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�Remember to look up at the stars and not down at your feet. Try to make
sense of what you see and wonder about what makes the universe exist. Be
curious. And however di�cult life may seem, there is always something you

can do and succeed at. It matters that you don't just give up.�
S. Hawking
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Abstract

The sensitivity of gravitational wave interferometric detectors is ulti-
mately limited by the quantum noise, which arises from the quantum nature
of light and it is driven by vacuum �uctuations of the optical �eld enter-
ing from the dark port of the interferometer. Quantum optics methods, in
particular the injection of squeezed states of light in the interferometer, are
applied to reduce quantum noise.
Vacuum �uctuations determine two complementary e�ects: the shot-noise
and the radiation-pressure noise. The former depends on phase �uctuations
of the optical �eld and dominates at high frequencies. The latter depends on
amplitude �uctuation of the optical �eld and dominates at low frequencies.
Injecting Frequency-Independent Squeezed vacuum (FIS) into the dark port,
a reduction of phase �uctuations is achieved, but at the same time, due to
the Heisenberg's uncertainty principle, the amplitude �uctuations are larger,
therefore we need to produce Frequency-Dependent Squeezing (FDS) in or-
der to achieve a broadband mitigation of quantum noise.
During the last observing run (O3), FIS up to 3.2 dB was injected into the
interferometer, improving the sensitivity curve at high frequencies. For the
next observing run (O4), it is necessary to mitigate quantum noise in the
entire sensitive bandwidth. The simplest method to produce FDS, which
was installed for the ongoing upgrades in Virgo and LIGO detectors, is to
re�ect the frequency-independent squeezed vacuum though an optical �lter
cavity.
Another technique to achieve quantum noise reduction over the entire sensi-
tivity band exploits the Einstein-Podolsky-Rosen (EPR) entanglement. With
this technique two entangled beams, at di�erent frequencies, would be in-
jected into the dark port of the interferometer, which would then be used
both as a �lter cavity and as a GW detector.
I contributed to both FDS experiment for Advanced Virgo Plus and an EPR
experiment for possible application in future gravitational wave detectors.

Keywords: gravitational wave, interferometer, squeezing, quantum noise,
optics, quantum optics, astrophysics
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Chapter 1

Introduction

Gravitational waves (GW) are ripples in spacetime due to violent astro-
physics events and predicted in 1916 by Albert Einstein with the theory of
General Relativity. Gravitation becomes a spacetime property and the rela-
tion between it and the masses can be summarized by these famous words
from John Wheeler: "Spacetime tells matter how to move; matter tells space-
time how to curve."
The �rst direct observation was in September 2015 (GW150914 [1]) from
the merger of two black holes and con�rmed in 2016 by LIGO and Virgo
gravitational wave interferometers. This event ushered in the era of GW
astronomy providing a new messenger for astrophysics.
An important event that marked the beginning of the era of multi-messenger
astronomy was GW170817, a gravitatinal wave caused by the merger of two
neutron stars [2]. This signal was detected by the LIGO and Virgo detec-
tors network, in quasi-coincidence with a gamma-ray burst, detected by the
Fermi and Integral satellites [3].
Laser interferometry is necessary to detect the very small perturbations (∆L
∼ 10−18 m) given by the passage of a gravitational wave on the optical path
of the light that is moving back and forth between test masses. In fact, the
GW detectors are Michelson interferometers with Fabry-Perot cavity in each
arm to arti�cially increase the length of the arms in order to detect a tiny
displacement.
The current GW detectors network is composed by the two LIGO detec-
tors (Handford and Livingston) in the USA, Virgo in Italy and KAGRA in
Japan. In order to improve the sensitivity of the GW detectors, many sources
of noise need to be mitigated and several technological improvements and
challenges have been made over the years. In particular, during the last ob-
servation run O3, squeezing injection techniques were introduced to mitigate
the quantum noise at high frequencies, increasing the number of detections
[4] [5]. Thanks to it too, other two important events were detected in Jan-
uary 2020, the �rst signals from the merger of a black hole and a neutron
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4 CHAPTER 1. INTRODUCTION

star (GW200105 and GW200115), by the LIGO, Virgo and KAGRA detec-
tors [6]. For the next observation run (O4), one important improvement will
be the frequency-dependent squeezing injection into the interferometer, in
order to reduce quantum noise also at low frequencies.
This PhD thesis will focuses on the activities for quantum noise mitigation,
which is a fundamental limitation of GW detectors, by injecting squeezed
states of light into the GW interferometers, in particular frequency-dependent
squeezing (FDS) techniques. My work is done both at the quantum optics
laboratory in the Physics Department of Genoa, at the gravitational waves
detector Virgo (Advanced Virgo Plus for O4 run), located in Cascina (Pi)
and at the R&D 1500 W laboratory at EGO-Virgo site. The structure of
the thesis is as follows, in particular I mainly dedicated on the sperimental
activities (from chapter 4 to 8) and on their results (chapter 9):

Chapter 2 will focus on the theoretical background, in particular with a quick
explanation of the theory of gravitational wave and the detection, the
main noises that limit the sensitivity curve, more in detail quantum
noise.

Chapter 3 will describe the frequency-dependent-squeezing experiments, in par-
ticular �lter cavity technique in Advanced Virgo Plus and EPR tech-
nique for next generation GW interferometers.

Chapter 4 will focus on the low-losses Faraday isolators, which were developed,
tested and installed for Advanced Virgo Plus squeezing system.

Chapter 5 will describe the acousto-optical-modulator test performed at Genoa
laboratory and installed for Advanced Virgo Plus squeezing system.

Chapter 6 will explain the coherent control loop development for squeezing mea-
surement in Advanced Virgo Plus system.

Chapter 7 will describe a technique to automatically align using dither lines, per-
formed in Advanced Virgo Plus squeezing system.

Chapter 8 will focus on the EPR activities, in particular on optical cavity tests
necessary for this FDS technique. The activities explains were per-
formed both at Genoa laboratory and at R&D laboratory at EGO-
Virgo site.

Chapter 9 �nally, the important results achieved also thanks to the activities de-
scribed in chapters 4,5,6,7 will be shown.



Chapter 2

Gravitational Waves: Theory

and Detection

In 1916, Albert Enstein predicted gravitational waves (GWs) with his theory
of General Relativity, de�ning the relation between spacetime geometry and
gravitational energy, as follows [7]:

Gµν ≡ Rµν −
1

2
gµνR =

8πG

c4
Tµν (2.1)

where Gµν , Rµν , R, gµν and Tµν are, respectively, the Einstein tensor, the
Ricci tensor, the Ricci scalar, the metric tensor and the energy-momentum
tensor.
Gravitational waves propagate at the speed of light, have two states of po-
larization and interact with matter allowing us to reveal them directly using
special Michelson interferometers.

2.1 Linearized General Relativity

From the theory of General Relativity, GWs emerge by linearizing the metric
around the Minkowski �at space-time metric ηµν (perturbative approach),
as follows:

gµν = ηµν + hµν |hµν | ≪ 1 (2.2)

where hµν is a small perturbation of the metric tensor and it is a symmetric
tensor. The Riemann tensor is de�ned by:

Rµνρδ =
1

2
(∂ν∂ρhµδ − ∂ν∂δhµρ − ∂ν∂ρhµδ − ∂µ∂ρhνδ + ∂µ∂δhνρ) (2.3)

which is invariant under slowly varying di�eomorphism and we can de�ne,
respectively, the Ricci tensor, the Ricci scalar and the Einstein tensor as

5



6CHAPTER 2. GRAVITATIONALWAVES: THEORYANDDETECTION

follows

Rµν = −1

2
(2hµν − ∂µ∂νh− ∂µ∂αh

α
ν − ∂ν∂αh

α
µ) (2.4)

R = −2h+ ∂µ∂νh
µν (2.5)

Gµν = −1

2
(2h̄µν − ∂µ∂

αh̄αν − ∂ν∂
αh̄αµ + ηµν∂

α∂βh̄αβ). (2.6)

So, by solving eq.(2.1) it is possible to demostrate that we can obtain the
gravitational wave equation, as follows:

2h̄µν = −16πG

c4
Tµν , (2.7)

which describes the propagation of the metric perturbation that travel at
the speed of light. In vacuum, i.e. imposing Tµν = 0, we obtain:

2h̄µν = 0, (2.8)

where 2 = ∇2 − ∂2
t
c2

is the �at space d'Alembertian and h̄µν is the tensor
de�ned as:

h̄µν ≡ hµν −
1

2
ηµνh. (2.9)

We studied the solutions of the vacuum �eld equations since we are interested
in the propagation of GWs and in their interaction with a detector. Moreover,
we can simplify eq. (2.3) with four more conditions which reduce the number
of independent components of h̄µν , from six to two, imposing the Lorentz
Gauge and the TT (Tranverse and Traceless) frame as follows:

∂ν h̄µν = 0 (2.10)

h0µ = 0 hσσ = 0. (2.11)

Since from the conditions in (2.11) the trace h̄ = 0, we have h̄µν=hµν .
So, the symmetric tensor hµν has only two independent degrees of freedom
which correspond to the amplitude of the so-called plus h+ and cross h×
polarizations of the wave. Indeed, we can write the gravitational waves,
which are the solutions of the eq. (2.1), with the conditions of symmetric
and traceless along the z-direction, as follows:

hTT
µν (t, z) =


0 0 0 0
0 h+ h× 0
0 h× −h+ 0
0 0 0 0

 cos(2πf(t− z

c
)). (2.12)
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So, combining the (2.2) and (2.7), we obtain the metric in the TT frame,
which is the response of a detector to the GW, negleting terms O(h2):

gTT
µν = ηTT

µν + hTT
µν =


−1 0 0 0
0 1 + h+(t, z) h×(t, z) 0
0 h×(t, z) 1− h+(t, z) 0
0 0 0 1

 (2.13)

with the interval ds2 = gTT
µν dxµdxν .

Therefore, in the approximation of the linearized theory, the sources of grav-
itational waves are considered to move in space-time along trajectories, due
to their mutual in�uence. For example, if we consider a binary system as the
background space-time metric, it means that we are describing its dynamics
using Newtonian gravity, rather than General Relativity.

2.1.1 Gravitational waves interaction with matter

In this section, the gravitational waves interaction with a detector, as a set
of test masses, will be described.
First of all, since the GWs in TT gauge have a simple form, we have to
understand which reference frame corresponds to the TT gauge, writing the
geodesic equation in the frame of interest.
In General Relativity, the geodesic equation of a test mass in the curved
background described by the metric gµν is given by

d2xµ

dτ2
+ Γµ

νρ(x)
dxν

dτ

dxρ

dτ
= 0 (2.14)

for a curve xµ(τ) in some reference frame, parametrized by the proper time
τ , with Γµ

νρ = 1
2(∂νh

µ
ρ + ∂ρh

µ
ν − ∂µhνρ) the Christo�el symbol to linear order

in hµν .
If we expand the geodesic equation at time τ = 0 and to �rst order in hµν
according to the TT gauge conditions, we can say that the particles which
were at rest before the arrival of the wave, remain at rest even after the arrival
of the wave and their coordinate distance must remain constant. Thus, in
General Relativity, physical e�ects can be seen not on the coordinates but
by looking invariant quantities, i.e. proper distance and proper time.
Let us consider, for instance, the spatial separation L between two events;
so, the proper distance to linear order will be given by:

s ≃ L+
1

2
hij

LiLj

L
(2.15)

with s = si
Li
L . So, we can write the geodesic equation in terms of proper

distance as follows:

s̈ ≃ 1

2
ḧijsj (2.16)
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where we assume that to lowest order in h, we have Lj = sj .
Considering the test masses as two mirrors between which light travels back
and forth, the proper distance indicates the time in which light make a round
trip. Although the GW has a very simple form in the TT gauge, it is not
the one used because by choosing an origin, the coordinates are de�ned with
a rigid ruler and the passage of a GW determines the displacement of the
test masses, which does not occur in the TT gauge, since by de�nition the
positions of the test masses are unchanged upon passage of a GW.
So, we have to de�ne the so-called proper detector frame. Indeed, for an
Earth-based detector, we have to write the metric with coordinates transfor-
mation from the free falling frame to the rotating and accelerating frame, as
follows:

ds2 ≃ −c2dt2[1 +
2

c2
a · x+

1

c4
(a · x)2 − 1

c2
(Ω× x)2 +R0i0jx

ixj ] (2.17)

+ 2cdtdxi[
1

c
ϵijkΩ

jxk − 2

3
R0jikx

jxk] (2.18)

+ dxidxj [δij −
1

3
Rijklx

kxl] (2.19)

with angular velocity Ω and where the terms proportional to the Riemann
tensor containing both the e�ects of slowly varying gravitational background
and of GWs. So, if we consider r∼ |xi| and LB the variation metric scale,
we can conclude that:

- at zero order in r/LB, the metric reduces to the �at metric (gµν = ηµν);

- at �rst order in r/LB, the corrections can be described in terms of
Newtonian forces;

- at quadratic order in r/LB, the terms proportional to the Riemann
tensor appear, therefore the e�ect of the GWs is entirely in the term
O(r2).

Note that, comparing to the typical variation time scales of all other e�ects,
GWs can have high frequencies, therefore we shall focus on the response of a
detector in the high frequency window (from 10 Hz) and in particular on the
Degree of Freedom (DoF) sensitive to the GWs. We can derive the geodesic
equation in the TT frame, assuming that only the GWs contribute to the
Riemann tensor, and remembering that in the linearized theory the Riemann
tensor is invariant, as follows:

ξ̈i =
1

2
ḧTT
ij ξj . (2.20)

So, we can say that the e�ect of GWs on a point particle of mass m can be
described in terms of a Newtonian force, in the proper detection frame, as
follows:

Fi =
m

2
ḧTT
ij ξj . (2.21)
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Let's study the e�ect of a GW on test masses. Considering a ring of test
masses in the proper detector frame initially at rest, with origin in the center
of the ring, we can describe the distance of a test mass with respect to this
origin by ξi. If a GW propagates along the z-direction and the ring is located
in the (x; y) plane, the displacement will be in the (x; y) plane. In fact, the
components of hTT

ij with i = 3 or j = 3 are zero, as a test particle initially
at z=0 will remain at z=0: GWs displace the test masses transversely with
respect to their direction of propagation. So, for instance, considering the +
polarization (similarly for the cross polarization) and choosing hTT

ij = 0 at
t=0, we write at z = 0:

hTT
ab = h+sinωt

(
1 0
0 −1

)
. (2.22)

Moreover, we can write ξa(t) with the displacements induced by GWs as
(δx(t), δy(t)), and the unperturbed positions as (x0, y0), as follows:

ξa(t) = (x0 + δx(t), y0 + δy(t)) (2.23)

with a,b the indices in the transverse plane. For more details see [7].
Fig. 2.1 shows the e�ects of GWs on matter for both polarizations, where
the waves enter perpendicular to the interferometer plane: the length of each
arm is alternatively increased/decreased with opposite phase between them.
Finally, it's important to introduce also the energy and momentum carried

Figure 2.1: E�ects of GW passing through a Michelson Interferometer with
di�erent polarizations (T is the period of the wave) [8].

by GWs. It is possible to demonstrate, through some calculations [7], the
energy �ux and the momentum �ux respectively, de�ning the surface element
dA as r2dΩ, with dΩ the in�nitesimal solid angle element and r widely
distance from the GW source, as follows:

dE

dt
=

c3r2

32πG

∫
dΩ

〈
ḣTT
ij ḣTT

ij

〉
(2.24)

dP k

dt
= − c3r2

32πG

∫
dΩ

〈
ḣTT
ij ∂khTT

ij

〉
. (2.25)
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2.2 Sources of gravitational waves

Since the interaction of GWs with matter is very weak, we are able to detect
only gravitational waves emitted by astrophysical sources with large masses
and relativistic speeds. We can distinguish astrophysical sources according
to the temporal behavior of the signal they generate, as follows [9]:

- Periodic sources, which have a periodic or quasi-periodic signal (pulsar,
inspiralling neutron stars or black holes binaries);

- Transient and impulsive sources, which have a transient or impulsive
signal characterized by a time duration shorter than the typical time
of observation (supernovae explosion and merging coalescent binaries);

- Stochastic background, i.e. signals which have statistical �uctuations
with a time duration longer than the typical observation time. We can
distinguish between the random background of GWs generated in the
�rst instants after the Big Bang (evolution of the Universe) and the
astrophysical background of GWs, i.e. superposition of radiation emit-
ted by sources in the Universe (history of the formation and evolution
of astrophysical sources).

Even if the pulsar amplitude is slower than the amplitude of other sources,
being a periodic source, can be observed for a longer time.
On the other hand, the most detectable GW signals are those emitted by a
binary system composed by compact objects (two black holes, two neutron
stars or a black hole and a neutron star), since their frequency, for a certain
interval of masses, belong to the more sensitive ground-based detectors fre-
quency band (10-10000 Hz).
Concerning the impulsive GW sources, such as supernovae, a good amount
of gravitational radiation is emitted with a very little emission time, the big-
ger expected signal, but very rare.
Other GW sources are magnetars, isolated neutron stars with a very strong
magnetic �eld able to produce GWs by their mechanical vibration modes.
Depending on the type of vibrational modes, the emitted GW signal will
have a frequency comes from 10 to 2000 Hz.
Therefore, given the nature of gravitational wave signals emitted by astro-
physical sources, it is essential to improve the sensitivity of GW detectors,
especially at medium-low frequencies.

