 and ESQB1_GL2 to determine the beam waist on AOM and EOM;
ESQB1_GL3 and ESQB1_GL4 to match the beam into the Filter Cavity;
● one Faraday isolator, ESQB1_GFI, to avoid back-reﬂec ons of the beam towards the
squeezing source and to extract the beam reﬂected back by the Filter Cavity;
● one Electro-Op cal Modulator (ESQB1_GEOM) to provide the needed modula on frequency
to implement the Pound-Drever-Hall technique and the Ward wavefront sensing technique
respec vely for the longitudinal and angular control of the cavity;
● one Acousto-Op c Modulator (ESQB1_AOM) needed to slightly shi the green resonance
inside the cavity, allowing the simultaneous resonance of the IR beams, and to slightly
detune the IR resonance allowing the rota on of the squeezed light;
● steering mirrors (ESQB1_GM3÷7) to deﬁne the path of the beam on ESQB1 and to send it
towards SQB1.
The beam arriving on the bench reﬂected back by the Filter Cavity will propagate on the same path
up to the Faraday isolator, where it will be extracted and sent on the following components:
● 3 mirrors (ESQB1_GM4, ESQB1_GGalvo1, ESQB1_GGalvo2) and 3 beam spli ers
(ESQB1_BS1÷3) to steer and split the extracted beam
● one longitudinal RF photodiode (ESQB1_GPD1) to acquire the error signal to implement the
Pound-Drever-Hall technique to control the length of the cavity;
● two RF quadrant photodiodes (ESQB1_GQPD1 and ESQB1_GQPD2) to acquire the error
signals to implement the Ward wavefront sensing technique to control the angular mo ons
of the cavity.
● one camera (ESQB1_GCam) to check the beam reﬂected by the Filter Cavity.
Mo on control hardware:
● motorized transla on stages (e.g. cod. LNR25ZFS/M from Thorlabs) for mode matching
telescope lenses ESQB1_GL3 and ESQB1_GL4;
● 16 stepper motor actuators (e.g. cod. PIA13 from Thorlabs) for remote control of all steering
mirrors and beam spli ers (except ESQB1_GM5 and ESQB1_GBS1)
● in front of each quadrant photodiode, a galvo-actuator will be installed to keep the beam
centered on the sensors.
The actuators for both the longitudinal and the angular control loops of the Filter Cavity are the coils
installed in the mirror payloads described in the corresponding sec on of the FLT sub-system chapter.
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A simple sketch of all the components along the green beam path on ESQB1 is shown in Figure 5.

Figure 5: Sketch of all the components along the green beam path on ESQB1.
In order to properly implement the Ward wavefront sensing technique, the two QPDs should sense
respec vely one the lt and one the shi experienced by the beam at the level of its waist posi on in
the Filter Cavity. The beam lt and shi are converted by the op cal setup into displacements sensed
by two quadrant photodiodes placed in a way as to get 90 deg of Gouy phase diﬀerence between
them. Therefore, the proper op cal setup to detect the pure lt of the beam on one quadrant
photodiode and the pure shi of the beam on the other quadrant photodiode should be designed. In
par cular, the Gouy phase of the beam on the quadrant photodiode that is measuring pure lts
should be around 90 deg, while the Gouy phase of the beam on the quadrant photodiode that is
measuring pure shi s should be around 0 deg (or 180 deg). As soon as the proper es, in terms of
waist size and posi on, of the green beam propaga ng along the whole FDS system are deﬁned by
the design of the main mode-matching telescope, the proper op cal setup to send the beam
reﬂected back by the cavity on the QPDs will be designed following the procedure described in [9].

6.2.3.5. Optical system for IR beams
The func onal block for IR ﬁeld delivery receives the frequency-independent squeezed vacuum
generated in the AEI source box. The squeezed vacuum ﬁeld exits the AEI squeezer box, passes
through a low-loss Faraday Isolator, then through a mode-matching telescope and is directed through
alignment steering mirrors to enter the SQB1 Mini-Tower. The steering mirrors and telescope mirrors
have PZT actuators for automa c alignment. The requirements and methods for AA are described in
the SGD sec on. The hardware for FC sensing and control is given in the previous sec on. Sensors
and actuators for AA of squeezed vacuum and sub-carrier ﬁelds on FC and on OMC are distributed
among ESQB1, ESQB2, SQB1, SDB2, and EDB. While the hardware in suspended benches is described
in the SIN chapter, in the following list we give a list of the main components for this func onal block
on ESQB1:
● Two steering mirrors (ESQB1_M1 and ESQB1_M2, Ø1’) with commercial mounts (e.g.
Thorlabs Polaris) and stepper motor actuators to center Faraday Isolator
● Low-loss Faraday Isolator (ESQB1_FI, currently operated on external squeezing table, from
EGO op cs lab)
● Two spherical mirrors (ESQB1_M3_MT1, Ø1’ and ESQB1_M4_MT2, Ø2’) for mode-matching
telescope, with commercial mounts (e.g. Thorlabs Polaris) and custom adapters for PZT
actuators
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●
●

two steering mirrors (ESQB1_M4 and ESQB1_M5, Ø2’) with commercial mounts (e.g.
Thorlabs Polaris) for alignment on SQB1
mo on control hardware
○ 2 p- lt PZT actuators (e.g. mod. S-330 from Physik Instrumente) on telescope
mirrors (i.e. ESQB1_M3_MT1, ESQB1_M4_MT2) for automa c alignment of
sub-carrier ﬁeld on FC; they require custom mechanical adapters
○ 2 motorized linear stages for mode-matching telescope mirrors (e.g. LNR25ZFS/M
from Thorlabs)
○ 8 stepper motor actuators (e.g. cod. PIA13 from Thorlabs) for remote control of
steering mirrors, i.e. ESQB1_M1 and ESQB1_M2 before Faraday Isolator, ESQB1_M4
and ESQB1_M5 a er telescope

Figure 6: op cal setup for IR beams delivery to SQB1.

6.2.3.6. Homodyne detector
Op cal Homodyne Detec on OHD scheme is widely used technique for squeezed state measurement
in diﬀerent quadratures. It allows accurate descrip on of squeezing and an -squeezing level
produced by the source, what leads to states purity analysis or quantum-state tomography. Despite
the fact that the technique is well known, in a real circuit the quality of the measurement depends
on the good engineering of the device for a given applica on.
OHD is made of a 50:50 Beam-Spli er BS where two beams interfere. At one input of the BS is sent
the state which is measured and on the second input is sent the reference state. The reference is
given by the Local Oscillator op cal ﬁeld (LO). Each beam coming out from the BS is probed by a
diﬀerent photo-diode and the two photo-currents are subtracted one from another. Resultant
current is ampliﬁed by an electronic circuit.
Ideally the output signal is propor onal to the uncorrelated noise on the two photodetectors, that is
the shot noise on LO ﬁeld. However, several factors can spoil the detec on eﬃciency. The diﬀeren al
signal must provide a suitable level of common mode rejec on for correlated noise (CMRR), so to
make the contribu on of rela ve intensity noise of LO ﬁeld negligible; in addi on the dark noise
must be lower than the minimum shot noise level to be measured, that is the classical shot noise of
LO ﬁeld mes the maximum target squeezing level. In general any kind of losses and misalignments
causes degrada on by lowering CMRR or by coupling of classical noise. Now we can list the
important factors: BS spli ng ra o accuracy, op cal losses in the two op cal paths a er BS, spa al
mode matching to the photo-diodes, right coupling angle for op mal incident angle on the
photo-diode, quantum eﬃciency of the photo-diodes and mechanical stability against vibra ons and
thermal dri .
As the overlap of the spa al mode of light with the photosensi ve area of the photo-diode is crucial
the ﬁrst important issue is the mechanical stability. It may be assured by a compact design based on
a monolithic block where are placed all the components of OHD. In principle, by choosing round
shaped photo-diode sensi ve area and op mizing its size one can make OHD even more immune to
mechanical instabili es. However this is conﬂic ng with frequency bandwidth required for Virgo. The
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detec on bandwidth (10Hz to 7k) allows the use of large photo-diodes but the Coherent Control
loop requires detec on bandwidth of OHD up to 7 MHz thus the la er will determine the op mal
photodiode diameter.
Precise centering of beams on sensing ac ve area will be guaranteed by two collimators placed in
front of each photodiode. In order to equalize losses in the two op cal paths we will develop the
electronic circuit in L-topology which surrounds the BS with photo-diodes.
Electronic circuit requirements divide in two categories; func onality and electric parameters. It is
requested to prepare the circuit compa ble with the current Virgo standard of power supply and
signal diﬀeren al line. OHD main output is the quadrature output in audio frequency band. The
secondary output is for coherent control. For alignment purposes the circuit has to provide outputs
where the signal is propor onal to the light intensity on the photo-diode. The last informa on which
can be extracted from the circuit is the sum of the two photo-currents which is also meaningful
during alignment.
Electric parameters are determined by other subsystems of SVS. Minimal op cal power available for
the measurement gives an upper bound on the Equivalent Input Noise EIN of the electronics circuit.
An electronic scheme for low EIN is described in [10]. Detec on bandwidth will be between 10Hz and
7kHz. Coherent control signal will be generated at 7MHz.

Figure 7: schema cs of OHD
For a correct Electro Magne c Interference EMI shielding and a suﬃcient stray and sca ered light
a enua on the detector needs appropriate elements selec on and carefully designed casing. We
will reduce a number of op cal surfaces parallel to wavefront and if necessary we will adopt
techniques from free space op cs like op cal dampers, irises and lted op cal components. Figure 7
gives a sketch of the OHD.
For AdV+ phase 2 in case of opera on of in-vacuum OPO, OHD will be placed over SQB1 suspended
bench, so it will have to be compliant with vacuum environment. For in-vacuum version we will take
care about low power consump on of electronic circuit, correct thermal ﬂow inside the detector and
right material choice for low degassing ra o.
OHD will be delivered assembled, internally aligned, tested, electrically and op cally characterized.
Pre-alignment, mode matching, and automa c alignment of the two incoming beams (squeezed
vacuum ﬁeld in reﬂec on and LO) will be done with the methods described in sec on [Control
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Systems] of the SGD chapter. The op cal setup on ESQB1 to achieve these tasks is shown in Figure 8.
Mode matching and alignment will require the following op cal components:
● a refrac ng telescope made of two lenses (LO_L1 and LO_L2) for mode matching of LO beam
on BAB;
● a ﬂip mirror (HD_M2) to extract the beams a er OHD beam spli er for pre-alignment and
mode-matching sensing with BAB;
● a pair of cameras at 90° Gouy phase diﬀerence, HD_Near_Cam and HD_Far_Cam, to sense
beam proﬁles;
● 3 steering mirrors before beam spli er: LO_M3 and LO_M4 on the path of LO, ESQB1_M6 on
the path of squeezed vacuum beam;
● 2 steering mirrors HD_M3, HD_M4 and a beam spli er HD_M5 to align the MM sensing
cameras;
● mo on control hardware:
○ 2 p- lt PZT actuators (e.g. mod. S-330 from Physik Instrumente) on steering mirrors
on the squeezed vacuum beam path for automa c alignment of CC beam on LO
beam; they require custom mechanical adapters;
○ 2 linear transla on actuators on the telescope lenses LO_L1 and LO_L2, e.g. mod.
LNR25ZFS/M from Thorlabs,;
○ 1 motorized ﬂip mount (e.g. cod. MFF101/M from Thorlabs) for HD_M2 mirror
○ 4 stepper motor actuators (e.g. cod. PIA13 from Thorlabs) for remote control of
LO_M3 and LO_M4 steering mirrors on LO beam path
○ a fast linear actuator (e.g. mod. P-841.1 from Physik Instrumente) on one mirror on
the LO path, i.e. LO_M3 to stabilize the rela ve phases of LO and CC beam as
actua on for coherent control.

Figure 8: op cal setup on ESQB1 for alignment and mode-matching of LO and squeezed vacuum
beams at OHD
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6.2.3.7. Optical phase locked loops
The frequency dependent squeezing source for AdV+ is based on three laser sources: the squeezer
main laser, the squeezer coherent control laser and the subcarrier laser source. These three sources
must be phase locked among them and between the Virgo main Laser with diﬀerent frequency
oﬀsets. Thus three Op cal Phase Locked Loops (OPLL) are required:
● The ﬁrst is used to frequency lock the Virgo main laser to the squeezer main laser. Since the
Virgo main laser is delivered in the Det-Lab with a frequency oﬀset of 80 MHz the same must
be the PLL oﬀset frequency.
● The second is used to oﬀset-lock the squeezer main laser to the coherent control laser. The
oﬀset frequency of this loop is chosen to sa sfy three requirements:
○ the RF-oﬀset must be large enough to prevent that the Coherent Control Beam
technical noise degrading the degree of squeezing produced in the OPA;
○ the CCB beam must be maximally reﬂected by the ITF;
○ The CCB beam back-reﬂected by the ITF have to be par ally transmi ed by the
OMC.
For CC OPLL frequency oﬀset is 7MHz, but in in the context of the planned installa on of single OMC
with lower linewidth, the oﬀset frequency will be reduced from 7 MHz to 4 MHz.
● The third is used to oﬀset-lock the subcarrier laser to the squeezer main laser. The
sub-carrier beam must be totally reﬂected by the OPA cavity, must be in resonance inside the
FC, and must be totally reﬂected by the OMC, The frequency oﬀset to sa sfy these three
requirements is about 1.26 GHz.
The ﬁrst two OPLL servo loops are already developed to control the FIS vacuum source installed into
the Virgo ITF for the O3 scien ﬁc run.
The op cal setup to detect the beat notes for the ﬁrst and third OPLL is shown in Figure 9. Beat note
detec on for the second loop is internal to the AEI squeezer.

Figure 9: op cal setup for OPLL beat notes detec on
The electronic of these three OPLLs must have the following features:
● a long term stability of the lock condi on,
● an auto-locking rou ne that must be performed hierarchically (ﬁrstly the OPLL between the
Virgo Main laser and the Squeezer Main laser, secondly the other two OPLLs),
● the system must be managed remotely,
● the residual phase noise of the locked beat note must sa sfy well deﬁned requirement,
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●
●

the loop unitary gain frequency must be higher than 20 kHz,
the frequency oﬀset in the range between few MHz and 1.2 GHz.

6.2.3.7.1. Conceptual scheme of the phase Locked Loop Electronic board
The above requirements can be sa sﬁed developing a digital-analog hybrid controller board with the
following features:
● an analog fast loop with small dynamic (10 MHz) and high unitary gain frequency (UGF)
(10-30 of kHz)
● a digital slow loop with high dynamic (more than 10 GHz) and small UGF (about 1 Hz)
● a microcontroller that manages the two loops and implements an USB communica on to a
PC in order to allow the remote management of the board.
The conceptual scheme of the OPLL controller board is shown in Figure 10. This kind of board is
already used to phase lock the lasers of the Virgo FIS source and the Lasers of the EPR demonstrator
at 1500W [5,11].
The frequency diﬀerence between the two the two lasers beat note and the reference RF-oﬀset is
detected by a phase frequency detector (PFD), that computes the loop error signal. The error signal
is condi oned, ﬁltered and ampliﬁed by an analog circuit. Iits output, the correc on signal, is directly
applied to the laser PZT fast input and in parallel is digi zed at a sampling rate of 10 Hz. The digi zed
signal is processed by a microcontroller and a er analog conversion applied to the laser slow (pel er)
input with the aim to keep the laser beat note stable over long me. A digital output of the used PFD
chips is the so called “lock detect” that no ﬁes when the system is locked [12,15]. Thus, acquiring
this signal, the auto-locking rou ne can be implemented in the microcontroller ﬁrmware.
The so ware layer between the microcontroller and the User interface will be developed exploi ng
the Tango Controls Toolkit, i.e. an Open Source Pla orm for Distributed Control System (DCS) [13],
whereas a Graphical User Interface (GUI) for the board management will be based on the PyQt
libraries.
As a remark, the range of required oﬀset frequencies is too high to use the same phase detector for
the three controller, but the aim is to exploit the same board design and change only the phase
detector chip for all the controllers.

Figure 10: Conceptual scheme of the OPLL servo controller
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6.2.3.7.2. Squeezer Source OPLL boards
The FIS squeezer installed in AdV for the O3 scien ﬁc run is already equipped by two OPLL servo
loops:
● The one between the Virgo Main laser and the squeezer main laser with a frequency oﬀset
equal to 80 MHz,
● The one between the Squeezer main Laser and the Coherent Control Laser with a frequency
oﬀset equal to 7 MHz.
These two PLLs are realized with the board described in the previous sec on that mounts the
ADF4002 PFD of Analog Devices as phase detector [5,14]. Figure 11 shows the performance, of the
OPLL between the ITF laser and the Squeezer Main laser, in terms of residual phase noise and of long
term stability obtained for the AdV FIS vacuum source. The performances obtained for the other PLL
are similar.

Figure 11. Le : Output phase noise of the PLL between the ITF Laser and the squeezer Main Laser. In
red the measured phase noise, whereas in red the simulated one. The simula on does not take in
account the addi onal noise caused by the op cal ﬁber used to deliver the ITF laser pick-oﬀ to the
the ESQZ bench. This explains the discrepancy between data and model.
Right: Long term stability of the OPLL, the measurement is taken during the O3 scien ﬁc run. Top:
the OPLL board output that drives the laser PZT. Bo om: the OPLL board output that drives the Laser
Pel er. The slow loop is designed to keep the Fast output in the middle of its range (2.5 V).
These two boards will be maintained for the AdV+ FDS squeezing vacuum source. Moreover in the
context of the planned installa on of a single OMC with lower linewidth and in the subsequent
reduc on of the CC OPLL frequency oﬀset (from 7 MHz to 4 MHz), the already installed electronic
can be used without major modiﬁca ons.

