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Abbreviations

LIGO Laser Interferometer Gravitational-Wave Observatory
ET  Einstein Telescope
HF  high frequency
LF  low frequency
GW  gravitational wave
GWO gravitational wave observatory
GWD  gravitational wave detector
BS beam splitter
PBS  polarizing beam splitter
EOM electro optic modulator
PMC  pre-mode cleaner
TM  test mass
EITM east input test mass
NITM north input test mass
EETM east end test mass
NETM north end test mass
FI Faraday isolator
PD  photo detector
RPD  resonant photo detector
LO  local oscillator
HV  high voltage
PID  proportional-integral-derivative
FSR  free spectral range
ROC  radius of curvature
X arm the beam path in transmission of the central BS
Y arm the beam path in reflection of the central BS
PDF  probability density function
KDE kernel density estimation
PSD  power spectral density
PR power recycling
RSE  resonant sideband extraction

SR signal recycling
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Abstract

Gravitational wave detection gives information about events in the universe, that can not
be observed, using electromagnetic radiation, like black holes merging with each other
or with neutron stars. Since the first verified measurement of a binary black hole merger
in 2015 it is proven, that more sensitive detectors will increase the number of detection,
allowing us to improve our cosmological models. Such a planned observatory for the
future is the Einstein Telescope (ET).

Gravitational wave detectors like the ET with kilometres of resonator length rely
on a good alignment of all optics, such that the beams overlap well and a good mode
matching and alignment is achieved. Misalignment between carrier and squeezed light
states induces optical loss and decreases the sensitivity.

In the Hamburg ET high frequency tabletop prototype with arm resonators we use
suspended, weighted and curved mirrors, that we steer, using several actuators. All four
test masses have piezo motor driven marionette suspensions, that allow an individual
alignment under vacuum conditions, with measured pendulum frequencies between
5.7Hz and 7.2 Hz.

The mirror position can be controlled with sub-nanometre precision. Thus it is possible
to control alignment and mode matching precisely. Using the end mirrors, a lateral and
vertical precision of 0.3 prad can be reached with the suspension. The interferometer is
aligned to contrast values greater than 99.9 % and the arm resonator mode matchings at
least 95 %.

Furthermore the Michelson fringe can be locked to a dark fringe, as long as the seismic
excitations are small enough. An active stabilisation of the 30t concrete block, which
is the fundament of the experiment, was necessary. Additionally, the arm cavities can
be held on resonance simultaneously by using a combination of the Pound-Drever-Hall

technique, thermal actors and a piezo, that are installed in the test masses, to control the
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arm length. All locks are possible despite the compact design of the vacuum chamber
with a height of only 23 cm.

Moreover the sensitivity for gravitational waves at the frequency of one FSR (free
spectral range) of the arm resonators, which is 164 MHz, is discussed. The prototype will
help to examine the influence of mismatch on sensitivity, thermal lensing effects and
other challenges in GWOs.

Kurzfassung

Gravitationswellendetektion liefert Informationen iiber Ereignisse im Weltraum, die
wir nicht im elektromagnetischen Spektrum beobachten kénnen, wie Verschmelzun-
gen von schwarzen Lochern miteinander oder mit Neutronensternen. Seit der ersten
bestatigten Messung von zwei verschmolzenen schwarzen Lochern ist es bewiesen, dass
empflindlichere Detektoren die Anzahl an Messungen erh6hen und uns damit erlauben
die kosmologischen Modelle zu verbessern. Solch ein geplantes Observatorium ist das
Einstein-Teleskop (ET).

Gravitationswellendetektoren wie das ET mit Kilometer-langen Resonatoren sind
sehr abhéngig von guter Justage aller Optiken, damit eine gute Strahliiberlagerung, Mo-
denanpassung und Justage erreicht wird. Fehljustage zwischen optischem Trager und
gequetschen Lichtzustdnden fithrt zu optischem Verlust und verringert die Empfindlich-
keit.

Im Hamburger ET hochfrequenz Prototypen mit Armresonatoren benutzen wir aufge-
hiangte, gewichtete und gekriimmte Spiegel, die wir mithilfe mehrerer Aktoren steuern.
Alle vier Testmassen haben Piezomotor getriebene Marionettenauthangungen, die eine
individuelle Steuerung unter Vakuumbedingungen erlauben, bei gemessenen Pendelfre-
quenzen von 5.7 Hz bis 7.2 Hz.

Die Spiegelposition kann mit sub-nanometer Préazision gesteuert werden. Daher ist es
moglich die Justage und die Modenanpassung genau zu steuern. Mit den Endspiegeln
wurde eine vertikale und laterale Prazision von 0.3 prad mithilfe der Authdngung erreicht.
Das Interferometer erreicht Kontrastwerte grofler als 99.9 % und die Modenanpassungen

der Armresonatoren betridgt mindestens 95 %.
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Zusatzlich kann der Ausgang des Michelson Interferometers am dunklen Ausgang
stabilisiert werden, sofern die seismischen Anregungen klein genug sind. Eine aktive
Stabilisierung des 30 t schweren Betonblocks, der das Fundament bildet, war erforderlich.
Des weiteren konnen die Arm Kavitédten gleichzeitig auf Resonanz gehalten werden, indem
eine Kombination des Pound-Drever-Hall Verfahrens mit thermischen Aktoren und einem
Piezo, die in den Testmassen verbaut sind, um die Armliange zu regeln, verwendet wird.
Alle Regelzustande sind trotz der kompakten Gestaltung der Vakuumkammer mit einer
Hohe von nur 23 cm moglich.

Dariiber hinaus wird die Empfindlichkeit fiir Gravitationswellen bei der Frequenz
von einem FSR (free spectral range) der Armresonatoren, welche 164 MHz betrégt, dis-
kutiert. Der Prototyp wird helfen den Einfluss von Fehljustagen auf die Sensitivitat,
thermischen Linsen und andere Herausforderungen in Gravitaionswellenobservatorien

zu untersuchen.
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This document uses the ComponentLibrary by Alexander Franzen, which is licensed
under a Creative Commons Attribution-NonCommercial 3.0 Unported License [1]. Partly

the symbols have been altered. The used symbols are:

Optical components Electronical components
D OH lenses HV amplifier
larising) beamsplitt
H (polarising) beamsplitters servo
mirrors
mixer

piezo coupled mirror

signal generator

flip mirror

fiber output coupler sum

optical fiber difference
wave plates sum/difference

mode cleaner cavity low pass filter

Faraday isolators

high pass filter

beam dumps
band pass filter

electro-optic modulators
electrical wires

CEEP®@O0®@®TY

laser beams
laser

spectrum analyzer

UDm‘HE@@§§tw?§

photodetector
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1 Introduction

Looking into the starry night humans have been riddling about the processes in space for
millennia. When it comes to describing the motion of planets, moons and other stellar
objects, humans came a long way in the description of the universe formed by gravity.
When Newton described his understanding of the universe in his work Philosophiae
Naturalis Principia Mathematica, he also had definitions for absolute and relative space
and time [2]. His work on the movement and law of gravity explained a lot what
remained a mystery until then. The elliptical trajectories of the planets and the returning
Halley comet are only two examples of their effect on explaining stellar objects and their
orbits [3]. But even Newtons theory left unresolved questions itself, as an example the
movement of Mercury’s perihelion remained unexplained.