2.3 Gravitational wave detector

In 1974, Taylor and Hulse proved the existence of gravitational waves by
the discovery of the binary system PSR1913+16, observing a pulsar with
an anomalous behavior of its period due to the presence of a neutron star,
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forming a binary system [10].
Thanks to terrestrial's network of gravitational wave detectors, 90 events
have been detected up to now, including a Binary Neutron Star (BNS) merger
(GW170817 [2]), two Neutron Star�Black Hole (NSBH) events (GW200105
and GW200115 [6]) and all the others Binary Black Hole (BBH) system (the
�rst direct observation of GWs from GW150914 [1]).

2.3.1 Network of terrestrial GW detectors

Gravitational wave detectors use laser interferometry [11] to detect the very
small perturbations (∆L ∼ 10−18m) given by the passage of a GW on the
optical path of the light that is moving back and forth between test masses
(see section 2.3.2).
In Figure 2.2 the localization of LIGO [12], VIRGO, GEO600 and KAGRA

Figure 2.2: Localization of the present and future terrestrial GW interfer-
ometers in the world.

interferometers is shown. To localize a source of GWs, a triangulation process
is necessary, so we need at least three detectors placed at di�erent positions
on Earth. The terrestrial network of operating GWs interferometers (ITFs)
is composed by:

� the two 4-km long interferometers of the Laser Interferometer Grav-
itational Observatory (LIGO) located in the United States near Liv-
ingston, Louisiana and Hanford, Washington State;

� the 3-km long interferometer of VIRGO located in Italy near Pisa;

� the 3-km long interferometer of KAGRA [13], a GW detector with
cryogenic mirrors to minimize the thermal noise on test masses and
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located underground in Kamioka mine (Japan) to provide seismic iso-
lation for the detector operation. KAGRA has joined the network in
2019, during the last observation run (O3) and will partecipate with
ALIGO+ (Advanced LIGO Plus) and AdV+ (Advanced Virgo Plus)
in the next observing period O4, starting from 2023;

� the 600-m long interferometer of GEO600, which operates in Germany
near Hannover, is designed to test for many technological developments
used in long arm gravitational.

Gravitational wave detectors operating with greater sensitivity are the two
LIGOs and VIRGO detectors. For the next observative run O4, the expected
binary neutron star (BNS) detection range, that is the distances at which the
merger of a BNS system gives a matched �lter signal-to-noise ratio (SNR)
of 8, for ALIGO+ will be between 160-190 Mpc and for AdV+ 80-115 Mpc.
The distances are averaged over all the possible sky localisations and binary
orientations.

2.3.2 Laser interferometry

GWs detectors are based on the principle of laser interferometry: a contin-
uous wave light from a laser is divided into two beams with a beamsplitter
(BS); the beams then travel along the two perpendicular arms of the ITF
and are re�ected back to the BS where they interfere and are directed to
the photodetector, which converts the intensity into an electric signal. Any
change in the optical path di�erence between the arms results in a change in
the interference signal, like the one due to GWs pass. GW interferometers
use Fabry-Perot (FP) cavity in each arm to arti�cially increase the length of
the arms [14] (Fig. 2.3). Moreover, in addition:

- a Power Recycling cavity (PRC) is used to increase the circulating laser
power inside the arm cavities;

- a Signal Recycling cavity (SRC) to boost the GW signal;

- mirrors are suspended to �lter seismic noise;

- whole the system is in vacuum (10−8mbar) to avoid the gases refractive
index variation;

- Input and Output Mode Cleaner cavities (IMC and OMC) are used to
�lter the laser beam;

- Faraday Isolators are used to attenuate back-re�ected and back-scattered
light.
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Figure 2.3: The schematic layout of a terrestrial Gravitational Wave detector.

Interaction of a GW with a FP cavity

Let's summarize the interaction of a GW with a FP cavity [7].
It is demonstrated that, through some calculations, the e�ective mean time
of the photons τs in the FP cavity becomes LF

cπ and the phase shift sensitivity
is improved by the factor 2F

π , where F is the �nesse de�ned as the ratio of the
free spectral range to the width at mid-height of a resonant FP cavity. Since
in a GW detector we measure a phase shift, the same response to the GWs
is obtained by replacing the hypothetical arms with a length of hundreds of
km by FP cavities with a length of a few km and �nesse O(102).
Let us consider a FP cavity oriented along the x-axis (as shown in Fig. 2.4)
and a GW with only plus-polarization propagating along the z-axis given by:

h+(t) = h0cos(ωGW t). (2.26)

We want to calculate how the �eld re�ected from a cavity FP is a�ected by
the arrival of GWs.
In the Proper Detector Frame, the light propagates along the geodesics of a
�at spacetime, while the mirrors are shaken by a force exerted by the GWs
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Figure 2.4: The schematic layout of a realistic Gravitational Wave interfer-
meter.

whose motion is given by:

ξx(t) = Lx +
h0Lx

2
cos(ωGW t); (2.27)

therefore the length L of the cavity changes as

∆Lx(t) =
h0Lx

2
cos(ωGW t). (2.28)

This induces a change ∆ϕx in the phase of the �eld re�ected from the cavity
along the arm x, given by:

∆ϕx =
4F

π
kL∆Lx. (2.29)

Similarly, by inverting the sign of h0, we can obtain the phase shift of an FP
cavity along the y-arm, thus the total phase shift in the FP interferometer
is as follows:

∆ϕFP (t) = ∆ϕx −∆ϕy = 2∆ϕx = |∆ϕFP |cos(ωGW t) (2.30)

with |∆ϕFP | = 4F
π kLLh0. This would be the change of phase in a Michelson

interferometer with arm-legth 2FL
π .

So, if a GW induces a phase shift in the re�ected �eld from a cavity along
the x-axis, this produces re�ected �eld sidebands of frequencies ωL ± ωGW

and amplitude for each sideband of |∆ϕx|/2. If we want the result of |∆ϕx|
for gGW τs generic, we have to work with the TT gauge description [7]. It
is demonstrated that we can �nd the phase shift in a FP interferometer as
follows:

|∆ϕFP | ≃
h04FLkL

π
√

1 + (fGW /fp)2
(2.31)
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with the pole frequency fp ≡ 1
4πτs

≃ c
4FL .

We can conclude that:

� for gGW ≪ fp, we can

�nd the result of the proper detector frame;

� at gGW ≫ fp the sensitivity degrades linearly with fGW ;

� equation (2.31) holds as long as ωGWL/c ≪ 1, i.e.

fGW ≪ c

2πL
≃ 12kHz

4km

L
. (2.32)

Above this frequency, the response is cut indicating the fact that in
each round-trip the GW changes sign.

2.3.3 Sources of noise

Figure 2.5: The main sources of noise that limit the sensitivity curve of a
GW detector.

Many sources of noise a�ect the sensitivity of GW interferometers and
the e�ect of GWs is so tiny and hidden behind a multitude of noise signals
that it takes very smart data analysis techniques to detect them: essentially
we try to identify their pattern by comparing the experimentally observed
ripples with those calculated according to the Einstein theory.
So, noises are phenomena that can simulate or hide GW signals and they
can be divided into:
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- fundamental noises, which depend on fundamental physical phenom-
ena or they cannot be eliminated if not changed the con�guration com-
pletely of the ITF or the infrastructure (quantum noise, seismic noise,
newtonian noise and suspension thermal noise);

- technical noises, that can be checked if recognized and reduced (elec-
tronic noise, control noise..).

As shown in Figure 2.5, the measured output of each interferometer, or the
sensitivity curve, is calibrated in units of gravitational wave strain as a func-
tion of frequency range of 10-10000 Hz. The black curve is the envelope of
all noise contributions.
At high frequency band, the detector is mainly limited by quantum noise
shown as purple curve. Quantum noise will be widely discussed in the next
section 2.3.4 [15].
Thermal noise appears in the medium frequency band, which is also the

Figure 2.6: Super Attenuator in Virgo detector. Each mirror is suspended,
under vacuum, from a mechanical structure that greatly reduces seismic
vibrations and consists of a chain of pendulums suspended from a platform,
supported by three long �exible legs, �xed to the base: technically a reversed
pendulum. In this way the seismic vibrations at frequencies higher than 10
Hz are reduced by over 1012 times and the position of the mirror is very
carefully controlled.
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most sensitive frequency band for many astrophysical sources. This noise
arises due to the random thermal motion in test masses and their suspen-
sions [16]. It can be minimized to improve the sensitivity of the GW de-
tectors choosing a material with high strength and low mechanical loss for
test masses, like silica and tantala multilayer for the coatings, and the sus-
pension �bers, such as fused silica [17]. Also, the coating is made to have
re�ective mirrors at the operational wavelength (1064 nm) and so that less
than 0.0001 % of the laser light is lost when it is re�ected by the mirror (due
to the absorption, residual transmission, or scattering).
Seismic noise limits the low frequency band below 10 Hz (o� the graph of
Fig. 2.5) and it is due to the environmental disturbances such as ocean tides,
seismic/volcanic activity, wind, that couple to the test of the GW interfer-
ometers. The interferometer optics needs to be isolated well from the ground
seismic vibrations: in Virgo detector, a seven stage Super Attenuator (SA)
is used to allow the interferometer's operation (Fig. 2.6).
A relevant noise at frequency band below ∼20 Hz is so-called Newtonian
Noise (shown as green curve in Figure 2.5), which is due to terrestrial grav-
ity �uctuations produced by density �uctuations of Earth around the test
masses of the interferometer. To reduce Gravity Gradient noise, a set of
seismometers will be installed around the test masses to record the ground
motion that can provide information about the mass density �uctuations
around the test masses. Such information is then used to calculate the cor-
responding gravitational force �uctuations on the test mass, and so to correct
the strain data from the interferometer.

2.3.4 Quantum noise

Gravitational wave e�ects on the test masses can be confused with the e�ect
of vacuum �uctuations of the optical �elds that enter the dark port of the
detector.
Quantum noise a�ects the entire bandwidth of the GW interferometers (10-
10000 Hz) with its complementary features: the shot-noise (SN), which de-
pends on phase �uctuations of the optical �eld disturbing the detector at high
frequencies, and radiation-pressure noise (RPN), which depends on ampli-
tude �uctuations of the optical �eld perturbing the position of suspended
mirrors at low frequencies (below 100 Hz). Let's see them in detail.
A light �eld consists of photons that arrive at the photodetector at random
times [18]: this leads to the photon shot-noise. In the absence of correla-
tions, photons follow Poisson distribution with probability to �nd n photons
as follows:

pn =
⟨n⟩2

n!
e⟨n⟩, (2.33)

where ⟨n⟩ is the average number of photons that is also the variance of the
distribution. Moreover, the light �eld pushes against the end mirror and
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moves them: this creates the so-called radiation-pressure noise.
In interferometric gravitational wave detectors, quantum noise can be seen
as arising from zero-point �uctuations of the vacuum electromagnetic �eld
entering the output port of the interferometer [19]. The quantum �uctuations
of the vacuum �eld produce SN and RPN respectively with the single-side
power spectral densities (position-noise):

SSN
x =

c2h̄

2ω0P
, (2.34)

SRPN
x (ω) =

h̄ω0P

c2m2ω4
, (2.35)

where P is the power of laser, m the mass of the mirror, h̄ is the reduced
Planck's constant, c is speed of light and ω the sideband frequency (above
the resonance frequency of the mirror suspension). So, shot noise is inversely
proportional to the power laser and radiation pressure is proportional to P.
From equations (2.34) and (2.35) is clear that RPN is dominant at low
frequencies, while SN dominates at high frequencies. Indicating by h(ω)
the noise spectral density of the strain ∆x

L of an interferometer, we obtain:

hSN (ω) =
1

L

√
SSN
x =

c

L

√
h̄

2ω0P
, (2.36)

hRPN (ω) =
1

L

√
SRPN
x (ω) =

2

L

1

mcω2

√
h̄ω0P , (2.37)

where L is the arm lenght of the interferometer and in eq. (2.37) we have
taken into account RPN twice (contributions of the two end mirrors). From
eq. (2.34) we notice that shot-noise is a white noise because it doesn't
depend on wave frequency to be detected. Moreover, increasing the laser
power, shot-noise is reduced, but radiation-pressure noise is increased and
vice versa.
The total quantum noise is given by the sum of shot noise and radiation

pressure noise as follows:

hQN =
√

(hSN )2 + (hRPN (ω))2. (2.38)

The locus of the lowest possible points of the family of spectra is the standard
quantum limit (Fig. 2.7) that is mathematically written as:

hSQL(ω) =
1

πωL

√
h̄

m
. (2.39)
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Figure 2.7: The plots represents the combined e�ect of shot-noise (red)
and radiation-pressure noise (green), obtaining the corresponding Standard
Quantum Limit, SQL, with the black dotted line, i.e. the minimum value
that can be achieved by the spectral density at that value of frequency and
it is a manifestation of the Heisenberg uncertainty principle.

Quantum mechanical description of light

In this section we will provide fundamentals of quantum mechanics to de-
scribe light [20].
Light can be described as quantum harmonic oscillator by its Hamiltonian:

Ĥ =
1

2
(p̂2 + ω2q̂2), (2.40)

where p̂ and q̂ are the position and momentum operators and ω the angular
frequency. We can introduce the annihilation and creation operators â, â†

to replace p̂ and q̂ as follows:

â =
1√
2h̄ω

(ωq̂ + ip̂) (2.41)

â† =
1√
2h̄ω

(ωq̂ − ip̂) (2.42)

which obey the commutation relation [â, â†] = 1. Since the annihilation and
creation operators are not observable, we introduce the amplitude and phase
quadratures starting from them:

X̂ = â† + â (2.43)
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Ŷ = i(â† − â) (2.44)

that obey the commutation relation [X̂, P̂ ] = 2i. The amplitude and phase
quadratures are dimensionless, Hermitian and proportional to electric �elds.
Then, the Hamiltonian can be rewritten in the new form:

Ĥ = h̄ω(X̂2 + Ŷ 2), (2.45)

where the variance of an operator X̂ is given by:

∆2X̂ =
〈
X̂1

2
〉
−
〈
X̂1

〉2
. (2.46)

So, eq. (2.46) provides the quantum noise of the observable.
Now, we de�ne the number operator:

n̂ = â†â (2.47)

that expresses the number of photons in a given state. For the ground state
of the oscillator we have ⟨n̂⟩ = 0 with a variance of ∆2X̂ = ∆2Ŷ = 1. This
is referred to as vacuum noise and the state in which there are no photons
|0⟩ is called vacuum state. Vacuum state is the ground state of the harmonic
oscillator that is the state with the lowest energy.
Quantum noise results from the zero-point energy of the ground state that
is given by:

⟨0| Ĥ |0⟩ = h̄ω

2
. (2.48)

The quantum-mechanical equivalent of a classical monochromatic electro-
magnetic wave is called coherent state. Laser light can be described by
coherent states in Dirac notation |α⟩ with a Poissonian distribution photon
number, where α is a complex number. Coherent states are de�ned as eigen-
states of the annihilation and creation operators â, â†. Mathematically, they
can be described applying the displacement operator to the vacuum state:

|α⟩ = e(αâ
†−α∗â) |0⟩ . (2.49)

Every state has to obey Heisenberg uncertainty principle:

∆2X̂ ·∆2Ŷ ≥ 1, (2.50)

in which we used [X̂, P̂ ] = 2i. Relation (2.50) is true for all other orthogonal
quadrature operators. We de�ne the generalized quadrature operator with an
arbitrary angle θ between the amplitude and the phase quadrature applying
a rotation:

X̂θ = X̂cosθ + Ŷ senθ. (2.51)
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Figure 2.8: Representation of a vacuum state.

Moreover, state of light can be visualized in a phase space with "phase
quadrature operator" in the ordinate axis and "amplitude quadrature oper-
ator" in the abscissa axis as shown in the Figure 2.8. For coherent states,
the quantum uncertainty is depicted with a circle around its amplitudes.
Fig. 2.8 represents the quantum �uctuations which have a gaussian distri-
bution around the mean value. Also, coherent states have Poissonian photon
number �uctuations

∆n = |α| =
√
⟨n⟩ (2.52)

and therefore generate shot-noise.

Quantum noise reduction strategy

Quantum noise can be reduced by injecting squeezed vacuum states from
the dark port of the GW detector. In fact, squeezed states have a reduced
variance for at least one angle θ (below the vacuum variance), called squeeze
angle, i.e. with ∆2X̂θ the lowest of all quadratures [21] and their quantum
uncertainty is depicted with an ellipse around their amplitude [22]. We de�ne
the squeeze operator Ŝ(ξ):

Ŝ(ξ) = e
1
2
(ξ∗(â)2−ξ(â†)2), (2.53)

where ξ = reiθ and r and θ are respectively squeeze parameter and angle.

