
UNIVERSITÀ DI TRENTO

Department of Physics
Doctoral School in Physics

MODE MATCHING SENSING IN
FREQUENCY DEPENDENT
SQUEEZING SOURCE FOR
ADVANCED VIRGO PLUS

Supervisor:
Prof. Antonio Perreca

Candidate:
MSc. Andrea Grimaldi

2022



MSc. Andrea Grimaldi: Mode Matching sensing in Frequency Dependent Squeezing Source
for Advanced Virgo plus, . © Trento, 2022

Supervisor: Prof. Antonio Perreca



Eine Entdeckung ist weder groß noch klein; es kommt darauf an, was sie für uns bedeutet.
L. Wittgenstein 1930

Una scoperta non è né grande né piccola; ciò che conta è il significato che ha per noi.





AKWNOLGEMENT

I want to thank my supervisor, Antonio Perreca, for the trust he granted me during
my research journey. Without it, I would not have been able to do all the experiences
that led me to the end of this journey. I am glad I shared my PhD studies with Michele
Valentini, it was always nice to share different points of view, and I am indebted for all
his support on Finesse. I want to thank Giovanni Prodi for teaching me the research
work’s administration aspects.

I am deeply thankful to Jean-Pierre Zendri. Hewas a trustful guide in the wonderland
of Virgo Collaboration. I would have lost myself without his guide. I am indebted to
Marco Vardaro for the training he gave me during the commissioning of Advance Virgo
Plus. I treasured the expertise and knowledge that he shared with me.

I want to thank the commissioning team of the Virgo Quantum Noise Reduction
system: Romain Bonnand for helping me design in Optocad; Fiodor Sorrentino and
Valeria Sequino for supervisingmy (small) contribution to the SqueezedVacuumSource;
Eleonora Capocasa for teaching me the cleanest way to align a Homodyne detector;
Yuefan Guo, Eleonora Polini, and Barbara Garaventa for the time spent together during
the commissioning work.

I am grateful to Padova Virgo Group for providing the resources and infrastructure
necessary for this research and the time spent together. I want to thank Livia Conti for
sharing her view of the research world. I have always appreciated her being straightfor-
ward; she helped me see things from a new perspective. I am glad for all the discussions
I had with Giacomo Ciani; sometimes too long but always stimulating. I was and still
am very happy to meet Gabriella Chiarini and Luis Diego Bonavena; they brought fresh
air to the team.

I am thankful to Matteo Tacca, who put his trust in me and invited me to work on the
commissioning of Advanced Virgo plus. To Martina De Laurentis for the knowledge
she shared during the commissioning.

In conclusion, I am deeply indebted to my family and friends for their love, encour-
agement, and unwavering support throughout my studies. Finally, I would like to thank
my love for remembering the true meaning of a weekend.





PREFACE

Since the first detection of a Gravitational Wave, the LIGO-Virgo Collaboration has
worked to improve the sensitivity of their detectors. This continuous effort paid off in
the last scientific run, in which the collaboration detected an average of one gravitational
wave per week and collected 74 candidates in less than one year.

This result was also possible due to the Frequency Independent Squeezing (FIS)
implementation, which improved the Virgo detection range for the coalescence between
two Binary Neutron Start (BNS) of 5-8%. However, this incredible result was dramati-
cally limited by different technical issues, among which the most dangerous was the
mismatch between the squeezed vacuum beam and the resonance mode of the cavities.

The mismatch can be modelled as a simple optical loss in the first approximation. If
the beam shape of squeezed vacuum does not match the resonance mode, part of its
amplitude is lost and replaced with the incoherent vacuum. However, this modelisation
is valid only in simple setups, e.g. if we study the effect inside a single resonance cavity
or the transmission of a mode cleaner. In the case of a more complicated system, such
as a gravitational wave interferometer, the squeezed vacuum amplitude rejected by
the mismatch still travels inside the optical setup. This component accumulates an
extra defined by the characteristics of the mismatch, and it can recouple into the main
beam reducing the effect of the quantum noise reduction technique[1]. This issue will
become more critical in the implementation of the Frequency Dependent Squeezing.
This technique is an upgrade of the Frequency Independent Squeezing one. The new
setup will increase the complexity of the squeezed beam path.

The characterisation of this degradation mechanism requires a dedicated wavefront
sensing technique. In fact, the simpler approach based on studying the resonance
peak of the cavity is not enough. This method can only estimate the total amount of
the optical loss generated by the mismatch, but it cannot characterise the phase shift
generated by the decoupling. Without this information is impossible to estimate how
the mismatched squeezed vacuum is recoupled into the main beam, and this limits the
possibility to foreseen the degradation of the Quantum Noise Reduction technique.