6.2.3.7.3. Subcarrier laser OPLL board
The subcarrier laser beam is used to control in length the ﬁlter cavity. This laser is injected into the
OPA cavity (meniscus side) and must be completely reﬂected by the OPA and the OMC and must be
in resonance to the ﬁlter cavity and by the OMC and must be resonant in the ﬁlter cavity. Thus it
should have a frequency oﬀset of about 1.261. GHz. A possible choice of phase frequency detector,
for the OPLL board, is the ADF4016 of Analog Devices company [15]. This chip can implement PLLs
with a frequency oﬀset in the range between 500 MHz and 6.0 GHz. A simula on of the subcarrier
OPLL phase noise, with an UGF of 50 kHz, is shown in Figure 12. This simula on was obtained using
the Analog Devices PLL simulator (ADSIMPLL [17]) and considering as input phase noise the Lasers
phase noise measured in the implementa on of the OPLL with the ITF laser. The expected rms phase
noise is about 10.5 mrad.
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Figure 12. Le : phase noise simula on of the subcarrier OPLL. The dominant contribu on is due to
the Laser source phase noise. Right: contribu on of the OPLL phase noise to the total phase noise of
the CC loop.
The requirement on the OPLLs phase noise is set by the total Coherent Control loop phase noise.
Star ng from the Coherent Control Loop transfer func on measured in Virgo during the O3
commissioning and knowing the OPLL phase noise as a func on of the frequency, the OPLL
contribu on to the total CC phase noise can be es mated and shown in Figure 11. Thus by
integra ng the rms phase noise due to the subcarrier OPLL is 3.7 mrad. Considering that the worst
OPLL is the 2GHz PLL and considering a contribu on of 4 mrad for each OPLL into the CC loop phase
noise, the total OPLL phase noise is less than 7 mrad.
Another requirement on the subcarrier OPLL residual phase noise comes from the locking accuracy
of the ﬁlter cavity, that must be about 0.3 pm. Thus, the 7 mrad rms phase noise can be converted in
frequency noise and integra ng it in the control bandwidth of the cavity (up to 250Hz) we expect an
rms frequency noise of 0.05Hz. This correspond of about 0.05 pm of control noise. Indeed the above
described OPLL for the subcarrier laser is in agreement with the ﬁlter cavity locking requirement and
the coherent control total phase noise requirement.

6.2.3.7.4. Digital synthesis of radiofrequencies
The genera on and control of the FDS requires at least 11 RF channels, 5 of them are already
provided to the AdV FIS vacuum source:
● A sinusoidal clock oscilla ng a 128.54 MHz with output power equal to 0 dBm to generate
the Pound-Drever Halll (PDH) error signal to lock in length the cavi es installed on the
squeezer to the laser line. The distribu on and the demodula on of this signal is provided by
the electronic installed into the squeezer bench.
● 3 RF generators are required for the implementa on of the coherent control loop. The
Coherent Control loop implemented for AdV worked with a frequency oﬀset of about 7
MHz. The three signal are: the ﬁrst, at frequency f ∼ 7 MHz, generate the RF-oﬀset for the CC
laser OPLL servo loop. The second at frequency 2f ∼ 14 MHz is used as the reference signal
for the synchronous demodula on of the beat note produced in reﬂec on of the OPA. The
third at frequency f ~ 7MHz is used to the synchronous demodula on of the diagnos c
homodyne detector diﬀerence signal. These three signals must be provided with a power
equal to 0 dBm.
In the case of a coherent control loop closed with a frequency oﬀset equal to 4 MHz the frequency of
these three generators will be decreased from 7 MHz to 4 MHz.
● An addi onal coherent control RF channels for the demodula on of the diﬀerence signal of
the second diagnos c homodyne detector at 7 MHz with a power of +7 dBm.
● A sinusoidal clock oscilla ng as 80 MHz with a power of 0 dBm used as frequency oﬀset of
the PLL between the Virgo Laser and the squeezer Main Laser.
● A sinusoidal clock oscilla ng at 200 MHz with an output power equal to 0 dBm used as
frequency oﬀset of the subcarrier laser OPLL (this clock is mul plied by a factor 7.5 by the
subcarrier OPLL board).
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A sinusoidal clock oscilla ng at 5.42 MHz5.6 MHz used to drive the EOM for the ﬁlter cavity
longitudinal locking on the green beam.
● A sinusoidal clock oscilla ng at 11.12 MHz11.2 MHz used to drive the EOM ito the subcarrier
beam path for the ﬁlter cavity longitudinal lock,
● A sinusoidal clock to drive the AOM in the green path for the ﬁlter cavity locking
● A sinusoidal clock to drive the EOL in the subcarrier path for the mode-matching sensing.
Thus for the FDS control 11 channels oscilla ng between 7 MHz and 200 MHz are required.
●

Figure 13. Phase noise of the DDS clock generator measured with an output frequency of 62.5 MHz.
The digital RF-synthesizers that will be used are the same installed for the AdV FIS squeezing vacuum
source has been developed for the 1500W squeezer. These RF generators are based on the DDS chip
AD9910 which provide a 14 bit single output channel at a frequency up to 400 MHz. Currently in AdV
are installed 2 DDS boards, each of them Includes 4 synchronized channels with amplitude (0 ÷ 9
dBm), frequency (5 ÷ 400 MHz) and rela ve phase (0 ÷ 2π) independently selectable. The selec on of
these parameters can be made remotely. For the FDS squeezer are required 11 RF channels thus an
addi onal board iden cal to the two already used will be installed. These boards require a reference
clock that is provided by the crystal oscillator Wenzel sprinter plus 5 with ﬁxed output frequency of
500 MHz. The phase noise between 1 Hz and 100 kHz of these generated channels, measured at 62.5
MHz is shown in Figure 13. The rms phase noise integrated between 1 Hz and 100 kHz is 27 urad and
is completely negligible with respect the coherent control phase noise.

6.2.3.8. Mode Matching sensors
As discussed in the SGD chapter the FDS project also includes the installa on of mode matching
sensors. There are two types of sensors proposed: one based on a mode conversion telescope and
the other on the RF induced mode mismatch by an electro-op c lens. Sensors and actuators are
installed on the ESQB1, ESQB2, and EDB in-air benches. Here we list the hardware located on ESQB1:
● Electro-op c lens in the the IR sub carrier op cal path (SC_EOM2)
● Two CCD cameras at Gouy phase diﬀerence (HD_Near_Cam and HD_Far_Cam) to match LO
and SQZB beams reaching the homodyne detector. A ﬂipping mirror (HD_M2) inside the
Homodyne Detector is also needed to route the recombined beams towards the CCD.

6.2.3.9. Acoustic isolation
As indicated in the SGD sec on, the external bench ESQB1 requires acous c isola on at least a level
similar to the current external squeezing bench for O3 FIS. Unfortunately the present experience
with FIS does not allow us to single out if the dominant vibra on oﬀender in the case of stray light
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from the SQZ path is due to seismic or acous c noise. In FIS, the acous c isola on consists of a
commercial anechoic chamber enclosing the whole table (bench and legs). The op cs on the bench
are further protected from dust by a plexiglass box which sits on the table top. The acous c noise
mi ga on of the acous c enclosure is illustrated in Figure 14: noise ﬁltering is mostly eﬀec ve above
200-300 Hz. The plexiglass box is es mated to add a factor up to 2 of ﬁltering from several hundreds
Hz.

Figure 14: measured performance of acous c noise isola on on external squeezer bench in O3, data
from April 16th, 2019 ; the plot shows ra o of the noise spectra of a microphone on the bench
(inside the plexiglass box) with open and closed top panels of the acous c enclosure with ‘portata
rido a’ in Det Lab.
For AdV+ FDS, a similar scheme will be adopted: a plexiglass box on the top of the op cal table to
encircle all of the op cal setup and protect them from dust and an acous c box hos ng the full
bench and legs. However, due to ght space constraints, the commercial frame currently in opera on
cannot be used and we need to develop a custom solu on.
A guiding considera on, given the space constraints, is the feasibility of employing low-density
materials, resul ng in very thick shields in order to isolate low-frequency components of acous c
noise, around 100 Hz or below, see Figure 15. Thick shields of low-density material are not possible.

Figure 15: typical absorp on capacity of foam with various thickness.
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To comply with space requirements, the external acous c enclosure for ESQB1 will be made of thin
(5 mm) composite removable panels, with a 0.5 mm lead layer a ached to a rigid layer of lightweight
material such as D-Bond [10]. The lead layer will ensure acous c isola on, mostly at high
frequencies. An aluminum structure with 10 mm thickness, clamped on the lab ﬂoor, will support the
removable panels, see Figure 16.

Figure 16: 3D views of the structure for external acous c enclosure (from A. Buggiani, EGO)
Acous c noise ﬁltering at low frequencies (<200 Hz) will be achieved by means of bass traps, i.e.
acous c cavi es, placed at suitable loca ons inside the detec on lab, designed to have low
frequency sound waves resonate, and containing damping materials to introduce large losses in the
resonator.
Diﬀerent conﬁgura ons are possible, with combina on of elements such as membranes, air gaps,
and ﬁberglass absorbers. The chosen design will be based on the concept of perforated membrane
absorber, where a Helmholtz resonator is created inside a cavity whose walls are made of a
membrane with a set of openings of diameter d and spacing S, separated by a distance D [19]. The
resonant frequency is inversely propor onal to the geometric mean of layers separa on D and
opening diameter, and is propor onal to the ra o d/S i.e. the square root of the frac on of open
area. The absorp on curve will be broadened by using a variable depth for the air space, and/or
using apertures of variable diameter. More than one trap can be located in the lab, possibly tuned at
diﬀerent bands. The op mal loca on, compa bly with technical constraints, will be chosen a er a
measurement campaign to iden fy the nodes of the acous c ﬁeld.
Care will be taken to make the bass trap compa ble with cleanliness level requirements in the
detec on lab.
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6.2.3.10. Electronics for ESQB1
Below is a list of new electronics to be procured/developed for SVS:
● 2 EOM drivers (i.e. DDS channels + RF ampliﬁers, for green and sub-carrier)
● 1 EOL driver (DDS channel 0.1-10 MHz + RF power ampliﬁer) to drive the electro op c lens
for MM.
● 1 AOM driver (i.e. DDS channel + RF ampliﬁer) for green beam frequency tuning
● 1 precision 80 MHz source with FM control (delay <10 us) for coherent control loop
● RF readout electronics (bias-T + ampliﬁer) for 2 ultrafast photodiodes with 1.5 GHz
bandwidth for subcarrier OPLL
● 1 low noise RF source with external clock input, at least 1.5 GHz, for phase measurements
● 2 DDS channels for subcarrier PLL
● PLL board (phase-frequency detector and loop ﬁlters) for subcarrier
Here the list of needed electronics for mo on control
● 6 drivers for p- lt AA PZT actuators (two for AA of sub-carrier beam on OMC, two for AA of
squeezed vacuum ﬁeld on FC, two for AA of LO beam on OHD)
● 1 linear PZT driver (e.g. cod. E-617 from Physik Instrumente) for phase actua on in OHD
coherent control loop
● drivers for 16 motorized steering mirrors (e.g. from Thorlabs, 8 drivers cod. KIM101 to drive
32 piezo iner a actuators cod. PIA13)
● 8 drivers for motorized transla on stages (e.g. from Thorlabs, drivers cod. KST101 to drive
actuators cod. LNR25ZFS/M): two on MM telescope mirrors, two on LO telescope lenses for
OHD matching, two for SC matching on OPO, two on mode matching telescope for green
beam.
● 4 drivers for ﬂip mirrors (one to shut green beam, one to shut all IR beams, one to shut SC
beam, one for MM sensing on OHD)
● 2 galvo drivers for QPD centering in FC alignment sensing

6.2.4. Description of preparatory works for O5
6.2.4.1. Design of the in-vacuum OPO
The ﬁrst demonstra on of a squeezed light bow- e OPO under vacuum in 2015 resulted in 8.6 dB
squeezing measured down to 10 Hz (16.3 dB inferred produced squeezing), and provided the way to
fully exploit the advantages of in-vacuum opera ons, in the case of gravita onal wave detectors,
advanced acous c and seismic isola on [20]. Since then, further maturing of the technology now
sees such OPOs deployed at both aLIGO sites for the O3 Science Run [21], and will form the
squeezed light sources for their FDS setups [22]. In preparing for an AdV+ Phase 2 op on, the
descrip ons here build upon this body of work.

6.2.4.1.1. In-vacuum OPO cavity design
●

●

The OPO cavity will consists of four half-inch mirrors with reﬂec ve coa ngs at 532 nm and
1064 nm to form a doubly-resonant cavity in the bow- e conﬁgura on. The reﬂec ve
coa ngs of the mirrors will be for an angle of incidence of 6 degrees, providing the smallest
angle of incidence possible for minimising as gma sm without intra-cavity beam clipping
from the cavity mirror mounts. Both ﬂat mirrors will be mounted on ring piezo-electric
transducers to allow for large dynamic range and redundancy.
The nominal beam waists of the cavity were described in sec on 1.4.1 of the Squeezing
Global Design subsystem document.
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●

●

●

The nonlinear medium of the OPO will be periodically-poled KTP crystal, the standard crystal
type for squeezed light sources for GW interferometer applica ons, with an -reﬂec on
coa ng at both wavelengths, and a polished wedge of non-poled material.
The crystal will be housed in a temperature-controlled pel er oven, mounted on a
commercial UHV axis-alignment and transla on stage combina on to allow remote crystal
posi oning. This transla on, in combina on with the crystal wedge, enables the dispersion
compensa on for both in-air and in-vacuum opera on.
The OPO will be housed on a metal unit that will allow for easy construc on and mobility as
a complete en ty for installa on on SQB1. A top plate will host the mirrors, while the lower
plate will host the crystal oven assembly and electronic connec ons.

With the above design principles in mind, a prototype in-vacuum OPO has been built for the FDS
demonstra on experiment at CALVA [23], shown in Figure 17. Reﬁnements of the mechanical design
will follow on from the lessons learnt from the CALVA experiment for an in-vacuum OPO and the
LIGO experiences during O3, to be fully compa ble with the requirements of AdV+ Phase 2.

Figure 17: In-vacuum OPO for the CALVA FDS experiment (Laboratoire Kastler Brossel).

6.2.4.1.2. Source lasers and controls
A preliminary descrip on of an implementa on of the Source Lasers Box for in-vacuum OPO FDS
system was provided in sec on 3.4.6 of the Conceptual Design Document [24]. We expand the
descrip on to a ﬁrst possible schema c, shown in Figure 18.

Figure 18:First schema c for the Sources Lasers Box for the in-vacuum OPO.
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The schema c shows the maximum four source beams required for the system:
● SHG Tap-oﬀ: To couple into the Green FC control system
● Pump: The pump beam for the OPO
● LO+PLL1+PLL2: The 1064 nm beam for the LO for the diagnos c homodyne, and phase lock
loops with the Virgo Main Laser and IR Sub-carrier Laser
● CCL Beam: Coherent control ﬁeld.
The area enclosed is 70 cm x 60 cm, with components approximately to scale, and with empty space
currently on the right side for addi onal mode-matching/beam steering/devices. Even with this area,
it can ﬁt within the dimensions of the Phase 1 in-air table, therefore this allows the possibility to
have the Source Lasers system on a breadboard shelf above the mode-matching telescopes, and to
maintain the AdV+ Phase 1 system opera onal during installa on. Dependent on decisions and
transi on arrangements, the Sources Lasers box will be ul mately be installed in the AEI squeezer
posi on, as this will make all beams coplanar on the ESQB1 bench. Space op miza on, device
speciﬁca ons, modematching, table moun ng and periscopes/beam steering will be considered in a
technical design stage during Phase 1.
The controls for an FDS system with an in-vacuum OPO are very similar to those needed for general
squeezing sources. Considering a possible transi on from Phase 1 to Phase 2, from the Source Lasers
Box:
● The OPO length control will be using PDH on the green pump beam
● Squeezing ellipse phase control will be with Coherent Control
● Phase-lock loop hardware/electronics for the loops between the Virgo Main Laser and IR
Sub-carrier Laser can be reused.
● Pump power stabiliza on for the OPO can be provided using a Mach-Zehnder system
● A green beam will be available for the FC Green Cavity control
Further:
● No showstoppers are foreseen with being compa ble with the IR Sub-carrier FC control
technique. The bow- e geometry can allow incidence of the IR Sub-carrier ﬁeld on the OPO
without using a Faraday Isolator.
● No showstoppers are foreseen with the OPO temperature control under vacuum, as it is
planned to be fully compa ble with AdV OMC-style temperature controllers currently being
used in O3.
Speciﬁc details (modula on frequencies, addi ons for mode-matching etc.) will be developed on the
end-of-Phase 1 mescale, building on implementa ons/experiences of AdV+ Phase 1 interferometer
and FDS systems.