When Albert Einstein developed his theory of general relativity the understanding of
gravity changed. It was no longer a force between two massive objects, but became a
property of space-time itself, which is influenced by mass. Not only did his equations
explain Mercury’s movement, but also predicted new, undiscovered physics, which was

proven about a century later [4, 5, 6].

1.1 Gravitational waves

After publishing the general theory of relativity Einstein also predicted the existence of
gravitational waves as a solution of his equations. These are ripples in the space-time,
comparable to surface waves of an infinite plane of fabric, which gets bend by marbles
rolling on it. The waves are created by moving mass, since the gravitational fields of the
masses propagate with the speed of light ¢, which is after all a finite number. [7, Ch.2].
For decades scientist built detectors to find these waves. There was an approach to

detect gravitational waves with resonant bar detectors, whose resonance frequencies
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would be changed by the influence of gravitational waves. Weber, who build the detectors
also claimed to have found gravitational radiation, but because no one else could reproduce
his findings in similar experiments, they were considered implausible [8, 9].

The first reliable hint on gravitational waves was delivered by Hulse and Taylor in
1981, who investigated a pulsar in a binary system. Their data showed a decreasing of
the orbit period and their calculations indicated, that the loss of energy fits the emission
of gravitational waves, suggested by Einsteins equations. They got the Nobel price for
the finding of the pulsar in the binary system in 1993 [10, 11].

The search for gravitational waves had started and laser interferometric detectors
were build. The Laser Interferometer Gravitational-Wave Observatory (LIGO), using
two four kilometre Michelson interferometers, announced the first verified detection of
gravitational waves in 2015 [4].

The waves have a quadrupole nature and while propagating along an axis, the effect
takes place in the plane orthogonal to it. In this plane the space-time is compressed in
one direction and stretched in the perpendicular one. This property makes Michelson
interferometers suitable detectors, because they compare the length of two orthogonal
paths to each other on the scale of the wavelength of light. The amplitude of these
perturbations is called strain and defined as the normalised length change h = L/Ly,
where L is the disturbed and Ly the undisturbed length.

The use of gravitational wave detection is among others the probing of the universe
and the models we have of it. Analysing the wave signals gives information about their
sources. The observatories already detected merging black holes and neutron stars [4, 12,
13]. Other possible sources, that might be detected in the future, are among other pulsars,
supernovae and the stochastic background [7]. Collecting these data about the events
incidence frequency and spatial distribution can be compared to the present models of
the universe [14].

There is an ongoing strive in the scientific community to improve the existing observa-
tories and plan newer generations, so that a higher rate of gravitational waves can be
measured. This will allow to verify or improve the existing models of cosmology, since it

can provide information, that electromagnetic waves can not.

The possible existence of gravitational waves derives from the theory of general

relativity by Albert Einstein. A more detailed derivation can be found in [7, ch.2, 3],
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which is summarised here. In the four dimensional space-time a distance is given by the

interval ds and defined by
ds? = —c2dt® + dx? + dy? + dz°. (1.1)

It uses the Minkowski metric 77, which is given in Cartesian coordinates by

1000
0 100
v = 1.2
i 0 010 (1.2)
0 00 1

The indices p and v are indicating the use of the summation convention over doubly
occurring indices. Both stand for the dimensions ¢,x,y and z. This way we can represent

ds as
ds? = g,,dx"dx’, (1.3)

using a modified tensor

Guv = Npv + hyv; (1.4)
that includes small perturbations. In the weak-field limit approximations can be made to
reduce the non-linear equations to linear ones. The use of the "TT gauge” -transverse
traceless gauge- is a choice of coordinates, that makes the field equation a wave equation

1 8%
2 _
(V -5 _81‘2) hy = 0. (1.5)

This is synonymous to the existence of plane gravitational waves propagating at the
speed of light. An example for a perturbation h,, assuming a wave moving along the

z-axis is

o e O
|
Q

o O O O
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This can be interpreted as the superposition of two different polarisations of the waves.
One being the h; ("plus”-) polarisation for a = 1 and b = 0 and the other hx (*cross”)
polarisation for the inverted case [7, ch.2, 3].

An illustration of the effect, that a gravitational wave has, is shown in figure 1.1.

Figure 1.1: The temporal sequence of a gravitational wave in "+ polarisation. With
passing time the wave deforms space-time. After a quarter period 7 the x-
dimension is compressed, while the y-dimension is elongated. At half period
the deformation vanishes before being inverted. After three-quarter of the
period the x-ax is elongated, while y is shortened. After the full period the
effect is at zero again for both axes.

A rough estimation of the magnitude one can expect goes as follows: As an example

we look for a binary system of two stars, whose masses are 1.4 M. This is the upper



1.2 Einstein Telescope

limit for white dwarfs, known as Chandrasekhar limit. These are circulating around each
other with a distance 2ry of 40 km at a distance R of 15 Mpc, our distance to the Virgo

cluster. The strain is given by
rsirs2
|h| ~ —=,
roR

where rg; are the Schwarzschild radii of the two stars, rq is their distance to the mutual

(1.7)

centre of gravity and R the observers distance. In our case this yields a relative length
change of 1.9 x 10721 [7].

This is equal to the diameter of a hydrogen atom compared to one astronomical unit.
A gravitational wave detector (GWD) with the length of 10 km like the planned Einstein
Telescope (ET) must still detect a length change of 10717 m [15].

1.2 Einstein Telescope

The Einstein Telescope is a planned gravitational wave observatory (GWO) of the third
generation with a triangular shape. The sensitivity will be improved by a factor of 10
and higher, depending on the frequency, compared to the design sensitivity of advanced
LIGO, another GWO. As a consequence the Einstein Telescope will outperform the second
generation GWOs in terms of event rate by a factor of O (103 — 10°) for each source [19,
15].

