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ABSTRACT

R�esum�e en fran�cais :

TAMA300 est un ancien d�etecteur d'ondes gravitationnelles japonais qui permet dor�enavant de
tester les nouvelles technologies que l'on souhaite impl�ementer dans KAGRA. C'est �a TAMA que l'on
trouve la table de squeezing ayant pour but d'augmenter la sensibilit�e du d�etecteur en r�eduisant le
bruit quantique. A TAMA est utilis�e un Oscillateur Param�etrique Optique (OPO) qui est le composant
g�en�erant le squeezing. Un nouvel OPO doit être r�epar�e pour remplacer celui actuellement �a TAMA.
J'ai travaill�e lors de ce stage �a la pr�eparation du montage optique pour v�eri�er que l'OPO soit r�epar�e
�a l'Advanced Technology Center (ATC) et j'ai aussi assist�e au d�ebut des r�eparations. En parall�ele,
j'ai aid�e �a r�ealigner toutes les cavit�es de TAMA. A cause de plusieurs probl�emes tels que l'horloge
cass�ee ou les probl�emes sur le contrôle d'un des lasers �a TAMA et un mauvais alignement de faisceau
pour l'OPO, cr�eant un comportement �etrange �a l'ATC, je n'ai pas pu mesurer de squeezing ou r�eparer
compl�etement l'OPO. N�eanmoins, j'ai appris le HTML, le CSS et le JavaScript pour cr�eer un site pour
mieux comprendre le fonctionnement de l'�electronique �a TAMA. Ainsi, on peut facilement trouver les
informations principales des di��erents composants �electronique et optiques en plus de mieux suivre les
di��erentes connexions �electroniques.

Mots cl�es : D�etecteur d'ondes gravitationnelles, optique quantique, squeezing, squeezing d�ependant de
la fr�equence, optique de pr�ecision, Oscillateur Param�etrique Optique (OPO).

English abstract :

TAMA300 is a former Japanese gravitational-wave detector, which is now being used to test new
technologies to be implemented in KAGRA. TAMA is home to the squeezing table designed to increase
the detector's sensitivity by reducing quantum noise. TAMA uses an Optical Parametric Oscillator
(OPO), which is the component that generates the squeezing. A new OPO needs to be repaired to
replace the one currently in TAMA. During this internship, I worked on the preparation of the optical
assembly to ensure that the OPO would be repaired at the Advanced Technology Center (ATC), and
I also attended the start of the repairs. At the same time, I helped realign all the TAMA cavities.
Due to several problems such as the broken clock or problems with the control of one of the lasers in
TAMA and a misalignment of the beam for the OPO, creating strange behavior at the ATC, I was
not able to measure squeezing or completely repair the OPO. Nevertheless, I learned HTML, CSS and
JavaScript to create a website to better understand how electronics work in TAMA. This way, you can
easily �nd the main information on the various electronic and optical components, as well as better
follow the various electronic connections.

Key words : gravitational wave detector, quantum optics, squeezing, frequency-dependant squeezing,
precision optics, Optical Parametric Oscillator (OPO).
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GLOSSARY

AOM : Acousto-Optic Modulator (AOM)

ATC : Advanced Technology Center

BHD : Balanced Homodyne Detector

EOM : Electro-Optic Modulator

FI : Faraday Isolator

GRMC : Green Mode Cleaner

HWP : Half-Wave Plate

IRMC : Infrared Mode Cleaner

JamMt : Just Another Mode Matching Tool

LIGO : Laser Interferometer Gravitational-wave Observatory

MMT : Mode Matching Telescope

MZ : Mach-Zehnder

NAOJ : National Astronomical Observatory of Japan

OPO : Optical Parametric Oscillator

PBS : Polarizing Beam Splitter

PDH : Pound-Drever-Hall

p-pol : p-polarization

PZT : Piezoelectric Transducer

QWP : Quarter-Wave Plate

SHG : Second Harmonic Generator

SQL : Standard Quantum Limit

s-pol : s-polarization
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Chapter 1 : Introduction

1.1. Introduction to gravitational waves

In this �rst part of the chapter, I will �rst de�ne what is a gravitational wave. Then, I will
introduce the astronomical sources of gravitational waves, before explaining why these waves can be
interesting and why we are looking to detect them.