The use of phase-squeezed light allows interferometric measurements with
greater precision than that obtained with a coherent state. Similarly, the
use of amplitude-squeezed light gives smaller amplitude noise than that of a
coherent state. Hence, amplitude-squeezed light has sub-Poissonian photon
statistics, i.e. ∆n <

√
⟨n⟩, and produces a smaller noise level in optical

detection than the SN limit. The observation of photodetection noise below
the shot-noise limit is thus one of the ways that squeezed states are detected
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Figure 2.9: Representations of a phase-squeezed vacuum state (on the left)
and amplitude-squeezed vacuum state (on the right) of light in a phase space.
The quantum uncertainty is depicted with an ellipse.

in the laboratory.
Squeezed beams are generated by nonlinear optics and are detected by the
homodyne detector technique [23].

Squeezed light generation and detection

To generate nonclassical states like squeezed states, we need higher-order
polarization e�ects in media. Consider the polarization P(E(t)) due to an
electro-magnetic wave traveling through a nonlinear medium [24]:

P (E(t)) = ϵ0(χ
(1)E(t) + χ(2)E(t)(2) + χ(3)E(t)(3) + ..), (2.54)

where χ is the susceptibility and E(t) = E0cosωp. We are interested in those
materials that manifest a second-order nonlinearity. The second-order non-
linear response generates an oscillating polarization at the sum and di�erence
frequencies of the input �elds according to:

ωsum = ω1 + ω2, (2.55)

ωdiff = |ω1 − ω2| . (2.56)

The generation of these new frequencies by nonlinear processes is called sum
frequency generation and di�erence frequency generation, respectively [25].

If ω1 = ω2, the sum frequency is at twice the input frequency, and the
e�ect is called frequency doubling or second harmonic generation as shown
in Figure 2.10.
The core of the squeezing light generation involves a degenerate parametric
ampli�er (OPA), consisting of a second-order nonlinear crystal pumped by
an intense laser beam at angular frequency ωp = 2ωs. A weak signal beam
at angular frequency ωs is also introduced. The nonlinear crystal mixes the
signal with the pump and produces an idler beam at angular frequency ωi

by di�erence frequency mixing, where

ωi = ωp − ωs = 2ωs − ωs = ωs. (2.57)
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Figure 2.10: Diagrams for second-order nonlinear processes. (a) In sum-
frequency generation, two input photons at frequencies ω1 and ω2 are anni-
hilated and a third one at frequency ω1 + ω2 is created. (b) In frequency
doubling the two input photons are at the same frequency, and the output
photon is at double of the input frequency. (c) In down-conversion an input
photon at the pump frequency ωp is annihilated and two new photons at the
signal and idler frequencies ωs and ωi, respectively, are created [18].

These idler photons then mix again with the pump to produce more signal

Figure 2.11: The mechanism of a non-linear optic, in this case an Optical
Parametric Oscillator (OPO), to generate squeezed vacuum is shown.

photons, and so on. In the special case that we are considering here where
the signal and idler photons are degenerate, the nonlinear process produces
ampli�cation or de-ampli�cation of the signal depending on its phase relative
to the pump �eld.
An OPO (Optical Parametric Oscillator), shown in Fig. 2.11, converts an
input laser wave at frequency ωp into two output beams at lower frequency,
preserving the energy conservation principle. If the two output beams have
the same frequency ωs, we have a degenerate OPO. If the down-conversion
process produces two output waves at frequencies ωs ±∆ωs, we have a non-
degenerate OPO, where ∆ωs is the frequency of the sidebands with respect
to the carrier at frequency ωp.
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Second-harmonic generation is a parametric up-conversion process, in fact
from two photons at the frequency ω creates one photon at the frequency
2ω, as shown in Figure 2.10.
Nonlinear processes such as second-harmonic generation or OPO are sensi-
tive to the �uctuations in the instantaneous photon �ux.
Moreover, as we said, squeezed beams can be detected by the homodyne
detector technique [26]. A balanced homodyne detector is based on the in-
terference between the squeezed vacuum beam (SQZ beam in Fig. 2.12) and
a strong local oscillator (LO) on a 50:50 beam splitter at the same frequency,
same spatial mode and same polarization [27]. The di�erence between the
two generated photocurrents give us information about the squeezing level
of the SQZ beam. Each outputs of the BS is detected by a photodiode and
the degradation of the interference is quanti�ed by the fringe visibility Vis,
as follows:

Vis = Vmax − Vmin

Vmax + Vmin
(2.58)

with V the voltage of one photodiode while the phase between the two
�elds is modulated.

As shown in Fig. 2.12, starting from the output beams ĉ and d̂:

Figure 2.12: The schematic layout of a balanced homodyne detector [9].

ĉ =
1√
2
(â+ b̂) (2.59)

d̂ =
1√
2
(â− b̂) (2.60)

the detected quantity can be written as follows:

P1 − P2 = ĉ†ĉ− d̂†d̂ = 2R(â · b̂). (2.61)



2.3. GRAVITATIONAL WAVE DETECTOR 25

Also, two mechanisms degradate squeezing level which must be controlled
and minimized: optical losses, that can be described as a recombination of
the squeezed state with a vacuum state inside a beam splitter; phase noise,
that mixes the �uctuations in the two quadratures.



26CHAPTER 2. GRAVITATIONALWAVES: THEORYANDDETECTION



Chapter 3

Background: FDS experiments

In this chapter, two di�erent techniques relevant to the reduction of quan-
tum noise, via frequency-dependent squeezing, are described: a detuned �l-
ter cavity installation [28] for Advanced Virgo Plus detector and Einstein-
Podolsky-Rosen (EPR) entangled beams experiment for next generation GW
interferometers.
During the last observing run, Frequency-Independent Squeezing (FIS) in-
jection technique was implemented by Advanced Virgo and Advanced LIGO
[29]. Since interferometric measurements were limited only by shot-noise, a
quantum noise reduction at high frequencies was achieved injecting phase-
squeezed light in the dark port of the interferometer. A simpli�ed experi-
mental setup of FIS is shown in Fig. 3.1.
Due to Heisenberg Uncertainty Principle, reducing the uncertainty of the

Figure 3.1: A simpli�ed experimental setup of a squeezed light injection in
a GW interferometer to reduce vacuum noise in one �xed quadrature [30].

27
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Figure 3.2: The strain sensitivity of Michelson Interferometer below the
standard quantum limit with the 45◦ rotated squeezed angle application
(green area) in the frequency range of 0.05 Hz to 50 Hz [30].

phase quadrature implies an increase of the amplitude uncertainty quadra-
ture and vice-versa. Since, for the next observation run O4, quantum noise
at low frequencies will be relevant for the detector sensitivity, a Frequency-
Dependent Squeezing (FDS) injection is needed. So, in FDS experiments,
the squeezing ellipse changes its orientation depending on the frequency.
Moreover, as shown in Fig. 3.2, by using such as 45◦ of squeeze angle, cor-
relations of the amplitude and phase quadratures in the output ports are
introduced. So, within a small frequency band it is possible go below the
standard quantum limit.

3.1 The Advanced Virgo Plus Filter Cavity

Since for the next observation run it is necessary to mitigate quantum noise in
the entire bandwidth, Advanced Virgo Plus (the upgrade of Advanced Virgo)
and Advanced LIGO Plus (the upgrade of Advanced LIGO [31]) installed a
detuned cavity to achieve a frequency-dependent squeezing (see Fig. 3.3).
In this section, the FDS system of AdV+ will be described.
AdV+ quantum noise reduction system is composed by three main systems:
the squeezer, the �lter cavity and the injection system. As shown in Fig.
3.4, the conceptual design is constitued by:

- the External sQueezing in-air Bench (EQB1, Fig. 3.5), which holds
the squeezed source inside the AEI (Albert Einstein Institute) squeezer
box, via a degenerate OPO (Optical-Parametric-Oscillator) to produce
FIS. On EQB1 bench we have the single low-losses Faraday Isolator
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Figure 3.3: A simpli�ed experimental setup of a frequency-dependent-
squeezing injection achieved by a �lter cavity detuned.

(see chapter 4) to preserve from spurious backscattered light to travel
back along the SQZ beam path till the AEI squeezing vacuum source;
we have also the homodyne detector for diagnostic measurements;

- two Suspended sQueezing in-vacuum Benches (SQB1 and SQB2, Fig.
3.6 and 3.7), which are used to align beams inside the �lter cavity.
In particular, on SQB1 bench we have the double low-losses Faraday
Isolators (see chapter 4) which allow the SQZ beam to be sent back
to the EQB1 or to be sent to the interferometer, via an Half-Wave-
Plate (HWP);

- a 285 m-long Filter Cavity (FC, see Fig. 3.8), that is detuned w.r.t. the
resonance frequency of the GW interferometer to achieve the rotation
of the squeezing ellipse and then re�ected from detuned optical cav-
ities into the interferometer. However, since squeezed states strongly
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Figure 3.4: Conceptual design of Advanced Virgo Plus squeezing system [32].
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Figure 3.5: A picture of the external in-air squeezing bench (EQB1).

su�er from optical losses, the round trips inside �lter cavity has to be
minimized, so the cavity bandwidth is of the order of the detection
bandwidth;

- two other external in-air benches (EQB2 and FCEB), which are used
for the control loops.

In the following table, the �lter cavity parameters are shown.

Cavity length 285 m

Free spectral range 526 kHz

Mirror velocity 1.4 um/s

Mirror mass 3.5 kg

Finesse for GR 117

Finesse for IR 11114

IR FCIM transmissivity 562 ppm

GR FCIM transmissivity 2.6 %

IR FCEM transmissivity 3.16 ppm

GR FCEM transmissivity 2.7 %

IR cavity pole 23.6 Hz

GR cavity pole 2.25 kHz

3.1.1 Filter cavity and squeezing benches control strategy

To have an e�cient FDS injection on the interferometer, we have to minimize
squeezing ellipse angle errors and also the optical losses on FC and on the
interferometer (ITF). So, to ensure this, we need longitudinal and angular
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Figure 3.6: A picture of the suspended in-vacuum squeezing bench (SQB1).

Figure 3.7: A picture of the suspended in-vacuum squeezing bench (SQB2).
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Figure 3.8: A picture of the �lter cavity (on the right), which is parallel to
the North Arm of AdV+ (on the left).

controls on Filter Cavity, suspended benches control, automatic alignment
and mode-matching of squeezed vacuum �eld on FC and ITF. Moreover, for
AdV+ squeezing system, the required FDS injection is at 25-30 Hz of FC
detuning, because the squeezing ellipse must be rotated where the shot-noise
and radiation-pressure noise power densities are equal [33].
In order to keep the alignment between the three main systems, auxiliary
beams are used in AdV+ squeezing system. In fact, in addition to the
squeezed vacuum beam generated by the OPA inside the AEI squeezer box
on EQB1 bench, we have (see Fig. 3.9):

- the sub-carrier beam, which is an IR �eld detuned w.r.t. the squeezed
�eld by 1.26 GHz, used to align and control the �lter cavity on IR.
With this frequency shift, subcarrier beam is resonant inside the FC,
makes ensure that the squeezed vacuum �eld is detuned from the FC
resonance by 25-30 Hz (target for AdV+ FDS system), it not interferes
with coherent control beam (which is 4 MHz shifted w.r.t. squeezer
main laser), it is completely re�ected by the interferometer Output
Mode Cleaner and it has a negligible impact with the interferometer
controls. This beam propagates towards the OPA, across the single
low-losses Faraday Isolator, to ensure a perfect spatial mode-matching
and overlapping with the squeezed beam, in order to guide the SQZ
�eld from the AEI squeezer Box to the �lter cavity;

- the local oscillator beam, used to perform squeezing measurements on
the homodyne detector, is provided from the AEI squeezer box, it has
the same frequency of squeezed beam and it is mode-matching to the
squeezed vacuum �eld coming from the FC;
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Figure 3.9: A schematic layout of the AEI Squeezer Box with all the beams
for AdV+ squeezing system.

- the green beam, which comes from the AEI squeezer box, is used to
control and automatic align the FC and also to control the suspended
benches;

- the coherent control beam, from an auxiliary laser inside the AEI
squeezer box (CC laser in Fig. 3.9), which has an o�set of 4 MHz
from the SQZ main laser, and it is transmitted through the OPA to
generate the signal for the phase-control of the SQZ ellipse angle;

- interferometer spurious beam, used to overlap the SQZ beam with the
interferometer beam, both for alignment and for mode-matching.

Moreover, in Fig. 3.9 are also shown the phase-locking systems (PLL) be-
tween the Virgo Main Laser and the squeezer main laser (MAIN PLL), the
squeezer main laser and the subcarrier laser (SC PLL) and the squeezer main
laser and the CC laser (CC PLL).

For the QNR system, we can operate in three di�erent modes: injecting
FDS in the interferometer, FIS in the interferometer or performing squeezing
measurements on homodyne detector.
Let us brie�y outline the global control strategy for squeezing measurements
on homodyne detector.

- The FC longitudinal control procedure includes two Pound-Drever-
Hall (PDH) techniques using the RF photodiodes in re�ection of the
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FC to generate the error signals (see Fig. 3.10 and Fig. 3.11): since
the Finesse of the cavity for the IR is very high, the direct lock on
IR beam is di�cult, so at �rst the cavity is controlled using the green
beam and then is switched on the IR subcarrier beam, in order to
optimize the cavity length and to �ne tune the cavity detuning. Two
more photodiodes in transmission of FC (for green and IR beams) are
installed to trigger the PDH loops.

Figure 3.10: Filter cavity longitudinal control with green beam using Pound
Drever Hall Technique [34]. Moreover, a feedback to laser frequency up to
∼ 900 Hz is added to suppress noise in the ∼ 100 Hz region [35].

Figure 3.11: A schematic optical layout of the FC lock on IR sub-carrier
beam, in which the red beam is the squeezed vacuum beam, and the yellow
beam is the SC beam [33].

- Concerning the angular control, the �lter cavity is aligned on green
beam through an auto-alignment loop with standard Di�erential Wave-
front Sensing (DWS) by a pair of quadrant photodiodes (QPDs) on
EQB1 bench, which sense green beam re�ected from the �lter cavity
(see Fig. 3.12). The two QPDs have a Gouy phase di�erence close
to 90 deg and, demodulating the QPDs signals at the RF green beam
sidebands (sidebands generate by an EOM on EQB1 bench), we can
detect angular error signals arising from the beatnote between the car-
rier fundamental TEM00 of FC and the RF sideband of TEM01 or
TEM10. The error signals are then fed to the angular actuators of
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FC mirrors. In addition, in order to control the centering of the green
beam on the �lter cavity mirrors, we have developed a beam pointing
control loop.

- Concerning the IR angular control, SC with SQZ vacuum �elds are
aligned on FC using the same kind of sensing of the green, but in this
case the two QPDs are on EQB2 bench, detecting a small pick-o� of
the subcarrier �eld re�ected from FC. The IR AA loop is closed on two
actuators on EQB1 bench. Moreover, since SC beam is our reference
for IR AA loop, another SC AA loop perfectly aligns SC in OPA, using
dither lines technique (see chapter 7 for more details). However, on
homodyne detector, we have to switch-o� SC beam and consequently
the IR AA loop, therefore there could be some drifts between green
and IR beams during measurements with homodyne detector.

- Via an acousto-optic modulator on EQB1 bench, we can slightly de-
tune the green beam resonance inside the �lter cavity, allowing the
simultaneous resonance of the infrared beam (see chapter 5 for more
details).

Figure 3.12: Optical scheme of �lter cavity angular controls [35].

- Concerning the control of suspended benches, on each suspended bench
three DC QPDs are installed to sense the near-�eld and far-�eld of
green beam to provide error signals in order to stabilize the position
of laser spots on the optics.

- Since the homodyne detector is on EQB1 bench and the IR beams
travel the suspended benches to reach �lter cavity and back, causing
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Figure 3.13: Comparison between simulation of Advanced Virgo con�gura-
tion (solid blue), 12 dB of frequency-independent squeezing injection (dashed
orange) and in case of 12 dB of FDS injection via EPR entanglement (dot-
dashed green) [37].

long-term drifts, we developed a homodyne AA loop using dither lines
technique to hold constant level of squeezing on HD (see chapter 7
for more details) and also a coherent control loop (see chapter 6 for
more details) for squeezing measurements on homodyne detector, i.e.
a phase-control loop with respect to a local oscillator.

- Finally, we have to implement the automatic-alignment of squeezed
vacuum �eld on interferometer, starting from the misalignment of CC
�eld on Output Mode Cleaner and the relative misalignment between
CC �eld and the ITF detection photodiode beam.

