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Abstract

General relativity describes gravity as the curvature of space-time. The theory pre-
dicts the existence of gravitational waves (GWs), which can be described as ripples
in space-time propagating at the speed of light. So far no direct detection of GWs
has been achieved. The sensitivities of the currently leading laser interferometric
GW detectors are limited by various noise sources, i.e. seismic, thermal, shot noises

ete.

Several conceptual studies are underway investigating new techniques that aim to
improve sensitivities enough to fulfil the requirements of the next generation of
detectors. One of these new techniques under investigation is displacement and
frequency noise free interferometry (DFI). This thesis reports on the experimental
demonstration of a new method of partial DFT that is effective in the GW detection

frequency band.

The isolation of a mimicked GW signal from displacement noise of one mirror is
demonstrated for a detuned Fabry-Perot cavity. A significant reduction in the
displacement noise of the cavity input mirror was achieved by properly combining
the reflected and transmitted signals from the cavity. This result represents the
first experimental demonstration of this recently proposed DFI scheme, and lays
the foundations for future work aimed at implementing DFI schemes in up-coming

laser interferometric GW detectors.
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Statement of originality

The thesis presents research work carried out the University of Birmingham, be-

tween September 2006 and March 2010.

Chapter 1 contains an introduction of the general topology of the current, second
and third generation of GW detectors based on a review of papers already pub-
lished. However the description of a proposed topology for third generation GW
detectors is based on new original work reported in:

A. Freise, S. Chelkowski, S. Hild, W. Del Pozzo, A. Perreca, and A. Vecchio. "Triple
michelson interferometer for a third-generation gravitational wave detector.” Clas-
sical and Quantum Gravity, 26(8):085012, 2009,

of which I am one of the coauthors.

Chapter 2 provides a detailed description of the conceptual model for a proposed
detuned Fabry-Perot (FP) cavity based DFI, largely taken from:

S. P. Tarabrin and S. P. Vyatchanin. "Displacement-noise-free gravitational-wave
detection with a single Fabry-Perot cavity: A toy model.” Phys. Letters A, 372:6801-
6812, 2008.

Chapter 3 describes original work that I led and carried out in the laboratory for
the construction of a full experimental setup to investigate the feasibility of the

DFI technique in the low frequency region.

Chapter 4 details an analysis of a simulated detuned FP-cavity originally devel-

oped by myself for this thesis.

Chapter 5 shows a new experimental demonstration of the proposed detuned FP-

cavity based DFI model, that I carried out (in collaboration with S. Chelkowski, S.

111



Hild and A. Freise). Material described in this Chapter (and partly in Chapter 3
and 4) provides the basis for a paper accepted by Physical Review D which I led:

A. Perreca, S. Chelkowski, S. Hild and A. Freise. "Experimental demonstration of
a Displacement noise Free Interferometry scheme for gravitational wave detectors

showing displacement noise reduction at low frequencies.” arXiv:0912.4749, 2010.

Appendix A describes the original design of the Length and Sensing Control sys-
tem for Advanced Virgo that I did in collaboration with S. Hild, M. Mantovani and
A. Freise. This Chapter is largely taken from a document delivered to the Virgo
Project:

S. Hild, M. Mantovani, A. Perreca, and A. Freise. "Advanced virgo design: The ad-
vanced ligo approach for choosing modulation frequencies.” Technical Report VIR-

066A-08, Virgo, 2009.

Appendix B provides original material that describes mathematically the homo-

dyne detector features.

Appendix C is an additional analysis of a simulated detuned FP-cavity originally

made by myself.

Appendix D contains the circuit diagrams of the electronic devices mainly used
for the DFI experiment described in this thesis. These circuits have been designed

by H. Vahlbruch and B. Hage with new inputs added by myself.
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Chapter 1.

Topology of Gravitational Wave

detectors

1.1. Introduction

The search for gravitational waves goes back to the years between 1916 and 1918,
when Albert Einstein predicted their existence as a direct consequence of the theory
of General Relativity [Har03]. Until then Newton’s principle of gravitation had been

adopted according to which gravity propagates instantaneously.

Gravity is the weakest of the four known fundamental forces in nature and despite
its weakness, its long range and attractive-only behaviour make it the shaping
force in an astrophysical context. With the introduction by Einstein’s of Special
Relativity in 1905, and of General Relativity in 1915 our understanding of the
gravitational force radically changed from the old Newtonian conception of infinitely

fast propagation effect between bodies. The finite nature of the speed of light,
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according to GR, implies that gravitational signals must travel at a finite speed,
the speed of light itself. General Relativity describes gravity as the curvature
of the space-time, this implies that changes in the gravitational field of a body
can be described as ripples in the space-time itself propagating with the speed of
light. These ripples are called gravitational waves. To date no gravitational waves
have been detected, even though strong indirect observational evidence exists in

literature Hulse-Taylor Pulsar) [HT75].

Instruments now under construction are expected to provide direct detections of
GW in the next few years. GW detection is possible by measuring the variation
0l of the distance between two free masses at separation [. The wave amplitude
h is defined by the ratio 6l/l, but the predicted intensities are so tiny that they
are expected to be of the order h ~ 1072, Gravitational wave detectors use this
behaviour, looking for changes of the length of mechanical systems such as bars of

aluminium [BM72] or in the arms of Michelson-type interferometers to reveal GWs.

Such detectors have to look for gravitational radiation from real astrophysical ob-
jects since it is not possible to generate detectable levels of such radiation artificially.
The weak coupling of gravity with matter guarantees that the known matter in the
present Universe is nearly transparent to gravitational waves. Thus the detection
of such tiny space-time disturbances would not only be the most striking confir-
mation of General Relativity, but open a whole new branch in astronomy. The
identification of sources using gravitational waves would allow the determination of
their masses and distances independently fashion and thus a way of testing present

cosmological models.

The sensitivity of the current GW detectors is limited by several noise sources.
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One group, usually referred to as displacement noises (DNs), directly moves the
reflective part of the test masses. Future GW detectors are expected to be lim-
ited by displacement noise such as seismic noise, gravity gradient noise, thermal
noise and radiation pressure noise at frequencies below 100 Hz. Several studies
are currently ongoing to create a new generation of GW detectors with a strongly
improved sensitivity [FCHT09]. In a context of future GW detectors a new idea
called displacement and frequency noise free interferometry (DFI) was proposed
by S.Kawamura and Y.Chen [KC04]|. DFI is based on the fact that gravitational
waves and displacement noise as well as frequency noise affect the light in a different
manner and aims at reducing all displacement noises and frequency noise simulta-
neously. The realisation of an experiment with multiple read-out channels where
each single channel carries the gravitational wave signal and the noise information
differently allows the creation of a channel that is completely free from laser and
displacement noises [CK06, CPST06].

However the current experimental demonstrations of DFI have been carried outside
the GW detectors frequency band. Recently a new DFI scheme has been proposed
which works in a low frequency region. A detuned Fabry-Perot (FP) cavity con-
figuration [TV08| in combination with two lasers is used to partially remove the
displacement noise from both cavity mirrors. One laser is used for the input cavity
mirror (IM) and one is used for the end cavity mirror (EM) (Double Pumped Fabry-
Perot cavity). This thesis is aimed at the first experimental proof of DFI in the
GW detector frequency band providing the demonstration of the principle of the
detuned FP-cavity based DFI scheme proposed in [TV08]. Here one laser is used in
combination with two homodyne detectors to suppress strongly the displacement

noise of the input mirror of a FP-cavity with respect to a simulated GW signal. As
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a result we obtain a gain in the GW signal to displacement noise ratio in the whole

frequency range of interest of ~ 60.

1.1.1. Structure of the thesis

The aim of this thesis is to describe the first experimental demonstration of dis-
placement noise free laser interferometry (DFI) in the gravitational wave detection
band. The structure follows a logical order to provide the basic concept of DFI

before the individual steps necessary for the experimental proof are presented.

Chapter 1 is an overview of the topology of current and future generations of GW
detectors. The basic principle of the detection and limitations of GW detectors are

provided.

Chapter 2 provides an overview of displacement noise free laser interferometry with
a more detailed description of the conceptual model for a proposed detuned Fabry-

Perot cavity based DFI.

Chapter 3 provides a description of the experimental setup with all its optical and
electronic components. It is shown that the experimental demonstration of the
proposed detuned FP-cavity DFI scheme can be performed with the use of a single

laser.

Chapter 4 provides the description of a simulated detuned FP-cavity. Some features
of the homodyne detector angle are studied to build the basis of the experimental
measurements. GW signals and DNs are simulated and consequently used to show

the feasibility of the proposed detuned FP-cavity based DFI model.

Chapter 5 describes the measurements made to demonstrate the validity of the
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proposed scheme. GW and DN measurements are made and consequently used to
give an experimental proof of the new DFI scheme. The gravitational wave wave
signal to displacement noise ratio is improved in the frequency range of 10 Hz to

10kHz with a typical factor of ~ 60.

In Chapter 6 an overview of the experiment and relative use of the detuned FP-

cavity for future gravitational wave detectors are presented.

Appendix A describes the design of the length sensing and control system (LSCS)

of the Advanced Virgo interferometer.

1.2. Principle of detection with a Michelson

Interferometer

A Michelson interferometer is a device that detects the interference at the output
of two light beams travelling along its arms which are at 90° angle to each other.
It translates differences between the length of the arms into differences in phase of
its two beams. Fig.1.1 shows the GW effect on a Michelson interferometer, where

for simplicity the GW is assumed travelling orthogonal to the interferometer plane.

In order to understand the principle of detection with a Michelson it is worthwhile

to consider its response to a sample GW signal.

A sinusoidal GW with amplitude h and frequency fg, can be written as follows,

for simplicity optimal GW polarisation and directions are assumed :
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[ I |

0 /2 o 3m/2 21

Figure 1.1.: In a Michelson interferometer the laser light is divided in two equal
beams which travel along the arms, reflect on the mirror and travel
back to the output interfering with each other. The circle in the image
represents the space occupied by the interferometer, and its distortion
as a sample gravitational wave passes through. From left to right the
distortion is shown for the two possible gravitational wave polarisations
(hy) and (h;). This plot is taken from [Che07].

h(t) = he?™fow! (1.1)

The light pumped from the laser at frequency f takes a time 7 = 2L/c to travel
one round trip in each arm of length L. When a GW interacts with the detector
it changes the two arms length and the light takes a different round trip time.
This difference can be translated into phase difference at the output of the detector

which can be expressed as [Sau94]:

Ao(t) = hT?sinc( Frur)eim T (1.2)
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where ) is the light source wavelength and sinc(fy,7) = sin(m fy,7) /(7 fguT). Thus
the GW affects the travelling light by modulating the light phase at the GW fre-
quency fg,, with a modulation index of (27 /) sin (7 f,7) /(7 fuT). 1t is interesting
to notice that the term sin (7 f,,L/c) can be maximised by choosing the optimal
interferometer arm length L ~ ¢/ f,, to let the detection be more sensitive at a
specific GW frequency fg,. In other words, in Fig.[1.2 it can be seen how the mod-
ulation varies with arm length and frequency. For GW frequencies below 1 kHz the
maximum of the modulation index occurs for arm lengths of at least 75km, that
is in practice too long for ground-based GW detectors. However advanced optical
techniques are used to enlarge the optical path of the laser light which results in

an increased detection sensitivity.

It is worth noticing that the phase difference A¢ at the output of the interferometer

is translated into optical power sensed by a photodetector as follows [Sau94]:

P, = sz (14 cos2A9) (1.3)

where P,,; is the power at the output and P, is the power of the light source. This

shows that the GW signal is proportional to the input power (F,)."

1.3. Ground based gravitational wave detectors

In order to detect gravitational waves, current detectors are now taking data. One
is LIGO (Laser Interferometer Gravitational wave Observatory). That comprises

three devices: one in Livingston, Louisiana; the other two in Hanford, Washington.

IThe GW signal can be detected at the output of the interferometer with modern techniques (as
"heterodyne technique’) which ensures that the GW signal is proportional to the illuminating
light whilst the working point of the detector is at the dark fringe (Ppy,: = 0) [Miz95].
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Figure 1.2.: Michelson sensitivity for a simultaneous scan of arm length and grav-
itational wave (GW) frequency. A GW modulates the phase of the
traveling light at GW frequency itself. The interferometer design can
be optimised to its sensitivity (S) GW band by using an optimal arm
length. The red bands represent the maximum Michelson normalized
sensitivity for any frequency and arm length. The sinusoidal contribute
to the modulation index shows the repetition of the red band. The first
band is the most significant one. For GW frequencies below 1kHz the
optimal arm length starts from 75 km.

Those are Michelson interferometers whose arms are 2 and 4 kilometers in length

[BW99).

The French/Italian Virgo detector [AAAT08|, whose arms are 3km long has a good

low-frequency sensitivity, down to 10 Hz. It is located at Cascina (Pisa).

The Japanese TAMA300 detector, which has arms of 300 m length, is located at
the TAO Tokyo Astronomical Observatory [TTAT07].

These interferometers have resonant cavities in the arms of the detectors and also

they use a technique known as power recycling (see Sec.1.3.2) by placing a mirror,
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Figure 1.3.: GW wave detector layout. On the left is shown the basic layout of
a Michelson. In the middle is shown a Michelson with Fabry-Perot
cavities in its arms and with the power and signal recycling mirrors
(PRM, SRM). On the right a folded Michelson with delay-lines and the
power and signal recycling mirrors. This plot is taken from [Che07].

named power recycling mirror (PRM), between the laser and the beamsplitter to

increase the power into the detector [Mee88].

The German/British detector, GEO600, whose arms are 600m long, is different
[WAAT04] from the others. It does not have cavities in the arms but it makes
use of a delay line system and a technique called signal recycling (see Sec.1.5.1)
[HSM198, MS91, SM91, FHST00]. This technique provides a signal enhancement
as a mirror at the output, named signal recycling mirror (SRM), sends the signal

sidebands back into the interferometer (see Fig.1.3).

1.3.1. Delay line and Fabry-Perot cavity

The optimised sensitivity of GW detectors requires very long arms which is unre-
alistic for ground based interferometers. To increase the effective length of the arm
the optical path can be folded in a way that the travel time of the light between the
test masses is increased. This means that the light experiences a longer interaction

time with GWs and accumulates a bigger phase shift resulting in a greater sensitiv-
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ity of the instruments. The time, 7,, the light needs to leave the interferometer is
called storage time. The folding techniques, used so far, include Fabry-Perot cavity

or Delay-lines into the arms [FBBMS6].

For a Michelson interferometer with delay lines, in the ideal case of folding mirrors

with reflectivities of unity, the storage time is:

Ts,dl = QL/C (14)

where L is the length of the total optical path. The bandwidth of this kind of

interferometers can be estimated as:

Afa=1/27a (1.5)

The transfer function of such instruments can be obtained by replacing 7 with 75 4

into equation 1.2

2 .
Adg = h(t)Ts.a %sz’nc(fgwfs,dl)e”fg’“s’dl (1.6)

On the other hand the definition of storage time in a Fabry-Perot cavity is a little
different from the delay lines case since the light photons have a different storage
time from each other. Here the storage time is intended as the average time of a

photon which remains in the cavity.

For a Fabry-Perot cavity of length L, with the input cavity mirror of reflectivity of

10
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Figure 1.4.: GW response comparison between a folded and a non-folded Michelson.
The detector is pumped with light of wavelength A = 0.5um. The
blue curve shows the transfer function normalised to h of a non-folded
Michelson of 4 km arm length. The sensitivity shows a magnitude
of 10 rad and a bandwidth of 18 kHz. The red curve represents the
transfer function normalised to h of a Michelson folded with FP cavities
of length of 4 km and finesse of 30 in its arms. The sensitivity improves
up to 2-10'2 with a smaller bandwidth of 600 Hz. The green curve shows
the sensitivity of a Michelson with a delay-line, of ~ 150 km, showing
a wider bandwidth and notch points at which this detector type are
insensitive to gravitational waves.

unity, the light storage time is given by [Sau94]

F LF

- _ 1.
TP T o PSR en (1.7)

where F' is the cavity finesse and F'SR is the Free Spectral Range of the cavity

(Section 3.3.1). The bandwidth of the cavity is given by:

11
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Affp = FSR/QF ~ 1/47T7-s,fp (18)

which differs by a factor of 27 from the bandwidth Afy of a folded interferometer

with delay lines.

The response of this folded interferometer can be expressed as [Mee88]

b 8mc 1
S7fp )\ \/1 _'_ (47ngw7—s,fp)2

Abep (1-9)

where it can be seen that the cavity behaves as a one pole filter. It is important
to notice that in the limit f,, 77, > 1 (time-storage limit) the response can be

approximated as

Adpy ~ —— (1.10)

where the response is inversely proportional to GW frequency and is not dependent
on the storage time. This represents the upper limit of the storage time above
which the cavity negatively affects the response of the detector. Note that all the
considerations are under the condition of a GW travelling orthogonally the plane

where the detector is sitting.

It is interesting to compare the GW response between the two designs types and the
non-folded Michelson interferometer shown in Fig.1.4. The blue curve shows the

transfer function normalised to h of a non-folded Michelson of 4 km arm length. The

12
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sensitivity shows a magnitude of 10" rad and a bandwidth of 18 kHz. The red curve
represents the transfer function normalised to A of a Michelson folded with cavities
of length of 4 km and finesse of 30 in its arms. The sensitivity improves to 2-10*2 rad
with a lower bandwidth of 600 Hz. If one wants to consider a Michelson with a
delay-line, the same sensitivity can be reached with an arm length of ~ 150 km,
which is given by 4c7, ¢, The green curve shows such response. It can be noticed
there is a higher bandwidth of 27 and several notch points at which the detector is
completely insensitive to GW. With a price of narrower bandwidth the Fabry-Perot
has the advantage of not having any points at which the detector is insensitive to
GW’s. Furthermore the longer the time storage in the delay-line interferometer the

more the notch points are at lower frequencies.

1.3.2. Power Recycling cavity

As discussed previously the interaction of GW’s with detectors affects the phase
of the travelling light which has a maximum when the storage time of the light is
half the GW period. This phase shift is measured at the output of the interfer-
ometer while it is held in its working point when the beams experience destructive
interference on the beam splitter, the so called dark fringe. Then almost the whole
amount of light returns back to the laser. Positioning a partially reflective mirror,
as shown in Fig. 1.3, the PRM mirror, this returning light, in phase with the new’
light coming from the laser, is recycled by the interferometer. In other words the
PRM creates an additional cavity between the PRM itself and the two input cavity
mirrors, resulting in a similar interferometer with a more powerful light source.

This also means that the power recycling does not change the frequency shape of

13
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the detector response, rather it improves sensitivity by a scaling factor proportional
to the power stored inside the interferometer [Miz95]. This can be seen as a con-
sequence of improvement in the shot noise (see sec.1.4.1) which is the limitation of

the sensitivity of GW detectors at frequencies above 500 Hz.

1.4. Limiting noise sources

Recalling that GW detectors aim to measure variations of distance between their
mirror test-masses, which result in a tiny phase difference between the travelling
light inside the two arms, their sensitivity to GW detection is limited by undesirable
sources which can completely mask the GW signal. The limiting noise sources can

be divided in two main categories:

e Phase Noises are spurious signals which affect directly the phase of the trav-

eling light inside the interferometer;

e Displacement Noises (DNs) are spurious signals which impose position vari-
ations of the mirrors test masses.
1.4.1. Sources of Phase Noise
Shot noise

Fluctuations of the detected photocurrent, the so called shot noise, impose a limi-
tation in the sensitivity given by the optical readout scheme. This noise originally

comes from the quantisation of the light energy on the photodetector.

Considering that a number of photoelectrons measured in a time 7 obey Poisson

14



Chapter 1. Topology of Gravitational Wave detectors

statistics it can be shown for a simplified model [Cav80, Cav81]| that the displace-
ment sensitivity is a function of laser power (P;,), the wavelength (\) of the laser,

the arm length L, and a bandwidth A f as follow:

1 [ heA
han(f) = 71/ 47; (1.11)

where c is the velocity of light and £ is the reduced Planck’s constant. This equation

shows that the photon shot noise is described by a white amplitude spectral density.
Thus improvements in sensitivity can be obtained either by increasing the power of
the laser or increasing the arm length. It must be noticed that since the shot noise
is proportional to ~ v/P and the GW signal is ~ P then GW signal to shot noise

ratio is proportional to ~ v/P.

Radiation Pressure noise

In GW interferometers the amount of measured light at the output is related to the
differential phase between the two light beams coming from the arms after bouncing
from the mirror test-masses. This photon bouncing causes a recoil effect on the
atoms in test masses which can affect the measurement of the phase of the light at
the output as radiation pressure noise. Thus high power increases the fluctuations
in radiation pressure on the mirrors and it can be shown that for a simple Michelson

interferometer the displacement sensitivity is given by [HRS05, Sau94|:

1 hP;
 mf2L YV 2m3e)

hrp(f) (1.12)
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where m is the mass of the mirror test mass. Here it can be notice that the radiation
pressure noise, at despite of shot noise, is proportional to 1/ f% and to /B, [Cav&0].
Thus high power improves the shot noise at the price of increased radiation pressure

noise at low frequency.

h(f) [1\sqrt(Hz)]

10°° 10°

10"
Frequency [HZz]

Figure 1.5.: Shot noise and radiation pressure noise amplitude spectral density. The
considered interferometer is a 4 km Michelson interferometer with test
masses of 10 kg and laser light of wavelength A = 0.5 um at P, = 20 W.
The orange curve is the radiation pressure noise. The pink curve is
the shot noise and the corresponding readout noise is dark-dashed line,
which is the sum of the two contributes. For laser light power at 4.7 kW
the minimum of the amplitude spectral density is at 1 Hz.