1.1.1. Gravitational waves : de�nition

Acoustic waves propagate in the air, seismic waves in the ground and gravitational waves in space-
time [1]. A gravitational wave is therefore an oscillation of space-time propagating at the speed of
light, although unlike electromagnetic radiation, it is not visible to the naked eye or with conventional
cameras used to observe the Universe. The existence of these waves, which compress and stretch
everything in their path, was �rst predicted by Albert Einstein in 1916 when he wrote his article on
general relativity [2, 3]. It was not until the 1960s that the race to detect gravitational waves was
launched, following the construction of the �rst detector by Joseph Weber. Then, in the 70s, following
the invention of the laser and the development of interferometry, scientists began to develop detectors
based on Michelson interferometers [4].

1.1.2. Gravitational waves sources

Although we now know what a gravitational wave is, it is natural to wonder where this type of
wave might come from. After all, it is not a type of wave that can be easily generated on Earth. To
create gravitational waves, you need high-energy celestial events involving really massive objects [2,
5].

� Collision or merger of two Black Holes
A black hole is a celestial object so dense that its gravitational �eld attracts everything to it, even

light. Once something crosses the black hole's event horizon, it can not escape it. There are 3 types
of black hole: stellar, intermediate and supermassive. It is with these densest objects in the Universe
that we can observe the largest number of gravitational waves [6,7]. It was following the merger of two
black holes that gravitational waves were �rst detected on September 14, 2015. This �rst detection is
called GW150914. It was made possible thanks to the collaboration between LIGO and VIRGO, two
detectors that I will introduce in the section 1.2.3. [8].

� Asymmetric supernova
When a star at least �ve times the mass of the Sun reaches the end of its life, i.e. when it has

used up all its fuel, it collapses on itself. The star's core, cooled by the lack of fuel, will reduce the
star's internal pressure, which will then be compressed by the gravitational force surrounding it. This
collapse is so fast and violent that it generates a large explosion known as a supernova. Following this
explosion, the star becomes a cloud of dust, a neutron star or a black hole [9]. This violent explosion
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can also be the source of gravitational waves if the star is asymmetric.

� Binary neutron star system
When two stars are close enough to each other to be bound by the force of gravitation, this system

is called a binary star system or binary star. When the two stars are attracted to each other by the
force of gravitation, they begin to rotate around their center of mass [10,11].

Currently, to be able to detect gravitational waves from this binary system, these stars must be
neutron stars. These stars, which come from the end of the life of extremely massive stars, i.e. su-
pernovae, are so dense that to compensate for the gravitational force, they are mainly composed of
neutrons, hence their name "neutron stars" [12].

� Other astronomical sources
There are other sources of gravitational waves, however, which are more di�cult to detect, if not

yet detected. For example, a su�ciently massive, asymmetric and rotating neutron star can emit
gravitational waves. Scientists also believe that there are primordial gravitational waves originating
from the Big Bang, which form something equivalent to the cosmic microwave background. However,
these gravitational waves have not yet been detected. Detecting them would require even more sensitive
detectors [13].

1.1.3. Why detecting gravitational waves ?

Most of these gravitational-wave-producing objects or celestial systems are di�cult to observe.
Although neutron stars can be observed using other means than gravitational waves, since they emit
electromagnetic radiation, this is not the case for black holes, for example. Furthermore, electromag-
netic radiation can be altered by gas clouds, dust clouds or even our own atmosphere if viewed from
Earth. Gravitational waves, on the other hand, are di�cult to detect because they interact little
with matter, but are not altered by anything in their path. Seeking to detect gravitational waves can
therefore enable us to observe these celestial objects without being altered by anything.

Moreover, by building sensitive enough detectors, we could observe primordial gravitational waves,
those emitted just after the Big Bang. This would enable us to understand what happened at the
beginning of our Universe, and thus to see further back in time than we already do with the cosmic
microwave background.