To achieve these enhancements two ten kilometre long interferometers, which are
optimised for different frequency ranges, are combined. One interferometer, operating at
cryogenic temperatures to reduce thermal noise, is used for low frequencies (LF). This
makes it necessary to use silicon instead of fused silica as mirror material. Thus the wave-
length will be 1550 nm and not 1064 nm like in the high frequency (HF) interferometer.
Also the light power in the arm resonators will be much smaller, with 18 kW compared to
3 MW. Thus the LF interferometer reaches its highest sensitivity in the frequency band
between 9 Hz and 20 Hz. The second interferometer, planned to be operated at room
temperature, is the most sensitive between 30 Hz and 1kHz [15].

One interferometer is used for low frequencies (LF) and one for high frequencies (HF),
which is described by the name xylophone configuration”[15]. Three of these pairs, each

having an opening angle of 60 degrees, form one equilateral triangle. The desired strain
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Figure 1.2: Noise budgets of the individual parts of the ET. The plots show the strain
normalised amplitude spectral densities of various noise sources for a) the low
frequency (LF) detector; b) the high frequency (HF) detector. The quantum
noise is a critical limiting factor for the bandwidth, since it increases with
frequency. The same is true for seismic noise, which increases towards smaller
frequencies. Among other sources it is limiting the low frequency bandwidth.
Thermal noise, especially coating thermal noise, limits the minimal detectable
strain in the HF detector [16, 17, 18].
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0724 in the range of approximately 10 Hz to some kHz. This yet

sensitivity is below 1
unreached sensibility is limited by several factors, visible in figure 1.2. In order to reach

the desired precision, an individual consideration of the limiting factors is necessary.

Starting with the low frequency limit of the LF half, Newtonian as well as seismic noise
are preventing higher sensitivities below 3 Hz. Above this the quantum noise limits the
minimal strain, especially in the region of the highest sensitivity and above. The same
is valid for the high frequency bandwidth limit of the HF interferometer, above 300 Hz.
Below that down to 30 Hz coating thermal noise contributes more than quantum noise.
The spectrum between 6 and 30 Hz is dominated by suspension thermal noise, otherwise
the quantum noise is less then half an order of magnitude below it. Finally seismic noise

is the limiting factor for frequencies under 6 Hz, for the HF system.

The quantum noise can be manipulated with the power inside the interferometer. To
increase the light power each interferometer arm contains a resonator, also known as
cavity. The chart 1.3 illustrates the resulting power build up. To bypass the drawbacks of
increased power, like higher coating thermal noise, squeezed light states are necessary.
These have a non-classical noise distribution, which can be used to suppress the detected
quantum noise [20, 21]. The reduced relative shot noise of a higher optical power can be
used, without actually using more light. Such a noise reduction by a factor of 10, realised

by a squeezing factor of 10 dB, is thus planned from the beginning in the ET.

The Hamburg prototype is designed to test the combination of ET’s high light power in
the arm resonators (arm cavities) and squeezed light states of 10 dB. Using this prototype,
it will be possible to investigate quantum noise, contrast, thermal effects and mode
mismatch, limiting factors and noise sources for gravitational wave detection as well as

new techniques for seismic noise suppression.

The following chapter 2 introduces the most important theoretical aspects of grav-
itational wave detection, which are necessary for this thesis. In chapter 3 the results
of calculations and simulations of the prototypes reachable performance are presented.

Chapter 4 is giving an overview about the experimental setup and the prototype itself.

The goal is to have masses floating in space-time free of any acceleration. For this
reason the mirrors are also called test masses. I suspended the test masses with wire

loops, since it is a passive method to suppress seismic distortions with a pendulum.
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= X

Figure 1.3: Schematic of a Michelson interferometer with arm cavities. This results in
a higher circulating power and increased signal. In the X arm I reached a
circulating light power of 1.8 kW and 0.4 kW in the Y arm, because of higher
optical loss. This is explained in detail in chapter 7.2.

The measurement results of the alignment performance, using the test mass suspension,
are explained in chapter 5. The current state of the experiments seismic isolation is
presented in chapter 6.

Finally the results of the stabilised Michelson fringe and arm cavities are shown in
chapter 7, ending with a conclusion of the thesis and an outlook on the future of the

prototype in chapter 8.



2 Gravitational wave detection

This chapter contains explanations of the basics underlying the detection of gravita-
tional waves. The majority of the information is taken from the book Fundamentals of

interferometric gravitational wave detectors by P. Saulsen [7].

As explained in chapter 1.1 gravitational waves are plane waves. In the special theory
of relativity the distance of two events, that are linked via the speed of light, is ds = 0,
which follows directly from equation 1.1. Since gravitational waves propagate at the
speed of light, we can use this property to detect them. For simplicity we choose the

wave to propagate along the z—axis, so that it affects the x — y—plane.

There was already an experiment more than a century ago, that was carried out to
measure difference in the movement of light depending on its direction. The Michelson-
Morley experiment in the end of the 19 century falsified the aether theory. They set up
a light source and shone light onto a 50:50 beam splitter. The light beams were later back
reflected to propagate on the same axis as the incoming light and interfere on the beam
splitter. Depending on the runtime difference in the paths, which are also called arms,

the interference pattern on the output varies. The output power is given by
Pout = Pin cos? (kax - kyLy) 5 (2.1)

where L; is the arm lengths of the optical paths and k; are the wave vectors [22] [7]. Such
an experiment structure, designed to measure differential arm length change is well suited
for the detection of a wave, which stretches space in one direction, while shortening
it in the perpendicular one. Thus we install a Michelson interferometer such, that one
arm follows the x-axis and the other the y-axis [7]. For a gravitational wave passing

the interferometer we can calculate the effect on the light beams, using the light-like
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property of the waves.

ds’>=0= guvdxtdx’

(2.2)
= (lyyv + h,,v) dx*dx’

Since the field equation becomes a wave equation in the TT-gauge coordinates, the
elements of h,, can be written as h (27 ft — k - x), with f = % Rearranging equation

2.2 using this and looking only at the x coordinates, we receive
2.2 _ 2
cidt® =1+ hy 2xft -k x)dx” (2.3)

This means, that the travel time from the beam splitter to the mirror is modulated with
the perturbation h. The total round trip time from beam splitter to the mirror and back is

calculated by integrating the square root of equation 2.3:

Tout 1 L
/ dt = E / V1+ hi1dx
0 0

L
e~ 1 ‘/0 (1 + %hu 2nft-k- X)) dx (2.4)

C
Trt 1

0 1
dt=——/ (1+—h11 (27Tft—k-X)) dx.
cJr 2

Tout

Summing both paths gives us

oL 1 [F 1 [0
Tt =—+— h11 Cxft-k-x)dx — — hi1 2xft-k-x)dx. (2.5
c  2cJy 2c Jr

The equation for the y-arm is calculated equally with a dependency on hg instead of hq7.