A compromise between these two complementary noises at any frequency is given

by choosing P;, = P, as follows:

Py = them f? (1.13)

which represents the value of P;, at which shot noise and radiation pressure are the

16
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same giving the minimum noise spectral density.

Fig.1.52 shows plots of the amplitude spectral density of the shot noise and radiation
pressure for a 4km Michelson interferometer with test masses of 10kg and laser
light of wavelength A = 0.5 um at P, = 20 W. It is possible to notice that at low
frequency the radiation pressure noise (orange curve) is dominant while the shot
noise (pink curve) dominates at higher frequency. These two noises can be described
as one noise called readout noise (dark-dashed curve). Thus if, for example, one
wants to have the minimum spectral density at 1 Hz (red-dashed curve) the relative

light power is Py = 4.7kW.

Laser frequency noise

Amplitude and phase variations of the light sources can cause undesirable noise at
the interferometer output. Small imperfections of the optical cavity lengths AL,
results in an additional phase shift which couples to the light as follows [HWK™*91,

CYWMO0]:

Ar AL,
oy = —=282(F) (L14)

where 62 Hz/v/ Hz is the spectral density of the light fluctuations and \ is the
wavelength of the light source. Imperfections AL./L ~ 1% in the arms optical

path admit a maximum fluctuation in spectral density of 10°Hz/v/Hz.

2A revised version of readout noise can be found in [Cor08|.

17



Chapter 1. Topology of Gravitational Wave detectors

Residual gas noise

Propagation of light depends on the refractive index, thus fluctuations of gas density
generate variations of the optical path. The phase difference when air travels in the

air and vacuum is [Sau94]:

¢ = (Nair — 1)~ (1.15)
where n;, is the refractive index of air. Therefore it is necessary to keep both the
arms under vacuum at the same pressure and temperature.

1.4.2. Sources of Displacement Noise
Seismic noise

This is a noise coming from the earth shaking. In a very quiet place the seismic

spectral density is [BBBT01, HRS05]:

he 21077 f2m/VHz (1.16)

In order to obtain a ’good’ detector sensitivity over a certain range of frequency, the
displacement of each test mass has to be attenuated by a factor greater than 10° in
the horizontal direction. Since the coupling between vertical and horizontal move-
ments is of the order of 1073, isolation in the vertical direction is required [HRS05].

The isolation in the horizontal direction is performed by using a multistage pen-
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dulum, which can be seen as a low-pass filter. In other words if one considers a
single pendulum system, the transfer function from the suspension point to the
mass shows a resonance frequency above of which this response falls off behaviour
as f~2. On the other hand vertical isolation is reached with the suspension of a

mass on a spring.

In the Virgo detector the seismic noise is attenuated in the vertical direction to a
useful level with the adoption of a seven stage horizontal pendulum system with
six of the upper stages suspended by cantilever springs [BV02|. A triple pendulum
system is adopted for the GEO600 detector (operation down to 50 Hz). This system
has the first two stages hung from cantilever springs to provide the needed vertical

isolation [Gos04].

Gravity Gradient noise

This noise can be associated with the time variability of the matter surrounding the
detector. When the matter changes its distribution it causes the fluctuations of the
gravitational field which couple directly to mirrors test masses [Sau84]. Thus gravity
gradient noise can be seen as a consequence of seismic noise and its amplitude
spectral density, for an interferometer with mirrors test masses separated by L, can

be written as follows

_ 12Gp hy
hg = zﬁﬁ (1.17)

where (G is the gravitational constant, p is the density of the matter surrounding

the test masses and h, is the amplitude spectral density of the seismic noise.
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Fig. 1.6 shows the noise contributions due to seismic and gravity gradient in a
Michelson located in a place where the seismic noise is modelled differently from
equation1.16. In a very quit place the seismic noise is dominant. The gravity
gradient noise currently is not limiting the sensitivity of the ground based interfer-

ometers.

h(f) [1\sqrt(Hz)]

10 1 ‘ “‘HH‘O ‘ “H‘Hl

10° 10 10 10° 10 10
Frequency [HZz]

Figure 1.6.: Seismic and gravity gradient amplitude spectral density noise. The
considered Michelson interferometer is 4 km long with test masses sus-
pended from a 10 m pendulum system. The pink curve represents the
seismic noise and the blue curve the gravity gradient noise.

Thermal noise

One more fundamental noise source is due to the fact that the mirror used as
test masses are at finite temperature. Consequently the atoms which comprise
the masses, as well as the wires used for the suspension, vibrate. Vibrations of
the test mass atoms cause vibrations of mirrors which can cover the GW signal

[Sau90, Lev9s, SY09].
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One aspect of thermal noise can be associated with the Brownian motion of atoms
forming the suspended mass system. The internal friction of the material dissipates
energy causing noise. Thus the fluctuation-dissipation theorem gives an important
relation between the resulting displacement of the test masses and the dissipation
of the material. In particular the thermal noise, hy,(f), associated to a pendulum

system with a resonance frequency fo, is given by [Sau94, HRS05]:

B kT f26(f)
D) = SRl = P20 4 FR )] (1.18)

where kp is the Boltzmann constant and ¢(f) is the mechanical dissipation factor
of the oscillator of mass m at temperature 7. From this equation can be noticed
that at resonance frequency the thermal noise is proportional to 1/¢. Thus the
higher the dissipation of the material the lower is the resonance peak resulting in
the same time in a larger frequency range of the thermal noise. For this reason
the current GW detectors use material for the suspensions with a low dissipation
factor (e.g. fused silica is used for the test masses). In particular GEO600 uses
fused silica fibers also for the suspensions in contrast with the Virgo, LIGO and
TAMAS300 detectors where carbon steel wires are used.

It can be also noticed from equation1.18 another feature of the pendulum system
which imposes a low thermal noise spectrum for frequency above the resonance
frequency. Indeed at frequency higher than f, the thermal noise spectrum shows a
1/f? slope. It has to mentioned also that test masses are designed in a way that
their internal modes are located at very high frequency (order of kHz) in order to
avoid any disturb in the GW frequency band while the wires present longitudinal

modes around 1 Hz and transverse modes around hundreds of Hz. For this reason
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the transverse modes, called also violin modes, are present in the sensitivity curves
of the current GW detectors. One other aspect of the thermal noise which can be
relevant in the current GW detectors is associated with the so called thermoelastic
noise where the dissipation is due to the temperature fluctuation which couples

with thermal expansion of the material [HRS05].

1.4.3. Sensitivity
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Figure 1.7.: Virgo design sensitivity. Seismic, pendulum TN, mirror TN and shot
noises limit the Virgo designed sensitivity. Violins transversal modes
are also shown in the sensitivity curve. This plot is taken from [Pun04].

The noise sources mentioned above cause unwanted spurious signals which limit the
detector sensitivity. The sources of noise affect the sensitivity in a different manner
over the frequency range. In Fig.1.7 the Virgo design sensitivity can be seen. The
designed sensitivity sets limitation on the GW detection mainly at low frequency

where seismic and pendulum thermal noise (TN) are dominant respectively up
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to ~ 3Hz and up to ~ 50Hz. In high frequency band, starting from ~ 300 Hz
limitations are due to the shot noise. In this band the violin transversal mode of
the wires can also be noticed. In the middle frequency range, where the detector is

most sensitive, limitations are due to the mirror TN.
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Figure 1.8.: Ground based GW detector sensitivities. LLO-4km is the LIGO de-
tector in Livingston; LHO-2km and LHO-4km are the two detectors
in Hanford respectively 2 and 4 km long. Virgo shows the best perfor-
mance at frequencies below 40 Hz and matches LIGO LHO-4 km sensi-
tivity which is very close to its design. The experimental sensitivity in

Virgo below 200 Hz is still far from its design. This plot is taken from
[AAATOS].

In 2007 the collaboration between LIGO and Virgo started with the purpose of
sharing and analysis of data. Fig.1.8 shows the comparison between LIGO, Virgo
and GEO sensitivities. It can be seen that at high frequency Virgo matches the
LIGO LHO-4km (LIGO 4km long in Hanford) sensitivity and it has the best per-

formances at frequencies below ~ 40 Hz. In the intermediate frequency band Virgo
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sensitivity is worse than designed. In this band LIGO is better by almost one order

of magnitude.

However, the main GW sources are expected to be in the frequency range, up to
hundreds Hz, as signals emitted by binaries Neutron Stars (NS-NS) binaries Black
Holes (BH-BH) and at higher frequency signals emitted by pulsars and NS. Given
a higher sensitivity further can be the sources, thus an improvement of one order
of magnitude of the sensitivity would increase the probability of the detection. For
example detection of GW from NS-NS would increase the event-rate (per year) from
0.1 to 500, while the event-rate of BH-BH could be even of the order of thousands

higher [HRS05]. For this reason the second generation of GW detectors is essential.
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1.5. Second generation GW detectors

Although current GW detectors have performed long-duration data recording runs,
sensitivities have to be improved to make the detection possible. During the next
decade an upgrading of all of these interferometers is scheduled, the so-called second-
generation instruments. The second generation of laser interferometric detectors
aim to improve their sensitivities by one order of magnitude over the whole fre-
quency range of interest. This generation of GW detectors is represented by Ad-
vanced LIGO [Fri03|, Advanced Virgo [FFGT05], LCGT [KtLC06] and GEO-HF
[WAA™06] and are planning advanced technology upgrades of the existing detectors,

i.e. high laser power, new materials, etc.

The noise anatomy of Advanced LIGO is shown in figure 1.9. The use of a higher
power laser will be one of the upgrades of the GW detectors. This will improve
the sensitivity at high frequency at the price of higher radiation pressure noise,
which will be dominant at low frequency. In the middle frequency band the mirror
TN gives the limit to the Advanced LIGO sensitivity. The reduction of coating
thermal noise (in Fig.1.9 referred as ’internal noise’) forms a significant challenge
to be overcome in designing the second generation of GW detectors. All advanced
detectors will implement the SRM between the output and the beam splitter as

shown in Fig.1.3.

1.5.1. Signal recycling

One of the parameters which affects a detectors sensitivity is the power of the light

stored in the device. It has to be mentioned that high light power, with use of
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Figure 1.9.: Advanced LIGO sensitivity. The next generation of LIGO will be lim-
ited in sensitivity at low frequency by the radiation pressure noise and
at high frequency by the shot noise. The middle range is dominated
by the coating thermal noise. This plot is taken from [HRS05].

a FP-cavity or delay lines, influences the light storage time in the arms [Hei99].
The longer the storage time the greater the interaction time of light with GWs.
However there is an upper limit of the storage time above which the sensitivity
of the device decreases as 1/f. It has to be noticed that when GWs arrive the
interaction with light produces sidebands inside the interferometer. If no recycling
and no FP cavities are used the GW sidebands (or signal sidebands) will leave
the interferometer quickly. A signal recycling cavity will be adopted in the second
generation of GW detectors to increase the signal storage time (as in GEOG600

provided by delay lines which double the optical path to 1200 m). In this case the
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signal sideband is resonant in the SRC. The SRC keeps the GW sidebands trapped
inside the interferometer where they are enhanced by the resonance factor of the
signal recycling cavity itself. The drawback of this technique is a correspondingly

narrower bandwidth.

In an optical setup with arm cavities this could be a limitation since high finesse arm
cavities cannot be used. Indeed high finesse is obtained with high reflectivities of the
the cavity mirrors thus light could leave the arms after too much time. In Advanced
LIGO and Advanced Virgo the use of the signal recycling cavity can be modified
by placing the SRM roughly in the same position of the previous case and adding
some detuning to the SRM position. In this case the signal storage time decreases
independent of the finesse of the arm cavities, widening the bandwidth compared
to the configuration with the power recycling cavity only. When the tuning of the
cavity is such that the signal sideband is anti-resonant in the recycling cavity the
technique is called resonant sideband extraction [HSM™98, MS91, SM91, FHST00].
Benefits of this configuration are that it allows the use of high finesse in the arm
cavities and consequently high power stored in the arms, thus the enhancement
from the power recycling can be reduced. In turn this means that less power light

passes through optics and then less thermal lensing effects are experienced.

Fig.1.10 shows an example of the effect of the SRM at transmittance Th;sr = 2 %
in GEO600 with a light power of 1.8kW. It can be noticed that for zero detuning

(signal recycling) has a higher sensitivity at the price of a narrower bandwidth.
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Figure 1.10.: Signal recycling and signal extraction sidebands. From signal recycling
to signal extraction sideband the mirror SRM is tuned from zero to
half FSR. At zero tuning the signal recycling cavity is resonant and
traps the signal in the interforemeter; at half FSR the signal recycling
cavity is anti-resonant and the signal sideband remain in the detector
less time. This plot is taken from [Hil07].

1.6. A step toward the third generation GW

detectors

(This is a Section mainly extracted from a paper already published [FCH™09]).

The third-generation of gravitational wave observatories will focus not on the first
detection of gravitational waves but rather recording astronomically useful data.
This can be done by improving the sensitivity of the initial detectors and second
generation respectively of by a factor of 100 and a factor of 10, in the whole fre-

quency range. The design study for the Einstein Telescope (ET) is the first step
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to the third generation of GW detectors [ETh07, ETd]. Several studies are ongo-
ing to improve the sensitivity to the aimed goal [EBNT09, VCH05, CDKME09],
although the field is very wide and many aspects must be taken into account. For
example the reduction of seismic and gradient noises will be likely performed by
locating the detectors underground [HT98, TW99|. This also means that the third
generation will be not upgrading the current infrastructures, thus studies of new

sites are also under way.

One more aspect to be considered is the topology of the new generation instru-
ments. So far only Michelson topology has been considered for the first and second

generations. A step toward the third generation GW detectors is presented in

[FCH*09).

In particular a Michelson topology is investigated with a triangular geometry. Three
coplanar Michelson are located at the same site to form an equilateral triangle. Here

some features of this new detector are evaluated.

The first aspect of such a geometry comes from the fact that three Michelson’s
located in same place form multiple readout channels for the GW signal. This
means that their linear combinations can be performed numerically to create a new
GW channel to enhance the sensitivity of the detector. Two techniques like time-
delay interferometry (TDI) [AET99, TA99, ETA00, AET03| and displacement and
frequency noise free interferometry (DFI) (Chapter 2), although they have been de-
veloped for different purposes, can be considered for the triple Michelson geometry
shown in Fig.1.11. Both take advantages of the multiple readout channels to create
one additional numerical channel. TDI uses this channel to remove the laser fre-

quency noise, whereas DFT uses this channel to suppress all forms of displacement
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Figure 1.11.: Triple Michelson. Three coplanar Michelson are located in the same
site to form an equilateral triangle. This configuration is provided with
resonant arm cavities, power recycling and tunable signal recycling
cavities. This plot is taken from [FCH'09].

arm cavity

noise. In other words the new channel can be interpreted as the output of 'virtual’
interferometers. An example is given by the two 60° Michelson with uncorrelated

noise described in [Cut98|.

These two techniques (TDI, DFI) are currently used for the the construction of a
particular channel, the so-called null-streams, which is a powerful technique of data
analysis to identify noise signals that could be wrongly interpreted as GW signals.
It is obtained from a linear combination of detector signals such that GW signals

are suppressed while the noise signals are left with a certain amplitude.

In general, given three instruments (not all co-aligned) it is always possible to
form one null-stream where the sensitivity of this stream depends on the relative

instrument rotation [CLST06, FCHT09]. From [JKS98| the response function h
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normalized sensitivity

Figure 1.12.: The responses of detectors to a polarised GW traveling along the
z-axis as a function of the detector orientation. The left-hand side
shows the normalised sensitivity to one of a single Michelson, while the
right-hand side shows the normalised sensitivity of the triple Michel-
son shown in Fig.1.11. Data points represent the sensitivity of the
detector which has its normal passing the respective data point and
its origin. The magnitude of the sensitivity is expressed with color.
This plot is taken from [FCHT09).

of a Michelson interferometer to gravitational waves can be written as a function

dependent on the detector rotation v around its normal, as follows:

h(vy) = sin([(Cysin2y + Cycos2y) hy )

+ (C3sin 2y + Cycos 27) hy|

with ¢ the opening angle of the interferometer arms, h, and h, represent the two
GW polarisations and C),, functions of time. In particular for three Michelson

interferometers oriented at 0°, 120° and 240°, it can be written:
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— hoe = haage + hi2oe (1.20)

This shows two important features of the triangular geometry. One is that from
two detector signals, the signal of a third can be obtained, the second is that is

possible to create a null stream simply by adding all the outputs.

One more advantage of such geometry comes from better sky coverage. A single
Michelson is more sensitive to one GW polarisation than to the other one, and one
must consider that most GW will not be optimally polarised. The three Michelson
geometry is sensitive to both polarisations at once, increasing the real sensitivity

to most likely gravitational wave sources.

Thus the three Michelson geometry increases the sensitivity since it is sensitive to
the second polarisation as well. Indeed using equation 1.20 the output signal can
be synthesized for a Michelson at 45° rotated from equal interferometers rotated

by 120° and 240°:

haze = (hasoe — hazoe) (1.21)

1
V3
Fig.1.12 shows the responses of detectors to a polarised GW traveling along the
z-axis as a function of the detector orientation (antenna patterns). The sensitivity
of a triple Michelson in a triangular geometry shows better performances than a
single Michelson. The latter shows orientation at which it is insensitive to a certain

GW polarisation, whereas the former does not present such limitations.
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Chapter 2.

Displacement noise Free
Interferometry for a Fabry-Perot

cavity

As described in Chapter 1 current gravitational wave detectors are limited in sen-
sitivity by several kinds of fundamental noises. Improvements in sensitivity is the
goal to be reached in the next decade for the second and third generation of gravi-
tational wave detectors. Sources of noise below 500 Hz belong to the displacement
noises group which, in order to improve the sensitivity in this frequency band, is
proving to be a great challenge for scientists. In this context a few years ago a new
promising technique, later called Displacement Noise-Free Interferometry (DFI)
was proposed by Y. Chen and S. Kawamura [KC04]. They used in this work a
toy model composed of three aligned test masses analysed in the TT coordinate

system, in which test masses when subjected to GW signals behave differently from
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motions due to displacement noises [Rak05]. Using an appropriate combination of
light travel between the test masses, this difference allows the constructions of an
observable which is free from any kind of displacement noise while the GW signal
is still present. The implementation of this technique in GW detection, when laser
interferometry is used, requires a further step for laser frequency noise, which affects
all laser detectors. In the paper [CK06] Y. Chen and S. Kawamura, using the same
approach of the previous paper, proposed a scheme in which both displacement and
time noise were suppressed. Using N detectors, with connections between each of
the pairs in d spatial dimensions, they showed that, when N > d + 2, it is possible
to construct at least N(N — d + 2) light travel combinations that are free from
both displacement and time noises. They have proved that the GWs sensitivity
was limited at low frequency by the frequency factor ~ f3 for a two-dimensional
interferometer. Later an optical design consisting of two pairs of two equal arm
Mach-Zehnder placed in three spatial dimensions was proposed in [CPST06] where
the GWs sensitivity was limited at low frequency by the frequency factor ~ f2.
A partial experimental proof of DFI is described in [SKWT07] where a pair of
bi-directional Mach-Zehnders were used to remove displacement from the folded
mirror in the frequency band [10° — 10°] Hz. A complete experimental demonstra-
tion of DFT is provided in a recent work [KSNT(09] where the three-dimensional
configuration proposed in [CPST06] has been implemented, as displacement noise

from mirrors and beam-splitters were reduced in frequency-band [10° — 10°] Hz.

However, the large-baseline gravitational wave detectors do not work in this band.
Recently a new DFI scheme has been proposed which works in a low frequency
region. A detuned Fabry-Perot (FP) cavity configuration [TV08] in combination

with two lasers is used to remove partially the displacement noise from both cavity
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mirrors. One laser is used for the input cavity mirror (IM) and one is used for the

end cavity mirror (EM), known as Double Pumped Fabry-Perot cavity.

Such a configuration, although it does not include the frequency noise aspect of
DFTI, allows the isolation of the GW signal from displacement noise in a wide range
of frequencies. Basically for each laser the reflected and transmitted output signals
of the detuned FP-cavity carry different GW and displacement noise information,
due to the existence of the prompt reflected light, and a proper combination of
both signals results in the suppression of the displacement noise of the cavity’s
input mirror. Here the mechanism of noise cancelation is completely different from
Chen-Kawamura’s mechanism. The latter uses the distributed nature of GWs which
result in different kinds of responses. In the long wave approximation Ay, > L,
where Ay, is the GW wavelength and L is the cavity length, the leading order of the
DFT signal for the detuned FP-cavity is h(L/),,)" which is much better than the
h(L/Agw)? that can be obtained from the Chen-Kawamura DFI scheme |[CPST06].
Nevertheless the detuned FP-cavity scheme loses the optical resonant gain from the
cavity which is in the order of ¢/vL, where ~ is the cavity half bandwidth. Hence,
the sensitivity of this scheme concerning GWs is strongly reduced compared to
conventional interferometers and the noise performance of auxiliary optics becomes

much more important.