3.2 The EPR technique for next generation GW

interferometers

An alternative method for the future gravitational wave detectors to achieve
a broadband noise reduction below the standard quantum limit is to use
a pair of squeezed EPR entangled beams to produce frequency-dependent
squeezing by a non-degenerate OPO [36].
Simulated sensitivity curve of Advanced Virgo with 12 dB of FDS injection
via EPR technique is shown in Fig. 3.13.
Fig. 3.14 shows a non-degenerate OPO which produces two quantum en-

tangled beams (signal and idler beams) at frequencies ωs = ω0 and wi =
ωs +∆ = ω0 +∆.
A schematic optical con�guration of FDS injection via EPR quantistic en-
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Figure 3.14: A detuned pump in a non-degenerate OPO, which produces
signal and idler beams, i.e. two entangled beams (EPR induced squeezing
ellipse rotation angle).

tanglement is shown in Fig. 3.15. So, by the parametric down conversion
process, squeezed stated are generated, pumping at the pump frequency
shifted to ωp = 2ω0 + ∆, where ∆ is the free spectral range of the inter-
ferometer cavity and ω0 is the carrier frequency of the ITF. Sideband at
frequencies ω0 (lower sideband) and ω0 + ∆ (upper sideband) are created
and fed into the dark port of the interferometer. Signal and idler beams
are separated and �ltered by the output mode cleaners (OMC) and each
detected via homodyne detector [38]. The two entangled beams are detuned
with respect to each other: one has the frequency of the interferometer (sig-
nal) and the other (idler) perceives the interferometer like a detuned �lter
cavity.
Since these beams are entangled, i.e. their noise sidebands are correlated
to each other, once one beam is detected, information about the other is
obtained as well and vice-versa. Therefore, the interferometer is both the
GW detector and the �lter cavity, eliminating the need for external cavity.
This method, respect to the FC installation, is less expensive, more com-
pact setup and avoids the 1ppm/m round trip losses for the �lter cavity,
but on the other side two squeezed beams imply double losses and the need
for two homodyne detectors [39]. The homodyne measurement conditionally
squeezes the input signal in a frequency-dependent way.
The table-top EPR experiment at EGO-Virgo site, that we have developed,
will be described in chapter 8.

3.2.1 The theory behind quantum noise reduction via EPR

entangled beams

Quantum entanglement is a physical phenomenon of a system described in
a Hilbert space H consisting of subsystems [40]. If a system is separable,
it can be described by the tensor product of the subsystems; if a system is
not separable it is called entangled state. According to Einstein-Podolsky-
Rosen, in the case of perfect entanglement in the quadrature operators of
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Figure 3.15: Optical con�guration of frequency-dependent-squeezing via
EPR entangled beams proposed by Ma et al. [38].

two subsystems, there are states such that:

∆2(X̂1 − X̂2) = 0 (3.1)

∆2(Ŷ1 + Ŷ2) = 0. (3.2)

Consider squeezed states of light at the upper and the lower frequency ωp ±
∆ω, the variances of the sum of the amplitude operators and the di�erence
of the phase operators depend on the squeeze parameter and they are below
the vacuum variance due to their vacuum correlations:

∆2(X̂(ωp +∆ω) + X̂(ωp −∆ω)) = e−2r ≤ 1 (3.3)

∆2(Ŷ (ωp +∆ω)− Ŷ (ωp −∆ω)) = e−2r ≤ 1. (3.4)

Using the two photon-formalism [41], we can derive the EPR entanglement
by detuning the OPA [38].
Consider an OPA pumped at ωp, we can write the linear combination of the
upper and the lower sideband �elds at ωp/2±Ω respect the quadrature �elds
ξ around ω/2:

ĉξ(Ω) = (e−iξ ĉωp/2+Ω + e+iξ ĉ†ωp/2−Ω)/
√
2 (3.5)
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with ĉ and ĉ† the annihilation and creation operators for the optical �eld at
ω, respectively. In addition, we use ĉ1,2 for ĉ0,π/2 and ĉξ = ĉ1cosξ + ĉ2sinξ.
Orthogonal quadratures ĉθ and ĉθ+π/2 have uncorrelated �uctuations and
the following spectra (r is the squeeze factor and θ is the squeeze angle):

Sĉθ ĉθ = e−2r (3.6)

Sĉθ+π/2ĉθ+π/2
= e+2r (3.7)

in which the �rst spectra is suppresed and the second is ampli�ed. Thus,
non-linear optics generate entanglement between the upper and the lower
sidebands (ωp/2± Ω).
Any pair of sideband �elds with frequencies ω1 and ω2 within the squeeze
bandwidth from ωp/2 satisfying ω1 + ω2 = ωp are entangled. As shown in

Fig. 3.16, denoting âξ(Ω) the sidebands ω0 ± Ω and b̂ξ(Ω) those around
ω0 +∆, in terms of the four �elds

(â1 ± b̂1)/
√
2 (â2 ± b̂2)/

√
2 (3.8)

we can write their spectra, which are mutually uncorrelated:

Sâ1±b̂1/
√
2 = e±2r (3.9)

Sâ2±b̂2/
√
2 = e∓2r. (3.10)

So, detecting b̂θ = b̂1cosθ+b̂2sinθ, we can predict â−θ = â1cosθ−â2sinθ, but
we don't have informations about âπ/2−θ. In particular, with measurement

of the idler quadrature b̂θ, the signal �eld will be conditionally squeezed.
Fig. 3.17 shows the dual use of the interferoemetr seen by the signal

and idler beams: one resonates and the other is detuned w.r.t the carrier
frequency of the interferometer ω0.
As shown in the conceptual con�guration in Fig. 3.14, signal and idler beams
go into the interferometer, and then we detect phase quadrature of the out-
going beams, named Â and B̂.

1. The out-going signal beam can be written as follows:

Â2 = e2iβ(â2 −Kâ1) +
√
2Keiβh/hSQL (3.11)

which consists of shot-noise, radiation-pressure noise and signal, where
we denoted β = arctan(Ω/γ), with γ the bandwidth of the ITF seen
by the signal beam and

h2SQL = 8h̄/(mΩ2L2), K = 2Θ3γ/[Ω2(Ω2+γ2)], Θ = [8ω0Ic/(mLc)]1/3.
(3.12)
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Figure 3.16: EPR-entangled beams from a spectral decomposition point of
view (upper panel) and the quantum �uctuations of the signal and idler
beams (lower panel) [38].

Figure 3.17: The dual use of the interferometer seen by the signal (upper
panel) and idler (lower panel) beams [38].
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2. Detecting B̂2, the interferometer applies a rotation of ϕrot = arctanK
to the idler beam, so

B̂2 = b̂arctan(1/K) (3.13)

that can be realized by adjusting the detuning ∆ and the length of the
signal recycling cavity and arm cavity, if Θ ≪ γ. If a rotation by ϕrot

is realized, we will have a noise spectrum of

Sh =
h2SQL

2cosh(2r)
(K +

1

K
) (3.14)

in which conditional squeezing provides a cosh(2r) suppression!



Chapter 4

Low-losses Faraday Isolators

for frequency-dependent

squeezing in AdV+

In this chapter, the low-losses Faraday isolators (FIs) used in the Frequency-
Dependent Squeezing (FDS) injection for the Quantum Noise Reduction
(QNR) in Advanced Virgo Plus (AdV+) are described.
A low optical losses Faraday Isolator (FI) is fundamental for an e�cient
squeezed vacuum states injection into the interferometer, since any mismatch
with the Interferometer (ITF) mode is equivalent to additional losses.
In general, a Faraday Isolator is used to reduce or eliminate the optical ef-
fects of re�ections back to the laser to protect it from backscattered light
and it consists of an input linear polarizer, a Faraday rotator and another
output polarizer.
The low losses FIs that are employed for the Frequency-Dependent-Squeezing
(FDS) in AdV+ are those already used for the Frequency-Independent-
Squeezing (FIS) injection in 2017, but with some changes in the design, which
are fundamental to cope with the requirements of the frequency-dependent
squeezing injection.
In the new FIs a great improvement comes from the use of Brewster angle
polarizers with the bulk made of Fused Silica (55.4°) and produced by LMA
(Laboratoire des Matériaux Avancés), which have smaller absorption and
high performing coatings. Other improvements come from the possibility of
�ne-tuning the position of the TGG (Terbium Gallium Garnet) crystal in the
magnetic �eld to set the correct rotation angle of the polarization to 45° and
the possibility to control the temperature of the TGG crystal. Moreover, in
order to extract the beam from the FI, an half wave plate (HWP) between
the Faraday rotator and the output polarizer has been added.
The single in-air low losses Faraday isolator was installed on the External
sQueezing Bench (EQB1) and the double in-vacuum FI were installed on the
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Suspended sQueezing Bench (SQB1).
It was necessary to add new FIs because the attenuation factor provided by
a single FI was not su�cient.

4.1 Single in-air low losses Faraday Isolator

The single in-air low losses Faraday Isolator has an input and output Brew-
ster polarizers (POL11 and POL12) and a TGG crystal (TGG1) inside the
Faraday Rotator (FR1). Moreover, as shown in the CAD drawing in Fig. 4.1,
it has a zero order HWP placed between the input polarizer and the TGG
crystal, in order to keep at the exit of POL12 the same polarization that
enters POL11. The squeezing beam coming from the AEI squeezer box (see
Fig. 3.4 for the optical design) travels along the EQB1 bench, enters from
the POL11 with S-polarization (polarization normal to the optical bench)
and exits from POL12 keeping the S-polarization after being rotated twice
of 45° by the half-wave plate and the Faraday rotator with TGG1. This con-

Figure 4.1: CAD drawing: side view of the single in-air low losses FI. The
squeezed beam travels from right to left. The Sub-Carrier Beam (SCB)
is injected from the mirror at the bottom left and goes towards the AEI
squeezer box, then it travels back following the same path of SQZ beam.
Credits T. Zelenova

�guration preserves from spurious backscattered light to travel back into the
Faraday Isolator along the SQZ beam path till the AEI squeezing vacuum
source. Absorption optics, placed on the box around the polarizers supports,
allow to damp spurious beams re�ected by the Brewster plates surfaces.
The single Faraday isolator have also the function of sending the sub-carrier
beam into the AEI squeezer box. In fact, from the polarization point of
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view shown in Fig. 4.2, the SCB, that travels at a di�erent height with re-
spect to the squeezing beam, is injected into FI from the bottom of POL12
with a fused silica mirror with P-polarization, and exits from POL11 with
S-polarization, in order to enters the OPA in the AEI squeezer box with the
correct polarizations. After having travelled inside the AEI box, it goes back
into the single FI following the same path of the SQZ beam, so entering from
POL11 and exiting S-polarized from POL12, as for the SQZ beam. In fact,
the squeezing beam coming from the AEI squeezer box enters from POL11
S-polarized and exits from POL12 of FI with the same polarization. From
the CAD drawing, the TGG crystal together with the Faraday rotator (FR1)
are slightly tilted of a 1.1° on the horizontal plane, in order to reduce the
e�ect of back re�ections inside the TGG1.

Figure 4.2: Beam polarizations inside the single FI: on the top �gure, squeez-
ing beam coming from the AEI squeezer BOX (from the left to the right),
while on the bottom, the sub-carrier beam coming from the bottom mirror
below POL12 (from the right to the left).
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4.2 Double in-vacuum low losses Faraday Isolator

The double Faraday isolator is composed by two low-losses Faraday Isola-
tors with a zero order half wave plate (HWP3) between them, installed on
the suspended in vacuum squeezing bench. As shown in Fig. 4.3, FI2 has

Figure 4.3: CAD drawing: side view (upper �gure) and top view (lower
�gure) of the double FI on suspended in vacuum squeezing bench. Squeezing
beam arrives from right side of the output polarizer (POL22) of FI2 and hits
the coated surface of POL22 with angle of incidence equal to the Brewster
angle of the fused silica (55.4°). The beam is then re�ected by POL22,
travels inside FI2, and goes towards the �lter cavity (FC) with the correct
S-polarization. Credits T. Zelenova

the half wave plate (HWP2) inside between the TGG crystal and the input
polarizer. The squeezing beam, coming from EQB1 bench, enters the double
FI from the right side of the output polarizer (POL22) of FI2, and, travelling
inside TGG, HWP2, is transmitted by the input polarizer POL21 and then
goes towards the �lter cavity (FC).
Once having travelled inside the �lter cavity, the SQZ beam travels back
towards suspended squeezing bench, meets again the input polarizer POL21
which transmits it, travels inside FI2 and reaches HWP3 (see Fig. 4.3).
HWP3 is motorized in order to tune the polarization of the incoming squeez-
ing beam, and it has the main function of selecting between injecting the
squeezing beam into the interferometer dark port or sending it towards the
homodyne detector on EQB1 bench for diagnostic measurements.
From polarization point of view, squeezing beam enters from POL22 with S-
polarization and then, it must go towards the �lter cavity with S-polarization.
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To maximize the transmitted or re�ected beam, the angle of incidence al-
ways corresponds to the Brewster angle of fused silica 55.4°.
On the other hand, squeezed beam transmitted by POL32 must have a polar-
ization oriented at 39° to the vertical axis. Another important point to take
into account is the beam shifts produced by the optics of the two low-losses
Faraday Isolators (see Fig. 4.4).

Figure 4.4: CAD drawing of the double FIs from the side: beam height
shifts. Credits T. Zelenova

4.3 Losses and extiction results

4.3.1 Single in-air Faraday Isolators

This section shows the losses and extinction results obtained for the single
low-losses Faraday Isolator on EQB1 bench.
Concerning the test and assembly, we aligned the incident beam on single
FI for both P and S-polarization through a birefringent crystal of calcite.
Following the same nomenclature shown in Fig. 4.1, the beam hits the
POL11 (top coating) at Brewster's angle (55.4 ° for Fused Silica at 1064 nm).
With P-polarization, POL11 had losses of less than 0.1%; with S-polarization,
we measured an extinction as follow

ϵdB = 10log
Tp

Ts
(4.1)

of about 48 dB, where Tp and Ts are the P-polarization and the S-polarizazion
transmitted powers, respectively. Then, we have positioned and optimized
the position of the TGG crystal (theoretical absorption of TGG = 2400
ppm) inside the rotator until we measured an extinction of about 44 dB (the
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Figure 4.5: TGG crystal and its coating inside the rotator of the single
Faraday Isolator.

position of the crystal was �xed through the support of the output polarizer
POL12).
Similarly to the polarizer at the input of the rotator, we initially tested only

the POL12, obtaining losses of less than 0.1%, and an extinction of about
46 dB. Then, we placed POL12 at the output of the rotator at Brewster's
angle (bottom coating) and we positioned the motorized HWP, minimizing
its re�ections, tuning it so that the POL12 re�ections were minimized.
It is important that the Faraday Isolator is well aligned with the incident
beam in order to obtain good losses and good extinction.
Overall, FI for EQB1 bench has an extinction of about 40.5 dB and losses
due to each optic that makes up the FI around 0.7 %.

4.3.2 Double in-vacuum Faraday Isolators

This section shows the losses and extinction results obtained for the double
low-losses Faraday Isolator on SQB1 bench.
Following the same procedure used for the assembly of the single FI, we
have assembled and tested each component starting from POL21 (the same
nomenclature as shown in Fig. 4.3 or 4.4).
First of all, each component was ultrasonically cleaned to then be installed
in a vacuum. For each polarizer mounted we measured the losses and ex-
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Figure 4.6: Single low-losses Faraday Isolator view from the side on EQB1
bench.

Figure 4.7: Single low-losses Faraday Isolator view from the top on EQB1
bench.
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Figure 4.8: Double low-losses FI view from the side.

tinction.
The beam hits the POL21 (bottom coating) and POL22 at Brewster's an-
gle (55.4 ° for Fused Silica at 1064 nm). Then, we placed POL32 with
P-polarization at 39° and POL31 with P-polarization at 6°. So, we aligned
the incident beam with double FI for both P and S-polarizations through a
birefringent crystal of calcite, obtaining losses shown in the following table.

Double FI polarizers Losses [%]

POL21 0.06
POL22 0.07
POL31 0.04
POL32 0.04

Table 4.1: Measurements of losses for each double Faraday Isolator polariz-
ers.

In addition, we were also able to optimize the position of the TGGs inside
the rotators by using 6 screws in the support of POL22 and POL31, which
allow to uniformly compress the copper support to the TGGs. It is also
important to minimize the re�ection of the TGGs.
The HWPs allow to extinguish their re�ection by tilting them, in this way
we have optimized the losses induced by them. HWP3 discriminate to send
the beam either to the interferometer at 53° or to the homodyne detector on
the external bench at 7°.
Moreover, �ne-tuning the orientation of POL32 and POL31 by reducing

losses and to check their orientation, we measured the angles of the beam
re�ected by POL31 towards the homodyne detector. So, we obtained a
90°+20.67° = 110.67° for the side re�ection and 6.14° for the vertical incli-
nation. These results are in agreement with expectation, which are
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Figure 4.9: Double low-losses FI view from the top side from POL21 (on the
left) and from POL31 (on the right).