If the period of the gravitational wave is much bigger, than the time the light needs
to make a round trip, the perturbation can be assumed as constant for any phase of the

passing gravitational wave.

For cases in which this is not fulfilled a different approach is needed. As an example
for 27 g, = % the light passing the interferometer arms experiences exactly one cycle
of gravitational wave, where 7,0 = %L is the round trip time for the unperturbated

interferomter . This means the positive and negative perturbations cancel and no signal

10
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can be detected. This applies to all higher harmonics as well. For a more general
description of 7,;, we have to assume the perturbation is also time dependent and not
constant h(t) = hexp (i27rfgwt). Using this in equation 2.5 for both arms, we receive a

phase difference of

2me

7 sinc (fywrt0) e mgwtrio (2.6)

Ag(t) = h(t)Tr10

[7].

2.1 Angular dependency

The detection of the signal does not only depend on its frequency and the round trip
time. The case of a gravitational wave propagating along the z-axis in + polarisation with
fow < 1/77 is ideal for a detector as described previously. But in reality the gravitational
waves will pass the interferometer with arbitrary propagation vectors and a mixture of +
and X polarisation. To describe the sensitivity of the detector depending on the waves
propagation vector, an Euler transformation using three angles ®, ® and ¥ is necessary.
The meaning of the angles is depicted in figure 2.1.

In the low frequency limit, the perturbation is modified to:

hi1 =h(t) [cos 20 (COS2 ¥ — sin? ¥ cos? @) — sin 2@ sin 2¥ cos ®]
(2.7)
hao =h(t) [cos 20 (sin2 ¥ — cos® ¥ cos? @) — sin 2P sin 2¥ cos G)] )

The ideal case is now given for ® = n3, ¥ = nx and ® = nx. The generalised phase shift

can be expressed as

2 1
Ap(t) = h(t)rrto% (5 (1 + cos? @) cos 2P cos 2¥ — cos O sin 2P sin 2\1’) . (2.8)
This equation gets down to zero for only four combinations of values. These are the
points in the plane of detection, where both arms are disturbed equally. The simulated

direction dependent sensitivity for the Hamburg prototype is shown in chapter 3.

11



2 Gravitational wave detection

Figure 2.1: The coordination system is transformed to describe the gravitational waves
propagation. The angles @, © and ¥ define the origin and polarisation with
respect to the observers initial system.

2.2 Laser radiation

Modern gravitational wave detectors rely on highly monochromatic light sources with a
small linewidth, to detect GWs precisely. The best sources for this radiation are lasers.
This section gives a short summary about laser radiation. The details can be read in [23].

Laser radiation is a result of stimulated emission inside an optical cavity. The light is
propagating in between two mirrors and amplified by external pumping.

There are different kinds of lasers. Continuous wave (cw) lasers emit light constantly,
while pulse lasers emit light only for short timespans down to less then femtoseconds
[24].

In a continuous wave resonator an active medium is constantly pumped, which causes
the atoms in the crystal to excite into states of higher energy. This allows a passing
photon to stimulate the emission of the stored energy as a photon similar to the first one.
Phase, direction, polarisation and frequency are identical.

During this process a Gaussian beam forms and these underlay specific principles. The

light is nearly monochromatic with a certain linewidth. The spatial intensity profile is

12



2.2 Laser radiation

Gaussian (for the TEMyp mode), hence its name. Figure 2.2 depicts the minimal waist wo,
the waist radius w(z) at any given z, the radius of curvature(ROC) R(z) of the wavefront
at point z, the opening angle ¢ and the Rayleigh length zg. A beam can be defined with

only the waist size, its position and the wavelength.

The other properties can be calculated from that, using the formulas

2
w(z) = woq| 1+ (%) (2.9
Tw? g
R(z)=z|1+ (/1_20) (2.10)
erg

ZR = T (211)

¢ = arctan (i) . (2.12)
(2.13)

The relation of these properties is depicted in figure 2.2.

w(z)

Figure 2.2: A Gaussian beam, wy is the minimal waist size, w(z) the waist at position z,
R(z) the radius of curvature (ROC) of the wavefront at point z, ¢ the opening
angle and zp the Rayleigh length.

13



2 Gravitational wave detection

Laser beams also have other properties, that play a role in the experimental environ-
ment. Some of these are their modes and the polarisation. The polarisation is the time
dependent orientation of the electrical field relative to its propagation axis. It can be linear,
circular or elliptical. The modes give information about the transverse intensity profile.
The most common modes are the Hermite-Gaussian (TEM) and Laguerre-Gaussian (LG)
modes.

The experimental noise associated with lasers can be found in section 2.6.2.

2.3 Michelson interferometer

Michelson interferometers are named after Albert A. Michelson, who used one to deter-
mine if an ether is present. Nowadays it has become an instrument with a variety of
applications, like refractive index measurements, surface measurements and spectroscopy
[25, 26, 27]. The basic setup, shown in figure 2.3, consists of a light source with narrow
linewidth, a beam splitter and two mirrors. The light shines on the beam splitter and is
divided into equal parts onto different paths. The beams are reflected individually by

mirrors and overlapped again on the beam splitter [22, 28, 7].

NY
—

Figure 2.3: Schematic view of a Michaelson interferometer. The beam is split up by the
beam splitter and reflected by the mirrors. The two beam paths between
BS and mirrors are also called arms and as a convention in this thesis the
transmitted arm is the east (E) arm or X arm, while the reflected beam is the
north (N) arm or Y arm.
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2.4 Fabry-Pérot cavities

The length difference in the optical paths determines the interference of the beams on

the beam splitter. Expressed in terms of light phase ¢ the transmitted power is given by
_ AP\ - AL _
Pout (Ag) = sin? (7('{)) Py, = sin? (7271) Py (2.14)

[7]. The power, that is not transmitted, is reflected back towards the light source. This
assumes a perfect contrast. The contrast of the Michelson interferometer is calculated
with

Prax — Pmi
— max min ] (2. 1 5)
Prax + Pmin
It is a dimensionless value between 0 and 1, but is usually given in %. Py, and Ppax are
measured at the in- or output, when ramping the optical phase. Using trigonometrical

identities, equation 2.14 can be modified to contain the contrast as
_ 1
Paw (A9) = 5 (1= K cos (Ag). (2.16)

For a maximal signal to noise ratio a low minimal power is necessary, which is connected

to a good contrast. Thus a high contrast is mandatory for optimal measurements.