This Chapter describes the idea behind the DFI topology of a detuned FP-cavity
which has been proposed by S. P. Tarabrin , S. P. Vyatchanin. The description is
largely based on the work referred in [TVO08|, and experimental demonstration will

be provided in the following Chapters.
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2.1. Simplified idea of DFI behind the detuned

Fabry-Perot cavity

This Section explains the basic idea behind the DFI feature of a FP-cavity locked
in a detuned state. The treatment is done neglecting time delay and considering

GWs as classical forces applied on cavity mirrors in the inertial laboratory frame.

Fig.2.1 shows the set-up of a Double Pumped Fabry-Perot cavity which is basically
the toy-model proposed in [TV08], where the cavity is pumped from both sides using
the two lasers L,y and Ly. The cavity is assembled by the two partially reflective
mirrors a and b. The laser L,; pumps the cavity through the mirror a and the two
detectors Dy and Dy measure the phases of the reflected and transmitted signals
respectively. In order to simplify the analysis, the laser L; and the detector D,
are rigidly mounted on the platform P; and the detector Dy is rigidly mounted
on platform Py;. On the other side the laser L, pumps the cavity through the
mirror b and the two detectors D3 and D, measure the phases of the reflected
and transmitted signals respectively. The laser Ly and the detector D3 are rigidly
mounted on platform Py and the detector D, is rigidly mounted on platform P;. In
other words relative movements of optical elements rigidly mounted on the same
platforms are not taken in account but only the movements of platforms center of

masses are considered.

Considering the cavity pumped through mirror a, if &, is the phase induced by
GW displacement, &, and &, are the phases induced by the two mirrors a and b

respectively, the measured transmitted signal a® , can be written as follows:

Q

ous = A1 (gw + & — &a), (2.1)
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Figure 2.1.: Double pumped Fabry-Perot cavity. (a) The laser L; pumps the cavity
through the mirror a and the two detectors D; and Dy measure the
reflected and transmitted signals respectively. (b) The laser Ly pumps
the cavity through the mirror b and the two detectors D3 and D, mea-

sure the reflected and transmitted signals respectively. This plot is
taken from [TV08§].

where q; is the cavity gain factor. On the other hand, if &p, is the phase induced
by platform P; displacement, the measured reflected signal a] , can be expressed

as:

o = P(Ea = Ep1) + da(Eaw + & — ), (2.2)

where p is the gain factor of the so called prompt reflected light by the input cavity
mirror and y is the cavity gain factor. All the measurement are made with respect

to platform P;.
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Similarly in the case of same lasers and same detunings when the cavity is pumped
through the mirror b using the laser Lo the phases of the reflected signal 0], and

the transmitted light 0!, can be written with respect to platform Py as follows:

out = A1 (ew + & — &), (2.3)

bf)ut - p(ng - gb) + Q2(§gw + gb - ga)a (24)

&p, is the phase induced by platform P, displacement.

The following linear combination

r P—02 r 2
S = Gyt + Tagut + bout - ab(t)ut = p(SgW + €P2 - §P1)? (25)

removes displacement noise from both cavity mirrors while the gravitational wave
signal is retained, although displacement noise of both platforms is still present. It
has to be noted that the noise suppression is not possible in two cases: The first is
when the cavity is locked on a resonant state, which means p = 0, the second case
is when the two cavity mirrors are attached simultaneously to the platforms, which

means &, = &p, and &, = Ep,.

2.2. Model of a single pumped Fabry Perot cavity

The proposed detuned FP-cavity configuration uses two lasers to remove the dis-

placement noise from both cavity mirrors. The demonstration provided in [TVO0S]
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shows, as a first step, the use of one laser to remove the displacement noise from
the IM. Afterwards the use of the second laser is used symmetrically to remove the
displacement noise from the EM. This Section describes the fields of the cavity that
will be used later to show the cancelation of the displacement noise from the IM
which represents the theoretical view of the experimental demonstration provided

in this thesis.

Fig.2.2 shows the model of a single pumped FP-cavity. The cavity is assembled
using the two movable and partially reflective mirrors a and b with transmission
coefficients of T <« 1. The laser L pumps the cavity through the mirror a and
simultaneously its beam is used as a reference beam in the two homodyne detectors
HD; and HD, [TV08]. Auxiliary mirrors together with the laser and detectors are
rigidly mounted on the platform P; and other auxiliary mirrors are rigidly mounted
on platform Py. This requirement is not restrictive as relative fluctuations of such
elements would result in additional noises which are not essential to the description
of the DFI detuned cavity model. The distances between platforms and cavity

mirrors, [; and [y, are supposed to be much smaller than the cavity length L..

Assuming the cavity is lying in the x-y plane, and is aligned to the GW x-axis,
with respect to the local reference frame of the center of mass of platform P; the

coordinates of the cavity mirrors and platforms can be written as:
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Figure 2.2.: Toy model. The cavity consists of the two movable and partially re-
flective mirrors a and b with transmission coefficients of T < 1. The
laser L pumps the cavity through the mirror a and simultaneously its
beam is used as reference beam (LO) into the two homodyne detectors
HD1 and HD2. The LO travels the same distance compared with the
transmitted light in order to avoid additional phase shift induced by
different optical path. The auxiliary mirrors, laser and detectors are
rigidly mounted on the platform P;, and other auxiliary mirrors are
rigidly mounted on platform P,. This plot is taken from [TV08].

Tp (t) = 0,
xo(t) = 11+ Xa(t) = X, (1),
ZL’b(t) = ll + Lc + Xb(t) =~ Lc + Xb(t),

l’pz(t) = ll—i—Lc—l—lg—l—sz%Lc—i—Xpw (26)

where X,, X, and Xp, are the displacement noise with respect to platform P;.
Here the terms {; and [y are omitted since /4 3 < L. and do not change the results

presented in this Chapter.
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2.2.1. From TT-gauges to LL-gauges

It is important to remember that General Relativity is a gauge invariant theory, i.e.
all measurable quantities in it do not depend on the choice of the gauge (reference
frame) [FHO5]. However the description of the GW interaction with interferometers
in TT and LL gauges results in some differences [Rak05|. Basically in the TT-gauge
the coordinates are fixed and the mutual distances between test masses change.
Here the coordinates of the test masses do not change by interacting with GWs but
they follow the test masses motion, which are meant as free falling objects. The
interaction of GWs in this case results entirely in a light phase shift. In contrast in
the LL-gauge a GW would move test masses from their positions, which results in
changes in distance caused by their physical displacement. Here the coordinates of
the test masses change when compared with the coordinate of the reference frame
and their proper distance changes as well. In other simplified words in TT-gauge
the coordinates moves with the test masses while in LL-gauge the coordinates do
not follow the test masses. The interaction of GWs with interferometers in this case
appears as tidal forces applied to the test masses (which means that that GWs are
undistinguishable from any other non-gravitational forces), plus a small correction
of the order of (x/)\gy)*h where z is the distance between two test masses, Agy 1S
the GW wavelength and h is the GW amplitude [Tar07]. However, whatever gauge

is used, the final measurable result is the same.

Since the test masses do not follow geodesics, the analysis of GW detectors is more
appropriate in the local reference frame (LL gauge), which is a non inertial frame.
The required inertial state of test masses imposed by the TT gauge description is

not realistic. Test masses in ground based interferometers are subjected to several
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non-gravitational forces, consequently the proper reference frame is non-inertial

[Tar07].

2.2.2. Quantised electromagnetic wave formalism

Taking into account the effect of the GWs and accelerating fields on the optical
fields, the equivalence between TT gauges and LL-gauges is ensured [Rak05]. In
this case, the electromagnetic wave propagating along the x-axis at frequency wy
and wave vector kg, can be described by the electromagnetic field operator A(z,t)
as a sum of a strong field, which approximates the light wave of amplitude Ay and

a weak field a(z,t) which describes the fluctuations of the light field [TVO0S|:

A, t) = ) 2040 4 o, et hon) i (2.7)

Sc
oo , aQ
a(x,t) = / a(wo + Q)e‘lQ(t]FX/C)2—,
_ s

o)

where ) is the GW frequency, S the cross section of the beam, h the Plank’s

constant and c the speed of light.

Assuming GWs and acceleration fields only couple to the strong light field, or
equally said with the first order approximation in GW amplitude h and displace-

ment & can be written [Tar07][TS08]:

S |
Ala,t) = Wsc 014 + Aoga (2, ) + Agwa (. 8) + alx, t)]e @otFro)  (2.8)

where g1 is the coupling term between GW and electro magnetic wave and w4 is

42



Chapter 2. Displacement noise Free Interferometry for a Fabry-Perot cavity

the redshift effect of the electro magnetic wave caused by the non inertial reference

frame.

The g+ term is defined as:

oo i A€
g+(x,t) = / g+ (T, w, + Q)e_‘m2—, with (2.9)
. T
1 2 1 Lwo, tigw/e
g1 (x,wo + Q) = h(Q) {Zong F 1§/€0x + 55(6 /e 1) (2.10)

The w4 term is defined as:

oo 0 dQ
wy(z,t) = / w (T, wo + Q)e_lmg, with (2.11)
w (7, w, + Q) = —ke&(Q) Px + i(eH%/e — 1) . (2.12)
C

2.2.3. Input, output and circulating cavity waves

Fig.2.3 shows the fields found in the F-P cavity as described in Section 2.2, A;,(x, )
describes the wave pumped by the laser through the mirror a. The two outputs

A" (x,t) and A?

L (1) are respectively the reflected and transmitted waves. The

fields inside the cavity are divided into two: A, (x,t) represents the wave circulating
along the positive direction of the x axis and A_(x, t) represents the wave circulating
along the negative direction of the x axis. The cavity is pumped through the mirror

b by the vacuum state wave A,q.(z,t).

Using the the quantised formalism described in Section 2.2.2 the cavity fields can

be described as follow:
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a b
Ain(x1) 7 Ay(x,1) ] Aoul(xt)
AroulA(x’t) ( A-A(x’t) ) Avac(x»t)
< k < — = =

Figure 2.3.: Fields in a Fabry-Perot cavity. A;,(x,t) describes the wave pumped
by the laser through the mirror a. The enhanced light field inside the
cavity, here represented by A, (z,t) and A_(x,t) according to the direc-
tion of the propagation, leaks outside the cavity. The leakage through
the mirror b forms the transmitted output of the cavity A. ,(x,t). The

leakage through the mirror a in addition to the prompt reflected light

from the mirror a forms the reflected output of the cavity A’ .(z,t).

The cavity is also pumped through the mirror b by the vacuum state

wave Ayqc(x,t). This plot is taken from [TVO0S].

Input wave
2mhw .
A, t) = )T A1+ g4 (0, 8) + w0 (o, ) 4
2o |
+ Wsc O in(, t)e " e1t=R1), (2.13)

where a;,(x,t) describes the laser fluctuations, which in the current formalism is

represented by a weak field.

Vacuum wave

27rhu)0

Avac(Ia t) = ? )e_i(wlt-i-]ﬁ(x—Lc))

Apae (T, t , (2.14)
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where Gyq.(2,t) describes the vacuum noise.

Circulating wave

2mhw, .
As(z,t) = WSC S Agoll + g (@, 1) + wy (w, )7 CFR) 4
2mhw, .
+ 7TS Oai(fﬁ, t)€—1(w1t$k1w)7 (215>
c

where ay(z,t) is the phase shift acquired by the light circulating in the cavity.

Reflected wave

£

Azm (LU, t) = a OAZutO[l + g— (LU, t) + w_ (SL’, t)]e_i(wlt+klm) +

27 hw -
i OCLZut(xa t)e_l(W1t+k1m)7 (216)

_|_
ﬁm
o (@]

where al . (z,t) describes the reflected signal of the cavity, whose quadratures are
measured in the homodyne detector HD; [TVO08|. The first addend describes the
light propagation in the absence of the cavity which automatically vanishes at the

origin point of the coordinates zp, = 0 where w = g = 0.
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Transmitted wave

DO

mhwo

Afmt( ) - Se Aouto[]-_l_g ([L"t)_|_w_(x’t)]6—i(w1t+k1x)_‘_
2mhw
+ WS Sal, (a, t)e TRt (2.17)
C

where a! ,(x,t) describes the transmitted signal of the cavity whose quadratures
are measured in the homodyne detector HDy [TV08]. As in the case of the reflected
wave the first addend describes the light propagation in the absence of the cavity,
but this time the addend does not vanish automatically. Indeed, the transmitted
wave is detected at the origin of the coordinates after one round trip of light travel,
as the light acquires on additional phase shift on the backward trip compared to the
phase acquired by the local oscillator. This problem can be overcome by sending
the reference light to platform Py, as shown in Fig.2.2. This will cause the reference
light to travel the same distance as the transmitted wave, thus acquiring the same
phase. The two equally acquired phases are completely subtracted in the homodyne

detection.

It is worth noting that with such an optical setup, where the two homodyne detec-
tors are located on the platform P;, the same results could be obtained analysing

the toy model into the general inertial frame.

The FP responses a’ ,(z,t) and @ ,(x,t) are obtained as the solutions of the bound-

ary conditions for a FP-cavity. This will now be further explained.
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2.2.4. Boundary conditions and solutions

The continuity of the field on the mirrors surfaces is imposed as follow:

A (xg,t) = TAp(xe,t) — RA_(x,,1),

r
Aout

(g, t) = RAum(va,t) +TA (x,4,1),
A_ (:L'b, t) = TAWC (l’b, t) — RA+ (l’b, t),
At

out

(ZL’b, t) = RAWC(ZL'b, t) + TA+ (l’b, t).

(2.18)
(2.19)
(2.20)

(2.21)

This set of equations is solved in [TV08] where the first order of €/w; solutions in

the spectral domain are written as follow:

R _ Re2i((51 +Q)T T2ei(61+Q)T
Aoyt = 1 — R2e2i(01+92)7 in + 1 — R2e2i(61+)7
RT2Ain0€2iélT . 2k1(XbeiQT - UlXa) + 6\I]emu]

T~ R2ezioir | 1 — RZoB(i+)r

a'vac +

T2ei(51+Q)T R— Re2i(51+9)7—

t
Qip +

out = 1 Q2201+ Q)7 1 — R2e2(61+Q)7
R2T2Ain0631517— . 2]{?1(Xb€iQT - Xa) + 6\IIemw iOr
1 — R2e2ionr | 1 — R2e2i(0i19)r €

a Qyac +

(2.22)

(2.23)

where 7 = L/c is the time delay, and d; is the detuning of the cavity and W,

describes the coupling of the light field with the GW and accelerating field in the

approximation /w; < 1 and has the following form:
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\I]emw - \Ijemw+gw+\llemw+acc
_ —leh(Q) (1 _ Sll;2 T) 61Q7— - klgpl(Q)(l . 26197’ + 62IQT). (224)
T

The factor oy describes the difference between ! , and af, which is equal to 1

when the cavity is on the resonant state. It is defined as:

o1 (Q) _ 6—2197[1 . R2€21517 . R262i(51+Q)T + R262i(251+Q)T]/T2 (225>

Rewriting equations 2.22 and 2.23 in term of displacements &,, &, &p,, the cavity

responses are:

azut = Rlam + ,-Tlavac
RT2Ain0621517 .
— 21k [(& + &) — 01&4]
1375 o !
RT2Ain0621517

— o ikibp, (20 — 1 — 7)), (2.26)
1375

Aout = TiGin + Riayac
R2T2Am0631517—
775 0
R2T2Ain0€31517
775 0

21]{71[(&) + ggw)emgT - gaeiQT]

ik1&p, (1 — X977, (2.27)

where
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/]:5? —1— R262i517" 7:5?4_5) —1— R262i(61+ﬂ)7—, (228)
R _ Re2i((51 +Q)T T2ei(61+Q)T

Ri= 1 — R2e2(61+92)7 7= 1 — R2e2(01+9)7

(2.29)

with Ry and 7; being the reflection and the transmission coefficient of a Fabry-Perot
cavity. It can be noticed that the amplitude A;,o of input wave A;, is amplified
inside the cavity by the factor 1/ ’Z}f The GW frequency 2 affect the gain cavity
factor by 7:5? Lq- Since the cavity responses have been obtained when a single laser is
used the same can be done when the cavity is pumped with a second laser from the
other side and thus the mechanism of noise cancellation can be applied as described

in the next Section.

2.3. Double pumped Fabry-Perot cavity

Fig.2.4 shows a Fabry-Perot cavity pumped with two laser from both sides. The
cavity is assembled using two partially reflective mirrors, a and b, spaced by a
distance L. Laser L; pumps the cavity through the mirror a and laser Ly pumps
the cavity through the mirror b. Both lasers are rigidly mounted on platforms P,
and Py respectively. A;, describes the input wave emitted by the laser L; and
correspondingly the two outputs waves are described by AJ , in reflection and by
At in transmission. A, is the correspondent vacuum field pumping the cavity
through the mirror b. B, describes the input wave emitted by the laser L, and
correspondingly the two outputs waves are described by B, in reflection and by
B!, in transmission. B, is the correspondent vacuum field pumping the cavity

through the mirror a. The two light fields are orthogonally polarised. The detection
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scheme concerning the laser L; of such a model is shown in Fig.2.2. Due to the

symmetry of the model the detection scheme for laser Ly can be equally thought

of with two more homodyne detectors rigidly mounted together with laser Ly on

platform P,.

........................
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Figure 2.4.: Double pumped Fabry-Perot fields. The cavity is assembled from two

partially reflective mirrors, a and b, spaced by a distance L. Two
lasers are used to pump the cavity from both sides in order to obtain
multiple channels to be used to construct the desired DFI channel.
More specifically laser L; creates two channels given by the reflected
Ar . and transmitted A! , outputs of the cavity, whereas Ly creates two
channels given by the reflected B’ and transmitted B? , output of the
cavity. A linear combination of these channels is used to construct a
DFI channel which suppress the DN from the cavity mirrors. This plot

is taken from [TVO08].

The cavity response functions b’ , and b.,, when the cavity is pumped by the laser

Ly through the mirror b can be obtained from equations (2.26) and (2.27) replacing

51 with 52, fa with gb, gb with —fa, fpl with —fpz and 01 with 09:

b?”

out

= R2bm + 7V2bvac +

RT2Bjoe?®7 .
o #21]{2[(_5& + 5911))6197— + Ung] +
92 “ 02+
RT2Bm e2i627’ ) )
gy 2ikap, (200 — 1 — HY), (2.30)
92 “ 02+

20



Chapter 2. Displacement noise Free Interferometry for a Fabry-Perot cavity

bf)ut = 7’2b2n + R2bvac +
R2T2 Bmoe?)iégr . .
20kn[(—Ea + Egu)e™™ + &) +
7,750 !
R2T2 Bmoe?)iégr ) .
iko&p, (1 — B9) T, (2.31)
75,7510 ’

where (as similarly described in equations 2.28 and 2.29)

7:33 —1— R262i527" /]334_9 —1— R262i(62+ﬂ)7—, (232)
R — Re?i(62+)7 T261(62+Q)7

Ry = 1 — R2e21(6219)7° 1, = 1 — R2e2i021 )7

(2.33)

and

O'Q(Q) _ 6—2197[1 . R2€21527 . R2e2i(52+Q)T + R2621(252+Q)T]/T2. (234>

The physical meaning of these coefficients can be deduced as for the laser L; case.

2.3.1. Displacement noise suppression procedure

As described previously the general DFI idea is to manipulate the multiple responses
provided by the setup as an appropriate combination of them (the so called DFI
response), resulting in the suppression of the displacement noise while the GW

signal is still present.

t
out

r
out

Multiplying a”,, by the factor Rel®*+97 and multiplying a’ , by o1, the combination
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s1 1s defined as follow:

51 = ROV 4L gial (2.35)

Multiplying 7, by the factor Re®2*)7 and summing it to b, the combination

out out?

$9 is defined as follows:

Sy = Rel@2HDmpr 4 pt (2.36)

out out

The DFT response is given by the following combination of s; and s, [TVO0S]:

151T(1 _ 2151T) )
€ € iQr
cifar (1 — e2ioar) 526 (2.37)

S =81+

The meaning of the DFI response can be kept if the combination s is written in a
different form. Replacing equations 2.26 and 2.27 in equation 2.35, equations 2.30
and 2.31 in equation 2.36 and assuming A;,o/ ’]:ﬁ = Bino/ 7:53, the combination s can

be presented in the following explicit form:
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(6 Q) 1 _ 621(517' (6 Q)
_ (0 —=)T - (02T
§ = Gin€ + 1 — 2id2r in€

R iQr 017 —2i017
- ﬁ[e2Q (7 — 1) + T e "]y,
e—i517'(1 _ 62i617'> .
+ 6—152T(1 _ 62152T>vaace
+ R26—1(51+Q)T(1 i 621517)Ain0
7
X iko[—Ep, + 2(Ep, + &g )T — Ep, ] (2.38)

The s combination shows that the DFI response is free from displacement noise
from the cavity mirrors &, and &, while it still contains the term £y, which is phase

accumulated by the light due to the GW interaction.

It the particular case of equal detuning (6; = ds), in the long-wave approximation

where QL/c < 1, assuming A = Ajpo=5,,,, S can be rewritten as follows:

in0 )

S = Qi + bzn + Qyac + bvac

0 oo (1
- g Ak <§Lh +Epy — 51)1) (2.39)

It is interesting to note that equation 2.39, which can be associated with equation
2.5, shows that the double pumping F-P cavity shows a response with no cavity

gain, and its sensitivity is limited by the displacement noise of the platforms.