1.2. Gravitational wave detection

Now that we have de�ned what a gravitational wave is, where it comes from and, above all, why
we want to observe it, let's move on to the detection itself. I will start with a general presentation
of how detectors work, and then move on to the various sources of noise that can disrupt and limit
detection. Of course, I will give you a quick introduction to the di�erent detectors before moving on
to KAGRA and especially TAMA300, the Japanese detector I worked on.
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1.2.1. General operation of a gravitational wave interferometer

Since the 1970s, gravitational wave detectors have taken the form of Michelson interferometers
(Figure 1.1a). In this interferometer, a beam of light - in this case, a 1064nm infrared laser beam - is
directed onto a beam splitter. The beam is then split in two parts, one of it going through the beam
splitter and then into a �rst arm, while the rest is re
ected and sent into a second arm perpendicular
to the �rst one. At the end of each of these arms is a mirror with a high-re
ectivity coating, which
sends the laser beam back to the beam splitter, where it gathers again. The principle is then to choose
the length of the arms or modify it to see di�erent interference fringes. In this way, the laser beam
can be reconstituted (albeit with a slightly lower amplitude), or destructive interference can occur,
causing the output light to be extinguished.

In a gravitational-wave detector, the Michelson is set to a dark fringe, making the slightest di�er-
ence between the two laser beams before recombination easier to detect. It's also important to note
that gravitational waves that can be detected by these detectors have a rather low frequency, in the
audible range from a few Hz to several kHz. We therefore need the largest possible detectors to be
sensitive to these low frequencies. This is why the arms of gravitational wave detectors measure several
kilometers, for example 4km for LIGO, an American detector, or 3km for KAGRA, a Japanese detector.

To have truly sensitive detectors, we would have to build Michelson arms several hundred kilometers
long. So, to increase the travel distance of the laser beams and thus the precision of these detectors,
scientists came up with the idea of transforming the Michelson's arms into Fabry-Perot arm cavities.
The purpose of the Fabry-Perot cavity is to increase the e�ective optical path in the arms by a given
amount of round-trips. In this case, the laser will make several round trips (around 200 for LIGO)
between the "end mirror" or "test mass" at the end of the arm and another mirror called the "input
mirror" just after the beam splitter (Figure 1.1b). With these 200 round trips, the laser will travel
almost 1600km in a detector "only" 4km long. The higher the re
ectivity of the input mirror, the
more round trips the laser beam will make, and the higher the sensitivity of the detector will be at
detecting gravitational waves. We can also reduce the size of the Michelson arms if we use Fabry-Perot
mirrors with higher �nesse, i.e. allowing more round-trips for the laser.

(a) Classical Michelson interferometer.
(b) Michelson interferometer used in gravitational
waves detection.

Figure 1.1: Michelson diagrams.
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1.2.2. Noise sources that limit detection

As with any detector, it is important to consider the limits of our detection. These limits are caused
by noises appearing on our measurements, and if the noise is too strong, it drowns out the information
we are trying to obtain, i.e. detect a gravitational waves. Although there are many potential sources
of noise, such as electronic noise, we're going to focus here on the main ones: seismic noise, Newtonian
gravity noise, thermal noise and quantum noise.

� Seismic noise
The seismic noise limits the interferometer's sensitivity at frequencies below 40 Hz. This seismic

noise can be classi�ed in three di�erent frequency bands. Seismic noise at frequencies below 1 mHz
is caused by tidal deformation of the ground. Waves and large water mass movements cause seismic
noise at frequencies between 0.1 Hz to 0.5 Hz. The last band is at frequencies above 1 Hz and comes
from weather and human activity. To lessen this noise, we use a multiple-cascaded pendulum stages
to isolate the test-masses [5,14].

� Newtonian gravity noise
The Newtonian gravity noise is a dominant source noise frequency range from 5 Hz to 15 Hz.

It comes from seismic waves propagating through a medium, atmospheric disturbances like pressure,
temperature and humidity, and objects moving at constant speed as cars on roads. We can not shield
gravity �eld but we can choose a good location to reduce this noise. For example, it is possible to
reduce it by building the interferometer underground and far from a big city [4,5].