2.4 Fabry-Pérot cavities

The perturbations induced by a gravitational wave can be detected the best, when the
length of the travelled light is comparable to the length of the wave. A ground based
GWO can never fulfil this criterion for frequencies below the MHz range. To increase
the travelled time, it is necessary to send the light back and forth the same path. Thus
the round trip time is multiplied by the number of round trips to get the total travelled
time. A set of (plane) mirrors, that are placed parallel to each other in a way, that the
light can travel back and forth between them, is called a Fabry-Pérot cavity. In this the
light propagates orthogonally to the planes of the mirrors and the interference of the

overlapping beams is used to amplify the lightfield. A schematic is shown in figure 2.4.
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Figure 2.4: A scheme of a Fabry-Pérot cavity. The light reflects back and forth between
two plane and parallel mirrors facing each other. The first few terms of the
amplitudes of the light fields being reflected and transmitted are shown. The
beams were separated in the depiction for easier understanding, but are in
reality all on the same axis. Inspired by [7, fig.6.3], [29, fig. 3.2]

An important property of a cavity is its finesse ¥ . It gives information about the quality
of the optical resonator, meaning how often the light is propagating back and forth and

is the quotient of the free spectral range Avgsg and the cavities linewidth Avyy.

F T[T

- (2.17)
1-rir
_ Avesr (2.18)
Aviw '
co
A = — 2.19
VESR = 57 (2.19)

In equation 2.19 L is the cavity length and r; 2 in equation 2.17 are the amplitude
reflectivities of the mirrors. Whereas R1o = riQ are the power reflectivities of the
mirrors.

To gain high powers in the cavity, a high finesse is required, which is equivalent
to high reflectivities of the mirrors. The power inside the cavity can be calculated by
modelling the amplitude of the fields A - H, defined by the equations 2.20 to 2.25. Figure

2.5 illustrates the meaning of these equations.
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2.4 Fabry-Pérot cavities
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Figure 2.5: The lightfields in the cavity. A and E are sent into the cavity, while D and H
are propagating away from it. B, C, G and F are the fields circulating in the
cavity, being influenced by the length L and the loss n [30, chapter 3].

B=tA+nrG (2.20)
C= Bnei(‘”%+“’) (2.21)
D =tC-nrE (2.22)
F=rC+nrE (2.23)
G= qui(“’%+“’) (2.24)
H=-rnA+1yG (2.25)

With the reflectivities r; for the fields and the corresponding transmissivities ¢; being the

square roots of their power related counterparts R;, T;. Or vice versa rl.2 =R, tl.2 =T.

Since there is no light coming from the back of the cavity, we set E = 0. The loss factor
n is defined like the transmission of the medium between the mirrors. A value of 1 thus
means no loss, while a value of 0 represents absolute absorption. This gives us a power

build up factor

2
B T 1-R
(—) = o —[30]. (2.26)
Al (I=rr)®  (1-rirep?)
Plane mirrors are hard to align perfectly parallel and even small distortions can result

in an instability of the cavity. Thus often curved mirrors are used, that reflect the beam

back, even if it should wander off a bit. The stability of a cavity is given by the criteria
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2 Gravitational wave detection

0<g192 <1, (2.27)
where the parameters g 2 are defined as

L
gi=1-=. (2.28)
i
In equation 2.28 L is the length of the cavity, while R; is the radius of curvature of mirror
i [23,31].
The measurements on the arm cavities I use in the experiment are presented in chapter

7.2 and their stabilisation in 7.3.

2.5 GWO read-out

The signal measuring can be influenced by the way the perturbation is detected. Behind
the output of the Michelson interferometer a photo detector (PD) can detect the light
leaving the interferometer. A local oscillator (LO) can increase the signal to noise ratio,
thus a small amount of light is superposed with the signal beam before detection.

For a balanced homodyne detection the LO is split up in front of the interferometer and
recombined behind the central BS. A phase shifter in the LO path allows to change the
read-out quadrature easily. The combined light field is split up equally onto two PDs and
measured, thus the term balanced. A downside of the homodyne readout is the necessity
to carefully stabilise the LO path [19].

A way to stabilise the LO field is to take it directly from the light in the interferometer
by adding a dark-fringe offset to create a DC readout. This on the other hand loses the
advantage of choosing the read out quadrature.

The detection schemes can both be realised with the Hamburg prototype. The read-out

optics behind the output of the interferometer are shown in chapter 4.3.

2.6 Noise sources

The sensitive interferometers react on any disturbance, that changes one arm length, with

respect to the other. The length is changed, when the mirrors move, which is happing,
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2.6 Noise sources

when a mirror is accelerated by any force. Since the mirrors have a mass, which shall
move in space-time free from any terrestrial influence, they are called test masses. They
test if a force on their mass is present. The test masses shall be probes of the gravitational
forces, that are not caused by anything on earth, but from far more away. This leads to
the necessity to isolate them from all surrounding influences. Simulations on these can be
made with the python package PyGWINC, the Python Gravitational Wave Interferometer
Noise Calculator, which processes and plots different noise budgets for GWDs. According
to such a simulation for the high frequency (HF) Einstein Telescope, visible in figure 2.6,
the major noise sources limiting the sensitivity will be seismic noise, Newtonian noise,
noise from gas molecules hitting the mirrors, thermal noise from the suspension and

coating and quantum noise [18].

10—22
—— Total —— Suspension Thermal
—— Quantum Vacuum —— Coating Thermal
—— Seismic Substrate Thermal
—— Newtonian Gravity Residual Gas

10—23 4

Strain [1/@]

10—24 4

10723 4 \\\ \\\\ ~\N\§‘r‘-~,,_‘»

10! 102 103
Frequency [Hz]

Figure 2.6: The expected strain sensitivity of the HF Einstein Telescope is limited by
several noises over its frequency bandwidth. The major noise sources con-
tributing are the seismic for low frequencies, suspension and coating thermal
noise from a few up to some hundreds of Hertz, where quantum noise becomes
the dominating noise source [16, 17, 18].

These various noises limit the frequency bandwidth, in which GWs can be measured.

And since there are connections between noise sources, for example a higher light power

19



2 Gravitational wave detection
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Figure 2.7: The characteristic strain of chosen gravitational wave sources and the sensitiv-
ity of chosen detectors in the frequency domain show, that future gravitational
wave detectors must be more sensitive to smaller frequencies, in order to de-
tect gravitational waves from type 1A supernovae, galactic binaries and other
sources [32].

can reduce the shot noise, a part of the quantum noise, but will increase thermal noise, an
optimal configuration for each frequency band must be chosen. In other words different
configurations are needed for different frequencies. The thought of each frequency band

having its own detector was the origin of the name xylophone configuration.

As the graphs in figure 2.7 show, the frequencies below 10 Hz can yet barely be detected
with a reasonable sensitivity, even though there are expected sources [32]. Thus there is

an interest in pushing the limits to a low frequency detector.