In conclusion it has been demonstrated theoretically the DFI feature of a FP-cavity
when the cavity itself is pumped from both sides with two lasers (or equivalently
with two orthogonal polarised light fields) using the transmitted and the reflected

responses as channels to be combined. It was shown that a proper combination of
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these channels allows the DN suppression from both cavity mirrors while the GW
is still present. This is the basis for the realisation of the real experiment described

in the next Chapters.
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Chapter 3.

Construction of a DFI detuned cavity

3.1. From two lasers to one laser

The DFT scheme described in Chapter 2 shows that a detuned FP-cavity configura-
tion [TVO08] in combination with two lasers can be used to remove the displacement
noise from both cavity mirrors. In such a double pumped Fabry-Perot cavity one
laser is used for the input cavity mirror (IM) and one is used for the end cavity
mirror (EM) (Double Pumped Fabry-Perot cavity). This configuration requires two
homodyne detectors for each laser. From the experimental point of view the use
of two lasers can be avoided by using auxiliary optics to have the laser pumping
each side of the cavity with a different polarisation of light. The aim of this work
is to demonstrate the feasibility of a DFI scheme for a detuned FP-cavity showing
suppression of displacement noise at low frequencies, by showing the displacement

noise cancelation only on the input cavity mirror.

Combining the responses a’,, and a’ , described in equations 2.1 and 2.2 a DFI
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channel can be created which is free from displacement noise of the input cavity

mirror while the GW signal is still present:

Pt = D(Caw + &py — &b, + &), (3.1)

_ T
S_a'out+

9 ithn

where ¢; are the cavity gain factors and & are phase induced by the optical

element.

Alternatively the potential for DFI can be shown using the detuned cavity re-

r
out

by the factor Rel®*+97 and multiplying a! , by oy, the

sponses multiplying «a out

DFI combination s; is defined as follow:

S1 = Rei(61+Q)TaZut + Ola’tout (32)

where oy is defined in equation 2.25, 6; is the cavity detuning and 2 the GW
frequency. In explicit form, using equations 2.26 and 2.27, s; can be rewritten as

(see Section2.3.1):

s = aine—i(él—ﬂ)r
R 2107 21017 2 =261 T
+ ﬁ[e (e —1)+ 7:516 Jvac
| Ao |
+ R%N7(1 - 621517)—,]-20 2iko(&p + Egw)e™ T
61
| Ao o
= RPOT(L— M) Rikegp, (14 ) (3.3)
61

In this thesis DFI is addressed only insofar as it deals with the suppression of
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displacement noise of the input cavity mirror.

3.1.1. Laser

(This Section follows the description presented in [Che07]). The light source used
for the DFI experiment is a solid state Nd:YAG laser which yields 1 W power
with \g = 1064 nm wavelength. It is a Mephisto manufactured by Innolight. A
schematic of this laser is shown in Fig.3.1. Two diodes, electrically driven by
a stable low noise injection system with a maximum current of 3 A, provide the
radiation to the monolithic nonplanar crystal Nd:YAG. The two light pumps are
combined onto a polarising beam splitter (PBS) and opportunely focused to match
the crystal’s fundamental mode. The crystal forms a ring cavity that the pump light

field circulates in, transforming it to a wavelength of A\g = 1064 nm wavelength.

The injection current is internally restricted to its clamping value by a limiting
circuit to protect the diode laser. In Fig.3.2 the power radiated by the laser is

shown responding to the electric current applied to the crystal.

A photodetector is used to sense a fraction of the generated laser light and variations
in the emitted radiation are analysed. The fluctuations of the emitted light are
mainly due to the relaxation oscillation effect that is a typical noise source of
solid state lasers [HRH™97]. The sensed signal, after been opportunely filtered
and amplified, is fed back to the diode pump sources to reduce such intensity

fluctuations. This is an optional servo loop called Noise Fater.

The laser system is also provided with a temperature stabilising control of the laser
diode junction to prevent wavelength variations of the emitted light. Furthermore

the wavelength of the Nd:YAG laser also depends on the crystal temperature which
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Diode array
£ Nd:YAG
Diode- SC crystal
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Figure 3.1.: Laser scheme. Two diodes, electrically driven by a stable low noise
injection system with a maximum current of 3 A, provide the radiation
to the monolithic nonplanar crystal Nd:YAG. Two light pumps are
combined on a polarising beam splitter (PBS) and opportunely focused
to match the fundamental mode of the crystal. This plot is taken from
|Che07].

Radiated laser light power
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|CIamping current = 2.754 A|
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Figure 3.2.: Power radiated vs. injection current. The electrical protection sys-
tem clamps the current at 2.750 A. The crystal temperature is fixed at
32.8°C.
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Output power 1W
Beam quality M? < 1.1
Thermal tuning coefficient [GHz/K] -3
Thermal tuning range [GHz] 30
Thermal response bandwidth [Hz] 1
PZT tuning coefficient [MHz/V] >1
PZT tuning range [MHz] + 100
PZT response bandwidth [kHz] 100
FEmission spectrum single-frequency
Coherence length [km)] >1
Relative Intensity Noise, RIN [dB/Hz] <-100
Noise eater option, RIN [dB/Hz <-150
Output polarised beam I/I, = 5/1

Table 3.1.: General specification of the ND:YAG laser

is also stabilised using a temperature actuator. Thermal expansion of the crystal
corresponds to a change in length of it and therefore its internal ring cavity, causing
the wavelength of the emitted light to vary. Such temperature actuator reaches a
thermal tuning range of 3 GHz/K with a response bandwidth of 1 Hz. An additional
actuator, a piezoelectric transducer (PZT), is attached to the laser crystal to change

its length, for fast tuning of laser frequency. The frequency tuning range obtainable

is 2 MHz/V with a response bandwidth of 100 kHz.
The relevant specifications of the laser are collected in the Tab. 3.1.

The output beam of the ND:YAG laser is elliptically polarised with an intensity
ratio of I;/1, = 5/1, where I, and I, are respectively the intensities of the s and p
components of the light. A combination of a quarter-waveplate and half-waveplate
is able to transform the light to any of the linear polarisation states. The quarter-
waveplate eliminates the residual elliptical polarisation while the half-waveplate

rotates a linearly polarised light from one state to another.
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Figure 3.3.: Laser source setup. The generated laser light is elliptically polarised
with an intensity ratio of I;/I, = 5/1. A quarter-waveplate transforms
the elliptical polarised light in linear polarised light. The half-waveplate
is used to rotate the linear polarised state into the other linear polarised
state to maximise the light reaching the experiment. The Faraday
isolator (FI) itself is used to protect the laser from the light reflected
back from the experiment.

In order to maintain good laser function a Faraday isolator is used afterwards
to suppress the light reflected from the experiment back to the laser, avoiding
any disturbances of the generated light. The linear polarisation state of the light
is optimised for transmission through the Faraday isolator, maximizing the light

power that reaches the experiment.

The Fig. 3.3/ shows the light source setup used in the DFT experiment.

3.1.2. Laser beam source profile characterisation

The current of the laser crystal is I = 2.200 A and the crystal temperature is set
to T = 32.8°C. The light source has been characterised by measuring its beam
profile. Both the vertical and horizontal beam sections are measured along the
laser beam path above the Faraday isolator with a CCD-sensor (WinCamD) and
displayed by Dataray software. The data are then fitted to a mathematical model

[Hei95|. Fig.3.4 shows the measured results and both sections with fitted curves.
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Vertical waist size 197.0 pm
Horizontal waist size 183.2 pm
Vertical waist position -23.4 cm
Horizontal waist position | -24.3 cm

Table 3.2.: Laser beam profile features. The zero reference point is the front edge
of the Fraday isolator.

The gaussian nature of the beam allows it to be completely determined once its
beam waist size and its beam waist position are known. In the Tab. 3.2 the values
calculated by the fitting function are given, taking as zero reference position the

edge of the Faraday isolator farthest from the laser.

2500 T T T T T

vertical section

horizontal section

2000

1500

1000

Beam Radius [um]

500

o 1 1 1 1
-1 -0.5 0 0.5 1

Distance [m]

Figure 3.4.: Laser beam profile of the light source. The measurements of the beam
profile have been made along the path in front of the Faraday isolator.
The injection current of the laser diode is I = 2.200 A and the laser
crystal temperature is 1" = 32.8 °C.
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3.2. Feedback control system

Control theory is a research area based on mathematical and engineering techniques
aimed at automatising and improving mechanical systems. Several types of control
loops are described in literature as in [DFT91]. The basic concept is that of keeping
one or more system output variables on a prefixed value, the so called reference.
Dynamical behavior of systems imposes the output variable to be monitored over
time. When the output variable of the system deviates from its reference a signal
proportional to the deviation is generated, the error signal, and elaborated by
the controller which manipulates the input variables of the system, acting on an
actuator compensating the unwanted output variations. The physical variable to
be controlled is detected by the sensor, which usually is a transducer, a device used

to convert physical quantity to another.

In this experiment, the crucial physical variables requiring feedback control are the
length of the cavity and the relative phases of the two beams in the homodyne
detectors. In order to demonstrate the DFI method experimentally it is necessary
to keep the cavity in a detuned state. This is achieved with a feedback control
loop based on the Pound-Drever-Hall (PDH) technique. The advantage of this
technique is the decoupling of the laser frequency from the laser intensity, resulting
in a low noise control loop. Frequency drift of the laser and displacement of the
mirrors can cause a deviation of the cavity from the required detuned working
point. These effects can be corrected for by either tuning the laser frequency or
the cavity length, thereby keeping the cavity at the correct working point. In the
former case, with the PDH method, one can measure the laser frequency with a

FP-cavity and feedback this measurement to the laser to correct and suppress drift
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and fluctuations in frequency. In this thesis the latter case is adopted, where the
laser frequency is measured with the same cavity and the feedback signal is applied
to a PZT actuator attached to the cavity input mirror. The cavity length is changed
in this way to compensate for laser frequency and mirror position fluctuations.

Similarly the two homodyne detectors required by the DFI detuned cavity setup can
be locked with a modulation-demodulation technique to maintain the homodynes
detectors desired working point given by a fixed phase difference between the LO

and the input beam (see Section 3.4.1).

The stabilisation of both the optical systems, cavity and homodyne detectors, can
be described as in Fig.3.5 where the sensor is assembled by the photodectors (PD),
the mixer (Mx) and the oscillator (Osc). The light is modulated into the optical
system with use of an electro-optic-modulator. The optical output of the system
is measured and converted into a voltage signal in the photodetector and sent to
the mixer to be demodulated with the use of a 12 MHz oscillator. The resulting
measured output is compared with the reference signal and opportunely filtered by
the servo amplifier to provide a voltage signal which is applied to the actuator. The
actuator is, both for the cavity and for the homodynes, a transducer (PZT) which
transforms the input voltage into mechanical movements. In the cavity case this
can be either the PZT attached to the laser or the PZT attached onto the input
cavity mirror whereas for the homodyne detector only the PZT attached onto one

of the optical elements along one of its beam path.
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Error | Controller| System System

Reference signal input output
@29 I P { Optical system| P

| Sensor |

Mx>< PD

Osc

Measured output

Figure 3.5.: Schematic feedback control loop. The DFI experiment requires three
different optical systems to be stabilised: The Fabry-Perot cavity and
two homodyne detectors. All these systems can be controlled with a
modulation-demodulation method. The cavity has to be locked on a
12 MHz state, while the homodyne detectors can be locked respecting
all their quadratures.

3.2.1. Optical modulation of the light

Electro-Optic-Modulators (EOMs), New Focus products, are used in the DFI de-
tuned FP-cavity to provide a phase modulation of the light field in a wide range
of frequencies. EOM consist basically of an anisotropic crystal, Magnesium Ozide
doped with Lithium Niobate (MgO : LiNbO3), and two electrodes used to apply
an external electric field along the crystal axis orthogonal to the direction of light
propagation. Modulation is produced by aligning the polarisation of the input light
with the crystal axis along which the electric field is applied [New(1], whereas any
misalignment can create unwanted light amplitude modulation. In particular the
optimal case is when when the light is s-polarised, also called vertically polarised

light.

EOMs are based on the Pockels cell effect which is the linear dependence of the

64



Chapter 3. Construction of a DFI detuned cavity

‘ ‘ model 4001 ‘ model 4004 ‘
Wavelength 1.0-1.6 um 1.0-1.6 ym
Type Resonant PM | Broadband PM

Operating Frequency | 0.01 - 250 MHz | DC-100 MHz
Modulation Depth > 0.2 rad/V 15 mrad/V

Max V, 16V 210 V
Max. Optical Power IW /mm? 1W /mm?
Aperture 2 mm 2 mm

Table 3.3.: Characteristics of New Focus electro-modulators
[New01].

crystal’s refractive index on the applied electric field. It can be expressed as follow:

An xn’E (3.4)

where An is the change in the index of refraction, n. is the unperturbed index of

refraction and FE is the applied electric field.

Two different EOMs are used in this work for two different purposes. The 4001
model is a narrow-band phase modulator and it is used to provide the cavity sta-
bilisation signal using the Pound-Drever-Hall scheme, while the 4004 model is a
wide-band phase modulator and it is used to produce a simulated GW-signal. Char-

acteristics of both EOMs are collected in the table 3.3.

3.2.2. Mixer

The Pound-Drever-Hall technique used to stabilise the cavity requires the use of a

mixer to extract the error signal. The mixer used (see Appendix D.4) is an electronic

65



Chapter 3. Construction of a DFI detuned cavity

device with three ports: Two inputs and one output. The input which contains the
signal is RF (Received Frequency). The other input which is generated electronically
by an oscillator at fixed frequency, €, is LO (Local Oscillator). The mixing of the
two inputs produces an output with frequency between €2 and the signal frequency,
w, which is called IF (Intermediate Frequency). Actually the output, which can
be understood as the product of the two inputs, contains multiple components at
the sum and difference of the two inputs frequencies and their harmonics. An
ideal mixer produces only the sum and the difference components, which can be
selected with a proper filter: the selection of the components gives respectively an

up conversion and down conversion.

3.2.3. Servo amplifier

The error signal extracted from the mixer is processed by the servo amplifier (see
Appendix D.3) to produce a feedback signal. Appropriately designed analogue fil-
ters allow the system to maintain a physical variable on a prefixed value, known as
the operating point. Deviations from the operating point are compensated for by
the servo which produces signals proportional to the deviations but with opposite
phase. The output of the servo is used to close the loop on an actuator system. In
particular the servo used in the DFI setup has a proportional gain and three dif-
ferent integrators. The roll-off frequencies of such filters are 100 Hz, 1 kHz, 10 kHz.
The Fig. 3.6 shows the measured servo transfer function from its error-in input to

feedback signal output when the integrators are all switched off.
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Figure 3.6.: The measured servo transfer function. The plot shows a 100 kHz low
pass filter effect.

3.2.4. Local oscillator

The local oscillator provided to both the EOM and the mixer is a device which pro-
duce a 12 MHz frequency waveform. The schematic can be found in the Appendix

D.5. Fig.3.7 shows a partial simulated transfer function of the oscillator.

3.2.5. Photodetectors

The optical reflected and transmitted signals from the cavity are converted by a
BPX "Manufacturer” photodiode into electrical current signals. The photodiode is
arranged in a self-made electrical circuit to convert the current signal in voltage
signal using a transimpedance stage. The voltage signal is amplified by two ampli-
fication stages, one providing the AC output and the other the DC. The DC stage
feature is to amplify the voltage signal keeping low frequency components; The

AC stage amplifies the voltage signal and high-pass filters the signal. In this work
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Figure 3.7.: The simulated transfer function of the 12 MHz oscillator from pin 8 to
the output as shown in Fig.D.12. The plot shows the 12 MHz band-
width filter effect.

the photodiode and the electrical circuit together are called the photodetector. The
schematic of the photodetectors used in the current DFI experiment is in Appendix
D.1. In particular the locking photodetector detects the light reflected back from
the cavity forming part of the sensor used in the cavity control loop. The homo-
dyne photodetectors are used for the homodyne detection at the DFI outputs. The
balanced homodyne detection requires that the homodyne photodetectors are as
equal as possible. Figures 3.8 and 3.9 show the transfer functions of the locking
and the homodyne photodetectors from the optical input to both the DC and AC

outputs respectively.
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Figure 3.8.: The measured DC transfer functions of photodetectors. These are mea-
sured transfer functions from the optical input to the DC output chan-
nels of the photodetectors. All the measured transfer functions show a
flat response at low frequencies.

3.3. The DFI core

The core instrument of the work presented here is a FP-cavity. This system is used
to provide multiple readout channels, given by the reflected and transmitted light
from the cavity. In this Section the design and the method used to keep it at a

desired working point are described.

3.3.1. Fabry-Perot cavity design

An EOM (see Section3.2.1) is situated in the centre of the cavity to provide a sim-
ulated gravitational wave signal. This places a constraint on the cavity design, due
to the 2 mm aperture and the maximum optical power limitation. These constraints
lead to the design which requires an input beam waist size between 250 and 500 pm

and a Rayleigh range at least equal to the length of the crystal as required by the
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Figure 3.9.: The transfer functions of the AC photodetectors. Those are transfer
functions measured from the optical input to the AC output. All the
measured transfer functions show a high-pass filter effect: The locking
photodetector has a roll-off frequency at 160 kHz while the homodyne
photodetectors have a roll off frequency at 15 kHz.

manufacturer ([New(1]). The cavity length and the radius of curvature of both
cavity mirrors determine the shape of the TEM, eigenmode [Yar89]. Defining the

following quantities as

71 =(Re2-L—L%/(Rel —Re2+2L) and zp=L+z (3.5)

where Rcl and Re2 are the radii of curvatures of the input and output cavity mirrors

respectively and L is the cavity length. It is possible to express the Rayleigh range,
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Z:, as a function of radius of curvature, Rcl as follows:

7z = v/ (Rel — 2q)zq, (3.6)

and the beam waist radius, wg, the beam radius w; at the cavity input mirror and

the beam radius wy at the end cavity mirror as

wo = \/ 2z A/, w1 = wo/ 1+ (z1/2)2, wo = wo/ 1+ (z2/2:)%.  (3.7)

The detuned state of the cavity required by the DFI configuration [TV08] imposes
a careful choice of the amplitude reflectivities ry, s of the two cavity mirrors which

affect the cavity Finesse as shown in the reference [Hei99]:

F \/
Finesse = T SI_];{M = T ; I~ ;T T1T2 =~ 1 T (38)
W : —ryr —Iqr —Iqr
2 arcsin (ﬁ) 142 142

where FSR=c/2L is called Free Spectral Range and FWHM is the Full Width at
Half Maximum. The parameters of the designed FP-cavity are collected in Table
3.4.

Fig.3.10 shows the optical setup of the cavity used in the DFI experiment. The light
source is turned into an s-polarised state by half-waveplate. A telescope assembled

by the lenses f1 and {2 is used to obtain a beam waist of 400 um located in the
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Cavity length L 30 cm
Free spectral range FSR | 500 MHz
Radius of curvature of the input mirror Rel 1m
Radius of curvature of the output mirror Rc2 1 m
Beam waist Wo 347 pm
Beam size onto input cavity mirror w1 377 pm
Beam size onto output cavity mirror Wy 377 pm
Rayleigh range Zp 35.7 cm
Power reflectivity of the input cavity mirror r? 0.985
Power reflectivity of the output cavity mirror r3 0.985
Finesse F 208
Full Width at Half Maximum FWHM | 2.4 MHz

Table 3.4.: The designed optical parameters of the cavity.

center of EOM1, which is used in turn to produce the 12 MHz sidebands. The
half-waveplate and the polarising beam splitter (PBS1) are used to set the power
input to the cavity cavity beam at 1.5 mW. A telescope consisting of lenses f3 and
f4, is used to match the TEMyg mode of a beam into the cavity, resulting in a beam

waist of 360 ym located in the middle of the cavity.

3.3.2. Cavity stabilisation

The laser light field Fj,.(w), after being passed through EOM1 (see Fig.3.10), can
be expressed as a sum of three terms, a carrier at frequency w and two sidebands

at w £+ Q, with Q being the modulation frequency and m the modulation depth:

- i(wt+m sin Qt
Einc - EOe( )

Q

Eo[Jo(m)e™t 4+ Jy(m)e' @Vt — J (m)e! @1 (3.9)
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Figure 3.10.: The FP-cavity setup. The cavity is pumped through the mirror
IM with s-polarised light modulated at 12 MHz by the electro-optic-
modulator EOM1. The pump light is set at 1.5 mW by a half-
waveplate and the polarising beam splitter PBS1. Two telescopes
assembled by the lenses f1, f2 and {3, f4 provide a beam waist of
400 pm in the center of EOM1 and a beam waist of 360 um in the
middle of the cavity, respectively. The reflected light from the cavity
is sensed by the locking photodetector, PD-lock, and demodulated in
the mixer Mx. The output of Mx, after being appropriately filtered
by the servo PID and amplified by HV-ampl, is applied to the PZT
attached onto IM.
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where J; are the Bessel functions of the first kind. The power in the carrier can
be expressed as P. = JZ(m)P, and the power in the first order sidebands as P, =
JZ(m)Py where Py = |Ey|*>. When the modulation index m is much smaller than

one, all the power is shared between the carrier and sidebands Py ~ P.+ 2P,.