6.2.5. Interfaces with other subsystems
SGD: Op cal design of ESQB1 and in-vacuum OPO, angular controls
SIN: rela ve alignment of ESQB1 and SQB1, and in-vacuum OPO electronics
FLT: Filter Cavity longitudinal and angular control
DET: deﬁni on of coherent control sideband oﬀset and sharing the QPDs in reﬂec on of the OMC
(for alignment DET for mode matching SVS).
DAQ: DAQboxes for sensors and controls
INF: Infrastructure modiﬁca ons in the DET lab
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6.2.6. List of acronyms
AA automa c alignment
BAB Bright Alignment Beam
CC Coherent Control
DCS Distributed Control System
FC Filter Cavity
FIS Frequency Independent Squeezing
GUI Graphical User Interface
ITF the Virgo Interferometer
OHD Op cal Homodyne Detector
OMC Output Mode Cleaner
PLL, OPLL (Op cal) Phase locked Loop
PDH Pound Drever Hall
PFD Phase Frequency Detector
QPD Quadrant Photodiode
RIN Rela ve Intensity Noise
SC Sub-carrier
UGF Unitary Gain Frequency
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6.3. FLT – Squeezing Filtering
6.3.1. Summary
The aim of the subsystem is the design and the realiza on of the Fabry-Pérot Filter Cavity needed to
implement the Frequency Dependent Squeezing system in Advanced Virgo. The FIlter Cavity is
composed by two mirrors suspended in vacuum. Therefore, the realiza on of the vacuum system,
the suspensions for the mirrors and the procurement of the mirrors are part of the subsystem, as
well as the implementa on of the control system for the suspension and the of the auxiliary op cs
needed to control the Filter Cavity.

6.3.2. Objectives
The objec ves of the sub-system is to provide the Fabry-Pérot Filter Cavity (FC) needed to implement
the Frequency Dependent Squeezing (FDS) system in Advanced Virgo rota ng the squeezed beam
produced by the squeezer source (SVS sub-system).
The global op cal design and the control design of the whole Frequency Dependent Squeezing
system is under the scope of the SGD sub-system.
The Fabry-Pérot Filter Cavity is a linear op cal cavity made of two mirrors, named respec vely Filter
Cavity Input Mirror (FC-IM) and Filter Cavity End Mirror FC-EM, suspended in vacuum.
The FLT sub-system has to provide the main op cs sa sfying the requirements about roughness,
ﬂatness, point defects, radius of curvature, reﬂec vity, etc. set to obtain the performances of the FDS
needed to improve the sensi vity of Andanced Virgo.
It has to provide the suspension system for the mirrors in order to a enuate the seismic mo on. The
suspension system is made of an inverted pendulum to reduce the impact of the mo on in horizontal
and yaw direc ons and a geometric an -spring ﬁlter to suppress the ver cal vibra ons. The mirror
payload is a double stage pendulum: the upper stage is a marione e use to control the angular
degrees of freedom of the mirror, while the suspended mirror is the bo om stage. Around both the
FC mirrors a Ring Heater is installed to ﬁne tune their radii of curvature.
Since the Filter Cavity is in vacuum, the FLT sub-system has to provide also the complete vacuum
system: tanks and pipe as well pumping sta ons and vacuum control.
The FLT sub-system has to provide also the auxiliary op cs and electronics installed in transmission of
the FC-EM needed to implement the control system of the Filter Cavity.
Finally, the Filter Cavity has to be properly integrated in the Advanced Virgo infrastructure.

6.3.3. Description of works for O4
The FLT sub-system is made of many diﬀerent elements requiring a wide exper se: mechanics and
suspensions, op cs, thermal compensa on system, controls, vacuum and infrastructure
modiﬁca ons. In this sec on, all the tasks related to the FLT sub-system will be described.

6.3.3.1. Filter Cavity design
The Filter Cavity has to be designed to reach the target of improving the sensi vity of Advanced Virgo
at high frequency without spoiling the low-frequency region. The two main degrada on mechanisms
depending directly on the FC op cal proper es that can spoil the FDS are the Filter Cavity Round-Trip
Losses and the mode matching of the squeezed beam into the Filter Cavity. Therefore, the Filter
Cavity op cal design is made to minimize the impact of these two degrada on mechanism.
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6.3.3.1.1. Length
The frequency band where the Filter Cavity is ac ng depends on its storage me. This means that
both the Filter Cavity length and ﬁnesse are important parameters to achieve the requested
performances. As introduced in the SGD chapter, the squeezing degrada on budget, which combines
all the losses of the FDS system, is very useful to quan fy the level of squeezing at the interferometer
readout. Figure 1 compares the squeezing degrada on budget for Filter Cavity length of 100 m and
1000 m.

Figure 1: Squeezing degrada on budget assuming 13 dB of injected squeezing, 40W of input power
into the interferometer and the O4 loss budget for a Filter Cavity length of 100 m (le ) and 1000 m
(right).
It can be no ced that two degrada on mechanisms are dependent on the Filter Cavity length: the
Filter Cavity Round-Trip Losses and length ﬂuctua ons. The longer the FC, the lower their impact on
the Filter Cavity performances. Using the O4 loss budget described in the SGD chapter, it is possible
to compute Advanced Virgo+ sensi vity as a func on of the Filter Cavity length. While not
characterizing precisely the high-frequency sensi vity, the BNS range is a good ﬁgure of merit to
es mate the Filter Cavity performances as its ac on will be below 100 Hz. Figure 2 shows the trend
of the BNS range as a func on of the Filter Cavity length.

Figure 2: BNS range as a func on of the Filter Cavity length for the O4 scenario and 35% of SR
transmi ance.
A Filter Cavity length of the order of 300 m appears as a good compromise as it is long enough to
have the performances not limited by the Filter Cavity Round-Trip Losses and length ﬂuctua ons
without being excessively long. Figure 2 shows that a 300 m long Filter Cavity allows to reach up to
97% of the BNS range achievable with a 1 km long Filter Cavity if only fundamental noises are
considered and more than 99% if a low-frequency technical noise, as observed during O3, is
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considered. As described in the Infrastructure sec on of this chapter, the results of the seismic
survey made in the Virgo North Tunnel led to a Filter Cavity length of 285 m. Figure 3 shows the
squeezing degrada on budget es mated for this length.

Figure 3: Squeezing degrada on budget assuming 13 dB of injected squeezing, 40W of input power
into the interferometer and the O4 loss budget for 285 m long Filter Cavity.

6.3.3.1.2. Optical configuration
Two op cal conﬁgura ons have been studied: a plane-curved cavity and a curved-curved cavity with
the same radius of curvature on the two mirrors.
The curved-curved conﬁgura on has its waist at the center of the cavity and iden cal beam size on
both mirrors. Having iden cal mirrors gives the advantage to have more choices for the best mirrors.
The plane-curved conﬁgura on has its waist on the input mirror. While it could be an advantage for
the Filter Cavity telescope design, having a larger beam on the ﬁlter cavity end mirror means that this
conﬁgura on is more sensi ve to clipping losses. A larger beam on the end mirror will also increase
the losses due to the mirror surface ﬂatness and defects.
Figure 4 shows the beam size on each mirror as a func on of the mirror radius of curvature for the
curved-curved and the plane-curved conﬁgura ons.

Figure 4: Beam diameter on each mirror as a func on of the mirrors radius of curvature. Le : the
curved-curved conﬁgura on. Right: plane-curved conﬁgura on.

Another parameter directly connected to the Filter Cavity op cal conﬁgura on is the alignment
sensi vity to Filter Cavity mirrors lts. Because the op cal axis is going through the centers of
curvature of both mirrors while being orthogonal to their surfaces, a lt of a mirror will lt and/or
shi the cavity op cal axis. Figure 5 shows the eﬀect of the lt of one mirror respec vely for the
curved-curved and the plane-curved Filter Cavity conﬁgura ons.
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Figure 5: Eﬀects of the lt of one mirror for the curve-curve (CC) and plan-curve (PC) conﬁgura ons.
Due to this misalignment of the Filter Cavity op cal axis, the overlap between the input beam and
the cavity axis will not be anymore perfect and the input beam will couple to the cavity ﬁrst
higher-order mode [1]. For a given cavity length and cavity mirror radius of curvature, there is a
maximum mirror misalignment that allows to reach a given level of mode-mismatching. The
maximum mirror angular mo on as a func on of the radius of curvature for diﬀerent values of the
mode-mismatching is shown in Figure 6 for the two considered FC conﬁgura ons.

Figure 6: Maximum mirror angular mo ons as a func on of the radius of curvature for diﬀerent
values of the mode-mismatching. Le : curve-curve conﬁgura on. Right: plane-curve conﬁgura on.
As discussed in the SGD chapter, the target is to have 1% of mode-mismatch between the squeezed
beam and the Filter Cavity. The mirror angular mo ons will be controlled using an automa c
alignment system. Such system can keep mirror angular mo ons rms below 0.1 making this eﬀect
negligible. Figure 6 shows that the impact of the maximal mirror angular mo ons is almost the same
for the two op cal conﬁgura ons of the Filter Cavity. However, the plane-curve conﬁgura on will be
more sensi ve to clipping losses and surface defects at large scale because of the larger beam size on
the end mirror. In the curve-curve conﬁgura on the input and end mirrors will be iden cal allowing
to choose the best two mirrors to reduce the amount of losses. For this reason, it has been decided
to use the curve-curve conﬁgura on for the Filter Cavity with the same radius of curvature for the
input and the end mirrors. As es mated by the study about the mirror surface quality presented in
the following sec on, to minimize the Round-Trip Losses and the mode-mismatch, the Radius of
Curvature of each mirror has been chosen to be 558 m.
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In order to avoid parasi c reﬂec ons inside the Filter Cavity input mirror, we plan to have a wedge on
this mirror. With the current design of the matching telescope, a wedge of 140 urad allows to well
separate the main beam and the parasi c beam before entering the SQB1 Faraday Isolator.

6.3.3.1.3. Finesse and detuning
Once the Filter Cavity length is deﬁned, there is one corresponding op mal ﬁnesse to rotate the
squeezing ellipse at the Standard Quantum Limit (SQL) frequency of Advanced Virgo+ deﬁned by [2]:

where Ffc is the Filter Cavity ﬁnesse, Lfc is the Filter Cavity length, ΩSQL is the SQL frequency and ε is a
func on of the Filter Cavity Round-Trip Losses. For a given Filter Cavity length, the lower is the
ﬁnesse, the higher is the SQL frequency. Assuming 40 W of input power and a SR transmi ance of
40%, the SQL frequency is 24.2 Hz. The ﬁnesse to perform the squeezing rota on at this frequency is
10830.
For the green beam, it is planned to have a ﬁnesse of 100 to ease the control of the Filter Cavity. This
means that the FC Input Mirror transmission for the green beam should be 6.3%.
The required Filter Cavity detuning is therefore 25Hz.

6.3.3.2. Mirrors
6.3.3.2.1. Specifications
The quality of the mirror surfaces is the main contribu on to the cavity round-trip losses. A study for
a 300 m Filter Cavity has been presented into details in a Virgo note [3]. In this sec on, the results of
this previous study adapted to a 285 m long ﬁlter cavity will be summarized.
The quality of a mirror surface can be represented by a matrix (or map) whose elements represent
the surface height devia on from a perfectly spherical mirror. This study has been carried out
considering a map measured for one Advanced Virgo mirror. As example, Figure 7 shows the mirror
map measured for one End Test Mass, the EM03.

Figure 7: Map of the Advanced Virgo End Mirror EM03 measured at LMA.
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A mirror map can be characterized by its peak-to-valley ra o (PV) and surface rms (RMS).
For the map considered in this work, the RMS and the PV values are respec vely RMS = 0.28 nm and
PV = 2 nm. The PV gives an indica on of the biggest defect of a mirror surface. Since its impact is
strongly related with its posi on on the mirror surface, the beam size has been taken into account in
this study. This is also the reason why having a too large beam reﬂected by a mirror can signiﬁcantly
increase the amount of losses. The RMS is the root mean square of the surface height and can be
used to compute the amount of light that will be directly sca ered outside the cavity.
It is also possible to es mate the amount of the light sca ered outside the cavity. A beam (on the
fundamental mode) is reﬂected by the cavity end mirror where the EM03 map is applied. The beam
is reﬂected for 285m toward the perfect input mirror. By applying a mask to this mirror, it is possible
to compute the amount of power that will be directly sca ered outside the input mirror. The beam is
then reﬂected by the input mirror toward the end mirror where the same technique is applied. It has
also been veriﬁed that only non-signiﬁcant amount of power has been lost during the propaga on
between the two mirrors. Figure 8 shows the distribu on of the light directly sca ered outside
respec vely the FC-IM and the FC-EM.

Figure 8: Le : Light directly sca ered outside the FC-IM. Right: Light directly sca ered outside the
FC-EM.
The amount of round-trip losses es mated in the propaga on along the Filter Cavity are summarized
in Table 1.

Posi on

Round-trip losses [ppm]

Input Mirror

0.87

End Mirror

0.007

Propaga on

0.095

Total

0.97
Table 1: Round-trip losses es mated in the Filter Cavity.

It has been checked that making a simula on using one map on each mirror is equivalent to
mul plying the round-trip losses by a factor 2. This means that the total amount of round-trip losses
due to light being directly sca ered outside the cavity is of the order of 2 ppm.
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From the squeezing degrada on budget presented in the SGD sub-system, the light that is not
coupled to the cavity fundamental mode will also spoil the Filter Cavity performances. For par cular
radii of curvature, a higher-order mode can resonate inside the cavity. Therefore, it is important to
compute the round-trip losses as a func on of the mirror radius of curvature while looking at the
modal content of the beam. Round-trip losses have been computed by comparing the power lost by
the fundamental mode and the power lost by all the modes. Any discrepancy between this two
values will indicate that there is, at least, one higher-order mode resona ng inside the cavity. Figure
9 shows the round-trip losses of the Filter Cavity as a func on of the Radius of Curvature (RoC) of the
mirrors respec vely for the fundamental mode (red curve) and for all the modes (blue curve).

Figure 9: Total round-trip losses as func on of the RoC of the Filter Cavity mirrors for the
fundamental mode (red curve) and for all the modes (blue curve).
From the plot shown in Figure 9, it can be no ced that the ﬂoor level is of the order of 2 ppm. This
corresponds to the light being directly sca ered outside the cavity.
For each peak (where a higher-order mode is resonant) a modal decomposi on of the beam
circula ng inside the cavity has been performed. For example for a radius of curvature of RoC = 413.5
m the order 5 is resona ng, as shown in Figure 10.

Figure 10: Le : Beam circula ng inside the cavity for a RoC = 413.5 m. Right: Modal decomposi on of
the beam circula ng inside the cavity for a RoC = 413.5 m.
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The modal decomposi on showed range of radii of curvature of par cular interest. In par cular, for a
RoC in the region between 550 m and 565 m no higher-order modes are resona ng, as shown in
Figure 11. Moreover, all peaks above the RoC = 520 m correspond to higher-order modes higher than
the order 20. As the beam size increases with the order of a mode, such really high higher-order
modes will in prac ce not be too problema c as clipping losses will prevent their resonances.

Figure 11: Total round-trip losses as func on of the RoC of the Filter Cavity mirrors between RoC =
510 m and RoC = 590 m for. The modal decomposi on is made up to the mode of order 20.
The uncertainty on the radius of curvature declared by the polisher is of the order of +/- 10m.
Therefore, choosing a radius of curvature RoC = 558 m should be far enough from the resonance of
the mode order 3. In addi on, the use of Ring Heaters can help in the ﬁne tuning of the RoCs, as
explained in the corresponding following sec on.
The simula ons were performed using Advanced Virgo quality like mirrors. However, due to the long
delivery me es mated by the polishers, the plan is to use lower quality mirrors for the Phase I.
Thanks to the ﬁlter cavity length of 285 m, the eﬀects of round-trip losses are quite reduced and the
global FDS will always guarantee good performance in the reduc on of the radia on pressure noise.
The reasons to have used the Advanced Virgo surface quality in the simula on is double: ﬁrstly, the
plan is to use very high quality mirrors to reduce the round-trip losses for the Phase II; secondly, the
high surface quality allows to clearly resolve in the simula on the resonance peaks, which could be
hidden in the round-trip losses ﬂoor for lower surface quality.
In the total amount of the round-trip losses, 5 to 10 ppm per mirror should be added due to
absorp on or transmission defects. A er some prospects with polishing companies, it seems realis c
to have mirror surface RMS of the order of 2 nm. Mul plying the Advanced VIrgo EM03 mirror map
by a correc on factor, it is possible to simulate such surface quality. Another single round-trip
simula on has been performed with this corrected map applied only to the FC-EM and the es mated
round-trip losses are of the level of 6 ppm. This means that it can be expected to have the Filter
Cavity round-trip losses of the order of 40 ppm.
In order to deﬁne the FC-IM surface quality outside the FC, two parameters have to be considered.
First, the surface quality of the squeezed beam source op cs and of the telescope are at the order of
𝝀/10. It means that, a surface quality of the order of 6 nm rms for the FC-IM should be enough to not
be limited by it. Second, the refrac ve index non-uniformity could create equivalent surface defects.
The refrac ve index non-uniformity of the Advanced Virgo EM03 mirror was measured at the level of
0.53 ppm PV [4]. This non-uniformity is mainly inducing focus aberra on on this map of the order of
0.2356 ppm. Over the 13 cm eﬀec ve diameter of the mirror, this is equivalent to have this surface
with a Radius of Curvature of 34.5 km. This eﬀect should be corrected by the FC telescope.
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Thanks to these simula ons and the study described in the SGD sub-system, it is possible to deﬁne all
the parameters of the Filter Cavity mirrors, summarized in Table 2.
Parameter

FC-IM

FC-EM

Material

Suprasil

Suprasil

Diameter

15 cm

15 cm

Thickness

9 cm

9 cm

Wedge

140 urad

TBD

Surface 1 : Face inside the Filter Cavity
Radius of Curvature

558 m

558 m

Flatness (over 50 mm)

2 nm rms

2 nm rms

Roughness (over 50 mm)

0.4 to 1.2 nm rms

0.4 to 1.2 nm rms

Transmissivity - 1064 nm

620 ppm

5 ppm

Transmissivity - 532 nm

6.3 %

6.3 %

Surface 2 : Face outside the Filter Cavity
Radius of Curvature

> 100 km

> 100 km

Flatness (over 50 mm)

6 nm rms

6 nm rms

Roughness (over 50 mm)

2 nm rms

2 nm rms

Reﬂec vity - 1064 nm

< 100 ppm

< 1000 ppm

Reﬂec vity - 532 nm

< 100 ppm

< 1000 ppm

Table 2: Filter Cavity mirrors parameters.