Since for smaller frequencies the thermal noise rises, like shown in the graphs of
figure 2.6, it becomes important to cool the test masses and suspensions. This led to the
design of a cryogenic low frequency interferometer, while a second room-temperature
high frequency interferometer operates simultaneously. The cryogenic system itself
makes major changes necessary, like silicon as a mirror material, which has the needed

cryogenic properties. It is not transparent for 1064 nm and thus the wavelength must
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2.6 Noise sources

be changed to 1550 nm. The power in the arm cavities must be adjusted and a higher

damping of seismic noise is needed.

The ladder is a serious issue, since even the superattenuator, used by the GWD Virgo,
is not sufficient as isolation for the LF interferometer. The movement transferred to
the mirrors by seismic noise is also disturbing the measurements and thus makes a
seismic isolation necessary. The superattenuator uses six stages of pendulums combined
with cantilever springs and an inverted pendulum in a 10 m structure. The needed
improvements for LF ET result in an even larger structure and thus more effort to cool
the system [33, 15].

A requirement needed not only for the installation of cryogenic cooling structures, but
for gravitational wave detection in general, is a vacuum, since it eliminates noise caused

by the air molecules and also reduces laser noise by pressure fluctuations in air.

In gravitational wave detectors thermal noise is a limiting factor in various ways.
Temperature is a measure of the velocity atoms have and this movement is causing a
variety of noise sources. It will not be further investigated in this thesis, but interested

people can read more about in (7, 34, 35, 36, 37, 38].

A noise, that can not be isolated against, is Newtonian noise. It is created by changes
in earths gravitational field. This can for example be caused by density changes in air or
in ground close to the detector. Since this is a direct gravitational coupling between the
test masses and the surroundings, it can not be shielded. Some sorts of seismic waves or
human activity in the surrounding area are exemplary sources of these perturbations.
To reduce the effect of surface waves, the detector site can be built underground and
in seismically quite areas. Additionally models of gravitational coupling together with
seismic data can be used to subtract the distortions in the post processing of the data
stream. [39, 40, 15, 41].

Another noise source is quantum noise, which originates in the quantum nature of
light. The interaction between the photons and mirrors, as well as the detection of the
photons are processes underlying fluctuations, which are further explained in section
2.6.2 [42, 43].
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2 Gravitational wave detection

2.6.1 Seismic isolation

The distortions caused by seismic movement are a limiting factor to today’s and future
gravitational wave detectors, as seen in figure 2.6. For low frequencies, in the region of a
few Hertz and below, it is the dominant noise source preventing higher sensitivities. To

suppress this noise, a series of measures can be taken.

Starting with passive systems, such as dampers, to isolate the experiment from its
environment. The information and equations are taken from [7]. The equation of motion

for a mass m attached to a spring with spring constant k is given by
mx = —k (x — xg) , (2.29)

where x is the position of the mass and xy is the undisturbed position. We ignore internal
damping and the mass of the spring here. This system has a resonance frequency given
by
1 |k
= —q/— 2.30
fo 2r \'m (2:30)
and its behaviour in the frequency space is described with its transfer function
2
x __f

. e (2.31)

From this we can derive, that for frequencies much smaller than f; the spring has roughly

no damping effect. On the other side of the resonance the behaviour is

x > fo
I
X0 12

When N masses are cascaded with springs, that have the same resonance frequency for

(2.32)

each mass spring pair, the answer of the N-th mass is given by

N ISR (ﬁ)m. (2.33)

X0 f

Concluding, high frequencies can be well suppressed, using springs or spring-like dampers.

This is visualised in figure 2.8.
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Figure 2.8: The systems response of cascaded springs and masses without damping. The
three traces belong to systems with one, two and five stages, each stage
containing one spring and one mass with a resonance frequency of 100 Hz.
The answer of the system drops rapidly with increasing frequency beyond the
resonance and each stage improves the damping.

The isolation, using a pendulum, gives comparable results.

At least for horizontal isolation the transfer function follows the equation 2.33 seen
for vibration isolation with springs, if we assume N cascaded pendulums. The vertical
isolation of a pendulum is worse by a factor of ( fovert/ ﬁ),horiz)2 for each stage. The vertical
resonance frequency is usually significantly higher, so that additional vertical isolation
is advisable. This can be done by a combination of vibration isolation with springs or
dampers for vertical isolation and a suspended test mass. The seismic isolation used for

this experiment is explained and characterised in chapter 6.

A possible expansion of these methods is active control, using sensors to measure the
movement or position and to counteract it with actors or motors. These regulation loops

are described in chapter 2.7.
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2 Gravitational wave detection

2.6.2 Laser noise

The lasers used for GW detection need to be as monochromatic as possible. Mathemat-
ically that would require an infinitely long beam, but a single-mode continuous wave
(cw) beam in operation can be assumed to be sufficiently monochromatic. Ideally the
amplitude and frequency remain constant at all times, but in reality there is always noise.

Some of the most common noises are:

phase noise Variations in the phase of the light field. Origins of phase noise can be
spontaneous emission in the gain medium into the resonator mode, quantum noise,
optical loss and technical noise, like vibrations of the laser resonator or noise of

the pump source. Phase noise leads to a finite linewidth [44, 45].

frequency noise Random fluctuations in the frequency, which is the derivative of the
phase. Thus the frequency noise is directly related to the phase noise. More precise

their power spectral densities are proportional to each other [46].

amplitude noise Changes in the optical power. More often also referred to as (relative)
intensity noise. Quantum fluctuations and technical noise create variations in the
power of the output field [47].

quantum noise Quantum noise has its origin in the quantisation of light. Even though
light underlays the wave-particle dualism the photons are interacting with the
detectors and mirror surfaces as if they were particles in the instant moment of
interaction. Over time the amount of photons hitting a surface is statistically
distributed and thus deviates over time. This introduces shot noise and radiation

pressure noise [48].

shot noise The shot noise is a boundary to the intensity noise and a property of
the light field itself. Its level for an interferometer with N times folded arms

can be calculated, using the formula

1 Ahc

Al 2.34
LN \ 272Py, ( )

hsn =
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2.7 Feedback control

and is crucial part of the high frequency noise limits for GWOs. It can be
suppressed, using squeezed light states. The round trips can be calculated,
using N =25 /x [7, 49].

radiation pressure noise The reflection on a mirror surface causes a back-action
equal to twice the photons momentum, known as radiation pressure. The
optical power of the laser is measured as a mean average over time, but on a
quantum scale the back action of a statistically distributed number of photons
hitting the mirrors per unit time causes changes in the position of the mirrors

surface, which is referred to as radiation pressure noise [50].