For this reason, the Padova-Trento Group studied different techniques for character-
ising Mode Matching. In particular, we proposed implementing the Mode Converter
technique developed by Syracuse University[2]. This technique can fully characterise
the mismatch of a spherical beam, and it can be the first approach to monitoring the
mismatch. However, this method is not enough for the Frequency Dependent Squeezer
source since it cannot detect the mismatch generated by the astigmatism of the incoming
beam.

In fact, the Frequency Dependent Squeezer Source case uses off-axis reflective tele-
scopes to reduce the power losses generated by transmissive optics. This setup used
curved mirrors that induce small astigmatic aberrations as a function of the beam inci-
dent angle. These aberrations are present by design, and the standard Mode Converter
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Technique will not detect them. To overcome this issue, I proposed an upgrade of the
Mode Converter technique, which can extend the detection to this kind of aberration.

The Quantum Noise Reduction system is currently implementing the standard Mode
Converter Technique, while the astigmatic wavefront sensing is foreseen for the next
detector upgrades and is still under review.

The manuscript is divided into seven chapters:

I briefly introduce the reader to the gravitational wave detector with a
specific focus on quantum noise. Here, We discuss the main ideas of the Quantum
Noise Reduction system and why it is necessary to have real-time detection of the
Mode Matching.

This chapter contains all the theoretical frameworks at the foundation of
the Mode Matching sensing. I start with an introduction to the resonant cavities
and their transverse mode. After that, I formalise the mode matching in the case
of a Simple Astigmatic Gaussian Beam and extend the standard representation
proposed by Anderson[3].

This chapter is dedicated to the Astigmatic Mode Matching Sensing tech-
nique. Here, I will present the detection setup required for the measurement of
the mismatch, and I will discuss its experimental limits.

The Mode Matching Technique was validated using a dedicated tabletop
experiment built from the ground up. In this chapter, we report the full character-
isation of each component.

This chapter reports validating the Mode Matching Sensing technique. I
first describe the experimental protocol and then discuss the measurement and
the validation of the method.

In this chapter, I presented the general setup of the Frequency Depen-
dent Squeezing source and the design of the wavefront sensors dedicated to
the squeezed vacuum beam. The installation of the Mode Converter Technique in
the Quantum Noise Reduction System is still ongoing.

We conclude the thesis with a summary of themain results and a description
of the next steps of these experiments.
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I GRAVITATIONAL WAVE DETECTION

Figure I.1: Stellar Graveyard. Graphic representation of the source of the gravitational wave
signal detected by the LIGO-Virgo Collaboration. The Black holes are represented in
blue, while the Neutron stars are in orange. This version contains all events through
the end of O3 with p_astro1> 0.5. Credit: LIGO-Virgo, Aaron Geller, Northwestern
University.

During the last scientific run, the LIGO-Virgo Collaboration detected 79 candidates of
Gravitational Wave events: 44 in the first six months2, and 35 in the second five months3.
These numbers correspond to a detection rate of more than one event per week and
define a new era for the gravitational wave community.

This milestone was the result of different activities performed between the second
and the third observing runs. From August 2017 until April 2019, different aspects
of the detectors were improved: LIGO-Hanford and LIGO-Livingston improved the
quality of their mirrors, while Virgo upgraded the suspension system of the external
input bench and of the interferometer mirrors. On top of these specific upgrades, all
the detectors increased the input power and implemented the Frequency Independent
Squeezing technique[6].

With the conclusion of the third scientific run in March 2022, the detector of the
1p_astro is the probability of astrophysical origin assuming a compact binary coalescence source.
2Between 1 April 2019 15:00 UTC and 1 October 2019 15:00 UTC[4].
3Between 1 November 2019 15:00 UTC and 27 March 2020 17:00 UTC[5].
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 �B�O�E �U�I�F �E�J�B�N�F�U�F�S �B�M�P�O�H �U�I�F �U�X�P �B�Y�F�Tx̂ �B�O�Êy
�X�J�M�M �F�W�P�M�W�F �B�T

Lx(t) = L
�

1 +
1
2

h(t)
�

Ly(t) = L
�

1 �
1
2

h(t)
� �	�*�����


�X�I�F�S�Fh(t) �J�T �U�I�F �B�N�Q�M�J�U�V�E�F �P�G �U�I�F �H�S�B�W�J�U�B�U�J�P�O�B�M �X�B�W�F �B�O�EL �J�T �U�I�F �D�J�S�D�M�F �E�J�B�N�F�U�F�S �B�U
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�'�(�&�<�7�# �*�������5�J�N�F �&�W�P�M�V�U�J�P�O �P�G �B �H�S�B�W�J�U�B�U�J�P�O�B�M �X�B�W�F�� �5�I�F �F�ê�F�D�U �P�G �B �H�S�B�W�J�U�B�U�J�P�O�B�M �X�B�W�F �J�T �U�I�F
�E�F�G�P�S�N�B�U�J�P�O �P�G �U�I�F �T�Q�B�D�F���U�J�N�F �N�F�U�S�J�D��

�U�J�N�Ft = 0��
�5�I�F �E�J�ê�F�S�F�O�U�J�B�M �O�B�U�V�S�F �P�G �U�I�F �E�F�G�P�S�N�B�U�J�P�O �J�T �B�U �U�I�F �G�P�V�O�E�B�U�J�P�O �P�G �U�I�F �M�B�T�U �H�F�O�F�S�B�U�J�P�O

�P�G �H�S�B�W�J�U�B�U�J�P�O�B�M �X�B�W�F �E�F�U�F�D�U�P�S�T�� �5�I�J�T �Q�B�U�U�F�S�O �N�B�U�D�I�F�T �U�I�F �T�U�S�V�D�U�V�S�F �P�G �B �.�J�D�I�F�M�T�P�O
�J�O�U�F�S�G�F�S�P�N�F�U�F�S�
 �B�O �P�Q�U�J�D�B�M �T�F�U�V�Q �E�F�T�J�H�O�F�E �U�P �D�P�O�W�F�S�U �U�I�F �E�J�ê�F�S�F�O�D�F �C�F�U�X�F�F�O �U�I�F �U�X�P
�P�S�U�I�P�H�P�O�B�M �Q�B�U�I�T �J�O�U�P �B�O �P�Q�U�J�D�B�M �T�J�H�O�B�M�� �6�T�J�O�H �'�J�H�V�S�F�*�����B�T �B �S�F�G�F�S�F�O�D�F�
 �X�F �I�B�W�F �B�O
�J�O�D�P�N�J�O�H �C�F�B�NE�J�O�U�I�B�U �J�T �E�J�W�J�E�F�E �C�Z �B �C�F�B�N �T�Q�M�J�U�U�F�S �J�O�U�P �U�X�P �a�F�M�E�T��

E1 = E�J�O
i

p
2

�B�O�EE2 = E�J�O
1

p
2

�	�*�����


�X�I�F�S�FE1 �J�T �S�F�b�F�D�U�F�E �B�O�E �T�F�O�U �U�P �U�I�Fy �"�S�N �B�O�EE2 �J�T �U�S�B�O�T�N�J�U�U�F�E �B�O�E �T�F�O�U �U�P �U�I�Fx �"�S�N��
�5�I�F�Z �S�F�T�Q�F�D�U�J�W�F�M�Z �U�S�B�W�F�M �G�P�S �B �E�J�T�U�B�O�D�FLy �B�O�ELx �B�O�E �U�I�F�J�S �B�N�Q�M�J�U�V�E�F �D�P�M�M�F�D�U�T �B �Q�I�B�T�F
�T�I�J�G�U �P�G

E3 = E1eikLy �B�O�EE4 = E2eikLx �	�*�����


�X�I�F�S�Fk �J�T �U�I�F �X�B�W�F �W�F�D�U�P�Sk = 2p / l �B�O�El �J�T �U�I�F �C�F�B�N �X�B�W�F�M�F�O�H�U�I�� �"�G�U�F�S �U�I�B�U�
 �U�I�F�Z
�B�S�F �S�F�b�F�D�U�F�E �C�Z �U�I�F �U�X�P �F�O�E �N�J�S�S�P�S�T�


E5 = E3i �B�O�EE6 = E4i �	�*�����


�B�O�E �U�I�F�Z �U�S�B�W�F�M �C�B�D�L �U�P �U�I�F �C�F�B�N �T�Q�M�J�U�U�F�S�
 �D�P�M�M�F�D�U�J�O�H �B �Q�I�B�T�F �T�I�J�G�U �Q�S�P�Q�P�S�U�J�P�O�B�M �U�P �U�I�F
�B�S�N �M�F�O�H�U�I�T�
Ly �B�O�ELx �B�H�B�J�O��

E7 = E5eikLy �B�O�EE8 = E6eikLx �	�*�����


�5�I�F�T�F �U�X�P �B�S�F �E�J�W�J�E�F�E �C�Z �U�I�F �C�F�B�N �T�Q�M�J�U�U�F�S��

E9 =
E7p

2
�B�O�EE11 = i

E7p
2

E10 =
E8p

2
�B�O�EE12 = i

E8p
2

�	�*�����


�B�O�E �U�I�F �a�O�B�M �G�P�V�S �C�F�B�N�T �T�V�Q�F�S�J�N�Q�P�T�F �B�U �U�I�F �U�X�P �P�V�U�Q�V�U�T �P�G �U�I�F �J�O�U�F�S�G�F�S�P�N�F�U�F�S�� �"�U �U�I�F
�T�Z�N�N�F�U�S�J�D �Q�P�S�U�	�M�F�G�U�
�
 �X�F �I�B�W�F��

Esym = E11 + E10 =
� 1
2

�
ei2kLx + eik2Ly

�
E�J�O �	�*�����
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�J�T �Q�F�S�G�F�D�U�M�Z �B�M�J�H�O�F�E �X�J�U�I �U�I�F �J�O�U�F�S�G�F�S�P�N�F�U�F�S �B�S�N�T�
 �U�I�F �T�Q�B�D�F���U�J�N�F �E�F�G�P�S�N�B�U�J�P�O �J�O�E�V�D�F�T
�B �E�J�ê�F�S�F�O�U�J�B�M �W�B�S�J�B�U�J�P�O �P�G �U�I�F �B�S�N �M�F�O�H�U�I�T �E�F�U�F�D�U�F�E �B�U �U�I�F �P�V�U�Q�V�U��

�X�I�J�M�F �B�U �U�I�F �B�O�U�J���T�Z�N�N�F�U�S�J�D �Q�P�S�U�	�C�P�U�U�P�N�
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Easy = E9 + E12 =
i
2

�
ei2kLx � eik2Ly

�
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�5�I�F �B�N�Q�M�J�U�V�E�F �P�G �U�I�F �H�S�B�W�J�U�B�U�J�P�O�B�M �X�B�W�F�
h(t)�
 �J�T �F�O�D�P�E�F�E �J�O �U�I�F �E�J�ê�F�S�F�O�D�F �C�F�U�X�F�F�O �U�I�F
�Q�I�B�T�F�T �B�D�D�V�N�V�M�B�U�F�E �B�M�P�O�H �U�I�F �U�X�P �B�S�N�T�� �5�I�J�T �J�O�G�P�S�N�B�U�J�P�O �J�T �N�P�T�U �D�M�F�B�S�M�Z �S�F�Q�S�F�T�F�O�U�F�E
�V�T�J�O�H

L =
Lx + Ly

2
�B�O�EdL =

Lx � Ly

2
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�X�I�J�D�I �E�J�W�J�E�F �U�I�F �D�P�N�N�P�O �B�S�N�T �M�F�O�H�U�I�
L�
 �G�S�P�N �U�I�F �E�J�ê�F�S�F�O�U�J�B�M �P�O�FdL�� �5�I�F �a�S�T�U �Q�B�S�B�N��
�F�U�F�S �S�F�Q�S�F�T�F�O�U�T �U�I�F �J�O�U�F�S�G�F�S�P�N�F�U�F�S �T�J�[�F�
 �X�I�J�M�F �U�I�F �T�F�D�P�O�E �D�P�O�U�B�J�O�T �U�I�F �T�J�H�O�B�M �P�G �J�O�U�F�S�F�T�U��
�#�Z �D�P�N�C�J�O�J�O�H �&���R���*�����X�J�U�I �&�R���*�����
 �X�F �D�B�O �T�F�F �U�I�B�U �U�I�F �F�ê�F�D�U �P�G �B �H�S�B�W�J�U�B�U�J�P�O�B�M �X�B�W�F
�D�I�B�O�H�F�T �U�I�F �E�J�ê�F�S�F�O�U�J�B�M �M�F�O�H�U�I��

dL(t) =
Lx(t) � Ly(t)

2
=

�
Lx + 1

2Lxh(t)
�

�
�
Ly(t) � 1

2Lyh(t)
�

2
= dL +

1
2

h(t)L �	�*�������


�X�I�J�M�F �J�U �M�F�B�W�F�T �U�I�F �D�P�N�N�P�O �M�F�O�H�U�I �V�O�Q�F�S�U�V�S�C�F�E��

L(t) =
Lx(t) + Ly(t)

2
=

�
Lx + 1

2Lxh(t)
�

+
�
Ly(t) � 1

2Lyh(t)
�

2
= L �	�*�������


�*�O �U�I�J�T �X�B�Z�
 �X�F �D�B�O �S�F�X�S�J�U�F �U�I�F �C�F�B�N �B�N�Q�M�J�U�V�E�F �B�U �U�I�F �B�T�Z�N�N�F�U�S�J�D �P�V�U�Q�V�U �P�G �U�I�F
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