6.3.3.2.2. Procurement
The procurement of the mirrors for the Filter Cavity is divided in three steps: the procurement of the
substrates, the polishing of the substrates, the deposi on of the coa ngs on the polished substrates.
Considering the long delivery me, around one year, es mated by the polishers, the plan is to use
mirrors with a lower surface quality for the Phase I of AdV+ and to change them with mirrors with a
higher surface quality, for the Phase II. Simula ons conﬁrm that a lower quality surface of the mirrors
could guarantee performances in the reduc on of the radia on pressure noise good enough to reach
the target sensi vity for Phase I. In order to reach the target sensi vity for Phase II, the
performances of the FDS should increase also reducing the round-trip losses in the Filter Cavity.
Therefore, the Filter Cavity mirrors will be changed.
The decision was to procure 8 substrates for the Filter Cavity mirrors. Three of them will be polished
with a lower quality surface in order to be installed for Phase I. The remaining mirrors will be

350

polished with a higher quality surface in order to be installed for Phase II. The 8 substrates are in
produc on and should be delivered at the beginning of June 2019. Then, 3 substrates will be sent to
the selected polisher in order to have them back by the end of the year. Two months will be needed
for the characteriza on and the deposi on of the coa ng on the polished mirrors at LMA. The target
is to have the mirrors of the Filter Cavity ready just a er the end of O3.

6.3.3.3. Mirror Suspension System
6.3.3.3.1. Overview
Although vibra on isola on requirements for the Filter Cavity are not as stringent as for the other
Virgo suspended op cs, mee ng the sub-picometer cavity length rms speciﬁca ons requires the
mirror suspension and isola on system to anyway provide:
●
●
●
●

large dynamic range DC posi oning in all six degrees of freedom;
high accuracy mirror local controls with op cal levers;
iner al damping of the rigid body modes of the system;
seismic isola on at the micro-seismic peak for sca ered light noise mi ga on.

A compact suspension system, 1850-mm high and 560-mm in diameter, coined FC-SAS and providing
all aforemen oned features, has been designed to cope with the severe space limita ons posed by
the loca on of the two mirrors along the Virgo North Arm tunnel.

Figure 12: A front view of the block scheme of the suspension is shown on the le . A cross sec on
(side view) of the engineering execu ve design in presented on the right; please the reader no ce
the baﬄe mounted on the front side of the cage and the vacuum pod enclosing the Trillium 120
seismometer at the center of the inverted pendulum pla orm. The standard Virgo coordinate system
is also indicated for reference.
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The FC-SAS ﬁltering and control chain makes use of building blocks derived from the Mul -SAS type
vibra on isolators [5], used in Virgo for the suspension of the in-vacuum op cal benches, and from
the Virgo standard payload design based on the marione e concept [6]. Each unit consist of (see
Figure 12):
●

●

●

a four degrees-of-freedom low natural frequency pre–isolator, in which a short (684.5-mm
leg length) inverted pendulum (IP) provides seismic a enua on in horizontal and yaw
direc on, while a geometric an -spring (GAS) ﬁlter provides vibra on suppression in ver cal.
A mirror payload consis ng of a double pendulum stage in which the 4.5-kg marione e,
suspended from the keystone of the GAS ﬁlter with a single wire 250-mm long, is used to
control the mirror orienta on. The wire, 0.8-mm in diameter, is made out of maraging steel.
The 3.5-kg mirror is suspended from the marione e with 0.1-mm diameter, 400-mm long
piano wires.
a cage, which supports the GAS ﬁlter pla orm, the baﬄe, the mirror ring heater, and acts
both as safety and as actua on frame for the payload (see Figure 13). The total mass of IP
pla orm and cage, including all just men oned features, is 38-kg.

Figure 13: details of the double pendulum structure and of the cage, which consists of an aluminum
frame and s ﬀening plates. A ached to the frame is the holder for marione e actua on coils; the
backside s ﬀener supports the mirror ring heater and (not visible) the coils for the mirror actua on.
The s ﬀening plates can be removed for service/repair ac ons on the suspension.
The design diﬀers from a more tradi onal one in which a taller IP pla orm integrates the ver cal
ﬁlter and the payload is simply hanging from it. The chosen solu on minimizes the vacuum chamber
footprint in the tunnel and it allows the instrumented IP stage and the payload to be easily installed
independently. In par cular, the installa on of the payload becomes trivial as well as service/repair
ac ons if needed. With the payload nested between the IP legs (and its safety structure), installa on
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and access to the payload would have been much more complex. The foreseen installa on sequence
is shown in Figure 14.

Figure 14: FC suspension installa on procedure. The instrumented IP stage will be pre-installed at
Nikhef in the bo om part of the vacuum chamber. The payload will instead be assembled in the EGO
clean room. The hois ng system to li the mid-sec on and the cupola of the vacuum chamber is not
shown.
On the other side, the cage used to support the ver cal ﬁlter might turn out to be horizontally not
rigid enough, i.e. unwanted modes could appear in the frequency band of the cavity control. In its
ini al design, the cage consists of an assembled (with screws) skeleton plus reinforcement plates,
also ﬁxed with screws; for this reason, FEM is unreliable to model it and valida on on a real structure
are crucial. Based on the results of the tests that will be performed at Nikhef on the ﬁrst complete
suspension, the cage frame will be re-designed, if necessary, to increase its s ﬀness (using a welded
structure for instance) and, addi onally, passive resonant dampers could be introduced.

6.3.3.3.2. Mechanics: inverted pendulum and GAS filter
The inverted pendulum pla orm is supported by three legs, mounted on a 460-mm diameter, each
consis ng of a thin walled aluminum tube hinged to the s ﬀ base ring and to the pla orm by means
of corner ﬁlleted circular cross-sec on ﬂexures. A ached to each leg tube is a bell to carry the
counterweights for the suppression of the center-of-percussion eﬀect (see Figure 15-le panel). The
ﬂexures are made out of Maraging steel and their geometry has been op mized, by means of
analy cal and FEM models, with the following mul ple goals:
●

●
●

tune up parasi c modes associated with the IP legs and with the top stage iner a (bouncing
and lt). In par cular, the lt modes, corresponding to the rocking of the top stage body (IP
pla orm+cage+GAS ﬁlter plate, for a total mass of 31 kg) on the IP legs, will couple to the
horizontal mo on of the payload. This issue is enhanced by the large moment of iner a of
the top stage body, due to the posi on of the center of gravity which is located 320-mm
above the mid-point of the IP ﬂexures.
minimize the displacement-to- lt coupling of the IP pla orm, which might spoil the quality of
the iner al control at very low frequency;
tune the IP yaw natural frequency to a value dis nct from the modes of the payload, to ease
the controllability of the suspension; posi oning the yaw mode below 0.5 Hz is highly
preferable.

For the sake of simplicity, the op miza on has been made by choosing the same aspect ra o
(length-to-thickness) for both the lower and the upper ﬂexure. The plot in Figure 15-right panel
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shows the allowed combina ons of ﬂexures for an aspect ra o of six, which is in a safe region in
terms of peak stress at maximum deﬂec on and buckling.

Figure 15: Le panel: details of the IP leg. Right panel: the plot shows the possible choices for the
geometry of the ﬂexures with an aspect ra o of 6, assuming a ﬁxed IP length of 684.5-mm and 46 kg
overall sta c load to be shared between the three legs.
In this case, the simula ons show that (see Figure 16):
● the frequency of the IP yaw mode can be easily tuned down to 500 mHz, or less, by
increasing the length and thickness ra os between the bo om and the upper ﬂexures (see
le -up panel). The natural frequencies of the IP pla orm parasi c modes are also aﬀected
but to a much lower extent: bouncing and lt modes can s ll be kept above 80 Hz and 180 Hz
respec vely.
● The frequency of the ﬁrst leg mode (bo om le panel) is mainly driven by the tube design
and weakly sensi ve to the ﬂexure geometry varia ons. The IP stage is expected to anyway
provide more than 60 dB vibra on isola on from 4 Hz to 60 Hz (bo om right panel), when
tuned to 100 mHz.
● Figures of displacement-to- lt coupling largely improve for larger length and thickness ra os
between the bo om and the upper ﬂexures, and they are also aﬀected by the bending
s ﬀness of the leg tube (upper right panel).
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Figure 16: the plots in panels a), b) and c) show relevant design constraints parametrized as a
func on of the thickness of the upper ﬂexure (aspect ra o of six): a) calculated natural frequencies of
top stage yaw, bouncing and lt modes in the case of 40-mm diameter, 3-mm wall thickness leg
tubes; b) calculated parasi c displacement-to- lt coupling of the IP pla orm for two alterna ve
geometries of the leg tube; c) frequency of the ﬁrst leg mode for two diﬀerent geometries of the leg
tube. The plot in panel d) shows the FEM modeled IP horizontal transfer func on for diﬀerent
combina ons of ﬂexure geometries (please the reader refer to Figure 2-right panel); in the model the
IP is tuned to 100 mHz.
The baseline design of the IP legs, resul ng from the op miza on, is presented in Table 3.
Bo om ﬂex thickness

4 mm

Leg tube diameter

40 mm

Bo om ﬂex length

24 mm

Leg tube wall thickness

3 mm

Upper ﬂex thickness

1 mm

IP yaw mode

400 mHz

Upper ﬂex length

6 mm

Pla orm bouncing mode

180 Hz

Stress at max deﬂec on

270 MPa

Pla orm lt mode

80 Hz

Displacement-to- lt

5 nrad/mm

First leg mode

133 Hz

Table 3: inverted pendulum design parameters.
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Figure 17: details of the ver cal isola on stage. The cross sec on on the right panel shows the
collocated LVDT-voice coil actuator used for the ver cal control of the suspension; the step motor
drives the carriage to pull or release the correc on coil springs for the DC posi oning of the payload.
Ver cal seismic isola on of the payload is provided by a single GAS ﬁlter (some details are shown in
Figure 17). The ﬁlter is tuned to 250 mHz and makes use of 1-mm thick blade springs made out of
beryllium-copper (C17200) in TH04 temper. FEM analysis shows that the stress reaches a peak of
about 750 MPa, corresponding to about 60% of the yield stress of the material. The ﬁrst parasi c
resonances of the ﬁlter, corresponding to swing modes (mix of horizontal and lt) of the keystone,
are located at 79 Hz and 113 Hz.

6.3.3.3.3. Mechanics: payload
The payload is a double pendulum suspension in which the upper stage, the marione e, is used for
the dynamic posi oning of the mirror in pitch and yaw degrees of freedom (see Figure 18). Due to
the relaxed requirement on the in-band residual mo on, choice was made to not include a reac on
mass for the mirror actua on. A set of eight coil-magnet actuators are provided to apply the control
torques: the magnets are mounted on the marione e while the coils are mounted on a rigid frame
a ached to the cage. In addi on, two step motor driven counterweights (65-g each) are foreseen to
adjust the sta c orienta on of the payload with microradians level resolu on.

Figure 18: details of the payload. Mirror actua on is provided with a standard set of four coil-magnet
actuators.
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The marione e has been dimensioned such that its center-of-mass is located 0.5-mm above the
bending point of the wire connec ng it to the GAS ﬁlter. In this way the marione e-mirror pitch and
roll common modes can be lowered below 150 mHz (i.e. below the microseismic peak), which is
beneﬁcial for reducing the residual rms angular mo on of the mirror.
The mirror consists of a silica cylinder with a diameter of 150 mm and a thickness of 90 mm.
On the lateral surface two ﬂat parts with a polishing of lambda/10 are machined on the opposite
sides as in Figure 19. The ﬂats have a ver cal amplitude of 30 mm.

Figure 19: Scheme of the mirror with the machined ﬂats.
On both the ﬂats a fused silica prism (spacer) is bonded with the Hydroxide Catalysis Bonding (HCB)
technique on the barycentric plane. The prisms have a length of 30 mm and a rectangular triangular
sec on with a lateral dimension of 10 mm (see Figure 20). The surface to be bonded to the ﬂat has a
lambda/10 polishing for providing a good HCB.
The mirror suspension is made with two steel wires in C85 with a diameter of 0.1 mm, 400-mm long.
The wires, that pass below the mirror, are pressed on the ver ces of the spacers by the mirror load
itself that induces there their lower bending points. The two wires separa on is 13 mm and their
rela ve posi ons on the spacers is guaranteed with two small groves.

Figure 20: Mirror with the two spacers in posi on.
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The suspension wires on the upper stage are clamped using a system which is very similar to the one
used in Virgo. The upper clamps in aluminium (one per side) are shown in Figure 21. Each one of
them accomplishes the two wires separated by 13 mm. The pressure on the wires is made with the
use of two steel inserts with a thin spark-eroded groove to keep the wires in posi on without
damaging them decreasing their strength.

Figure 21: Upper clamping system. The wires pass inside the spark-erosion grooves made on the steel
inserts.
To do not exceed with the pression on the wires the screws on the clamps are ghtened with a
calibrated torque of 12 N/m.
Based on the experience on Virgo payloads using the same design for the upper clamps, a loss angle
of 10-4, dilu on factor included, is expected for the mirror suspension stage; with such a ﬁgure, the
eﬀect of the suspension thermal noise on the mirror residual mo on will be negligible.
On the An -Reﬂec ve surface of the mirror, four small Samarium-Cobalt magnets (1T, 1.5 diam x 1.5
mm) are a ached in a + (plus) conﬁgura on, centered with the coils, by means of small fused silica
cylindrical mounts hos ng the magnets shown in Figure 22. The mounts (6.0 diam + 5.10 mm) are
a ached through silicate bonding to the face of the mirror outside the cavity, outside the coa ng
area, by means of speciﬁc jigs. In the perfect conﬁgura on the magnets are perfectly an symmetric
in pairs.
The mounts and the magnets are the same as those used for the IMs and EMs of Advanced Virgo.

Figure 22: Magnets and mounts to be silicate-bonded to the mirror. The magnets are glued inside the
mounts.
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6.3.3.3.4. Mechanics: summary
The modes of the payload and their natural frequencies are summarized in Table 4.
Mode

Frequency [Hz]

Mode

Frequency [Hz]

Pendulum common

0.73

Bouncing

13

Pendulum diﬀeren al

1.61

Yaw common

0.11

Roll common

0.14

Yaw diﬀeren al

1.02

Roll diﬀeren al

15

Pitch common

0.13

Ver cal common

0.25

Pitch diﬀeren al

1.72

Table 4: Rigid body modes of the payload.

The simulated passive a enua on performance of the complete suspension is shown in Figure 23,
using as input seismic noise a typical spectrum (smoothed) measured at the Virgo site. The residual
mo on above a few Hz is expected to be limited by the coupling from the ver cal degree of freedom
for which only a single stage of isola on is foreseen.
The thermal noise of the payload is also plo ed and it is not expected to be a limi ng factor.

Figure 23: Projected open-loop mirror horizontal mo on for a typical ground mo on spectrum at the
Virgo site. A conserva ve 1% ver cal-to-horizontal spurious coupling has been assumed. Suspension
thermal noise is also shown.
Closed-loop simula ons (see Figure 24) show that the FC suspension, as designed, allows to meet the
sub-picometer requirements of the Filter Cavity residual rms length ﬂuctua ons.
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Figure 24: expected FC residual rms length ﬂuctua ons; length is controlled by using the PDH error
signal. The data measured in the North tunnel, at loca on of the FC input mirror (see sec on about
the FC infrastructure), has been used as input seismic noise for the suspensions.

6.3.3.3.5. Controls: vibration isolator
A variety of sensors and actuators distributed in the system are used to control FC-SAS in diﬀerent
frequency bands.
Static positioning Four step-motor driven actuators are used to provide the DC posi oning of the
payload along the horizontal and ver cal degrees of freedom:
● vertical: correc on spring ac ng on the GAS ﬁlter keystone. They are used to cope with large
temperature changes and to correct any very long term dri of the chain ver cal posi on
due to the residual creep of GAS blades. The available actua on range is ±0.06 N
corresponding to a few mm adjustment of the ﬁlter working point, or to ±2.3oK temperature
varia on. The posi oning accuracy is be er than 1 μm. The reference signal for correc on
spring is the displacement of the keystone with respect to the cage read by means of the
built-in LVDT.
● horizontal: three motorized correc on blade springs act on the inverted pendulum pla orm
to translate and rotate the cage horizontally, within the range, ±5 mm, set by the pla orm
end stops. Posi oning accuracy achieved is be er than 1 μm/1 μrad.
Dynamic corrections
● Sensors: Very low frequency payload control and ac ve damping of the FC-SAS chain rigid
body modes along x, y, z, θy, is performed ac ng on the top stage. The top stage is
instrumented with: three horizontal LVDT posi on sensors, in triangular conﬁgura on,
measuring the top stage mo on with respect to the FC-SAS safety frame; a triaxial
Nanometrics TC-120 seismometer measuring the top stage iner al mo on along x and z;
one ver cal LVDT posi on sensor measuring the mo on of the top ﬁlter keystone with
respect to the suspension cage. The ver cal axis of the seismometer can op onally be used
to reduce the noise re-injected in the suspension by the ver cal LVDT. The seismometer has
been preferred to the set of three L4-C geophones used in the Mul SAS chains due to its
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●

compactness and substan ally be er performance at low frequency (see SBE Chapter of this
document for more details). The inverted pendulum θy degree of freedom, which is usually
weakly coupled to x and z, will be controlled by using just the signals from the LVDT.
Actuators: The inverted pendulum is controlled by means of three 1N/A horizontal
voice-coils, collocated to the horizontal LVDTs, ac ng on the top stage from the safety frame;
in ver cal, one 2N/A ver cal voice-coil, collocated to the ver cal LVDT, acts from the GAS
ﬁlter baseplate to its keystone.