2*Brewster's angle (55.4°) = 110.8° for the side re�ection and 6° for the ver-
tical inclination.
Finally, we placed a mirror at the output of the double FI in order to mea-
sure the extinction re�ecting the beam back, obtaining about 45.3 dB (the
returning beam is extinguished mainly by the re�ection of POL31).
As a further veri�cation of the losses induced by the double Faraday isolator,
we �xed the power meter in a remote position and we measured the power
with and without the double FI obtaining losses of about 1%.
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Chapter 5

Acousto-optical-modulator test

An Acousto-Optic-Modulator (AOM) is an optical component based on the
phonon-photon interaction, that allows to modulate the frequency and di-
rection of a laser beam, i.e. spatially and spectrally shifting the beam [42].
In this chapter, the AOM test in double-pass con�guration performed in
Genoa Laboratory and the AOM installation for Advanced Virgo Plus
squeezing system are described.

5.1 AOM double-pass con�guration test in Genoa

Laboratory

The single-pass con�guration, in which the laser beam crosses the AOM only
once, was previously tested in Genoa Laboratory (for more details see my
Master's Thesis [43]).
In order to test the AOM in double-pass con�guration [44], in which the
AOM is crossed twice, we have previously characterized the laser beam (a
50 mW �ber optic laser diode DBR1064P at central wavelength of 1064 nm)
to get the gaussian waist position in which to place the AOM device. In Fig.
5.1 the �t of the Gaussian beam waist as function of the position is shown,
using the following formula:

w(z) = w0

√
1 + (

λ(z − z0)

πω2
0

)2 (5.1)

with λ = 1064 nm the laser wavelength. From this analysis, we obtained the
waist size ω0 = (0.081± 0.001) mm and the waist position z0 = (126.7± 2)
mm.
Once placed the AOM in z0, we sent di�erent RF frequencies signals to

maximize the power of the di�racted beam, as shown in Fig. 5.2. In fact,
when a RF signal at frequency Ω is fed into the AOM crystal, it causes a
travelling density wave to form, which propagates at the speed of sound vs
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Figure 5.1: Fit waist of the Gaussian beam as function of position z along
the beam propagation direction using a laser beam pro�ler.

at frequency Ω, thus the crystal acts like a di�raction grating (like a Bragg
cell) [45]. As shown in Fig. 5.4, de�ning the di�raction angle as Θ = 2θ, the
light will scatter into an angle of mΘ, which, in terms of phonons, means to
absorb or destroy m phonons. In particular, the incident light will change
as follows:

f → f +mfRF (5.2)

where m is the order of di�raction and if it is less than 0, m phonons are
created.
In our con�guration, an acoustic wave is generated via ADF4351 integrated
voltage controlled oscillator (VCO) that interacts with incident light generat-
ing di�racted laser beams (AOM model 3200-1113 from Gooch and Housego
[42]).
The �rst-order and the second-order of the di�racted beam on a infrared card
are shown in Fig. 5.3. The results obtained will be related to the �rst-order.

Fig. 5.5 and 5.6 show the double-pass con�guration setup in Genoa
laboratory.
Since AOM device is responsive only to S-polarized light, a Polarizing Beam
Splitter (PBS) is added to divide the laser beam into its P and S-polarization
contributions.
Following the re�ection beam path from the PBS, a focal lenses is added to
make the beam width smaller than the AOM input window (2.54 mm).
Installing a Quarter-Wave Plate (QWP) to rotate into circular the polariza-
tion before the AOM, we have lower di�raction e�ciency, higher frequency
shift compared to placing QWP after the AOM which would produce an
higher di�raction e�ciency but lower frequency shift. To verify that we
have circular and non-elliptic polarization after QWP, we have equalized the
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Figure 5.2: Powers of di�racted beam (Pdev) measured with a power meter
vs RF signals sent to the AOM device.

Figure 5.3: On the left of the IR card, the �rst-order of the di�racted beam
(m=+1), on the center the main beam (m=0) and on the right the second-
order (m=-1).
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Figure 5.4: Schematic operation of an AOM, which has to be tilted about θ
with respect to the input laser beam.

Figure 5.5: Double-pass setup of AOM test in Genoa laboratory (not the
real distances). Red beam is the main beam, orange beam is the di�racted
beam.
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Figure 5.6: Optical setup for the beating in the double-pass con�guration at
Genoa laboratory.

Figure 5.7: Double-pass setup of AOM test in Genoa laboratory. Red beam
is the main beam, orange beam is the di�racted beam.
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power of the S and P-polarization contributions by means of a HWP.
Since for a typical acousto-optic di�raction the small-angle approximation
holds, i.e. sin θ ∼ θ, the di�raction angle (also called Bragg angle) for a
single-pass through the AOM is calculated as follows:

θ =
λfRF

2vs
= 27.4 mrad, (5.3)

with fRF = 216.4 MHz the frequency of the RF signal that maximizes the
di�raction e�ciency, as shown in Fig. 5.2, and vs = 4.2 ∗ 106 mm/s the
acoustic sound in the material.
Then, following the beam path in Fig. 5.5, the S-polarized beam enters the
AOM which causes di�raction and the di�racted beam (the orange beam
in �gure) is sent back into the AOM, therefore another di�raction occurs
(the twice frequency-shifted beam). When the di�racted beam passes the
QWP again, it is turned into P-polarization in order to record the beatnote
with a Photodiode (PD) using a spectrum analyzer. In order to do that, we
superposed the main and the di�racted beam on the PD, maximizing the
beatnote signal at 2fRF = 432 MHz.

5.1.1 Di�raction e�ciency results

In order to compute the AOM di�raction e�ciency, we measured the power
before it entered the AOM Pmain and the power of the di�racted beam Psingle

(see Fig. 5.6) with a power meter and we calculated the single e�ciency as
follows:

ϵsingle =
Psingle

Pmain
∗ 100 = 37%. (5.4)

The double e�ciency can be estimate measuring the power of the di�racted
beam after being re�ected by the mirror Pdouble, passed back into the AOM
(twice) and transmitted by the PBS:

ϵdouble =
Pdouble

Pmain
∗ 100 = 7%. (5.5)

It is important to emphasize that these di�raction e�ciency estimates de-
pend on the transmission e�ciency of the AOM, in which we lost about
1.5% in power transmission (measuring the power beam before and after the
AOM without the RF signal), due to the small aperture of the AOM and
also consider the losses due to the PBS (S-polarized beam residual). To solve
the problem of losses in the AOM test, it would be better to place it on a
micrometric slide, so as to tilt the AOM and not cut the beam and also to
use super-polished optics, as was done for AdV+ squeezing system.
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5.2 AOM installation for Advanced Virgo Plus

The Acousto-Optic Modulator (AOM) is needed in AdV+ squeezing system
to slightly shift the green beam resonance inside the �lter cavity, allowing
the simultaneous resonance of the infrared beams, and to slightly detune the
IR resonance allowing the rotation of the squeezed light (FDS). For more
details on it, see section 3.1.1.
Thus, in Advanced Virgo Plus, an AOM was installed in the double-pass
con�guration with the 80 MHz RF generator.
The procedure to test and installed the AOM is the same used in Genoa

Figure 5.8: The Acousto-Optic Modulator installed on EQB1 bench for
AdV+ squeezing system.

Laboratory. As shown in Fig. 5.8, a telescope (GL) with super-polished
lenses is installed before the AOM in order to reduce beam size at AOM in-
put. Before entering the AOM, the beam passes through, again, an HWP
and a PBS and then it is di�racted with more then �ve higher orders and
frequency shifted beams emerge with the main (zero order) not deviated. An
iris selects again the �rst di�racted order. After a QWP, it is retrore�ected
into the AOM with orthogonal polarizaton, so that is then re�ected by the
PBS towards the �lter cavity.
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5.2.1 Di�raction e�ciency results

First of all, we maximized the power of the di�racted beam, so the single-
pass di�raction e�ciency vs driving DC voltage, as shown in Fig. 5.9. In
fact, the AOM driver has a trimmer to change the RF power level.
Then, in order to estimate the di�raction e�ciency, we measured the power

Figure 5.9: The measured single-pass di�raction e�ciency vs driving DC
voltage.

beam Pinc before entering the AOM, the power beam Psingle after the single-
pass (�rst-order) and then the power beam Pdouble retrore�ected into the
AOM after the re�ection by the PBS. The estimate of the di�raction e�-
ciency in the two cases is as follows:

ϵsingle =
Psingle

Pinc
∗ 100 = 85% (5.6)

ϵdouble =
Pdouble

Pinc
∗ 100 = 34%. (5.7)

Note that we obtained better results than the test in the Genoa lab, because
we used super-polished optics for the AdV+ experiment and we placed the
AOM device on a micrometric slide.



Chapter 6

Controls development for

AdV+

For audio-band squeezed vacuum �eld measurements is required a phase-
control loop with respect to a reference beam (local oscillator) [46]. The
coherent control (CC) loop is a two-actuators loop: the �rst is in the optical
path of the green beam and stabilizes the phase of the squeezing ellipse that
is generated by the OPO; the second is at detector level (interferometer or
homodyne detector) and is used to �x the phase with the local oscillator
(LO).
In this chapter, the implementation of coherent control loop at homodyne
detector level in Quantum Noise Reduction system for Advanced Virgo Plus
is described.

6.1 Elements of Control Systems and Transfer

Function de�nition

In this section, a general control system scheme will be explained in order to
understand better the development of the CC loop in Advanced Virgo Plus
detector [47].
A Control System is an ensemble of interconnected components designed to
achieve a desired purpose.
Let's de�ne all the elements of a control system following the scheme shown
in Fig. 6.2:

- setpoint is the desired value of your system;

- input �lter is a transducer from physical quantity to electrical signal;

- summation point allows you to compare between setpoint and mea-
surement;

- error signal is a quantity that must be kept to zero;
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Figure 6.1: Open loop control system.

Figure 6.2: Closed loop control system.

- controller is a physical/software equipment which determines how to
achieve the setpoint;

- control signal is the output of controller which is sent to the machinery
which actually drives the system;

- plant is the physical system of interest, composed by actuators, i.e.
the equipment which changes the Plant's behaviour according to the
designer's desire, and the physical process one is interested in;

- then we have the output, i.e. the outcome of the control chain;

- sensor is the equipment which reads the physical variable to be con-
trolled;

- measurement, i.e. the physical variable to be controlled, after a possible
conversion to electrical signal;

- moreover, we have the presence of noises, i.e. the cause of disturbances
in the system. In particular, following the scheme, we have:

- the control noise which is an imperfect output of the controller
(digital/numerical noise, mistuned gain, badly placed poles/zeros,
etc..);
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- the actuator noise, which is an imperfect conversion from signal
to real output (DAC noise, etc..);

- the process noises, i.e. all kind of disturbances in the physical pro-
cess (fabrication defects, mechanical faults, external environment,
etc..);

- the sensor noises, which is an imperfect reading of the physical
variable (sensor calibration, working conditions, environmental
couplings, shot noise, ADC noise, electronic/dark noise, etc..).

Let's consider the most common kind of system, because most of the dynamic
systems of interest are described by constant-coe�cient linear di�erential
equations: SISO LTI Systems, i.e. Single Input Single Output Linear Time
Invariant Systems. From the properties of LTI systems, a linear system
response obeys the principle of superposition (i.e. if a system has an input
which is expressed as a sum of signals, then the response of the system is the
sum of the individual responses to the respective signals) and the response
of a LTI system can be expressed as the convolution of the input with the
unit impulse response of the system.
Paul Dirac's impulse response is a very intense but very short forces that
can be described by the mathematical impulse, as follows:

δ(t) = 0, t ̸= 0 (6.1)

∫ +∞

−∞
δ(t)dt = 1 (6.2)

and for the principle of superposition, the response y(t) of a continuous input
u(t) can be described as the sum of the responses of impulses h(τi), i.e. the
convolution integral:

y(t) =

∫ +∞

−∞
h(τ)u(t− τ)dτ. (6.3)

Assuming the input as u(t) = est, where s = σ+ iω complex, the output will
be the Laplace Transform of the unit impulse response h (t), as follows:

H(s) =

∫ +∞

0
h(τ)e−sτdτ. (6.4)

So, the ratio between the Laplace Transforms of the output and the input
is the Transfer Function of the system, i.e. the transfer gain from input to
output:

H(s) =
Y (s)

U(s)
(6.5)
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and for the LTI systems is better to �nd their frequency response H(jω),
which is a complex number that can be represented with a Bode Diagram,
which shows as a function of the frequency both the magnitude M and the
phase φ

M = |H(jω)| (6.6)

φ = ̸ H(jω). (6.7)

Since di�erentiation and integration in time domain become multiplication
and division in Laplace's domain, we can describe a controller or a component
as a rational function, which is much easier to handle:

F (s) = K

∏m
i=1(s− zi)∏n
i=1(s− pi)

, (6.8)

where zi are the zeros of the system and pi are the poles of the system.
So, designing a controller, i.e. a loop �lter, means designing the controller's
transfer function in order to have the global transfer function of the sys-
tem (the Closed Loop Transfer Function) with the requirement of stability,
tracking, regulation, robustness. In order to do so, the loop �lter's transfer
function must compensate the structures which are present in the actual sys-
tem, depicted as poles and zeros, with its own poles and zeros, which have
to be placed in a sensible way.
Finally, we can de�ne the Closed Loop Transfer Function (CLTF) as the
overall transfer function from output to input

CLTF =
G(s)

1 +G(s) ∗H(s)
(6.9)

and the Open-Loop Transfer Function (OLTF) as the transfer function with-
out the feedback path

OLTF = G(s) ∗H(s) (6.10)

where G(s) is the plant in a simpli�ed loop diagram. The OLTF is important
for the stability of the loop.

6.2 Coherent control loop for AdV+

In AdV+'s squeezing system the CC loop is needed to stabilize the relative
phase between LO and CC beams.
In this section, coherent control loop on the homodyne detector will be ex-
plained (see section 3.1 for more details on AdV+ squeezing system).
As shown in Fig. 6.3, with a delay line on a removable optical sled, we can
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choose whether to send the squeezing and CC beams on suspended benches
or directly on homodyne detector. In fact, we have three ways to measure
squeezing on the homodyne detector: with the delay line (the beam never
leaves EQB1 bench); with the retrore�ector (the beam arrives on SQB1
bench and goes back towards EQB1 bench); with the �lter cavity input mir-
ror. In the second and third con�guration we can choose whether to use
homodyne or to go towards interferometer using a HWP on SQB1 bench.
The delay line is used to mimic the distance between the last mirror of EQB1
bench and the retrore�ector on SQB1 bench (round trip) in order to super-
imposed SQZ and CC beams with the LO beam. Moreover, the delay line
allowed us to do the pre-commissioning of EQB1 bench in stand alone with
respect to the rest of QNR (Quantum Noise Reduction) system and to de-
couple the losses and phase noise present only on EQB1.
Concerning the sensor of the CC loop, we used the homodyne photodiodes

Figure 6.3: Optical setup of the External sQueezing Bench (EQB1) in Ad-
vanced Virgo Plus squeezing system. A motorized delay line allows the
squeezing beam (red dotted line) to be sent to the homodyne and not to the
suspended benches, so as to superimpose it on the local oscillator (blue line)
for diagnostic measurements.

(PDs) because they contain the information of the phase di�erence between
the two �elds that we want to �x. These two PDs are demodulated at the
frequency di�erence between LO and CC beams, i.e. 4.006 MHz (digital
demodulation).
Our squeezing system consists of one in-air external bench and two suspended
benches, this implies that the relative �uctuations between the benches are
very large. For this reason, we need a loop with a large bandwidth and a
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large range and to do that we decided to use a fast loop with little range
nested with a loop with a large range and little bandwidth. So, as actuators
of the CC loop, we initially used the two actuators on the LO path shown
in Fig. 6.3, i.e. LO_M2 (in front of the homodyne detector) that is a tri-
axial actuator with 30um of travel range, and LO_M1 (in front of the AEI
squeezer) that is a phase shifter with 3um of travel range.