� Thermal Noise
As test masses move, a part of the mechanical energy is converted to thermal energy which in-

duces thermal noise. This noise includes thermorefractive noise, i.e. a change in the refraction index,
thermally induced motion due to thermally excited modes of vibration and coating thermal noise.
With good materials, we can have discrete vibrations outside the detection band so the thermally
induced motion is no longer a source of noise in our measurements. To reduce the coating thermal
noise and the thermorefractive noise, we can cool test masses and suspensions in a cryogenic cavity [4,5].

� Quantum noise
The quantum noise is divided in two parts : the quantum shot noise and the quantum radiation

pressure noise. The laser beam can be considered as a stream of photons but this stream is not really
constant. Even if photons are emitted at a de�ned frequency, it can happen that one photon is emit-
ted too early or too late compared to the previous one. This di�erence is what we call quantum shot
noise. To decrease this noise, we need to increase the laser's power (i.e. the number of emitted photons).

We then have the quantum radiation pressure noise. When the laser beam strikes an optical com-
ponent such as test masses, each photon will apply a certain pressure. This pressure induces movement
and therefore a noise from the optical component. To reduce this noise, we lower the laser's power.
So we need to �nd a balance between the quantum shot noise and the quantum radiation pressure noise.

That also means that we are limited by a minimum error. This limit known as the Standard
Quantum Limit (SQL), derives from the Heisenberg's Principle, which states that it is impossible to
know precisely two complementary variables from photons. The only way to reduce this quantum noise
below the SQL is to use quantum optics instead of classical optics [4,5,14].
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1.2.3. The latest generation of detectors

From the USA with its two LIGO detectors to Japan with the KAGRA interferometer, via Ger-
many with its GEO600 detector and Italy with Virgo interferometer, scientists around the world have
been trying to build the most sensitive detector. As a result, each of these most famous interferometers
used to detect gravitational waves have their own unique characteristics

� GEO600
Built near Hannover, Germany, this British-German detector is the smallest in this list with a 600m

arm length. Even though, this interferometer is small, it is a reliable one and uses a state-of-the-art
noise reduction technologies as triple pendulum suspension, thermal compensation or signal recycling.
These technologies are used respectively to reduce seismic noise, thermal noise and reduce losses by
increasing the input power recycling laser beam coming back to the laser. This detector also uses
squeezed light to reduce quantum noise (explanation in section 1.2.4) [15].

� Virgo
The European Gravitational Observatory's detector, Virgo, was built in Italy, near Pisa. This

ground-based interferometer with a 3km arm length uses di�erent technologies than GEO600 to im-
prove its sensitivity. Scientists built superattenuators, 10-meter-high towers that reduce seismic noise
by a factor of 1012. They use special materials with intrinsic low thermal noise. They also created
a vacuum system in which the laser propagates. This system is the largest in the world, measur-
ing 6800m long. It is used to limit light backscatter. To decrease the quantum noise, they also use
frequency-dependant squeezed light [16].

� LIGO
There are two identical LIGO detectors (LIGO for Laser Interferometer Gravitational-wave Obser-

vatory) in the USA, one in Hanford and the other at Livingstone. These interferometers are the longest
on this list with a 4km arm length (that is over 6.6 times the GEO600's length). These detectors also
use special materials like Virgo to reduce thermal noise and power recycling like GEO600. The �rst
gravitational wave detection was made by Virgo and LIGO [17].

� KAGRA
KAGRA, the Japanese detector with a 3km arm length, is striving to become more sensitive than

LIGO, the currently most sensitive detector. To achieve this, scientists built this interferometer 200m
underground to reduce seismic noise and Newtonian gravity noise. The interferometer uses sapphire
mirrors that is di�erent than other detectors. It also features a cryogenic cavity to control thermal
noise at 20K i.e. -253°c. Finally, to reduce quantum noise, KAGRA will use frequency-dependant
squeezed light [18].