The baseline control strategy foreseen for the vibra on isolator is the tradi onal VIRGO iner al
damping scheme, in which the three modes of the IP pla orm and the low frequency horizontal
transla onal modes of the payload are damped by using sensors and actuators of the suspension top
stage [7]. In standard conﬁgura on the low frequency error signal for the control will be provided by
the IP LVDTs; however, for the input mirror of the cavity, global control strategies can be considered
to reduce sca ered light noise; for more details see the SBE chapter of the document.

Figure 25: Iner al damping control modeled with Octopus: the payload modes at 0.7 Hz and 1.6 Hz
are damped eﬀec vely by using sensors and actuators at the level of the IP pla orm.
Simula ons have been carried out with Octopus [8] to verify the iner al damping performance on
the FC-SAS chain. The results (see Figure 25) conﬁrm the eﬀec veness of the control despite the low
mass ra o between the payload bodies and the inverted pendulum stage.

6.3.3.3.6. Controls: payload
Payload lts are easily controlled by means of two op cal levers measuring pitch, yaw and roll of the
marione e reﬂected by two perpendicular mirrors ﬁxed underneath (Figure 26) whose centers lay
along the suspension axis. The height of the two horizontal incidence planes diﬀers by 25 mm and is
shown from the top in Figure 26. The upper op cal lever is directed on the rear side of the
marione e, with 40 deg incidence and is reﬂected back to measure pitch and yaw of the payload.
Two external benches, directly clamped on rigid cylindrical sha s ﬁxed on the ground, are used to
inject the collimated beam generated by a SLED source and to receive it. The same SLED source is
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used, through a spli er, on the second mirror, with 50 deg incidence, and reﬂected on a bench
located at the same height (le side of Figure 27).

Figure 26: Detailed view of the target mirrors for the two op cal levers dedicated to the marione e
(not represented) angular control.

Figure 27: Layout of the op cal levers for the control of the marione e. The op cal path in blue
refers to the oplev for control of pitch and yaw degrees of freedom; the op cal path in magenta
refers to the auxiliary oplev for the payload roll.
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In Figure 28 a third op cal lever is shown; it provides 3 degrees of freedom associated to the mirror
posi on: pitch, yaw and longitudinal transla on. The measure of mirror angular degrees of freedom
is meant as an open loop measurement providing redundant monitoring, quite useful in prac cal
situa ons as shown through Virgo experience, while longitudinal transla on along the beam axis is
readily available to damp pendulum oscilla on and slow down the mirror speed and facilitate the
lock. Tilt and longitudinal degrees of freedom of both marione e and mirror are op cally
diagonalized on focal and image planes of a suitable lens in front of the related posi on sensors. The
scheme is completely equivalent to that adopted for the other payloads.
Op cal diagonaliza on requires some ac vity to op mize its performance in decoupling the degrees
of freedom, usually performed once the system is in vacuum, but it is rela vely fast in controlling and
pre-aligning with good accuracy the system since the beginning. Once op mized, by means of
manual micrometric slides, four D.o.F. per Posi on Sensor stage, it allow to easily decouple the error
signals at 1% or below [9]. A signiﬁcant diﬀerence concerns the mechanics of the external bences:
they are not ﬁxed on the vacuum chamber, in order to allow its opening during the installa on
phases.

Figure 28: Layout of the op cal lever for the local control of the mirror.
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Once the system is pre-aligned through OpLevs, Pitch and Yaw automa c alignment driving will be
engaged and only roll control will remain under pure OpLev control. This is feasible as the diﬀeren al
mode along roll lays at high frequency (~15 Hz) and the controller noise, aﬀected by the OpLev noise,
can be properly rolled-oﬀ. All the OpLev benches will be equipped with suitable boxes and
connec on pipes to avoid the in-air paths be spoiled by air ﬂow (0.5<f < 1Hz).

6.3.3.3.7. Controls: electronics
Each mirror suspension unit is provided with two crates, one hos ng signal condi oning boards for
LVDTs, PSDs, temperature sensors and the coil driver boards, the other hos ng the DC power
supplies and the step motor controllers. The crates will be installed outside the clean room areas
together with the DAQ electronics, while patch cables (mul ple shielded twisted pairs) will connect
the crates to a patch panel located next to the vacuum chamber. The patch panel has mul ple
func ons: it re-routes the signals from the electronics crates to the vacuum feedthroughs, while for
the seismometer it regulates the DC supply voltage and provide the pre-ampliﬁer stage. The
following electronics subsystems are provided to operate the FC-SAS:
● the LVDT sensors are condi oned by means of mul channel custom designed boards
providing up to 140 dB linear dynamic range at the demodulator diﬀeren al output.
Nanometer level resolu on (exceeding the stability of the ground) is achieved over a ±5 mm
displacement;
● a low noise DDS-based 10 kHz sine-wave generator providing the reference signal for the
LVDTs;
● PSD signal condi oners for the payload op cal levers;
● the raw outputs of the TC-120 seismometer, 750 V/m/s, need to be boosted before
digi za on to op mize the noise ﬁgure; for this purpose low dri DC voltage ampliﬁers, with
both diﬀeren al input and output are being designed;
● the actuator coils are driven by means of mul channel diﬀeren al input transconductance
ampliﬁers; depending on the voice coil parameters output currents up to 100 mA can be
delivered. A diﬀeren al ended current monitor signal is provided;
● a six-channels step motor controller/driver based on a commercial TMCM-6110 unit from
Trinamic Gmbh. The driver communicates via Ethernet interface and an Ethernet controlled
relay is foreseen for remote power on/oﬀ.
More details about the LVDT signal condi oners and coil drivers can be found in [10].

6.3.3.3.8. Cleanliness and vacuum compatibility
Speciﬁc criteria have been followed in designing the Mul SAS and in the planning of the produc on
and assembly procedures.
● Material selection All the materials and components used in the FC-SAS design are UHV
compa ble. Coils of LVDTs and actuators use PeekTM spools and their windings are made with
polyimide coated copper wire. UHV compa ble step motors from Arun Microelectronics Ltd
and from Phytron Gmbh are used to power the DC actuators.
● In-vacuum cabling The FC-SAS will use the same cable as the Advanced Virgo bench
suspensions. The cable is a jacketed single shielded twisted pair (RET 3019 Sh E2) produced
by Axon S.A.. It is insulated with wrapped and sintered teﬂon, it has low outgassing rate, it is
produced without using lubricants and is bakeable up to 200oC. The nominal outer diameter
is 1.7 mm and its weight is 5 gm/meter. Each stranded wire conductor has a nominal
diameter of 0.315 mm and it is suitable to carry the maximum average current (Imax < 100
mA) deliverable by the FC-SAS controls.

364

●

●
●

Seismometer pod The triaxial seismic sensor used in the IP pla orm is not vacuum
compa ble and therefore it is enclosed inside an air- ght (pod) container. The pod is sealed
using a conﬂat ﬂange with a copper gasket.
Cleaning All the parts are cleaned according to UHV standard procedures except for the
baking which is not required.
Assembly The FC-SAS will be assembled in a Class 10000 clean-room at Nikhef, except for the
payload the assembly of which will be ﬁnalised at EGO.

6.3.3.4. Ring Heater
6.3.3.4.1. Overview
Two Ring Heaters (RHs) are required to correct the cold Radii of Curvature (RoC) of the Filter Cavity
mirrors. Considering the op cal simula ons and the polishing accuracy, the chosen RoC is (558+/-10)
m for both mirrors. Thus, with a RH dynamics of -10 m, depending on the cold RoC value it is possible
to move the RoC either well below the resonance of the mode of order 3 (572 m) or in one of the ﬂat
regions between resonances of very high higher-order modes (higher than order 20). Figure 29
shows the region accessible with the RH.

Figure 29: Total round-trip losses in the ﬁlter cavity depending on the radius of curvature of the two
mirrors. The grey box corresponds to the RoC range accessible by the ring heater. For a given value of
cold RoC, the RH can decrease it by 10 m.

6.3.3.4.2. Design
The Filter Cavity RH is a scaled-down version of the Advanced Virgo one and it is composed by two
parallel rings made of borosilicate glass (Pyrex), with a circular cross-sec on of 5 mm in diameter,
surrounded by a polished copper shield. The heater is a coil of Nickel-Chrome (NiCr) wire (resis vity
ρ=24 Ω /m) wound around the glass ring (emissivity ε~0. 9), heated by Joule eﬀect. The overall
resistance of the coil is 70 Ω.
In order to op mize the thermal contact with the suppor ng ring, the wire has a rectangular cross
sec on: 0.4 mm wide and 0.1 mm thick. C-shaped clamps, made of tanium, keep the wire in
posi on around the rings.
The radia on which is not directly impinging on the test mass is collected by the copper shield and
reﬂected back toward the test mass to maximize the eﬃciency.
The total thickness of the RH is 25 mm. A complete view of the device is shown in Figure 30.
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Figure 30: Le : inner view of the ring heater, quotes are in mm. Right:the full assembly of the ring
heater.
The distance between the RH center and an -reﬂec ve (AR) surface of the mirror has been set to 15
mm, while the one between the RH center and high-reﬂec ve (HR) surface to 75 mm, as shown in
Figure 31.

Figure 31: Ring heater posi on around the mirror, quotes are in mm.
Considering a maximum applied voltage of V~50 V, the maximum power dissipated by Joule eﬀect by
both coils is about 70 W (~ 34 W for each coil).
The ﬁrst Filter Cavity RH prototype has been assembled (see Figure 32) and is ready to be tested.

Figure 32: First prototype of the Filter Cavity Ring heater.
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6.3.3.4.3. Simulations
The power distribu on on the mirror barrel has been computed with Zemax (see Figure 33). The
posi oning of the RH around the mirror causes a power loss of about 15 %.

Figure 33: RH power distribu on on the mirror lateral surface simulated by Zemax. The center of the
mirror is located in the origin.
The obtained hea ng proﬁle has been fed into a 2D-axisymmetric steady-state FEA simula on to
evaluate the dynamics of the thermal lensing eﬀect and the thermo-elas c deforma on of the HR
surface. Figure 34-right shows the curvature change due to the thermal lensing inside the Filter
Cavity mirror substrate; Figure 34-le shows the behavior of the Filter Cavity mirror RoC due to the
thermoelas c deforma on. Both quan es are plo ed as a func on of the power dissipated in the
coils. For the la er, the dynamics for three diﬀerent values of ini al RoC0 are shown, i.e. for 558 m
(the requirement to the polisher) and for the minimum and maximum values deﬁned by the
polishing tolerances (548 m and 568 m).

Figure 34: Le : behavior of the RoC of the Filter Cavity mirror as a func on of the power applied to
the RH for three diﬀerent values of cold RoC. A maximum varia on of 5 % in the dynamics is found
for the RoC range considered. Right: strength of the thermal lens.
As shown in the le plot of Figure 34, the RH power needed to decrease the RoC by 10 m is around
10 W, corresponding to 5 W applied to each ring.
For the FC-IM, also the thermal lensing eﬀect has to be taken into account in the design of the Mode
Matching telescope.
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6.3.3.4.4. Steel wires elongation
The length of the steel wires used to suspend the Filter Cavity mirrors increases due to the mirror
hea ng. The two wires are located at diﬀerent distances from the RH. Therefore, their contact points
experience two diﬀerent temperatures which will, in turn, produce a diﬀeren al elonga on.
To es mate the order of magnitude of the diﬀeren al elonga on, a constant temperature gradient
along the wire has been assumed.
The increase of temperature at the contact points, A and B, between the two steel wires and the
mirrors have been es mated by FEA simula on by applying a total power of 20 W (Figure 35):
● A: T+ΔT=295+22.97 K
● B: T+ΔT=295+30.67 K
Since the length of the wires is 475 mm (from the marione e to the contact point), the elonga ons
of the wires result to be:
● ΔL(B)=0.13 mm
● ΔL(A)=0.091mm
therefore, ΔL=ΔL(A)-ΔL(B)=0.032 mm.
Considering a distance between the 2 steel ﬁbers of 25 mm, the corresponding TX lt angle is α~1.2
mrad.

Figure 35: Schema c view of the RH eﬀect on the steel wires.

6.3.3.5. Auxiliary Optics
As explained in the SGD sub-system, the FIlter Cavity will be controlled using both a green beam and
an IR subcarrier beam. Since the ﬁnesse of the Filter Cavity for the green light is quite low, around
100, the beam will be transmi ed by the End Mirror. Moreover, even if the ﬁnesse of the Filter Cavity
for the IR light is much higher, around 11000, few ppm of the beam will be transmi ed as well by the
End Mirror. Both these transmi ed beam will be collected in order to provide some error signals for
the control of the cavity. Therefore, a bench hos ng auxiliary op cs, named the Filter Cavity End
Bench (FCEB), will be installed at the output of the End MicroTower, as shown in Figure 36. A
reasonable size for the FCEB is 750x400 mm2.
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Figure 36: Op cal bench installed at the output of the End tower to host auxiliary op cal
components needed to extract the signals to control the FIlter Cavity.
The following op cal and electronic components will be installed on the FCEB:
● one dichroic lens, allowing the transmission of the green and the IR beams, needed to
reduce the size of beams transmi ed by the FC-EM;
● one dichroic mirror needed to divide the green beam (reﬂected) and the IR beam
(transmi ed);
● one op cal ﬁlter needed to ﬁlter out the residual green light on the IR path;
● one beam spli er 90/10 on the IR path needed to split the beam between a photodiode and
a camera;
● one lens on the IR path needed to focalize the beam on the photodiode;
● one photodiode (DC and RF) needed to extract the DC power of the IR transmi ed beam
used as trigger signal in the longitudinal control loop of the FIlter Cavity and to detect the 1.2
GHz beat note between the sub-carrier and the coherent control beams;
● one camera needed to check and acquire the IR transmi ed beam;
● one beam spli er 90/10 on the green path needed to split the beam between a photodiode
and a camera;
● one lens on the green path needed to focalize the beam on the photodiode;
● one DC photodiode needed to extract the DC power of the green transmi ed beam used as
trigger signal in the longitudinal control loop of the FIlter Cavity;
● one camera needed to check and acquire the green transmi ed beam.
● few steering mirrors both for the green and the IR beams if needed.
A preliminary op cal layout of the FCEB is shown in ﬁgure 37. An acous c enclosure will be installed
around FCBE.
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Figure 37: Preliminary op cal layout of the FIlter Cavity End Bench.

6.3.3.6. Vacuum System
6.3.3.6.1. Vacuum chambers
Each mirror suspension is hosted in a vacuum chamber coined MicroTower (see details in Figure 38).

Figure 38: MicroTower vacuum chamber. An ISO-250 viewport is used on the rear side of the End
MicroTower for monitoring the cavity transmission.
The Microtower is 2266-mm high and 650-mm in diameter and his mantle is spli ed in three sec ons
to ease the assembly and the inser on of the payload inside the limited space available in the North
Arm tunnel clean areas. Bellows on the bo om of the tank provide means to support the chamber
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and the mirror suspension independently. In this way, the suspension is decoupled from the
vibra ons of the vacuum chambers due to its rocking modes and to the pumping system.
Suspension leveling and height adjustment feet are accessible through ISO-80 ﬂanges; larger ISO-160
ﬂanges on top of the bo om sec on of the tank will be used to install electrical feedthroughs and to
get access to the inverted pendulum sensors and actuators, if needed. ISO-160 viewports on the
middle and top sec ons provide lines of sights for the op cal levers. Viton gaskets are foreseen on all
ﬂanges.

6.3.3.6.2. Pumping system
The concerned chambers of the FLT sub-system are the Filter Cavity pipe (285 m of length, 250 mm in
diameter) and the two MicroTowers (0.65 m in diameter and 2.26 m height) hos ng the main op cs
and the related an -seismic mechanics. Gate valves, incorpora ng a viewport on the gate, are
installed at the cavity pipe extremi es to isolate the MicroTowers during maintenance interven ons.
The ﬁlter cavity pipe shall be kept permanently under vacuum.
The chosen goal of residual pressure for the frequency dependent squeezing system is in the range of
10-6 mbar. This is a moderate vacuum level, normally reachable in stainless steel chambers like the
285 m pipe, equipped with a rela vely simple pumping system and without the need of in-situ
bake-outs. For what concern the MicroTowers, the vacuum performance will be normally dominated
by the outgassing quality of the in-vacuum components, that will be designed, selected and cleaned
accordingly to the high vacuum prac ce.
The global layout of the FDS vacuum system is shown in Figure 39.

Figure 39: Layout of FDS vacuum system with all the pumping sta ons depicted in their posi ons [11]
. Some of the pumping sta ons are considered for spare and will not be ac ve in the ini al
conﬁgura on (blanked oﬀ).
The pumping system is conceived to have the possibility to process independently each of the 3
chambers (the 2 MicroTowers + the pipe), from 1 bar to full vacuum. The system will be pumped by a
series of simple pumping sta ons comprising a turbo-molecular pump (TMP) with magne c bearings
(featuring speed of 250 l/s N2) and a dry backing pump. The schema c of the system is shown in
Figure 40, while a single sta on is shown in ﬁgure 41.
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Figure 40: Layout of FDS pumping system: 7 pumping ports are foreseen along the 285 m pipe,
spaced by about 50 m (Input MIcroTower pumping sta on, FC1-5 pumping sta ons, End MicroTower
pumping sta on). Red symbols represent vacuum sensors, cyan ones the ac ve pumps.