6.2.1 Mathematical point of view:

Coherent control �eld at homodyne detector

In this section, the magnitude of the beatnote calculation between LO and
CC �elds at homodyne detector level is derived [48].
In the AEI squeezer box (see section 3.1.1), the CC laser provides the CC
�eld that is sent to the OPA. So, we can write the CC �eld, the pump �eld
inside the OPA and the local oscillator �eld as follows:

ECC(t) = αcos(ω0t+ γ +Ω) (6.11)

Ep(t) = βcos(2ω0t+ ϕ) (6.12)

ELO(t) = Γcos(ω0t) (6.13)

in which ω0 is the carrier frequency, γ the relative phase between CC and LO
�elds, ϕ is controlled by the pump phase CC loop. The nonlinear interaction
inside the OPA generates a second sideband at frequency −Ω. The control of
the quadrature angle of the squeezed vacuum with respect to a local oscillator
is achieved by the quadrature control �eld, that is frequency shifted against
the vacuum squeezed mode. According to simpli�cation explained in [49], the
quadrature control �eld, i.e. the coherent control �eld, at the OPA output
becomes:

ECC(t) ∝
1 + g√

2g
cos(ω0t+ γ +Ωt)− 1− g√

2g
cos(ω0t+ γ − Ωt− 2ϕ) (6.14)

where g is the OPA parametric gain. This expression represents the para-
metrically ampli�ed coherent control �eld. This �eld produces a beatnote
B(t) at frequency Ω with the local oscillator �eld at the homodyne detector,
as follows:

B(t) ∝ (1 + g)cos(Ωt+ γ)− (1− g)cos(−Ωt+ γ − 2ϕ). (6.15)

Moreover, we can write the beatnote as the sum of an in-phase term Bi and
a quadrature term Bq:

B(t) ∝ Bisin(Ωt) +Bqcos(Ωt) (6.16)
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in which the in-phase term and the quadrature term can be written as follows

Bi = −(1 + g)sin(γ)− (1− g)sin(γ − 2ϕ) (6.17)

Bq = (1 + g)cos(γ)− (1− g)cos(γ − 2ϕ). (6.18)

Concerning the CC phase after demodulation at Ω, ϕmeas is given by the
arctan of the ratio of the in-phase and the quadrature terms, as follows:

ϕmeas = arctan(
−(1 + g)sin(γ)− (1− g)sin(γ − 2ϕ)

(1 + g)cos(γ)− (1− g)cos(γ − 2ϕ)
) (6.19)

in which the relation between the relative phase γ and the measured phase
ϕmeas is not linear, unless the OPA non-linear interaction is negligible, i.e.
g=1.
Instead, the magnitude of the beatnote is given by the quadrature sum of
the in-phase and quadrature terms, as follows:

mag =
√

B2
i +B2

q ∝
√
2[1 + g2 − (1− g2)cos(2γ − 2ϕ)] (6.20)

in which it oscillates with the phase di�erence (2γ − 2ϕ). Moreover, the
parametric gain g can be obtained by the ratio of maximum and minimum
magnitude.

6.2.2 Scheme of CC loop

The idea of the CC loop is to stabilize the relative phase between LO and CC
beams and, knowing their phase di�erence via the demodulated RF di�erence
of the two HD photodiodes, it actuates on the PZT to actively change the
optical path length of LO beam so that the phase di�erence with CC beam
is constant.
The CC loop with a single actuator works well if we close it only on EQB1
bench (put the delay line). However when we remove the delay line and
send the beam towards the suspended benches, the optical path di�erences
between LO and SQZ beams oscillate much more and the range of only one
actuator is no longer su�cient. So, we need a second actuator that allows us
to make a second loop with lower bandwidth but greater range. The purpose
of this second loop is to keep the actuator of the �rst loop in the middle of
its dynamic range.
In fact, we have developed two loops, one using the phase shifter to close the
loop with high UGF (Unity Gain Frequency, which supplies the bandwidth
of the loop), named "fast CC Loop" and the other using the triaxial actuator
to have a long term stability, named "coarse CC loop".
The scheme of the fast CC loop is shown in Fig. 6.4. The error signal is the
demodulated signal from HD I quadrature, in which we have the possibility
to add noises (line, colored, white noise..) to make for example transfer
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Figure 6.4: Fast coherent control loop scheme.

Figure 6.5: Piezo holder for fast CC loop. It is symmetrical and hosts two
mirrors and two piezos. The idea is to push simultaneously the mount from
both the side in order to mechanically dump the resonances.

function. Then, we have the gain, to open/close the CC loop, the control
�lters, so we have the correction to send to the piezo (shown in Fig. 6.5).
The scheme of the coarse CC loop is shown in Fig. 6.6. First of all, a

"switch" allows you to choose between two di�erent error signals: one is the
same error signal of the fast CC loop (DIFF_RF_4MHz_I), and the other
is the correction of the fast loop signal (CC_CORR).
Following the scheme, we have the possibility to add setpoints, then we
have the gain and we can open and close the loop with an enable, then the
possibility to add noise in order to measure transfer function of the system,
the �lters and some triggers for automatic relay loop or for reset it (for
example if the correction signal of the fast CC is bigger than his dynamical

Figure 6.6: Coarse coherent control loop scheme.
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Figure 6.7: Fast and Coarse CC loops characterization. This �gure shows
the coarse CC open loop gain transfer function with fast CC as error signal
(the red curve is the simulated and the blue curve is the measured transfer
function). The top plot is the magnitude transfer function, in the center the
phase transfer function and in the bottom the coherence.

range, the loop will open).

6.2.3 Characterization of CC loop on EQB1 bench

In this section, the results of UGF and residual phase noise obtained by
closing the coarse CC loop using the fast CC loop as correction signal, only
on EQB1 bench, are shown.

In order to characterize the CC loop, we measured the open loop gain
transfer function (OLGTF) to have accurate simulations of the system and
optimize the control �lter.
Fig. 6.7 shows the coarse CC open loop gain transfer function, in which
we modelled his plant with only one pole at 300 Hz with Q=0 and one
delay of about 1msec. Then, we designed new �lter, adding a boost at low
frequencies, for both coarse and fast CC loops and in Fig. 6.9 are shown the
results:

- starting from the upper plot, with new �lter (the black curve) we have
phase noise about 6.5 mrad, compared to the phase noise without boost
of about 17.3 mrad (the blue curve);

- in the bottom plot the blue curve is the open loop and its phase noise
is about 140mrad;

- the red curve in the bottom plot is the sensing noise, measuring shut-
tering the squeezing beam, and its residual phase noise is about 0.9
mrad;
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Figure 6.8: Fast and coarse CC loops characterization: we achieved an UGF
about 1 kHz.

Figure 6.9: The residual phase noise results between LO and CC beams of
the CC loop comparing di�erent �lters.
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- the open loop residual phase noise between 1-5 kHz is about 5 mrad, so
in order to decrease phase noise we need to increase the UGF (as shown
in Fig. 6.8 about ∼ 1kHz), although it is enough for the squeezing
measurements;

- in order to improve the UGF of the CC loop, we modelled the resonance
around 200 Hz (see Fig. 6.7 and 6.8) and we managed to compensate
it adding in the control �lter a zero at 205 Hz with order Q=40 and a
pole at 209 Hz with Q = 40. In this way we achieved an UGF of about
1.6 kHz. Moreover, we achieved long term stability.

6.2.4 FDS system: CC loop

The CC loop described in the previous section was used to measure squeez-
ing in di�erent con�gurations. We noticed that when we went to the low
frequency suspended benches, a bump (Fig. 6.10) has been created due
to the scattered light of the LO from the BRDF (Bidirectional Re�ectance
Distribution Function) of the homodyne photodiodes. The scattered light
was modulated by the optical path variation between the homodyne (EQB1
bench) and the suspended element re�ecting squeezing (FCIM or retrore-
�ector). Moreover, for AdV+, the squeezing ellipse must be rotated around
20-30 Hz and in order to diagnostically measure FDS at < 300Hz on EQB1
bench, we have to compensate the stray light bump on the EQB1 homodyne
channel used to measure squeezing.
Thus, to fully characterize the squeezing before injecting it in the interfer-
ometer, a stray light loop (SLL) has been developed acting on the squeezing
optical path to stabilize the optical path length, especially after the light has
been scattered by the photodiodes, so the right actuator would be LO_M2
used for CC Coarse until then.
I won't cover the stray light loop in detail (see [50]), but it is of interest to
us to de�ne the changes to the CC loops.
With the stray light loop, the coarse CC loop is closed on Filter Cavity Input
Mirror (FCIM MIR Z, as shown in Fig. 6.11), while fast CC loop is always
closed on the phase-shifter LO_M1. First of all, we designed a �lter for the
coarse CC loop on FCIM in accord with the measured transfer function of
the �lter cavity (see Fig. 6.12). However, we noticed that CC coarse on
FCIM only works with low seismic noise otherwise it adds noise in the �lter
cavity control, spoiling a lot all the cavity longitudinal and angular parame-
ters. In fact, this problem comes from the motion of the input mirror that is
misaligning the system since FCIM MIR Z is coupled with the other DoFs.
The idea is to remove the actuation of the coarse CC loop from the FCIM
not to re-inject noise in the system or spoil the lock of the cavity.
Therefore, some changes have been made to the con�gurations to make the
CC loop and Stray Light Loop coexist:
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Figure 6.10: The di�erential channel of the homodyne detector: the blue
measurement is performed only on EQB1 bench; the red measurement is
performed in the entire AdV+ squeezing system. As shown in red, a noise
at low frequencies appears due to scattered light generated by the LO beam
di�used by the homodyne photodiodes.

- we increased the fast CC loop bandwidth by moving it to the phase
shifter inside AEI Squeezer Box (as shown in Fig. 6.3). Although we
already satis�ed the requirement, we made this change to be able to
use LO_M1 for CC coarse in order to have a little more range;

- we have added a new LO_M2 actuator (see Fig. 6.13) to increase the
bandwidth of the coarse CC loop. The coarse CC loop was therefore
done with LO_M1 and LO_M2, while the stray light loop is closed on
M4;

- this con�guration is sub-optimal because it works only when the seis-
mic noise is very low. So, in the future LO_M1 and LO_M2 will be
replaced by a closed loop actuator with the same range of M4 which
will be placed in the path of LO and therefore M4 will be used for the
stray light loop and LO_M1 again for the CC Coarse.

So, the last CC loop con�guration composed by three actuators on EQB1
bench is shown in the following table.

EQB1 mirrors CC loop con�guration

Phase shifter inside AEI Squeezer Box Fast CC loop
LO_M1 (the actuator of the previous fast CC loop) Coarse CC loop
LO_M2 (new phase shifter in front of the HD) Coarse CC loop

6.2.5 Results and conclusions

In this sections, the results obtained with the current CC loop con�guration
will be shown.
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Figure 6.11: CC loops scheme with coarse CC loop closed on the Filter
Cavity Input Mirror (FCIM), and fast CC loop closed on LO_M1.

Exploiting the presence of the delay line, we optimized the fast CC loop
OLGTF (Fig. 6.14) improving the �lter, adding also a boost �lter.
In this way we improved the phase noise between 1 Hz and 5 kHz. Moreover,
the peak at 55 Hz visible in Fig. 6.14 was due to a resonance of the mount
mirror of the IR telescope on EQB1 bench, which was later suppressed by a
clamp installation.
To have more range when the squeezing beam is sent towards the �lter cavity,
we can use for the coarse CC loop the actuator used for the Stray Light Loop,
M4_z, choosing not to close the SLL.
Finally, the CC loop is stable and the actuation calibration range of the
current CC loop con�guration is shown in following the table.

EQB1 mirrors Actuation range [um/V]

LO_M2 (coarse CC loop) 1.08
LO_M1 (coarse CC loop) 0.55
M4_z (coarse CC loop) 8.60
AEI actuator (fast CC loop) 0.86
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Figure 6.12: The measured transfer function of the �lter cavity, with on the
top the �lter cavity controller in ACL code.

Figure 6.13: The new slow long range phase shifter for coarse CC loop
(LO_M2).
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Figure 6.14: The OLG transfer function of the new fast actuator inside the
AEI Squeezer Box, with delay line in order to avoid to close coarse CC loop.
After �lter improvements, we achieved UGF around 3 kHz.
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Chapter 7

Automatic-alignment loops for

AdV+

In this chapter, an Automatic-Alignment (AA) loop technique using dither
line developed for AdV+ squeezing system will be described, in particular
two preliminary AA loops fundamental before the injection of squeezing
light into the interferometer will be treated.
In fact, automatic-alignment loops are needed as the observable squeezing
level is reduced by misalignments, as shown in Fig.7.1. So, a system to

Figure 7.1: The e�ect of misalignment on the observed squeezing level. The
squeezed beam is misaligned by rotating one of the mirrors in the input path
and with 0.4 mrad of misalignment, all squeezing is lost. Misalignments are
compared to a numerical model [51].

align many optical cavities automatically is needed in order to avoid the
degradation of squeezing level.

77
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7.1 Automatic alignment of optical cavities

First, let us look at how to align an optical cavity. Align a cavity with re-
spect to an input laser beam or viceversa means to maximize coupling to the
fundamental spatial mode, minimizing the higher-order spatial modes [52].
Moreover, the coupling can be inphase, i.e. due to the transverse displace-
ment and mismatch of the waist size input with respect to the cavity axis
and waist size, or a quadrature coupling, i.e. due to angular misalignment
(tilt) and waist translation. The two types of coupling are shown in Fig. 7.2.
Let's derive the inphase and quadrature couplings starting from the orthog-

Figure 7.2: The misalignments between the input beam and the cavity axis
and waist, in particular (a) and (c) are inphase coupling, transverse dis-
placement and waist size mismatch respectively, (b) and (d) are quadrature
coupling, tilt and axial waist displacement, respectively [53].

onal set of modes of propagation in a Cartesian coordinate system used to
expand an electric-�eld distribution:

Un(x, z) = NnHn(
√
2
x

ω
)
ω0

ω
exp{−i(kz − ϕn)− x2(

1

ω2
+

ik

2R
)} (7.1)

where x is the distance from the z-axis (the propagation beam axis), Hn is
the Hermite polynomial of order n, Nn is a normalizing factor, k = 2π

λ , z=0
is the position of the waist in which the beam half-width is ω0 and ϕn is
the phase di�erence between the Gaussian beam and an ideal plane-wave
approximation given by

ϕn = (n+ 1)arctan(
λz

πω2
0

). (7.2)
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The beam radius of curvature R is given by

R = z[1 + (
πω2

o

λz
)2] (7.3)

and the beam half-width ω is given by the relation (5.1). The normalizing
factor is given by

Nn =
Γ(n2 + 1)

Γ(n+ 1)
(7.4)

so, for n even we have Un(0, 0) = ±1 and for n odd we have Un(0, 0) = 0.
Thus, we can write the fundamental and �rst two higher-order mode as
follows:

U0(x) = exp{−x2

ω2
0

} (7.5)

U1(x) = 2π
1
2
x

ω0
exp{−x2

ω2
0

} (7.6)

U2(x) = (
4x2

ω2
0

− 1)exp{−x2

ω2
0

}. (7.7)

Now, we can write the expression of a beam E=AU0, with A amplitude,
tilted at a small angle α with respect to the cavity axis (the point b in the
Fig.7.2):

E ≃ A[U0 + i
kω0√
2π

αU1]. (7.8)

Thus, tilting a beam that is in the fundamental mode causes a coupling into
the �rst-order mode which is π/2 out of phase with the fundamental.
Using the same notation, we can write the expression of the input beam
for the other cases show in the Fig.7.2. A beam displacements by a small
amount a (the point a in the Fig.7.2) can be written by

E ≃ A[U0 + i

√
2

π

a

ω0
U1] (7.9)

hence a small transverse displacement couples into the �rst o�-axis mode as
does tilting but with a π/2 phase shift.
In the case of waist-size mismatch (the point c in the Fig.7.2), i.e. if the
beam and cavity waist size are mismatched by a small amount ∆ω, we can
write

E ≃ A[U0 + i
∆ω

2ω0
U2] (7.10)

so, it can be described as an in-phase addition of a second-order mode term.
Finally, in the case of axial waist displacement (the point d in the Fig.7.2),
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i.e. if the waist position of the beam is displaced by a small amount b along
the cavity axis, we can write the electric �eld of the input beam as follows

E ≃ A[U0 + i
b

2kω2
0

(U2 + U0)] (7.11)

thus, a curvature mismatch is represented by a coupling into the second-order
mode that is π/2 out of phase with the fundamental.

7.2 Homodyne automatic-alignment loop using

dither line technique

In ADV+ squeezing system, a homodyne detector (HD) is present on the
in-air External sQueezing Bench (EQB1) for diagnostic measurements (Fig.
7.3).
As the beams travel from EQB1 bench on the suspended benches to reach
the �lter cavity, back and forth, there could be long-term drift, so an align-
ment system to keep constant level of SQZ is needed.
In this section the homodyne automatic-alignment loop will be describe.
In order to sense the interference between a local oscillator (LO) taken from
the squeezer and the squeezed beam (section 3.1.1), the two beams must
obviously be superposed, maximizing a physical observable and to do that
we developed an AA loop.
Let's describe the logic of the loop [54].

Figure 7.3: External in-air squeezing bench in Advanced Virgo Plus. Colored
mirrors are motorized. The AEI squeezer is inside the yellow box [32].

The AA loop uses dither lines to �nd a global maximum for each DoF of
the actuators used. Dither lines are small sinusoidal modulations at well
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Figure 7.4: A picture of the interior homodyne detector installed in the
external in-air squeezing bench for Advanced Virgo Plus squeezing system.

separated frequencies. The optimal alignment occurs when the e�ect of the
angular modulation is minimal. Moreover, the error signal of the loop is
extracted by demodulating dither lines applied to each DoFs of the actua-
tors. A diagonal driving matrix provides the corrections to be given to the
actuators starting from sensing (error signals).
Concerning the driving, the AA loop uses piezo-intertia actuators (the pink-
mirrors M4 and M6 represent in Fig.7.3) and are in front of the homodyne
detector.
The sensing of the loop is represented by the amplitude of the beatnote
at 4 MHz between LO and CC beams measured by the di�erence between
the photocurrents of the two photodiodes inside the HD (see Fig.7.4). This
beatnote is �rst demodulated at 4MHz and then separately demodulated
four more times at the frequency of the four dither lines.
In order to close the AA loop, it is necessary to pre-align the system and

to do that we have installed two cameras to image the Near-Field and Far-
Field, as shown in Fig.7.3. The Near-Field camera is positioned on the waist
of the beam, where we have �at waves and it is sensitive to tilts. Instead,
the Far-Field camera is sensitive to shifts, having spherical waves.