The locking photodetector PD-lock measures the power of the reflected beam from

the cavity:
Prep = |Eres|> = PJF(W)]* + P{|F(w+ Q)]* + [F(w - )"}
+ 2V P.PARF(w)F*(w+ Q) — F*(w)F(w — Q)] cos Qt}
+ 2V P.PAS[F(w)F*(w+ Q) — F*(w)F(w — Q)] sin Qt}
+ (2Qterms), (3.10)
where F'(w) = Eyef/Einc is the reflection coefficient. The use of a mixer and a

low-pass filter isolates only the €2 term generating the PDH error-signal used to
control the cavity. Depending on the modulation frequency €2 the measured PDH
error-signal can be either the cos Q¢ or sin Q¢ terms. When 2 is high (Q > FSR/F)
only the sin Qt term survives and when (2 is low (2 < FSR/F) only the cosQt
term survives [Bla01]. The PDH signal for the DFI detuned cavity relies on the

former case, since the modulation is applied at 12 MHz.

Fig.3.11'shows the PDH error-signal (yellow curve) and the reflected power detected
on PD-lock (blue curve) while a ramp (pink curve) is applied on the PZT attached

onto the input cavity mirror IM, scanning the cavity length.

Recalling that the mixer output can be modelled as the product of its inputs, in
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Figure 3.11.: Cavity signals. The PDH error-signal (yellow curve) and the reflected
power detected on PD-lock (blue curve) while a ramp (pink curve) is
applied on the PZT attached to the input cavity mirror IM, scanning
the cavity length.

the general case, for a modulation signal at 2 this can be written:

sin(Qt) sin(Q*t) = %{COS[(Q — Q")t] — cos[(Q + Q7)t]}, (3.11)

where 2" is the demodulation frequency. In particular if 2 = Q* we can write:

sin(QF) sin(Q1) — %{1 ~ cos(208)). (3.12)

When the 2€) term is filtered with a low-pass filter only a DC term survives. In
practice the low-pass filter and a phase delay are implemented in the mixer box, the

latter used to match the modulation and demodulation phases. (Appendix D.4).
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Figure 3.12.: Simulated PDH error-signals vs. cavity mirror detuning at different
demodulation frequency values: Phase matched modulation and de-
modulation frequency (blue curve), demodulation frequency at 30°
(green curve), 60° (red curve) and 90° (orange curve).

Fig.3.12 shows simulated PDH error-signals vs. cavity mirror detuning at different
demodulation frequency values: Phase matched modulation and demodulation fre-
quency (blue curve), demodulation frequency at 30° (green curve), 60° (red curve)

and 90° (orange curve).

Fig.3.13 shows the experimental time trace of the PDH error signal obtained by
scanning the cavity length with a ramp applied onto the PZT of the input cavity

mirror at different phase delay settings.
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Figure 3.13.: Experimental time trace of the PDH error signal obtained by scanning
the cavity length with a ramp applied onto the PZT of the input cavity
mirror at different phase delay settings.

3.4. DFI detection

Since a direct detection scheme could measure only amplitude fluctuations and
would be not able to distinguish between the quadratures of the field, the detection
scheme proposed in [TV08§] is provided by the two homodyne detectors. These are
able to detect the phase modulated signal coming from the input cavity mirror (used
to simulate the displacement noise signal) and from the EOM (used to simulate the
GW signal). This can be obtained with the use of a reference beam, the local
oscillator (LO), which gives a phase reference to detect both the amplitude and the

phase modulation.

The Fig. 3.14 shows the setup of the DFI detection. The light originating from the
laser is split into two beams, one to pump the FP-cavity and one to provide the two

local oscillators (LO) for the homodyne detectors HD1 and HD2. The reflected and
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transmitted signals from the cavity individually interfere onto the homodyne beam
splitters, BSH1 and BSH2, with the LO beam and sensed with the two homodyne
detectors HD1 and HD2 respectively. The two half waveplates and two polarising
beam splitters PBS2 and PBS3 are used to set the LO power in both the homodyne
detectors at 20 mW. The transmitted light from PBS3, which is p-polarised, is then
rotated again by an half waveplate to let the light interferes on BSH2 in s-polarised

state.

Faraday
Isolator

AL
)

Laser

Figure 3.14.: DFI detection setup. The light originating from the laser is split into
two beams, one to pump the FP-cavity and one to provide the two
local oscillators (LO) for the homodyne detectors HD1 and HD2. The
reflected and transmitted light are sensed with homodyne detectors
HD1 and HD2 respectively. The two half-waveplates and two polar-
ising beam splitters PBS2 and PBS3 are used to set the LO power in
both the homodyne detectors at 20 mW.
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Figure 3.15.: The homodyne detector. It consists of a beam splitter and two pho-
todetectors PD1 and PD2. The LO provided by the laser interferes
onto the beam splitter with an input beam of which the contribution
of the modulation one wants to evaluate. The interference signal is
detected by PD1 and PD2. The subtraction of their photocurrents
gives the output of the homodyne detector.

3.4.1. Homodyne detector

Fig.3.15 shows the generic setup of a homodyne detector. In general homodyne
detection can be done with the use of a beam splitter BS and two photodetectors
PD1 and PD2. The LO provided by the laser interferes on the beam splitter
with an input beam which contributes to the modulation one wants to evaluate.
The interference signal is detected by PD1 and PD2. The subtraction of their
photocurrents gives the output of the homodyne detector. In order to use the LO
as a phase reference beam the input beam to the cavity has to be phase locked
to LO. In the case of the DFI detuned FP-cavity the input beam for HD1 is the

reflected light and the input beam in HD2 is the transmitted light.
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A homodyne detector feature

Let’s represent each of the two homodyne beams as the sum of two contribution: a
sum of a strong field which approximates the light wave of amplitude Ej,;, and a

weak field 0 Ey, ,(t) which describe the fluctuations of the the light field [Bac98|:

Ep(t) = (Eio+ 0E5(t))e'™ (3.13)

where e® represents the relative phase difference between the two beams. It is
controlled with a PZT attached onto a mirror located in one of that path to change

the length of one of the paths.

Fields on the two photodetectors PD1 and PD2 are described with following con-

vention:

Epp1 = \/g (1E1(t) + Ein(t)) (3.14)
Eppy = \/g (Epo(t) + B, (1)) (3.15)

In the case where the LO intensity is much higher than input beam intensity,

EIQO > Efn, the intensity Ipp; onto the photodetector PD1 can be calculated as:

Iepi = |Bepil* = = (|Ew(®)? +iEw(t) EL (1) — iEpn (8 B (1) + | Ein(t))?)

N —

1
~ S (|Ew(t)]? + 2E100 Ejp + 2E1,0 By (t) sin ¢y, ) (3.16)
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In the same way the intensity Ippy on the photodetector PD2 can be calculated as:

Irpo = |Eppo|® ~ = (|E(t)]* + 2E100 Ejp — 2E1,0 Eip (1) sin ¢y, (3.17)

N | —

Now the homodyne detector output can be defined, represented by the intensity

difference between the two photodetectors:

112 = [le — [PD2 ~ 2El05Ezn(t) sin ¢lo~ (318)

This equation shows an important feature of the homodyne detector: that the
output scales with the amplitude of the local oscillator while the noise on the local

oscillator itself is completely suppressed.

Decomposing the weak field into its quadratures as 0 Ey, (t) = El;,(t)+iE2;,(t), the
photocurrent fluctuations at the output of the homodyne detector can be expressed

as:

ALy ~ 4E}, (AEL, (1) sin® ¢, + AE2;,(t) cos® ¢p,) (3.19)

where it can be noted that the variance of the output is a combination of the
variance of the fluctuations in the two quadratures. The LO phase determines in

which quadrature the fluctuations can be measured.
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Figure 3.16.: The homodyne detectors HD1 outputs. Both the photodetectors PD1
(vellow curve) and PD2 (green curve) show an interference pattern
with a visibility (Viwae — Vinin/ Vinae + Vinin) of & 93%. The error-signal
is the difference photocurrent detected by the two photodetectors PD1
and PD2 represented in the red curve.

Voltage [mV]

\/
V

0.045 0.05 0.055 0.06
Time [s]

Figure 3.17.: The homodyne detectors HD2 outputs. Both the photodetectors PD3
(yellow curve) and PD4 (green curve) show an interference pattern
with a visibility (Viiae — Vinin/Vinae + Vinin) of &= 99%. It is notice-
able that the high frequency noise due to the 12 MHz sidebands. The
error-signal is the difference photocurrent detected by the two pho-
todetectors PD3 and PD4 represented in the red curve.
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3.4.2. Homodyne detector stabilisation

The homodyne stabilisation can be achieved using either as an error-signal the
low-frequency (DC) difference photocurrents detected by the two homodyne pho-
todetectors or demodulating the phase modulated signal as described in the previ-
ous Section3.4.1. The difference photocurrents of the homodyne detectors can be

expressed in general as (see Appendix B):

N M
Iy, = 2 Z Z S{a;bieitei} = (3.20)

i=0 j=0
N N
= 2 (Z S{abie¥ ) + Z S{azbeitei + bfaje_iwijte_w”})(3.21)
i=0 j=i+l

that is, with an appropriate low-pass filter, the homodyne error-signal for the DFI
setup, which provides a carrier ay and the two sidebands a; 2 on one path and a

carrier by and two sidebands b; 5 on the LO path. It can be expressed as:

N
121 = 2 Z %{aibiew“} = 2%{(&0()0 + a1b1 + a2b2) 6_1@1{. (322)

i=0

Fig.3.16 shows the homodyne HD1 outputs when a ramp is applied on the phase
shifter PS1 and the cavity is locked on its detuned state. Both the photodetectors
PD1 (yellow curve) and PD2 (green curve) show an interference pattern with a
visibility (Vinaz — Vinin/Vinaz + Vinin) of &= 93%. The error-signal is the difference
photocurrent detected by the two photodetectors PD1 and PD2 represented in the

red curve.
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Figure 3.18.: This is a picture of the real experimental setup.

Fig.3.17 shows the homodyne HD2 outputs when a ramp is applied on the phase
shifter PS2 and the cavity is locked on its detuned state. Both the photodetectors
PD3 (yellow curve) and PD4 (green curve) show an interference pattern with a
visibility of ~ 99%. The error-signal is the difference photocurrent detected by the

two photodetectors PD3 and PD4 represented in the red curve.

3.5. Pictures of the experimental setup

In this Section pictures of the real experimental setup are shown.
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Figure 3.19.: This is a picture of the real homodyne detector setup.

Figure 3.20.: This is a picture of the real PZT attached to the input cavity mirror.
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Figure 3.21.: This is a picture of mixers and servos used to control the cavity and
the two homodyne detectors.

Figure 3.22.: This is a picture of a servo during its construction.
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Fig.3.18 shows a picture of the real setup, while Fig.3.19 and Fig.3.20 show the
pictures of one of the homodyne detectors and the PZT attached to the input cavity
mirror, respectively. Finally the last two pictures partially show the electronics used
in this work. In particular Fig.3.21 shows the crate with mixers and servos used to
control the FP-cavity and the homodyne detectors, while Fig.3.22 shows the servo

used during the construction.

This Chapter showed the features of the experimental setup entirely realised in
this work for the demonstration of DFI at low frequency applied to a FP-cavity.
Electronic devices have been built for this experiment following the diagrams shown

in Appendix D.
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DFI Simulation

The experimental setup described in Chapter 3 has been based on the information
obtained from the DFI simulation. This Chapter shows the demonstration of DFI
for a detuned FP-cavity within the simulated environment using the Finesse soft-
ware [FHLT04]. It shows that the displacement noise injected on the input cavity
mirror (IM) can be strongly suppressed while the GW is retained. The simulated

setup was minimised to keep the basic features of the experimental setup.

4.1. Simulated setup

The simulated setup is shown in Fig.4.1. The light originating from the laser is
split into two beams, one to pump the FP-cavity and one to provide the two local
oscillators (LO) for the homodyne detectors HD1 and HD2. The output of the two
homodyne detectors is the difference signal given respectively by HD1=PDH1la-
PDH1b and HD2=PDH2a-PDH2b. The FP-cavity used is formed by two identical
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mirrors which are separated by 30 cm. Each mirror has a power reflectivity of 98.5 %

and a radius of curvature of 1 m which results in a cavity bandwidth of 2.4 MHz.

The reflected and transmitted signals from the cavity are individually sensed with
the two homodyne detectors HD1 and HD2. These detectors allow to measure
signals in an arbitrary quadrature in between amplitude and phase quadrature.
Here the local oscillator power is much stronger than the signal beam for each
homodyne detector, thus fulfilling the condition whereby the LO has to be much
stronger than the signal power to ensure that the resulting signal is dominated by
the signal on the signal beam and not by noise present on the LO [Bac98]. Since
the DFT responses for a FP-cavity depends on which quadratures the homodyne
detectors are set, an appropriate use of the homodyne beam splitters tuning can be

used to define the quadratures of both the reflected and the transmitted fields.

4.2. Homodyne quadratures

The reflected and the transmitted light from the cavity interfere respectively on the
beamsplitters BSH1 and BSH2 with the light reference beam coming from the laser
(LO). The intensity is a sinusoidal function of the optical path A¢ = 27“Ax, where
A is the wavelength of the laser and Ax is the path difference of the two waves.
Path changes of A provide a complete cycle of the intensity.

The interference pattern detected by each single photodetector in both homodyne
detectors HD1 and HD2, are shown in Fig. 4.2 where the optical path is tuned with

the homodyne beam splitters BSH1 and BSH2.

At a BSH1 tuning of 51.3° the homodyne HD1 measures the phase quadrature
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Figure 4.1.: Simulated setup. The setup is provided by a FP-cavity kept in its
detuned state of 12 MHz and two homodyne detectors. One homodyne
detector is used to sense the reflected light from the cavity and one is
used to sense the transmitted light from the cavity. Both the homodyne
detectors are provided with reference beam (LO) interfering on BSH1
and BSH2 respectively for the homodyne detectors HD1 and HD2,
where HD1 = PDH1a — PdH1a and HD2 = PDH2a — PDH2a.

(PQ) of the reflected beam from the cavity where the two photodetectors intensities
have the same amplitude. At a BSH1 tuning of 96.3° HD1 measures the amplitude
quadrature (AQ) of the reflected beam from the cavity where the two photodetectors

intensities have opposite amplitude.

Similarly, at a BSH2 tuning of 34.7° the homodyne HD2 measures the phase quadra-
ture of the transmitted beam from the cavity where the two photodetectors inten-
sities have the same amplitude. At a BSH2 tuning of 79.7° HD2 measures the
amplitude quadrature of the transmitted beam from the cavity where the two pho-

todetectors intensities have opposite amplitude.
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Figure 4.2.: Homodyne detectors signals output. On the left-hand side are shown
the signals of HD1. The blue and the green line are the intensities
detected in the photodetectors. The red curve represents the output
signal of HD1. On the right-hand side are shown the signals of HD2.
The cyan and the light-green line are the intensities detected in the
photodetectors. The orange curve represents the output signal of HD2.
Both plots show that phase and amplitude quadratures are 45° phase
shifted.

4.3. DFI combination algorithm

The DFI has the requirement of a multiple channel experiment in which their
combination creates a new channel which is free from displacement noise while the

GW signal is still present.

To demonstrate the detuned FP-cavity based DFI scheme, the displacement noise

and the GW responses have been simulated.

The two transfer functions from the cavity input mirror IM to the two homodyne
detectors are the displacement noise responses S1py and S2py respectively in HD1
and HD2. On the other hand the two transfer functions from the cavity-length
to the two homodyne detectors are the GW signal responses Slgw and S2qw
respectively. Both the DN and GW responses allow the creation of two new channels

with Spnx prr and Sqw prr being respectively the DN and GW responses of the DFI.

These new DFI data are given by:
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Spn,pri+ = Slpy £ k- S2py,

Saw,prix = Slaw £ k- S2qw. (4.1)

here k represents a fixed scaling factor which minimises the DN content in channel
Spn.prr. In the simulation an arbitrary k is chosen to be the ratio of the DN
transfer function magnitude at 1Hz (k = Slpn,[1 Hz|/S2pN,[1 Hz]), as changing
the frequency for determining k does not change the results. Afterwards the DFI
effect is evaluated by comparing the DFI SNR and the initial unprocessed data
SNRs.

In this thesis the SNRs are defined as follow:

The signal-to-noise ratios (SNRs) ¢ of the initial unprocessed data channels of S1
and S2 are given by 051 = Slgw/S1px and ogy = S2qw/S2pN and show how good
a GW can be detected with respect to the present DN. For the processed data
channels a similar SNR given by oppre = Sew prie/Spnprie can be calculated,
where plus and minus correspond to the sum and difference combination DFI+,
DFI- respectively used in equations 4.1. To see the enhancement effect of the DFT,
the ratio p; between the processed and unprocessed SNRs ps1+ = oppr/0s1 and

Ps2+ = Opri+/0sy are evaluated.

On the other hand, since the resulting transfer functions depend on which quadra-
tures the homodyne detectors are able to detect, an analysis of the homodyne
quadratures is provided in the following Section. In this case the analysis is done
by simulating the DN and GW transfer functions at a fixed frequency and study-

ing their behaviour against the homodyne quadratures. The DFI effect can be
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Figure 4.3.: DN and the GW transfer functions at fixed frequency vs quadrature
angle. The scanning of the quadratures starts when both the homodyne
detectors are in amplitude quadratures. The left-hand side of shows the
DN transfer functions from the input cavity mirror to HD1 (blue curve)
and HD2 (green curve). The right-hand side shows the GW transfer
functions from the cavity-length to HD1 (blue curve) and HD2 (green
curve).

evaluated equally as mentioned above in this Section.

4.4. Homodyne detectors quadratures analysis

4.4.1. Scanning the quadrature angles: HD1 and HD2 start in

amplitude quadrature

In this subsection the homodyne quadratures analysis is done by calculating the DN
and the GW transfer functions at fixed frequency against the quadrature angles,

where the scanning of the quadratures starts when both the homodyne detectors
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Figure 4.4.: SNRs of the unprocessed data vs quadrature angle. Tunings at 0° give
both the homodynes detector in amplitude quadratures, while tunings
at 45° give both the homodyne detectors in phase quadrature. On the
left-hand side is plotted the SNR in HD1 (og;). On the right-hand side
is plotted the SNR in HD2 (og2).

are in amplitude quadrature. The entire cycle of the quadratures goes for tunings
of both BSH1 and BSH2 from 0° to 90°. Tunings at 0° give both the homodynes
detectors in amplitude quadratures, while tunings at 45° give both the homodyne

detectors in phase quadrature.

To this aim, the left-hand side of Fig.4.3 shows the DN transfer functions from
the input cavity mirror to HD1 (blue curve) and HD2 (green curve), respectively
named Slpy and S2py, as functions of quadrature angles. S1py has a minimum
of zero at 4.7° while S2py has a minimum of zero at 64.5°. In between these two
points the respective phases are shifted of 180°. The right-hand side of Fig.4.3
shows the GW transfer functions from the cavity-length to HD1 (blue curve) and
HD2 (green curve), respectively named Slgw and S2qw. Slgw has a minimum of

zero at 82.4° while S2agw has a minimum of zero at 58.5°. In between these two
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points the respective phases are shifted by 180°.

Fig. 4.4 shows the initial SNRs, og; and ogs, of the unprocessed data respectively
in HD1 (left-hand side) and HD2 (right-hand side). og; has a peak at 4.7° and a

minimum at 82.4°, while ogs has a peak at 64.5° and a minimum at 58.5°.
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Figure 4.5.: SNRs of the DFI processed data vs quadrature angles. Tunings at
0° give both the homodynes detector in amplitude quadratures, while

tunings at 45° give both the homodyne detectors in phase quadrature.
On the left-hand side the SNR of the DFI+ channel (oppry). On the
right-hand side the SNR of the DFI- channel (opg;_).

To evaluate how the DFI channels are sensitive to a GW signal one can look at the
SNRs of the DFI processed data in Fig.4.5. From here can be seen which DFI chan-
nel is more sensitive to the GW signal in correspondence to any quadrature angles.
On the left-hand side the SNR of the DFI+ channel, oppi = S2¢w prit/S2DN DFIL
where the latter is built taking into account the plus sign in the equations 4.1. On
the right-hand side the SNR of the DFI- channel, opri- = S2¢w pri-/S2bN pFI-,
where the latter is built taking into account the plus sign in the equations 4.1. Both

oprr+ and oppr_ show peaks at 4.7° and 64.5°. In between those two values oppry
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is relatively high varying from ~ 102 to ~ 10* with a minimum of ~ 10 at 60°. In

the complementary interval oppr_ shows relative high values varying from ~ 10% to

~ 10* as well.
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Figure 4.6.: Enhancement effect of the DFI. Tunings at 0° give both the homodyne

detectors in amplitude quadratures, while tunings at 45° give both the
homodyne detectors in phase quadrature. The ratio p; between the
processed and unprocessed SNRs against the quadrature angles are
evaluated. The plots are organised as follows: On the top-left-hand
side pg14. On the top-right-hand side pgo. On the bottom-left-hand
side ps;—. On the bottom-right-hand side pgo_ .

Finally one can evaluate the enhancement effect p; of the DFI. In Fig.4.6 the

ratio p; between the processed and unprocessed SNRs are evaluated. The plots

are organised as follows: On the top-left-hand side ps1+ = oprry/0si. On the top-

right-hand side pgay = opprs /os2. On the bottom-left-hand side ps;— = oppr_ /os2.