Figure 41: View of a pipe pumping sta on.
A total of seven posi ons hos ng pumping sta ons have been foreseen along the cavity pipe, one
every about 50 m. The MicroTowers will be pumped by the two sta ons placed at pipe extremi es,
while three sta ons will be prepared for the cavity pipe. The two remaining sta ons will not be used
in the ini al phase, but le as spare. A series of gauges will monitor the pressure along the system,
and a minimum set of residual gas analyzers (3 units) will be used to provide addi onal diagnos c.
Figure 42 shows the es mated residual pressure level in the Filter Cavity varying the number of the
ac ve pumping sta ons. The es ma on has been done with the following assump ons:
● uniform outgassing rate = 5*10-11 (mbar*l)/(s*cm2) for pipe walls (corresponding to order of
100 hours of pumping for stainless steel systems);
● MicroTowers and SQB2 MiniTower gas load = 2*10-4 (mbar*l)/s;
● SQB1 MiniTower gas load = 1*10-3 (mbar*l)/s;
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Figure 42: Proﬁle of the residual pressure level in the FIlter Cavity for various pumping conﬁgura ons.
The curves 3 or 4b show the case of a par al use of the available pumping sta ons (4 or 3 units le
unused, respec vely); the curve 7 shows the case with all the sta ons ON; while the curve 2 shows
the case of no pumping along the pipe (calculated for uniform outgassing rate = 5 10-11
(mbar*l)/(s*cm2) from pipe walls, typical for ≥ 100 hours of pumping for stainless steel chambers,
and for gas loads of 2*10-4 (mbar*l)/s for the MicroTowers and the SQB2 MiniTower, and 1*10-3
(mbar*l)/s for the SQB1 MiniTower).
Figure 43 shows a schema c of the pumping sta on planned for the End MicroTower. The pumps will
be installed on the pipe sec on just outside of the clean room.

Figure 43: Schema c of a pumping sta on (end cavity pumping sta on). The pumps will be installed
on the pipe, outside of the End chamber cleanroom.
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The equipment needed for one pumping sta on is listed in Table 5.
Item

Quan ty Descrip on

P1

1

Dry pump 10 m3/hr

P2

1

Turbo-molecular pump, magne c bearings, 250 l/s

V21

1

DN100CF 24VDC electro-pneuma c gate valve with posi on indicator.

Ve1

1

DN63CF manual gate valve with posi on indicator (op onal)

Ve2,
V24

2

DN40CF manual angle valve with posi on indicator ( 1 unit op onal).

V23

1

DN25KF manual angle valve with posi on indicator, for ven ng and leak
detec on.

V22

1

DN25KF 24VDC electro-pneuma c angle valve with posi on indicator

V1

1

DN40CF electro-pneuma c angle valve with posi on indicator for roughing

Ge2

1

Capacitance gauge (1 unit per the pipe, 1 unit per each micro-tower)

Ge1, G1

2

Pirani gauges

1

1

RGA (1 unit per the pipe, 1 unit per each micro-tower)

Ge3, G2

3

Cold cathode gauge

Ge3, G2

3

Cold cathode gauge
Table 5: Pumping equipment for one pumping sta on.

The control system of vacuum equipment (HW and SW) for the Filter Cavity will be completely
integrated in the global Advanced Virgo vacuum control system. We plan to use three control racks,
one posi oned at each extremity and another one in the middle of the Filter Cavity. They shall be
based on PLC and will provide local and remote opera on capability, as well as protec on against
wrong opera ons or equipment failures. Data will be made available on the Virgo DAQ. The needed
UPS power units and Ethernet ports will be installed along the 285 m of the Filter Cavity.

6.3.3.6.3. Hoisting and transportation systems
The design of the proper hois ng system, compa ble with the clean environment, for the upper
sec ons of the MicroTower vacuum tanks is in progress. Also the design of the trolley for the
transporta on of the diﬀerent sec ons of the vacuum pipe for the installa on is in progress.
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6.3.3.7. DAQ
6.3.3.7.1. Summary
The list below summarize the expected needs in terms of ADC and DAC channels for the control of
the two FC-SAS:
● 7 ADC channels for the input FC-SAS;
● 16 ADC channels for the monitors of the actuators of the input FC-SAS;
● 4 DAC channels for the input FC-SAS;
● 7 ADC channels for the end FC-SAS;
● 16 ADC channels for the monitors of the actuators of the end FC-SAS;
● 4 DAC channels for the end FC-SAS.
The list below summarize the expected needs in terms of ADC and DAC channels for the control of
the two FC mirror payloads:
● 20 ADC channels for the FC-IN payload;
● 12 DAC channels for the FC-IN payload;
● 20 ADC channels for the FC-END payload;
● 12 DAC channels for the FC-END payload.
The list below summarize the expected needs in terms of ADC and DAC channels for the RH installed
around the FC mirrors:
● 1 ADC channel for the temperature probe of the FC-IM RH;
● 2 ADC channels for the current circula ng in the coils of the FC-IM RH;
● 2 ADC channels for the voltage applied to the coils of the FC-IM RH;
● 1 ADC channel for the temperature probe of the FC-EM RH;
● 2 ADC channels for the current circula ng in the coils of the FC-EM RH;
● 2 ADC channels for the voltage applied to the coils of the FC-EM RH;
The list below summarize the expected needs in terms of ADC and DAC channels for the FCEB:
● 1 ADC channel for the green DC photodiode;
● 1 ADC channel for the IR DC photodiode;
● 1 ADC channel for the analogically demodulated RF signal of the IR photodiode;
● 1 channel for the green camera;
● 1 channel for the IR camera.
The list below summarize the expected needs in terms of ADC and DAC channels for the
environmental sensors installed in the Filter Cavity environment:
● 1 ADC channel for 1 accelerometer for the FC-IN MicroTower;
● 1 ADC channel for 1 single axis episensor for the FC-IN MicroTower;
● 1 ADC channel for 1 accelerometer for the FC-END MicroTower;
● 1 ADC channel for 1 single axis episensor for the FC-END MicroTower;
● 1 ADC channel for 1 microphone for the FCEB;
● 1 ADC channel for 1 accelerometer for the FCEB;
● 3 ADC channels for 1 tri-axial episensor for the FCEB.
● 3 ADC channels for noise hun ng around the FC-IN MicroTower;
● 1 DAC channel for noise hun ng around the FC-IN MicroTower;
● 3 ADC channels for noise hun ng around the FC-END MicroTower;
● 1 DAC channel for noise hun ng around the FC-END MicroTower;
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6.3.3.7.2. Vacuum feedthrough and cables:
Vacuum feedthrough are needed at the level of the MicroTowers in order to connect the in-vacuum
components with the in-air electronics.
Many cables have to be produced to connect the diﬀerent elements installed inside the vacuum
tanks to the respec ve drivers and the DAQboxes. They will be produced of the proper length as
soon as the ﬁnal posi ons of the electronic racks close to the FC input and end MicroTowers will be
deﬁned.

6.3.3.8. Infrastructure
In the Virgo infrastructure, the tunnels that host the vacuum tube of the interferometer arms are
pre y wide. Therefore, there is enough ﬂoor space to accommodate the vacuum infrastructure,
towers and tube, for the ﬁlter cavity. The ﬁlter cavity will be installed inside the North tunnel, parallel
to the North arm.

6.3.3.8.1. Position of the towers
Once the length of the cavity had been ﬁxed around 300 m, in order to deﬁne the exact posi ons of
the vacuum MicroTowers inside the North tunnel, a seismic survey to evaluate the mo on of the
tunnel has been carried out. The tunnel is made of concrete slabs laying on pairs of cornerstone
pillars of 800 mm of diameter and from 18 up to 22 m deep, posi oned at a regular distance of 15 m
each other. Two diﬀerent concrete slabs are used: a longer (21 m) load-bearing beam and a shorter
(9 m) supported beam. Tri-axial Trillium seismometers [12] have been installed in three diﬀerent
posi ons (on the cornerstone pillars, in the middle of the longer concrete slab and in the center of
the shorter concrete slab) at distances of about 50 m and 350 m from the BS mirror, the origin of the
Virgo Reference System (VRS), as shown in Figure 44. A GPS antenna has been connected to the data
acquisi on systems and installed outside the tunnel to synchronized the data. Data stretches longer
than 24 hours have been recorder in all the posi ons. Figure 45 shows two seismometers installed
inside the North tunnel and a detail of the seismometer.

Figure 44: Side view sketch of a sec on of the North tunnel. The seismometers have been installed in
the center of the shorter concrete slab (blue), on the cornerstone pillars (red) and in the center of
the longer concrete slab (green) at distances of about 50 m and 350 m from the BS.
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Figure 45: Seismometers installed inside the North tunnel.
Since the mirror suspensions slightly less ﬁlter the ver cal mo on, we focused our analysis on the
ver cal mo on of the tunnel. Figure 46 shows the spectra of the ver cal mo on acquired in the
three diﬀerent conﬁgura ons, respec vely around 50 m and 350 m from the BS. It can be seen that
the mo on measured on the cornerstone pillars is almost a factor 10 lower than the ones measured
in the center of the longer and shorter concrete slabs.

Figure 46: Spectra measured respec vely at 50 m and 350 m from the BS inside the North tunnel on
the cornerstone pillar (blue), on the longer concrete slab (red) and on the shorter concrete slab
(yellow).
As described in SGD sub-system chapter, the residual mo on of the ﬁlter cavity length should be of
the order of 0.3 pm to minimize the losses. Therefore, in order to be conserva ve and to avoid
possible future troubles in the implementa on of the control system of the cavity, the decision to
install the MicroTowers in correspondence of the cornerstone pillars inside the tunnel has been
taken. Star ng from this assump on and considering the segmenta on of the North tunnel slabs and
the access doors, the two MicroTowers will be installed respec vely at distances of 51.7 m and 336.7
m from the BS tower, meaning a cavity length of 285 m.

6.3.3.8.2. Modification of the tunnel and clean rooms
Even if there is enough ﬂoor space to accommodate the vacuum infrastructure inside the North
tunnel, the ver cal clearance is not large enough to open the vacuum tanks and to host the clean
room around them. The roof has to be raised over two sec ons of the tunnel. Figure 47 shows a
preliminary layout of how one MicroTower area will look like: addi onal walls will be installed on the
exis ng concrete slabs to deﬁne a sec on where the clean area will be built for the mirror vacuum
tank and the corresponding auxiliary op cs.
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Figure 47: Side view of the preliminary layout of the MicroTower area of the North tunnel.
In order to guarantee the proper working of the suspensions of the mirrors, the vacuum tanks have
to be installed in an environment characterized by a constant and controlled temperature. In order to
not spoil the proper es and the cleanliness of the mirrors to guarantee the performances of the
whole frequency dependent squeezing system, the environment has to characterized by a low
numbers of dust par cles. Therefore, the decision to install the vacuum tanks inside clean rooms, of
ISO 7/8 class (same class of the INJ and DET Lab, 20 air changes per hour) has been taken. Figure 48
shows a preliminary layout of the clean room around one vacuum tank. The shape of the clean room
will be deﬁned in order to have the largest working space available around the vacuum tank and the
op cal benches for the auxiliary op cs limited to ensure the access to the vacuum tube of the main
beam for maintenance ac vi es.

Figure 48: Top view of the clean room around the input tower of the ﬁlter cavity.
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The HVAC systems needed to obtain the requested stability of temperature and humidity will be
installed outside the tunnel on a damping concrete slab far enough from the vacuum tank to not
introduce a too high environmental noise. A preliminary sketch of the posi on of the system is
shown in Figure 49.

Figure 49: Le : Top view of the preliminary layout of the clean room around the input MicroTower of
the ﬁlter cavity and the corresponding HVAC system. Right: Frontal view of the preliminary layout of
the HVAC system and the area of the North tunnel hos ng the mirror suspensions.

6.3.4. Interfaces with other subsystems
SGD :
●
●
SVS :
●
SIN :
●
●
INF:
●
DAQ:
●
SLC:
●
VAC:
●

Global op cal layout and global control.
Electronics needs.
Squeezed source beam, green beam, subcarrier IR beam.
Filter cavity mode-matching telescope.
Tolerance of the mode-matching telescope actuators considering the thermal lenses that can
be induced by the ring heater.
Infrastructure modiﬁca ons in the North tunnel.
DAQboxes needed to acquire data and to send command for the control of the mirror
suspensions and of the Filter Cavity.
Baﬄes on the mirror payloads.
Integra on of pumping systems for the Filter Cavity pipe and the MicroTowers.
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6.4. SIN – Squeezing Injection
6.4.1. Summary
The goal of the sub-system is the realiza on of op cal benches for injec on of the squeezed light into
the ﬁlter cavity and then back to the interferometer. These op cal benches should be in-vacuum and
isolated from vibra on by the means of a compact suspension. Thus the realiza on of vacuum tanks
and suspensions is part of the subsystem as well as the control system of the op cal benches and
associated op cs and electronics.

6.4.2. Objectives
The objec ves of the sub-system is to provide in-vacuum, suspended, integrated op cal benches that
allow the squeezed light from the squeezer source (SVS sub-system) to be injected into the ﬁlter
cavity (see FLT sub-system) and then back to the interferometer (interface with DET sub-system).
The global op cal and control design of the frequency dependent system is under the scope of the
SGD sub-system.
We will have two suspended, in-vacuum benches, namely Suspended sQueezing Bench 1 (SQB1) and
Suspended sQueezing Bench 2 (SQB2) :
● SQB1 is the interface between the squeezer source (in air external bench), SQB2 and the
interferometer via the suspended detec on bench 1 (SDB1) from which the squeezed light
will be injected into the interferometer.
● SQB2 is the interface between SQB1 and the ﬁlter cavity and it is used to inject the squeezed
light into the ﬁlter cavity, a er experiencing a rota on of its ellipse the squeezed light is sent
back to SQB1 through the same path where it will be injected into the interferometer.
These op cal benches will be integrated with their electronics as it is the case for the actual
suspended benches of the detec on system, it is planned to have an air- ght tank to host the
electronics associated to the diﬀerent elements on the benches (photodiodes, quadrants
photodiodes, posi on sensing devices (PSD), picomotors for the op cal mount and transla on stage,
OPO for in-vacuum op on, diagnos c homodyne detec on (DHD), Faraday Isolator, etc…). The design
of the benches should allow the possibility to integrate an in-vacuum OPO as an op on for phase 2.

6.4.3. Description of works for O4
6.4.3.1. Optical design
6.4.3.1.1. Optical design of the two suspended benches (SQB1, SQB2)
The op cal global layout of the Frequency Dependent Squeezing is provided by the SGD sub-system.
The two suspended benches will host severals spherical mirrors for mode-matching of the beam into
the ﬁlter cavity and back to the ITF.
SQB2 will host part of the telescope (with the spherical mirror SQB2_M1) from squeezed source to
the ﬁlter cavity, this telescope is also used to mode-match the green beam used to control the ﬁlter
cavity. Pick-oﬀ of the green beam is needed to allow alignment of the two suspended benches with
respect to each other using DC quadrants or PSD. On the green beam pick-oﬀ coming from the
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squeezer source, two DC quadrants are placed in a near ﬁeld - far ﬁeld conﬁgura on to sense for the
lt and transla on of the beam independently, three lenses are required to do that. Only one DC
quadrant is placed on the green pick-oﬀ beam reﬂected from the ﬁlter cavity.
A pick-oﬀ of the infra-red (IR) subcarrier beam is also required on SQB2 in reﬂec on of the ﬁlter
cavity to control and mode-match the ﬁlter cavity with the IR subcarrier beam. This pick-oﬀ beam is
sent to the in-air external bench located near SQB2 (ESQB2), see descrip on of the ESQB2 op cal
design in the sec on “Op cal design of ESQB2”.
Figure 1 shows a preliminary op cal layout of the benches located in front of the ﬁlter cavity, the
in-vacuum bench SQB2 (on top of the ﬁgure) and ESQB2 (bo om le of the ﬁgure).
SQB1 will host the other part of the ﬁlter cavity telescope (with the spherical mirror SQB1_M22), it
will also host the telescope used to mode-match the squeezed beam that experienced a rota on of
its squeezing ellipse to the ITF through SDB1 Faraday Isolator, this telescope is composed of the two
spherical mirror SQB1_M33 and SQB1_M34, see ﬁgure 2. An other important element is the double
faraday isolator si ng on SQB1, this double Faraday Isolator provided by EGO is already in use for
the frequency independent squeezing. Some modiﬁca ons to the double faraday isolator is foreseen,
i.e. the change of TTG crystals to have higher clear aperture inside the crystal.
It is also planned to install two cameras to detect the beam coming from SDB1 in reﬂec on of the
Faraday isolator as already done for the frequency independent squeezing in O3. The two cameras
will be used to control the angular degree of freedom of SQB1 with respect to SDB1.
DC quadrants or PSD devices are also foreseen on this bench on the green beam path for the
respec ve alignment of the 2 suspended benches. At least 2 quadrants per suspended benches will
be needed. These quadrants will be used to implement a dri control on the angular degree of
freedom (Tx, Ty and Tz) of the two suspended benches similarly to what is done on SQB1 to follow
the beam coming from the interferometer. Two quadrants in near ﬁeld - far ﬁeld conﬁgura on to
allow the sensing of the lt and transla on of the beam independently are placed on the green
beam pick-oﬀ coming from the squeezer source bench (ESQB1). This allows to control the posi on of
the beam sent to the ﬁlter cavity. One quadrant on the green beam pick-oﬀ reﬂected by the ﬁlter
cavity will also be installed.