7.2.1 Pre-alignment procedure

As we cannot see the squeezing beam on the cameras, we overlap the sub-
carrier beam, which is collinear with the coherent control beam and the
squeezing beam in the OPA inside the AEI squeezer box, with the Local
Oscillator (LO).
As shown in Fig. 7.3, the combined beams on the homodyne beam splitter
are de�ected with a motorized mirror (HD_MIR) towards the two cameras,
in order to optimize their relative alignment and mode matching.
First of all, mode-matching has been optimized with a motorized telescope
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Figure 7.5: A picture of the pre-alignment procedure with the sub-carrier
and the local oscillator beams on the Near-Field camera.

Figure 7.6: Optical setup of the EQB1 bench with particular attention to
the optical paths of the LO and the sqz beams inside the homodyne towards
the Far-Field camera and the Near-Field camera, using a removable mirror
(HD_MIR).

lenses on LO path so as not to be touched again. Then, by alternatively
closing the shutters on LO and SQZ paths, the position and size of laser
spots on the cameras are recorded (see Fig.7.5), then the actuators on the LO
path are tuned to overlap sub-carrier on LO. Thus, the sub-carrier beam is
shuttered, the combined beams (SQZ+CC and LO) are sent to the homodyne
photodiodes and no longer to the cameras (by moving the motorized mirror)
and the interference fringes between the superimposed beams are observed.
The optical setup of the SQZ and LO paths is shown in Fig. 7.6.
At this point the AA loop comes into play.

7.2.2 Scheme of homodyne automatic-alignment loop

The goal of the AA loop is to maximize the magnitude of the beatnote at
4MHz between coherent control beam and a reference beam (local oscillator
beam) on the homodyne detector demodulated at the dither line frequencies.
In this way, we are superimposing the LO with the squeezing beam, since
the coherent control beam is transmitted by the OPO, hence it is collinear
with the squeezing beam.
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Figure 7.7: Scheme of homodyne automatic-alignment loop, in particular the
extraction of error signals with dither lines technique is shown.

Figure 7.8: Control scheme of the homodyne automatic-alignment loop using
dither line technique. Once the error signals have been extracted, from the
driving matrix (on the left) we get the corrections to be provided to the
mirrors (on the right).
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Let's analyze in detail the AA loop written in ACL code, whose schemes are
shown in Fig. 7.7 and in Fig.7.8.
We sent one dither line for each degree of freedom of the two actuators M4

and M6, with frequencies in the bandwidth with less noise and well sepa-
rated: 412 Hz, 512 Hz, 612 Hz, 712 Hz. Dither lines create disturbances on a
degree of freedom used to align the HD magnitude (mag in the Fig. 7.8) on
the frequency of the line. In order to extract an error signal, the magnitude
is demodulated at the frequency of the dither line. We have de�ned the
phase of the error signals, i.e. of the I and Q quadratures and we tuned this
phase in order to see all the signal on the I quadrature.
Therefore, the frequencies of the dither lines are used both for demodulation,
in fact to create the I and Q signals the magnitude is taken and demodulated
at the dither line frequency, and for the control �lters, in fact to be sure to
remove disturbances in the error signal at the line frequency, we also add a
notch (a band-stop �lter) at the line frequency in the demodulation �lter.
Then, we got the sensing matrix, that is the inverted driving matrix (shown
below in ACl code), which gives us the corrections to be given to the actua-
tors as shown with the command ACL_MATRIX_BEGIN.
Therefore, the error signal is the correction from the driving matrix added

to the setpoints of the mirrors M4 and M6.
On the scheme in Fig. 7.8 is also present a �ag (HD_DIFF_mag_�ag) that
is a check that the beam is arriving on the homodyne's photodiodes.

7.2.3 Results and discussion

Since squeezing must have a long term operation and since there are slow
drifts between suspended objects and objects on the ground, to demonstrate
this long term operation with the diagnostic mode we have implemented the
AA loops.
Fig. 7.9 shows the signals of interest when the automatic-alignment loop

is closed. So, the loop works in fact the magnitude is maximized and the
error signals go to 0. However, the actuators diverge due to the fact that
they are too close together, they have too little Gouy phase and therefore
both cannot be used at the same time. In the de�nitive version of the HD
AA loop, we use only M6 actuator and the HD AA loop is stable.
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Figure 7.9: Signals of interest for the homodyne automatic-alignment loop.
Starting from the top left plots, we have the magnitude of the beatnote at
4MHz between the coherent control beam and the local oscillator beam, in
the top center the setpoints of the DoF of the two actuators, the other show
the I and Q error signals for each DoF. At about 38 sec, we closed the HD
AA loop and the error signals went to 0, maximizing the magnitude [54].
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7.3 Sub-carrier automatic-alignment loop using

dither line technique

In AdV+ squeezing system we developed another AA loop on EQB1 bench
using dither line technique: sub-carrier AA loop.
The IR sub-carrier �eld laser is phase locked to main laser frequency of the
AEI squeezer with a frequency o�set of 1.26 GHz, such as to be anti-resonant
in the OPA of the squeezer source, in the interferometer output mode cleaner
and signal recycling cavities (section 3.1).
Passing through an EOM for the PDH sidebands, the sub-carrier �eld is
sent to and re�ected from the low-losses single in-air Faraday isolator on
the squeezed vacuum path back towards the OPA to be mode-matched. It is
then re�ected by the OPA, so co-propagating with the squeezed �eld towards
the �lter cavity. The sub-carrier beam path is shown in Fig. 7.10.

Figure 7.10: Sub-carrier beam path. In this scheme are shown only the main
part of the beam path, in particular from the SC laser source, the beam
goes through the EOM in order to generate the sidebands for the PDH, then
using the two actuators M1 and M3 it goes through the single low-losses FI
in order to go towards the AEI squeezer inside the OPA. Then it is re�ected
from the OPA and goes again through the single FI and with a �ip-mirror
we can measure the beatnote on a RF photodiode between the SC beam and
the CC beam.
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7.3.1 The logic of the SC AA loop and results

The goal of SC AA loop is to measure and to maximize the amplitude of the
sub-carrier and the coherent control beams beatnote at 1.26 GHz with a RF
power detector.
The logic of the loop is the same that the homodyne AA loop, but in this
case the driving is composed by two other tip-tilt piezo-inertia actuators (M1
and M3 in Fig. 7.10) before the single Faraday Isolator on EQB1 bench (the
blue mirrors in Fig. 7.3).
In order to measure the beatnote, we aligned a fast photodiode in re�ection

Figure 7.11: A chain at sub-carrier photodiode output made of a RF cavity
�lter (BP1260-12.6-8CS, YUN Micro Electronics), centered aroud 1.26 GHz,
and a RF power detector (ZX47-60LN-S+, Minicircuit).

from a �ip-mirror controlled via remote after the EQB1 Faraday isolator: in
this way, one can either observe the output signal from the FI on the fast
photodiode (by pulling up the �ip-mirror), or send the SC beam towards the
homodyne (by pulling down the �ip-mirror).
Then, we applied a chain at the fast photodiode output made of a RF cavity
�lter, centered aroud 1.26 GHz, and a RF power detector (see Fig. 7.11).
Fig. 7.12 shows the RF cavity �lter characterization: the output of the RF
power detector decreases when RF beatnote power increases. The output of
the power detector is acquired on a DAQ channel using a line driver.
So, we demodulated this channel at the angular dither lines frequencies to get
the error signals for the SC AA loop (Fig. 7.14). The dither lines frequencies
of the SC AA loop are the same used for the HD AA loop (412 Hz, 512 Hz,
612 Hz, 712 Hz), but in this case applied on each DoF of the two actuators
on the SC path before the Faraday isolator.
Once the beatnote is maximized on the fast photodiode, the SC AA loop has
to be open and the beam is sent towards the homodyne on a photodiode in
front of the HD. In this way, we can check the mode-matching of the SC on
OPA, scanning the OPA inside the AEI squeezer by remote, and observe the
DC signal on the photodiode.
Fig. 7.15 shows the 99 % mode-matching achieved of sub-carrier beam on
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Figure 7.12: The RF cavity �lter characterization.

Figure 7.13: RF photodiode for the SC and CC beatnote.
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Figure 7.14: The extraction of error signals in the SC AA loop with dither
lines technique.

Figure 7.15: Mode-matching of sub-carrier beam on OPA: 99%. The �gure
below shows the higher-order peaks zoomed in.
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OPA, where the dips are due to the resonant coupling of SC beam into the
OPA and in this measurement we were in squeezing mode. In the case of
BAB mode, in the mode-matching measurement we would have seen the
transmission peaks of the BAB above the bias due to the o�-resonant re�ec-
tion of the SC beam.



Chapter 8

The development of the EPR

experiment

A di�erent technique to achieve a broadband quantum noise reduction be-
low the standard quantum limit has been proposed in 2017 by Ma et al.
[38]. This proposal uses a pair of squeezed EPR entangled beams to pro-
duce frequency-dependent squeezing by a non-degenerate OPO consinsting
of KTP (Potassium Titanyl Phosphate) crystal inside optical cavity and does
not require additional �lter cavity (see section 3.2). Eliminating the need for
external cavity, this method is less expensive, has more compact setup and
it avoids the 1ppm/m round trip losses for the �lter cavity, but on the other
side two squeezed beams imply double losses and the need for two homodyne
detectors to reveal them.
This method was already demonstrated and tested in a single cavity by the
German and Australian groups, but it has never been demonstrated and
tested in an interferometer [55].
In this chapter, the design and characterization of the EPR experiment in
the R&D laboratory at EGO-Virgo site are described [56].

8.1 Optical design of the EPR experiment

The EPR R&D project has been installed at EGO-Virgo site.
Prior to the EPR setup, a FIS R&D bench was installed and new control
techniques with �nite state machine Virgo-compatible were developed (see
[57]).
Fig. 8.1 and Fig. 8.2 show the conceptual design of a table-top EPR

experiment and the optical setup that we developed at EGO-Virgo site,
respectively.
Starting from the conceptual design, we have three lasers:

- the �rst is for the Second-Harmonic Generation (SHG) that goes into
the Optical Parametric Oscillation (OPO) and then produces two

91
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Figure 8.1: The conceptual design of a table-top EPR-experiment, in which
a test-cavity is used instead of the interferometer.

beams (signal and idler) that will go into the test cavity, which acts as
an interferometer and must be detunate for the idler;

- the second provides the local oscillator for the idler;

- the third provides the local oscillator for the signal.

The two lasers that provide the local oscillator beams have the frequency of
the idler and the signal beams, and their frequency shift with respect to the
main lasers are obtained by two fast OPLLs (Optical Phase Locked Loops)
[58]. The local oscillator beam is a reference beam that has the desired
squeezing frequency to be revealed and selects the beam by the beatnote.
Moreover, only one beam is produced from the OPO, in fact signal and
idler are generated together, so we have to separate them since they have
di�erent frequencies and we detect them using two homodyne detectors.
The homodyne measurement of a �xed quadrature of the out-going idler
�eld conditionally squeezes the input signal �eld in a frequency-dependent
way, and in this way broadband reduction of quantum noise is achieved.
In our optical setup (Fig. 8.2) we have only two lasers, in fact we installed
four acousto-optical-modulators (see chapter 5 for details on how they work)
in order to provide the beams for the coherent control of idler and signal, so
we don't need the two OPLLs. Moreover, the AOMs are also used to lock
the OPO and the test cavity.
Thus, we proposed, for the �rst time, an optical setup to inject EPR-
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Figure 8.2: Optical setup for EPR table-top experiment in the R&D labora-
tory at EGO-Virgo site (inkscape drawing).
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Figure 8.3: Simpli�ed optical setup for EPR table-top experiment in the
R&D laboratory at EGO-Virgo site. Notice that only two of the four AOMs
are shown in this optical setup.

squeezed �elds into SIPS (Suspended Interferometer for Ponderomotive
Squeezing), i.e. into a small-scale suspendended interferometer in the
same frequency band of gravitational wave detector, which is sensitive
either to radiation-pressure-noise and shot-noise, depending on the obser-
vation frequency [?]. SIPS is a suitable demonstrator of EPR principle
before possible integration in GW detector (for example in Einstein
Telescope [59]) and in this way a frequency-dependent reduction of quan-
tum noise will be achieved. SIPS project was developed by Roma group [60].

In order to understand the function of each part of our optical setup, in Fig.
8.3 is shown a simpli�ed optical bench:

- in pink we have the optical setup for the injection in a small suspended
inerferometer similar to Virgo detector;

- in yellow we have the optical setup for the pump beam generation: the
produced beam will be used as pump beam for the OPO (see Fig. 8.4);

- in light-blue is shown the entangled beams production by a non-
degenerate OPO;

- in green is shown the etalon cavity for the separation of the two entan-
gled beams (see Fig. 8.5);

- in blue is shown the optical setup for the injection into the test cavity;
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Figure 8.4: A picture of the SHG (Second-Harmonic-Generation) cavity,
which generates the squeezing pump beam at 532 nm. SHG is an hemilithic
cavity, consisting of a PPKTP (Periodically Poled Potassium Titanyl Phos-
phate) non linear crystal and a coupling mirror [9].

Figure 8.5: The mechanical design of the etalon holder: on the top, a Peltier
element and a cooler; an indium foil covers the ethalon lateral side to have
a good thermal contact between the etalon and the holder; on the bottom
a polymer ABS to ensure no thermal cut-o� between the optical table and
the holder [61].
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- in purple the homodyne detectors to reveal the two entangled beams
are shown. In fact, each squeezed beam, separated by etalon cavity,
interferes with a local oscillator beam at a 50:50 beam splitter. In this
way, the two identical beams exit the output ports of the beam splitter
and arrive at two photodiodes whose photo-currents will be subtracted
so that classical noise will be cancelled and only quantum noise of the
reference beam will survive, which will be reduced by the squeezed
beam.

So, in our EPR experiment, the idler that is detuned with respect to the test
cavity, experiences a frequency-dependent reduction of quantum noise. The
entanglement of signal and idler assures that also the signal will be squeezed
in a frequency-dependent manner.
The �nal goal of our EPR experiment is to inject for the �rst time, these
beams in a system sensitive to quantum noise in the whole detection band-
width at the same frequencies of GW detectors.

8.2 Optical setup of the EPR experiment

The optical design for the EPR experiment is completed. We calculated focal
lenses with Gaussian Beam software, which is a Gaussian optics simulator
with a graphical interface and an optical data editor. Through Gaussian
beam we simulated the optical paths of all the beams present in the optical
design, in particular taking into account the double-pass of the AOMs: as
well described in the chapter 5, it is necessary to simulate the incident beam
in the AOM (single-pass) and then the retrore�ection (double-pass). An
example of this type of simulation is shown in Fig. 8.6, in which we simulated
the optical path from the AUX laser to the �rst AOM, shown in our optical
design (see path shown in Fig. 8.2).
The optical setup is in progress, in particular we have to complete the optics
installation and their alignment before the two homodyne detector used to
measure the two entangled beams.
In the next sections, three activities related to the cavity test for EPR optical
setup are shown.

8.2.1 SHG cavity alignment

The test of the SHG alignment was perfomed in Genoa laboratory and the
optical setup is shown in Fig. 8.9. Before to align the SHG cavity, we checked
the status of the crystal inside the cavity and of the coupling mirror with a
microscope (see Fig. 8.7 and 8.8).
The optical setup for the SHG alignment is shown in Fig. 8.9.
Fig. 8.10 shows the simulation of the optical path of the beam towards the
SHG cavity, adding two lenses in order to obtain the right size of the waist
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Figure 8.6: Data editor and graphical interface from Gaussian Beam software
of the simulation of the optical path from the AUX laser to the �rst AOM.
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Figure 8.7: On the top, the coupling mirror of the SHG is shown. On the
bottom, the crystal inside the SHG cavity is shown.

inside the SHG (about 30 µm at 1064 nm).
To correct align the SHG cavity, we followed this procedure:

- we mounted the SHG cavity by inserting the peltier cell and thermome-
ters in the correct position (�xing the wires for the Thermoelectric
Cooler (TEC) control in the cavity with conductive paste);

- we removed the coupling mirror;

- we aligned the cavity by observing the beam in transmission with a
beam pro�ler;

- we moved the steering mirrors (M1 and M2 in Fig. 8.9) so that the
beam re�ected from the SHG and the incident beam coincide;

- we positioned the coupling mirror so that the incident and the re�ection
coincide.