On the bottom-right-hand side pss— = oppr_ /0s2.

psi+ shows two peaks of ~ 10* and ~ 103 respectively at 64.5° and 82.4°. In

the region between 10° and 55° a relative high enhancement effect pg;4 of ~ 150
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is shown. In the same region pgo, shows approximately the same relative high
enhancement effect of ~ 100 and a peak of ~ 10* at 58.5°. On the other hand pg;_
shows an enhancement effect of ~ 10? in region in between two peaks of ~ 10* and
~ 10° respectively at 64.5° and 82.4°. In contrast in the same region pg,_ shows

an enhancement effect of ~ 80. pg;— and pga— also show peaks at 4.7°.

4.5. DFI in phase quadrature

The quadrature analysis presented in Section 4.4 and Appendix C!is crucial to the
execution of the DFI experiment described in this thesis. This quadrature analy-
sis shows several homodyne beam splitter settings for which the noise cancelation

mechanism gives interesting results.

It must be mentioned that at certain quadrature angles the homodyne detector
response to a DN at a fixed frequency is zero. The response to a similarly fixed-
frequency GW signal is zero at different angles, as shown in Figures 4.3, C.1, C.5.
At these points the scaling factor required for producing DFI signal is infinite and
theoretically an infinite suppression of DN can be achieved. These settings may
appear to be the best to use for the experimental measurement of DFI response, in
fact this is not the case. The aim of this demonstration is to show the more general
case where high DFI SNR can be achieved, without narrowing the discussion to a
single readout quadrature specific to the setup described here. It is clear that the
noise cancelation for a detuned FP-cavity relies on the readout quadrature chosen
for each homodyne detector. Although the DFI response has not been constructed
for each possible combination of readout quadratures, the aforementioned analysis

points towards areas of interest where the DFI SNR is expected to be high. DN
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and GW transfer functions have been performed at fixed frequencies against the
quadrature angles. The initial SNRs in each homodyne detector, the DFI channel
SNR and the factor with which it improved have also been studied versus the
quadrature angles. The scanning of these quadrature angles has been done in three

different ways:

The noise cancelation for a detuned FP-cavity relies on which quadrature angles
are set in each homodyne detectors. Although this has not being done for all
possible cases, the quadrature analysis shown gives helpful information of which
quadrature angles gives high DFI response. DN and GW transfer functions have
been performed at fixed frequency and studied against the quadrature angles. The
initial SNRs in each homodyne detectors, the DFI channel SNR and its improving
factor have also been studied against the quadrature angles. The scanning of the

quadrature angles has been done in three different way:
e HD1 and HD2 start in AQ);
e HDI1 starts in AQ and HD2 in PQ);
e HD1 and HD2 start at maximum GW detection;

In the first case in the region between 10° and 55° a relatively high enhancement
effect psi14 and psoy of =~ 150 and ~ 100 respectively is shown. On the other hand
in the region between 64.5° and 82.4°, an enhancement effect of ~ 10® and ~ 80 is

shown for pg;— and pga_ respectively.

In the second case in the region between 25° and 65° a relativly high enhancement
effect ps1+ and pgoy of = 200 and ~ 100 respectively is shown. On the other hand

in a region in between 5° and 20°, an enhancement effect of ~ 70 and ~ 200 is
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shown for pg;— and pgo— respectively.

In the third case in the region in between 5° and 75° ps;— and pgs— show an

enhancement effect of =~ 300 and ~ 150 respectively.

From this analysis it can be noticed that, the setting of the two homodyne angles
in phase quadrature, which correspond essentially to the first case at 45° angle,
is a good option that ensures a high DFI enhancement of the new created DFI+
channel in both the homodyne detectors. From the experimental point of view this
is a more practical choice where the locking of the two homodyne detectors can be
achieved using as an error signal the difference of the two homodyne photodetectors,

without the use of any other electronic devices.

4.5.1. Example of DFI transfer functions

The previous quadrature analysis shows that a relative high improvement of SNR for
DFI+ channel is given when both the homodyne detectors are in phase quadrature.
In the following an example of DFI measurements for such quadrature angle is

presented.

As already mentioned the two transfer functions from the cavity input mirror IM to
the two homodyne detectors S1py and S2pyN are the displacement noise responses.
On the other hand the two transfer functions from the cavity-length to the two
homodyne detectors S1lgw and S2qw are the GW signal responses respectively.

The transfer functions are plotted in Fig.4.7.

As one can see the two transfer functions for the displacement noise from the cavity

input mirror IM to the two homodyne detectors S1py (blue curve) and S2py (green
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Figure 4.7.: Simulated transfer functions when both HD1 and HD2 are in phase
quadrature. On the left-hand side there are plotted the DN transfer
functions while on the right-hand side are plotted the GW transfer
functions.

curve) are out of phase by 180° in the entire frequency range. On the other hand
the two GW signal transfer functions Slgw (blue curve) and S2qw (green curve)
are in phase. All transfer functions include phase shifts induced by the optical
elements that the reflected and transmitted light from the cavity passes before the

detection in the homodyne detectors S1 and S2 respectively.

4.5.2. DFI combined channels transfer functions

From both the displacement noise and GW responses one can create new channels
with Spy prr being the DFI displacement noise response and Saw prr being the DFI

GW response. These new DFI data are given in equations 4.1.
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Fig. 4.8 shows the combined transfer functions of the new DFI channel. On the
left-hand side the new DFI displacement noise and DFT gravitational wave transfer
functions Spx pri+ (blue curve) and Sgw prit+ (green curve) respectively are shown.
These are obtained from equations 4.1 using the sum. On the right-hand side the
new DFT displacement noise and DFI gravitational wave transfer functions Spy pri—
(blue curve) and Sgw pri— (green curve) respectively are shown. Those are obtained

from equations 4.1 using the difference.
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Figure 4.8.: The combined transfer functions of the new DFI channel. On the left-
hand side the new DFT displacement noise and DFI gravitational wave
transfer functions respectively, Spxprry (blue curve) and Scw prrt
(green curve). On the right-hand side the new DFI displacement noise
and DFI gravitational wave transfer functions respectively, Spn prr—
(blue curve) and Sgw pri— (green curve).

Recalling that for the processed data channels the SNR is given by

opFiL = S26wW,DFI+/S2DN, DFIL (4.2)
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Figure 4.9.: Improvement in SNR of the DFI scheme. The improvement due to the
DFT scheme is expressed by the ratio p; between the processed SNR
oprr and unprocessed SNRs o5 and og».

one can see oppry has a relative high value since for the new DFI channel displace-

ment noise has been suppressed and the GW signal has been retained.

4.5.3. DFI simulated results

The improvement due to the DFI scheme is expressed by the ratio p; between the
processed SNR, oppre, and unprocessed SNRs, og; and ogs. In particular here
oprr+ has been evaluated. The two resulting ratios ps; = oprr/os; (blue curve)
and psy = oppr/ose (pink curve) show an improvement of ~ 140 and of ~ 95

respectively over the whole frequency range.

It is useful to mention that the analysis so far have been performed taking into
account an expected feature of a realistic setup. In particular it has been seen that

the noise cancelation mechanism relies on phase relations between the DN and GW
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Figure 4.10.: Improvement factor as a function of the asymmetry ¢. In the ideal case
of » = 0 the improvement factor diverges. Increasing the asymmetry
reduces the improvement factor. In particular when ¢ = 1 the factors
achieved are p; = 140 and p; = 95 respectively in HD1 and HD2.

responses. If one considers the DFI- channel, from the first term of equation 4.1'it
may be noticed that if the phases of the two homodyne transfer functions S1py and
S2pn are the same a perfect noise cancelation occurs in the new DFT channel leading
to the improvement factor p being infinite. However non-ideal components cannot
ensure a perfect phase matching of the homodyne detector transfer functions. For
this reason the simulation takes into account this effect, replacing the DN response

in equation 4.1 with

Spnprix = Slpxe™ £k - S2py, (4.3)

where ¢ = 1° is the phase asymmetry considered in the simulations provided in
this thesis and k& = |S1pn|/|S2pn| represents a fixed scaling factor. It is then

straightforward express the improvement factor p as a function of the asymmetry
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angle ¢ as follows:

«

p9) = o5 — (44)

e —1’

where a = ‘SGW,DFI‘/|51GW| for HD1 and o = |SGW,DFI| : ]f/|52(;w‘ for HD2.
Fig.4.10 shows the improvement factor as a function of the asymmetry ¢, when the

two homodyne detectors are set in phase quadrature.

In conclusion in this Chapter it has been shown, with a simulated setup, the fea-
sibility of the proposed detuned FP-cavity based DFI model. The responses at
different quadratures have been studied in order to localize at which quadrature
point the enhancement of the SNR is higher. This simulation is the guideline for

the real experiment which is described in the next Chapter.
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Measurements and experimental

results

Presented in this Chapter is the first experimental proof of principle demonstration
of the new DFT scheme based on the detuned FP-cavity proposed in [TV08]. Thus
the core concept of this new idea which is the basis for newly proposed interferome-
ter schemes [RV08| has been verified. One laser in combination with two homodyne
detectors is used to suppress strongly the displacement noise of the input mirror of
a FP-cavity with respect to a simulated GW signal. As a result a gain in the GW
signal to displacement noise ratio in the frequency band from 10 Hz to 10 kHz of
~ 60 is obtained. The results described here provides the basis for the previously

accepted paper [PCHF10].
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5.1. DFI measurement description

The experimental setup of the detuned FP-cavity DFI based scheme described in
detail in Chapter 3 is shown in Fig.5.1. The light originating from the laser is
split into two beams, one to pump the FP-cavity and one to provide the two local
oscillators (LO) for the homodyne detectors HD1 and HD2, where the output of
the two homodyne detectors is the difference signal given respectively by S1=PD1-
PD2 and S2=PD3-PD4. The reflected and transmitted signals from the cavity are
individually sensed with the two homodyne detectors HD1 and HD2. The homo-
dyne detectors allow the possibility to measure signals in an arbitrary quadrature
in between amplitude and phase quadrature. The local oscillator power is 25 mW,
whereas the signal beams for the homodyne detectors are one order of magnitude
weaker. This condition ensures that the resulting signal is dominated by the signal
present in reflected and transmitted light from the cavity and not by noise present

on the LO [Bac98|.

The difference photocurrents of each homodyne detector, S1 and S2 for HD1 and
HD2 respectively, are used to generate individual error signals for the homodyne
detectors. Each error signal is fed back to the PZT actuators PS1 and PS2 re-
spectively. This provides the necessary control to lock both homodyne detectors to
phase quadrature. The control bandwidth of the cavity and the homodyne detec-
tor control loops are kept as low as possible, around ~ 70 Hz, in order to avoid the

control loop affecting the DFI response in the low frequency region.

The electro-optic-modulator EOM2 is used to imprint a phase modulation on the
light resonating inside the cavity simulating the effect of GW. By injecting a swept-

sine signal into EOM2, one can measure a simulated GW transfer function to both
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Figure 5.1.: DFI transfer functions setup. The laser pumps the cavity through
the input cavity mirror (IM) and provides a local oscillator (LO) as
reference beam to each homodyne detectors. The reflected and the
transmitted light from the cavity contain the DN and GW signals,
obtained one after the other. The signals are created respectively in-
jecting a swept-sine signal onto the PZT attached on the IM and onto
the EOM2. Both the DN and GW signals are sensed by the two homo-
dyne detectors with outputs S1 and S2. These two signals are divided
by an active buffer (B) to provide a feedback loop signal to control the
homodyne detectors and to provide the signals to be measured by a
network analyser.
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homodyne detectors. The original scheme proposed in [TV08] includes the effects
of the GW on the LO paths. This scheme however represents the case where the

LO for HD2 can be provided by an independent laser.

The PZT attached to mirror IM is used to stabilise the cavity length by applying a
feedback signal. Furthermore, the simulated displacement noise signal is imprinted
on the light by applying swept-sine signal to this PZT which allows the possibility
to measure a displacement noise transfer function to both homodyne detectors.
Both transfer functions (DN and simulated GW) are measured using the homodyne
outputs S1 and S2, thereby creating the basis for the demonstration of this DFI

scheme.

5.2. Open loop transfer functions

In general the system loop performances can be seen by looking at the open loop
transfer function. The unity gain frequency determines the frequency band within
which the loop is able to suppress the disturbances acting on the system. The
DFI experiment contains three loops as described in Chapter 3; the cavity loop
and the two homodyne detector loops. Since the success of the DFI experiment is
determined by the features of the control loops, the open loop transfer functions

(OLTF's) of these systems are shown here.

The schematic measurement diagram of the OLTF's is shown in Fig. 5.2 and Fig. 5.3,
for the cavity and HDs loops respectively. A swept-sine S, provided by a network
analyser, is injected into the control loop, between the servo amplifier (PID) and

the high voltage amplifier (HV), and the response to the signal S is measured.
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Figure 5.2.:

Figure 5.3.:

@ >
12 MHz Mx S HV
A/B

The cavity open loop transfer function (OLTF) setup. A signal S,
provided by a network analyser, is injected into the cavity control loop,
in particular between the servo amplifier (PID) and the high voltage
amplifier (HV). The response to the signal S is measured at the two
points A and B and the OLTF is given by A/B.

Laser

The homodyne detectors (HDs) open loop transfer functions (OLTF)
setup. A signal S, provided by a network analyser, is injected into
the HDs control loop, between the servo amplifier (PID) and the high
voltage amplifier (HV). The response to the signal S is measured at the
two points A and B and the OLTF is given by A/B.

109



Chapter 5. Measurements and experimental results

100

Magnitude [dB]
o

_100 i TN S S B i il i il i I S i T S S B
10" 107 10° 10* 10° 10°
Frequency [Hz]
o
g
[@)]
(0]
S,
(0]
(%]
]
=
o
-200 R R i i N I ] b i
10" 10° 10° 10* 10° 10°
Frequency [Hz]

Figure 5.4.: The cavity open loop transfer function (OLTF) measured with the use
of three servo integrators. The green curve represents the cavity OLTF
when the 10 kHz integrator has been enabled; the pink curve represents
the cavity OLTF when the 1kHz integrator has been enabled and the
red curve represents the cavity OLTF when the 100 Hz integrator has
been enabled.

Fig. 5.4, Fig. 5.5, Fig. 5.6 show the cavity OLTFs for the cavity and HDs, measured
with the use of three servo integrators, with the green curve representing the OLTF
when the 10 kHz integrator has been enabled, the pink curve representing the OLTF
when the 1kHz integrator has been enabled and the red curve representing the

OLTF when the 100 Hz integrator has been enabled in each.

The unity gain frequency of the system loops can be set up to a maximum of
10kHz. The control loops can therefore suppress unwanted disturbances up to this
frequency. The challenge, however, is to set the unity gain frequencies of all the
systems as low as possible, in order to avoid affecting the DN and GW transfer

functions in the measurement bandwidth.
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Figure 5.5.: The HD1 open loop transfer function (OLTF) measured with the use
of three servo integrators. The green curve represents the HD1-OLTF
when the 10 kHz integrator has been enabled; the pink curve represents
the HD1-OLTF when the 1kHz integrator has been enabled and the
red curve represents the HD1-OLTF when the 100 Hz integrator has
been enabled.

5.2.1. Cavity loop unity gain for DFI

Fig.5.7 shows the cavity loop unity gain setting for the DFI measurements while
the cavity is on its locking point of 12 MHz. The stability of the loop is described
by the unity gain at around 90 Hz with a phase margin of ~ 50°. It has to be
noticed that a phase margin of 60° is highly desirable in feedback system design.

Typically, the minimum acceptable phase margin is 45°.
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Figure 5.6.: The HD2 open loop transfer function (OLTF) measured with the use
of three servo integrators. The green curve represents the HD2-OLTF
when the 10 kHz integrator has been enabled; the pink curve represents
the HD2-OLTF when the 1kHz integrator has been enabled and the
red curve represents the HD2-OLTF when the 100 Hz integrator has
been enabled.
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Figure 5.7.: Cavity loop unity gain for DFI. The stability of the loop is described
by the unity gain at around 90 Hz with a phase margin of ~ 50°.
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Figure 5.8.: Homodyne detector HD1 loop unity gain for DFI. The stability of the
loop is described by the unity gain at around 70 Hz with a phase margin

of ~ 60°.
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Figure 5.9.: Homodyne detector HD2 loop unity gain for DFI. The stability of the
loop is described by the unity gain at around 70 Hz with a phase margin

of ~ 60°.
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5.2.2. Homodyne detectors HD1 and HD2 loop unity gain for
DFI

Fig. 5.8 and Fig.5.9 show the homodyne detector HDs loop unity gain set for the
DFI measurements. The cavity is still on its locking point of 12 MHz. The stability
of the loop is described by the unity gain at around 70 Hz with a phase margin of
~ 60°.

5.3. Preparation for the DFI measurement:

Relaxation oscillation suppression

The homodyne detection described in Section 3.4.1 is a balanced homodyne detector
provided by a 50/50 beam splitter and two equal photodetectors. In reality the
beam splitter is not perfectly 50/50 and the two photodetectors are not perfectly
equal. Subsequently for the homodyne detector shown in Fig.3.15, if one of the
two beams is dumped and the other contains a generic signal, the latter will be
not cancelled at the output of the subtractor, which is the output of the homodyne

detector.

This problem is solved by implementing an attenuator in one of the subtractor in-
puts, which allows the suppression of the highest photocurrent in the two homodyne
photodectors by on amount that makes the two photocurrents perfectly equal and
gives a zero signal at the homodyne output. The described procedure is a funda-
mental step to be followed for preparing the experiment for the DFI measurements,

which can be affected by the unbalanced homodyne outputs.
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Figure 5.10.: The relaxation oscillation (RO) suppression on HD1 in the frequency
domain. The blue curve is the output of the homodyne when only
the photodetector PD1 is connected to the subtractor; The red curve
is the output of the homodyne when only the photodetector PD2 is
connected to the subtractor; the green curve is the output of the ho-
modyne when both the photodetectors are connected to the subtractor
with no use of the attenuator at the input of the subtractor; the cyan
curve shows that the RO signal is completely suppressed when the
attenuator at the subtractor input where the photodetector PD1 is
connected, is enabled and appropriately tuned. (The same plots ap-
ply for the RO suppression on HD2 since the LO beam is the same in
both homodyne detectors)

In particular for the homodyne HD1 the reflected light by the cavity is dumped
and for the homodyne HD2 the transmitted light by the cavity is dumped, leav-
ing only the LO in the two photodector outputs. The evaluation of a perfectly
balanced homodyne is done in the current work by looking at the relaxation oscil-
lation (RO) signal provided by the laser (introduced in Section3.1.1). A perfectly
balanced homodyne detector will suppress totally the RO signal present in each

photodetector.

Fig.5.10 shows the RO suppression on HD1 in the frequency domain (the same
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plots apply for the RO suppression on HD2 since the LO beam is the same in
both homodyne detectors). The output of the homodyne detector shows a peak
at around 50 kHz, measured by both photodetectors at different amplitudes. A
subtraction of the two photodetector signals does not give a perfect cancelation of
this peak, due to the difference in amplitudes of the two signals. With the use of an
appropriately tuned attenuator on one of the subtractor inputs, however, a much
more effective suppression of the 50 kHz peak is achieved. These measurements
have been made using a spectrum analyser, manufactured by Agilent, which can
measure only signals from 0 Hz to 100 kHz. Thus a mixer is used to display such
measurements where the output of the subtractors is connected to the RF input of
the mixer, a 20 kHz signal is connected to the other LLO input of the mixer, and the
IF' output of the mixer is connected to the spectrum analyser. The displayed RO

signal at 50 kHz corresponds to the real RO signal at 470 kHz.

5.4. DFI quadratures analysis at high frequency

The performances of the detuned FP-cavity DFI based scheme described in Sec-
tion 5.5, show that suppression of the input cavity mirror has been achieved when
both the homodyne detectors are in phase quadrature. On the other hand Sec-
tion4.4 showed how the simulated performances vary with the quadrature angle
changes. Since the DN and GW responses depend on which quadratures the ho-
modyne detectors are set, an analysis of the homodyne quadratures as it is shown
in Section4.4 is described here in order to provide qualitative information of the
experimental performance at high frequency. The homodyne quadratures analysis

provided in this Section is done by measuring the DN and the GW transfer func-
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tions at fixed frequency against the homodyne quadrature angles. The scanning
of the quadratures starts when both the homodyne detectors are in phase quadra-
ture. The entire cycle of the quadratures goes for tunings of both LOs from 0° to
180°. Tunings at 0° give both the homodyne detectors in phase quadratures, while

tunings at 90° give both the homodyne detectors in amplitude quadrature.

HD2

&)
fs

)
S1 . ‘JSZ

| DN1 DN2 |
GW1 GW2

Figure 5.11.: DN and GW transfer functions measurement setup. The DN and
GW transfer functions are obtained one after the other by injecting a
sinusoidal signal at f; = 99.6 kHz respectively in the PZT attached on
the input cavity mirror and into the EOM2, while the cavity is locked
in its 12 MHz detuned state. Successively the homodyne detector
outputs are demodulated at f; and then the time traces of DN (DN1,
DN2) and GW (GW1, GW2) transfer functions at fixed frequency are
evaluated.