(45, 51]
The amplitude and phase noise were analysed during this thesis and the results are
shown in chapter 7.3. The quantum noise is an important part of the simulations done in

chapter 3.

2.7 Feedback control

Experiments tend to be dynamic systems. This dynamic itself can be the interest of
observation, but can also be something that needs to be controlled and regulated. These
control loops are used in the experiment in the stabilised Michelson fringe (chapter 7),
the arm cavities (chapter 7.3) and the seismic isolation (chapter 6). The terms are taken
from [52].

The working principle of a regulated system is:

1. Measure control variable y(t).

2. Comparing control variable and reference variable w(t) delivers control deviation

e(t) = w(t) - y(1).

3. In the control device the control deviation is converted to the regulating variable
u(t) with respect to the control systems dynamic behaviour, which is fed into the

control system.

4. The regulation and a possible distortion d(t) act on the control system, which leads

to a new value of the control variable.
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2 Gravitational wave detection

There can also be constraints, for example a requirement, that there are no oscillations
in the system, which must be taken into account, when designing the control device. A
controller usually consists of several stages to shape the signal. Commonly used are the

following stages:

Proportional: the bigger the difference between reference variable (=set point) and

control variable, the bigger the regulating variable. It is a linear gain stage.

Integrator: the past of the current state is important for the current regulation variable

value. This prevents a lasting offset between regulation and reference variable.

Differentiator: Instead of the absolute value of the control deviation, its gradient deter-

mines the value of the regulating variable.

[52]

To improve the design the transfer function of an existing controller is measured and
analysed. Afterwards the different stages are adjusted to improve the regulation loop.
This includes addition of filters for example. When the system is regulated actively,
using the feedback, we speak of a closed loop, while a lack of feedback is called open loop

operation.

2.7.1 Pound-Drever-Hall technique

There is a method to stabilise a lasers frequency to an external cavity, named after the
physicists Pound, Drever and Hall, that worked on this topic. The setup is shown in figure
2.9. The laser is sent through an electro optic modulator (EOM), which imprints sidebands
on the beam. Their frequency is outside of the cavity linewidth. Between the modulator
and the cavity a polarizing beam splitter (PBS) and a quarter-wave plate form an optical
isolator, so that the light back reflected from the cavity can be measured with a detector.
The cavity itself consists of two mirrors facing each other. The detected signal is filtered
and electronically mixed with the modulation frequency, which delivers an error signal.
A servo transforms it to a feedback signal for the laser [53]. The implementation and the
way we use this method to lock our laser onto the arm cavities is further explained in

chapter 7.3.
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Figure 2.9: A scheme of the Pound-Drever-Hall laser stabilisation. The laser beam is
passing an EOM, a PBS and a quarter-wave plate before entering the cavity.
The EOM imprints sidebands on the beam. The additional optics form an
optical isolator, so that the light reflected from the cavity is guided towards
a resonant photo detector (RPD). The signal is demodulated in the resonant
circuit to provide an error signal to a controller. This allows to keep the cavity
on (anti-) resonance, by tuning the lasers wavelength. This procedure reduces
noise and drifts of the wavelength, if the reference cavity is reliably stable[53].
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3 Simulation of the quantum noise

limited sensitivity anisotropy

To make an estimation of how good the prototype will be able to perform, if everything
works perfectly, I calculated and simulated some facts and figures to compare the ET HF

design values to the prototype. Using the following parameters,

ET HF [15] | Hamburg prototype
Length 10 km 0.91m
A 1064 nm 1550 nm
P; 500 W 7.75W
P circulating 3MW 4.7kW

Table 3.1: Parameter for ET HF and the Hamburg prototype

and equation 2.34 the sensitivity limit given by the shot noise is 5.5 x 1072° \/% for the
z

prototype in my experiment. With help of Dr. M. Korobko, who provided the necessary
MATHEMATICA code, we made a more detailed simulation with the same parameters.
This program considers the originating direction and polarisation of the wave, masses of
the mirrors, the cavity tunings and reflectivities. The result is plotted in figure 3.1.
According to this simulation, the minimal strain, that this configuration could detect, is

from 100 to 100 kHz about 4 x 10720 —L__ The cross, plus and mixed polarisation curves

z

assume the best possible angle for a detection, while the simulation for a vertical incident

assumes a wave in plus polarisation. The minimal values for the plus, cross and mixed
olarisation are in order 5.4 x 10720 —L_ ,5.3x 10720 1 and75x102 -1 Around

P VHz VHz VHz

multiples of the FSR the strain sensitivity drops significantly. It depends only slightly on

the polarisation, assuming the wave comes from a direction, where the given polarisation

can be measured optimally.
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Figure 3.1: Simulated one sided spectral density strain sensitivity between 1 Hz and the
first FSRs for different polarisations, using the code kindly provided by Dr.
Mikhail Korobko, adapted with the parameters for the Hamburg prototype
and data from the LSC [54]. The minimal strain detectable is on the order
of 5x 1072 —L_ between 100 and 1 x 10° Hz. After rising, the detectable

VHz

strain drops by several orders of magnitude around multiples of the FSR. The
cross, plus and mixed polarisation curves assume the best possible angle for a
detection, while the vertical incident graph assumes a vertical input in plus
polarisation.

The minimum given by equation 2.34 and the simulation verify each other, which
means in theory the sensitivity is limited by shot noise. This means adding squeezed light

states would improve it. Even without them the prototype can reach a strain sensitivity

shot noise level in the order of 10720 —1_

i

The higher sensing sensitivity around the FSRs allows to estimate how strong un-
detected GWs in this frequency region could be maximally. Even though there are no
sources expected to cause GWs above 1kHz, not to mention above 100 MHz, we could
still measure and verify the expectations down to the reached strain. If we compare
these curves to the sensitivity of advanced LIGO’s third observation run, it is apparent,
that aLIGO is much more sensitive in low frequency regions. In the spectrum above
10 kHz there is no reliable data to be found about aLIGO’s sensitivity, but extrapolating
the existing data, it becomes reasonable, that both sensitivities do not deviate much at

multiples of the free spectral range frequency. At the first FSR the strain sensitivity
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3.1 Sensitivity anisotropy

drops to ~ 3 x 1072 LH In other words this setup could measure high frequency GWs

z
comparably well as aLIGO for certain high frequencies.

3.1 Sensitivity anisotropy

As already mentioned in other chapters, the gravitational waves have a polarisation.
The direction of their effects defines how well they can be measured. Under certain
conditions the detection is not possible at all, no matter how strong the wave would be.
This dependency on the direction, or anisotropy, is also called the antenna pattern, since

the gravitational wave detectors are antennas for gravitational radiation.