This alignment has to be optimized in order to achieved about 91% of fun-
damental mode content for the transmitted power.
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Figure 8.8: Check of the SHG cavity status. On the top, the coupling mirror
seen with the microscope. On the bottom, the crystal inside the SHG cavity
seen with the microscope. For both, no evidence of fractures, only presence
of dusts.
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Figure 8.9: Optical setup for SHG alignment performed in Genoa laboratory.

Figure 8.10: Data editor and graphical interface from Gaussian Beam soft-
ware of the simulation of the optical path for SHG alignment.



8.2. OPTICAL SETUP 101

8.2.2 Etalon alignment

The test of the etalon alignment was performed at EGO-Virgo site in the
R&D laboratory. In this section, the Etalon alignment procedure for the
EPR experiment will be explained.
A solid etalon is a monolithic Fabry-Perot cavity necessary for the separa-
tion and detection of two entangled beams in the EPR experiment (for more
details on the etalon development, see [61]).
This system is able to separate the two entagled beams, in particular signal
beam trasmitted at 97.4% and idler beam re�ected at 97.8% (see Fig. 8.11).
Each of them will be detected by two separate homodyne detectors.

The optical design and setup for the etalon alignment are shown in Fig.

Figure 8.11: Etalon transmission (blue curve) and re�ection (red curve) vs.
laser frequency [57].

8.12 and 8.13: to align the etalon, we installed a PBS in order to have only
P-polarization inside the etalon and a QWP to have circular polarization.
Infact, if the beam is re�ected back by the etalon, it will go a second time
through the QWP, becoming S-polarized.
Then, we have added two steering mirrors (red circle in Fig. 8.13) for the

Figure 8.12: Optical design for etalon alignment performed in the R&D
laboratory at EGO-Virgo site [62].
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Figure 8.13: Optical setup for etalon alignment performed in the R&D lab-
oratory at EGO-Virgo site [62].

Figure 8.14: Etalon cavity is a system thermally controlled using a temper-
ature controller (on the left) piloted by labview software (on the right) [57].
In the labview interface are shown the temperature setpoint and the PID
(Proportional Integrative Derivative), i.e. the parameters for the control
loop. Time is required to stabilize the temperature.
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Figure 8.15: Fundamental mode content (blue curve) for the transmitted
power of the etalon.

alignment of the beam inside the cavity, a focal lens (f=500 mm) due to the
3 mm aperture of the etalon coating, an iris diaphragm (blue square in Fig.
8.13) to better align, and a �lter in order to not saturate PDs.
During the etalon alignment, we also used an IR viewer in order to look
at the re�ected beam on the iris diaphragm in order to superpose it to the
incident beam.
In order to be exactly on the transmission peak, we need to scan the temper-
ature (Peltier installed) and to modulate the AUX laser (a Mephisto laser
with temperature laser crystal of 1K/V). Fig. 8.14 shows the box controller
of the temperature by labview software.
Finally to check the alignment, we also measured the power before and after
the etalon cavity with a power meter and, as shown in Fig. 8.15, we achieved
more than 96% of fundamental mode content for the transmitted power (to
be a little optimized).

8.2.3 MCIR cavity alignment

In this section, the MCIR cavity alignment on the TEM00 mode will be
presented, performed in Genoa laboratory. This MCIR will be used for the
signal or idler beam, as shown in Fig. 8.2.

Low-noise current driver

In order to align the MCIR cavity, we mounted a new driver for the �ber
optic laser diode DBR1064P (the same laser used in the chapter 5 but with
a di�erent driver).
Koheron CTL 101-1 (0-220mA, model b-200) is a low-noise current driver
with modulation combined with a temperature controller for laser diodes in
butter�y package (see Fig. 8.16). Once we connected well it to the diode
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laser, we set the current 80 mA, which corresponds to 7 mW of power laser
(from the characteristic P/I curve of our laser [43]).

Figure 8.16: The low-noise driver laser at Genoa laboratory (Koheron CTL
101).

Finally, to align the laser with respect to the MCIR cavity, we need 3 mA
to modulate the laser, so we sent a ramp with 300 mV peak to peak. This
values is due to the laser speci�c of the wavelength variation as a function
of current ∆λ

∆I = 0.002nm/mA, knowing the free spectral range of the MCIR
(550 MHz) and remembering the resonance condition 2L = nλ, with L the
length of the cavity.
The alternative method is to scan the MCIR applying a low-frequency ramp
signal to the piezo-actuated mirror of the cavity.

Actuators for MCIR alignment and results

A picture of the triangular MCIR cavity is shown in Fig. 8.17. The optical
design for the MCIR alignment is shown in Fig. 8.18 and its beam path
simulation in Fig. 8.19 from Gaussian Beam software.
In Fig. 8.20 a picture of the optical setup perfomed in Genoa laboratory is
shown: we have a collimator in the laser output, the EOM to phase-modulate
the laser in order to lock the MCIR cavity (Pound-Drever-Hall technique),
a telescope to have the right waist inside the MCIR cavity and four mirrors
for the beam alignment into the cavity.
In particular, we installed two actuators (M1 and M3 in Fig. 8.18) driven
by KIM101 controllers (Thorlabs K-Cube Piezo Inertia Motor Controller)
for remote alignment using a python script, and two other actuators (M2
and M4 in Fig. 8.18) driven by KPZ101 controllers (Thorlabs K-Cube Piezo
Controller) for automatic-alignment loop with dither line technique.
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Figure 8.17: MCIR cavity at Genoa laboratory for the EPR experiment [43].

Figure 8.18: Optical design for MCIR AA alignment in Genoa laboratory.
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Figure 8.19: Data editor and graphical interface from Gaussian Beam soft-
ware of the simulation of the optical path for MCIR alignment (from the
telescope to the MCIR cavity).

Fig. 8.21 shows the mirrors for the MCIR alignment.
Remembering that mode-matching (M.M.) is calculated as the percentage
ratio between the amplitude of the �rst-order mode resonance (V00) and the
sum of the amplitude of all the higher-order modes, within a FSR, as follows:

M.M. =
V00∑
ij Vij

∗ 100 (8.1)

we achieved M.M.TEM00∼ 90% using python script by M1 and M3 actua-
tors, as shown in Fig. 8.22.

We have to optimize this alignment with an automatic-alignment loop
with dither line technique (the development is in progress). In fact, the two
actuators driven by KPZ101 do not su�er from hysteresis, unlike actuators
driven by KIM101, therefore it is possible to develop an AA loop analogous
to those described in chapter 7.
The frequency response test of the AA actuators is shown in Fig. 8.23.
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Figure 8.20: Optical setup for MCIR AA alignment in Genoa laboratory.

Figure 8.21: Mirrors for MCIR AA alignment.
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Figure 8.22: Mode-matching improvement with actuators driven by KIM101
using python script: we achieved about 90 %. The blue curve is the MCIR
re�ection, the red is the ramp sent to modulate the laser.

Figure 8.23: Frequency response of AA actuators driven by KPZ101. Blue
curve is the sine sent to AA driver, red curve is the output of the KPZ101
controller.



Chapter 9

Results: squeezing

measurements in AdV+

In this chapter, the results obtained thanks also to the activities illustrated
in the chapters 4-5-6-7 are presented.
In particular, FIS and FDS measurements on the external homodyne detec-

Figure 9.1: Conceptual design of Advanced Virgo Plus squeezing system [32].

tor with the optimized losses and phase noise will be explained, in order to
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understand the contribution due to each part of the AdV+ squeezing system
(Fig. 9.1) [63].

9.1 FIS measurement on EQB1 bench

We characterized the frequency-independent squeezing only on EQB1 bench,
so with the beam folded by the delay line. In this way, we followed the
procedure below to estimate the losses and the phase noise only on EQB1
bench:

- we measured the sensing noise of the CC loop, comparing the spec-
trum of signal without (only LO on homodyne detector) and with (LO,
CC+SQZ beams on homodyne detector) the CC loop closed and we
observed that above 50 Hz the CC loop is not limited by the sensing
noise;

- we measured a homodyne Common Mode Rejection Ratio (CMRR)
> 60 dB, which did not limit our measurement. This measurement is
important in order to understand how balanced our detector is;

- then, we scanned the green pump power (Mach-Zehnder o�set), we
took a shot-noise spectrum and the results are shown in the Fig. 9.2.
In particular, we measured 7.5 dB of SQZ and 10.9 dB of ASQZ with
11.5 dB of generated SQZ;

Figure 9.2: Frequency-independent squeezing measurement with delay line
(only on EQB1 bench) at di�erent green pump power. Results: 7.5 dB of
squeezing measured, 10.9 dB of anti-squeezing, with 11.5 dB of generated
squeezing (light-blue curve); the black curve is the shot-noise [64].

- moreover, we �tted the data obtaining 11.0 ± 0.4 % of losses with 14.8
± 12.1 mrad of phase noise (see Fig. 9.3). Note that the spectra of the
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Figure 9.3: Pump power scan: estimate losses and phase noise from squeezing
and anti-squeezing level with delay line (only on EQB1 bench). Results: 11.0
± 0.4% of losses and 14.8 ± 12.1 mrad of phase noise [64].

measurement are �at, in fact we managed to insulate better the OPA
from scattered light, rotating the HWP to improve the isolation factor
of the EQB1 single in-air low losses Faraday Isolator.

9.2 FIS measurement up to SQB1 bench

We characterized the frequency-independent squeezing rising the SQB1
retrore�ector. Before to show the losses and phase noise results, is important
to brie�y explain the procedure to check the Infrared (IR) alignment from
EQB1 to SQB1 benches towards the homodyne detector, as follows:

- we checked the SC alignment into the OPA, closing the Sub-carrier
(SC) AA loop;

- we aligned the �lter cavity with the SC and then we compared the
maximum of the Homodyne Detector (HD) magnitude between Delay
Line (DL) and Filter Cavity Input Mirror (FCIM), estimating about
3% of propagation losses after DL;

- system well aligned. Note that we used an automatic-alignment loop
to align the infrared beam on the �lter cavity, shown in section 3.1.1.

So, we raised the SQB1 retrore�ector and we aligned it with SC looking at the
homodyne cameras (Near-Field and Far-Field cameras) and then maximizing
the HD magnitude (switching o� the SC): in order to do this, we moved the
HWP of the double in-vacuum low losses Faraday Isolator to maximize the
FI isolation factor. After that, we scanned the green pump power: in Fig.
9.4 are shown the spectra of the measurements, which are �at above 30 Hz,
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Figure 9.4: Frequency-independent-squeezing measurement with retrore�ec-
tor (up to SQB1 bench) at di�erent green pump power: the spectra of the
measurements are �at above 30 Hz; the black curve is the shot-noise. Re-
sults: 6.5 dB of Squeezing (SQZ) and 10.0 dB of Anti-Squeezing (ASQZ)
with 10.7 dB of generated SQZ [64].

Figure 9.5: Pump power scan: estimate losses and phase noise from squeezing
and anti-squeezing levels with retrore�ector (up to SQB1 bench). Results:
14.9 ± 0.4% of losses, 20 ± 11 mrad of phase noise [64].
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and we measured 6.5 dB of SQZ and 10.0 dB of ASQZ with 10.7 dB of
generated SQZ. Fig. 9.5 shows the result of the �t of the SQZ and ASQZ
levels: thus, we measured 14.9 ± 0.4 % of losses and 20 ± 11 mrad of phase
noise.
The level of phase noise is compatible with the one measured with the DL
line, whereas for the losses we measured 4% more. This level of propagation
losses measured on HD is compatible with the power losses measured on
the PD in front of the HD. These are two methods to measure propagation
losses, but the HD magnitude is not a good way to measure them because it
depends also from visibility and from polarization.

9.3 FDS measurement at 30Hz of �lter cavity de-

tuning

Frequency-dependent squeezing characterization at low frequency (25-30 Hz
of �lter cavity detuning) is shown. The frequency band in which the squeez-
ing ellipse must be rotated is approximately centered around the point where
the shot-noise and radiation-pressure noise power density are equal and for
Advanced Virgo Plus (AdV+) this happens in the 20-30 Hz range.
After all the optimization performed in the previous sections, we scanned
the green pump power with FDS con�guration (see Fig. 9.6) and then we
�tted the data (see Fig. 9.7) in order to measure the level of phase noise and
losses. The �t did not work for the phase noise, but we obtained reasonable
values as follows: 16.7 ± 1.5 % of losses and 30.1 ± 21.2 mrad of phase noise.
In the spectra shows in Fig. 9.6, from ASQZ we never go below shot-noise,
so something in the �lter cavity alignment went wrong, but the measurement
at high frequency is trustable.
Finally, we measured 6.5 dB of SQZ and 11.2 dB of ASQZ with 11.8 dB of
generated SQZ.

Moreover, we characterized the FDS system at 30 Hz of �lter cavity detuning
with di�erent homodyne relative angles, as shown in Fig. 9.8.
In conclusion, squeezing losses and phase noise were characterized in all the
con�gurations, and we achieved the �rst long run with FDS con�guration
(about 40 hours). Note that these measurements were performed on the
external homodyne detector on EQB1 bench. The next step will be the
injection into the ITF, starting from the SC alignment into the Output-
Mode-Cleaner (OMC), which is in progress.
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Figure 9.6: Frequency-dependent-squeezing measurement at di�erent green
pump power. Note that �lter cavity was misaligned, so we never go below
shot-noise from ASQZ. Results: 6.5 dB of SQZ and 11.2 dB of ASQZ with
11.8 dB of generated SQZ [64].

Figure 9.7: Pump power scan with FDS: estimate losses and phase noise
from squeezing and anti-squeezing level. Results: 16.7 ± 1.5 % of losses and
30.1 ± 21.2 mrad of phase noise [64].
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Figure 9.8: Frequency-dependent-squeezing measurement at 30 Hz of �lter
cavity detuning and characterization from homodyne angle from 0.6 rad to
1.95 rad [64].
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Chapter 10

Conclusions

LIGO, VIRGO and KAGRA interferometers planned to start the next obser-
vative run (O4) in May 2023. The projected sensitivity of the Gravitational
Wave (GW) detectors is shown in Fig. 10.1. In particular for O4 run, LIGO
projects a sensitivity goal of 160-190 Mpc for Binary Neutron Stars (BNS),
Virgo a target of 80-115 Mpc and KAGRA should be running with greater
than 1 Mpc sensitivity at the beginning of O4, and will work to improve the
sensitivity towards the end of O4 run.
For now, Virgo has achieved a stable operation of the interferometer and

about the squeezing system, it has produced a maximum of 12 dB of squeez-
ing, assuring 4 dB of quantum noise reduction in the GW interferometer (see
Fig. 10.3 for the simulation of quantum noise curve with and without FDS
injection). The next step is to inject FDS in the ITF. In Fig. 10.2 is shown
the simulation of AdV+ Phase I sensitivity improved in all the interferome-
ter frequency-band by injection of 7 dB of frequency-dependent Squeezing.
In fact, Advanced Virgo Plus has two phases for its realization:

Phase I the main goal is to reduce the interferometer sensing noise, which lim-

Figure 10.1: Projected timeline of observing runs and expected binary neu-
tron star (BNS) detection range for LIGO, Virgo, and KAGRA detectors.
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Figure 10.2: The improvement of the sensitivity curve of AdV+ Phase I by
injection of 7 dB of Frequency-Dependent-Squeezing.

itation coming from quantum noise, by implementing the signal recy-
cling technique, increasing the laser power injected into the interfer-
ometer by a factor of two and by injection of FDS achieved by a 300m
long detuned cavity (between O3 and O4 runs);

Phase II the main goal is the reduction of the mirror thermal noise, by enlarging
the beam on the end mirrors. The change in the beam will require
larger mirrors for the end mirrors, to change also the two cavity input
mirrors, the power recycling mirror and the signal recycling mirror
(between O4 and O5 runs).

With the combination of the two phases improvements, the BNS range of
AdV+ will be above 200 Mpc.
Also LIGO's two detectors in Washington State and Louisiana installed a
�lter cavity to perform a FDS injection. KAGRA should start with Virgo
and LIGO, then move away for commissioning and return to observation
with increased sensitivity towards the end of the O4 run.
Concerning the alternative technique based on EPR entangled beams, our
experiment is in progress and the �nal goal is to inject, for the �rst time,
these beams in a system sensitive to quantum noise in the whole detection
bandwidth at the same frequencies of GW detectors. In the future, it could
be implemented for the next generation of gravitational wave interferome-
ters.
In conclusion, my PhD is mainly based on experimental activities for the
development of advanced quantum optics techniques, both for the squeezing
system working in AdV+ and for the EPR experiment.
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Figure 10.3: Simulation of Quantum noise curves of Advanced Virgo Plus
with and without FDS injection (Credits: G.Gemme).

In particular, I actively contributed to the quantum noise reduction team
during the commissioning for the next Virgo O4 observing run, dealing both
with the optical part of the squeezing system and with the development of
angular controls.
For the EPR experiment, my contribution was mainly on the development of
the optical design, later on the optical setup, testing of acousto-optic mod-
ulators and optical cavities.
Moreover, my activities related to the two quantum noise reduction experi-
ments allowed me to publish papers in conference journals.
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