The DN and GW transfer functions are obtained separately using a modulation-
demodulation technique. A sinusoidal signal is injected at f; = 99.6 kHz into
the PZT attached to the cavity input mirror for the DN transfer function, and
subsequently into EOM2 for the GW transfer function, all while the cavity is locked
in the 12MHz detuned state. In this way the time traces of DN (DN1, DN2)

and GW (GW1, GW2) transfer functions at fixed frequency to HD1 and HD2 are
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Figure 5.12.: DN and the GW transfer functions at fixed frequencies vs quadrature
angle. The scanning of the quadratures starts when both the homo-
dyne detectors are in phase quadrature. The left-hand side of shows
the DN transfer functions from the input cavity mirror to HD1 (blue
curve) and HD2 (green curve), (S1py and S2py). The right-hand side
shows the GW transfer functions from the cavity-length to HD1 (blue

curve) and HD2 (green curve), (Slgw and S2qw).

recorded. The DFI performances are evaluated from these measurements using the

algorithm described in Section4.3.

The modulation frequency f; is chosen as the lowest possible as the cavity loses its

locking state below this frequency.

The schematic diagram of such measurement is shown in Fig.5.11.

Fig.5.12 shows on the top the traces of DN and GW transfer functions after being

calibrated against quadrature angles. Since the phases of DN and GW traces are not

provided, in order to perform a qualitative analysis of the homodyne quadratures

the phases of the transfer functions are simulated. Fig.5.16 and Fig.5.17 show the
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phases of the DN transfer functions are the same while the GW transfer functions
are 180° phase shifted, when both HD1 and HD2 are in phase quadrature. This
relationship is used in Fig.5.12 when the homodyne angles are at 0°. Successively
a phase shift of 180° is imposed to the phases at each zero point of their relative

amplitude transfer function.

The left-hand side of Fig.5.12 shows the DN transfer functions from the input cavity
mirror to HD1 (blue curve) and HD2 (green curve), respectively named S1py and
S2pn. Slpy has a minimum of zero at 130° while S2py has a minimum of zero
at 46°. In between these two points the respective simulated phases are shifted
by 180°. The right-hand side of Fig.5.12 shows the GW transfer functions from
the cavity-length to HD1 (blue curve) and HD2 (green curve), respectively named
Slaw and S2aqw. Slgw has a minimum of zero at 99° while S2gw has a minimum
of zero at 10°. In between these two points the respective simulated phases are
the same. This quadrature analysis aims to identify quadrature angles at which
DFI results show a relatively high improvement factor. For simplicity here the
definitions of SNRs relative to both the processed and unprocessed data will be
recalled and plotted in order to give more clarifications of some features of the

improvement factor.

Fig.5.13 shows the initial SNRs, og; and gy, of the unprocessed data in HD1

(left-hand side) and HD2 (right-hand side) respectively, defined as follows:

os1 = |Slawl|/[S1pN],

0gy = |S2GW|/|S2DN|- (51)
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Figure 5.13.: SNRs of the unprocessed data vs quadrature angle. Tunings at 90°
give both the homodynes detector in amplitude quadratures, while
tunings at 0° give both the homodyne detectors in phase quadrature.
On the left-hand side is plotted the SNR in HD1 (og;). On the right-
hand side is plotted the SNR in HD2 (ogs).

og1 has a peak at ~ 130° and a minimum at ~ 99°, while osy has a peak at
~ 46° and a minimum at ~ 10°. The peaks are caused by the zero points of the
absolute values of S1py and S2py whereas the dips are caused by the zero points
of the absolute values of S1gw and S2qw, as can be seen from Fig.5.12 and from

equations 5.1.

The detuned FP-cavity described in this work allows the construction of two new
DFI data channels, as shown in Section4.3. One is named DFI- with DN Spy pri—
and GW signal Sqw pri— as responses respectively to DN and GW signal, and one
is named DFI+ with DN Spy prry and GW signal Spy prit as responses as well.
The quadrature angles will determine the choice of the right DFI channel to be
used for the achievement of an high DFI improvement factor. The two channels are

defined as following:
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Figure 5.14.: SNRs of the DFI processed data. On the left-hand side the SNR of
the DFI—I— channel ODFI+ — |52GW7DFI+/SQDN,DFI+ | . On the right—hand
side the SNR of the DFI- channel ODFI- — |S2GW,DFI—/S2DN7DFI—|~

Spn.pri— = S1lpy — k- S2pN Spn,pri+ = Slpy + k- S2pn (5.2)

Sawpri- = Slaw — k- S2qw Sawpri+ = Slaw + k- S2qw (5.3)

where k represents a scaling factor which minimises the DN content in channel

SDN,DFI— and SDN,DFI+ defined in any quadrature as k = SlDN/S2DN-

The Fig.5.14 shows the SNRs of the DFT processed data. On the left-hand side the
SNR of the DFI+ channel (oppr.). On the right-hand side the SNR, of the DFI-

channel, (opp;_) defined as
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ODFI- = |SGW,DFI—|/|SDN,DFI—| (5'4)

opri+ = |Sew.pri+|/|SpN DFLL | (5.5)

In between 46° and 130° oppr,. is relatively high varying from ~ 10% to ~ 103. In
the complementary interval oppr_ shows relative high values varying from ~ 10? to
~ 10%. Two peaks are shown in both plots at ~ 46° and ~ 130° caused by high
values of k in points of zero of S2py and Slpyn respectively. In particular high

values of k strongly enhance |Sgw pri—| and |Sew pri+]-

Shown in Fig.5.15 is the enhancement effect p; of the DFI defined as the ratio p;

between the processed and unprocessed SNRs:

Ps1+ = UDFI+/US1 Ps2+ = UDFI+/US2

pPs1— = UDFI—/O’S1 Ps2— = UDFI—/US2 (5-6)

Present in Fig.5.15 are peaks of pg14+ and pg;— at ~ 99°. Looking at equation 5.6
and Fig.5.13 it is possible to identify the dip of og; as the reason of such peaks; in
the same way the dip of ogy causes peaks of pso, and pss_ at ~ 10°. Other peaks
of ps1+ and pg;_ are at ~ 46°. Recalling that at this point k is extremely high
and causes an high enhancement of |Sgw pri—| and |Sgw prry|, psi+ and ps;— are
enhanced as consequence as well. It can be noticed that such peaks are not found
in pgor and pgo_ since the high value of gy at ~ 46° limits the enhancement to
HD2, as can be seen from Fig.5.14 and equations 5.4 and 5.6. Conversely pgo, and

ps2— have peaks at 130°, caused by high value of |Sgw pri—| and |Sew prit|, that
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Figure 5.15.: Enhancement effect of the DFI. The ratio p; between the processed
and unprocessed SNRs against the quadrature angles are evaluated.
The plots are organised as follows: On the top-left-hand side pg; =
UDFI+/081- On the top—right—hand side Ps2+ = O'DFI+/O'SQ. On the
bottom-left-hand side ps;— = oppr_/os;. On the bottom-right-hand
side psa— = opri-/0s2.

cannot be seen in the enhancement to HD1 since, in this case, g1 has an extremely

high value in such point. The peak features described so far will be not taken into

account for a qualitative analysis of homodyne quadratures (see Section 4.4). It is

mostly interesting to localise on area where obtained an appreciable SNR can be,

where locking the two homodynes detectors could be experimentally possible.

In Fig.5.15 a relatively high enhancement effect of pg;4 varying from ~ 102 to
~ 10? can be seen in the region between 46° and 130°. In the same region psa.
shows a relatively high enhancement effect of ~ 90. On the other hand in the

complementary region pg;— and pga— show an enhancement effect of ~ 100.

Thus the quadrature analysis at high frequency shows an appreciable improvement

factor can be achieved in DFI+ channel for quadrature angles of both HD1 and
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HD2 in between 46° and 130°, i.e. when both the homodyne detectors are in
amplitude quadratures. On the other hand, in the complementary angles interval,
high improvement factor can be achieved in the DFI- channel, i.e when both the
homodyne detectors are in phase quadrature as it is done for the DFI measurement

shown in Section 5.5.

5.5. DFI responses and results

The aim of the DFI measurements, described in Section5.1, is to obtain DN of
the input cavity mirror and the GW responses to both the homodyne detectors,
which represent two channels of the detuned FP-cavity based DFI scheme. As
previously described these two channels can be used to create a new channel which
is free from displacement noise. The new channel can be created as described in
Section4.3. The challenge is to prove the principle of the idea proposed in [TV08],
giving a demonstration of DFI at low frequency. Thus the DN and simulated-GW
responses are measured in the frequency range [10 Hz-100 kHz| as shown respectively

in Fig. 5.16 and Fig. 5.17.

Since the DFI responses, and then the experimental proof, of the detuned FP-cavity
setup shown in this thesis depend on the particular quadrature, the two homodyne
detectors are provided with two control loops to ensure that their locking point
is in the so called phase quadrature. These responses are measured one after the
other while the cavity is in its locking point at 12 MHz. The cavity and homodyne

detectors loop unity gain is shown in sections5.2.1 and 5.2.2.

As one can see in Fig. 5.16 the two transfer functions for the displacement noise from
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the cavity input mirror IM to the two homodyne detectors S1py (blue curve) and
S2pN (cyan curve) are in phase in almost the entire frequency range. On the other
hand the two GW signal transfer functions shown in Fig. 5.17, Slgw (red curve)
and S2gw (orange curve), are out of phase by 180°. All of these transfer functions
include phase shifts induced by the optical elements (¢gs1, ¢s2) that the reflected
and transmitted light from the cavity passes before the detection in the homodyne
detectors S1 and S2 respectively. The decreasing magnitude of all transfer functions
towards low frequencies is a result of the cavity servo loop gain which increases at

low frequencies thereby suppressing the injected signals more strongly.

The fact that the GW and DN transfer functions have different phase relations can
be used to create a new DFI data channel where the GW content is maintained
while the DN content will be strongly suppressed. This new data channel, as shown

in Section'4.3, is given by:

Spn,prr = Slpy — k- S2pn, (5.7)

SGW,DFI = SlGW — k- S2GW (58)

here k represents a fixed scaling factor which minimises the DN content in channel
Spn.prr- In this case k was arbitrarily chosen to be the ratio of the DN transfer
function magnitude at 50Hz (k = Slpn,[50Hz]/S2pN,[50 Hz]), as changing the

frequency for determining k& does not dramatically change the results.

The signal-to-noise ratios (SNRs) o of the initial unprocessed data channels of S1

and S2 are given by
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g1 = Slgw/SlDN, (59)

os2 = S2qw/S2pN (5.10)

and show how well a GW can be detected with respect to the present DN. For the

processed data channels a similar SNR can be calculated as:

opr1 = Saw,pF1/SpN,DFI (5.11)

To see the enhancement effect of the DFT in this experiment Figure 5.18 shows the

ratios p; between the processed and unprocessed SNRs as follows:

psi = Opr1/0si, (5.12)

ps2 = ODF1/0s2 (5.13)

respectively as the blue and red curves.

The improvement in the ratios p; of the processed and unprocessed SNRs is signifi-
cant in the frequency range of interest. Overall pg; performs a little bit better than
ps2. At 10 Hz one can see an improvement in p; of approximately two. This value
increases almost linearly up to 250 Hz where it reaches a factor of about a hundred.

In the whole frequency range of interest the typical gain is ~60 [PCHF10].

The DFI toy model described in [TVO0S8] provides a perfect cancelation of dis-

placement noise from the input cavity mirror, which corresponds to an infinite
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Figure 5.18.: The improvement due to the DFI scheme is expressed by the ra-
tio p; between the processed SNR oppr and unprocessed SNRs og;
and ogy. The two resulting ratios ps; = oprr/os; (blue curve) and
ps2 = opr1/osy (red curve) show an improvement in the whole fre-
quency range with a slight advantage for ps; compared to pss. Trace
G shows the expected result for a phase difference between the trans-
fer functions of the two homodyne detectors of ¢ = 1°, which reduces
the maximally achievable DN reduction factor to ~ 140.

SNR. Although a theoretical description of this experiment using ideal components
predicts perfect cancelation a more realistic improvement factors must be com-
puted including inevitable asymmetries in the experimental setup. If the transfer
functions in Fig. 5.16 show a phase difference ¢ the expected improvement fac-
tor can be expressed as |a/(e® — 1)| where a = |Saw.pri|/|S1aw| for HD1 and
a = |Sew.pri| - k/|S2¢w| for HD2. In particular when ¢ = 0.1° the expected im-
provement factor is ~ 1500 (see Section 4.5.3), whereas a phase difference of ¢ = 1°
reduces the improvement factor to ~ 140 resulting in trace G shown in Fig. 5.18.
As one can see the overall DN reduction level of trace G corresponds quite well

with the experimental result at high frequencies.

In addition to this frequency independent phase difference, which was expected
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from an imperfect setup of the homodyne detectors, one could also identify a fre-
quency dependent asymmetry. This originates from slight differences in the feed-
back control electronics which lead to different slopes in the phase behaviour at low
frequencies. In more detail, the traces in Fig. 5.16 have relatively high phase dif-
ference at low frequencies which decreases up to ~ 100 Hz while the corresponding
amplitudes have flat shapes starting from ~ 70 Hz. Less dominant but still present,
this effect is visible in the traces of Fig.5.17. Due to this frequency dependent phase
difference the resulting DN rejection factor decreases towards low frequencies and

does not follow the expected behaviour shown by trace G.

Furthermore, this type of table-top experiment is subject to mechanical vibrations
of optics mounts which create sharp dispersion-like structures in the DN and GW
transfer functions at frequencies between 200 Hz and 4kHz. The phase asymme-
tries mentioned above convert such dispersion structures in peaks or dips in the

improvement factor.
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Conclusions

This thesis presents the first experimental proof of principle of the detuned Fabry-
Perot (FP)-cavity based Displacement noise-Free Interferometry (DFT) scheme show-
ing a large enhancement of a mimicked gravitational wave (GW) signal compared to
the displacement noise (DN) in the gravitational frequency band from 10 Hz-10 kHz.
Here the suppression of DN from the input cavity mirror is considered. The success
of the experiment is represented by an improvement in the GW signal to DN ratio
by a factor of 60 over the whole frequency range of interest. The experiment uses a
laser to pump the FP-cavity from the input cavity mirror and uses the reflected and
the transmitted light from the cavity as multiple channels, with each channel sensed
by one of two homodyne detectors. The linear combination of the two homodyne
detectors is used to form a DFT channel which is free from any kind of displacement
noise. The experiment was simulated before its physical construction in order to
support the validity of the setup by providing an expected improvement factor,

which was close to the one obtained from the real experiment. Furthermore the
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simulation gives the possibility to optimise and analyse several possible options for
the homodyne settings. In particular two DFI channels are evaluated against the
quadrature angles, giving useful information for future experiments that might use
this scheme. A similar description is provided in the last part of this thesis for an
analysis at high frequency of the quadrature angles which gives general information
on the behaviour of real experiments. This analysis shows for any angle which DFI
channel one has to choose to obtain the DN suppression, confirming the success of

the experiment presented.

This thesis strictly enters in the challenging (and strongly debated) contest aiming
to improve the sensitivity of GW detectors. Indeed, the surprising DFI technique
this thesis is dealing with was proposed a few years ago by Y. Chen and S. Kawa-
mura, and it was straightforward to see how important this method could have been
for the third generation of GW detectors. In particular this technique uses multiple
readouts from the experiment, which allows the construction of an observable (here
called DFI channel), which is free from any kind of DN whilst retaining the GW

signal.

In order to reach the first GW detection, ground based detectors need to improve
their sensitivity, especially in the low frequency band. Recalling that the noise-
sources limiting the sensitivity of GW detectors at low frequency are DNs, with all
the efforts that scientists are making to attenuate each of these DNs individually,
it can clearly be seen how enchanting a single technique capable of completely

removing all kinds of DNs at once appeared.

Unfortunately the DFI based on the Chen-Kawamura concept is only able to sup-

press noises at high frequencies, which are not the GW frequency band of inter-
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est. They initially proposed a 2-dimensional experiment, later extended to a 3-
dimensional one, using a Mach-Zender configured interferometer where DNs were
suppressed from both mirrors and beam-splitters, again at frequencies above 1 MHz.
Although the frequency range was not of direct interest, the technique was demon-
strated with very encouraging results which stimulated researchers to study new

DFI configurations able to improve the DFI performances at low frequency.

Thus a further step was proposed by S. P. Tarabrin and S. P. Vyatchanin in 2008
with a new DFI scheme. Although it does not include the frequency noise aspect
of DFI, it is an interesting toy-model using the features of a FP-cavity to suppress
DN from both the cavity mirrors in the low frequency regime. Here the mechanism
of noise cancelation gives better results than Chen-Kawamura’s responses. In the
long wave approximation Ay, > L, where Ay, is the GW wavelength and L is the
cavity length, the leading order of the DFI signal for the FP-cavity is h(L/A)°
while h(L/\;,)? is the response obtained from the Chen-Kawamura DFI scheme.
As a drawback the FP-cavity scheme loses the optical resonant gain from the cavity.
Consequently, the sensitivity of this scheme concerning GWs is reduced compared to
conventional interferometers and the noise performance of auxiliary optics becomes
more important. Currently this is the limit for the implementation in GW detectors.
Reducing the noise of the auxiliary optics, for example by using very heavy cooled
platforms where some fraction of them can be mounted, will attenuate this limit

somewhat.

As part of the work for this thesis a new interesting interferometer topology formed
by three coplanar Michelsons in a triangular geometry. This has been introduced
and studied as a possible option to be considered for the third generation of GW

detectors. This configuration, provided with resonant arm cavities, power recycling
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and tunable signal recycling cavities, can be seen as one of the possible starting
point for implementing the FP-cavity DFI based scheme where the arm cavities
can be pumped from both sides in order to remove DN from the cavity mirrors.
This is an almost completely unexplored configuration deserving of further study.
Future research based on the promising results of this thesis could investigate the

feasibility of such platforms.

A further DFI technique has been already proposed for a two aligned FP-cavity
configuration by A. A. Rakhubovsky and S. P. Vyatchanin where they have shown
suppression from all the cavity mirrors, with a DN response better than the one

obtained by Y. Chen and S. Kawamura.

This thesis was designed to prove the underlying idea of many new schemes repre-
sented by the toy-model originally proposed by S. P. Tarabrin and S. P. Vyatchanin.
It represents the first experimental demonstration of the new proposed detuned
FP-cavity DFI scheme showing improvement of GW-signal to DN ratio of a typical
factor of 60 in the GW detector band and opening up the possibility for future work

aimed at implementations in up-coming laser interferometers.
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Appendix A.

Advanced Virgo: Length sensing and

control system

A.1l. Introduction

The development of the design of advanced detectors requires further investigation
for an optimal choice of their parameters. In particular here an area of a work done
for Advanced Virgo is presented. This is an extract from a document delivered to
the Virgo community [HMPF09], aimed to design the length sensing and control
system (LSCS). This work has been done following the Advanced LIGO approach
described in [AABT08].

The design of Advanced Virgo, which is still under study, will affect the LSCS.
Currently, since many parameters for the design have not been decided yet, the
LSCS cannot be properly optimised. This can be done only after the design is pro-

vided. On the other hand LSCS sets constraints for other systems, i.e. the recycling
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cavity, which in turn affect the detector performances. Thus the idea is to create
an automatised tool able to provide an optimal LSCS under any given constraints
rather than the usual calculations and simulations, allowing the LSCS to be checked
and optimised during any changes of the detector design. This means that for any
change in the detector design the LSCS is able to provide new constraints for other
systems giving the possibility to evaluate the optimal detector configuration, i.e.

finding the optimal modulation frequencies, as well as the detector performances.

This goal is achieved with a set of tools called OSD_Tools, a set of Matlab functions
making use of Finesse software, described in more detail in [HMPF09]. Here a
qualitative procedure using such tools to create the optimal detector configuration

for a given set of input parameters and constraints is presented.

A.2. Definition of lengths

Before giving a description of the use of tools it is worth defining the length and tun-
ings. The former represents the distance between two optical elements measured
to an accuracy of ~ 1mm, here indicated by L;, the latter represents a micro-
scopic distance. Therefore distances between optical elements can be represented
by lengths and tunings. Fig. A.1 shows a simplified optical layout of the Advanced
Virgo interferometer, where the main lengths are shown. Details of the definition

of lengths are shown in A.1.
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Figure A.1.: Advanced Virgo optical layout. It is a Michelson interferometer with

Isrm

SRM

arm cavities and recycling cavities [HMPF09].

Name

Description

Iprm
Ix

lIsrm

length between PRM HR coating and BS HR coating
length between BS HR coating and IMX HR coating
(includes BS and IMX substrates)

length between BS HR coating and IMY HR coating
(includes IMY substrate)

length between IMX HR coating and EMX HR coating
length between IMY HR coating and EMY HR coating
length between BS HR coating and SRM HR coating
(includes BS substrate)

Table A.1.: Definition of the lengths inside the Advanced Virgo interferometer
[HMPF09]. The defined distances take into account the high reflec-

tivity (HR) coating of the optical elements.
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Schnupp length

In order to detect the radio frequency modulation sidebands at the output port
of the interferometer Ix and ly must have a macroscopic length difference. This is

then defined as Schnupp asymmetry (or Schnupp length) in the following form:

Ix —1
Lsen = Ty (A1)

Length of the Power-Recycling cavity

The length of the Power-Recycling cavity (PRC) is defined as:

Ix + ly

Lprc = lprm + (A.2)
Length of the Signal-Recycling cavity
The length of the Signal-Recycling cavity (SRC) is:
Ix +1
LSRC = Isrm + X+ (A?))
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Definition of Degrees of Freedom (DOF)

The following five degrees of freedom are used to describe the full core of the

interferometer:
PpARM = bx g Ly (A.4)
boron = 1Y (A.5)
ovicn = & ; Y (A.6)
¢prer. = lprm + botly (A.7)
$sroL. = lsrm + betly (A.8)
(A.9)

It should be mentioned that the degrees of freedom concern microscopic lengths.