382

Figure 1. Preliminary OptoCad layout of in-vacuum bench SQB2 (top right) and in-air ESQB2 (bo om
le ).
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Figure 2. Preliminary OptoCad layout of the in-vacuum SQB1 bench.
SQB1 will host sensors and actuators for auto-alignment of the spurious reﬂec on of the B1 beam
from the SDB1 Faraday isolator. As discussed in the [Control systems] sec on of the SGD chapter, the
automa c-alignment (AA) loop on these actuators stabilizes the posi on of the beam at the level of
the SQB1 Faraday isolator, and reduces the required actua on range for the main AA loop of vacuum
squeezed ﬁeld onto the ITF. The sensing is based on two cameras (alterna vely, PSD sensors) which
receive the reﬂec on of the beam from SDB1 on the ﬁrst Brewster polarizer of the SQB1 Faraday
isolator. The reﬂected beam is spli ed and focused on the two sensors SQZ_Far_Cam and
SQZ_Near_Cam in far ﬁeld and near ﬁeld conﬁgura on respec vely. The driving is based on two
piezo-actuated p- lt pla orms ac ng on a pair of steering mirrors, namely SQB1_M34_MT1 and
SQB1_M31. The actuators are those currently employed in the squeezing AA system in Virgo, namely
two p- lt pla orms mod. S-330K203 from PI, which are compa ble with opera on in vacuum at 10-6
mbar. They have 20 nrad resolu on and provide an actua on range of 2 mrad. In addi on, an
actuator for fast modula on of the backsca er op cal phase can be used for an ac ve backsca er
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phase control loop. This will be done by means of a linear PZT actuator on the SQB1_M33_MT2
mirror, e.g. mod. P-841.1 from PI. Alterna vely, the AA p- lt actuator on SQB1_M34_MT1 can be
replaced by a piezo Z and p- lt scanner such as mod. S-310/S-316 from PI, to incorporate the linear
and angular displacement func ons into a single actuator.
Some room has to be spared for phase 2 in order to allow the use of an in-vacuum OPO. The
in-vacuum OPO will require two new photodiodes (DC+RF) at 532 nm. The diagnos cs homodyne
detector located for phase 1 on the external bench should be put in-vacuum and will require speciﬁc
development of the photodiodes.

6.4.3.1.2. Optical design of ESQB2
On ESQB2, there will be one RF photodiode for the locking of the ﬁlter cavity, two RF quadrant
photodiodes with 90° Gouy phase diﬀerence for the sensing of the IR sub-carrier beam in reﬂec on
of the ﬁlter cavity that is used for automa c-alignment, see quadrants ESQB2_QD1 and ESQB2_QD2
on ﬁgure 1.
Two other RF quadrants with 90° Gouy phase diﬀerence (ESQB2_QD3 & ESQB2_QD4) and a mode
converter telescope (two cylindrical lenses, ESQB2_MCTL1 and ESQB2_MCTL2) to shape the beam
are also needed for the mode-matching RF quadrants.
The four quadrants require galvanometers that are used in loop to center the beam on the RF
quadrants.

6.4.3.1.3. Addition of quadrants on EDB
On the external detec on bench (EDB), it is planned to install two new RF quadrants photodiodes on
the beam reﬂected by the cavity for the alignment of the beam onto the OMC, see DET sec on.
Similarly to ESQB2, a pair of RF quadrants with cylindrical lens could be added on the same beam
path for mode-matching purpose. Sharing the quadrants for the alignment of the OMC has to be
studied in order to minimize the number of device on that bench.
Also there galvanometers used in loop are needed to center the beam on the RF quadrants.

6.4.3.1.4. Stray light control
The stray/sca ered light control will be a passive approach for O4, leaving open the possibility of
adding an ac ve phase control loop (described in the Backsca ered light sec on of the SGD
subsystem document). The passive strategy will u lize beam dumps, diaphragms and baﬄes on the
suspended benches. Current considera ons are:
● A diaphragm will be used to dump the reﬂec on coming from the secondary surface of the
input mirror ﬁlter cavity. This diaphragm will be installed on SQB1 (to allow spa al separa on
from the main beam) and should absorbed light at both 532 nm and 1064 nm.
● We know from previous experience that high-reﬂec vity coa ngs always experience some
transmission, of the order of a few ppm. To avoid having this few ppm of light wandering on
the bench. It can be foreseen to add absorbing plates behind the non-transmissive op cs to
catch the remaining light transmi ed. Those beam dumps should be coated with
an -reﬂec ve (AR) coa ng both for 532 nm and 1064 nm.
● To minimize stray light, baﬄes could be a ached on the front side of mirrors, such as already
used for the dichroic mirror on the detec on bench SDB1, see ﬁgure 3 below. Currently used
baﬄes consist of a plate of AR-coated polished steel, with good absorp on performance.
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Figure 3. Mirror mount equipped with an absorbing baﬄe on its front surface.
●

Another idea that can be studied is having the opto-mechanical mounts coated with
AnoBlackEC, an absorbing material used already for the cover of the two output
mode-cleaner on the detec on bench [1].

Further study of the last two solu ons has to be pursued, including materials performances, cost and
me of produc on. Prepara on of addi onal diaphragms, baﬄes and beam dumps have to be
foreseen in readiness, and careful study of the stray light (for the system as a whole) will have to be
performed.

6.4.3.1.5. Optics requirements
Op cs on both suspended benches should be super-polished (ﬂatness <ƛ/50 RMS, roughness < 0.1
nm RMS) to minimize sca ering light, mostly 2 inches op cs will be used. The dichroïc mirror used to
superimpose the green beam and the IR beam might be enlarged to 3 inches as the green beam will
arrive on that op c in transmission (opposite to the IR beam). Special care has to be taken to be sure
that the green beam will not be clipped by the op cal mount of the dichroïc mirror.
The coa ng of the mirrors are plan to be made at the Laboratoire des Matériaux Avancés.

6.4.3.1.6. Opto-mechanical mounts
On the suspended squeezing benches 1 & 2, we plan to use for the steering mirrors mainly 2 inches
op cs, theses op cs should be mounted in opto-mechanical mounts such as those on the detec on
benches. The standard 2 inches op cal-mount with vacuum compa ble picomotors (8822-AC-UHV)
are good op ons. These should be considered as the baseline op on as we know they are reliable,
although optomechanical mounts from other providers can be foreseen. Theses op cal mounts have
to be mounted on columns and ﬁxed to the bench with forks. The height of the beam on the op cal
benches will of 110 mm because it is the height at which the beam enter the already exis ng double
faraday isolator.
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For other op cs such as the spherical mirrors used for mode-matching, a solu on that provide good
stability of the op cs as well as a good control of the diﬀerent degree of freedom has to be studied.
The degrees of freedom we want to control are the following: transla on along Z (the beam
direc on), angular degree of freedom TX (ver cal) and TY (horizontal). Commercial or in-house
solu ons can be foreseen.

6.4.3.2. Vacuum (tank, link, pumping station)
The two suspended bench will be in-vacuum, this sec on describes the design of the two benches
vacuum tank as well as the link between the two vacuum tanks (the so-called mini-tower) the ﬁlter
cavity and the tower hos ng SDB1. There will be two new minitowers, one located in the detec on
laboratory (DET lab) and one along the north arm of the interferometer. Figure 4. below shows a CAD
drawing of the two mini-towers.

Figure 4. CAD drawing of the frequency dependent squeezing mini-towers.

6.4.3.2.1. Design of SQB1 vacuum chamber
The design of the SQB1 tank is the same as the one already use in Advanced Virgo for other
mini-towers: Suspended Detec on Bench 2 (SDB2), Suspended Power Recycling Bench (SPRB),
Suspended Injec on Bench 2 (SIB2), Suspended North End Bench (SNEB) and Suspended West End
Bench (SWEB). It consists of a horizontal cylinder of diameter 1400 mm with on top of it a ver cal
cylinder with diameter 1200 mm that hosts the mSAS suspension. It has two doors that opens
perpendicularly to the horizontal cylinder. The doors are equipped with double viton joint. Figure 5
below shows the SQB1 vacuum tank.
The main diﬀerence with the other benches are the op cal port. On the north side (front side here),
there is an op cal port of diameter 250 mm to connect the vacuum tank to the tube link that makes
the junc on between SQB1 and SQB2. The angle of the tube link between SQB1 and SQB2 is 38°
(with respect to the west-east axis, also axis of the horizontal cylinder). There is on the same side an
oblong ﬂange with vacuum op cal viewport whose posi ons have to be adjusted according to the
op cal design of the in-air source bench (this can be deﬁned more precisely later). On the south side
there is an exi ng port to sent the beam towards SDB1 and the ITF. Some other ports are located all
around the tower for pumping, vacuum feedthrough for cable and op cal ﬁbers, viewports, etc… All
ﬂanges are conﬂat(CF) to avoid leaks at the ﬂanges level. The inner surface of the tank is sandblasted
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to ensure a good absorp on that will allow the temperature inside the bench to be acceptable
(below 45 °C). The temperature inside the vacuum tank depends on the amount of electronics
located inside the electronic container of the bench. The expected amount of electronic inside the
electronic container is expected to be a bit less than the end benches where the temperature inside
the electronic container is around 34 °C. We can expect a temperature a bit lower than that for SQB1
and SQB2.
The cupola of the mini-tower can be removed temporarily to access the mSAS suspension using the
hois ng system installed on the roof of the detec on laboratory.

Figure 5. Vacuum tank SQB1 & SQB1 bench and trolley.
The posi on of the SQB1 tower is the following in the Virgo Reference System (VRS) coordinates :
X_SQB1 = 11 300 mm
Y_SQB1 = 3 310 mm

6.4.3.2.2. Design of SQB2 vacuum chamber
SQB2 vacuum tank has a similar design although it is composed of a ver cal cylinder of diameter
1400 mm on top of which we have a ver cal cylinder of 1200 mm to host the mSAS suspension. A
ferrule makes the junc on between the 2 ver cal cylinder.
This vacuum tank has 3 doors, one of diameter 1200 mm on the south side and two of diameter
1000 mm on the east and west side of the vacuum tank. The doors are equipped with double viton
joint as for SQB1.
Many conﬂat ﬂanges are located all around the tower for the purpose of vacuum cable feedthrough,
pumping system, viewport etc.. 3 addi onal ports are located at the level of the beam height to send
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the beam to the ﬁlter cavity on the north side and to connect the SQB2 tank to SQB1 on the south
east side. A viewport is also foresee on the west side of the beam to extract and send the beam on
the external bench located close the the vacuum tank.
Figure 6 shows the CAD drawing of the design with the op cal bench.

Figure 6. Vacuum tank SQB2, SQB2 bench and trolley, and external squeezing bench.
The posi on of the SQB2 tower is the following in the VRS coordinates :
X_SQB2 = 2600 mm
Y_SQB2 = 10 437.5 mm
At the present me, there is an ion pump near the NI cryotrap which has to be displaced or
redesigned to be smaller in order to accomodate the SQB2 mini-tower. This should not be a big issue
but requires some me both in design and to do the work (see also the VAC sub-system sec on for
the modiﬁca ons needed on the main vacuum system).
For both vacuum chambers, a vacuum level of about 10^-6 mbar should be achievable with the
proper pumping system. A more thorough study of the outgassing inside the tower has to be
performed in order to reﬁne that number.
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6.4.3.2.3. Minitower pumping systems and vacuum link
Here we describe the pumping system of the two mini-towers: SQB1, inside the DET cleanroom, and
SQB2, in the central building hall.
They will be connected by a pipe of diameter 250 mm, hos ng pumping ports and a gate valve to
separate the mini-towers during maintenance interven ons. The valve will have a viewport
embedded on the gate to allow for beam passage during the maintenance opera ons (the feasibility
of the men oned valve op on has not yet been conﬁrmed, market inves ga ons are in progress).
The SQB2 minitower will then be connected to the ﬁlter cavity ‘input’ micro-tower with a 40 m long
vacuum pipe, 250 mm in diameter. A second gate valve same as the ﬁrst one will be installed near
the middle of this pipe , to allow separate ven ng and maintenance interven ons.
In conclusion, the SQB2 chamber will include also part of this link pipe (about 20 m in length, 1 m3 of
volume). Considering the rela vely small added volume, the ven ng/evacua on mes of SQB2 will
not increase signiﬁcantly.
The pumping system schema c is shown in Figure 7. A dry pump (30 m3/hr mul stage root or
equivalent) will bring the minitower below 1 mbar in about 2 hr (similarly to the minitowers already
installed in AdV apparatus [4]).
The turbo-molecular pump will be then engaged, and the residual pressure will fall into the E-5 range
within a few hours.
As usual, the vacuum performance of the en re system will be dominated by the outgassing of the
in-vacuum materials, this depending also on chosen cleanliness and condi oning treatments, not
easily quan ﬁable a priori. Here we assume a gas load similar to a Virgo tower “upper compartment”
(1E-3 mbar.l/s a er a few days of pumping) expected conserva ve.
The turbo-molecular pump will have a speed of about 600 l/s with magne c bearings and hybrid
features, for cleanliness reasons and low maintenance purposes.
The pump will be installed on the pipe ‘link’ at a distance of about 3 m from the chamber, outside the
cleanroom, for reasons of cleanliness and noise emissions, here considered as primary requirements.
The transmission of the mechanical vibra on from the pump along the pipe link up to the minitower
shall be reduced by bellows installed in between the link and the vaccum tank (Figure 8).
Figure 9 shows an es mate of the residual pressure in the chambers.
The backing pump will be installed remotely, in a separated room, as already done for other Virgo
vacuum systems.

Figure 7. Mini-tower pumping system schema c (similar for both SQB1 and SQB2 mini-towers).
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Item

Quan ty Descrip on

P1

1

Dry pump 30 m3/hr

P2

1

Turbo-molecular pump, magne c bearings 600 l/s

V21

1

DN200CF 24VDC electro-pneuma c gate valve with posi on indicator.

Ve1

1

DN63CF manual gate valve with posi on indicator

Ve2, V24 2

DN40CF manual angle valve with posi on indicator.

V23

1

DN25KF manual angle valve with posi on indicator, for ven ng and leak
detec on.

V22

1

DN40KF 24VDC electro-pneuma c angle valve with posi on indicator

V1

1

DN40CF electro-pneuma c angle valve with posi on indicator for roughing

-

1

Ion pump 500 l/s (optional)

Ge1, G1

2

Pirani gauges

-

1

RGA (optional)

Ge2

1

Capacitance gauge

Ge3,
G21

2

Cold cathode gauge

Table 1. Pumping system equipment list. Op onal equipment is not foreseen for the ini al phase.
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Figure 8. Layout of the mini-tower pumping sta ons for the mini-towers (circled in red).
Compromises among the posi oning of the pumps and the usability of the rooms are necessary due
to the reduced availability of space (to be submi ed to the safety service). The blue-circled pumping
sta on is foreseen for reserve (ports will be blanked oﬀ).

Figure 9. Pressure proﬁle in the concerned area, shown in colors. In this example the pressure in the
SQZ1 minitower gets the E-6 mbar range (the gas load is assumed as 1E-3 mbar.l/s for the SQZ1
minitower and as 2E-4 mbar.l/s for the SQZ2 one, the turbos speed is 600 l/s for SQZ1 and 250 l/s for
SQZ2 ). The es ma on shall be reﬁned with the ﬁnal CAD geometry.
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The SIN vacuum system will be separated by a glass-window from the main ‘towers’ chambers (DET
tower). This will guarantee a ﬂexible and independent opera on, allowing minimal down mes and
easy interven ons during the commissioning phase. However the separa on window to be installed
in between the squeezing apparatus and the main vacuum system is deemed cri cal for the
squeezing performances. Hence we consider that:
● The mechanical mount is being studied for limi ng vibra ons, in par cular the viewport will
be anchored to the mini-tower vessel, expected vibra ng signiﬁcantly less than ‘tower walls’
[3]. Flexible bellows will be used to link the viewport to the DET tower: suitable dampers will
be installed on the bellows, to cut their resonances.
●

In case the window separa on would prove as not acceptable, an op onal link without glass
separa on could be employed, incorpora ng a ‘diﬀeren al pumping’ system. It will ﬁt in the
available length = 885 mm, and shall consists of a narrow pipe (20 mm in diameter) or more
likely of a pipe holding a series of inner diaphragms (the beam has a few mm diameter) and
assisted by an Ion pump installed at mid length. A gate valve will be included to separate the
mini-tower during maintenance interven ons. At a preliminary design, its ‘conductance’
could arrive at 2 l/s (N2 20°C), similar to the Intermediate vacuum chambers (IVC), opera ng
at an upstream pressure of 1E-6 mbar.

The design of the windowless link will have to be studied also concerning op cal aspects, including
clipping and sca ered light risks.

6.4.3.3. Vibration isolation
The SQB1 and SQB2 op cal benches are suspended in vacuum to provide them in-band isola on
from seismic and acous c noise, and to make possible to implement global control strategies in
which low-frequency rela ve mo on between the interferometer op cs and squeezing op cs is
suppressed. In this way, the detector is less vulnerable to up-conversion of large amplitude mo on of
sca ering sources around the micro-seismic peak. This approach has been already successfully
applied in Advanced Virgo, star ng from the commissioning for O3, to reduce the sca ered light
induced noise from the terminal benches op cs (see an example in the SBE chapter).
Mul SAS type seismic a enuators, same as those designed for the AdV benches, will be used for
SQB1 and SQB2. The Mul SAS is a compact (1200 mm high, 1070 mm in diameter) mul -stage hybrid
vibra on isolator in which, following the philosophy of the Super A enuator, bulk a enua on is
provided passively by means of a chain of low natural frequency mechanical oscillators (ﬁlters).