3.2 Low frequency approximation

For L-shaped detectors, meaning they have two arms with a 90° angle between them,
the antenna pattern is shown in figure 3.2. These are patterns under the condition, that
the frequency of the gravitational wave is much lower, than the inverse of the round
trip time in the arm. I plotted three different cases with the help of my colleague Dr.
Mikhail Korobko, who provided the code. The + and X polarisation have different antenna
patterns, where one feature is the shifting of the longitudinal dependency by /4, which is
equivalent to the 45° shift between the polarisations. An additional difference is, that the
X polarisation also can not be detected, when its propagation vector lies in the detection
plane. The reason is simply, that these waves will always act on both arms equally. The
figure 3.2c can be interpreted as renormalised average, that shows for which propagation
directions the observatory is not sensitive regardless which polarisation the wave has.
For all cases an axial symmetry for latitude and longitude is observable. For the latitude

this is also valid for a shift by nz/2 and for the longitude by nx/4.
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Figure 3.2: The antenna patterns for the ET prototype for different polarisations at fre-
quencies much lower than the FSR. The maximum of sensitivity is given for
waves propagating along the normal vector of the detection plane. The type
of polarisation defines at which coordinates the sensitivity vanishes. a) Plus
polarisation: the sensitivity reaches zero, when the value of the longitude
® is equal to odd multiples of /4. This is when the wave influences both
arms in the same way, so that the effects cancel on the beam splitter. b) Cross
polarisation: the detector is not sensitive for waves, when they arrive from
longitudes multiples to 7/2 or from © = /2. c) For a mixed polarisation the
only spots, where a gravitational wave can not be detected, are on the © = 7/2
line, when the longitude is an odd multiple of 7/4. These are geometrically
the diagonal lines between and around the interferometer arms. The code for
the simulation was provided by Dr. Mikhail Korobko.
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3.3 Sensitivity at one FSR of the arm resonator

Gravitational waves, that have much higher frequencies, have additional effects on the
antenna pattern. In this case the effect of the wave can not be approximated as constant
for the round trip time of the light in the arms, but must be treated as a time dependent
phenomenon, as stated in equation 2.6. The gravitational wave therefore can have an
effect on the light on its way to the end mirror and an opposing effect on its way back,
resulting in no signal on the beam splitter. This is shown in figure 3.3, where now in 3.3b
the latitudes around zero and 7 show no sensitivity anymore. In general the sensitivity
drops to smaller values for this case at a frequency of one FSR, which for the ET prototype
is around 164 MHz.

Now the pattern for the plus polarisation is less symmetric in the longitude, or at least
the periodicity doubled. Instead of a symmetry every /4, now the values are symmetric
to /4 + nx/2.

1

Summarizing the results the prototype can reach a sensitivity of 5 x 10720 Vi and
z

also comparably high sensitivities around multiples of the FSR.
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3 Simulation of the quantum noise limited sensitivity anisotropy
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Figure 3.3: The antenna patterns for the ET prototype for different polarisations at the
frequency of one FSR. a) plus polarisation; b) cross polarisation; c¢) mixed
polarisation. Unlike for low frequency waves the sensitivity is not optimal any
more for waves moving perpendicular to the plane, but for ones that propagate
under an angle towards the detector. The patterns are more complex and also
the response magnitude decreased compared to the low frequency ones, but
some features remain similar. The code for the simulation was provided by
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4 Overview of the optical system

In this chapter, the design of the Hamburg ET prototype is described. The optical setup
from laser to the interferometer is explained in section 4.1, the interferometer itself in
4.2. The section 4.3 contains information about optics behind the interferometer, needed
to adjust the arm cavities and measure the signal. Experimental results regarding the

arm cavities, contrast and regulation loops are shown in chapter 7.
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Figure 4.1: The optical setup of the prototype. The dashed line is the path of the LO. The
dotted path is an alternative path to the diagnostic cavity.
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4 Overview of the optical system

4.1 Laser beam preparation

Figure 4.1 shows the setup of the experiment with all optical elements. The light is
provided by a 1550 nm NKT laser system, with a maximum output power of 8.5W. The
wavelength in the ET is planned to be 1064 nm, but this difference has no effect for the
purpose of the prototype and of the available laser systems the used one provided the
highest power. The fiber outcoupler produces a beam collimated at its output with a waist
radius of 2.6 mm. The beam is send through a quarter- and a half-wave plate to adjust
the polarisation. A polarizing beam splitter (PBS) behind allows to split off a variable
amount of light towards a fibre, which will be needed for the squeezer and local oscillator
(LO) fields in the future. This part is not shown in the picture. The squeeze laser for shot
noise reduction was build by Pascal Gewecke and provides a noise reduction of more
than 10 dB [55].

Afterwards, a lens set and a set of two mirrors guide the beam through a Faraday
isolator (FI). Two half-wave plates in front and behind it regulate the polarisation. In
front of the FI it must be parallel to the plane of the propagation (p-polarisation). The
light leaves with a polarisation tilted by 45° and is brought to s-polarisation, for which

the mirrors are optimised.

Another mirror set maneuvers the beam through an electro optic modulator (EOM),
which imprints 45.66 MHz sidebands onto the laser. The EOM is followed by a lens set, a
mirror set and a half-wave plate to match the beam to the pre-mode cleaner (PMC). The
PMC is a triangular cavity, consisting of two partially transmissive and one high reflective
mirror, which filters beam modes. While the eigenmode is transmitted, unmatched light
is reflected. A stable output of a single mode can be achieved using a control loop. The
highly reflective mirror is mounted on a piezo, so that the length of the cavity can be

actuated. The control signal is achieved, using the modulated light field.

In reflection from the PMC the beam is attenuated and steered onto a resonant photo
detector (RPD). This detector is also supplied with a 45.66 MHz modulation of which the
phase in respect to the EOM modulation can be adjusted. The light signal is multiplied

with the modulation and afterwards lowpass filtered, resulting in the error signal.

Using a PID controller and a high voltage (HV) amplifier, the signal is fed back to the

piezo to form a regulation loop, also called a lock. The locking scheme is described in
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4.2 Interferometer design

detail in the masters thesis of Maximilian Faden [56], on which he worked under my
guidance.

In transmission of the PMC another set of mirrors, a set of lenses and a set of quarter-
and half-wave plate are placed. These are used to navigate the laser through a second
EOM, which is necessary for the arm cavities.

The second EOM imprints a modulation of 163.97 MHz, which is right between the
FSRs of the arm cavities. This is further explained in chapter 7.3.

A final lens set and two mirror sets are placed behind it to match the beam to the
interferometer and the arm cavities. The coated window to the vacuum