A.3. Optimisation of detector configuration

The optimisation of the detector configuration is based on the work presented in
[AABT08], with a set of Matlab functions, OSD_Tools, used to interface and auto-
mate the calculation of the simulated interferometer parameters encoded in Finesse

software. The optimisation is performed in the following order:
1. Radii of curvature of the mirrors (ROC)
2. RF-modulation frequencies

3. Length of Power-Recycling cavity (PRC)
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4. Schnupp Asymmetry

5. Length of Signal-Recycling cavity (SRC)

A.3.1. Calculating the radius of curvature for a given beam size

Matlab function which uses OSD_tools (OSD_ROC.m) has been created in order
to calculate the ROC of the main arm cavity mirrors IMx, EMx, IMy, EMy and
the two recycling mirrors PRM and SRM. This function takes the desired beam
radius as an input, and as additional input a Finesse file is used to simulate the
whole interferometer. As the first step the function runs Finesse to calculate the
ROCs of the main cavity mirrors at a given beam radius. Afterwards it scans the
length L of ROC from L + 1 to L — 1 and then extracts the closest value to the
desired radius of curvature. Then a second simulation is performed for calculating

the ROCs of the two recycling mirrors PRM and SRM.
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AN
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Figure A.2.: Beam radius versus radius of curvature (ROC). [HMPF09].

In particular the curvature of the wavefront at the position of the recycling mirror,
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1, has been calculated using the distance from the waist, z, and the Rayleigh range,

z, as follows:

2

z5 .
Rei=z+—2 (A.10)
Zi
The optimised values for the ROCs are finally saved into a Finesse output file.

Fig. A.2 shows the beam radius of the test masses as a function of ROCs.

A.3.2. Calculating the RF modulation frequencies

Following the Advanced LIGO approach, Advanced Virgo uses two radio frequency
(RF) modulations which have to be detected at the output of the detector. The
design strategy is to keep both RFs, f; and f,, simultaneously resonant in the PRC
in order to be enhanced, and not resonant in the arm cavities, together with the
first six higher order modes (TEM,,, with I +m < 6), to avoid decoupling effects
with the various length degrees of freedom. The first item can be realized choosing

f1 to be at the first FSR and f; to be a multiple of the first modulation frequency:

Note that a large M is required from one side for a better decoupling of f; and
f2, and a small M is required from the other side for a simpler feasibility of RF

electronics.
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Figure A.3.: Fundamental and 1st order Bessel functions. The first order Bessel
function contains a fraction of the modulation which become more
significant at higher modulation index [HMPF09].

It should also be observed that for a certain modulation index the first order Bessel
function has a significant contribution. For example, Fig. A.3 shows the amplitude
of the fundamental and first order Bessel functions versus modulation index. Here
for a modulation index of 0.3 the first order Bessel function contains more than
10 % of the modulation. For this reason, concerning the second item, it is required
that the first harmonic of the modulation frequencies (2- f; and 2- f5) together with
their first six higher order optical modes have to be off resonant in the arm cavities.
In other words, the two modulation frequencies must not be at the anti-resonance

of the arm cavity.

To achieve this a Matlab function (OSD_modfreq.m) was created. 28 frequencies,
consisting of the modulation sidebands + f1, —fi, +f2 and —f,, their first order

harmonics and their first six higher order modes, are computed. The frequency
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fii+m of the TEM,,, of the modulation sideband f; is expressed as follows:

fi,l—l—m = fl + fsep,l+m7 (A12)

where foep i+m 1s the transversal mode spacing of the optical mode of the order [+m,

which is computed as:

L L

C
Fsepem = (L +m) X 5—arccos \/ 1~ Roa' ~ Roc )

— (A.13)

with L being the length of the arm cavity and ROC; and ROCg being the radius

of curvature of the input cavity mirrors and the end cavity mirrors respectively.

Afterwards the frequency distances A;;4,, and A; ;,, from the resonance and from

the anti-resonance of the arm cavities respectively, are calculated as follow:

Ai,l-ﬁ-m(.f) = k-FSR — fi,l,m(.f)a (A14)
Toton(f) = (ki 5) FSR— Fuppn(/) (A.15)

where FSR = ¢/(2 - L) is the free spectral range of the arm cavities and k is an

integer number describing the free spectral range closest to f; j1m.

Fig. A.4 shows a qualitative resonance condition of the modulation sidebands inside

the arm cavity. The blue curve is the power enhancement of the fundamental
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order of the carrier inside the cavity, where the two peaks represent the resonances
separated by one FSR, whereas the middle represents the anti-resonance frequency.
The vertical dashed lines represent one modulation sideband and its higher order
modes equally separated. An example of the distance from resonance and anti-

resonance is indicated for the 4th higher order mode (yellow line).
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Figure A.4.: Resonance condition of the modulation sidebands inside the arm cavity
[HMPF09].

Finally the minimal distance (A(f)) out of the 56 distance values are calculated for
each of the modulation frequencies scanned over a given frequency range. The latter
is given as an input to the function together with a Finesse file used to simulate the
detector and the integer number M introduced in equation A.11 is given as well.

The optimised modulation frequency is given by the one providing the largest value

of A(f).
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A.4. Calculating the length of the Power-Recycling

cavity (PRC)

The calculation of the length of the PRC has to be done taking into account that
the RFs f; and f5 have to be resonant inside the cavity. Given that f, is chosen as
an integer multiple of f;, once f; is resonant into the cavity, fo will be resonant as

well. Thus the resonance condition is expressed as:

C

Lprc = (N + 0'5)2f1

(A.16)

where N represents the unknown to be determined. The length of the PRC is
calculated by the OSD-Tool function (OSD_PRC_length.m), which takes the input
to be the desired rough length of the PRC. The function determines the optimal
value for NV following equation A.16 and writes this new value into a Finesse file in
order to run a new simulation of the optical detector with the new optimised value
of the length of the PRC. Using the new simulation, the optimal ROC of the PRM

for the new length of the PRC is performed.

A.4.1. Calculating the Schnupp asymmetry and the length of

the Signal-Recycling cavity

The last step for a new detector configuration obtained with an automated process
is to optimise the Schnupp asymmetry Lsq, and the length Lggrc of the Signal-

Recycling cavity (SRC) already defined in Section A.2. To this purpose it is re-
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Figure A.5.: Power of the two RF modulation sidebands inside SRC for a simulta-
neous scan of SRC and Schnupp lengths. [HMPF09].

quired that only the modulation sideband f5 is resonant in the SRC while f; has
to be at the anti-resonance point in order to maximise the decoupling of the length
of SRC from the other degrees of freedom. Both the lengths Lgy, and Lsgc are cal-
culated by the OSD-Tool function (OSD_SR_Schnupp.m). This function requires
as inputs the modulation frequencies sidebands and a rough length of the desired
SRC length. In particular the function calculates the two lengths Lgq, and Lgrc so
as to maximise the power of f5 inside the SRC. Once the lengths are changed the
function recalculates the ROC of the SRM.

Fig. A.5 shows an example of the power of the RF modulation sidebands inside the
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SRC. The plot has been obtained for a simultaneous scan of Lgy, and Lgrc. The
lower plot shows the power of f; to be maximum at Lsgc = 24 m whereas the upper
plot shows the power of f, to be maximum for several different values of Lgy, and
Lsgrc. The desired SRC length is given as an input. An additional input, which
selects a short or long Schnupp length, define univocally the choice of couple lengths
Lsg, and Lgre. It should be mentioned that the choice has to take into account
the points where f; is resonant in SRC. Thus in this case, Lsgc ~ 24 m has to be

excluded.
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Homodyne detection

In this Section is derived the mathematical output of the homodyne detectors in
a general case when, on the homodyne beam splitter (BSH), interference occurs

between N fields a; of the signal beam and M fields b; of the LO beam.

B.1. Homodyne

Fields on the two photodetectors PD1 and PD2 are described with following con-

vention:

T -

Epp, — \@ 3 queiitson \@izbjeww (B.1)
i=0 §=0
1 1

EPD2 = \/;IZ Cl,iel(wit—’_ai) + \/;Z bj€l(wjt+6j) (B2)
i=0 Jj=0

The intensity Ipp; onto the photodetector PD1 can be calculated as:
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In a very compact form then

N | —
Mz

oy = 23w+ Y Refaago ey 4
=0 k=i+1
| M
+ 52(\ b | + Z Re{b;bjel@i—wtelBi=hyy 4
J=0 l=j+1
N M
+ DY S{abpel ity (B.3)
i=0 j=0
|
Ipp2 = _Z a; |* + Z Re{ajaje!@—fel@iman}) 4
2 =0 k=i+1
| M
LSS P Y Refppesasny) 4
2 Jj=0 l=j+1
N M
_ ZZ%{CL bre i(wi—w;j)t 1(0‘1 6])} (B4)
=0 j=0
Using w;; = w; — wj, o = 3, pi; = a; — o the two photocurrents can be rewritten

as:

N
1
Irp1 = 52 | a; |2 + Z Re{a &*elw’kt 1‘sz})
=0 k=i+1
1M
T3 Z(| b * + Z Re{b;bje“ittei?il) 4
7= I=j+1
N M
. Zzg{aib;ei”iﬁei%j} .
i=0 j=0
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N N
1 : ,
Ipp2 = 3 ZE:O(| a; >+ g Re{aa; et }) +

k=i+1

M
1 * _iwit i
+ §Z(| b > + Z Re{b;bje“itte¥it}) +
J

I=j+1
N M

= D) Sabjeteivu} (B.6)
i=0 j=0

The difference is:

N M
Iy = 2) ) Sf{abjesle?i} = (B.7)

i=0 j=0
N N
ipii lwijt Lipi; —lwizt ,—ipi;
= 2 g I{ab e} + g S{aibje™ " e + biaje e } | (B.8)
i=0 j=i+1

When looking for DC components

N
Iy =2 S{abie?} (B.9)
=0

B.1.1. Example 1: One field in each beam

From the equation (B.9) setting N = M = 0 and using @ = po — @o + 5 = g it

can be written
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21
= 2a0by sin vy (B.10)

3 . b* iy _ *b —lpg
121 — QQ{GObSQIS@OO} — 2%{a0b861<p}[} _ 2 (CLO 06 CLO € )

where a¢ and by have been considered real numbers and g is the LO phase shifter.

B.1.2. Example 2: Three fields on both beams

From the equation (B.9) setting N = M = 2 and using ¢; = ¢; — ;i + 0 = pg it

can be written

2
121 = 2 Z %{aibiew”} = 2%{(&0()0 + a1b1 + a2b2) 6_1@1{} (Bll)

1=0

where a; and b; have been considered real numbers and g is the LO phase shifter.
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Appendix C.

Simulated quadrature analysis

C.0.3. Scanning the quadrature angles: HD1 starts in AQ and

HD2 in PQ

In this subsection the homodyne quadrature analysis is done by performing the DN
and the GW transfer functions at fixed frequencies against the quadrature angles
where the scanning of the quadratures starts when HD1 is in amplitude quadrature
and HD2 is in phase quadrature. The entire cycle of the quadratures is for tunings
of both BSH1 and BSH2 from 0° to 90°. Tunings at 0° give HD1 in amplitude
quadratures, and HD2 in phase quadrature. In this case at 45° HD1 is in phase

quadrature and HD?2 is in amplitude quadrature.

The left-hand side of Fig./C.1 shows the DN transfer functions from the input cavity
mirror to HD1 (blue curve) and HD2 (green curve), respectively named S1py and
S2pn. Slpy has a minimum of zero at 4.7° while S2py has a minimum of zero

at 19.3°. In between these two points the respective phases are the same while
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Figure C.1.: DN and the GW transfer functions at fixed frequency vs quadrature
angle. The scanning of the quadratures starts when HD1 is in ampli-
tude quadrature and HD?2 is in phase quadrature. The left-hand side
of shows the DN transfer functions from the input cavity mirror to
HD1 (blue curve) and HD2 (green curve). The right-hand side shows
the GW transfer functions from the cavity-length to HD1 (blue curve)
and HD2 (green curve).

everywhere else they are shifted by 180°. The right-hand side of Fig.C.1 shows
the GW transfer functions from the cavity-length to HD1 (blue curve) and HD2
(green curve), respectively named Slgw and S2gw. Slgw has a minimum of zero

at 82.4° while S2gw has a minimum of zero at 13.5°. In between these two points
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the respective phases are the same while everywhere else are shifted by 180°.

Fig. C.2 shows the initial SNRs, og; and ogs, of the unprocessed data respectively
in HD1 (left-hand side) and HD2 (right-hand side). og; has a peak of ~ 500 at 4.7°

and a minimum of ~ 1073 at 82.4°, while og, has a peak of ~ 10 at 19.3° and a

minimum of ~ 1072 at 13.5°.
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Figure C.2.: SNRs of the unprocessed data vs quadrature angle. Tunings at 0° give
HD1 in amplitude quadratures and HD2 in phase quadrature. At 45°
HD1 is in phase quadrature and HD?2 is in amplitude quadrature. On
the left-hand side is plotted the SNR in HD1 og;. On the right-hand
side is plotted the SNR in HD2 ogs.

Fig. C.3 shows the SNRs of the DFI processed data. On the left-hand side the SNR
of the DFI+ channel, oprr+ = S2¢w pri+/S2pN prit, when the latter is built taking
into account the plus sign in the equations 4.1. On the right-hand side the SNR
of the DFI- channel, opri- = S2aw pri-/S2pN pr1-, when the latter is built taking
into account the plus sign in the equations 4.1. Both oppry and oppr_ show peaks

at 4.7° and 19.3°.

In between those two values oppi_ is relatively high varying from ~ 10% to ~ 103
with a minimum of ~ 20 at 16.4°. In the complementary interval oppr. shows

relative high values varying from ~ 300 to = 800.

In Fig.C.4 is shown the enhancement effect p; of the DFI. The ratio p; between

the processed and unprocessed SNRs are evaluated. The plots are organised as
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Figure C.3.: SNRs of the DFI processed data. Tunings at 0° give HD1 in amplitude
quadratures and HD2 in phase quadrature. At 45° HD1 is in phase
quadrature and HD2 is in amplitude quadrature. On the left-hand
side the SNR of the DFI+ channel ODFI4+ — SQGW,DFI+/SQDN,DFI+-
On the right-hand side the SNR of the DFI- channel opp. =

S2aw pri—/S2pN,DFI--

follows: On the top-left-hand side psi+ = opprs/osi. On the top-right-hand side
ps2+ = 0pr1+ /0s2. On the bottom-left-hand side ps;— = oppr_ /os2. On the bottom-

right—hand side Ps2— = O'DFI_/O'SQ.

psi+ shows three peaks of ~ 5 - 103, ~ 10* and ~ 10* respectively at 4°, 19.3° and
82.4°. In the region between 25° and 65° a relative high enhancement effect pg;, of
~ 200 is seen. In the same region pgo, shows a relative high enhancement effect of
~ 100 and a peak of ~ 10* at 4°. On the other hand pg;_ shows an enhancement
effect of &~ 70 in the region in between 5° and 20°. In contrast in the same region

psa— shows an enhancement effect of ~ 200. with a peak of ~ 10* at 13.5°.
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Figure C.4.: Enhancement effect of the DFI. Tunings at 0° give HD1 in amplitude
quadratures and HD2 in phase quadrature. At 45° HD1 is in phase
quadrature and HD2 is in amplitude quadrature. The ratio p; between
the processed and unprocessed SNRs against the quadrature angles are
evaluated. The plots are organised as follows: On the top-left-hand
side ps1+ = oprr+/0s1. On the top-right-hand side pgay = oprry/0ss.
On the bottom-left-hand side pg;— = oppi—/0g2. On the bottom-right-
hand side Ps2— = UDFI_/US2.

C.0.4. Scanning the quadrature angles: HD1 and HD2 start at

maximum GW detection

In this subsection the homodyne quadratures analysis is done by performing the
DN and the GW transfer functions at a fixed frequency against the quadrature
angles where the scanning of the quadratures starts when HD1 and HD2 are able
to detect the maximum GW signal. The entire cycle of the quadratures goes for
tunings of both BSH1 and BSH2 from 0° to 90°. Tunings at 0° give the maximum

detectable GW signal in HD1 and HD2.

The left-hand side of Fig. C.5 shows the DN transfer functions from the input cavity
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Figure C.5.: DN and the GW transfer functions at fixed frequency vs quadrature an-
gle. The scanning of the quadratures starts when both the homodyne
detectors are able to detect the maximum GW signal. The left-hand
side of shows the DN transfer functions from the input cavity mirror to
HD1 (blue curve) and HD2 (green curve). The right-hand side shows
the GW transfer functions from the cavity-length to HD1 (blue curve)
and HD2 (green curve).

mirror to HD1 and HD2, respectively named S1py and S2py.

Both S1py (blue curve) and S2py (green curve) have a minimum at 0° and 90°
which represents the same point. The phases are the same in all the range of the
quadratures angle. The right-hand side of Fig. C.5 shows the GW transfer functions
from the cavity-length to HD1 (blue curve) and HD2 (green curve), respectively
named Slgw and S2qgw. Slgw has a minimum of zero at 77.8° while S2qw has a
minimum of zero at 84.4°. In between these two points the respective phases are

the same while everywhere else they are shifted by 180°.

Fig. C.6 shows the initial SNRs, og; and ogs, of the unprocessed data respectively
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Figure C.6.: SNRs of the unprocessed data vs quadrature angle. The scanning
of the quadratures starts when HD1 and HD2 are able to detect the
maximum GW signal. On the left-hand side is plotted the SNR in
HD1 og;. On the right-hand side is plotted the SNR in HD2 og,.

in HD1 (left-hand side) and HD2 (right-hand side). og; has a peak of ~ 600 at
0° and a minimum of ~ 1073 at 77.8°, while og, has a peak of ~ 600 at 0° and a

minimum of ~ 107! at 84.2°.

Fig. C.7 shows the SNRs of the DFI processed data. On the left-hand side the SNR
of the DFI+ channel, oppr+ = S2aw pri+/S2pn pri+. On the right-hand side the
SNR of the DFI- channel, oppi— = S2¢w pri—/S2pN,pri—. Both oppry and oppr—
show peaks at 0° and 90°. In the whole range of the quadratures angle oppr, is
constantly equal to 2 with a minimum of ~ 10! at 89°, while oppi_ is relatively

high varying from =~ 3 - 10* to ~ 10? with a minimum of ~ 10 at 82°.

In Fig. C.8 the enhancement effect p; of the DFI is shown. The ratio p; between
the processed and unprocessed SNRs are evaluated. The plots are organised as

follows: On the top-left-hand side psi;; = oprry/0s1. On the top-right-hand side
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Figure C.7.: SNRs of the DFI processed data. The scanning of the quadra-
tures starts when HD1 and HD2 are able to detect the maximum
GW signal. On the left-hand side the SNR of the DFI+ channel

ODFI4+ — S2GW,DFI+/S2DN,DFI+- On the right—hand side the SNR of
the DFI- channel ODFI- — S2GW,DFI—/S2DN,DFI—-

ps2+ = 0pr1+ /0s2. On the bottom-left-hand side ps;— = oppr_ /os2. On the bottom-

right—hand side Ps2— = O’DFI_/O'SQ.

psi+ and psay are below 1 except at 77.8° and 84.2°. On the other hand pg;_
shows an enhancement effect almost constantly at ~ 300 in the region in between
5° and 75° with a peak of ~ 10° at 75°, while in the same region pg,_ shows an

enhancement effect of ~ 150 and a peak of ~ 10* at 84.2°.
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Figure C.8.: Enhancement effect of the DFI. The scanning of the quadratures starts

when HD1 and HD2 are able to detect the maximum GW signal.
The ratio p; between the processed and unprocessed SNRs against
the quadrature angles. The plots are organised as follows: On the
top-left-hand side pg1+ = oprry/osi-  On the top-right-hand side
ps2+ = oprit/0s2. On the bottom-left-hand side pg;— = oppr_ /oss.
On the bottom-right-hand side pss— = oppr_ /oss.
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Appendix D.

Electronics circuits

In this Appendix are collected the circuit diagrams of the electronic devices used
in the DFT experiment described in this thesis. The diagrams have been designed
by H. Vahlbruch and B. Hage and consequently used to build with appropriate
modifications the described electronic devices to realize the demonstration of the

DFI experiment.

D.1. Photodetectors

The circuit diagrams of photodetectors used to detect the reflected signal by the

cavity and into the homodyne detectors are displayed in Figures D.1 and D.2.
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Figure D.1.: Photodetector. Part 1/2
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D.2. Subtractor

The circuit diagrams of the Subtractor device for both the homodynes detectors

are displayed in Figures D.3 and D.4.

D.3. Servo

The circuit diagrams of the servos devices used to control the cavity and the two

homodyne detectors loop are displayed in Figures D.5, D.6 and D.7

D.4. Mixer

The circuit diagrams of the mixer used to control the cavity are displayed in Figures

D.8, D.9, D.10 and D.11.

D.5. Local oscillator

The circuit diagram of the oscillator used for the demodulation of the light is shown

in Fig. D.12.

D.6. Active Buffer

An active buffer has been used to inject a swept-sine signal and simultaneously

feedback signal Fig.D.13 on the input cavity mirror.
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Figure D.5.: Servo. Part 1/3
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Figure D.8.: Mixer. Part 1/4
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