Figure 10: le panel: Mul SAS overview. Right panel: Mul SAS conceptual design; two ver cal (GAS
springs) and three horizontal (IP and two simple pendulums) isola on stages are provided.
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Filters are created with simple pendulums in horizontal and with geometric an -springs (GAS) in
ver cal. Feedback is used only to damp the rigid body eigenmodes of the system and to maintain, in
the long term, the posi on and orienta on of the op cal bench. High-frequency internal modes are
handled, if needed, by means of passive resonant dampers. The main components of the Mul SAS
chain are illustrated in Figure 10:
●

A horizontal pre-isola on stage, built with a short (about 0.5 m) Inverted Pendulum (IP),
tuned to a natural frequency of around 100 mHz, a enuates the bench mo on in the
microseismic peak band and allows its precise posi oning at very low frequencies. The IP
also provides an iner al pla orm on which to detect the recoil and ac vely damp the rigid
body modes of the suspended chain. Passive a enua on between the IP itself and the
op cal bench is exploited to apply controls without re–injec ng noise. The IP is equipped
with LVDT posi on sensors, iner al sensors and voice-coil actuators for dynamic controls. As
iner al sensors two triaxial Trillium TC-120 will replace the Sercel L4-C geophones of the
Mul SAS baseline design as it was in Advanced Virgo. The new sensors will allow extending
to lower frequency the iner al control with a signiﬁcant advantage in terms of sca ered light
noise (see SBE chapter for more details). Stepper motor-driven correc on springs are
foreseen for sta c posi oning with micrometer accuracy.

●

A ver cal pre-isola on stage, called the top ﬁlter, consis ng of a GAS spring, supported by
the IP pla orm and tuned to 200 mHz. The top ﬁlter is equipped with a stepper motor-driven
sta c posi oning spring, the so called ﬁshing rod, and with a collocated LVDT/voice-coil pair
for feedback control.

●

An intermediate stage, called the intermediate ﬁlter, consis ng of a GAS spring, tuned to 400
mHz and suspended from the pre-isola on stage via a 700 mm-long wire. The ﬁlter is
equipped with a ﬁshing rod and a LVDT/voice-coil actuator for monitoring and test purposes.

●

The op cal bench, suspended from the intermediate ﬁlter, via a 760 mm-long wire. By
adjus ng the posi on of the bending point of the suspension wire with respect to the bench
center of mass, the lt modes of the payload will be tuned around 200 mHz, for be er
decoupling from the horizontal pendulum modes of the chain. The bench is equipped with a
motorized counterweights for remote ﬁne balancing and with a set of collocated LVDT
coil-magnet actuators, referred to ground, for the local control of the angular degrees of
freedom.

More details of the Mul SAS control system are presented in [2]. The Mul SAS seismic a enua on
performance has been characterized by measuring its transfer func on (see Figure 11).
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Figure 11: Mul SAS measured ver cal and horizontal transfer func ons. A residual transmission
around 10−6 is reached in ver cal. In horizontal an a enua on limit around 10-9 is achieved above 20
Hz. The bump between 50 and 60 Hz is due to the residual transmission around the GAS ﬁlter
keystone modes.

Figure 12: SIN benches expected horizontal residual mo on. The measurement was performed on
the SDB2 Mul SAS a er its installa on at Virgo. The bench mo on is es mated by convolu ng the IP
stage displacement, measured by means of an out-of-loop L4-C geophone, with the measured
IP-to-bench transfer func on. The structures visible between 10 and 30 Hz correspond to rocking
modes of the vacuum chamber on top of which the Mul SAS unit is installed.
The ver cal isola on ra o exceeds 100 dB at all frequencies above 10 Hz. In horizontal, thanks to the
three-stage design, a residual transmissibility around −180 dB has been measured. The SQB1 and
SQB2 horizontal residual mo on is expected (see Figure 12) to be be er than 10-14m/rt[Hz] above 10
Hz.
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6.4.3.4. Bench mechanical design of SQB1 and SQB2
6.4.3.4.1. SQB1 bench
SQB1 bench will have the same design as the standard suspended benches (namely SPRB, SDB2,
SNEB, SWEB and SIB2). The bench has a dimension of 1.3 x 1.3 m. Underneath the bench there is an
air- ght tank used to host electronics such as picomotor drivers, ethernet switch, ADC mezzanine,
DAC mezzanine, camera board etc… This air- ght tank will have a double viton joint to allow minimal
air leak.
Figure 13 shows a CAD drawing of the SDB2 bench and electronic container. One can see several
structures for reinforcement, it allows having a low distor on of the bench surface. At the surface of
the bench, it is foreseen to have holes to allow cables to run from the objects on the bench to the
feedthrough located on the side of the air- ght tank. The bench is connected to the mSAS
suspension at its center. SQB1 bench design is the same as already exis ng ones (SNEB, SWEB, SDB2,
SPRB and SIB2) except for the vacuum feedthrough and holes at its surface.

Figure 13. CAD drawing of the SDB2 bench and frame.

6.4.3.4.2. SQB2 bench
SQB2 bench is a bit diﬀerent from other benches because of the vacuum chamber design which is
diﬀerent although the general philosophy of the design is the same. Figure 14 shows a CAD drawing
of the SQB2 bench and frame. This bench has a dimension of 1415x1225 mm, the electronic
container can only be open on one side and can ﬁt 3 DAQboxes. It is connected to the suspension at
a posi on of x = 0 mm (west-east axis) and y = 75 mm with respect to the center of the bench. The
shi in y is due to the fact that the bench has been elongated on the south side and goes further
away inside the south side door of the vacuum chamber. The design of frame has been adjusted to
the new design of the vacuum chamber.
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Figure 14. CAD drawing of SQB2 bench, view from below.

6.4.3.5. Control (Electronic, cabling, DAQ, photodiode, quadrants/PSD, etc...)
6.4.3.5.1. Control of the suspended benches
The control of the suspended benches will be done as for Advanced Virgo using pairs of coils (LVDT).
Each bench uses 8 LVDT composed of 2 coils each (provided by Nikhef), the primary coil is ﬁxed to
the bench whereas the secondary coils are ﬁxed to the frame of the bench which is si ng inside the
vacuum chamber.
The primary coils are connected to an ADC mezzanine for read-out and to a DAC mezzanine for
genera ng the modula on line of the LVDT. 8 ADC channels and 8 DAC channels are needed inside
the air- ght tank.
The secondary coils are plugged to the Nikhef coil relay boxes (provided by Nikhef) outside the
bench, the bench angular posi on is controlled by sending a current to the secondary coils. 8 DAC
channels are needed for actua on and 8 ADC channels are needed for monitoring purposes. They
will be provided by DAQboxes electronics located outside the mini-tower.

6.4.3.5.2. Electronics needs for element on the surface of the suspended benches
●

The steering op cs of the bench will be equipped with open-loop picomotors, typically we
will use 8822-AC-UHV optomechanical mounts which are compa ble with vacuum. They are
controlled using drivers (8742 mo on controller) that will be hosted in the air- ght
electronics container.

●

The double faraday isolator located on SQB1, is equipped with 2 pt100 thermistance and 2
pel ers cells . Some complementary electronic (comparable to the electronics used to
control the OMCs) has to be designed and produced before being plugged to the DAQ. Two
solu ons are possible, extrac ng the cable outside the vacuum chamber via feedthrough or
having the complementary electronic inside the electronic container.
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●

Commercial quadrants or in-house quadrants have to be bought or produce for the rela ve
alignment of the suspended benches and squeezer source bench. This quadrants should be
only DC quadrants and provide a maximum of 4 channels that can be plugged to an ADC
mezzanine. At most there will be 4 quadrants on each bench so it corresponds to a maximum
of 16 ADC channels for SQB1 and 16 ADC channels for SQB2. The bias voltage should be
provided by DAC mezzanines.

●

We expect to have camera on the double faraday isolator pickoﬀ of the beam coming from
SQB1. So a camera board mezzanine is needed.

●

2 steering op cs with piezo electronics will be required for the auto-alignment systems on
SQB1, they are controlled with dedicated drivers (E-616.SS0 from Physik Instrumente). Those
drivers require 20 V power supply, and they typically drain 0.5 A each; given the rela vely
large power consump on (10 W each) it is advisable to have them located outside the
vacuum tank. The linear actuator for ac ve backsca er phase control will require an
addi onal controller, such as mod. E-617 from PI; alterna vely, one of the two AA controllers
can be replaced by a controller for Z and p- lt such as mod. E-610 from PI.

●

Inside the electronic container an ethernet switch is also needed to remotely control and
monitor the DAQboxes and picomotor drivers.

●

Phase 2 of AdV+ is planned to have an in-vacuum OPO, 2 photodiodes at 532 nm are
required, one in transmission of the OPO, one in reﬂec on. The photodiode in reﬂec on will
be used for OPO control (Pound-Drever-Hall technique) and require then RF channels. The
transmission photodiode can only be for DC signals but it seems wiser to foresee RF channels
there too. Photodiodes require a service photodiode mezzanine, a digital demodula on
mezzanine for acquisi on of the RF channels at 400 MHz. A digital demodula on mezzanine
can acquire the signals for 4 RF photodiodes and a service photodiode mezzanine controls up
to 4 photodiodes. The compa bility of the electronics with photodiode at 532 nm has to be
checked.

●

Phase 2 Diagnos c Homodyne Detec on is requiring two addi onal DC+RF photodiode.

It is important to know as soon as possible what is the need for electronics as we have to prepare
feedthroughs for the electronic container. The feedthroughs are welded to the electronic container
so it is not possible to change them a erward.

6.4.3.5.3. External squeezer bench 2 (ESQB2) electronic needs
There will be one RF photodiode and 4 RF quadrants photodiode (2 for automa c alignment, 2 for
mode matching) on the external squeezing bench 2 (ESQB2) that needs to be connected to the DAQ,
ﬁve digital demodula on mezzanine and one service photodiode mezzanine will be needed to
acquire the signals from the photodiodes (longitudinal and quadrants) and to control the
photodiode. There will be already two DAQbox located close to SQB2 for the control of the bench
and mSAS, one more DAQbox will be needed.
One small electronic rack could be installed underneath the small external bench. An other op ons is
to install the DAQboxes in the electronic rack located at the upper level close to the detec on
mini-tower where the electronic for the detec on bench SDB1 is located.
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6.4.3.5.4. Summary
The list below summarize the expected needs inside the air- ght container in terms of DAQbox
mezzanines for SQB1:
● 1 service photodiode mezzanine (4 photodiodes)
● 1 digital demodula on mezzanine (4 photodiodes RF)
● 1 ADC mezzanine for primary LVDT coils (8 channels)
● 1 DAC mezzanine for primary LVDT coils (8 channels)
● 1 camera board (up to 5 cameras)
● 2 ADC mezzanine for DC quadrants channels (2x8 channels).
● 1 DAC mezzanine for DC quadrants power supply.
So that is a total of 8 mezzanine, considering that 4 mezzanines can be installed by DAQboxes, we
need at least 2 DAQboxes. The design of the bench is such that there is room for 4 DAQboxes in the
electronics container.
In addi on in the SQB1 electronic container, 1 ethernet switch and 7 picomotor drivers are needed.
The list below summarize the expected needs inside the air- ght container in terms of mezzanine for
SQB2:
● 1 ADC mezzanine for primary LVDT coils (8 channels)
● 1 DAC mezzanine for primary LVDT coils (8 channels)
● 1 camera board (up to 5 cameras)
● 2 ADC mezzanine for DC quadrants channels (2x8 channels).
● 1 DAC mezzanine for DC quadrants power supply.
At least 2 DAQboxes are needed for the 6 mezzanine. According to the actual design of the
mechanical bench SQB2 (and its electronic container) there is room for 3 DAQboxes.
In addi on in the SQB2 electronic container, 1 ethernet switch and at least 4 picomotor drivers are
needed.
In addi on for the control of the 2 suspended benches, it is needed 2 relay coil boxes (provided by
Nikhef), 2 ADC mezzanine and 2 DAC mezzanine that should be located in the DET EE room. 2 ADC
mezzanines and 1 DAC mezzanine are also needed for the control of the mSAS suspension.
The list below summarize the need in ADC and DAC mezzanine outside the vacuum chambers for the
control of SQB1 & SQB2 (mSAS and local control LVDTs):
● 2 ADC mezzanines for SQB1 & SQB2 local control.
● 2 DAC mezzanines for SQB1 & SQB2 local control.
● 4 ADC mezzanines for SQB1 & SQB2 mSAS sensing.
● 2 DAC mezzanine for SQB1 & SQB2 mSAS actua on.
The table below summarize the need on mezzanine (ADC, DAC, service photodiodes, demodula on,
camera board) and DAQboxes for the control of the suspended benches (local control and mSAS) and
for the in-vacuum electronics.
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ADC
mezzanine

DAC
mezzanine

Service
mezzanine

Demod
mezzanine

Camera
board

DAQ boxes
needed

SQB1
electronic
container

3

2

1

1

1

2

SQB1 in-air

3

2

SQB2
electronic
container

3

2

SQB2 in-air

3

2

ESQB2
Total

12

8

2
1

2

2
1

5

2

6

2
2

10

Table 2. Mezzanine and DAQboxes need for bench and mSAS control + in-vacuum and external
electronics.

6.4.3.5.5. Power supply, cables, optical fibers and vacuum feedthrough
The DAQbox inside the electronic container are supplied with power using an Hameg power supply. 1
power supply is used for 2 DAQbox and 1 power supply is needed to control the ethernet switch and
picomotors. Op cal ﬁbers are used to read the data at the level of DAQbox and to bring ming
signals to DAQbox.
Vacuum feedthrough are needed both at the level of the air- ght electronic container a ached to
the bench and at the level of the mini-towers.
Lots of cables have to be produced to connect the diﬀerent element of the bench and the LVDT coils
to the DAQbox inside the electronic container.
Electronic boards at the level of the mini-tower and inside the electronic container are used to
propagate the ming signals and power supply cables.
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6.4.3.6. Infrastructure
6.4.3.6.1. Minitower cupola hoisting systems
The hois ng systems will be a copy of the one used for SDB2 in the detec on laboratory. Minor
modiﬁca ons can be needed to cope with constraints due to the clean structure around SQB1.

6.4.3.6.2. Infrastructure modifications for SQZ
The installa on of the link between SQB1 and SQB2 requires some adapta on works of the exis ng
walls, in order to allow the placement of the vacuum pipe (Fig. 12).

Figure 15. Picture of the CB area for the installa on of the link SQB1-SQB2, showing the tracking on
the ﬂoor of the vacuum pipe axis.
The interferences with the exis ng structures are the following:
● Cu ng a por on of the reinforced concrete since the nominal height of the tube is 1069 mm
above the ﬂoor level, while the current dimension of the wall is 1300 mm;
● Dismantling and the reconstruc on of the DET Lab clean room walls to create the proper
feedthrough;
● Dismantling and modiﬁca on of the clean room air duct distribu on system interfering with
the vacuum pipe;
● Removal of the exis ng door separa ng the hall by the corridor.
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Since these are very invasive works for a contamina on control area, the realiza on of the works will
require the installa on of proper protec on walls to limit the dust diﬀusion in the experimental hall
that shall be realized with par cular care.

6.4.3.6.3. Clean structure
In order to preserve air quality around the SQB1 and SBQ2 vacuum tanks, it is foresee to built clean
air structure around them with laminar air ﬂux.
This is necessary around SQB1 which is located in the detec on lab as a lot of dusts as been
observed during commissioning me in the detec on laboratory. Manipula on of the cupola of SQB1
and of the mSAS for its installa on requires the structure to be compa ble with the hois ng system
(see “Minitower cupola hois ng systems”). The structure will be able to host the cupola temporarily
and mSAS. The structure will be ﬁxed to the wall of the detec on laboratory and will have ﬁlters on
top of it that will provide the clean air laminar ﬂux. The ﬁlters foresee are the same as the one used
for the clean air structure around the end benches minitower at the end buildings. Lights will be
incorporated in the structure to allow work in good condi on. Curtains around the structure will be
used as for the already exis ng clean-air structure. This clean-air structure will ensure clean air also
for the external squeezer source bench. Figure 16. shows a CAD drawing of the structure design in
the detec on laboratory.

Figure 16. CAD drawing of clean structure around SQB1 mini-tower and external squeezer source
bench.
Around SQB2, it is necessary to have such a clean-air structure as it will be located in an area where
the air quality is not at the same level. This structure needs to be compa ble with the cryotrap and
pumping systems located in the area. The structure needs also to cover the external bench located
close to the the SQB2 vacuum chamber. A hois ng system will also be part of the structure. Figure 17
shows a CAD drawing of the structure around SQB2.
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Figure 17. CAD drawing of clean structure around SQB2 mini-tower and external bench.

6.4.4. Description of preparatory works for O5
For phase II, 4 new photodiodes should be installed on SQB1 for the control of the in-vacuum OPO
and for the in-vacuum Diagnos c Homodyne Detector.

6.4.5. Interfaces with other subsystems
SGD
●
SVS
●
FLT
●
INF
●
DAQ
●
●
●
●

Global op cal layout and global control.
Squeezed source beam, green beam, interfaces at the level of SQB1
Filter cavity mode-matching, ﬁlter cavity parameters.
Infrastructure modiﬁca ons in the DET lab.
DAQboxes and mezzanine for in air- ght tank (electronic container) inside the vacuum
chambers and in-air for bench and suspension control.
DAQboxes and mezzanine for element on the suspended benches SQB1 and SQB2.
DAQboxes for the photodiodes (longitudinal and quadrants) located on ESQB2.
Cabling and op cal ﬁbers.

SLC
●
VAC
●
●
●
EMS
●

Baﬄes and diaphragms on suspended benches.
Integra on of pumping systems for SQB1 and SQB2.
Modiﬁca ons of pumping system near NI cryotrap for accomoda on for SQB2.
Connec on pipe with SDB1.
Environmental sensors on external bench and on vacuum tank.
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