1.2.4. TAMA300, old-generation detector

TAMA300, also known as TAMA, was built between 1995 and 1999 in Mitaka, Japan. This in-
terferometer, with its 300 m-long arm, is the forerunner of today's Japanese KAGRA detector. In
1999, it was the most reliable gravitational wave detector. Today, this interferometer is no longer used
to detect gravitational waves, even though it was the most sensitive detector 20 years ago, but it is
still used to test and develop ways of improving detectors sensitivity. The most important source of
noise limiting the sensitivity of detectors is quantum noise. To overcome this limitation and reduce
noise at all frequencies, a team at NAOJ has demonstrated the feasibility of a technique known as
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frequency-dependent vacuum squeezing, at frequencies useful for gravitational wave detectors.

As I brie
y explained in the section 1.2.2. about quantum noise, classical detection is limited
by the standard quantum limit, because if we increase the laser frequency, we increase the quantum
radiation pressure noise, but decrease the quantum shot noise. In the end, we have a kind of balance
between these noises. But the limitation also depends on the frequency we want to detect. Simply
put, if we want to detect something at lower frequencies, we are limited by quantum shot noise. If
we reduce the uncertainty in the laser amplitude, we reduce the noise and increase sensitivity, but we
also increase the uncertainty in the laser phase due to Heisenberg's principle. This is what we call
"squeezed light". But the problem is that we only reduce the noise at low frequencies, whereas at higher
frequencies, the noise becomes too great. That's why scientists have developed frequency-dependent
squeezing. Thanks to this technique, detectors are now more sensitive to both low and high frequencies.

After demonstrating the feasibility of the frequency-dependant squeezing in early 2020, the NAOJ
research team integrated this process into TAMA300, creating what is known as "TAMA squeezing
table and �lter cavity" [19, 20].
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Chapter 2 : TAMA squeezing table and
�lter cavity

During this internship, I only worked on the TAMA squeezing, an important and complex part
of this gravitational wave detector, which is supposed to be a prototype to be added to KAGRA. To
better understand how this part of the detector works, I worked on its optics as well as its electronics.

2.1. Optical part of TAMA300

As TAMA300 is a kind of large Michelson with a Fabry-Perot in each arm, it uses a laser and
therefore optical components. I have already explained this part in section 1.2.1, but before entering the
Michelson, the laser must go through the squeezing table, which also uses a lot of optical components.
In this section, therefore, I will start by introducing the important optical components. Next, I will
present my work on a speci�c component known as the OPO. Finally, I will end this section by
explaining how we started to realign everything inside this squeezing table and the �lter cavity.

2.1.1. Optical setup

The TAMA300 squeezing uses 3 infrared lasers, one called "Main Laser" and the other two auxiliary
lasers "AUX1" and "AUX2". All these lasers pass through a few important optical components: Sec-
ond Harmonic Generator (SHG), Mach-Zehnder (MZ), Green Mode Cleaner (GRMC), Infrared Mode
Cleaner (IRMC), Balanced Homodyne Detector (BHD) and Optical Parametric Oscillator (OPO).
The main laser beam is split at the beginning: one part goes through the SHG, the MZ, the GRMC
and then the OPO, and the other part passes through the IRMC and is used in the HMD. The two
auxiliary lasers are used to control the OPO: AUX1 is used for coherent control and AUX2 for OPO
length control.

� Second Harmonic Generator (SHG)
The principle of the second harmonic generator is a non-linear process. We send an infrared (IR)

laser into a crystal (� IR = 1064nm), and the crystal sends back a green laser beam (� GR = 532nm).
To explain how this works, we assume that we have a crystal with perfect performance. In this case,
we send an energyE = n 1 hc

� 1
, where n is the number of photons, h is Planck's constant, c is the

speed of light and� 1 the wavelength of the input beam. Because it is perfect, the crystal returns the
same energy, but with a di�erent number of photons and a di�erent wavelength. We therefore have
E = n 2 hc

� 2
where � 2 = � 1

2 . So we haven2 = 1
2 � n1. In our case, it's not perfect, so not all the IR

beam is converted to green, and so we do not have the same energy between IR input and green output.

� Mach-Zehnder (MZ)
Here, the Mach-Zehnder consists in two mirrors and a large beam splitter used twice. This beam

splitter divides the green laser beam obtained with the SHG in two parts. Like that, we can control
each path's length and then control the laser's intensity at the MZ output.

� Green and Infrared Mode Cleaners (GRMC and IRMC)
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